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ABSTRACT: Researchers have worked for many decades to master the rules of
biomolecular design that would allow artificial biopolymer complexes to self-assemble and
function similarly to the diverse biochemical constructs displayed in natural biological
systems. The rules of nucleic acid assembly (dominated by Watson—Crick base-pairing)
have been less difficult to understand and manipulate than the more complicated rules of
protein folding. Therefore, nucleic acid nanotechnology has advanced more quickly than de
novo protein design, and recent years have seen amazing progress in DNA and RNA design.
By combining structural motifs with aptamers that act as affinity handles and add powerful
molecular recognition capabilities, nucleic acid-based self-assemblies represent a diverse
toolbox for use by bioengineers to create molecules with potentially revolutionary biological
activities. In this review, we focus on the development of self-assembling nucleic acid
nanostructures that are functionalized with nucleic acid aptamers and their great potential in
wide ranging application areas.
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1. INTRODUCTION

This review seeks to highlight important progress over the past
couple of decades in the area of biomolecular engineering
concerned with the creation of artificial nucleic acid constructs.
Particularly, we will focus on research topics in which the self-
assembling capacity of nucleic acids is utilized to create
rationally designed nanostructures decorated with aptamers.
Aptamers are functional affinity handles that are selected from in
vitro combinatorial libraries of partially randomized nucleic acid
sequences. As such, we will briefly review background literature
in aptamer selection, structural DNA nanotechnology, and RNA
nanotechnology. These separate topics have already been
extensively reviewed, so we will refer readers to these excellent
summaries for the deeper details.'~* Here we will focus more on
the applications of nucleic acid nanostructures that have been
rationally designed by combining structural modules from
previous design studies (i.e., nanostructures) as well as previous
selection experiments (i.e., aptamers). We can think of these two
types of components as “designable” and “selectable”,
respectively; combining both types of components demon-
strates and emphasizes the modularity of nucleic acid
nanostructure design. Structural or functional modules
developed separately can often be combined such that the
useful properties of each substructure are maintained. Further
rounds of sequence, structure, and functional optimization can
be applied to constructs with combined modules. Aptamers have
been reviewed here a few times,” ' as have DNA and RNA
nanotechnology topics;”'>'* therefore we will focus primarily
on describing self-assembling nucleic acid constructs bearing
aptamer functionalization and on their application toward

solving practical problems. We will examine specific application
areas including therapeutics, biosensors, imaging agents, cell
signaling, and response to external stimuli.

2. MOLECULAR SELF-ASSEMBLY OF NUCLEIC ACID
NANOSTRUCTURES

While DNA and RNA are both well-known as carriers of
encoded genetic information in nature, they can also be thought
of as structural materials, since their nucleotide sequences
specify particular folded structures on the low nanometer length
scale. Biological DNA structure is relatively simple and
dominated by the rules of Watson—Crick base-pairing, while
RNA displays more diverse and complex structural motifs in its
larger biological assemblies such as the ribosome. Over several
decades, scientists have studied and discovered geometries of
double-stranded DNA and RNA (Figure 1A)."* Biomolecular
engineers have made use of structural knowledge gleaned from
nature as well as leveraging nucleic acids’ propensity for
programmed assembly by hybridization and self-folding to
create a wide spectrum of useful artificial molecules and
supramolecular assemblies. In this section, we will describe
advances in both DNA and RNA structural engineering that
have led to the array of functional assemblies described in later
sections.

2.1. Self-Assembled DNA Nanostructures

The field of structural DNA nanotechnology was founded by
Nadrian Seeman at NYU in the early 1980s when he set out to
create three-dimensional (3D) periodic material for use as host
lattice for docking multiple identical guest protein molecules to
facilitate atomic resolution structure elucidation by X-ray
diffraction.'>'® Seeman reasoned that the slow step of X-ray
crystallography, obtaining high quality protein crystals, could be
eliminated by reprogramming self-assembling DNA crystals
with carefully positioned protein binding sites each time one
wished to solve a new protein structure. Early attempts at DNA
building blocks made use of topologically branched, multistrand
assembles inspired by the biological 3-arm junction of the DNA
replication fork and 4-arm Holliday junction of the recombina-
tion complex (Figure 1B). These artificial motifs came to be
known as multiarm junctions and differed from their biological
analogs by the use of designed sequences that made them
“immobile” such that they could not migrate up and down the
double-helical ladder as they can in the natural homologous
recombination complex. Unfortunately, these multiarm junc-
tions proved to be insufficiently stiff to reliably define designed
geometric angles, so while junctions formed, they did not readily
assemble into desired higher-order structures.

After toiling mostly alone for over a decade, Seeman’s group
succeeded in creating stable and sufficiently rigid building
blocks, known as double crossover (DX) complexes, by bridging
two double-helices at two separate, well-spaced 4-way junctions.
These DX “tiles” allowed assembly into higher order lattices
(i.e., periodic arrays) (Figure 1B)."”'® This strategy is typically
referred to as tile-and-lattice assembly, since first the synthetic
oligonucleotides are assembled into small tiles (e.g, DX
complexes) and then as thermal annealing continues the tiles
assemble into large multitile lattices. The tiles typically
contained a few to a dozen oligonucleotides with tile length
scales in the low nanometer range, while lattices could contain
tens of thousands of tiles and reach tens of micrometers on an
edge and some approach the millimeter range. The first wave of
diverse structural designs mostly focused on increasing the tile
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Figure 1. Geometries and architectures of self-assembling structural DNA nanotechnology. (A) Geometry of nucleic acid double helices: (left) B-form
helix, normal geometry expected for dSDNA under physiologic-like solution conditions, and (right) A-form helix, normal geometry of dsRNA and
special cases of dsDNA. Adapted with permission from ref 14. Copyright 2014 Springer-Verlag Berlin Heidelberg. (B) Four-arm (Holliday) junction
schematics in 2D and 3D showing relative rotation of double-helices and double crossover (DX) complex shown in 2D and 3D schematics
demonstrating rigid, coplanar ordering of paired double-helices. Adapted with permission from ref 14. Copyright 2014 Springer-Verlag Berlin
Heidelberg. (C) Schematic of 4 X 4 DNA tile (inset) and 500 nm X 500 nm AFM image of lattice formed from 4 X 4 tiles. Adapted with permission
from ref 19. Copyright 2003 The American Association for the Advancement of Science. (D) Schematic of DNA origami scaffold strand trace (inset)
and 165 nm X 165 nm AFM image of assembled DNA origami on mica. Adapted with permission from ref 25. Copyright 2006 Springer Nature. (E)
AFM image of assembled, fully addressable, 2D lattice formed from multiple DNA origami tiles. Adapted with permission from ref 29. Copyright 2017
Springer Nature. (F) Schematic of multiple DNA origami assemblies joining to form circular gear-like object (inset) and negative-stained SEM image
of fully formed 3D gears (scale bar = 300 nm). Adapted with permission from ref 38. Copyright 2017 Springer Nature.

complexity and expanding the range of tile and lattice geometric strategy eliminated the long scaffold strand as well as the need
options.'”™** Figure 1C shows an example tile and lattice for tile assembly prior to lattice formation; this method is
assembly (i.e, 4 X 4 tile)."” The development of atomic force sometimes called single-strand tiles or tile-less lattice and is also
microscopy allowed rapid structural characterization of 2D referred to as DNA Legos.”" ™" In this “DNA brick” or “Lego”
lattices and sped design cycles, thus promoting quick strategy, individual ssDNA oligonucleotides bind directly to the
diversification of prototyped nanostructures.”’ growing 2D or 3D object without first forming an intermediate
2.1.1. From Tile—Lattice to Origami-like Designs and complex such as a DX tile or even a multiarm junction.
then to Tile-less Lattice (DNA Legos). An early 3D 2.1.2. Three-Dimensional DNA Objects and Crystals.
geometrical object was demonstrated by Shih who described After Shih’s early octahedron, other 3D objects followed,

an octahedron in which a long single strand of enzymatically
produced DNA was designed to self-fold with the assistance of
chemically synthesized “helper strands”.”* Another architecture
involving a long strand was introduced in 2006 when
Rothemund described the origami strategy in which a set of a
couple of hundred synthetic oligonucleotides (staple strands)
were used to force a long biological (scaffold) strand into
designed geometric shapes (Figure 1D).” DNA origami was a
major advance and allowed essentially any arbitrary 2D or 3D
shape to be formed by simply heating and cooling the scaffold
strand with a carefully designed set of staple strands together in virtually any desired 3D object using edges defined by DNA

including strategies using tiles that formed curved lattices
resembling soccer balls and other polyhedrons.33 DNA origami
with 3D lattices including curved and twisted lattices further
expanded the DNA toolbox.”**® More 3D objects were
prototyped including rope-basket-like spheres and “bottles”,*®
a controllable DNA box,”” and finally multiorigami constructs
culminating in gigadalton gear-like wheels assembled and
isolated in surprising purity (Figure 1F).”® Most recently,

several groups demonstrated a variety of ways to tesselate

buffered solution with the proper level of divalent cations helices or multiple helices on complex tessellations of 3D
(usually 12.5 mM Mg?*). Further developments pushed the meshes.”~*' Seeman’s group also finally succeeded in creating
origami size by designing longer scaffold strands and bigger regular DNA crystals using a logpile local geometry that grew to
staple sets*® or by using origami complexes as tiles (ie., high micrometer scale and diffracted X-rays on the nanometer
substructures or building blocks) for assembly of larger periodic scale promising the realization of the original goal for the
or fully addressable lattices (Figure 1E).”’~*° Another design engineering of DNA as a structural building material. "

C https://doi.org/10.1021/acs.chemrev.0c01332
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Figure 2. Multistranded RNA nanostructure assemblies. (A) Self-assembly of cubic RNA using multiple strands of ssRNA. Adapted with permission
from ref 49. Copyright 2010 Springer Nature. (B) Molecular self-assembly of RNA tiles and formation of RNA tile-based lattices (Scale bar = S0 nm).
Reprinted with permission from ref 51. Copyright 2016 Royal Society of Chemistry.

2.2. Self-Assembly of RNA Nanostructures

RNA is a biopolymer that plays essential roles in biology from
the origin and evolution of life to the normal function and
regulation of cellular machinery. The sugar—phosphate back-
bone of RNA contains ribose sugar groups rather than the
deoxyribose sugar found in DNA (with its hydroxyl exchanged
for hydrogen on the 2’-carbon). The set of nitrogenous bases
that appear as side chains in the RNA polymer add uracil and
lose thymine as compared to DNA bases. The crystallographic
structures of dsSDNA and dsRNA show that they are well-defined
right-handed helical structures in which RNA is known as A-
form helix, while DNA double-helix is called B-form; these
helices differ in diameter, pitch, and other geometric parameters
(Figure 1A). Due to their overall geometric similarities, designer
DNA nanostructures have helped to inspire and pave the way for
RNA nanoarchitectures. Although DNA nanotechnology has
helped advance the creation of RNA nanostructures, the
multiple secondary and tertiary structures of RNA found in
nature (especially in the rRNAs) are not found in biological
DNA. Structural biologists have employed advanced techniques
to reveal, study, and understand diverse, sophisticated
substructures in naturally occurring RNA, such as riboswitches,
tRNA, rRNA, and ribozymes. The immense structural diversity
and capacity for molecular self-assembly of RNA makes it a great
building material for the construction of programmable
nanostructures. In the past three decades, self-assembly of
artificial RNA-based nanostructures has been extensively
developed. In this review, we classify the development of RNA
nanostructures into five different groups: (1) multistranded
assembly of RNA nanostructures, (2) multistranded assembly of
RNA/DNA hybrid nanostructures, (3) RNA motif-based RNA
nanostructures (RNA architectonics), (4) RNA origami, and
(S) rolling-circle transcription (RCT)-based RNA nano-
particles.

2.2.1. Multistranded Assembly of RNA Nanostruc-
tures. In DNA nanotechnology, multistranded DNA-based
nanoassemblies using sets of cleverly designed synthetic
oligonucleotides have been extensively developed to construct
two- and three-dimensional (2D and 3D) DNA nanostruc-

tures.' ¥ ~* This molecular self-assembly technique was then
also applied to the development of multistranded RNA-based
nano-objects using chemically synthesized strands.*’>* In
2010, Jaeger constructed small RNA nanocubes with six or ten
synthetic RNA strands (Figure 2A) and individual double-
helices on each edge of the object.”” The RNA cubes were
assembled using one-pot annealing processes. By employing
multistranded RNA-based assembly, Guo further developed
RNA 3D nanoprisms that contained two planar equilateral RNA
triangles.”” Each RNA triangle was assembled with four RNA
stands and used as a building block to form a nanoprism. To
build RNA prisms, two planar RNA triangles were connected by
canonical base-pairing of sticky-ends. The prismatic RNA was
successfully constructed and visualized by AFM and cryo-EM.
In addition to finite RNA nanostructures, infinite RNA
nanostructures based on multistranded RNA nanoassembly
have also been developed.”>* Franco demonstrated the
construction of RNA tiles by connecting two RNA helices
with two double crossover motifs (DX).”' The individual RNA
tiles were assembled and connected to neighboring tiles to form
micrometer-scale RNA lattices based on a canonical base pairing
of sticky-ends as shown in Figure 2B. Furthermore, they
extended the design of 2D tile-based RNA lattices to fabricate
3D RNA nanotubes.”” Five RNA strands were assembled to
create a DX RNA tile that served as a monomer unit. To
construct micrometer-length RNA nanotubes, RNA tiles were
connected by complementary sequences of sticky-end domains
that are present in each tile. The authors found that the
formation of RNA nanotubes depends on the distance of
intertile connections. They successfully fabricated micrometer-
length RNA nanotubes and characterized them with AFM.
2.2.2, Multistranded Assembly of RNA/DNA Hybrid
Nanostructures. Current technology for chemical synthesis of
DNA enables inexpensive production of long strand ssDNAs
(up to 200 nt) with high fidelity and the ability to functionalize
the DNA products with diverse chemical modifications that offer
significant advantages in broad ranges of applications. However,
the chemical synthesis of long ssRNA strands (more than 120
nt) remains a challenge. The combination of synthetic DNA
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Figure 3. Self-assembly of multistranded nucleic acid nanostructures based on RNA/DNA hybrids. (A) DNA/RNA hybrid-based tiles, lattices, and
dodecahedrons. Adapted with permission from ref 56. Copyright 2010 Springer Nature. (B) Ligand-dependent DNA/RNA hybrid nanosquares (Scale
bar = 50 nm). Adapted with permission from ref 5S. Copyright 2020 Royal Society of Chemistry. (C) Dynamic formation of DNA/RNA nanotubes
fueled by ssRNA. Reprinted from ref 58. Copyright 2019 American Chemical Society.

production and naturally occurring RNA structures provides
opportunities to create and construct DNA/RNA hybrid
nanostructures including DNA/RNA heteroduplexes that
form via Watson—Crick base pairing. Note that a homoduplex
of dsDNA forms B-form helix, while a homoduplex of dsRNA
and the heteroduplex of DNA/RNA both prefer the geometri-
cally distinct A-form helix. The predictable, well-defined
structure of DNA/RNA heterohybrids has been used to develop
hybrid nanostructures.

In the past decade, multistranded DNA/RNA hybrid
nanostructure assemblies have been developed and designed
in various 2D and 3D shapes, such as triamgles,53’54 squares,54’55
cubes,” dodecahedrons,’® and nanotubes.>” In 2010, Mao and
colleagues reported DNA/RNA hybrid branched motifs that
form 1D nanofibers, 2D nanoarrays, and also 3D dodecahedral
nanospheres (Figure 3A).°° They designed and constructed
DNA/RNA hybrid-based DX tiles that consist of three DNA
strands and two RNA strands. The hybrid tiles have single-
stranded domains that allow adjacent tiles to connect and form
highly ordered nanostructures. With three- and four-arm

junction hybrid motifs, hexagonal and square lattices were
built and characterized by AFM. Additionally, they demon-
strated construction of DNA/RNA hybrid dodecahedrons based
on self-assembly of three-way junction motifs (Figure 3A).
With the natural structural diversity of RNA and well-defined
architecture of DNA, Herman further extended the multi-
stranded RNA/DNA hybrid strategy to assemble polygonal
nanoshapes by the combination of an RNA motif with dsDNA
structure.”* To fold hybrid nanoarchitectures, they harnessed
a bending RNA motif from an internal loop of RNA from the
hepatitis C virus that served as a corner point and connected
bending RNA motifs with dsDNA. With this tool, polygonal
DNA/RNA hybrid nanoshapes, including triangles, squares,
pentagons, and hexagons, were created and visualized by AFM.
Furthermore, they developed a technique for the formation of
ligand-dependent DNA/RNA hybrid nanostructure.” In this
work, an adenosine monophosphate (AMP)-binding DNA
aptamer was utilized as a connector module to link bending
RNA motifs to form nanoshapes. When the AMP ligand is
bound by its specific DNA aptamer, the AMP-DNA stabilizes
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dimensional structure of domain ITa of HCV IRES and square-like RNA nanostructures. Adapted with permission from ref 69. Copyright 2011
National Academy of Sciences. (C) Construction of an RNA nanoprism using HCV IRES motifs. Adapted with permission from ref 65. Copyright
2015 Springer Nature. (D) Programmable construction of equilateral triangle RNA using the K-turn/L7Ar complex, an RNA—protein complex.
Adapted with permission from ref 70. Copyright 2011 Springer Nature. (E) Self-assembled RNA triangle with bending 3WJ derived from 16s rRNA
motif of Thermus thermophilus. Adapted from ref 72. Copyright 2011 American Chemical Society. (F) Polygonal RNA nanostructure made of tRNA
motifs. Adapted with permission from ref 75. Copyright 2010 Springer Nature. (G) Construction of triangular, square, and pentagonal RNA nano-
objects using pRNA-3WJ from the bacteriophage phi29 DNA packaging motor. Adapted from ref 79. Published 2014 Oxford University Press.
Licensed under the creative commons agreement (https:// creativecommons.org/licenses/by/4.0/ ). (H) Formation of dendrimeric RNA with pRNA-

3W]J. Adapted with permission from ref 85. Copyright 2016 Elsevier.

the DNA/RNA complex. In the absence of AMP, DNA/RNA
hybrid is not formed due to a much lower stability under those
conditions. This ligand-dependent DNA/RNA hybrid forma-
tion provides modularity of structure design and offers
possibilities to further develop and apply this technology in
various applications such as biosensing and target-responsive
materials.

Besides static designs and constructions of DNA/RNA
hybrids, the dynamic control of formation and dissolution of
RNA/DNA hybrid systems has been further developed.
Franco’s group has developed transcriptional control of the
assembly and disassembly of DNA nanotubes.’”** DX DNA

tiles were used as building blocks, and a ssRNA linker was
introduced to direct and trigger DNA/RNA hybrid formation
(Figure 3C).>® Additionally, ssRNA triggers can be produced by
in vitro transcription using a DNA template and RNA
polymerase. RNase H, an enzyme that degrades RNA in
DNA/RNA heteroduplex, was introduced to disassemble the
DNA/RNA hybrid nanotubes. To understand the dynamic
assembly/disassembly of hybrid nanotubes, fluorescently
labeled nanotubes were observed by epifluorescence micros-
copy. By fine-tuning parameters for both the transcription
reaction and RNase H activity, they controlled the rates of
assembly/disassembly of DNA/RNA hybrid nanotubes. Fur-
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thermore, they demonstrated the disassembly of the DNA
nanotubes by introducing transcribed ssRNA invader strands.
The DX tile-based DNA nanotubes contained a ssDNA
overhang that allowed ssRNA to hybridize and deform the
nanotubes based on strand displacement interactions.”” The
disassembly of the nanotubes was reversed, and the nucleic acid
nanotubes were reformed by the addition of RNase H. This
autonomous, controllable assembly/disassembly of DNA/RNA
hybrid nanotubes demonstrated a programmable molecular
oscillator that may be useful in a broad range of applications such
as smart materials, synthetic biology, and drug delivery.

2.2.3. RNA Motif-Based RNA Nanostructures (RNA
Architectonics). Over the past three decades, structural
biologists have employed advanced microscopy and spectros-
copy (X-ray and NMR) together with biochemical methods to
study, understand, and reveal the beauty and complexity of
naturally occurring RNA architectures such as ribosomes,
tRNAs, ribozymes, and riboswitches. In nature, self-folding
RNAs show sophisticated 2D and 3D structures such as bends
and junctions.”” " In 1996, Jaeger and colleagues implemented
an intriguing strategy for designing RNA nanostructures called
RNA tectonics in which modular RNA units (TectoRNAs) were
used to assemble molecular objects.”” A large collection of
structural and interacting RNA motifs represents a library of
nanobricks that enable the engineering of sophisticated,
programmable RNA nanoarchitectures. Due to the versatility
and modularity of RNA motifs, a limitless number of well-
defined RNA nanostructures and supramolecular RNA nano-
structures can be produced.

Tectonics-based RNA nanoassembly has been reviewed in
multiple journals.”®® In this review, we classified RNA motifs
into two main groups: (1) structural motifs and (2) interaction
motifs.

2.2.3.1. Structural Motifs. Here, we categorize structural
RNA motifs into two categories: bending and branching motifs.
The bending motifs are comprised of two main subgroups, right
angle motifs and RNA—protein complex motifs. These motifs
have been extensively used as structural components of RNA
tectonics to form RNA nanostructures, including sque1res,62’63
triangles,64 and prisms.*®

2.2.3.1.1. Right-Angle Motifs. A small structural motif found
in the ribosome provides a 90° bend between two adjacent
helices called the right angle (RA) motif.**®” In 2004, Jaeger’s
group demonstrated the self-assembly of an RNA nanosquare
through RNA tectonics.’” Each of the RNA units comprised two
interacting hairpin or kissing loop motifs (KL) connected by RA
motifs (Figure 4A). The RNA nanosquare was formed by self-
assembly of four RNA units via intermolecular interaction of
180° KL motifs. In 2009, Jaeger and colleagues further
developed three different sizes of RNA nanosquares by using
three kinds of 90° bending motifs: RA motif, 3-way junction
motif, and tRNA motif.*>

The hepatitis C virus (HCV) genome contains an internal
ribosomal entry site (IRES) that binds to the 40S ribosomal
subunit of host cells. The three-dimensional structure of IRES
has been studied, and cryo-EM results revealed the three-
dimensional structure of the domain ITa of IRES that establishes
2 90° bend.’® The domain Ila of HCV IRES is thus another type
of right-angle motif used to build RNA nanostructures. In 2011,
Hermann’s group utilized IRES bending motifs to construct an
RNA nanosquare (Figure 4B).*” Furthermore, they analyzed the
three-dimensional structure of a Ila motif from the IRES
elements of Seneca Valley virus (SVV), finding that it showed a

bending conformation. They employed this motif to build
triangular RNA nanostructures.”* In 2015, Mao’s group further
developed a sophisticated RNA nanoprism by self-assembly of
RNA tiles.”> The RNA tile was comprised of two strands RNA
containing a 90° bending motif derived from HCV IRES. To
build the RNA nanoprism, four RNA tiles first formed a
tetrameric RNA square through a T-junction, and two RNA
squares then formed an octameric RNA nanoprism via sticky-
end hybridization (Figure 4C). The self-assembled RNA
nanoprisms were characterized by AFM and cryo-EM.

2.2.3.1.2. RNA—Protein Complex Motifs. Many RNAs bind
specifically with proteins to form complex supramolecular
structures that play essential roles in biology. RNA—protein
complexes (RNP), such as ribosomes and spliceosomes, display
sophisticated three-dimensional structures. In 2011, Saito’s
group reported an equilateral triangle RNA nano-object using an
RNP complex comprising the C/D box binding with the
ribosomal L7Ae protein.”” The box C/D Kink-turn (K-turn) is
relatively flexible, so it is more difficult to use as a building block
in creating stable nanostructures, but the flexibility of the K-turn
is decreased and the stability increased following binding with
L7Ae. The K-turn/L7Ae complex forms a 60° bending angle,
and using this RNP motif, triangular RNA nanostructures were
formed (Figure 4D). Saito’s group further developed square-
shaped RNA nanostructures with 90° angle RNP motifs
consisting of a ribosomal protein, RPL1, bound with an RNA
motif that was derived from 23S rRNA.”!

2.2.3.1.3. Branching Motifs. Several RNA branching motifs,
comparable to the Holliday junction in DNA, have been
identified from various types of RNAs, including rRNAs, tRNAs,
and packaging RNAs (pRNAs). Branching motifs not only
provide multiarm junction points that enable connection
between multiple domains but also offer fixed angle bending
modules. For example, a three-way junction motif derived from
Thermus thermophilus 16s rRNA comprises three-branched
duplexes linked with a 60° bending angle. Using this three-way
junction from 16s rRNA, Shapiro and co-workers built a
triangular RNA nanostructure from four strands of RNA (Figure
4E).”” A couple of years later, Shapiro reported construction of a
self-assembled RNA nanosquare using a three-way junction
motif identified from the large ribosomal subunit of Deinococcus
radiodurans.”” Using a similar strategy, Jaeger’s group made
square-shaped RNA nanostructures by using the 90° bending
angle of a three-way junction motif derived from Haloarcula
marismortui 23S rRNA.®’

The crystal structure of tRNA reveals the detailed tertiary
structure of tRNA motifs containing four- to five-helix
junctions.”* With the 90° angle bend and multijunctions of
tRNA, Jaeger demonstrated the development of a tetrameric
RNA containing the tRNA motif located at each vertex of the
RNA nanosquare.”> In 2010, Jaeger further developed self-
assembly of polyhedral RNA nano-objects using class II tRNA
(Ser) (Figure 4F).” The crystallographic structure of tRNA
shows that the variable arm is oriented in the Z-direction and
makes angles of 120°, 70°, and 25° with the X, Y, and Z axes,
respectively.”® The well-defined and stable structure of the
tRNA motif can be combined with two kissing loops and one
ssRINA tail to serve as a building block to form polyhedral RNA
via KL and tail—tail intermolecular interactions (Figure 4F).

The packaging RNA (pRNA) from the bacteriophage phi29
DNA packaging motor has a unique three-way junction (3WJ])
with a well-defined bending angle.””” The 3W] motif identified
from pRNA contains three helices (H1, H2, and H3). The angle
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between H1 and H3 is 180°, while H1 and H2 create a 60° angle
(Figure 4G). With this feature of pPRNA-3WJ, Guo, a pioneer in
development and utilization of pRNA motifs to make RNA
nanostructures, built an equilateral RNA nanotriangle.”® The
naturally occurring conformation of pRNA-3W]J is limited to a
60° angle, but Guo introduced 90° and 108° angles into
engineered nanostructures. Exploiting the conformations of
these angular motifs, Guo demonstrated triangular, square, and
pentagonal RNA nanostructures (Figure 4G).”” Using the 90°
angle of pRNA-3WJ, he rationally designed and built multi-
functional and tunable RNA squares.*’

Besides polygonal RNA nano-objects with pRNA-3WJ placed
at the vertices of nanostructures, pPRNA-3W]J has been used as a
central module to create arm-extended 3WJs, thus allowing
nanostructures to be decorated with additional functional
motifs, such as RNA aptamers and miRNAs.*' ~** Due to the
modularity of the pPRNA motif, Guo designed and built a 4-arm
junction from the native pRNA-3WJ motif by replacing two
right-hand loops of pRNA with dsRNA.** Using pRNA-3WJ,
Guo further developed higher-order RNA dendrimers, as shown

in Figure 4H.% The structural diversity and bending angle
variety of branching motifs provide enormous possibilities to
construct 2D and 3D RNA nanostructures.

2.2.3.2. Interaction Motifs. Interaction motifs are essential
modules needed to create and build complex nucleic acid
nanostructures. In DNA nanotechnology, sticky-end hybrid-
ization domains are the predominant interaction motif, and they
have been utilized to fabricate many sophisticated synthetic
DNA nanostructures and lattices. However, naturally occurring,
self-folding RNA provides a broader diversity of structural and
functional RNA motifs that have been used as interaction
modules and are not limited to sticky-end hybridization. In this
review, we classified RNA interaction motifs into two groups:
(1) sticky-end hybridizations and (2) loop—loop interactions.
Loop—loop interactions are further broken down into three
subgroups: loop—receptor (LR) motifs, kissing-loop (KL)
motifs, and packaging RNA (pRNA) motifs.

