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Long admired as the repository of genetic information, DNA has more recently been exploited as a
powerful material for self-assembly. Taking advantage of the specificity and programmability of the
Watson-Crick base-pairing principle, DNA is able to form diversiform nanostructures and nanomaterials.
More importantly, the assembled DNA nanomaterials can be modulated at nanometer spatial resolution
with designable structures and functions. Such nanoscale precision endows DNA nanomaterials with well-
defined orientations, spacings, stereo-relationships, and even optimized interactions with biomolecules,
contributing to a revolution in the development of materials sophistication. Benefiting from these
structural and functional properties, DNA nanomaterials have found a wide range of applications in
materials science, analytical science, and biomedicine. Here, we summarize the recent progress in the
design and applications of DNA nanomaterials which possess intriguing structures and functions, with a
highlight on three kinds of important DNA nanomaterials including DNA tetrahedrons, DNA hydrogels and
functional DNA nanomaterials. Finally, some of the current challenges are proposed in the design and
applications of DNA nanomaterials, and we also provide our understandings of the prospects of several
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1. Introduction

Not merely recognized as the repository of genetic codes, DNA
has recently been exploited as a powerful molecule for molecular
nanotechnology. The field of DNA nanotechnology can be traced
back to Seeman’s innovative idea of constructing immobile
junctions from DNA in 1982." Since then, DNA nanotechnology
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DNA nanomaterials, aiming to motivate future multidisciplinary and interdisciplinary research.

has developed with an astounding speed over the past few
decades. From Holliday junctions, to DNA tiles* and two-
dimensional lattices,®* to higher-order DNA origami®” and DNA
nanocomposites,® accumulation of a large number of DNA
nanostructures has spurred this field. Taking advantage of the
precise and predictable nature of the Watson-Crick base-pairing
principle, DNA can be highly programmed to form diversiform
nanostructures and nanomaterials by self-assembly. More
importantly, the assembled DNA nanomaterials can be modu-
lated at nanometer spatial resolution with unique structures and
functions. For example, the shapes, orientations and spacings of
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DNA nanomaterials can be precisely modulated by altering the
number of base pairs, DNA chain length and DNA molecule
number.'® The precise modulation of DNA nanomaterials
provides an efficient strategy to construct functional materials
with complex, hierarchical and ordered structures.'' Further-
more, the DNA configuration can be reversibly controlled by
external stimuli such as temperature, light, and biomolecules,
leading to responsive changes in the shapes and structures of
DNA nanomaterials.">"® In addition, integration of functional
nucleic acids can help in optimizing the interaction between
DNA nanomaterials and biomolecules by endowing DNA nano-
materials with functions such as molecular recognition, catalytic
activity and therapeutic effects, extensively expanding the appli-
cation of DNA nanomaterials."*"'® Owing to these structural and
functional properties, DNA nanomaterials have contributed to a
revolution in the development of materials sophistication for
applications in materials synthesis,"® analytical science,"”*®
medical diagnosis and therapy.'*>*

Fuelled by the advances in design and preparation techniques
over the past few decades, an explosion of DNA nanomaterials
have been synthesized successfully. These DNA nanomaterials
exhibit myriad geometries such as stars,’ polyhedrons®* and