2.2.3.2.1. Sticky-End Hybridization. Sticky-end hybrid-
ization, also called tail—tail interaction, has been extensively
used to construct complex RNA nanostructures such as
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triangles,64 squares,62’69’86 dendrimers,* polyhedrons,75 and
lattices.””*° Due to the modularity of RNA architectonics,
tectoRNA containing complementary ssRNA motifs have been
designed. Jaeger constructed square-like RNA nanostructures
bearing ssRNAs that form two-dimensional RNA nanolattices
by using sticky-end interactions.”> With rationally designed
RNA nanosquares and tail—tail connectors, Jaeger further
developed hierarchical self-assembling RNA nanowires as
shown in Figure SA.*® The well-defined space within each
RNA square enabled the placement of gold nanoparticles inside
RNA squares. Using this method, the authors demonstrated
well-controlled spacing between gold nanoparticles using RNA
nanowires. With the simplicity of tail—tail interactions and
three-dimensional tectoRNAs made of tRNA motifs, polygonal
RNA nano-objects have been developed (Figure 4F).” In 2016,
Guo reported RNA dendrimers constructed by connectin§
pRNA-3WJ motifs through tail—tail interactions (Figure 4H).®
2.2.3.2.2. Loop—Receptor (LR) Motifs. Loop—receptor (LR)
motifs are one of the loop—loop interactions that have been used
to construct RNA nanostructures. Jaeger and Leontis designed a

single-stranded, self-folding RNA that formed a stem structure
containing hairpin loops and internal loops. The internal loops
served as receptors, and the LR interaction occurs via
interactions of hairpin loops and their receptor loops.”” In
2006, they further developed 4WJ H-shaped tectoRNAs bearing
LR motifs that formed micrometer-scale RNA filaments via LR
interaction (Figure 5B).** By employing H-shaped tectoRNAs
via intermolecular interactions of LR motifs, Leontis showed the
self-assembly of multimeric ring-shaped RNA nano-objects.*’
2.2.3.2.3. Kissing-Loop (KL) Motifs. The crystallographic
structure of the human immunodeficiency virus (HIV) revealed
loop—loop interactions, consisting of six complementary bases
that interacted via Watson—Crick base pairing. This 180° loop—
loop interaction is called a 180° KL motif and can be used as
intermolecular connectors to build RNA architectures. Jaeger
used 180° KL interactions in combination with other structural
motifs such as RA, 3WJ, and tRNA motifs to assemble four
tectoRNAs into a square-like RNA structure (Figure 4A).°>%
Additionally, Jaeger built 2D and 3D RNA nanostructures (RNA
nanowires and polyhedral RNA nanostructures) through
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intermolecular interactions of 180° KL and tail—tail interactions
(Figure 4F).”>*° Similarly, Afonin utilized the HIV kissing-loop
motif to create RNA nanofibers,”® and in 2020, Weizmann
developed ssRNA tile-based supramolecular RNA nanostruc-
tures based on artificially designed, branched KL motifs inspired
by the 180° HIV KL motifs.”" They designed a Z-shaped ssRNA
tile, containing bulged helices and hairpin loops, that served as a
monomer unit. The branched KL forms via intermolecular
interactions between a bulged helix and a hairpin loop (Figure
4C). Self-assembled RNA nanorings were built by connecting
multiple Z-tiles via branched KL interactions. Furthermore,
micrometer-long RNA filaments have been constructed by
introducing torsion into the structures, as shown in Figure SC.

The RNAI/RNAII inverse (RNAI/IIi) kissing complex
identified from CoLEl plasmid-encoded transcripts from
Escherichia coli is another example in the family of KL motifs.
NMR and theoretical analysis revealed that the RNAI/IIi
complex forms loop—loop interactions via Watson—Crick base
pairing and bends at a 120° angle. Using a 120° RNAI/IIi KL
motif, Jaeger successfully built hexagonal RNA nanorings
(Figure SD).”” With this KL motif, Shapiro et al. further
developed multifunctional RNA nanoparticles by appending
functional motifs (aptamers, siRNAs, groteins, and small
molecules) on hexagonal RNA nanorings.”

2.2.3.2.4. Packaging RNA (pRNA) Motifs. The RNA portion
of the DNA packaging motor of bacteriophage phi29 consists of
six copies of pRNA that form a hexameric ring.”””> Each of the
pRNAs contains a helical region (called the foot) and single-
stranded internal loops (called hands) as shown in Figure SE.””
The naturally occurring ring-like RNA nanomotor forms due to
loop—loop interactions. Using bioinspired RNA nanodesigns,
Guo employed an intermolecular interaction of the hand-in-
hand formation to assemble multimeric nanorings as well as
RNA nanofibers (Figure SF).”° Furthermore, Mao re-
engineered pRNA motifs by mutating sequences of the loops
and incorporating ssRNA tail. With rational designs of the loop
and sticky-end sequences, triangular and tetragonal RNA
nanoprisms have been constructed based on loop—loop
interactions and sticky-end hybridizations (Figure 5G).”’
Loop—loop and foot-to-foot interactions alike have been
engineered to build RNA nano-objects.””

2.2.4. RNA Origami. In 2006, Rothemund developed an
intriguing strategy to construct DNA nanostructures called
DNA origami.””> RNA nanotechnology has drawn inspiration
from the success of DNA origami and has developed a similar set
of RNA origami-based nanostructures. In this section, we
classify RNA origami into two groups: (1) scaffold-based RNA
origami (Figure 6A,B) and (2) single-stranded, self-folding RNA
origami (Figure 6A,C).

2.2.4.1. Scaffold-Based RNA Origami. Sugiyama’s group
presented a strategy of RNA-templated DNA origami structures
seven years after Rothemund introduced DNA origami.”® They
designed DNA/RNA hybrid origami assembled from a ssRNA
scaffold and DNA staple strands. The unmodified and
chemically modified ssSRNA templates were produced by in
vitro transcription with T7 RNA polymerase. The seven-helix
planar and six-helix bundle DNA/RNA hybrid origami were
constructed and characterized by AFM. Importantly, they
harnessed the versatility of DNA chemical modifications by
functionalizing DNA staple strands with biotin and other
chemical moieties. With incorporation of biotin-modified DNA
staple stands, the hybrid origami was efficiently purified using
streptavidin-coated magnetic beads. A couple of months later,

Mao’s group reported an isothermal, quick folding DNA/RNA
hybrid nanostructure.”” The DNA/RNA origami were com-
pletely folded within 5 min under isothermal assembly. In their
work, three designs of two-dimension hybrid nucleic acid
nanostructures (ribbons, rectangles, and triangles) were
constructed and visualized by AFM, as shown in Figure 6B.
This RNA scaffold/DNA staple origami has been developed
further. Rolling-circle transcription (RCT) is one of the
potential methods to produce long strands of ssRNA by using
a circular DNA template and T7 RNA polymerase. A DNA/
RNA hybrid nanoribbon has been designed and constructed
using a RCT-produced RNA scaffold and chemically produced
short DNA staple strands.'*’ Furthermore, Sugiyama reported a
self-assembled RNA origami architecture consisting of RNA
staple strands that facilitated the folding of an RNA scaffold
strand. Both the RNA scaffold and staples were produced by in
vitro transcription. Rectangular and tubular RNA origami have
been constructed and characterized by AFM."°" For the in vitro
production of RNA scaffolds and RNA staples, chemically
modified NTPs (biotinylated and aminoallyl UTP) were
incorporated into RNA origami structures, allowing conjugation
with other molecules and providing an expanded toolbox with
various functionalities to the RNA origami nanostructures.
Andersen’s group has further developed octahedral RNA
origami containin§ small interfering RNA (siRNA) that silence
gene expression.1 >

2.2.4.2. Single-Stranded, Self-Folding RNA Origami. In
nature, RNA is a self-folding molecule that displays a variety of
structural motifs, including turns, junctions, and intermolecular
interaction motifs. With these abundant natural examples of
RNA structural motifs and self-folding behaviors, Geary et al.
demonstrated single-stranded, cotranscriptional folding of RNA
nanostructures (Figure 6C).'** The ssRNA origami consisted of
antiparallel RNA helices connected with multiple strand-
exchange junctions. To construct single-stranded RNA origami,
hairpin loops (tetraloop motifs) were placed at the ends of the
RNA helices and one of the helical domains was replaced with a
180° KL. Due to the modularity and high structural diversity of
RNA, tetraloop motifs located at the ends of RNA helices can be
replaced by a KL domain, enabling RNA lattices to form by
intermolecular interactions. By KL interaction, hexagonal and
rectilinear RNA lattices can be programmed to form via 120°
and 180° KLs, respectively. Single-stranded RNA origami
harnesses the structural diversity of naturally folded RNA motifs
and provides modularity and architectural flexibility. With Lego-
like assembly, design concepts have been expanded by replacing
tetraloops with functional motifs such as fluorescent aptamers
and protein-binding RNA aptamers.lm_106 For example,
Andersen’s group developed an RNA aptamer-based FRET
system by using a ssRNA origami bearing two fluorescent RNA
aptamers.'** This RNA origami FRET system has been adapted
for detection of ssSRNA or the small molecule S-adenosylme-
thionine. In 2019, LaBean’s group developed a single-molecule,
self-folding RNA origami anticoagulant by incorlporating
thrombin-binding RNA aptamers on RNA origami.'’® With
tremendous structural diversity and functionality, single-
stranded RNA origami platforms can be functionalized for use
in a wide range of applications, including biosensors and medical
applications that will be discussed later in this review.

In 2017, Yan developed novel designs of self-folding single-
stranded DNA and RNA origami to form arbitrary shapes
including rectangles, rhombi, squares, and heart-like shapes.107
The key concept for folding ssOrigami is to produce a knot-free
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structure. To achieve self-folding ssOrigami, ssDNA or ssRNA
are designed in partially complementary dsDNA or dsRNA
fashion and the helical domains are connected by parallel
crossovers to obtain zero-knot structures. With this method,
multikilobase ssDNA and ssRNA origami have been con-
structed. Yan’s group successfully produced a 6337-nt ssRNA
origami, nearly 10-fold bigger than Geary’s 660-nt RNA
tile.' 0197 Additionally, Yan employed ssRNA origami to excite
an immunostimulatory response that could be utilized for cancer

) 108
immunotherapy.

2.2.5. Rolling-Circle Transcription (RCT)-Based RNA
Nanoparticles. Rolling circle transcription (RCT) involves
enzymatic production of long RNA strands using circular DNA
template and T7 RNA polymerase. In 1995, Kool and colleagues
developed RCT by using synthetic circular DNA templates,
obtaining long RNA molecules bearing multimeric repeats.'”” A
decade later, Hammond’s group employed RCT to construct
self-assembled RNA microspheres for siRNA delivery.'"’
Multiple tandem copies of RNA transcripts were produced
using RCT, and RNA microparticles were formed based on
RNA condensation, as shown in Figure 7. Due to the high
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examples of topological variations of G-quadruplexes including intramolecular antiparallel and parallel structures (bottom). Adapted from ref 124.
Published 2016 Frontiers Media SA. Licensed under a Creative Commons agreement (https://creativecommons.org/licenses/by/4.0/). (C) A
nucleotide, the building block of nucleic acid aptamers. The ribose sugar, phosphate group, and nitrogenous base all have positions at which chemical
modifications can be incorporated for increased nuclease resistance. OMe, O-methyl; LNA, locked nucleic acid. Adapted from ref 129. Published 2019
Multidisciplinary Digital Publishing Institute. Licensed under a Creative Commons agreement (http:// creativecommons.org/licenses/by/4.0/ ).

number of sequence repeats within the RNA produced in the
RCT process, self-assembled RNA particles are densely packed
and provide significant nuclease resistance. With economical
production and versatility of sequence designs, RCT-produced
RNA nanoparticles carrying functional RNA molecules (e.g.,
RNA aptamers''" and siRNA''?) have been developed and used
in a wide range of applications that will be discussed in further
detail in section S.

3. NUCLEIC ACID APTAMERS

Oligonucleotide aptamers are short strands of ssDNA or ssRNA,
generally 15—90 nt in length, that act as affinity ligands by
specifically binding a certain target molecule or material. In
1990, Tuerk and Gold as well as Ellington and Szostak reported
the biochemical selection of RNA aptamers that targeted T4
DNA polymerase as well as several organic dyes."' " '* Over the
past three decades, nucleic acid aptamers have been extensively
explored and developed for binding a wide range of targets, from
whole cells in the microscale to proteins and small molecules in
the nanoscale. The high target specificity and affinity of aptamers
renders them similar in function to antibodies. Moreover, a
crucial property of aptamers is their ability to self-assemble into
complicated tertiary and quaternary structures, which gives rise
to their utility in diverse applications, including biosensing,
targeted delivery, and therapeutics.'"> In this section, we
describe aptamer synthesis, selection, architecture, and stability,
and the use of stand-alone aptamers in various applications.
Furthermore, we highlight limitations of stand-alone aptamers
and provide insight into the improvement of aptamer function
by decoration upon more substantial nucleic acid nanostructure
platforms.

3.1. Affinity Handle Selection and SELEX

As mentioned above, aptamers are affinity handles or ligands
created using diverse libraries of randomized sequences and an
integrated selection procedure. In the first two studies describing
such artificial processes and their resulting specific binding
strands, Ellington and Szostak coined the term “aptamer”1 *and
Tuerk and Gold coined the term “SELEX”, meaning the process
of systematic evolution of ligands by exponential enrichment.' "
Although originally performed with RNA sequence libraries,
SELEX has since been applied to produce numerous DNA

aptamers as well. In vitro selected affinity peptides are also
sometimes referred to as peptide aptamers." ' For nucleic acids,
SELEX is the in vitro process that involves cycles of
amplification, incubation, and isolation of aptamers from a
diverse initial library (often up to 10'>~10") of randomized
oligonucleotides. The nucleic acids are repeatedly incubated
with the target, sorted for binding, and amplified, with
subsequent rounds typically resulting in aptamers with higher
affinities for the target. In such processes, RNA aptamers require
the additional steps of transcription and reverse transcription,
including reverse transcription polymerase chain reaction (RT-
PCR)."" The last step of the SELEX process is to isolate those
aptamers with the greatest affinity to the target. The general
steps of SELEX applied to RNA aptamers are depicted in Figure
8.

Through SELEX, aptamers have been selected to target
various types of molecules. Typical targets, from most to least
common, are proteins, small molecules, cells, viruses, and other
nucleic acids.”'® Given these targets, different types of SELEX
have been developed, including protein-based and whole-cell
SELEX.'" An additional type of SELEX, known as toggle
SELEX, selects aptamers against more than one target (often
orthologs of the same molecule). This works by alternating the
target between successive rounds of selection. In 2001, the
Sullenger group introduced the concept of toggle SELEX and
used it to isolate RNA aptamers with high binding affinity to
both human and porcine thrombin.'*° Unlike normal SELEX,
which can result in the development of an overly specific
aptamer that only works well in vitro, toggle SELEX shows more
promise for in vivo preclinical trials, where it may assist in
demonstrating efficacy in animal models. Odeh et al. provide an
excellent table summarizing the various types of SELEX."*'

3.2. Aptamer Architectures

Aptamers are developed to fold into specific architectures and
bind with high affinities to target molecules. Their high surface
area to volume ratio allows them to interact strongly with their
surroundings despite their small size, which ranges from S to 30
kDa. In the presence of a target, many aptamers undergo
conformational changes to reach their final form, which can
consist of various tertiary and quaternary structures. The most
common aptamer architecture is the hairpin-like structure, with
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Figure 10. Chemical modifications for nucleic acid aptamers. (A) 2’ substitutions with an amine, methoxy, and fluoride group. (B) Chemical strategy
for PEGylation of an aptamer at the 5" terminus. Adapted from ref 121. Published 2019 Multidisciplinary Digital Publishing Institute. Licensed under a
Creative Commons agreement (http://creativecommons.org/licenses/by/4.0/).

a single loop region as the target binding site. Other
conformations include three-way junctions, pseudoknots, G-
quartet, and bulged architectures (Figure 9A)."”*'*’ The
guanine-quartet is formed via hydrogen bonding of four
guanosines in Hoogsteen base-pairing fashion and stabilized
by monovalent cations interacting with carbonyl oxygen
atoms.'**'** Two or more G-quartets formed and stacked on
top of each other form G-quadruplex motifs that can contribute
to the stability of aptamer architectures (Figure 9B).

Aptamers selected as single strands can be split into fragments
that assemble in the presence of a ligand to form a tripartite
complex. Due to their shorter length, split aptamers have
increased binding specificity because they are less likely to form
unwanted secondary structures. Split aptamers are commonly
utilized in sensing applications and can aid in the intracellular
delivery of aptamers. The negative charge of nucleic acids
typically limits intracellular delivery; however splitting aptamers
reduces the total number of negative charges per strand, allowing
for somewhat easier intracellular entry.'”’ In 2005, Kolpashchi-
kov reported a split malachite green aptamer (MGA) used for
the detection of nucleic acids."*® The development of many
other split aptamers has followed, including the extensively
studied spinach'”” and broccoli aptamers.'**

3.3. Chemical Modifications for Aptamers

Native nucleic acid aptamers are susceptible to nuclease
degradation, rapid renal clearance, and other disadvantages
that could reduce their favorability for certain uses, particularly
in clinical and therapeutic applications. Indeed, the half-lives of
unmodified aptamers in the blood serum are typically less than
10 min."** Therefore, researchers commonly endow aptamers
with chemical modifications to help solve these problems and
improve functional efficiency (Figure 9B). The issue of
enzymatic degradation generally affects RNA aptamers more
due to the presence of the 2’-OH group in the ribose sugar, and
for this reason, RNA aptamers are often chemically modified by
substituting another functional group for the 2'-OH group, most
commonly a fluoride, amine, or O-alkyl group. These
substitutions are shown in Figure 10A. Other modifications to
improve nuclease stability include inverted thymidine capping
on the 3’ end of the nucleic acid, use of enantiomeric forms of
ribose or deoxyribose known as Spiegelmers,"*' and thiophos-
phate substitution.'”” Many groups have shown that these
chemical substitutions on aptamers offer significant improve-

ment in nuclease resistance, making them crucial for in vivo
experiments and applications.

Besides enzymatic degradation, aptamers are also quickly
cleared by the kidney due to their small size. Studies have shown
that small molecules, of weights less than about 30—50 kDa, are
quickly removed from blood by the kidney.'** To avoid this,
poly(ethylene glycol) (PEG) moieties are often grafted in a
process known as PEGylation to extend the half-life of aptamers
in blood circulation, as shown in Figure 10B. Solutions to renal
filtration problems can also involve addition of other bulky
chemical groups or nanomaterials to increase molecular mass.
Aptamers may also be assembled into multivalent 2D and 3D
nanostructures to increase their size and improve the target
binding interaction by increasing the aptamers’ local concen-
tration at the binding site."”

Additionally, the introduction of amino acids on nucleic acid
aptamers has shown potential for increasing the chemical
diversity of nucleic acid libraries in SELEX. For example, in
2014, Rohloft et al. reported that the addition of hydrophobic
aromatic side chains can significantly influence the ability to
identify slow off-rate modified aptamers (SOMAmers), that is,
aptamers with low dissociation constants.'** The introduction
of such side chains makes many more structural motifs possible
for aptamers. Furthermore, as the authors found, increased
hydrophobicity made it possible for aptamers to effectively
target a more diverse range of protein families, including
hormones, growth factors, and cytokines.

It is important to note, however, that although many chemical
modifications carry added benefit, such as increased binding
affinity, most also come with undesirable side effects. For
example, addition of lipophilic molecules raises the risk of
hepatotoxicity,'** while PEG has been shown to sometimes
trigger severe allergies in clinical studies.’>® As such, the risks
and benefits of chemically modified aptamers must be carefully
weighed before aptamers are applied in any clinical setting.
Additionally, chemical modifications can increase the cost of
aptamer production which can make large-scale use more
difficult.

3.4. Comparison to Antibodies

Due to their specific folded conformations and reasonable
binding abilities, aptamers are considered the nucleic acid
equivalents of antibodies. Although antibodies are more broadly
used and understood, aptamers have several advantages over
antibodies. Unlike antibodies, aptamers are chemically synthe-
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Figure 11. Nucleic acid aptamer targets and applications. (A) Breakdown of 3 most common target categories based on a library of 1003 aptamers
selected by SELEX. (B) Number of publications discussing applications of aptamers from 1990 to 2015, organized by five broad application areas.

Adapted with permission from ref 118. Copyright 2017 Springer Nature.

sized, which lowers production costs and minimizes batch to
batch variation. Being one-tenth the size of antibodies, aptamers
can bind with targets that typically escape the immune system
and are not limited to targeting immunogenic antigens.137
Unlike antibodies, aptamers are generally considered non-
immunogenic and nontoxic, and aptamer activity can be easily
reversed in the presence of an antidote (i.e, a complementary
strand)."*® In vitro selection of aptamers also requires a relatively
shorter production time of 2—14 days, compared with the
monoclonal antibody screening time of around three months."*”
Additionally, aptamers can be stored for longer periods of time
and have the benefit that they can be easily refolded by
denaturing with mild heating and then annealing by cooling in
order to regain their activity. A further advantage of aptamers is
their ability to be easily chemically modified or conjugated with
other nanomaterials. A detailed comparison of aptamer and
antibody properties can be found in previous reviews."**'?”4°

3.5. Aptamer Bonding and Targeting

Aptamers can recognize and bind with their targets through a
variety of noncovalent bonds including hydrogen bonds,
electrostatics, van der Waals, hydrophobic, and aromatic
interactions. The molecular recognition mechanisms also rely
on the flexibility of aptamers and vary heavily depending on the
characteristics of the target.'*' van der Waals interactions
increase with the geometric goodness-of-fit between the
molecules and scale with interaction surface area. Hydrogen
bonds involve a hydrogen atom in a strongly polar environment
and add significant binding energy to aptamer/target binding.'**
Hydrogen bonding is also responsible for the specificity and
stability of the G-quadruplex structure adopted by a thrombin-
binding DNA aptamer.'* Other groups have also found that
hydrogen bonding contributes significantly to aptamer
stability. #4740

Aromatic amino acid side chains in SOMAmers have been
found to increase hydrophobic character and favor both a
stronger binding interaction with the nonpolar regions of a
protein target and greater stability of the aptamer structure.'*’
Furthermore, Chou and colleagues reported that guanine-rich

DNA sequences take on stable G-quadruplex structures that are
mediated at least partially by hydrophobic effects."*” Despite
these advantages, Gupta and colleagues have found that the
aromatic side chains may also be responsible for higher rates of
renal clearance.'*”

In addition to simple aliphatic hydrophobic effects, aromatic
rings are involved in another binding interaction utilized by
aptamers known as 7— stacking. In this bonding, the attraction
between the aptamer and target is attributed to overlap of
stacked 7 orbitals, and 7—7 stacking is commonly cited as the
force responsible for the attraction between MGA and the
malachite green molecule as well as between the RNA aptamer
Toggle-25t and thrombin."*”"*°

Aptamer binding can also be mediated by electrostatic effects.
These effects are primarily due to the attraction of the negatively
charged phosphate backbone of the aptamer to the positively
charged amino acids of the protein target.'>' It has been
suggested that electrostatic interaction is the main force
responsible for RNA aptamer—protein binding.'”> However,
electrostatic attraction is not directionally biased and commonly
results in nonspecific binding, suggesting that there are other
determinants for the specific binding interactions of aptamers
and targets.153 It is also important to note that electrostatic
effects can be heavily influenced by the surrounding medium,
where the presence of conductive ions, including H*, Na*, and
K, affects the electrostatic interaction between the aptamer and
its target.154

The last major type of binding interaction involves van der
Waals forces. These forces are weaker than any of the
aforementioned interactions and occur via attraction of dipoles
and induced dipoles. These dipoles are associated with the
aptamer and target atoms and must be very close together for the
van der Waals forces to be comparable in strength to the other
forces. Like the electrostatic effects, van der Waals forces are
noncovalent and nondirectional. Given their weak strength,
these forces are often dominated by the stronger hydrogen
bonding or electrostatic effects. It is important to note that the
extent to which any of the binding forces play a role in aptamer
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binding can depend sensitively on several factors, including
solution conditions and molecular flexibility.">®

Due to their many binding interactions, aptamers can be
selected for many types of targets, such as small molecules,
macromolecules, and whole cells (Figure 11A)."'® Small
molecule tar()gets include metal ions,">*™" antibiotics,'*® dye
molecules,'”® and more. Aptamers that bind with macro-
molecules, primarily proteins, have been reported. Not
surprisingly, since proteins possess large, convoluted surfaces,
aptamers that bind the same protein can have very different
conformations. For example, Lin et al. discovered that two
popular thrombin aptamers, one a 15-mer and the other a 29-
mer, had differing structures. The former was found to bind with
a G-quadruplex structure dominated by electrostatic inter-
actions and the latter with a duplex structure dominated by
hydrophobic effects.”>” In 1998, Gold’s group selected for
aptamers that bind to red blood cell membrane targets.'*” Later,
in 2006, Tan’s group developed the cell-SELEX method and
many cell-targeting aptamers followed.'®" An informative review
of various available aptamers and their target binding
interactions has been previously published by Cai and
colleagues."*'

3.6. Possible Application Areas

The plethora of aptamer targets available has resulted in a broad
range of potential applications such as targeted therapy,
fluorescence-based sensing, and targeted delivery. Although
aptamers have been developed for a variety of purposes, the bulk
of recent applications are for clinical reagents, as demonstrated
by Figure 11B.""* Both agonist and antagonist therapeutic
aptamers have been developed. The latter have been developed
to inhibit targets affiliated with bleeding disorders, autoimmune
disease, ocular disorders, and cancer;">> the former have been
developed to stimulate immune co-stimulatory receptors, >~
as well as VEGF receptor 2'*® and insulin receptors.'®”

Aptamers have also been developed to aid in the advancement
of synthetic biology. For example, RNA aptamers have been
applied as riboswitches to regulate gene expression. Due to their
high affinity for a specific target, aptamers can selectively bind to
key molecules in cellular processes such as transcription and
translation. Nudler and Mironov have reviewed the use of
riboswitches in regulating bacterial metabolism.'” In the past
decade, RNA aptamer riboswitches have been extensively
developed, resulting in the potential for clinically viable aptamer
antibiotics and biosensors.'”"

Aptamers have been recognized as strong candidates for
biosensing and bioimaging applications due to available
chemistry for conjugating them with fluorescent molecules. In
2011, Paige et al. demonstrated the development of an RNA
aptamer known as spinach, the RNA analog of GFP, wherein the
aptamer binds to a specific fluorophore and significantly
enhances its quantum yield."”> Three years later, Dolgosheina
et al. reported the synthesis of RNA Mango, an RNA aptamer
that complexes with thiazole orange derivatives, for tracking
RNA in vivo.'”> Targets for aptamer biomolecule detection
range from ATP and cocaine to malaria biomarkers.'”
However, since unmodified aptamers are vulnerable to
enzymatic degradation and cannot easily cross the cell
membrane, they are usually complexed with other nanostruc-
tures for cell delivery. The aptamer binds to the target and
undergoes a conformational change that enables a signaling
output to occur via electrochemical or optical assays. For this
reason, the RNA Mango and spinach aptamers have seen

extensive application as receptor molecules in fluorescence-
based sensing. Wang et al. summarized the applications of
aptamers as fluorescent biosensors.'

Logic gates and nanocircuits have also incorporated aptamers.
This is generally tied to gene/protein regulation and
biomolecule detection applications. In 2018, Goldsworthy et
al. reported the creation of AND, OR, NAND, and NOR RNA
aptamer logic gates controlled by DNA oligonucleotide inputs.
The authors used the outputs of the gates, conformational
changes in the aptamer, to regulate the binding affinity of the
fluorescent dye to which the aptamer was bound.'”® In 2015,
You et al. described the use of DNA aptamers to create AND,
OR, and NOT gates capable of detecting cancer cell
biomarkers.'”” Aptamer-based logic gates have even been used
in nanocarriers and for targeted drug delivery.