and
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complex curvatures,” and they also display various functions
ranging from materials organization,'® molecular recognition®*
to catalysis.>®> Among them, several nanomaterials with intri-
guing structures and functions have been attracting consider-
able attention and have gradually become hot topics.>®*” DNA
tetrahedrons, as the simplest three-dimensional DNA nano-
materials, are rigid nanostructures composed of regular edges
and acmes. Owing to their unique structure, DNA tetrahedrons
exhibit lots of merits such as precise addressability, chirality,
high stability and excellent enzyme tolerance, providing power-
ful scaffolds for the rapidly developing area of materials assem-
bly, bioimaging and therapy.>** For specific applications, DNA
nanomaterials equipped with complex structures and special
properties are usually required to perform complicated tasks.
In this regard, it’s of great importance to construct DNA nano-
materials with complex structures and functions. DNA hydrogels
are a class of porous nanomaterials composed of highly cross-
linked DNA networks.*® Their networks and porous architecture
endow DNA hydrogels with large surface area, high loading
capacity, excellent mechanical stability and cell adhesion ability.>
Moreover, since the configuration of DNA molecules can be
reversibly controlled, DNA hydrogels are easily designed with
stimuli-responsive properties for the construction of smart
materials and shape-memory devices.*" Based on these struc-
tural and functional properties, DNA hydrogels have attracted
substantial interest in smart materials, controlled drug release
and target-responsive detection.?” Apart from these nanomaterials
with unique structures, functional nucleic acid-based DNA nano-
materials, which are designed with intriguing functions, have
been gaining increased attention in recent years. In addition to
self-assembly, functional nucleic acids can impart extra functions
such as molecular recognition, catalytic activities and therapeutic
effects.*®>* For instance, aptamers can bind to targets selectively
by folding themselves into specific secondary and tertiary struc-
tures, exhibiting high selectivity and high target binding affinity
for applications in biosensors, target imaging and therapy.*®
DNAzymes, which are able to catalyze a series of biochemical
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reactions such as hydrolysis of phosphodiester and degradation of
peroxide, offer a highly promising tool to build responsive
nanomaterials.*® Leveraging these advances, we envision that
such attractive DNA nanomaterials will play an irreplaceable role
in the development of evolvable functional materials.

In this Review, we describe some of the most significant
progresses made in the design and applications of DNA nano-
materials over the past few years. Firstly, we briefly introduce
the principle of DNA self-assembly. Then, we highlight three
kinds of DNA nanomaterials with highly programmed structures
and functions, including DNA tetrahedrons, DNA hydrogels and
functional DNA nanomaterials. Taking these nanomaterials as
examples, the design and applications of DNA nanomaterials
with different structures and functions are addressed. Finally,
we present some of the current challenges faced by DNA
nanomaterials and attempt to evaluate some of the critical steps
in exploring future opportunities in smart therapeutics, diag-
nostic nanoplatforms, and even interdisciplinary research.

2. Assembly of DNA nanomaterials

DNA is composed of a phosphate-deoxyribose backbone and
natural bases including adenine (A), thymine (T), cytosine (C),
and guanine (G). According to Watson-Crick base-pairing rules,
two single-stranded DNA molecules (ssSDNAs) can hybrid with
each other by the hydrogen bonding formed between A and T
and C and G. In nature, these two strands are generally fully
complementary with the form of double helix DNA (dsDNA),*”
as shown in Fig. 1a. If they are only partially complementary,
a single stranded overhang will form at the end of DNA
molecules, called ‘sticky ends’.’” When the two sticky ends
are complementary, they can cohere by hydrogen bonding and
form a longer double-stranded DNA molecule (Fig. 1b). As a
result, DNA molecules can be assembled to produce new
arrangements of sequences. Due to their polymer nature, the
flexibility and rigidity of DNA assemblies can be easily tailored
by changing the number of base pairs and by modulating the
combination of ssDNA and dsDNA.?® For example, a DNA
double helix with more base pairs is usually more tolerant to
heat and pH. Besides, a relatively flexible ssDNA can be linked
with a rigid dsDNA to form stable motifs with desired struc-
tures. These features are very important factors in the design of
DNA self-assemblies.

Based on the self-recognition properties of DNA, various
DNA motifs can be designed with predefined sequences by
obeying Watson-Crick rules. In the very beginning, Holliday
junctions were used as building blocks to construct larger
arrangements. However, these branched DNA junctions are
comparably flexible and the assembly of Holliday junctions
usually didn’t form stable nanostructures. To solve this problem,
a group of DNA structures called crossover tiles were designed
with greater rigidity, including double-crossover (DX) tiles,*®
triple-crossover (TX) tiles*® and paranemic-crossover (PX) tiles**
(Fig. 1c). In crossover structures, an sSDNA usually starts from
one helix, and then crosses over to another adjacent helix, thus
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Fig. 1 Self-assembly of DNA nanostructures and nanomaterials. (a) Struc-
ture of a DNA double helix (left) and Watson—Crick base-pairing rules
(right). (b) Affinity in sticky-ended cohesion. (c) Junction structures and
multi-crossover tiles. (d) DNA origami nanostructures. (Figures reprinted
with permission from: (a) and (b) ref. 38. Copyright 2010, Wiley-VCH; (c)
and (d) ref. 20. Copyright 2013, Wiley-VCH.)