3.7. Limitations of Aptamers

Although aptamers are useful in many applications, they are not
without limitations. Native aptamers composed of natural
nucleotides, particularly RNA aptamers, are readily degraded by
nucleases, making them very short-lived and typically ineffective
in vivo. As mentioned previously, this problem has been
circumvented somewhat by engineered chemical modifications.
Another challenge with aptamers is unwanted secondary
structure that can lower the specificity and efficacy of aptamer
structures, especially for aptamers with longer sequences.
Unwanted secondary structures can be limited by using shorter
sequences, which have fewer available conformations. Addition-
ally, long aptamer sequences can be split into two shorter
sequences that join in the presence of a target, as shown in Figure
A 123

Aptamers interact with less surface area of their target
molecule due to their smaller size and are thus more susceptible
to off target binding and cross-reactivity."”* One way to increase
aptamer specificity is by adding selection cycles during the
SELEX process to select against likely off target moieties.
Unfortunately, negative selection requires additional PCR
cycles, which can amplify undesired biases. There have been
aptamer selection methodologies that include selection against
target-similar competitor molecules and require no PCR
amplification.'”” Additionally, multiple aptamers that bind to
various places on the same target can be assembled into one
structure using nanostructures.'°*'%*'! The activity of
aptamers seems to be largely unaffected when incorporated
carefully into nanostructures, provided they are placed in a way
that does not sterically impede access to their target molecule.
Thus, combining multiple targeting aptamers into a single
nanostructure could increase its target interaction, increase
binding affinity for target molecules, and reduce off target effects.

There are other limitations of free aptamers that can be
surmounted by the addition of nonaptamer nucleic acid
sequences. Aptamers alone are small and have fast renal
clearance times of 5—10 min in mouse models.'** When longer
clearance times are desired, aptamers can be tethered to larger
nucleic acid structures to increase their size. If the activity of the
aptamer needs to be turned off prior to clearance, comple-
mentary antidote sequences can be used to bind to aptamers and
unfold them, eliminating their effects. Complementary antidotes
to aptamers, such as the coagulation factor IXa aptamer, have
been developed and tested in vivo and show great promise as a
new class of drug molecules.'*~"*> Zhou and Rossi provide an
excellent review of the challenges and limitations of aptamer
therapeutics.'*
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Figure 12. Illustration of multivalent aptamer decoration on nucleic acid nanostructures and its potential applications. Inner circle: (A) self-assembled
nucleic acid nanostructures; (B) nucleic acid aptamers. Middle layer, common approaches for decoration of multivalent aptamers on nanostructures:
(C) sticky-end hybridization; (D) terminal sequence extension; (E) internal sequence integration; (F) streptavidin—biotin interaction; (G) covalent
linkages. Outer circle: potential applications of nucleic acid nanostructures bearing aptamers as functional motifs.

Lastly, free aptamers are limited in their function. Alone,
aptamers are typically designed to target one molecule, one
binding site on one protein, or one epitope on a cell surface
marker. However, using larger nucleic acid nanostructure
platforms, multiple aptamers can be combined to create
multivalent structures with increased targeting and regulatory
power, including dynamic sensors and nanocircuits. Here, we
will review work that has been published to advance the
development of aptamer-functionalized nucleic acid nanostruc-
tures.

4. DECORATION OF APTAMERS ON NUCLEIC ACID
NANOSTRUCTURES

Aptamers have been raised for specific binding to a broad range
of targets, from small molecules to whole cells. Due to their
intriguing properties and straightforward production process,
aptamers have been extensively developed and show great

potential in a broad range of applications.'**'*® To address the
challenging issues of stand-alone aptamers and enhance their
abilities, various types of nanomaterials, such as gold nano-
particles, liposomes, quantum dots, magnetic nanoparticles, and
carbon-based nanomaterials, have been used as nanocarriers for
aptamer functionalization and have been utilized in a wide range
of applications, including targeted delivery, bioimaging, and
advanced biosensing.'*’ ™" Self-assembled nucleic acid nano-
structures are promising carriers for aptamer decoration and
offer great benefits over other nanomaterials due to their
programmability, addressability, and direct compatibility with
aptamers.log’wl’192 Nucleic acid nanostructures serving as
biomolecular platforms allow localization and organization of
multivalent aptamers with nanoscale precision, of which other
materials are not capable. While this generally does not change
aptamer specificity, it increases the local concentration of
aptamers near the target, thus decreasing the likelihood of
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dissociation. The action of the aptamer is not typically hindered
except for very large nanostructures, for which steric effects may
be important in binding energetics and target accessibility.
Several approaches have been employed to achieve display of
aptamers on nucleic acid nanostructures (Figure 12C—QG). Due
to the compatibility between nucleic acid nanostructures and
aptamers, methods such as sticky-end hybridization, terminal
sequence extension, and modular sequence integration are
commonly used for functionalization of aptamers on nucleic acid
nanostructures. Displaying aptamers on nucleic acid nanostruc-
tures using terminal sequence extension and internal sequence
integration may cause misfolding of nucleic acid aptamers with
the structural sequences of nucleic acid nanostructures that may
result in loss of functionality. Due to the modularity of nucleic
acid aptamer decoration on nucleic acid nanostructures, sticky-
end hybridization, streptavidin—biotin interaction, and covalent
linkage can be employed to avoid this misfolding problem. The
thermodynamics of aptamer-integrated nanostructure synthesis
has not been extensively studied, but it is generally accompanied
by aloss in conformational entropy due to the presence of folded
products (gparticularly in the case of highly ordered DNA/RNA
origami).l >19% However, other effects such as the exothermic
nature of hybridization and entropic effects on other degrees of
freedom must be considered. These factors are also relevant for
aptamer binding, wherein entropic and enthalpic effects alike
determine binding affinity. Note also that while appending
multiple aptamers onto a nucleic acid nanostructure does not
typically change the aptamer’s specificity, it can increase the local
concentration of aptamers near the target, thus decreasing the
likelihood of dissociation. Binding of the aptamer to its target is
not typically hindered except by very large nanostructures, for
which steric effects may be important in binding energetics and
target accessibility. Strategies for chemical modification and
conjugation of nucleic acid nanostructures have been reviewed
previously.'” The combination of aptamers and programmable
nucleic acid nanostructures offers excellent potential for the
utilization of aptamers on nanostructures from basic research to
advanced applications that we will discuss in this review (Figure
12).

5. APPLICATIONS OF APTAMERS ON NUCLEIC ACID
NANOSTRUCTURES

5.1. Chemosensors and Biosensors

Biosensors and chemosensors are tools to detect biomolecules
and chemical compounds, many of which are key components in
biological and chemical processes, from small ions to whole cells.
For this reason, advanced sensing platforms have been
developed and utilized in a wide variety of fields, from food
safety and environmental pollution to disease diagnosis.'”*~""”
Crucial parts of any sensor must include a receptor that
specifically binds to the analyte and a reporter that allows
transduction of a detectable signal in the presence of the analyte;
optionally, sensors can include mechanisms for signal
amplification. Many biomolecules, including DNA, RNA,
enzymes, and antibodies, have been used as bioreceptors to
capture a variety of analytes, such as nucleic acids, small
molecules, and pathogenic agents.”” Aptamers have recently
emerged as promising candidates for bioreceptors that
specifically bind to a wide range of biochemical analytes,
including biomolecules, small molecules, and whole cells, due to
their versatility, high target binding affinity, and ease of
production.”®’ Furthermore, they have also been utilized as

fluorescent reporters to show signaling output in optical
aptamer-based sensors.”*>

Electrochemical and optical-based aptasensors have been
extensively developed for food safety and environmental and
clinical diagnostic applications, as reviewed previously.”"****
They have been conjugated to various nanostructures such as
carbon nanomaterials in order to provide a highly sensitive
platform by improving target accessibility and reducing steric
hindrance of the capture probe.””® In electrochemical
aptasensors, aptamer—analyte binding leads to the catalytic
reduction of a redox probe, generating a response current.”’’
Simple electrochemical aptasensors have been developed using
split aptamers and target-induced strand displacement to detect
specific biomolecules and small molecule targets.””” "’
Optical-based aptasensors are broader in operational scope,
encompassing Forster resonance energy transfer (FRET),
surface plasmon resonance, surface-enhanced Raman scattering,
and other techniques.”'® Optical DNA and RNA aptamer-based
biosensors have been coupled with FRET pairs, fluorophores,
and quantum dots to detect a wide range of analytes, including
ATP, thrombin, and intracellular chloride.”**~*'* In both optical
and electrochemical sensors, aptamer decoration on nanoma-
terials has shown great potential for improving the performance
of aptamer-based sensors.”'*~*'°

Nucleic acid nanostructures are a promising biomaterial for
organizing and assembling aptamer-based sensors, owing to
their programmability, well-controlled sizes and shapes, and
ability to be functionalized with nucleic acid aptamers. To this
end, multivalent aptamer decoration allows for multiplex target
detection and logic gate-based sensing. In this section of the
review, we will focus on aptamer-functionalized nucleic acid
nanostructures for biosensing and chemosensing applications,
categorizing them broadly into static and dynamic nucleic acid
nanostructure-based sensors. Of course, none of these aptamer—
target binding molecular interactions is truly “static” given
changes in local polymer chain conformational and hydration,
but we will reserve the term “dynamic” for examples in which
large, designed switching of the nanostructure from one state to
another state represents an important part of the sensors’ signal
transduction mechanism.

5.1.1. Aptamer-Functionalized Static Nucleic Acid
Nanostructures. Aptamer-decorated static nucleic acid
nanostructures have been utilized as biomolecular platforms
for a multitude of sensing applications. In this section, we group
static nucleic acid nanostructure-assisted aptasensors into four
categories: (1) tetrahedral DNA nanostructures and DNA
nanocages, (2) branching DNA nanostructures, (3) nucleic acid
nanotiles, and (4) DNA and RNA origami.

5.1.1.1. Tetrahedral Nanostructures and DNA Nanocages.
Tetrahedral DNA nanostructures (TDNs) have been developed
and extensively used in sensing applications due to the potential
to decorate them with various receptors, including ssDNA,
antibodies, and nucleic acid aptamers.”'”*'® They also offer
improvement in control over target accessibility and binding,
resulting in enhanced sensitivity of the sensing platform. For
these reasons, electrochemical and optical-based aptamer-
conjugated TDNs have been widely used for biosensing and
chemosensing applications.

5.1.1.1.1. Electrochemical-Based Aptasensors. The TDN-
based electrochemical biosensing platform has been used in the
past decade to detect a wide variety of targets. In 2010, Fan’s
group assembled TDNss on gold electrodes for DNA and protein
detection.””’ Three (downfacing) vertices of the tetrahedron
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Figure 13. Chemo- and biosensing platform-based tetrahedral DNA nanostructures (TDNs) decorated with aptamers. (A) TDN bearing a thrombin
aptamer for electrochemical-based thrombin detection using avidin—HRP. Three thiolated DNA strands were annealed with an 80 nt strand
containing the capture probe sequence to form the tetrahedron. Adapted with permission from ref 219. Copyright 2010 John Wiley and Sons. (B)
Schematic illustration of the DNA aptasensor constructed on a lipid bilayer membrane. The aptasensor is comprised of a DNA tetrahedron and a
functional TLS11a aptamer that targets HepG2 cancer cells. Reprinted with permission from ref 231. Copyright 2020 Elsevier. (C) Universal sensing
platform using bioreceptor-conjugated TDN-based microarrays. Reprinted from ref 240. Copyright 2014 American Chemical Society. (D) In vivo

detection of ATP using an ATP aptamer-decorated DNA nanoprism. Reprinted from ref 241. Copyright 2017 American Chemical Society.

structure were functionalized with thiol groups, which formed
thiol—Au bonds with the gold surface. The fourth (upfacing)
vertex was left free to place a capture probe, specifically a ssDNA
strand or an aptamer. The authors used a thrombin-binding
aptamer appended onto the TDN to detect thrombin (Figure
13A). Together with avidin—horseradish peroxidase (HRP) and
a biotinylated aptamer that bound a different exosite on
thrombin, the presence of thrombin induced a redox reaction
with 3,3',5,5’-tetramethylbenzidine (TMB), which generated an
electrochemical signal. The method was found to exhibit
stability, high yield of self-assembled TDNs, and sufficient
separation of the signal probe: far enough to allow freedom in
target accessibility, while close enough to permit signal
transduction. Electrochemical sensing has also been combined
with other detection techniques. Three years later, Poturnayova
et al. improved TDN-based thrombin detection by functionaliz-
ing their nanostructure with two aptamers binding to different
exosites of thrombin.”** Detection of thrombin concentration
was achieved using both cyclic voltammetry and the acoustic
thickness shear mode (TSM) method. Voltammetry measure-
ments were obtained using Ru(NHj;)4>" as an electrochemical
probe, while TSM involved measurements of changes in series
resonant frequency and motional resistance due to DNA—
thrombin binding on the surface of a gold-coated quartz crystal.
Using an aptamer-bearing TDN, Fan’s group further developed
an electrochemical-based cocaine sensing platform.””’ TDNs
were self-assembled on a gold electrode and functionalized with
a split anticocaine aptamer, one of which was appended to the

TDN and the other was biotinylated in the surrounding solution.
In the presence of cocaine, the split aptamer fused together and
brought horseradish peroxidase-conjugated avidin (avidin-
HRP) close to the gold electrode, resulting in a detectable
electrochemical signal via catalytic reduction of hydrogen
peroxide. Expanding on this design, Fan’s group also developed
a universal, ultrasensitive platform to detect various types of
targets.”>> The TDN served as a biomolecular platform that
could be decorated with various types of bioreceptors including
ssDNA, antibodies, and aptamers. Nucleic acid, protein, and
whole cell detection was demonstrated; in particular, detection
of MCF-7 breast cancer cells was achieved by using TDNs
conjugated with SYL3C aptamers to target the epithelial cell
adhesion molecule (EpCAM), which was generally overex-
pressed in the tumor cells. Recently, Jiang et al. targeted
cancerous exosomal proteins via an aptamer-decorated TDN
electrochemical biosensor.”*’ Using a TDN platform con-
jugated with AuNPs and HRP, the authors achieved detection of
multiple different exosomal proteins from mouse HepG2 liver
cancer cells with a detection limit of 10* particles/mL. Taken
together, these works suggest that electrochemical TDN sensors
can be applied to a wide variety of targets, from nucleic acids to
whole cells.

Simple and ultrasensitive biosensor platforms that enable
detection of targets in human bodily fluids such as whole blood
or urine are necessary. 8-Hydroxy-2’-deoxyguanosine (8-
OHJG) is a product of oxidative DNA damage that is a key
biomarker for many diseases and can be found in urine.
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Although 8-OHdG could be directly measured by electro-
chemical methods, ultrasensitive detection methods for this
analyte needed to be developed.”** In 2016, Fan et al. developed
a label-free, ultrasensitive detection method for 8-OHdG by
using 8-OHdG-binding aptamer-conjugated TDN.”** In the
presence of 8-OHdG, the aptamer formed a hemin/G-
quadruplex structure, resulting in deposition of polyaniline
(PANI). This method improved sensitivity by around 300-fold
compared to previous electrochemical methods. Importantly,
this assay enables detection of 8-OHdG in human serum and
urine. Recently, a fast, single-step ATP detection method using
split anti-ATP aptamer-decorated TDN was developed by Li et
al**® Methylene blue (MB) labeled aptamers were used as
reporting molecules. When ATP was present, the split aptamers
came together to form a complex with ATP, bringing MB close
to the electrode and resulting in an electrochemical signal that
could be detected by square wave voltammetry. This method
allows detection of picomolar concentrations with detection
times of less than 10 min. These one-step sensors could be used
to detect ATP in whole blood samples, benefiting clinical
applications.

The TDN-assisted electrochemical biosensors for target
identification in biological fluids are valuable for clinical
diagnostics and therapeutics. However, a current disadvantage
appears to be increased nonspecific target adsorption when
working in biological fluids, which reduces the accuracy of
detection.”*” Dilution of biological samples has been proposed
to resolve this problem, but that will decrease signal intensity in
addition to background noise. Other solutions to this problem
include the use of surface blocking agents, polymeric separation
membranes, and other antifouling layers to prevent the
adsorption of nontarget molecules.””***” An additional issue
with electrochemical biosensors arises from the immobility of
probes on the electrode surface, which results in reduced sensing
accuracy. For example, in 2018, Liu et al. developed an
electrochemical-based TDN biosensor to detect HepG2 cancer
cells.”*” The TDNs were immobilized on a gold electrode
through Au—S bonds, limiting the freedom of the probes to
access the HepG2 cells. Two years later, to overcome this
obstacle, the authors developed an aptamer-based electro-
chemical sensor comprised of a DNA tetrahedron nanostructure
and a lipid bilayer assembled on a gold electrode, with an
avidin—HRP reporting system (Figure 13B).”" The authors
applied this aptasensor to detect HepG2 tumor cells in whole
human blood. Importantly, the fluid phospholipid bilayer
allowed freedom in the motion of the aptamer-functionalized
DNA biosensor. This permitted a considerable increase in
sensing efficiency with just a few cancer cells compared to
immobile electrochemical sensors. Signal detection was
achieved using cyclic voltammetry and electrochemical
impedance spectroscopy. The fluidity of this design allowed
improved detection efficiency compared to the prior fixed
structure. The use of lipid bilayer membranes as antifouling
layers thus has the potential to improve target accessibility for
static electrochemical TDN sensors.

Other nanomaterials have been utilized together with
aptamer-functionalized TDNs to improve sensing capabilities.
In 2019, Chen and colleagues employed an electrochemical
TDN biosensor to detect cardiac troponin I (cTnl), an
important biomarker in acute myocardial infarction.”*” They
immobilized TDNs conjugated with two troponin aptamers,
Tro4 and Tro6, on a gold electrode and hybridized the
nanostructure with gold and copper nanoparticles function-

alized in a magnetic metal—organic framework (MMOF). These
nanoparticles were conjugated with ssDNA complementary to
the double aptamer. The TDN served to capture the ¢Tnl target,
forming a supersandwich structure, while the MMOF aided in
electrochemical signal amplification, catalyzing the oxidation of
hydroquinone. In the same year, Chen’s group reported another
TDN complexed with a MMOF, where horseradish peroxidase
(HRP) and a G-quadruplex/hemin DNAzyme were additionally
used to amplify the electrochemical signal.”>* Furthermore, they
developed another TDN immobilized on a gold electrode that
targeted the breast cancer protein biomarker human epidermal
growth factor receptor 2 (HER2).”** HRP, Pd/Pt, and Mn;0,
nanozymes functioned as electrochemical signal probes by
catalyzing hydroquinone oxidation. The hybridization between
the HER2 aptamer and complementary ssDNA conjugated to
the nanozyme complex allowed formation of a complex,
branched nanostructure that further improved signal strength.
These works showed that hybrid aptamer-functionalized
nanostructures can help improve both the detection sensitivity
and target specificity of biosensors.

Besides TDNs, other shapes of immobilized nucleic acid
nanostructures have been investigated for target-specific signal
transduction. In 2019, Taghdisi and colleagues used a ladder-
shaped DNA nanostructure functionalized with an ampicillin
aptamer to measure ampicillin concentration in milk samples.***
This design was proposed after the group had previously tested
other shapes, including an M-shape, H-shape, arch-shape, and 7-
shape. Targets for these nanostructures included tetracy-
clines,>*® aflatoxin B,”>” cocaine,”>® and streptomycin.z"’9 As
with TDNs, the structures sterically hindered access of the
electrochemical indicator (ferric cyanate) to the surface of the
gold electrode. In comparison to previously tested aptasensors,
the ladder shape more successfully blocked the redox indicator
from accessing the electrode, thus improving the change in
electrochemical signal strength before and after target binding.
Ampicillin—aptamer binding triggered breakdown of the ladder
nanostructure, releasing it from the electrode surface and
allowing the redox reaction with ferric cyanate to proceed. This
work demonstrated how low-cost, sensitive 2D nanostructures
could be functionalized as electrochemical chemosensors.

5.1.1.1.2. Optical-Based Sensors. Although most immobi-
lized nucleic acid aptasensors have incorporated electrochemical
reporting probes, many groups have also examined surface- and
solution-based detection schemes using optical methods. In
2014, Li et al. used an anticocaine aptamer-functionalized TDN
immobilized on a glass surface to sense cocaine via microarray
fluorescence scanning, as shown in Figure 13C.**° The
fluorophore-conjugated structure was shown to have consid-
erably greater fluorescence intensity when cocaine was present.
Because an arbitrary functional module can be appended to the
nanostructure, this method shows promise for detecting a wide
range of targets. For example, by decorating the TDN with a
biotin—streptavidin complex, the authors demonstrated detec-
tion of the prostate cancer biomarker prostate specific antigen
(PSA). Their results were found to correlate well with results
from more arduous conventional chemical luminescent
immunoassays.

The use of fluorescent probes, particularly fluorophore—
quencher pairs, has emerged as a promising method for selective
detection of many targets. In 2020, Kwon and colleagues
fabricated a 2D star-shaped DNA nanostructure to target
envelope protein domain III (ED3) on the dengue virus surface.
ED3-targeting aptamers were placed at each of the construct’s
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Figure 14. (A) Fluorescent-labeled DNA dendrimer for intracellular histidine and ATP sensing. (B) Confocal microscopy images of MCF-7 cells
treated with anti-ATP aptamers decorated on DNA dendrimer nanostructures. Adapted from ref 248. Copyright 2014 American Chemical Society.

ten vertices, helping amplify ED3 sensitivity. By conjugation
with a 6-FAM fluorophore and BHQ-1 quencher, a change in
fluorescence due to target binding was observed, whereby the
fluorophore and quencher separated as a result of hairpin loop
disassembly in the nanostructure. This method was demon-
strated to show comparable sensitivity to more expensive and
laborious strategies, such as RT-qPCR. Additionally, by testing
other shapes such as bivalent, linear, hexagonal, and heptagonal
structures, the authors confirmed that the pentagonal shape was
optimal for matching ED3 sites on the dengue viral surface.”**

In addition to tetrahedral DNA nanostructures, other
aptamer-functionalized 3D polyhedral DNA nanostructures
have been used for sensing applications. In 2018, Shiu et al.
tested various shapes and sizes of DNA polyhedrons on a
streptavidin-coated plate, including differently sized tetrahe-
drons, square and pentagonal pyramids, and prisms. The
polyhedrons were decorated with aptamers targeting Plasmo-
dium falciparum lactate dehydrogenase (PfLDH), and the
authors found that these 3D nanostructures demonstrated

better sensitivity toward PELDH detection than the aptamers by
themselves. This was quantified using Aptamer-Tethered
Enzyme Capture (APTEC) assays, a spectrophotometric
method that exploits the ability of PILDH to cause a color
change in a nitrotetrazolium-containing solution. The authors
found that tetrahedrons were the optimal design, allowing
conjugation of signaling probes and maximizing aptamer—target
accessibility.”**

Static optical-based sensors have also been applied for in vivo
biosensing. In 2017, Zheng et al. fabricated a DNA nanoprism
decorated with a split ATP aptamer, whose stem was conjugated
with a FRET pair (Figure 13D).”*' When two ATP molecules
bound to the triangular prism architecture, the split aptamer self-
assembled, reducing the separation among the fluorophores and
triggering fluorescent emission. ATP detection was demon-
strated in vitro and in vivo, and the nanoprism showed excellent
cellular permeability and sensitivity, avoiding false-positive
signals through use of the split aptamer strategy. This method
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therefore serves as an effective biosensing platform for
intracellular small molecule detection.

5.1.1.1.3. Other. Electrochemiluminescent (ECL) reporting
systems have recently been integrated within aptamer-decorated
TDN platforms. For example, Bu et al. constructed an ATP
biosensor comprised of an anti-ATP aptamer-functionalized
tetrahedral DNA nanostructure (TDN) and a functionalized
oligonucleotide (FO) complementary to the anti-ATP
aptamer.”** When self-assembled on a gold electrode,
aptamer—FO hybridization occurred, inducing ECL emission
from Ru(phen);>*. In the presence of ATP, competitive ATP—
aptamer binding released the aptamer—FO—Ru(phen);**
complex, resulting in a decrease in ECL emission in proportion
to the ATP concentration.

The use of TDNs has also been combined with other sensing
techniques besides electrochemical and optical detection. In
2018, Wang et al. used surface plasmon resonance (SPR) to
measure tetracycline concentrations in honey samples.”** The
advantages of this method lie in its high specificity and minimal
requirement for sample preparation. Prior to this research,
attempts at using SPR to detect small molecules suffered from
low signal strength and the issue of steric hindrance restricting
target sensitivity. To improve sensitivity, nanoparticle labeling
has been proposed, but this can be a costly strategy.”* Instead,
the authors appended antitetracycline aptamers (Apt76) to the
top and bottom of a TDN nanostructure, moderating the
problems of steric hindrance and target accessibility. This
demonstrated the first use of an aptamer-functionalized SPR
sensor to target small molecules.

5.1.1.2. Branching DNA Nanostructures. Topologically
branched, multistrand DNA nanostructures (as described
above in section 2) provide multiple connection points to
anchor functional motifs such as aptamers and DNAzymes and
allow the formation of higher-ordered nanostructures such as
DNA dendrimers. With these features, functionalized branching
nanostructures offer great benefits for sensing applications,
especially signal amplification. As such, ultrasensitive biosensing

platforms using aptamer-decorated branching nanostructures
have been developed.”*’

In 2014, Meng et al. developed a DNA dendrimer that served
as a scaffold to carry an anti-ATP aptamer as well as a DNAzyme
whose activity was histidine-dependent (Figure 14).*** By
attaching a quencher (Black Hole Quencher-1, or BHQ-1) and
fluorophore (carboxyfluorescein, or FAM) to different parts of
the nanostructure, the authors were able to determine the
intracellular concentration of r-histidine and ATP. In the
presence of each target, separation of FAM from BHQ-1 arose
due to structural changes caused by the binding affinity between
the aptamer/DNAzyme and the target. This resulted in a
detectable fluorescent signal. Four years later, Norouzi and
colleagues applied the detection scheme to whole cells,
fabricating a branched DNA concatemer decorated via sticky-
ends with 3WJ and functionalized with an Sgc8C aptamer that
specifically bound to the PTK?7 protein, which is overexpressed
in T cell acute lymphocytic leukemia cancer cells.”*” The 3WJ
consisted of HRP-like DNAzymes, whose catalytic activity was
enhanced in the presence of hemin, allowing generation of a
colorimetric signal detectable with the naked eye. This assay had
a low limit of detection of only 175 cancer cells. Branching
nanostructures offer the possibility of decorating sensing
platforms with several functional modules, including aptamers
and DNAzymes. They can be used to form extensive higher-
order structures that amplify transduced signals, thus improving
detection sensitivity for a wide variety of targets in both in vitro
and in vivo sensing applications.

5.1.1.3. Nucleic Acid Nanotiles. DNA tiles and nanoarrays
have been developed and utilized in a broad range of
applications, including nanoelectronics, nanophotonics, and
nanosensing,”*’ Yan reported the self-assembly of 2D array-
based DNA nanotiles functionalized with a signaling aptamer
targeting thrombin (Figure 15).”>" The aptamer was formed by
changing one nucleotide near the aptamer’s thrombin binding
sequence to its fluorescent nucleotide analog, which allowed an
increase in the fluorescence signal upon binding with thrombin.
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The aptamer-functionalized tiles were assembled in microarrays,
and this high-density environment helped amplify the
fluorescent signal resulting from aptamer—thrombin binding.
This DNA tile-based sensor could detect thrombin at sub-
nanomolar concentrations. Furthermore, the assay can be
expanded to multiplex target detection by using multiple
fluorescent signaling aptamers.

In addition to DNA aptamers, RNA aptamers have found
application as bioreceptors and bioreporters in nanosensors.
Fluorescent RNA aptamers such as the spinach and mango
aptamers can also been used as fluorescent reporters.””” Many
biosensors have made use of fluorescently labeled hybridization
probes that bind directly to the target. However, this approach
can be expensive and laborious, given that the hybridization
probe must be designed, synthesized, purified, and optimized for
each new analyte. To overcome this problem, Kikuchi and
Kolpashchikov designed a universal split spinach aptamer
(USSA) probe to detect nucleic acid targets and construct a
NOR logic gate (Figure 16).> The label-free split spinach
aptamer (SSA) probe consisted of two RNA oligonucleotides
that would directly hybridize with the nucleic acid analyte,
forming a binding site for the fluorophore (Z)-5-(3,5-difluoro-4-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-
one (DFHBI). Normally, two new RNA strands would need to
be optimized for each new target, leading to a cost-ineflicient
biosensor. In order to bypass this requirement, the authors
introduced two inexpensive DNA adaptor strands that under-
went complementary base pairing with the nucleic acid target.
Thus, the analyte made direct contact with the adaptor strands
rather than with the SSA probe. This allowed the SSA probe to
remain unchanged, serving as a universal reporter for different
nucleic acid targets. As a proof of concept, the authors applied
the USSA probe to detection of two miRNA sequences and their
DNA analogs, only changing the adaptor strands to accom-
modate the different targets. A fluorescent signal was detectable
within seconds, with a nanomolar detection limit for both DNA
and RNA, comparable to traditional hybridization probe
reporting systems. Successful detection of the Mycobacterium
tuberculosis rpoB gene was also demonstrated. This work thus
expanded the role of aptamers in nanosensors from target

capture probes to cost-efficient, general-purpose signal
reporters.

5.1.1.4. DNA and RNA Origami. DNA and RNA origami has
been extensively developed for the past two decades to create
sophisticated 2D and 3D nucleic acid origami with controllable
sizes and shapes. Nucleic acid origami nanostructures are
biocompatible, programmable, versatile, and capable of spatially
controlled biomolecular and chemical functionalization. For
these reasons, the origami technique has been used as a
biomolecular platform for nanosensing applications. In 2008,
Yan pioneered the use of aptamer-functionalized origami to
explore the binding of target thrombin molecules (Figure
17A).>>* Two aptamers, selected against exosites 1 and 2 on
thrombin, were placed in different positions at varying distances
apart on the rectangular origami structure. The origami allowed
precise spatial control over the distance between the aptamers,
and thrombin binding was observed using AFM. This work,
which for the first time used DNA origami to modulate target
reception at the molecular level, inspired the use of DNA
origami for biosensor fabrication. Five years later, microchip
isotachophoresis (ITP) was used by Yan’s group to preconcen-
trate and electrophoretically separate DNA origami—thrombin
complexes within cell lysate for thrombin detection.”>* They
found that on-chip ITP permitted separation of the bound
thrombin from cell lysate within minutes, with little change in
the structure of the complex. AFM and fluorescence measure-
ments were used to confirm thrombin binding. This method
showed promise for isolating intracellular thrombin and
overcoming the challenge of low analyte concentration in
diluted samples. Furthermore, it could be combined with
microchip processing techniques to develop a powerful sensing
platform. Using a similar approach, Tintoré et al. developed a G-
quadruplex DNA nanostructure functionalized with two
thrombin binding aptamers (TBA) to sense the repair activity
of the human O°%-alkylguanine-DNA alkyltransferase enzyme
(hAGT).”> Using AFM, the authors found a reduction in
binding affinity to thrombin when the TBA staple strands
contained methylated guanines. Introducing hAGT restored the
thrombin binding interaction at the level of unmethylated TBA.
In 2016, Godonoga et al. reported the use of a rectangular DNA
nanostructures functionalized with 12 aptamers to target the

https://doi.org/10.1021/acs.chemrev.0c01332
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig16&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01332?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews pubs.acs.org/CR Review
Aptakiss BD-KG51
g & g‘ AC-Aptakiss  Bp.GTPswitch
§:8 5% a b
¢ G oo
Cecc® °a° "n
U v "
P Ao
GG A
%S § A
§.¢ K A
Ay %S¢ KGSs1
£ o
[ St [AALYY GTPswitch 800 nm x 800 nm
KG51 GTPswitch
40 nm

Double-loop shape

s (D)
m;t ::D\ protected tie L-8 |

Protected e L-A_/
cocaine 8+

ﬁ" aa’

staple i J) aptamer

. (H>

I

u-

thiolated aptamer
(HA or GHA)

gold sansor chip

aw

X-shape

ot

e N % % e
= 999

gold sensor Chip

aw

no input ATP + cocaine

Staples
+m
M13mp18 [onasenA
DNA = _—
Lo -
‘ Streptavidin-coated MNP = Streptavidin
®  Biotin
‘; Cationic charged MNP
. G-quadruplox Aptamor
) ont
(3 " ®  Insulin

Figure 17. Aptamer-functionalized DNA origami for biosensing applications. (A) Double aptamer-functionalized rectangular DNA origami for
thrombin detection (scale bar = 200 nm). Adapted with permission from ref 253. Copyright 2008 Springer Nature. (B) GTPswitch design that
undergoes kissing interactions with target RNA kissing loop Aptakiss in the presence of GTP. Adapted from ref 258. Published 2016 Royal Society of
Chemistry. Licensed under a Creative Commons agreement (https:// creativecommons.org/licenses/by/3.0/ ).(C) Synthesis of OR, YES, AND DNA
origami tile-based logic gates for simultaneous detection of ATP and cocaine (Scale bar = 200 nm). Adapted from ref 259. Copyright 2016 American
Chemical Society. (D) Use of surface plasmon resonance for hemoglobin detection using a double aptamer-conjugated DNA nanocage. Adapted with
permission from ref 260. Copyright 2020 Elsevier. (E) Colorimetric biosensing of a magnetic DNA nanostructure, comprised of magnetic DNA
nanotubes and an insulin-targeting aptamer. Adapted from ref 261. Published 2020 Iranian Society of Nanomedicine. Licensed under a Creative
Commons agreement (https://creativecommons.org/licenses/by/4.0/).

malaria biomarker PELDH in human blood plasma, where target
binding was again confirmed using AFM.>°

Unlike protein—aptamer complexes, small molecule target
binding is difficult to observe under AFM. For this reason, other

nanostructure platforms have been developed in order to use

AFM for signal readout. In 2017, Lu et al. fabricated aptamer-
functionalized triangular DNA origami and complementary
ssDNA-conjugated gold nanoparticles (AuNPs) to detect
aflatoxin B1 (AFB1), a food toxin.”*” In the absence of aflatoxin
Bl, ssDNA decorated AuNPs could be immobilized at
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predesigned locations on DNA origami via DNA/DNA
hybridization. In contrast, aptamer—AFB1 binding resulted in
a folded structure that did not allow immobilization of the
AuNPs on the DNA origami; therefore competitive binding of
aptamer—AFBI triggered release of the AuNPs. Thus, measure-
ment of the amount of free AuNPs by AFM allowed direct
determination of AFB1 concentration. Takeuchi et al. used an
RNA aptamer called “GTPswitch” decorated on DNA origami
to detect GTP.>*® GTPswitch possesses two domains to bind to
GTP and form a kissing interaction with a specific RNA loop
known as “Aptakiss.” In the presence of GTP, GTPswitch—
Aptakiss binding occurred, forming an X-shaped structure
within the DNA origami frame that was detectable using AFM
(Figure 17B). Yang et al. developed DNA origami tile-based OR,
YES, and AND logic gates, functionalized with aptamers and
DNAzymes, to simultaneously detect ATP and cocaine.””” AFM
and fluorescence measurements were used as signal readouts
(Figure 17C).

In addition to AFM, which is a somewhat arduous detection
method, fluorescent and colorimetric optical readouts have been
used for quantitative measurement of biomolecule and small
molecule concentrations. In 2020, Duanghathaipornsuk et al.
developed dynamic biosensing DNA nanocages conjugated with
aptamers that bound hemoglobin and glycated hemoglobin, an
important diabetes marker (Figure 17D).**° The aptamers
provided increased specificity and binding affinity, while the
origami lent binding stability, resulting in stronger surface
plasmon resonance (SPR) response signals. In the same year,
Rafati et al. developed nanostructures comprised of magnetic
DNA nanotubes (MDNTs) and a bifunctional biotinylated
insulin aptamer (Figure 17E).”°" The aptamer both targeted
insulin and acted as a peroxidase-mimicking DNAzyme when
forming a G-quadruplex structure in the presence of bound
insulin. The resulting redox activity could be quantified using
spectrophotometry, specifically through the enzyme-linked
immunosorbent assay (ELISA). The use of magnetic nano-
structures allowed improved insulin capture in blood serum and
eliminated nontarget charged particles, thus enabling more
accurate measurements of target concentration.

The DNA origami technique has demonstrated viability to
improve nanosensing capabilities through both surface immobi-
lization of the sensors and origami-based immobilization of
bioreceptor. This is crucial given that bioreceptor-target
geometry is key to fabricating more sensitive biosensors. To
further develop 3D DNA origami that optimized the binding
interaction with thrombin, Rutten et al. immobilized aptamer-
functionalized 3D DNA origami on the surface of disc-shaped
microparticles in a microfluidic platform.*** They were able to
demonstrate lower steric hindrance and better orientation for
target capture, compared to traditional bioassays. This resulted
in faster and more efficient binding, improvements in the
detection limit and signal-to-noise ratio, and a stronger
fluorescent signal for fluorescently labeled thrombin relative to
nonorigami methods.

5.1.2. Dynamic Nucleic Acid Nanostructures Function-
alized with Aptamers. 5.1.2.1. Nanostructures with Target-
Induced Conformational Changes. Dynamic nucleic acid
nanostructures are used to create reconfigurable nanodevices
that can be triggered to respond to external stimuli. They have
therefore found common use in sensing applications.”*>*%*
Aptamer-decorated DNA nanostructures that undergo struc-
tural changes triggered by target binding have been extensively
developed.'”” The resulting structural changes due to the

presence of the target can be detected and quantified most
commonly using fluorescent or electrochemical outputs.
Dynamic DNA nanostructures have been utilized by multiple
groups to detect biomolecules and small molecules in vitro. In
2014, Sheng et al. reported a cocaine aptamer-functionalized
DNA nanocage capable of sensing cocaine concentration.”*®
Cocaine binding induced a conformational change from a
“closed” state, a triangular pyramid frustum (TPF), to an “open”
state, an equilateral triangle (ET), which in turn caused a
detectable drop in Faradaic impedance (Figure 18). The authors
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Figure 18. A graphical representation of the electrochemical-based
cocaine biosensor using a dynamic DNA nanostructure. DNA probes
are folded into the triangular pyramid frustum (TPF) configuration,
which is assembled on the surface of the gold electrode. The bulkiness
of this nanostructure prevents the redox reaction of the ferric cyanate.
Cocaine—aptamer binding triggers a change to the equilateral triangle
(ET) structure, which allows the redox reaction to proceed. Reprinted
with permission from ref 265. Copyright 2014 Elsevier.

found a linear relation between Faradaic impedance response
and cocaine concentration for concentrations between 1.0 nM
and 2.0 M. Inspired by this approach, Xiong’s group developed
an electrochemical biosensor to detect staphylococcal enter-
otoxin B (SEB), a leading cause of foodborne illnesses, in milk
samples.”®® TPF—ET transformation occurred in the presence
of SEB and was made observable by changes in Faradaic
impedance.

Signal transduction induced by structural changes in dynamic
DNA nanostructures has inspired other groups to develop
different structures to accommodate in vivo sensing. In 2012,
Fan’s group pioneered the use of aptamer-functionalized
reconfigurable tetrahedral DNA nanostructures (TDNs) for in
vivo sensing of ATP (Figure 19A).”%” Different functional motifs
were incorporated into the edges of the TDN, including an anti-
ATP aptamer for ATP detection, an i-motif for pH sensing, and a
T-rich mercury-specific oligonucleotide (MSO) for mercury
sensing. Aptamer—ATP binding induced a conformational
change in the nanostructure, bringing a signaling FRET pair
closer together and quenching fluorescent emission. Impor-
tantly, the authors were able to incorporate two functional
motifs on one TDN structure and perform intracellular ATP
sensing using an anti-ATP aptamer and target-mediated logic
gates. Five years later, Shiu et al. created a nanocomposite
comprised of a split DNA aptamer and G-quadruplex tweezers
that closed in the presence of the malaria biomarker protein
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(PfLDH).**® Once aptamer-PfLDH binding occurred, the
tweezer transformed from an open state to a closed state,
favoring formation of the G-quadruplex and allowing it to
catalytically enhance hemin’s peroxidase activity. Spectrophoto-
metric quantification of the PfLDH concentration was
determined indirectly by ABTS oxidation. This work demon-
strated the expansion of G-quadruplex-based tweezers to protein
sensing, given that most previous targets for G-quadruplex-
based tweezers had been nucleic acid strands, due to the ability
of complementary base pairing to modulate the tweezer
mechanism via toehold-mediated strand displacement reaction
(TMSD).263,269

DNA origami has offered the possibility of developing
nanosensors that optimize target—bioreceptor interactions.*
In 2011, Kuzuya et al. introduced the first DNA origami “pliers”
and “forceps” for targeting a variety of different targets (Figure
19B).””° These devices consisted of two DNA “levers” that
underwent a conformational change upon binding to their
target. ATP detection was achieved using an ATP-binding
aptamer, though several other targets were also demonstrated
using this method, including IgG, streptavidin, sodium ions, and
miRNA, by decorating the nanostructure with other functional
motifs. AFM and fluorescence spectroscopy were used as a
readout to observe target-induced conformational changes.
Inspired by this work, Walter et al. designed two DNA origami
levers }'oined by a split ATP aptamer, each having a fluorescent
dye.””" In the absence of ATP, the levers were separated, and no
energy transfer occurred between the fluorophores. However,
binding of two ATP molecules to the split aptamer brought the
levers together, triggering a fluorescently detectable color
change from green to red. This work improved the practical
readout method for DNA origami-based sensing through use of
FRET.

DNA nanoboxes combined with a FRET reporting system
have emerged in the past decade as promising candidates for
nanosensing, drug delivery, and molecular computation,
mechanized by the “unlocking” action of a target. Their size
can be controlled based on the load they carry, and multiple
aptamers can be decorated on a single DNA nanobox, allowing
logic gate-based sensing to be modulated by multiple targets.
Research groups in Denmark have demonstrated the versatility
of nanoboxes, including their use as Boolean logic gates. In these
designs, the box’s lid could be opened and closed by strand
displacement interactions using a specific set of DNA “keys,”
monitored using FRET.””*”>*”* Using DNA nanobox-inspired
nanosensors, Tang et al. developed the first nanobox-based
biosensor for protein detection.”’* The protein-triggered
nanobox was mediated by two DNA strands, a PLDH aptamer
and its complementary strand, that kept the box in alocked state.
In the presence of PfLDH, aptamer—PfLDH binding occurred
and resulted in unlocking of the nanobox. This was quantitively
measured by the reduction in FRET signal intensity, as
unlocking caused a larger separation between Cy3—CyS FRET
pairs.

Plasmonic readouts have also been used for dynamic DNA
origami-based sensing, specifically for DNA origami decorated
with nanomaterial-based biosensors. In 2019, Funck et al.
developed a reconfigurable DNA origami plasmonic metamo-
lecule carrying two immobilized gold nanorods and two
thrombin-binding aptamers (Figure 19C).””* They found that
thrombin binding induced an inversion of chirality as the
nanostructure transformed from an “open” state to a “locked”
state defined by the orientation of the gold nanorods, resulting in
a quantitative change in plasmonic circular dichroism (CD)
measurements. This allowed detection of thrombin in solution,
with detection limits comparable to those achieved by other
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of ATP and cocaine. The presence of either target disassembles the dimer/trimer structure. Adapted with permission from ref 279. Copyright 2016

Royal Society of Chemistry.

methods, such as FRET and ELISA. The CD sensing technique
was previously utilized to detect RNA and small molecules such
as ATP and cocaine.”’**”’

Although previously used to a lesser extent than DNA
nanostructures, dynamic RNA origami platforms have recently
shown great potential for biosensing. In 2018, Andersen’s group
developed a fluorescent RNA aptamer-embedded ssRNA
origami scaffold for nucleic acid and small molecule detection
(Figure 20)."%* Fluorescent spinach and mango RNA aptamers
were integrated into the RNA origami nanostructure. RNA
detection was achieved by toehold-mediated interactions
between the RNA and a hairpin loop in the nanostructure that
induced a conformational change, resulting in a low FRET
signal. Furthermore, detection of S-adenosylmethionine (SAM)
was accomplished by incorporating an SAM aptamer into the
RNA origami frame. The presence of SAM induced a
conformational change, altering the separation and increasing
the fluorescence emission of the FRET pair. The authors further
demonstrated the capability of this apta-FRET RNA system to
be expressed and cotranscriptionally folded inside E. coli cells,
opening a wide range of applications for the use of RNA origami
for in vivo sensing and synthetic biology.

5.1.2.2. Disassembly Based Sensing. Unlike aptasensor
platforms for protein detection, aptamer—small molecule
binding is extremely difficult to directly observe using AFM.
Thus, in order to employ DNA origami-based aptasensors for
small molecule detection, it is crucial to couple target binding to

large conformational changes of the origami platforms. In 2015,
Mao’s group fabricated nanostructure “cages” comprised of
multiple layers of TDNs (Figure 21A).””® The layers were joined
by dsDNA comprised of an ATP-binding aptamer. The presence
of ATP triggered a conformational change in the nanostructure
and disassembly of its layers in proportion to the ATP
concentration, measurable by gel electrophoresis. Two years
later, Willner’s group reported the use of DNA origami dimers
and trimers connected by dsDNA com7prlsed of ATP and
cocaine-binding aptamers (Figure 21B).”” In the presence of
either target, the multimerized hexagonal origami dissociated.
AFM and gel electrophoresis confirmed that the decrease in
amount of the multimerized origami structures was proportional
to the ATP or cocaine concentration. Importantly, this work
demonstrated the ability to detect two targets simultaneously by
manipulating target-induced DNA origami dissociation.

5.1.3. Dynamic Nucleic Acid Nanotechnology for
Signal Amplification. Dynamic nucleic acid nanotechnology
includes reconfigurable nanodevices and nanocircuits that have
been used in far-reaching applications, from nanoelectronics to
nanosensing. Dynamic nucleic acid nanostructures include
DNA and RNA nanocircuits and nanomachines as well as
enzyme-free and enzyme-driven signal amplification processes.
For example, isothermal nucleic acid hybridization processes
such as hybridization chain reactions (HCR) and rolling circle
amplification (RCA) are intriguing tools for use in signal
amplification in biochemical sensing applications. Recent
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Society.

advances in the use of HCR in biosensing and bioimaging are
summarized by Bi, Yue, and Zhang.280
on aptasensor-based dynamic nucleic acid nanotechnology for
signal amplification.

5.1.3.1. Enzyme-Free Signal Amplification. 5.1.3.1.1. Hy-
bridization Chain Reaction. HCR is a versatile tool that has
been used in various application such as bioimaging,
7807282 T improve the sensitivity
of sensing platforms, high signaling output is generally needed
for diagnostic and clinical applications, but linear HCR can take
a prohibitively long time to acquire such a signal.”** Therefore, a
form of nonlinear HCR (NLHCR) involving exponential
formation of hyperbranched DNA nanostructures was devel-

In this review, we focus

biomedicine, and biosensing.

oped by Xuan and Hsing.”** This technique was used in 2015 by
Chang et al. to develop an enzyme-free, branched DNA
aptasensor that targeted vascular endothelial growth factor
(VEGF), as shown in Figure 22A.*** Once aptamer—VEGF
binding occurred, a conformational change in the aptamer probe
occurred and consequently triggered NLHCR. Salt-induced
gold nanoparticle aggregation was used for colorimetric output.
A visible color change from red to blue occurred due to surface
plasmon coupling induced by AuNP aggregation. This
aptasensor was highly sensitive, detecting VEGF at femtomolar
concentrations. In 2020, Wang et al. used a concatenated
hybridization chain reaction (C-HCR) to produce a large, highly
branched DNA nanostructure functionalized with an aptamer

AA https://doi.org/10.1021/acs.chemrev.0c01332
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that bound to total prostate specific antigen (tPSA), a prostate
cancer biomarker (Figure 22B).”*® The aptamer linked the
nanostructure to the antigen/antibody complex, triggering
NLHCR. The nanostructure was labeled with streptavidin-
modified alkaline phosphatase, which catalytically reduced Ag"
and deposited silver on gold nanorods. Sensing efficacy could
thus be measured using a surface-enhanced Raman scattering
(SERS) immunoassay. The limit of detection of this biosensor
was only 0.94 fg/mL, and measurement of tPSA concentrations
from Raman spectra closely fit the values given for the human
blood serum samples used, indicating this method’s potential
utility for early cancer diagnosis.

Target-induced HCR-based nanostructure disassembly has
been applied in other biosensing settings. In 2014, Chen and
colleagues fabricated aptamer—DNAzyme supersandwich nano-
structures capable of detecting the toxic fungal metabolite
ochratoxin A (OTA) via electrochemiluminescent (ECL)
sensing (Figure 22C).**® These nanostructures were preas-
sembled by HCR on a gold electrode, forming aptamer—
DNAzyme complexes that effectively quenched the ECL
emission of dissolved oxygen. However, the presence of OTA
and the DNA exonuclease RecJ; induced disassembly of the
nanostructures, strengthening the ECL emission. A year later,
Qin’s group used the same principle to pioneer the first aptamer-
functionalized DNA nanostructures self-assembled by HCR on
magnetic beads that did not require signaling tags for bisphenol
A detection (Figure 22D).**” Specific binding of bisphenol A to
the aptamer induced disassembly of the HCR-based nanostruc-
tures from the magnetic nanoparticles, resulting in a detectable
change in the particles’ surface charge that was measured using a

polycation-sensitive electrode and protamine indicator. In 2016,
the same group expanded their method to whole cell detection,
using DNA nanostructures decorated on magnetic beads to
potentiometrically detect Vibrio alginolyticus, with a limit of
detection of only 10 CFU/mL.**"

Combining aptamer-triggered HCR formation and target-
induced HCR product deformation has been used to improve
both sensitivity and specificity in biosensing. For example, in
2017, Song et al. synthesized a DNA hydrogel to detect
circulating tumor cells (CTCs) (Figure 22E).”* An aptamer
biblock specifically bound to epithelial cell adhesion molecule
(EpCAM) on the CTC surface, triggering HCR and cloaking the
cells. Furthermore, the HCR product contained an ATP-binding
aptamer and disassembled in the presence of ATP, allowing
decloaking of the CTCs and their release into the surrounding
solution. This method had a detection limit of only ten cancer
cells, and its carefully modulated cloaking and decloaking
processes are promising tools for whole-cell analysis in clinical
settings.

5.1.3.1.2. Nucleic Acid Circuits. Nucleic acid nanocircuits
based on catalytic hairpin assembly reactions have served as
common signal amplification tools in various biosensors.
Catalytic hairpin assembly (CHA) is an enzyme-free isothermal
amplification technique, often involving the opening of hairpin
loops when bound to a single-stranded nucleic acid analyte. This
results in exponential formation of stable, double-stranded
products. The method was first introduced by Yin et al. in
2008,””° and has since been applied in various in vitro and in vivo
applications owing to its high signal amplification efficiency.”"
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Figure 24. CHA-based RNA nanocircuit for RNA biosensing in living cells. CHA produces hairpin loop duplexes, and a fluorescent broccoli aptamer
undergoes conformation change in the presence of the RNA target. Reprinted from ref 296. Copyright 2018 American Chemical Society.

Figure 25. Diagram of sequential steps in the mechanism of the TSDR-based thrombin aptasensor. P1 and P2 represent the two thrombin-binding
aptamers. The three strand DNA capture probes are assembled on a gold electrode surface. In the presence of thrombin, one strand is released,
exposing a toehold. Methylene blue-tagged DNA (MB-DNA) can then invade, resulting in an electrochemical response. The released target—capture
probe complexes can be recycled. Reprinted from ref 301. Copyright 2017 American Chemical Society.

In 2017, Xie and colleagues developed an ultrasensitive
electrochemical biosensor for ATP based on CHA signal
amplification (Figure 23).””” Target binding to an ATP split
aptamer triggered CHA, and the resulting products hybridized
with hairpin loops to form DNAzymes via a toehold-mediated
strand displacement reaction. Magnetic separation of these
hairpin loops formed ssDNA that could hybridize with MB-
tagged DNA, generating an electrochemical signal. One year
later, Liu et al. expanded the use of CHA to detect cancer cells
through a fast and sensitive method.””> They incorporated an
aptamer that both bound to the target cells and initiated CHA.
This caused fluorophore—quencher separation and thus a
detectable fluorescent signal. The detection technique was
applied to clinical samples, with a detection limit of 10 cells/mL,
better than previous aptasensor whole-cell detection methods.
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CHA thus shows promise for signal amplification in the sensing
of various targets, from small molecules to whole cells.

DNA nanocircuits have inspired the development of RNA-
based circuits for signal amplification. In 2014, Bhadra and
Ellington designed a CHA-based RNA nanocircuit with
detection of CHA-produced hairpin loop duplexes pr0v1ded
by the DFHBI fluorophore-binding spinach aptamer.””* The
spinach aptamer was sequence-specific, only undergoing a
conformational change in the presence of the nucleic acid target.
The authors applied their method to detect ssDNA products
from an isothermal strand displacement amplification reaction,
demonstrating nanomolar sensitivity. This work showed that
RNA nanocircuits could be transcribed from DNA templates
without purification, with detection efficacy comparable to
traditional DNA circuits. One year later, Akter and Yokobayashi
also applied an RNA nanocircuit to nucleic acid detection.*”
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Figure 26. RCA-based detection of circulating tumor cells (CTCs). Antibody-conjugated magnetic beads are used to separate the CTCs from blood
samples, an EpCAM-binding aptamer is used for target capture, and RCA is used to amplify the fluorescent signal. Adapted with permission from ref

303. Copyright 2018 Elsevier.

Their design was composed of an initially blocked spinach
aptamer, a fuel strand, and an input strand. The input strand
hybridized with the aptamer at its toehold, triggering
fluorescence, while the fuel strand displaced the input strand
through toehold-mediated strand displacement, allowing
recycling of the input strand. In 2018, Karunanayake
Mudiyanselage et al. expanded the use of CHA-based RNA
nanocircuit biosensors to in vivo whole-cell detection, as shown
in Figure 24.”°° They genetically encoded and transcribed the
RNA circuit, demonstrating cellular permeability and sensitive
intracellular RNA sensing. The RNA analyte triggered the
nanocircuit and activated the fluorescent split broccoli aptamer.

5.1.3.1.3. Nucleic Acid Nanomachines. Nucleic acid nano-
machines have been applied in numerous biomedical engineer-
ing and clinical settings, from drug transport to biosens-
ing.””’7** In sensing applications, DNA walkers and other
nanomachines have been used for signal amplification and
transduction through a variety of processes, including toehold-
mediated strand displacement (TMSD).** In 2017, Yang and
colleagues used a TMSD-based DNA nanomachine as an
aptasensor to detect thrombin in blood serum (Figure 25).3
Three aptamer-functionalized DNA strands were immobilized
on a gold electrode surface, and two aptamers that bound
different exosites of thrombin aided the target capture process.
Binding triggered displacement of one of the three strands and
exposure of a toehold that could hybridize with a ssDNA
conjugated with a methylene blue (MB) dye. The nano-
machine’s mechanism was based on TMSD of the aptamer—
thrombin complex by the MB-tagged DNA. In this way, the
complex could be recycled and the MB-tagged ssDNA could be
captured on the electrode surface in sufficient quantity to

generate an electrochemical signal. Using this method, the
authors demonstrated amplified signaling output and improved
detection limits of thrombin in serum.

5.1.3.2. Enzyme-Driven Nanostructure Formation for
Signal Amplification. Rolling circle amplification (RCA) has
recently been applied, among other applications, to clinical
biosensing, where it can serve as a powerful signal amplifier to
improve limits of target detection.’””