connecting the two helixes together. Based on these crossover
tiles, a lot of well-defined two-dimensional architectures with
programmable periodicities and designable geometries were
successfully fabricated, and have greatly paved the way for the
rapid development of DNA nanotechnology. In an advanced
development, a multitude of 3D polyhedral structures have been
designed and synthesized, e.g., tetrahedrons, cubes, octahedrons
and dodecahedrons.?® In addition, DNA tiles can be connected
by sticky-ends, and used to assemble high-ordered superstruc-
tures and lattices which include DNA dendrimers, DNA hydrogels,
and DNA crystals.**** In 2006, Ruthemund adopted a simple
‘scaffolded DNA origami’ method to fold DNA into arbitrary 2D
shapes, creating a new century of DNA nanotechnology.” This
method involved folding long single-stranded DNA into a desired
shape by using hundreds of short staple DNA strands. The
origami approach can significantly improve the structural versa-
tility and complexity of DNA structures, and was used to generate
various shapes including a smiley face and a cube (Fig. 1d). In the
subsequent development, large DNA structures with predefined
dimensions and functionalities have been created, including
hollow spheres, twisted and curved shapes, 3D curved surfaces
and so on (Fig. 1d).>

The high programmability of DNA endows assembled DNA
nanostructures and nanomaterials with nanometer precision,
and further offers new opportunities to arrange functional
components for various applications. Functional nucleic acids
are some of the most important functional components, as they
can bind to a series of target molecules with high selectivity and
exhibit diverse properties.***> For instance, aptamers can fold
into 3D structures to offer a highly selective cavity with which
targets can snugly bind.*®"” Another example is DNAzymes
which possess the ability to catalyze a lot of chemical and
biological reactions.*®*® In this regard, introduction of aptamers
and DNAzymes into DNA nanomaterials can endow them with
special properties of molecular recognition and catalysts.
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Besides, since DNA can be functionalized with other biomolecules
and nanoparticles, DNA nanomaterials can be modified with
dyes, quantum dots, gold nanoparticles and other nanomaterials,
to access fluorescence and plasmonic properties.**”" These func-
tionalized DNA nanomaterials greatly enrich the field of DNA
nanotechnology and open up new doors for extending DNA
nanomaterials to the applications in bioanalysis and biomedicine.

3. DNA tetrahedrons

Because of their simple structure and analogy to natural viral
capsids, DNA hollow polyhedrons have attracted particular
attention and hold great promise for applications in scaffolding
and assembling functional materials.’>*® To date, diverse poly-
hedrons such as cubes, tetrahedrons, octahedrons, bipyramids,
dodecahedrons and icosahedrons have been constructed.>>*
Among them, a tetrahedron is the most simple and intriguing
pattern. As the simplest three-dimensional DNA nanomaterial,
a DNA tetrahedron is composed of regular edges and acmes to
form a rigid nanostructure. Owing to its unique structure,
a DNA tetrahedron displays a series of attractive properties
and functions. For example, the edges and acmes can provide
well-defined positions to build sophisticated nanomaterials, and
even enable precise assembly of chiral nanocomplexes.’>>®
Moreover, the edges and acmes are conjugated to form a rigid
structure which offers a DNA tetrahedron with high thermal
stability and excellent enzyme tolerance.”””*® In addition, since a
DNA tetrahedron shares a similarity with natural viral capsids, it
can be easily taken up by cells through a caveolin-dependent
pathway.”® Benefiting from these fascinating properties, DNA
tetrahedrons have started to become a powerful and irreplace-
able unit in materials assembly, bioimaging and therapy.