In 2018, Wang et al. developed a biosensing system comprised
of magnetic beads conjugated with HER2 antibodies and an
anti-EpCAM SYL3C aptamer-functionalized DNA nanocate-
nane consisting of three circular DNA structures as shown in
Figure 26.°"° The beads were used to separate breast cancer
circulating tumor cells (CTCs) in whole blood. Aptamer—target
binding triggered RCA to bind the CTCs together, generating
and amplifying a fluorescent signal transduced by a molecular
beacon conjugated with 4-(dimethylaminoazo)benzene-4-car-
boxylic acid (DABCYL) and fluorescein (FAM) fluorophores, a
FRET pair. The authors demonstrated a limit of detection of
under 10 CTCs/mL of blood. Recently, Gao et al. further used
RCA to achieve photoelectrochemical detection of cancer
biomarkers.””* They fabricated a DNA nanosphere function-
alized with an aptamer that targeted carcinoembryonic antigen
(CEA). The structure was self-assembled by RCA on a glass
electrode and, when present, quenched photocurrent from Au
nanoparticles and ZnSe QDs. On aptamer—CEA binding, the
hairpin loop in the nanostructure opened, triggering enzyme-
free strand displacement amplification, which produced large
amounts ssDNA that competitively bound and released the
nanospheres. This increased the photoelectric signal in
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Figure 27. Representation of the overall process to sense multiple pollutants simultaneously. The magnetic DNA nanocomposite was added to a milk
sample, aptamers bound to the three targets in the supernatant fluid, and RCA was initiated. Subsequently, the solution was magnetically separated, and
microchip laser-induced fluorescence was used to quantify the intensity changes when the RCA products were added to a solution containing their
complementary strands. Reprinted with permission from ref 306. Copyright 2020 Springer Nature.

proportion to the CEA concentration. A low detection limit of
0.12 fg/mL in blood serum samples was achieved.
Aptamer-functionalized nanostructures have proved to be
valuable chemosensors to detect potential toxins in food
samples. Recently, Hao et al. used an aptamer-functionalized
DNA hydrogel to detect the concentration of the fungal toxin
ochratoxin A (OTA) in beer.’”* To overcome the issue of low
sensitivity that often plagues hydrogel sensing applications, RCA
was used as a signal amplifier. In the absence of OTA, the
aptamer hybridized with the RCA primer, inhibiting RCA. Once
present, OTA bound the aptamer and released the primer,
allowing the RCA reaction to occur and amplify the fluorescent
signal. Fluorescence intensity was amplified in proportion to the
OTA concentration, and was measured by adding Cy3—dUTP
to the hydrogel. In the same year, He et al. reported the
development of an aptasensor involving a microfluidic chip and a
three-part DNA nanostructure comprising an aptamer compo-
nent as well as preprimers and circular DNA templates (Figure
27).>°® The authors used this sensor to measure the
concentrations of three potential toxins in milk, namely,
kanamycin (KANA), aflatoxin M1 (AFM1), and 17f-estradiol
(E2). The aptamers targeted these three molecules, while the
preprimer and circular DNA templates were used to start rolling
circle amplification (RCA) of the products in solution.
Importantly, the DNA nanostructure was conjugated with a
magnetic nanocomposite, consisting of gold nanoparticles and
ferrosoferric oxide, allowing magnetic separation of the sample.
Upon addition to a solution containing DNA strands
complementary to the RCA products, a marked decrease in
the number of complementary strands was observed due to the
presence of the targets. This was quantified using microchip
laser-induced fluorescence, and linear regression was used to
obtain the original target concentration. The advantages of this

AE

method include high sensitivity, fast response time, conven-
ience, and simultaneous multiplex target detection.

The functionalization of nucleic acid nanostructure sensors
with aptamer bioreceptors and bioreporters has taken great
strides in the direction of improved analyte specificity and
sensitivity for nanosensors. Tetrahedral DNA nanostructures
have been assembled on electrodes to enable better target
accessibility for target capture probes and facilitate electro-
chemical signal transduction by redox probes, while DNA/RNA
origami has been utilized to optimize bioreceptor—target
interactions through precise spatial control of aptamer
orientation. Optical-based dynamic biosensors combined with
FRET reporting systems have been used to quickly generate
fluorescent signals for analyte detection, and processes such as
hybridization chain reactions and rolling circle amplification
have been applied for signal amplification to obtain ultra-
sensitive platforms. Aptamer-decorated nucleic acid nanostruc-
tures have been utilized to detect a wide variety of analytes,
including nucleic acids, proteins, inorganic and organic small
molecules, whole cells, and viruses. We expect that the range of
detectable analytes will grow broader, encompassing virtually
any biochemical target. However, one of the most challenging
issues facing the field of nanosensing lies in fabricating practical
sensors that can be applied in real-world settings, such as clinical
diagnostics or food safety inspections. Several groups have
demonstrated the ability to detect analytes in complex
biosamples including food, whole blood, and urine samples.
Furthermore, some groups have developed universal biosensors,
capable of detecting many different types of analytes by simple
reprogramming of the same central sensing platform. In order to
realize the practical utility of these sensors, it is necessary to find
a balance between the convenience of the sensing method and
its sensitivity of detection. For example, static electrochemical
biosensors have achieved femtomolar limits of detection for
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Figure 28. Chemical therapeutic drug loading aptamer-tethered nucleic acid nanostructure for targeted delivery. (A) 4-WJ DNA nanostructure
bearing multivalent aptamers as a DOX carrier. Adapted with permission from ref 324. Copyright 2020 Dove Medical Press. (B) Self-assembled
aptamer/DNA nanoring drug carrier. Adapted with permission from ref 328. Copyright 2018 IOP Publishing. (C) Drug loaded on aptamer-decorated
DNA nanotrains. Adapted with permission from ref 331. Copyright 2013 National Academy of Sciences. (D) Protein-scaffolded DNA nanohydrogel
harboring dual aptamers to transport DOX. Adapted from ref 334. Copyright 2019 American Chemical Society. (E) DOX-loaded, multivalent
aptamer-decorated tetrahedral DNA nanostructures. Adapted with permission from ref 339. Copyright 2019 Royal Society of Chemistry. (F) RCA-
based DNA nanoparticles. Reprinted with permission from ref 342. Copyright 2014 John Wiley and Sons. (G) Triangular DNA origami bearing DNA
aptamers with DOX loading. Adapted from ref 350. Copyright 2018 American Chemical Society. (H) Chemical therapeutic drug covalently
conjugated on 4-WJ RNA nanoparticle. Adapted from ref 353. Published 2020 Springer Nature. Licensed under a Creative Commons agreement

(https: //creativecomrnons.org/licenses/by/4.0/).

biomolecules, but they often require laborious multistep sample
preparations as well as expensive labeling processes, making
them infeasible for some clinical applications. Advances have
been made to reduce the expense and time scale of detection
without compromising on sensitivity, but this will be an ongoing
challenge as groups continue to develop convenient and
sensitive sensors for a multitude of applications.

5.2. Targeted Delivery and Controlled Release

Many effective therapeutic agents have been comprehensively
developed from bench to bedside to treat human diseases, such
as cancers. However, most therapeutic agents cause unwanted
side effects such as severe cytotoxicity to healthy cells due to
their nonspecific interactions. To circumvent problems
associated with these undesired effects, the targeted delivery of
therapeutic drugs is crucial.

Nucleic acid aptamers specifically bind to their targets with
high affinity. Additionally, aptamers can bind to a wide range of
targets including small molecules, proteins, viruses, and cancer
biomarkers. With these properties, aptamers can be used as
targeting molecules for selective drug delivery.””” % Several
methods have been developed to conjugate therapeutic agents
to aptamers for targeted delivery. Covalent and noncovalent
conjugations of chemotherapeutic drugs on aptamers have been

AF

demonstrated and have shown selective delivery to target
cells."*»'”” Furthermore, oligonucleotide-based therapeutic
agents such as siRNA and miRNA can be combined with cell-
targeting aptamers via sticky-end hybridization®'’™*"
sequence extension.’' *'> However, the loading efficiency
associated with direct conjugation of therapeutic agents on
stand-alone aptamers is low. To increase loading capacity, many
drug carriers, including liposomes and polymeric nanoparticles,
have been utilized for targeted delivery. Cancer-targeting,
aptamer-modified nanocarriers for targeted delivery have been
extensively developed and previously reviewed.'****%31%317

With programmability, controllable size and shape, bio-
compatibility, and addressability, nucleic acid nanostructures
can be used as biomolecular platforms for functionalization with
targeting aptamers and carriers of therapeutic molecules for
targeted delivery. Taking advantage of both nucleic acid
nanostructures and aptamers, many targeted delivery platforms
have been developed. In this section, we focus on the progressive
development of nucleic acid nanostructures bearing aptamers
for targeted delivery and classify them based on the molecules
they deliver, including chemical drugs, oligonucleotides,
peptides and proteins, inorganic nanomaterials, and multi-
therapeutic agents.
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5.2.1. Chemical Molecules. 5.2.1.1. Chemotherapeutic
Drugs. Doxorubicin (DOX) is a common chemotherapeutic
agent and has been widely used from research to clinical areas for
treatment of a large range of solid and liquid tumors.”***'” DOX
intercalates between DNA base pairs and inhibits topoisomerase
II, causing DNA replication to stop and consequently promoting
cell death.”*® This intercalation property of DOX offers the
potential for co-delivery with nucleic acid aptamers that
selectively bind cancer cells. For targeted delivery, aptamers
serve as targeting molecules and DOX serves as the chemo-
therapeutic anticancer agent. Targeted delivery of DOX—
aptamer complexes has been developed and successfully
demonstrated to treat cancers.’’”*'® To enhance efficacy of
treatment and minimize cytotoxicity to nontarget cells, a high
loading capacity of chemotherapeutic agents into drug carriers
that are specific and enable internalization to target cells is
crucial. The loading amount of DOX into DNA structures
depends on the length and size of DNA nanostructures. Nucleic
acid nanostructures not only offer biomolecular platforms to
decorate multivalent targeting aptamers, but also can be used as
promising carriers for the targeted delivery of chemotherapeutic
agents with high loading capacity. With biocompatibility,
modularity, and programmable properties, nucleic acid nano-
structures provide a great tool for targeted delivery of
chemotherapeutic drugs, especially DOX. During the past
decade, many research groups have developed various designs of
nucleic acid nanostructures, including branch-junction struc-
tures, tetrahedral DNA nanostructures, DNA origami, and
RNA/DNA hybrid nanoparticle, to serve as carriers for
chemotherapeutic drugs and increase treatment efficiency.

Multiarm junction nucleic acid nanostructures have been
developed and utilized in a wide range of applications from
sensing to targeted delivery. These topologically branched
structures allow decoration of multivalent functional motifs,
such as aptamers, which opens opportunities for targeted
delivery purposes. Yang constructed aptamer—dendrimer DNA
nanostructures using Y-DNA as a building block for the targeted
delivery of DOX to cancer cells. The dendrimer nanostructures
allow decoration of multiple Sgc8 aptamers, targeting the human
T-cell acute lymphoblastic leukemia cell line, and can be loaded
with DOX.**' Abnous et al. designed 3WJ pocket DNA
nanostructures containing three strands of AS1411 aptamers
to target prostate and breast cancer cells.”*” The DOX-loaded
DNA nanostructures were more effective for inhibition of tumor
growth compared to free DOX. Additionally, the DOX/
aptamer-conjugated DNA nanostructures have high cytotoxicity
specific to target cells compared with nontarget cells. Using
4WJ-DNA nanostructures, targeted co-delivery of chemo-
therapeutic drugs (DOX) and therapeutic aptamers (FOXM1
aptamer) was developed.”*® With a similar strategy, Yao et al.
constructed four AS1411 aptamers decorated on a 4WJ-DNA
nanostructure that carries approximately 17 DOX molecules, as
shown in Figure 28A.%** The DOX-loaded, aptamer-decorated
DNA nanostructures showed selective delivery to CT26 colon
cancer cells. Recently, Sun et al. demonstrated targeted delivery
of DOX on aptamer-functionalized 3D DNA nanostructures
based on the self-assembly of four-way junctions.”*® They
appended an AS1411 aptamer, targeting MCT-7 breast cancer
cells, on one end of the 4W]J and sticky-ends on the other three
arms to form a cocklebur-like DNA nanostructure via sticky-end
hybridization. This aptamer/3D nanostructure selectively
transported DOX to target cells and showed higher cytotoxicity
than a DOX-loaded DNA nanostructure without aptamers.
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Furthermore, complex 3D DNA nanostructures can be formed
by using junction motifs as building blocks.**® For example,
icosahedral DNA nanostructures have been constructed by self-
assembly of five- and six-point star motifs. Huang developed
aptamer-conjugated icosahedral DNA nanostructures as a
carrier of DOX to kill epithelial cancer cells.**” Furthermore,
DNA nanorings have been created by self-assembly of T-shaped
junctions. The DNA nanorings were decorated with mucin
aptamers (MUC1) to selectively deliver chemotherapeutic
anticancer drugs to MCF-7 breast cancer cells (Figure
28B).°*® Recently, Xue et al. developed a nuclease-resistant
DNA nanowire decorated with multivalent Sgc8 aptamers,
cancer-targeting aptamers, for the targeted delivery of DOX.>*’
Two short DNA strands formed a dsDNA core structure that
could form DNA nanowires via four sticky-ends that enable
connections between monomer units. The 4W]J-like DNA
nanowires display multiple ssDNA anchor points, allowing
decoration of aptamers via DNA/DNA hybridization. To
enhance the stability of nanostructures in nuclease conditions,
the researchers designed nick-hidden DNA nanowires. The
DNA nanowires were stable in serum after over 24 h of
incubation and had a long blood circulation time. The DOX-
loaded aptamer/DNA nanowires specifically bound to target
cells and induced cancer cell apoptosis.

To obtain a high loading capacity of chemical agents, large and
complex DNA nanostructures have been utilized as vesicles for
targeted delivery. Hybridization chain reaction (HCR) is a
method to form long dsDNA with a few strands of DNA.*****°
Due to simplicity of design, capability of self-polymerization,
and synthesis of long dsDNA products, HCR has shown great
potential for creating carriers for therapeutic drugs. In 2013, Tan
developed aptamer-tethered DNA nanotrains for the targeted
delivery of cancer-treating drugs. They employed Sgc8 aptamer
as a targeting molecule and constructed HCR-based nanotrains
as carriers for loading DOX (Figure 28C).**" An artificially
expanded genetic information system allows the addition of four
synthetic nucleobases to the genetic code to produce an eight-
letter alphabet named hachimoji.** In 2020, Tan further
developed aptamer-tethered DNA nanotrains to deliver DOX by
using six nucleotides, comprising four natural bases (A:T and
C:G pairs) and two unnatural bases (P:Z pair).**” Liver cancer
aptamers were selected from a six-letter DNA library. The six
letter-based aptamer/DNA nanotrains were used as a carrier for
DOX and demonstrated selective cytotoxicity for liver cells.

To construct nucleic acid nanostructures as carriers for
targeted delivery, proteins such as streptavidin have been used as
linker molecules to form protein/DNA hybrid nanostructures.
In 2019, Jiang developed protein-scaffolded DNA nano-
hydrogels bearing MUC1 and ATP aptamers to transport
DOX (Figure 28D).”** The hybrid DNA nanohydrogel was
constructed via sticky-end hybridization of ssDNA-linked
streptavidin and Y-shaped DNA. The DOX-loaded nano-
particles targeted cancer cells via MUCI aptamer; once
internalized, the ATP aptamer allowed controlled release of
DOX in ATP-rich environments inside the target cells. In the
presence of intracellular ATP, the ATP aptamers underwent
conformational changes, resulting in disassembly of the
nanostructures and the release of intercalated drugs within the
target cells. With a similar strategy, Prasad et al. successfully
loaded DOX into Sgc8 aptamer-decorated, streptavidin—DNA
hybrid nanohydrogels for the targeting CCRF-CEM and HeLa
cell lines.***
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Tetrahedral DNA nanostructures are one of the most widely
used DNA nanostructures because they are easy to construct
using only a few oligonucleotides, are well-studied, have
controllable size, and have reasonably high stability at low salt
concentration. With these advantages, they have been
immensely utilized in various applications including sensing,
bioimaging, and drug delivery.zw'zso’336 In 2016, Yang
developed a MUCI aptamer-decorated tetrahedral DNA
nanostructure capable of carrying 25 DOX molecules.”’
Using a similar strategy, Lin developed Sgc8c DNA aptamer-
decorated DNA tetrahedra to transport DOX to CCPR-CEM
PKT7-positive tumor cells.”*® A tetrahedral DNA nanostructure
contains four vertices that provide four decoration points that
allow four possible locations to decorate with multivalent
cancer-targeting aptamers. Taking advantage of this strategy,
Han et al. constructed multivalent aptamer-functionalized
tetrahedral DNA nanostructure capable of loading DOX (Figure
28E).**” They decorated different numbers of MUCI1 aptamers
on nanostructures to target MCF-7 tumor cells. Their results
showed that increasing the number of aptamers displayed on
DNA nanostructure had a significant impact on uptake efliciency
into targeted cells but did not increase uptake into nontarget
cells. Other chemical drugs such as epirubicin have been
selectively delivered by aptamer-conjugated DNA nanostructure
carriers. Taghdisi et al. loaded epirubicin into DNA nano-
diamonds labeled with dual aptamers.”*” They decorated DNA
nanostructures with MUC1 aptamers targeting C26 (murine
colon carcinoma) and MCF-7 (breast cancer) cells and ATP
aptamers for controlled release of the drug.

To enhance the loading capacity of intercalated chemical
drugs, researchers have developed a high-molecular weight,
inexpensive DNA nanostructure for drug carriers. Rolling circle
amplification (RCA) is an isothermal enzymatic reaction that
enables DNA synthesis and has been utilized to construct DNA
particles from nano- to sub-micrometer-sized particles.’*>**"
RCA-based DNA synthesis produces a densely packed DNA
nanostructure that provides nuclease resistance and offers a large
loading capacity of chemical drugs, such as DOX. With these
features, an RCA-synthesized DNA particle is a promising
candidate for targeted delivery. In 2014, Tan developed RCA-
DNA nanoflowers bearing two types of DNA aptamers, Sgc8
and MUC1 (Figure 28F).”** The dual aptamer-DNA nano-
flowers were stable in DNase I for 24 h. They loaded DOX into
DNA nanoflowers and successfully delivered DOX to target
cancer cells. Using a similar strategy, Wang developed RCA-
produced DNA nanosponges decorated with Sgc-8C aptamers
as carriers for two cancer therapeutic agents, ZnO and DOX.**

With programmable sizes and shapes, biocompatibility, and
availability for chemical molecule conjugation, self-assembled
DNA origami is another promising carrier for therapeutic drugs.
Additionally, DNA origami can be used as a biomolecular
platform for decoration of multivalent and multifunctional
molecules, has stability in cell lysate for 12 h, and is degraded
slowly in living cells.”**** The stability and slow degradation of
DNA origami promotes the potential of DNA origami as drug
carriers for controlled release. Many research groups have
developed diverse origami designs for high drug loading
efficiency, demonstrating controlled release of drugs in various
systems.”*°">** Hogberg and colleagues designed straight and
twisted 18-helix bundle DNA nanotubes to deliver DOX to
human breast cancer cells in vitro.”*’ They found that the DNA
origami designs impacted drug loading efficiency and release
rate. The DNA origami is an effective carrier and promotes
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higher cellular internalization of DOX compared with free DOX.
Du et al. further performed systematic studies on DNA origami’s
shape-dependent tumor accumulation in vivo.”*® They designed
three DNA origami nanostructures (triangle, square, and 6-helix
nanotubes). The fluorescently labeled DNA origami were
administered into MB231 subcutaneous tumor-bearing nude
mice. Twenty-four hours after injection, they examined
biodistribution using fluorescence imaging. The ex vivo
fluorescence imaging revealed that the triangular DNA origami
had high accumulation at the tumor site and low accumulation in
liver, while the squares and nanotubes accumulated in the
tumor, kidney, and liver. Using DNA origami as a multifunc-
tional biomolecular platform, Ding demonstrated targeted, co-
delivery of DOX and gold nanorods on MUCI aptamer-
decorated triangular DNA origami to improve cancer treatments
by circumventing drug resistance in cancer cells.’”*” One
triangular DNA origami could load approximately 2000 DOX
molecules. Gold nanorods immobilized on the DNA origami via
sticky-end hybridization were co-delivered for use in photo-
thermal cancer therapy. In 2018, Ding et al. further developed
combined delivery of chemotherapeutic drugs and tumor
therapeutic genes by using triangular DNA origami bearing
multivalent MUC1 aptamers as a nanocarrier, as shown in
Figure 28G.>*° Additionally, hollow-structured DNA nano-
spheres have recently been constructed and decorated with
MUCI aptamers for the selective delivery of DOX to three
cancer cell lines (MCF-7, HACaT, and MDA-MB-231).**"

The interaction of DOX with DNA is well-known. However,
the DOX/RNA interaction remains unclear. To load DOX into
RNA nanostructures for targeted delivery, Guo and colleagues
developed DNA/RNA hybrid nanoparticles.”>> The thermally
stable pPRNA-3W]J motif served as the core structure to form the
nanoparticles. To construct the DNA/RNA hybrid nano-
particles, chemically synthesized phosphothioate-modified
Endo 28 DNA aptamers, targeting annexin A2, and 2'-fluoro-
modified RNA were assembled. To increase the loading capacity
of DOX into the nanoparticles, they extended one arm of the
pRNA-3WJ with a GC-rich sequence, allowing loading of 10
DOX molecules per particle. The DOX-loaded Endo28
aptamer-decorated hybrid nanoparticle was able to selectively
bind and internalize into target cells and showed a slow DOX
release profile. Recently, Guo and colleagues further developed a
4W]J bearing an anti-EGRP RNA aptamer for the delivery of
paclitaxel to treat breast cancer (Figure 28H).>? Paclitaxel is a
chemotherapeutic anticancer drug that has been widely used for
cancer treatments despite its low water solubility. To improve
solubility and achieve targeted delivery, they covalently
conjugated paclitaxel on 4W]J. Chemically synthesized ssRNAs
containing six alkyne moieties were made. The 4W]
nanostructures were assembled with four alkyne-modified
RNAs, yielding 24 reactive alkyne groups per structure. To
load paclitaxel, azide-modified paclitaxel was covalently
conjugated to alkyne-4W] via click chemistry. With drug-
conjugated RNA nanoparticles, the water solubility of paclitaxel
was significantly increased, opening possibilities for targeted
delivery of hydrophobic drugs.

5.2.1.2. Photosensitizers. Reactive oxygen species (ROS) are
chemically reactive products made from partial reduction of
molecular oxygen (O,) that include peroxide (O,*"), superoxide
(0,°7), hydroxyl radical (HO®), and singlet oxygen
(*0,).**7%° In nature, ROS are continuously produced inside
cells during cellular processes such as the electron transport
chain.**”*** However, high levels of ROS inside cells cause
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Figure 29. Aptamer-decorated DNA nanostructures for selective photodynamic therapy. (A) Targeted delivery and controllable activation of
photodynamic therapy by an aptamer-based DNA nanocircuit. Adapted from ref 363. Copyright 2013 American Chemical Society. (B) Multivalent
aptamer-decorated DNA nanostructure for the targeted delivery of methylene blue. Adapted with permission from ref 369. Copyright 2018 Royal

Society of Chemistry.
(A) 4% (B) *
“ 4
A10-Plk1 A, s
TSR pe
14
P g "F\c"i Nucleus
g ‘;\ 4 \p\\»
Y a"‘”
& o ‘1 o oot
e S\ -3 3
. |/‘7 __,’-:.\o-(o
3
toe / Plk1 or other
siRNA
r'(‘u /
20
e
\fé:\f%
%
b 2,
m",f‘a‘
RS
LN
K"!z;‘:f':;
%

(€)

™y
J\/”\w:;

Dithio-bis-
maleimidoethane
» Multimeric Antisense
W%W WNUQW
My ™ Hybridization

Aptamer-
Sense

Yar av-av.anl

Comb-Type Aptamer-siRNA Conjugate
(Comb-Apt-siR)

(D)

\/"
mer-:
Aptamer-siRNA
(Apt-siR)
Comb-Apt-siR .+

J’Y;ﬂw!a”“)

\’.‘)(\(I»

Apt-siR

o

1
. ..;'\ (Muc1)

/ RNAI \

Vi
processing O
OF 0 o TOF"

f.

Figure 30. Aptamer—siRNA chimeras. (A) Predicted secondary structure of A10 aptamer—siRNA chimera. The PSMA binding region of the A10
aptamer is outlined in magenta. (B) Endocytosis and RNAi pathway for aptamer—siRNA chimeras (green arrows) compared with endogenous
microRNA silencing pathway (red arrows). Adapted with permission from ref 310. Copyright 2006 Springer Nature. (C) Synthesis of multivalent
comb-type aptamer—siRNA structure. (D) Cellular uptake of multivalent aptamer—siRNA structure versus single aptamer—siRNA chimera. Adapted
with permission from ref 376. Copyright 2014 Royal Society of Chemistry.

damage to cellular components such as lipids, proteins, and
DNA, resulting in cell apoptosis and mutation-induced
cancers.”* 7" Cell damage caused by ROS can trigger
programmed cell death, offering a potential approach for cancer
therapy.”®> However, ROS have a short halflife and travel
distance, meaning targeted delivery is crucial to achieve effective
treatment.

Photodynamic therapy has been used for cancer treatment.
To promote cell damage through photodynamic therapy, ROS
can be generated by irradiating a photosensitizer. Many research
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groups have developed methods to selectively deliver photo-
sensitizers by using aptamer-conjugated DNA nanostructures as
carriers. In 2013, an aptamer-based DNA circuit was developed
to selectively target cancer cells, with controllable activation of
the photosensitizer chlorin 6 resulting in amplification of
therapeutic effects (Figure 29A).>”> The DNA circuit was
composed of two DNA hairpins that did not initially hybridize
with each other. In the presence of a catalyst sequence, the
hybridization reaction of the DNA circuit was triggered,
resulting in activation of the photosensitizer via toehold-
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Figure 31. Bacteriophage phi29 pRNA—siRNA chimeras. (A) Bacteriophage phi29 pRNA secondary structure and self-assembled tetrahedral RNA
nanostructure. Characterization of tetrahedral RNA nanoparticles using AFM and cryo-EM. (B) Confocal image comparison of cellular binding of
RNA tetrahedrons with and without aptamers. (C) Biodistribution assay in tumor-bearing mice after systemic tail vein injection of tetrahedrons both
with and without EGFR aptamers. Adapted with permission from ref 379. Copyright 2016 John Wiley and Sons.

meditated strand displacement interactions. Using this method,
a high local concentration of ROS, produced via irradiating
photosensitizers, occurs only near the target cells and increases
the potential of killing the cancer cells.

Methylene blue (MB) is an effective photosensitizer that
intercalates with DNA.>**73%° Because of these features, MB-
loaded DNA nanostructures have been used for a wide range of
applications, from sensing to photodynamic therapy.”®”*® Jin et
al. constructed DNA nanostructures as carriers to selective
deliver MB to target cancer cells. PTK7-specific DNA aptamers
linked with 15 guanines were self-assembled to form stem-like
DNA nanostructures via G-quadruplex formation (Figure
29B).**” MB-loaded DNA nanostructures selectively bound to
and internalized into target cells. By light irradiation, ROS were
generated via photodynamic effect and killed the cancer cells. In
2018, MUC1 and AS1411 aptamer-decorated tetrahedral DNA
nanostructures used as carriers for the anticancer metal complex,
[Ir(ppy,)phen]*PF,, were constructed by Tian et al.’”® They
successfully loaded IrPP into DNA nanostructures via non-
covalent interactions. The IrPP-loaded aptamer-DNA nano-
structure selectively targeted and was internalized into glioma
cells and localized in the cell nucleus. The IrPP metal complex
promoted a high level of ROS inside the cells, causing
mitochondrial fragmentation and cell apoptosis.
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5.2.2. Oligonucleotides. Aptamer-directed nucleic acid
nanostructures can be used to deliver therapeutic oligonucleo-
tides, such as siRNAs, miRNAs, DNAzymes, aptamers, and
antisense DNAs. Although many oligonucleotides can be
delivered using aptamers alone, the addition of nucleic acid
platforms allows for the delivery of multiple therapeutic strands
using a single aptamer.

5.2.2.1. RNA Interference. RNA interference (RNAi) is the
process of promoting mRNA degradation to prevent or
minimize translation, also known as gene silencing. RNAi
occurs naturally in mammalian cells through the binding of small
interfering RNAs (siRNAs) or microRNAs (miRNAs) with
mRNA, creating a double-stranded RNA. The double-stranded
RNA is processed by degradation enzymes in the cytoplasm,
namely, Dicer and RISC.””' For the RNAi-based down-
regulation of gene expression to be successful, the small RNAs
must be able to cross the plasma membrane of target cells,
survive nuclease degradation, and migrate into the appropriate
cell compartments.”’> These requirements are well met by
engineered lipid vesicles as one potential solution to help pilot
and protect therapeutic RNAs.

In 2006, McNamara et al. developed a solely RNA chimera
(Figure 30A) consisting of an A10 aptamer that binds the
prostate specific membrane antigen (PSMA) and siRNAs that
target mitotic regulator polo-like kinase 1 (PLK1) and apoptosis
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regulator BCL2.?'® The RNA chimera is able to specifically bind
and be endocytosed by target cells before entering the RNAi
pathway (Figure 30B). Additionally, the chimera appears to have
low immunogenicity and can be chemically modified during
production to increase nuclease resistance. Similarly, in 2008,
Zhou et al. linked an anti-gp120 aptamer with anti-human
immunodeficiency virus (HIV) siRNA.>”> The chimera was
found to inhibit HIV replication in vitro. The inhibition of HIV
was also demonstrated in vivo using a CD4 aptamer—siRNA
complex.””* This therapeutic complex was applied intravaginally
to humanized mice and protected against HIV vaginal
transmission. In 2020, suppression of HER2+ breast cancer
was observed in mouse models using aptamer conjugated siRNA
to target a protein responsible for the chemoresistance of triple-
negative breast cancer.’””> Although these siRNA—aptamer
conjugates are useful for targeting specific cellular functions,
larger, more complex nucleic acid structures have the potential
to increase targeting efficacy and efficiency.

In 2014, Mok’s group developed the first multivalent structure
that consisted only of aptamers and siRNAs linked by
hybridization and chemical conjugation (Figure 30C).*”° The
comb-like structure was designed to target cancer cells
overexpressing mucin-1 and absorbed intracellularly (Figure
30D). Previous studies showed that endocytosis occurs more
rapidly when multiple ligands are locally bound to receptors, so
it was predicted that the comb-like aptamer structure would
increase cellular uptake. The group found that the structure was
absorbed via clathrin-dependent endocytosis and that uptake
was greater for the multivalent comb structure compared to
mono- or bivalent aptamer—siRNA structures.

Bacteriophage phi29 packaging RNA (pRNA) is a 117-
nucleotide motor RNA that dimerizes and assembles into a
hexameric ring.””’**”> The ring is used to propel the DNA-
packaging motor. Using RNA nanotechnology, the pRNA can
be arranged into dimers, trimers, and hexamers via hand—hand
interactions (Figure SE,F). The pRNA consists of two
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independently folding functional domains, a double-stranded
helical domain and an intermolecular binding domain. The
helical domain can be replaced by other components, such as
aptamers or siRNA, allowing the pRNA to function as a delivery
vector. In 2005, Guo’s group fused pRNAs with either a cancer
targeting CD4 aptamer or survivin siRNA, which induces
apoptosis.”’> These siRNA and CD4 aptamer conjugated
nanostructures were able to dimerize by left- and right-hand
loop interactions. The dimer was delivered to CD4+ cells and
processed by Dicer, increasing the probability of cell death by
30%. Bacteriophage pRNA dimerization has been utilized for the
delivery of a variety of siRNA—aptamer chimeras to inhibit
diseases, such as HIV.””” In 2014, Hao’s group developed a
bacteriophage phi29 pRNA heterodimer to treat neuro-
inflammatory diseases.””® The heterodimer contained FB4
aptamers for targeted delivery to the transferrin receptor, as
well as an siRNA sequence to silence intercellular adhesion
molecule-1 (ICAM-1), an important component of the
inflammatory response. Guo’s group used bacteriophage phi29
PRNA to develop a 3D RNA tetrahedron (Figure 31A).”” The
tetrahedron was decorated with siRNA as well as a cancer
targeting aptamer, EGFR. The aptamer-decorated tetrahedron
was studied in vivo using breast cancer mouse models. Following
injection, the tetrahedron—aptamer complexes were found in
the breast cancer cells, while the tetrahedrons lacking aptamers
were not (Figure 31B). Additionally, biodistribution studies
showed that the complex was found in the tumor site but not in
other organs, indicating that the method is promising for
targeted delivery of 3D pRNA nanostructures to cancer cells
(Figure 31C). Zhang et al. used a three-way junction (3WJ)
pRNA motif to treat HER2-overexpressing breast cancer
cells.”®® The 3WJ combined a HER2 aptamer and siRNA
targeting the estrogen receptor alpha cofactor, mediator subunit
1 (MED1). The complex demonstrated specific targeting of
HER2 overexpressing cancer cells both in vitro and in vivo. In
addition to siRNA, aptamer/pRNA conjugates can be used to
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deliver other RNAi agents, such as miRNA and locked nucleic
acids.***%!

Aptamer-mediated RNA nanostructures have also been
conjugated to other delivery vehicles, such as extracellular
vesicles (EVs), to enhance their function. EVs can cross cell
membranes via natural routes such as endocytosis, making them
promising candidates for cellular delivery. However, once inside
the cell, EVs are not target specific. In 2018, Pi et al. combined
extracellular vesicles with 3WJ pRNA motifs that contained both
cancer-targeting aptamers and cholesterol to create a target
specific vesicle that could easily enter cells.”®* The cholesterol
autonomously merged with the surface of the EV and was used
as an anchor for the 3WJ/aptamer construct. Furthermore, the
cancer targeting aptamers faced outward at angles controlled by
the pRNA 3W]J, making the vesicle target specific (Figure 32A).
Vesicles loaded with survivin siRNA were shown to be effective
in targeting a variety of cancer cells both in vitro and in vivo,
demonstrating how aptamer-guided nucleic acid nanostructures
can increase the efficacy of in vivo delivery systems. In addition,
chitosan is considered an apt in vivo carrier due to its positive
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charge, biocompatibility, and available chemical modifications;
however, it is limited in its ability to deliver contents
intracellularly. Li et al. created a dual delivery system consisting
of folate-conjugated and PEGylated chitosan nanoparticles
containing pRNA aptamer/siRNA dimers (Figure 32B).”* The
outer chitosan shell was used to protect the pRNA contents and
bring the nanoparticle near target cells. The nanoparticles could
then be endocytosed, or the contents diffused out near the cell
surface (Figure 32C). It was shown that the released contents
could be delivered intracellularly via receptor mediated
endocytosis. This demonstrates the potential that aptamer-
guided nucleic acid nanostructures have for enhancing the
efficiency of established intracellular delivery systems.

Many RNAi studies have focused on the development of
delivery vesicles, many of which introduce reagents, particularly
polycationic reagents, that can have unwanted immune or toxic
effects. In 2018, Pei and colleagues developed a new approach:
creating clusters of siRNA that functioned as both the
therapeutic agent and nanovesicle.''' The group used rolling
circle transcription (RCT) to create siRNA microspheres, which
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were packed into nanospheres using cholesterol-modified DNA
and functionalized with AS1411 aptamers (Figure 33A). With
this method, large amounts of RNAi agents can be delivered
specifically to target cells using only nucleic acid components,
resulting in minimal immunogenicity and cytotoxicity. In 2019,
Zhang and colleagues developed a self-assembling RNA-triple-
helix hydrogel, free of polycationic reagents, to deliver RNAi
components for breast cancer therapy.”’®* The triple helix
consisted of two antitumor miRNA sequences and siRNA
duplexes embedded into the RNA hydrogel. The therapeutic
hydrogel was characterized by TEM (Figure 33B), tested in vivo,
and compared to a control (incubation buffer) and a random
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triple-helix hydrogel. As shown in Figure 33C, the therapeutic
RNA hydrogel significantly limited tumor growth in vivo and
showed no signs of toxicity or side effects.

In addition to RNA nanostructures, aptamer-based DNA
nanoassemblies have also been reported to aid in RNAi
therapies. In 2013, Wu et al. developed an aptamer-based
DNA nanoparticle to target leukemia cancer cells.”*> Y-shaped
functional DNA domains were constructed using base pair
hybridization and combined with targeting aptamers, interca-
lated anticancer drugs, and antisense sequences. The Y domains
were linked using an X-shaped DNA connector. These units
were modified with 5" acrydite groups and photo-cross-linked to
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create 3D nanoparticles (Figure 34A). The nanoparticles
demonstrated multifunctionality, programmability, biostability,
and biocompatibility while also having targeted cytotoxicity for
leukemia cells. DNA hydrogels are yet another method that has
shown potential for drug delivery and immunotherapy
applications; however, the bulky size of these hydrogels have
limited their practical use. In 2014, Li et al. reported a size-
controllable and stimulus-responsive DNA nanohydrogel
decorated with aptamers for targeted gene delivery.”*® The
hydrogel consists of three DNA building units, seen in (Figure
34B), that link via sticky-end hybridization. The ratio of the
building units can be used to control the size of the hydrogel.
Many cell targeting therapies focus on the binding of one cell
receptor to induce release or endocytosis of therapeutics, such as
siRNA. Most target cells, such as cancer cells, overexpress
certain types of surface markers; however, many of these
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markers are also expressed in lower concentrations on normal
cell surfaces, creating the possibility of off-target delivery. To
combat this problem, Ju and colleagues created the first reported
siRNA delivery method requiring participation of multiple cell
membrane receptors by assembling a dual lock-and-key
system.””” The system consists of aptamer “locks” and a hairpin
“key” that is activated by two cell surface markers prior to siRNA
delivery. The hairpin “key” must be sequentially activated by
aptamers bound to surface receptors and can then enter target
cells (Figure 34C). In 2017, Tung et al. used a DNA Holliday
junction to link three siRNA strands with an AS1411 cell-
targeting aptamer (Figure 34D).”*® The siRNA strands were
used to induce apoptosis in triple negative breast cancer cells,
and reduced cell viability by approximately 82% within 24 h.
Similarly, Jeong et al. used the DNA Holliday junction to create a
radially symmetric aptamer—siRNA structure.*®” The structure
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consists of a Holliday junction at the center, siRNA at each of the
four junctions, and MUCI1 aptamer caps on each strand. The
Holliday—aptamer—siRNA structures proved superior to
aptamer—siRNA duplexes in cellular uptake and gene silencing.

Although RNAI is a promising therapeutic for many diseases,
few RNAI agents have been approved by the FDA due to the
poor properties of bare RNAi agents.””” A key challenge for
clinical application of RNAI therapy is delivery specificity. The
addition of aptamer-directed nucleic acid nanostructures
provides degradation protection and targeting efficiency without
compromising biocompatibility, increasing the viability of RNAi
agents in clinical settings.

5.2.2.2. Gene Therapy. Mutations in the pS53 tumor
suppressor gene occur in approximately 50% of tumors of all
cancer types. Gene therapies have been used to deliver corrected
versions of the pS3 gene, but delivery of the gene without
inducing an immune response remains a challenge. In 2018,
Ding’s group constructed a self-assembled DNA nanokite led by
aptamers to deliver pS3 genes, as well as potential anticancer
drugs.”’ The DNA kite was shown to achieve gene delivery and
inhibit tumor growth both in vitro and in vivo. This structure
design provides a general method for delivery of gene therapies
and drugs that could be used to treat a wide range of disease.

5.2.2.3. DNAzymes. Deoxyribozymes (DNAzymes) are self-
folding, single-strand DNA molecules that can catalyze specific
reactions with other nucleic acid targets. DNAzymes are more
stable, easier to produce, and less expensive than other targeting
agents such as siRNA, ribozymes, or antisense oligonucleotides;
however, to be effective DNAzymes need a targeted delivery
system. In 2015, Krishnakumar’s group developed a delivery
method for survivin DNAzymes using AS1411 aptamers and
poly-T linkers.””" Their chimera was found to internalize
specifically into cancer cells and was particularly useful for
inducing apoptosis in retinoblastoma cells, which are respon-
sible for most childhood eye cancers.

5.2.2.4. Aptamers. Targeting aptamers not only can be used
to aid in the delivery of other therapeutic aptamers but also can
act simultaneously as therapeutic aptamers themselves. For
example, in 2014 Charoenphol and Bermudez developed DNA
pyramids displaying the AS1411 aptamer, which were shown to
both act as a delivery aptamer and decrease HeLa cell viability
(Figure 34E).*”* Additionally, AS1411 has been shown to
escape degradation in cancer cells but be degraded by regular
pathways in noncancerous cells. Based on trends observed in the
uptake of AS1411-pyramids, the nanostructures are predicted to
follow the same trend in uptake as AS1411 aptamers, but further
investigation of the uptake pathways and intracellular effects of
the decorated pyramids was needed. In 2017, Lin’s group further
investigated the effect of AS1411-tetrahedral DNA nanostruc-
tures (Apt-TDNs) on both cancerous and normal cells under
hypoxic conditions.””* The group confirmed that the Apt-TDNs
inhibited tumor cells and promoted cell growth of normal cells
in hypoxic conditions. The Apt-TDNs were also found to enter
tumor cells more regularly than normal cells, suggesting high
potential for delivering anticancer drugs as well.

Nucleic acid nanostructures as a whole are useful as vehicles in
vivo due to their programmable self-assembly into compact
structures and excellent biocompatibility, but it is important to
note that these structures often have lackluster cellular uptake
due to their dependence on passive delivery or the enhanced
permeability and retention effect. The addition of targeting
aptamers onto nucleic acid assemblies creates targeted therapies
with the potential to attach to and enter cells via active methods
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such as receptor mediated endocytosis, enhancing the
therapeutic power of the delivered cargos and limiting off-target
damage.

5.2.3. Peptides. A DNA nanopore functionalized with a
Ramos cell-targeting aptamer and cell-penetrating peptide
(CPP) was constructed.”* CPPs have been shown to increase
cellular uptake via pinocytosis, but this uptake is not cell-specific;
for this reason, aptamers were used to specifically target the
Ramos cells (Figure 35A). The dual-functional DNA nanopore
was shown to have high cellular uptake specifically in Ramos
cells, while DNA nanopores functionalized with only CPP did
not show specificity for Ramos cells. This cell-specific DNA
nanopore is a promising platform for targeted delivery of drugs
that have harmful off-target effects. Additionally, multiple
aptamers could potentially be added to steer the internalized
nanopore for specific organelle delivery.

5.2.4. Proteins. Protein therapy is the delivery of proteins to
achieve a desired biological effect and can be used to treat many
diseases; however, intracellular delivery of proteins is difficult
because there are not many pathways by which proteins
themselves can cross cell membranes. However, DNA
nanostructures can be used to carry large payloads, such as
proteins, across membranes. DNA nanorobots are self-
assembling DNA nanostructures that have been transformed
into mechanical devices to serve a variety of roles, such as
delivery vesicles and probes. In 2018, Zhao and colleagues
demonstrated the first DNA nanorobot for targeted delivery and
controlled release in mammals.””> The group created a tubular
DNA origami with thrombin proteins loaded in the inner cavity
and aptamers targeting nucleolin on the outer surface (Figure
35B). In the presence of nucleolin, the tube unfolds, exposing
the thrombin, and clotting is induced. The robot was tested in
both mice and miniature pigs and proven to induce necrosis in
cancerous tumors without compromising healthy tissue in the
animals. The group also tested a targeted nanotube, a tube
decorated with nucleolin aptamers that does not unfold, and a
nontargeted nanotube that lacked aptamers. The targeted
nanotube demonstrated weak thrombotic activity due to the
lack of thrombin exposure and the nontargeted aptamer showed
little to no activity at the tumor site. This highlights the
importance of both the presence of aptamers for targeted
delivery of nucleic acid nanostructures, and the importance of
the nanostructure design itself for effective cellular protein
delivery. In 2019, Jiang and Ding used a static DNA origami
nanosheet to deliver RNase A into cancer cells to induce cell
death.””® The nanosheet was decorated with MUCI1 aptamers
along the edges, and RNase proteins were attached to the face of
the nanosheet using hybridized DNA strands (Figure 35C). The
therapeutic nanosheet was successful in inducing cell death in
human breast cancer cells in vitro; however, neither in vitro nor in
vivo effects on healthy cells were studied. In comparison with the
DNA nanorobot produced by Zhao, the nanosheet structure is
more likely to have off-target complications due to the constant
exposure to RNase in the surrounding environment prior to
binding with target cells. In 2020, Mela et al. used aptamer
functionalized DNA origami nanostructures as delivery vehicles
for lysozymes to bacterial cells.””” The origami structure
resembled the aptamer-decorated nanosheet presented by
Jiang and Ding, with the addition of five wells in the interior
of the sheet to carry antibacterial components (Figure 35D).
The structure used aptamers that were able to target both Gram-
positive and Gram-negative bacteria. It was shown that the
origami-delivered antibacterial enzyme lysozyme was more
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effective than free lysozyme in killing Gram-positive bacteria. It
was also shown that the aptamer-decorated origami without
lysozyme had antimicrobial properties against Gram-negative
bacteria. However, lysozyme was found to be relatively
ineffective on Gram-negative bacteria due to the presence of
an outer lipid membrane, at least partially explaining why the
presence of lysozyme on the origami did not increase
antibacterial activity. For future studies on the effect of targeted
delivery to Gram-negative bacteria, it may be necessary to use an
antibacterial agent that naturally inhibits the growth of the
bacteria in order to clearly see the effects of the novel delivery
system.

Rather than using DNA nanostructures directly for drug
delivery, Liu and Wang used a DNA supersandwich assembly as
an artificial receptor to enable protein transfection.””® The
supersandwich consisted of an anchor domain for embedding in
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the cell membrane and catalase aptamers for recruitment of
catalase, a protein enzyme that protects cells from peroxide
damage (Figure 3SE). Laser scanning confocal microscopy
confirmed cellular uptake of the DNA—catalase complexes and
suggested that the DNA was endocytosed via a transferrin
receptor (TfR)-involved route. This method demonstrated that
using aptamer-based DNA nanostructures as artificial receptors
locally concentrates naturally present proteins rather than
delivering loaded protein cargos, eliminating the need to
introduce foreign proteins into living organisms during protein
therapy.

5.2.5.Inorganic Nanomaterials. Many cancer cells require
a very high dose of chemotherapeutic anticancer drugs for
treatment due to multidrug resistance. However, a high level of
chemotherapeutic drug will cause additional unwanted cytotox-
icity for healthy cells, highlighting the need for more effective
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therapeutic methods. Delivery of functional inorganic nanoma-
terials using the organizational and targeting abilities of self-
assembled DNA nanostructures represents a possible path
forward. Gold nanorods are promising nanomaterials for
photothermal cancer therapy due to their tunable and strong
localized surface plasmon resonance.”””** In 2017, Ding
developed multivalent MUC1 aptamer-conjugated triangular
DNA origami for the co-delivery of therapeutic agents to treat
multidrug-resistant cancer cells (Figure 36A)."* Chemo-
therapeutic drugs were loaded into DNA nanostructures while
ssDNA-modified gold nanorods were decorated on the
triangular DNA origami through DNA/DNA hybridization.
The dual delivery of aptamer—DNA origami was internalized
into target cells and irradiation with near-infrared laser light
activated the photothermal effect of gold nanorods. It was found
that the expression of P-glycoprotein, a pump found in drug-
resistant tumors, was downregulated.””’ This dual delivery
system thus provides an effective approach to treat multidrug-
resistant cancers.

Cellular free Zn®* is important for many cellular functions.
However, high concentrations of cellular free Zn>* can cause cell
death due to the excessive accumulation of intracellular
ROS.*?7** In 2019, Wang developed RCT-based DNA
nanoparticles for the dual delivery of zinc oxide nanoparticles
(ZnO) and DOX (Figure 36B).”** The DNA nanoparticle
carrier contained targeting aptamers and a self-catalytic
DNAzyme that served as a controlled releasing unit. The
ZnO- and DOX-containing multivalent aptamer nanoparticles
showed effective delivery to target cells. In the acidic conditions
inside lysosomes, dissolution of ZnO occurs, releasing Zn*, a
cofactor for DNAzyme and promoting ROS production. The
Zn**/DNAzyme complex promoted DNA nanoparticle cleavage
and resulted in release of DOX and production of ROS, resulting
in cell apoptosis.

5.2.6. Multicomponent Platforms. A major advantage of
using aptamer-conjugated nanostructures rather than stand-
alone aptamers is the opportunity to deliver multiple
components with one targeted platform. Many combinations
of therapeutic agents have been delivered using aptamer—DNA
nanoconstructs to target cancer cells. Chemotherapy drug
resistance is a major cause of cancer treatment failure, so most
treatments consist of a “cocktail” of drugs to circumvent the drug
resistant nature of cancer cells. It follows that combining
multiple therapeutic agents onto a single targeted treatment
platform would prove beneficial in treating cancer. For example,
DNA nanoplatforms have been developed to deliver cancer
drugs in tandem with oligonucleotides such as shRNA,*%
antisense oligos,**® therapeutic genes,’*" therapeutic ap-
tamers,™” peptides,*® and ROS-producing nanoparticles.’*
Liu and Ding developed a DNA tetrahedron to induce apoptosis
using both antisense oligos and a protein drug for photodynamic
therapy.*”” RNA nanostructures have also been developed to
specifically deliver multiple cancer therapeutics at once to lessen
the effect of drug resistance. In 2005, a pRNA trimer was used to
deliver two targeting aptamers along with a siRNA,”" and in
2014, an RNA nanoring was created that contained 6 “arms” that
could house a variety of therapeutics, including aptamers and
RNAi sequences.”” These applications indicate that using
aptamer decorated nucleic acid nanostructures to co-deliver
both traditional cancer drugs and other therapeutic molecules
can greatly enhance therapeutic efficacy by utilizing both
targeted delivery and multiple treatment combinations.
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Another approach to circumvent cancer cell drug resistance is
to downregulate protein pumps that expel drugs from the cell. A
DNA origami nanostructure decorated with a MUCI1 aptamer,
gold nanorods, and DOX followed this approach by utilizing the
photothermal inhibiting effects of the gold nanorods while
simultaneously delivering DOX to the targeted cancer cells.”*’
The simultaneous, targeted delivery of these cargos ensures that
the proper cells are targeted and that protein pumps continue to
be downregulated while chemotherapeutic drugs are present in
the cell.

Taking advantage of the combined benefit of nucleic acid
nanostructures and aptamers, many strategies for the develop-
ment of aptamer-decorated nucleic acid nanostructures have
been successfully demonstrated and utilized for the selective
delivery of a wide range of therapeutic agents including
chemotherapeutic anticancer drugs, oligonucleotides, peptides
and proteins, and photodynamic and photothermal therapeutic
agents. To achieve high efficiency treatment with targeted
delivery, there are many aspects that must be considered when
using nucleic acid nanostructures as drug carriers such as drug—
nucleic acid compatibility, loading capacity, stability in
physiological conditions, internalization and cellular uptake,
toxicity, blood half-life, and undesired immunogenicity. To
conjugate therapeutic agents, such as proteins, chemotherapeu-
tic drugs, and nanomaterials, into DNA nanostructures,
Gothelf’s and Medintz’s group have recently published a review
article that provides information on drug/DNA nanostructure
conjugations.l%’411

There are many systemic and intracellular barriers that must
be overcome for the successful delivery of nucleic acid
therapeutics. Poor cellular uptake can cause lack of therapeutic
effect; therefore, methods have been established that aid in
cellular delivery of nucleic acids. These methods include, but are
not limited to, controlling particle size and charge, lipid particle
encapsulation, and viral delivery. One of the many factors that
influences cellular uptake and the stability of nanostructures
under physiological conditions is the size and shape of the
nucleic acid nanostructures. The stability and internalization of
various nucleic acid nanostructures have been studied and
previously reviewed.”*”*"'~*'* Chemical modifications of RNA
nanostructures have helped to significantly improve stability of
the RNA nanostructures in biological environments."'*'>
Furthermore, size and surface functionalization of nanostruc-
tures play important roles in biodistribution and the circulation
half-life of nanoparticles.”'®*'” Small particles below 10 nm are
swiftly removed from the body via kidney clearance, while large
particles (100—200 nm) are cleared by the spleen and
reticuloendothelial system;[“ﬁ’418 therefore, surface modified
nanostructures of the optimal size and shape are crucial to
increase circulation lifetimes.

The immune and inflammatory systems help protect the body
from invaders such as pathogens and viruses. Although nucleic
acids are natural biopolymers, nucleic acids appearing at wrong
locations inside the body can stimulate immune responses and
activate inflammatory reactions. Exogenous nucleic acids,
unnatural nucleic acid nanostructures, and virus-inspired
nanostructure designs (pRNA) can potentially contribute to
the activation of immune and inflammatory responses. To avoid
this problem, chemically modified nucleotides offer a reduction
in immune response activation.*'”**° Krishnan has summarized
how cells respond to exogenous or endogenous DNA to
understand and provide insight for the design of DNA
nanostructures with immune-compatibility.**' Recently, Afonin
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also published a review article describing how different sizes and
shapes of nucleic acid nanostructures are associated with varying
degrees of immune stimulation.**”

In summary, aptamer decorated nucleic acid nanostructures
are a promising method for targeted delivery, but to achieve
effective targeted delivery, optimal designs and surface
functionalization of the nucleic acid nanostructure-based
nanocarriers are crucial.

5.3. Therapeutics

In addition to being used as targeting agents, aptamers can be
used as therapeutic agents to treat a range of diseases and
disorders, including eye disorders, thrombosis and vascular
disease, and cancer.'* The placement of aptamers on nucleic
acid nanostructures has overcome many pharmacokinetic
challenges associated with stand-alone aptamer therapeutics,
such as renal filtration and metabolic instability. Additionally,
nucleic acid structures can function as carriers for molecular
cargos or as the cargo itself to be delivered. Delivery of
therapeutic nucleic acid cargos using nucleic acid nanocarriers is
a promising method due to their ability to self-assemble into one
structure without the use of additional conjugation chemistry. In
this section, we will cover four main therapeutic applications for
aptamer-decorated nucleic acid nanostructures: cancer thera-
pies, anticoagulants, viral inhibition, and neurodegeneration.
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5.3.1. Cancer Therapy. For cancer therapy applications,
most nucleic acid aptamers have been utilized as targeting agents
for the delivery of chemotherapeutic drugs.””’ Some aptamers
can be used as both targeting agents and therapeutic agents such
as the AS1411 and C2NP aptamers. There are several
approaches for aptamer-based cancer therapy including
antiproliferation, antiangiogenesis, aptamer-induced cell apop-
tosis, and immunotherapy. In this section, we focus on
therapeutic aptamers decorated on nucleic acid nanostructures
for cancer therapy.

5.3.1.1. Antiproliferation. One way to combat cancer growth
is to inhibit proliferation of cancer cells using antiproliferation
therapeutics. Ahn’s group reported an antiproliferation system
using nucleic acid nanostructures as carriers and aptamers as
cargo, creating a tetrahedral DNA nanocarrier for delivery of the
AS1411 antiproliferative aptamer.*”* This aptamer binds with
nucleolin, a cell-surface protein that is overexpressed on rapidly
growing cancer cells, and inhibits DNA replication.*”> The
group discovered that the oligonucleotide cargo could disrupt
the folding of the DNA nanostructure during the self-assembling
process. To address this problem, they created a carrier that
would properly fold, regardless of the number and sequence of
cargo molecules. Using a biorthogonal base pairing system, they
constructed an L.-DNA tetrahedron that could be decorated with
therapeutic aptamers at its vertices (Figure 37A,B). The
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aptamer-functionalized tetrahedrons were found to have more
cytotoxicity toward cancer cells compared to free aptamers.
Additionally, the L.-DNA carriers were found to have similar
thermodynamic stability but higher cancer cell cytotoxicity than
their D-DNA tetrahedral enantiomers. In 2018, Taghdisi’s group
developed a synergistic cancer therapy approach by using a 4WJ
that carried DOX and two different types of therapeutic
aptamers. Specifically, AS1411 aptamers and FOXM1 aptamers,
which inhibit an overexpressed protein associated with cancer
cell proliferation, were decorated on the nanostructure.”>® The
therapeutic combination of the cargo was found to decrease
tumor proliferation and lower off-target toxicity, enhancing both
the efficiency and efficacy of cancer treatment.

5.3.1.2. Antiangiogenesis. Rapidly growing cancer cells rely
on angiogenesis, or the formation of new blood vessels, to supply
oxygen to tumor sites. Nanotechnology-based therapeutics to
stunt angiogenesis have been developed to starve cancer cells
and induce tumor necrosis.*”® Human vascular endothelial
growth factor (hVEGF) is a molecule known for promoting
angiogenesis. In 2018, Kim and colleagues developed an
antiangiogenesis platform by incorporating hVEGF aptamers
into Y-shaped DNA nanostructures.*”” The group incorporated
the aptamers into the backbone of the DNA nanostructure to
overcome the loading capacity limitations found when
incorporating aptamers at the end groups of a structure (Figure
37C). The nanoconstructs were stable in serum for over 3 days,
attributed to entanglements that lowered nuclease access. In
comparison, free aptamers had a serum degradation time of 12
hours. The antiangiogenesis construct was evaluated by
immunohistochemical methods and was found to prevent
significant tumor growth by inhibiting VEGF.

AS

5.3.1.3. Induced Cell Apoptosis. Another method to treat
tumors is by inducing cell apoptosis, which can be done using a
variety of cell pathways. Like the AS1411 antiproliferative
aptamer, the C2NP aptamer possesses both targeting and
therapeutic properties. C2NP aptamers can both target a cancer
cell marker and induce apoptosis in T-cell lymphoma cells.***
Zhou and Zhao used DNA origami to deliver DOX synergisti-
cally with C2NP to cancer cells to increase cell death.**” The
origami provided a platform to anchor varied numbers of the
multivalent aptamers. The anticancer activity was tested in vitro;
it was found that the DOX loaded C2NP—DNA origami
structure had much higher activity compared with free DOX.
Additionally, the origami decorated with 16 aptamers was found
to induce greater rates of cancer cell apoptosis compared to the
origami decorated with 4 aptamers. The use of DNA origami
allowed exploitation of the anticancer activity of both DOX and
C2NP aptamers and further enabled stability as well as
controlled release of the molecular cargo.

5.3.1.4. Cancer Immunotherapy. The human immune
system naturally possesses the ability to recognize as foreign
mutated cell markers, also known as neoantigens, produced by
tumor cells often leading to destruction of the unhealthy cells.
However, tumor cells can also evade recognition by the immune
system, resulting in immune tolerance. Cancer immunotherapy
is a technique used to ensure that the immune system recognizes
and attacks immune system-evading cancer cells. Many
strategies have been proposed and used, including nonspecific
immune stimulation, T-cell transfer therapy, and immune
checkpoint inhibitors. To avoid recognition by the immune
system, cancer cells can overexpress immune checkpoint
inhibitory receptors in order to suppress normal immune cell

function.”” Fortunately, drugs that interrupt immune check-
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Figure 39. Aptamer-decorated nucleic acid nanostructures functioning as anticoagulants. (A) Construction of DNA duplex bearing multiple aptamers.
Adapted with permission from ref 436. Copyright 2004 American Society for Biochemistry and Molecular. (B) DNA 3-helix weave tile designed to
serve as biomolecular platform for multivalent aptamer display. Sequences and structures of thrombin exosite-1 and exosite-2 binding aptamers used to
decorate DNA weave tiles. Adapted with permission from ref 438. Copyright 2012 Elsevier. (C) Design of conserved parallel DNA 2-helix structure
(colored markers) bearing two randomized aptamer loops (gray markers) composing SELEX library. Adapted with permission from ref 180. Copyright
2019 John Wiley and Sons. (D) RNA origami anticoagulant produced via in vitro transcription consisting of tetraloops (yellow), kissing loops (green),
exosite 1-binding aptamer (purple), and exosite-2 binding aptamer (blue). Adapted with permission from ref 106. Copyright 2019 John Wiley and

Sons.

points can be used to help counteract this immune suppression,
and some immune checkpoint inhibitors have been approved for
clinical trials, such as anti-PD-1 antibodies that inhibit PD-L1, a
ligand that weakens T-cell function and is overexpressed on
cancer cells. However, problems such as rapid tumor clearance
and high manufacturing costs pose challenges for practical use.
Anti-PD-1 aptamers have also been developed to provide lower
cost production and better tumor penetration, but their short in
vivo retention time is a major hurdle.””' To overcome these
challenges, in 2019, Oh and colleagues developed a new
immunotherapy drug using RCA to produce DNA hydrogels
containing multivalent PD-1 aptamers.**> The hydrogel also
contained sgRNA-targeting sequences to allow controlled
release of PD-1 aptamers from the hydrogel using a Cas9/
sgRNA cleavage system (Figure 38A). The programmed release
of PD-1 aptamers resulted in activation of T-cells and lowered
tumor survival rate (Figure 38B). The Cas9/aptamer-hydrogel
was found to remain at the tumor injection site longer and have
higher antitumor effects due to increased immune cell filtration
compared with free aptamers or hydrogel alone.

Chimeric antigen receptor T cells (CAR-Ts) yield another
immunotherapeutic tool that has been used in clinical settings to
aid in the immune recognition of cancer cells. In this type of
therapy, a patient’s own immune cells are modified to produce
CARs on their surface, enabling them to better recognize and
target tumor cell antigens and promote T cell proliferation. In
2020, Bai et al. created self-assembled multivalent CAR-like

AT

aptamer nanoparticles that were designed to perform similar
functions seen in CAR-Ts, such as identifying cancer cells and
activating T cells.** The nanoparticles were made using a 3W]J
to connect a dimer of CD28 RNA aptamers for promoting T cell
proliferation, a tetramer of CTLA-4 aptamers for immune
checkpoint blockade, and folic-acid-labeled ssDNA for cancer
cell targeting (Figure 38C). The nanoparticles were able to
inhibit the growth of melanoma B16 cells both in vitro and in
mouse models by activating T cells.

5.3.2. Anticoagulants. DNA and RNA aptamer-based
anticoagulants have also been developed and used for
therapeutic applications. This is made possible through the
selection of aptamers that specifically inhibit proteins involved in
the coagulatlon cascade, as previously reviewed by Woodruff
and Sullenger.** Nucleic acid nanostructures have been used to
organize these aptamers to increase their local concentration and
optimize distances between aptamers to enhance interactions
with their target proteins. Due to these benefits, aptamers on
nucleic acid nanostructures provide various advantages over
stand-alone aptamers, including improvement of pharmacoki-
netic properties and enhancement of anticoagulant activity.
Even simple structures, such as ssDNA linkers, have been used
to connect aptamers and have resulted in enhanced anti-
coagulation activity.”> Giusto and King developed the first
multivalent DNA anticoagulants by constructing duplexes
bearing two aptamers, a 3WJ bearing three aptamers and
connecting two 3W]J to host four aptamers (Figure 39A). 36 The
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Figure 40. Various 1-D and 2-D DNA structures used to sense and inhibit DENV. The structures consist of a fluorescent component as well as
therapeutic aptamers that inhibit viral activity. Adapted with permission from ref 242. Copyright 2019 Springer Nature.

structures showed promise for clinical development as a result of
their resistance to nuclease degradation and long half-lives in
blood serum and plasma. Additionally, they were found to
increase anticoagulation activity 2—3-fold compared to free
aptamer therapeutics.

LaBean further improved the anticoagulation activity of
aptamer-decorated DNA nanostructures through the construc-
tion of an anticoagulant DNA weave tile."*” Weave tiles hosting
up to four copies of thrombin binding aptamers and were tested
using aPTT coagulation assays and were found to increase
anticoagulation activity by nearly S-fold compared to free
aptamers. LaBean’s group further developed this technology by
optimizing the distance between the thrombin binding
aptamers, as well as incorporating two different aptamer
sequences, one for exosite 1 on thrombin and the other for
exosite 2, into the same structure (Figure 39B).438 Two-, three-,
four-, and five-helix weave tiles were constructed and had
varying anticoagulation effects. This demonstrated the ability to
control anticoagulation activity by varying the spatial separation
between the aptamers to find the optimal distance for thrombin
interaction and inhibition. Additionally, the activity of these
structures could be reversed by complementary single-stranded
DNA sequences. In 2016, they continued optimizing the weave
tile platform, resulting in a 16-fold increase in anticoagulation
activity compared to free aptamers in aPTT assays.”” With aid
from molecular dynamic simulations, it was shown that a certain
level of flexibility in the weave tile configurations provided the
highest observed thrombin inhibition. The large variety of
aptamer-decorated weave tile anticoagulant nanostructures
emphasizes the diverse toolkit available for optimizing
anticoagulant activity when aptamers are decorated on nucleic
acid nanostructure platforms.

Bivalent aptamers are known to demonstrate stronger
affinities compared to monovalent ones, resulting in higher
inhibition activity, especially when they undergo simultaneous
selection. Therefore, Zhang and Yan created a SELEX library
based on bivalent aptamers attached to a predefined DNA
structure to select thrombin binders."®” The SELEX library
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design contained two randomized loop sequences for bivalent
aptamer selection, as shown in Figure 39C. This was the first
reported successful selection of heterobivalent aptamers on a
predefined DNA structure using a simple SELEX process.
Selected bivalent aptamer nanostructures were found to have
dissociation constants as low as 321 fM and demonstrated
higher anticoagulation activity than free aptamers when tested
using fibrin generation assays.

In 2019, LaBean’s group reported the first RNA origami
anticoagulant, consisting of a 2-helix origami bearing two
thrombin binding aptamers (Figure 39D).'% The group
developed the ssRNA origami anticoagulant to circumvent the
multistrand folding challenges found in the weave-tile
designs.*”’~*” The RNA anticoagulant was produced by in
vitro transcription and had higher activity compared to both free
aptamers and equivalent DNA weave tile designs. 2'F-modified
pyrimidines were incorporated to provide nuclease resistance,
making the structure more stable in plasma compared to weave
tiles and for at least 3 months at 4 °C storage. Furthermore,
DNA antidotes were designed that could reverse anticoagulation
activity. Currently, they enhanced anticoagulation activities of
RNA origami by decorating four thrombin binding aptamers
into a RNA origami structure and improved reversal activity up
to 95% using PNA antidotes. Importantly, freeze-dried and
freshly produced RNA origami showed same coagulation
activities."®"

5.3.3. Viral Inhibition. In 2020, the first aptamer-decorated
DNA nanostructure for simultaneous virus sensing and
inhibition was reported by Wang and colleagues.”** The group
created various DNA architectures that carried molecular
beacon-like motifs, as well as Dengue virus (DENV) envelope
protein domain III (ED3) targeting aptamers. Once the
nanostructures bound to the virus, they would fluoresce, sensing
the virus while also inhibiting the virus from interacting with and
infecting living cells. Both 2D structures, such as stars, hexagons,
and heptagons, and 1D structures were constructed to
determine the optimal shape and spacing for DENV inhibition
(Figure 40). It was determined that optimal inhibition of DENV
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Figure 41. In vitro imaging using aptamer-decorated nucleic acid nanostructures. (A) Schematic illustration of intracellular ATP imaging using self-
assembled heterodimer tetrahedral DNA nanostructure bearing split ATP aptamers and i-motifs. Adapted with permission from ref 440. Copyright
2019 John Wiley and Sons. (B) Three input logic gate DNA nanodevice for mRNA imaging. Adapted with permission from ref 442. Copyright 2020
John Wiley and Sons. (C) DNA nanostructure dissociation-based signal amplification for mRNA imaging in living cells. Adapted with permission from
ref 443. Copyright 2020 Royal Society of Chemistry (D) Multiplexed genome loci imaging using CRISPRainbow, dCas9 combined with engineered
sgRNA containing fluorescent protein-binding RNA aptamers (scale bar = § ym). Adapted with permission from ref 444. Copyright 2016 Springer
Nature. (E) Split-broccoli fluorescent system expressed inside living cells, enabling real-time visualization of RNA assembly inside cells. Adapted from
ref 128. Copyright 2017 American Chemical Society.

was achieved for the star-shaped configuration. However, two- namely, the heptagon, proved to be less effective than one-
dimensional structures that were not close to the optimal shape, dimensional structures such as linear or bivalent aptamers. This
AV https://doi.org/10.1021/acs.chemrev.0c01332
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technology holds therapeutic potential for many infectious
diseases, as the therapeutic aptamer can be selected to target a
variety of viruses and the DNA structure can be optimized based
on viral surface geometry.

5.3.4. Neurodegeneration. Neurodegeneration is the
cause of many devastating diseases such has Alzheimer’s disease,
dementia, and Parkinson’s disease. Neurodegeneration is
thought to be linked to abnormal deposition of neuronal
proteins, such as the tau protein, but many therapies for these
diseases are not target specific and have problems crossing the
blood—brain barrier. To address these problems, in 2020, Wang
and Tan developed a bifunctional aptamer complex that would
aid in both crossing the BBB using a transferrin receptor aptamer
and inhibiting tau phosphorylation and other tauopathy-related
pathological events using a tau protein aptamer.’’” The
structure was found to improve cognition and memory deficits
found in tau-overexpressing mice.

5.4. Bioimaging

Bioimaging techniques provide understanding and insight into
biological processes, and track the localization of targeted
delivery materials from the cellular level to the whole organism
level using noninvasive methods including optical and magnetic
resonance imaging. Static and dynamic nucleic acid nanostruc-
tures incorporated with functional motifs, such as aptamers and
DNAzymes, have been developed and utilized in bioimaging
applications. Furthermore, programmable nucleic acid nano-
structures have served as biomolecular platforms for decoration
of multiple imaging materials such as bright fluorescent dyes,
photostable nanomaterials, radioactive isotopes, and magnetic
resonance imaging materials, resulting in signal enhancement
and high-resolution image quality. In this section, we focus on
aptamer-conjugated nucleic acid nanostructures for bioimaging
applications and categorize them into two groups: in vitro and in
vivo imaging.

5.4.1. In Vitro Bioimaging. The programmability,
functionality, and biocompatibility of nucleic acid nanostruc-
tures offer great tools for bioimaging platforms. To this end,
aptamer-decorated nucleic acid nanostructures for in vitro
fluorescent bioimaging have been developed. Fan’s group
constructed reconfigurable tetrahedral DNA nanostructures
containing ATP aptamers.””” Using FRET pair labeled ATP
aptamers on the tetrahedral DNA, ATP imaging in living cells
was demonstrated. Dendrimer DNA nanostructures bearing
multiple ATP aptamers were further developed and utilized for
intracellular imaging of ATP.*** In the presence of intracellular
ATP, a fluorescence signal could be detected. The aptamer-
functionalized DNA dendrimer showed biocompatibility and
intracellular stability. In 2017, Zhang demonstrated FRET-
based ATP imaging in living cells by using a split ATP aptamer
decorated on a DNA triangular prism.”*' The FRET signal
increase corresponded to the ATP level. Notably, aptamer-
decorated DNA nanostructures showed higher efficiency over
the traditional molecular beacon system.

Nucleic acid nanostructures allow conjugation of multivalent
functional motifs, including i-motifs, DNAzymes and aptamers,
and offer logic gate-based bioimaging platforms. In 2019, Li
demonstrated pH-induced DNA nanostructure formation for
ATP intracellular imaging.*** Two tetrahedral DNA nanostruc-
tures bearing i-motif and split ATP aptamers were constructed.
In the acidic environment inside lysosomes, the heterodimeric
tetrahedral DNA nanostructures were assembled via i-motif
interaction (Figure 41 A). In the presence of endogenous ATP,
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the binding interactions of ATP and split ATP aptamers resulted
in FRET signal enhancement. With this system, they successfully
demonstrated two-input AND gate-based subcellular imaging.
Moreover, a DNA triangular prism incorporating i-motifs and
ATP aptamers preforming a DNA lo§ic gate nanodevice for
cellular imaging has been developed.™' Recently, Li further
developed three-input logic gate nanodevices for intracellular
imaging.*** To sense mRNA, they constructed a truncated
square pyramid DNA nanocage carrying an i-motif, ATP
aptamer, and duplex DNA. They reported two cascade logic
gates (OR—AND and AND—AND) that responded to acidic
environments in lysosomes and intracellular ATP that enabled
controlled release of duplex DNA cargo for mRNA imaging
(Figure 41B). This functional, logic gate-controlled DNA
nanodevice has the potential to be applied in various
applications including bioimaging, sensing, and targeted drug
delivery with controlled release of molecular cargo.

Nucleic acid aptamers have also been employed as targeting
molecules for the specific transport of imaging materials into
target cells. Recently, Tan developed signal-enhancing mRNA
imaging in living cells using aptamer-functionalized DNA
nanofirecrackers.”> AS141 aptamers specifically target cancer
cells and allow internalization of the DNA nanostructures. The
HCR-based DNA nanofirecrackers contain multiple ATP
aptamers and a toehold region, complementary to the target
mRNA. Intracellular mRNA and ATP trigger rapid dissociation
of the DNA nanofirecrackers and subsequent enhancement of
the fluorescence signal. (Figure 41C).

Fluorescent protein-binding RNA aptamers have been
developed and utilized in bioimaging applications. In 2016,
Pederson developed a multiplexed chromosomal imaging
method called CRISPRainbow, using dCas9 associated with
engineered sgRNA scaffolds that bound with multiple
fluorescent proteins expressed inside the cells and displayed
seven distinguished colors (Figure 41 D).*** They successfully
demonstrated intracellular, simultaneous imaging of six
chromosomal loci by coexpression of six sgRNA scaffolds. A
few years later, they further developed a bright multicolor system
for genome imaging using a CRISPR guide RNA scaffold
carrying multiple fluorescent protein-binding RNA aptamers.***

Fluorescent RNA aptamers are biocompatible and can be
expressed inside many cells. For these reasons, many research
groups have developed and employed RNA aptamers for
intracellular imaging and monitoring of RNA transcripts, gene
expression, and metabolites."**™**" For example, Aoyama
developed a light-up fluorescent RNA aptamer tag to monitor
mRNA during in vitro transcription.*' Within the realm of RNA
nanotechnology, RNA could be transcribed and self-assembled
into sophisticated RNA nanostructures inside living cells.'***>*
Understanding and monitoring the self-assembly and stability of
RNA nanostructures without disrupting the native designed
geometries and conformations are crucial. Fluorescence and
radioisotope labeling are commonly used to monitor and track
nucleic acid nanostructures; however these labeling techniques
potentially cause RNA misfolding. Incorporation of fluorescent
RNA aptamers into RNA nanostructures as reporters maintains
the natural folding of RNA during imaging, providing great
bioimaging tools for probing RNA nanostructure formation and
degradation inside the cells. With this goal, Guo designed
fluorogenic RNA nanoparticles to monitor RNA folding and
degradation in living cells.*®> The RNA nanoparticles were
made of pRNA 3W] motif core structures fused with a malachite
green aptamer (fluorogenic aptamer), ribozyme, and luciferase
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Figure 42. Self-assembled DNA nanostructures for in vivo imaging. (A) Construction of dual-labeled, multivalent tumor-targeting aptamer-decorated
DNA bipyramid nanostructures. (B) Fluorescence imaging and (C) magnetic resonance imaging of DNA nanostructures in tumor-bearing mice
postinjection. Red circles indicate tumor sites. Adapted from ref 457. Copyright 2020 American Chemical Society.

siRNA. When the RNA nanostructures correctly folded, the
aptamers fluoresced, while the fluorescence signal disappeared
in degraded, denatured, or misfolded RNA nanoparticles. This
fluorogenic aptamer-modified RNA nanoparticle allowed
monitoring of the folding and degrading RNA nanostructure,
enabling estimation of RNA nanoparticle half-life inside living
cells. Furthermore, Burke developed a split-broccoli system as a
RNA logic gate for real-time visualization of RNA—RNA
assembly in living cells."”® This system required two strands of
RNA to form a 3WJ RNA nanostructure, resulting in
fluorescence activation (Figure 41E). Both strands of RNA
were expressed inside living cells and formed RNA nanostruc-
tures, creating an AND gate for monitoring RNA assembly in
real-time.

5.4.2. In Vivo Bioimaging. Fluorescently labeled nucleic
acid nanostructures have been commonly used for tracking and
monitoring the localization of the delivered nanostructures in
vivo due to their convenience and low costs.>*”**>33039
However, fluorescence-based optical imaging suffers from low
resolution and permeability limiting the application of in vivo
imaging in preclinical and clinical studies. Therefore, advanced,
high-resolution bioimaging techniques and microscopies have
been developed.** In 2016, radiolabeled DNA bipyramid
nanostructures were designed, constructed, and utilized for in
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vivo bioimaging in mice using single-photon emission computed
tomography imaging (SPECT).">> Fan further developed
multiarmed tetrahedral DNA nanostructures for in vivo imaging
by utilizing dual decorations of near-infrared fluorescence dye
and the radioactive isotope, *™Tc.**° These dual-labeled DNA
nanostructures were employed for tumor imaging in mice by
using both near-IR optical imaging and SPECT. Magnetic
resonance imaging (MRI) is a promising technique for in vivo
bioimaging and has been widely used in preclinical and clinical
studies for cancer diagnostics. Recently, Ding developed a
tumor-targeting DNA nanostructure with dual-modality bio-
imaging.”” The DNA bipyramid nanostructures were decorated
with a tumor-targeting aptamer and two types of imaging
molecules, magnetic resonance contrast agents (Gd-DOTA)
and near-IR fluorescence imaging dye (Dylight800) (Figure
42A). The DNA nanostructures were intravenously injected
into tumor-bearing nude mice. Fluorescence imaging and MRI
results showed that the tumor-targeting, aptamer-conjugated
DNA nanostructures accumulated at the tumor site (Figure
42B,C). This DNA nanostructure platform decorated with
aptamers and different imaging molecules shows great potential
for applications in bioimaging and disease diagnostics.
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Figure 43. DNA scaffolds for multivalent aptamer decoration. (A) Schematic design of bivalent, trivalent, and tetravalent DNA nanostructures. The
bivalent and trivalent designs are considered flexible due to their single-stranded five-thymine linker. (B) Schematic representation of rigid, dimerized
five-point star DNA nanostructure harboring four aptamers targeting both Ramos and Jurkat cells. Illustration of DNA structure facilitating Ramos and

Jurkat cell—cell conjugates. Adapted with permission from ref 460. Copyright 2011 John Wiley and Sons.

Figure 44. Illustration of DNA origami cellular interaction pathways. C2NP aptamers interact with CD30 receptors to aid in endocytosis of
chemotherapy drugs as well as induce cell signaling, leading to apoptosis. Reprinted from ref 429. Published 2018 Royal Society of Chemistry. Licensed

under a Creative Commons Attribution-NonCommercial 3.0 Unported License (https://creativecommons.org/licenses/by-nc/3.0/).
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Figure 45. Aptamer-decorated nanostructures for enhanced enzymatic reactions. (A) Schematic of interactions of thrombin binding particles with
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Copyright 2009 American Chemical Society. (D) 0D, 1D, and 2D RNA scaffolds containing proteins A and B. Adapted with permission from ref 471.
Copyright 2011 The American Association for the Advancement of Science.

5.5. Cell Reprogramming

5.5.1. Cell—Cell Interactions. Multicellular organisms rely
on cell—cell interactions for tissue development and organ-
ization, cell communication, and immune response.458 Many
efforts have been made to synthetically construct tissues ex vivo
through bottom-up strategies, including cell linkage by hybrid-
ization of DNA sequences attached to cell surfaces; however,
most of these efforts lack specificity in the cell—cell interactions
seen in native tissues.”’” Liu and Chang developed a DNA
scaffold decorated with bispecific aptamers to bring two specific
cell types in proximity to promote cell—cell interactions.**” The
aptamers targeted naturally occurring cell surface markers,
eliminating the need for synthetic surface decoration. The group
used a variety of branched DNA scaffolds to create multivalent
structures as shown in Figure 43A. They showed that more rigid
structures promoted higher aptamer binding affinity; thus, a
rigid five-point-star dimer was used to connect a Ramos B cell
and Jurkat T cell (Figure 43B). The multivalent star dimer DNA
nanostructure increased aptamer affinity by around 4-fold
compared to monovalent aptamers and was found to be the most
efficient in inducing cell—cell conjugates. This work demon-
strated a proof-of-concept for the potential use of aptamer-
decorated DNA nanostructures to specifically mediate cell—cell
interactions without the need for synthetic cell surface
modifications. This technology could be developed for a variety
of applications, from increasing tissue development on ex vivo
scaffolds to mediating T-cell recognition of cancer cells in living
organisms.

5.5.2. Cell Signaling. In addition to contact communication
via cell—cell interactions, cells can also communicate through
complex signaling processes. During many of these processes, an
external stimulus binds to a cell surface receptor and triggers a
cascade of reactions within the cell that lead to a desired
outcome. Some aptamers have been selected to bind to cell
surface receptors and can serve as external stimuli to induce
downstream signaling. For example, the C2NP aptamer binds to
CD30 cell markers and can activate signaling that induces
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apoptosis in T-cell lymphoma cells.**" In 2018, Zhao developed
a rectangular DNA origami nanostructure harboring C2NP
aptamers and DOX for a dual approach cancer therapy (Figure
44).*” The C2NP aptamers allow cellular penetration of the
DOX-loaded DNA origami while also inducing cell signals that
result in cancer cell apoptosis. The aptamer-induced biotherapy
was only significant after 72 h of treatment with high
concentrations. The aptamer-decorated DNA nanostructures
were found to induce cell apoptosis by arresting the cell cycle in
the G2 phase and upregulating ROS levels, a common cause of
DNA damage. Higher activity was observed for aptamers
decorated on the DNA nanostructures and was attributed to
increased stability. This work further emphasizes the value of
using aptamer-enhanced DNA nanostructures to target diseased
cells, through both delivery of drug cargos and direct signaling
cascades via receptor-mediated cell communication.

5.6. Enhanced Enzymatic Reactions

Many nanostructures are found in nature that specifically
arrange biomolecules to mediate functions such as biomolecular
synthesis, gene regulation, and signal transduction. Enzymes
involved in these processes are often highly organized and
require precise positioning and orientation to expedite the
metabolism of substrates. Spatial organization of enzymes helps
facilitate sequential reactions by helping direct substrate flow in
these so-called enzyme cascades. Synthetic precise arrangement
of such sets of biomolecules can be used to optimize catalytic
efficiency and specificity. A variety of nanostructures have been
used to influence metabolic pathways, including synthetic
protein scaffolds***™*** and plasmid DNA.**®> Compared to
these scaffolds, nucleic acid nanostructures present more
predictable and programmable interactions that can precisely
position other materials. Inorganic nanomaterials, such as gold
nanoparticles and quantum dots, as well as biological molecules,
such as proteins, have been arranged using nucleic acid
nanostructures.**>**” Additionally, aptamer docking sites have

https://doi.org/10.1021/acs.chemrev.0c01332
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig45&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig45&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig45&ref=pdf
https://creativecommons.org/licenses/by/3.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01332?fig=fig45&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01332?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews

pubs.acs.org/CR

been integrated into nucleic acid scaffolds to aid in the precise
arrangement of many nanomaterials.

The enzymatic activity of a protein can be enhanced by
increasing the local concentration of that protein in a defined
area. Enzymes organized using DNA nanostructures have been
used to increase enzymatic activity for in vitro applications. In
2017, Lee used RCA, an important tool for creating many
tandem repeat copies concentrated in a small area, to synthesize
DNA microparticles with thrombin-binding aptamers.**® Two
particle designs were tested, one containing exosite 1 binding
aptamers and the other containing exosite 2 binding aptamers.
As shown in Figure 45A, exosite 1 is attributed to most
fibrinogen cleavage and is in proximity to the thrombin active
site; therefore, it was found that the particles containing
aptamers that bound exosite 2, leaving exosite 1 unbound, did
not block the active site and had the greatest increase in
thrombin activity. Compared to free thrombin activity, the
activity of DNA particle-concentrated thrombin was found to
improve up to 1.7 times. This study emphasizes the importance
of the synergistic effect between the DNA nanostructure and the
enzyme-binding aptamers to both increase local concentration
and optimally orient enzymes for increased activity.

In addition to increasing local concentration of a single
enzyme type, colocalization of multiple enzymes can be used to
influence metabolic flux. DNA nanostructures have been used to
achieve this by arranging proteins periodically using RCA.
Willner and colleagues used RCA to create linear ssDNA tapes
that consisted of periodic repeats of aptamers targeting both
thrombin and lysozyme (Figure 45B).*" Using a single-step
synthesis, the group was able to create bifunctional, 1D DNA
nanostructures with potential for scaffolding multiple proteins
with precise spatial control. This bifunctional system could be
modified to control larger metabolic processes by incorporating
aptamers for a variety of cascading enzymes.

Typically, aptamers are used to recruit enzymes to nucleic acid
scaffolds; however, aptamers can also be used as connectors
between structural components of the scaffolds. The ability of
aptamers to aid both in the recruitment of proteins and in
structural functions demonstrates the versatility of aptamer—
nucleic acid nanostructure combinations. Willner continued the
use of RCA to produce anticocaine aptamer-decorated DNA
nanostructures. Interestingly, the aptamers self-assembled in the
presence of cocaine and acted as connectors attaching the DNA
nanounits into nanowires.”’’ To functionalize the nanowires
with proteins, horseradish peroxidase (HRP) and glucose
oxidase (GOx) were linked to thiolated nucleic acids that
hybridized to the circular DNA nanounits (Figure 45C). The
oxidization activity of the enzymes increased by 6-fold compared
to a disorganized solution of the two free enzymes. The
improved catalytic activity was attributed to an increase in local
concentration of the two interdependent components and
enhanced substrate shuttling of the first reaction product to the
second reactive site.

Compared to DNA nanostructures, RNA nanostructures are
more compatible for in vivo applications. In 2011, Delebecque
and colleagues created the first aptamer-decorated RNA
nanostructures to influence metabolic processes in vivo.*”!
The group created RNA components that assembled into 0D,
1D, and 2D scaffolds in bacterial cells (Figure 45D). These
scaffolds contained two aptamers that functioned as docking
sites for enzymes involved in a hydrogen-producing pathway.
Hydrogen biosynthesis was analyzed by gas chromatography,
and it was shown that hydrogen production could be controlled
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via scaffold architecture in vivo and scaffolded hydrogen
production could be increased up to 1.4 times higher than
unscaffolded production. This work was furthered in 2014 by
the construction of RNA nanostructures with the ability to
colocalize two, three, and four enzymes using aptamer docking
sites in vivo."”> The two-enzyme system was organized on 0D,
1D, and 2D scaffolds to influence the pentadecane production
pathway in E. coli The metabolic activity increased with
structural complexity, with the 2D scaffold leading to 2.4-fold
higher production levels compared to nonscaffolded enzymes.
The three- and four-enzyme systems were assembled on 2D
scaffolds to increase metabolic output from the succinate
production pathway. The three-enzyme system on the 2D
scaffold was found to cause an 83% increase in succinate
production compared to enzymes with no scaffold, while the
four-enzyme system on the 2D scaffold caused an 88% increase.
This technology presents the potential for aptamer-function-
alized RNA nanostructures to enhance periodic protein
processes in vivo and could be advantageous in areas such as
biofuels, biosensing, and biocatalysis.

5.7. Control of Gene Expression

Control of gene expression is critical for many biological
applications, from protein level optimization to disease
prevention. Gene expression begins with transcription, and
consequently, many technologies have focused on targeting
transcription processes. Both activation and deactivation of
transcription processes have been achieved using a myriad of
technologies, including aptamer-mediated RNA nanotechnol-
ogy. Transcription activators are known to be involved in the
recruitment of RNA polymerase to specific DNA locations and
turn on gene expression. Shi developed an RNA-based activator
by converting an inhibitory aptamer into an activation aptamer
and placing it on a 3WJ nanostructure that also contained an
indirect DNA binding domain (Figure 46).*> The RNA
construct was able to increase transcription activity, was easy
to design, and had less immunogenicity in vivo compared to its
protein equivalents. This paved the way for the use of RNA
aptamer nanostructures to modify genetic processes.

CRISPR—Cas9 systems are used to directly modify DNA
genetic code, and deactivated Cas9 (CRISPR—dCas9) can be
used to moderate transcription and epigenetic processes. These
systems consist of single guide RNAs (sgRNAs) that direct the
Cas protein to promoter regions of genes to regulate gene
expression; however, the targeting capabilities of sgRNAs are
limited. Thus, in 2015, Konermann and colleagues developed a
transcription activating CRISPR—dCas9 system led by an
aptamer-decorated sgRNA to upregulate transcription more
efficiently than typical sgRNA sequences.”’* The aptamers were
used to recruit effectors that increase transcription activity, and
aptamer-decorated systems resulted in up to a 12-fold increase
in upregulation compared to nonaptamer systems.

5.8. Logic Gate-Based Smart Nanodevices

Aptamer-based logic gates are promising nanodevices for
creating advanced targeted delivery systems and multiplexed
biosensing platforms. Logic gates of varying degrees of
complexity have been designed for molecular computation,
and the use of DNA as a construction material has been a
valuable development in the field of smart nanodevices.
Decoration of multivalent aptamers on self-assembled DNA
nanostructures has the potential to create logic gate-based
devices that can be employed in far-reaching applications, from
neural network computations using strand displacement
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reactions to controlled and programmable delivery of molecular
cargo such as therapeutic drugs in vivo.””*”* A crucial property
of in vivo nucleic acid logic gates is their ability to be
functionalized with multiple aptamers, which allows target cell
identification based on multiple cell surface markers. This
provides several advantages, including improved accuracy of
cellular delivery and comprehensive disease diagnosis and
treatment. "’

Nucleic acid nanostructures provide an ideal biocompatible
and modularizable platform for biomedical applications, since
they can be decorated with several functional motifs, such as
aptamers, well-suited for logic gate-based applications. In this
section, we focus on the use of logic gate-based, aptamer-
functionalized DNA nanostructures as smart nanodevices for
targeted delivery and biosensing.

5.8.1. Logic Gate-Based Cell Identification and Smart
Targeted Delivery. Multivalent aptamers have been decorated
on DNA nanostructures to form target-specific logic gate-based
nanorobots and nanomachines. In 2012, Church’s group
pioneered the use of logic gate-based nanorobots that used
aptamers for specific delivery of molecular cargo (Figure
47A).""7 They designed a hollow DNA origami nanostructure
self-assembled in a one-pot reaction with an aptamer-based lock
mechanism, testing their construct with three well-known
aptamers targeting platelet-derived growth factor (PDGF),
CCREF-CEM cells, and tyrosine-protein kinase-like 7 (PTK?7).
The aptamer-complement duplexes functioned as locks on the
nanostructure and dissociated in the presence of the targets,
unlocking the nanobox and triggering release of the payloads,
which were covalently attached to ssDNA linkers. To test
opening and closing of the nanomachine, AuNP payloads were
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used. Later, fluorescently labeled Fab’ antibody fragments were
loaded. The nanomachine was only activated in the presence of
certain cells expressing human leukocyte antigen, and anti-
body—antigen binding triggered fluorescence emission. Six
nanorobots were designed for six different cell types, and
construction of AND logic gates was demonstrated, whereby
two different protein inputs were needed to open the aptamer
locks. Two years later, the same group designed DNA origami
nanorobots for in vitro flow cytometric analysis of hemocytes
from living cockroaches, Blaberus discoidalis.*’® Several different
logic gates were constructed using many nanorobots, including
AND, OR, NOR, NAND, NOT, CNOT, and half-adder gates,
where PDGF and vascular endothelial growth factor (VEGF)
were used as inputs. The robot was mechanized by target-
induced strand displacement of aptamer—complement du-
plexes. Inspired by this approach involving strand displacement,
You et al. developed AND and INH logic gates functionalized
with Sgc8c, Sgc4f, and TCOl aptamers to target cancer
biomarkers that were overexpressed on carcinogenic cells,
such as CCRF-CEM cells (Figure 47B).*”® Two different shapes
of nanostructures were fabricated: a Y-shaped DNA “nanoclaw”
carried Sgc8c and TCO1 aptamers and an X-shaped nanostruc-
ture carrying three aptamers. Both constructs had one end
connected to a therapeutic drug or fluorescent reporting dye for
biosensing. Specifically, successful photodynamic therapy was
demonstrated using a photosensitizer payload.

Various aptamers can be used simultaneously to bind to
multiple cell surface markers and activate logic gated DNA
nanostructures. This helps to ensure target cells are recognized
appropriately without false positives. In 2019, Chang et al.
developed aptamer-based DNA nanodevices acting as AND
logic §ates for single-step cancer cell identification (Figure
47C)."” Using two and three aptamers targeting different
biomarkers on cancer cell membranes, the authors could detect
and isolate target cells in vivo, using hybridization chain reaction
(HCR) mediated by associative toehold activation for
fluorescent signal amplification. Importantly, this work demon-
strated for the first time isolation of target cells in samples with
more than three similar cell types using an AND logic gate, as
well as maintenance of signal strength by HCR. Using a similar
idea, Ouyang and colleagues have recently developed a dual-
purpose logic gate-based DNA nanostructure for cancer cell
identification and targeted cancer therapy (Figure 47D).**
AND logic gates were constructed and functionalized with three
aptamer bioreceptors, which guided the rod-shaped nanostruc-
ture to the appropriate target cells and triggered its disassembly,
resulting in release of the doxorubicin payload. Target binding
and identification was confirmed using fluorescence labeling.
The nanotubes exhibited excellent biostability and efficient
cellular penetration, and the aptamer-integrated logic gate-based
approach helped maintain target specificity and avoid off-target
effects.

5.8.2. Logic Gate-Based Smart Biosensors. Logic gate-
based smart biosensors have been developed for programmed
recognition of biochemical analytes. In 2012, Fan’s group
designed tetrahedral DNA nanostructures (TDNs) for intra-
cellular ATP detection.”®” By integrating different functional
motifs into edges of the tetrahedron, such as anti-ATP aptamers
and i-motifs, the authors constructed AND, OR, XOR, INH, and
half-adder logic gates for multiplex intelligent sensing of small
molecules. Four years later, Yang et al. constructed AND, OR,
and YES DNA origami tile-based logic gates functionalized with
aptamers and DNAzymes for simultaneous detection of ATP
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Figure 47. Multivalent aptamer-decorated DNA nanodevices acting as logic gates. (A) DNA nanorobot functionalized with antibody payload and
locks consisting of aptamers binding PDGF, PTK7, and CCRF-CEM cells. Adapted with permission from ref 477. Copyright 2012 The American
Association for the Advancement of Science. (B) DNA “nanoclaw” for cancer cell identification and photodynamic therapy. Adapted from ref 476.
Copyright 2014 American Chemical Society. (C) AND logic gate for separation and identification of cancer cells in vivo. HCR was applied for signal
amplification. Adapted from ref 479. Copyright 2019 American Chemical Society. (D) Three-input AND logic gate-based drug delivery system for
cancer therapeutics. Rod-shaped nanostructures carry a doxorubicin payload for targeted cancer therapy. Adapted from ref 480. Copyright 2020

American Chemical Society.

and cocaine,”’ and in 2017, Willner’s group used multimerized
DNA origami smart nanodevices for the same two targets.”””
These works have demonstrated the potential of logic gate-
based smart sensing for specific detection of multiple targets.

The application of aptamer-based logic gates in biomedical
applications has taken great strides in the past decade. Many
groups have successfully fabricated smart aptasensors and
aptamer-decorated nucleic acid nanorobots for targeted
delivery. The nucleic acid platform allows for decoration with
multiple aptamers to operate complex logic gates, resulting in
sensitive identification of various targets as well as accurate
delivery of precisely guided molecular cargo. However, many of
these approaches remain cost- and time-ineffective. For
example, most logic gate-based aptasensors still require
laborious and expensive sample preparation steps and labeling
processes. Furthermore, more work will need to be done to
examine the efficacy of aptamer-based smart delivery systems in
biological fluids such as whole blood samples. Overcoming these
challenges, aptamer-based smart devices could emerge as
valuable clinical and biomedical tools for applications ranging
from disease diagnosis to therapeutics.
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5.9. Stimuli-Responsive Nucleic Acid Hydrogels

Hydrogels are excellent materials that have found application in
numerous avenues of research, including therapy and biosens-
ing. They have been extensively developed, given that they were
the first biomaterials fabricated for use inside the human
body.**" Traditional hydrogels have been synthesized using
cross-linking copolymerization, and polyacrylamide has served
as an ideal polymer for hydrogels due to its high water content.
More recently, aptamers have been used as cross-linkers in
acrylamide hydrogels to provide stimulus-induced hydrogels for
biosensing, therapeutic, and drug delivery applications. Con-
jugation of aptamers with polyacrylamide structures to form
hydrogels has allowed detection of small molecules and
biomolecules, including adenosine,*®* ATP,*83*% (o-
caine,"*>** and aflatoxin B1.**

Recently, DNA has emerged as a promising scaffold for
hydrogel formation due to its biocompatibility, biodegradability,
inexpensiveness, stability, and multifunctionality.**” The first
hydrogel comprised purely of DNA was developed in 2006 by
Um et al.**® Importantly, DNA hydrogels can easily integrate
functional nucleic acids such as DNAzymes, i-motifs, and
aptamers, resulting in smart, target-responsive hydrogels that
undergo gel-to-sol or sol-to-gel phase changes when the target is
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present.**” Due to the gelling process, they can also bypass the
need for explicit cargo loading in drug delivery applications.
Furthermore, they can be easily modified for different
applications by changing the concentration or type of the
monomers that initiate ligation-catalyzed hydrogel synthesis.
Given these advantages, it is no surprise that DNA hydrogels
have emerged as promising candidates for a variety of
biomedical applications, from biosensing and drug delivery to
cancer therapy. In this section, we focus on aptamer-conjugated
nucleic acid nanostructures that serve as target-responsive
hydrogels.

5.9.1. Aptamer-Functionalized DNA Hydrogels for
Sensing Applications. DNA hydrogels that use aptamers as
cross-linkers have been utilized by multiple groups for
biosensing applications. In 2019, Oishi and Nakatani synthe-
sized an aptamer-functionalized DNA hydrogel for ATP
sensing.””" The hydrogel was constructed with a DNA
nanocircuit using toehold-mediated strand displacement re-
actions and underwent a target-responsive phase transition from
gel to solution form. As a proof of concept, the authors
incorporated cross-linking ATP aptamers and PEGylated gold
nanoparticle (AuNP) payloads. ATP presence triggered collapse
of the hydrogel and release of the AuNPs from the hydrogel,
resulting in a detectable colorimetric signal with a detection limit
of approximately 5 uM. Inspired by this work, Sun and
colleagues developed a DNA hydrogel biosensor for T-2
mycotoxin, testing detection efficacy in coffee, corn, and
soybean samples (Figure 48A).*" T-2 toxin-binding aptamers
served as cross-linkers, and gold nanorods (AuNRs) were
integrated into the hydrogel. Toxin—aptamer binding induced
dissociation of the hydrogel and release of horseradish
peroxidase. The resulting catalysis of AuNR etching caused a
detectable shift in the UV spectral peak, which scaled
logarithmically with toxin concentration. Importantly, this
method demonstrated detection of T-2 mycotoxin over a wide
range of concentrations, 0.01—10000 ng/mL, with a detection
limit of only 0.87 pg/mL. These works demonstrate the viability
of aptamer-integrated DNA hydrogel-based biosensing.

5.9.2. Improvement of Mechanical and Thermody-
namic Properties of Nucleic Acid Based Hydrogels. To
improve the value of aptamer-functionalized DNA hydrogels in
biomedical applications, various groups have worked to enhance
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the mechanical and thermodynamic properties of these
hydrogels. In 2012, Lee and colleagues developed the first
DNA hydrogel-based metamaterial.*” Although no aptamers
were used, the authors demonstrated a change in the hydrogel’s
mechanical properties in the presence or absence of water.
Specifically, the hydrogel exhibited a novel hierarchical structure
that enabled integration in a circuit using water as a switch. In
2018, Liu et al. integrated ATP aptamers into a previously
developed DNA hydrogel (Figure 48B).*”” The hydrogel was
comprised of Y-shaped DNA nanostructures joined by ATP
aptamers. Importantly, the authors demonstrated tunability of
the hydrogel’s mechanical strength. ATP binding triggered a
conformational change of the aptamer to a more rigid secondary
structure that increased mechanical strength nearly 2-fold, and
further increases in mechanical strength were observed on
addition of the aptamer’s complementary strand. Given this
tunability, DNA hydrogels could serve as valuable biomaterials
in tissue engineering. Using a similarly structured hydrogel,
Plaxco’s group investigated the effects of changing the
thermodynamic stability of an adenosine aptamer-function-
alized DNA hydrogel.*”* By varying the degree of hybridization
between the gel’s Y-shaped DNA monomer and the aptamer, the
cross-linking stability was changed. This allowed control over
the kinetics of target-induced dissolution as well as the gel’s
mechanical strength. Specifically, greater cross-linking stability
corresponded to greater mechanical strength and longer
dissolution times. Together, these works represent successes
in modulating thermodynamic and mechanical stability for
greater control in developing target-responsive hydrogels.
5.9.3. Nanohydrogels for Biomedical Applications.
Many therapeutic agents are successful in vitro but fail in vivo due
to degradation in harsh environments or failure to efficiently find
their target. Delivery vectors therefore largely determine the
safety, efficiency, and success of therapeutic agents. To combat
the nuclease degradation and short retention times observed for
therapeutic nucleic acids, DNA nanohydrogels have been
constructed for biomedical application and are being developed
as replacements for traditional vectors, such as viral vectors, due
to their safety. For example, most gene therapies utilize viral
vectors for delivery, but there has been a push for nonviral
vectors due to the risks of viral delivery, such as unintended
genome alterations.*”® Unfortunately, many nonviral vectors
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Figure 49. Reconfigurable aptamer-decorated DNA origami nanoplasmonic architecture for adenosine sensing. The orientation of the gold nanorods
is sensitively modulated by an aptamer lock mechanism and directly determines the chiral configuration of the nanostructure and its CD spectral
strength. Adapted from ref 500. Copyright 2018 American Chemical Society.

have lower transfection rate compared to their viral counter-
parts, creating the need for more effective nonviral options.
Yang, Tan, and co-workers developed a DNA nanohydrogel that
functioned as a gene therapy vector.**® Their hydrogel consisted
of two Y-shaped monomers and a dsDNA cross-linker that were
joined by hybridization (Figure 34B). Many DNA hydrogels are
difficult to use due to their bulky size, thus the group’s approach
included hydrogel size control through the adjustment of the
ratio between the two Y-DNA monomers. The hydrogel was
also made to be target-specific by the inclusion of cancer
targeting aptamers used a disulfide linkage for controlled release
inside the cytosol, resulting in fine-tuned gene delivery.
Nanogels have also been developed as carriers for chemo-
therapeutics. In 2019, Varghese’s group created a DNA—protein
hybrid nanogel for targeted cancer therapy.”>> The hydrogel
consisted of biotin-modified X-DNA building blocks that were
polymerized using streptavidin. The hydrogels also contained
cell-specific sgc8 aptamers and were used to load doxorubicin for
targeted cancer therapy. DNA nanohydrogels have also been
employed for immunotherapy vehicles. In 2019, Lee et al. used
RCA to develop an advanced DNA hydrogel for blocking
immune checkpoints."”” The hydrogel consisted of PD-1
aptamers and sgRNA-targeting sequences (Figure 38A). Once
delivered, the hydrogel could be dissolved using a Cas9/sgRNA
complex, resulting in release of anticancer immunotherapeutic
aptamers. The hydrogel allowed the aptamers to remain at the
injection site longer and provided higher antitumor effects
compared to free aptamers. DNA nanohydrogels have been used
as vectors to deliver gene therapeutic, chemotherapeutic, and
immunotherapeutic cargos. The hydrogels are safe and effective
alternatives to many common delivery vehicles, such as virions,
due to their low immunogenicity, lack of genomic incorporation,
increased nuclease resistance, and targeted delivery with
aptamer incorporation.

5.10. Nanoplasmonic Devices

The field of nanoplasmonics has focused on the development of
devices that uniquely optimize the interaction between light and
matter at the nanoscale. Recently, much work has been
conducted in applying nanoplasmonic devices to biosensing
applications. These plasmonic-based sensing devices offer
benefits of signal-enhanced and label-free optical detection.
They have been applied as portable, cost-effective, and real-time
biosensors in a variety of clinical applications.*”**’” Although
nanoplasmonic devices offer structure tunability, their fabrica-
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tion can sometimes be a tedious process.””® To overcome this
challenge, DNA origami has provided a promising method to
self-assemble reconfigurable and controllable nucleic acid-based
nanoplasmonic devices. The DNA origami platform allows
decoration with target-specific functional modules for biosens-
ing applications. DNA “locks” have been decorated on origami
for nucleic acid sensing, but aptamer-integrated DNA origami
nanoplasmonic systems allow expansion to biomolecule and
small molecule analytes, with decoration of multiple aptamers
permitting simultaneous detection of different targets.*””>"’
These systems often consist of conformation-changing chiral
assemblies that change circular dichroism (CD) spectral
strength in response to aptamer—target binding. This sensing
method offers high signal-to-noise ratios and allows for analyte
detection even in strongly absorbing biological fluids.””"

DNA origami-based plasmonic nanodevices have served as
valuable light-responsive nanosensors with unique optical
properties. However, most architectures are responsive only to
single stimuli. In 2018, to design a plasmonic system responsive
to multiple stimuli, Zhou and colleagues integrated split ATP
and cocaine aptamers and two gold nanorods (AuNRs) on a
rectangular DNA origami plate and rotary bundle.””” The
aptamers enabled target-specific sensing, while the orientation of
the AuNRs directly determined the chiral state and thus optical
response. The origami was sensitive to both temperature
changes and aptamer-target binding. Specifically, stronger
circular dichroism (CD) spectra were observed for lower
temperatures and ATP/cocaine presence. By decorating both
types of split aptamers on the DNA origami, the authors
demonstrated multiplex sensing of ATP and cocaine. Inspired by
this work, Huang and colleagues used a similar construct to
detect adenosine (Figure 49).”*° Their DNA origami plasmonic
nanostructure consisted of two helix bundles and two AuNRs
functionalized with two kinds of aptamer locks: double-stranded
locks, consisting of an aptamer and its complementary strand,
and split aptamer locks. CD spectral strength was observed to
decrease with increasing adenosine concentration, due to
conformational changes to a more relaxed state. The plasmonic
system had a response time of tens of minutes and a detection
limit of 270 M. In order to expand to protein analytes, Funck et
al. functionalized their DNA origami with two thrombin-binding
aptamers.””> Aptamer—thrombin binding was found to cause an
inversion of chirality and a quantitative change in CD spectra.
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The authors achieved a detection limit comparable to thrombin
sensing using traditional assays such as FRET and ELISA.
Together, the results of these studies demonstrate the growing
potential of nucleic acid origami-based plasmonic nanosensors,
which offer the possibility of light-responsive and label-free
biosensing. These nanoplasmonic devices based on aptamer-
bearing DNA nanostructures are not limited to sensing
applications but also show promise for various applications in
optoelectronics, optomechanics, and photovoltaic devices.

6. CONCLUSION AND OUTLOOK

In this review, we have attempted to summarize the relevant
literature and convey the scientific advances and technological
promise of self-assembling nucleic acid nanostructures deco-
rated with aptamers as functional affinity handles. Obviously,
this topic is currently large enough that we have been unable to
refer specifically to every published report within every subtopic,
and for this we apologize to any authors whose papers have been
neglected here. However, we believe that we have adequately
pointed out the historical trends and potential application areas,
such that the avid reader now possesses sufficient signposts from
which to dig deeper into the primary literature. We have
reviewed application areas for this technology including as smart
drug delivery vehicles, therapeutics, biosensing and bioimaging
agents, cell signaling complexes, stimulus-responsive materials,
enzyme cascade organizers, and even molecular computing
devices.

Nucleic acid nanotechnology offers a highly useful bio-
molecular platform shown to function well with appended
aptamers and can be applied in wide ranging application areas, as
described in this review. However, many factors, including
stability, freedom of designs, design tools, cost of production,
and chemical modifications also need to be considered when
choosing materials (DNA, RNA, and DNA/RNA hybrid) with
which to construct nanomaterials. Stability of nucleic acids is
one of the main issues of concern. Both DNA and RNA are
swiftly degraded in the presence of nuclease enzymes; however,
nucleic acid nanostructures have been successfully redesigned
and developed specifically to minimize degradation by
nucleases.”””*** Additionally, chemical modifications on nucleic
acid nanostructures enhancing nuclease resistance activity have
been developed.*'>*'*°* For freedom of design, DNA
nanostructures have been created with a wide range of
architectures, in arbitrary shapes (from rigid to wireframe
structures) and many length scales (from nano- to micrometer
size) that are versatile and provide larger and more sophisticated
designs than RNA or DNA/RNA hybrid nanostruc-
tures.”*>%°7>%7 Computer-aided design software is crucial for
spreading design skills and experience to a wider community and
for moving the field forward. User-friendly semiautomated and
automated software tools for designing DNA nanostructures, in
particular DNA ori%ami ‘have been extensively developed and
are available online.””*"*%%751° However, software customized
for designing RNA and DNA/RNA hybrid materials are, thus
far, limited. For example, semi- and automated computer-aided
design for RNA origami is currently not available.”’’ When
dedicated RNA design software does become available, the ever
expanding library of natural and artificial motifs and secondary
and tertiary structures of RNA will make available the large
design space and accessible complexity of RNA structures to
biomolecular engineers. The cost of production of DNA via
chemical synthesis has rapidly decreased over the past decade,
offering economical advantage for construction of DNA
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nanostructures, while the synthesis cost of RNA still remains
relatively high. With current technology, chemical synthesis of
long ssDNA (larger than 200 nt) and ssRNA (more than 120 nt)
remains very challenging. However, ultralong, single-stranded
RNA can be produced via in vitro transcription, thus reducing
the cost of production.'*>'*”'*" A potential benefit of RNA for
nanostructure fabrication is that it can be transcribed and
cotranscriptionally folded inside cells isothermally, without the
need for thermal annealing, providing great benefit over DNA
nanostructures for in vivo applications including biosensors and
metabolic engineering.'”**”"*'* Both DNA and RNA nano-
structures offer different advantages and disadvantages; there-
fore choosing which type of nucleic acid is best for particular
studies or applications will remain a necessary part of the design
process.

The pace of development in this field has been accelerated by
the modularity of functional nucleic acid structures, where
subunits created along independent pathways have been shown
to maintain structure and function when integrated into larger
molecular systems. We have seen designable modules such as
the double-crossover motifs of structural DNA nanotechnology
as well as selectable modules such as RNA and DNA aptamers
combined almost seamlessly with structural and functional
substructures copied directly from biology, such as RNA kissing-
loops. Researchers have referred to this third set of modules as
“biokleptic” or stolen directly from nature to highlight the
comparison with “bioinspired” or “biomimetic” designs. We
have also touched briefly on the ability to integrate modules
from different biopolymer types including peptides and proteins.
Elucidation of further natural and artificial molecular structures
at atomic resolution will likely add to our toolbox of
substructures useful for future modular design efforts.

Future development of structural nucleic acid nanotechnol-
ogy could be expected to follow the established trend of
increasing length scale and complexity. Bottom-up assembly of
programmed macromolecules began at the low nanoscale but is
rapidly approaching the macroscale in both two and three
dimensions. Hierarchically assembled 3D molecular materials
hold promise for a wide range of programmable fabrication
efforts in application areas as diverse as biological tissue
engineering and nanoelectronics production. Molecular-level
control of self-assembling materials might provide access to
previously unavailable points of interest for nanoelectronics
along the quantum/classical continuum. The DNA hydrogels
mentioned briefly above will probably gain complexity of
function and control and be applied to new practical uses. The
obvious biocompatibility of nucleic acid-based materials also
suggests increased use in future biomedical applications. Overall,
the highly successful engineering of artificial nucleic acid
assemblies observed thus far suggests a bright future for this
line of research.
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3WJ three-way junction

AFB1 aflatoxin Bl

AFM atomic force microscope

AMP adenosine monophosphate

AuNP gold nanoparticle

BHQ black hole quencher

bp base pairing

CHA catalytic hairpin assembly

DNA deoxyribonucleic acid

DNAzymes deoxyribozymes

DOX doxorubicin

dsDNA double-stranded DNA

dsRNA double-stranded RNA

DX double crossover

FRET Forster resonance energy transfer

hAGT human O6-alkylguanine-DNA alkyltransferase
enzyme

HCR hybridization chain reaction

HCV hepatitis C virus

HIV human immunodeficiency virus

HRP horseradish peroxidase

hVEGF vascular endothelial growth factor

IRES internal ribosomal entry site

KL kissing loop

LR loop-receptor

MB methylene blue

MGA malachite green aptamer

MSO mercury-specific oligonucleotide

N-WJ N-way junction

NAN nucleic acid nanoparticle

PCR polymerase chain reaction

PLK1 polo-like kinase 1

pRNA packaging RNA

PSMA prostate specific membrane antigen

PTK7 protein tyrosine kinase 7

RA right angle

RCA rolling circle amplification

RCR rolling circle replication

RCT rolling circle transcription

RNA ribonucleic acid

RNAi RNA interference

RNP RNA—protein complex

ROS reactive oxygen species

RT-PCR  reverse transcription polymerase chain reaction

SELEX systematic evolution of ligands by exponential
enrichment

sgRNA single guide RNA

siRNA small interfering RNA

ssDNA single-stranded DNA

ssRNA single-stranded RNA
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TDN tetrahedral DNA nanostructure
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