a
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The DNA tetrahedron architecture was first constructed by
Turberfield and colleagues.”® To achieve this, four predesigned
oligonucleotides with equimolar quantities were combined in
buffer to form a stable tetrahedron structure after a thermal
annealing. Then, an enzymatic ligation was performed to
covalently connect the four nicks in the DNA backbone
(Fig. 2a). As such, the synthesis of a DNA tetrahedron is very
simple and highly efficient with tunable edge length. Apart
from the employment of short oligonucleotides as building
blocks to assemble a DNA tetrahedron, DNA tiles can also be
used to achieve a more rigid 3D DNA tetrahedron. Linuma and
co-workers reported the assembly of tetrahedrons through a
hierarchical approach which utilized identically symmetrical
three-point DNA tiles as templates.?® All the tiles were designed
with a short overhang in order to converge into a closed
structure which is called a DNA framewire tetrahedron. In
other works, Mao et al. created a group of DNA tetrahedrons
with more complex and sophisticated architectures. For example,
in order to regulate the opening and closing processes of the
surface pores, they introduced extra single-stranded DNA tails
into the tetrahedron structure (Fig. 2b).° Such tails can be
modulated to cap or uncap the surface pores by interacting with
other DNA nanostructures, providing prospects for applications
in controllable nanoswitches. Besides, inspired by the layer-by-
layer structure of multi-wall carbon nanotubes, Mao et al
fabricated a Russian-doll-like DNA tetrahedron in a layer-by-
layer assembly method (Fig. 2¢).®' Moreover, the layers can be
dissociated in response to several stimuli, providing a new
strategy for the design of dynamic smart materials. Based on
the well-defined self-assembly of DNA strands, DNA tetra-
hedrons can be programmed with elaborate architectures and
special functions, demonstrating their potential in materials
assembly, biosensors and biomedicine.

- 50 nm
500 x 500 nm

Fig. 2 Construction of DNA tetrahedrons. (a) DNA tetrahedron assembled from oligonucleotides. (b) DNA tetrahedron with controlled surface pores.
(c) DNA tetrahedron with a layer-by-layer structure. (Figures reprinted with permission from: (a) ref. 28. Copyright 2005, American Association for the
Advancement of Science; (b) ref. 60. Copyright 2012, American Chemical Society; (c) ref. 61. Copyright 2015, American Chemical Society.)

Mater. Chem. Front.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017


http://dx.doi.org/10.1039/c7qm00434f

Published on 18 December 2017. Downloaded on 19/01/2018 09:15:33.

Materials Chemistry Frontiers

In general, a DNA tetrahedron displays a rigid nanostructure
formed with six edges and four acmes. By covalent interactions,
the edges and acmes can be modified with different materials
such as proteins, drug molecules and nanoparticles.®?"** More-
over, based on the highly controllable features of DNA nano-
structures, precise positioning of functional materials on the
DNA tetrahedron is generally feasible. Mao et al. have utilized
DNA tetrahedrons for the assembly of molecule-like gold clus-
ters which reveals defined compositions and specific 3D direc-
tional bonds (Fig. 3a).®> In this molecule-like architecture, a
symmetric DNA tetrahedron is designed with two unpaired
ssDNAs distributed at each edge. When ssDNA functionalized
Au nanoparticles (DNA-Au) are encapsulated into the tetra-
hedron structure, the unpaired ssDNAs can interact with other
DNA-Au species via hybridization through the face of the
tetrahedron, greatly enhancing structural rigidity. The size or
number of nanoparticles can be adjusted via rational design of
tetrahedron structures. Moreover, it’s possible to replace the Au
nanoparticles with other materials (such as magnetic nano-
particles and quantum dots) to construct new functional nano-
materials. Aside from nanoparticles, DNA tetrahedrons can be
used to co-assemble with biomolecules such as proteins. For
example, Alexander and co-workers have reported that a tetra-
hedron can be utilized as a skeleton to guide the assembly
of protein fragments (Fig. 3b).°° This method realizes the
construction of DNA/protein-based hybrid assemblies, greatly
expanding the range of self-assembled DNA nanomaterials.

AUNP"@TET  AuNP"(AuUNP®"'),
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Remarkably, DNA tetrahedrons can be modified at specific
locations for conjugation with nanoparticles and biomolecules
to create delicate nanomaterials such as clusters, crystals and
even more sophisticated nanostructures. Such delicate nano-
materials can be equipped with different properties ranging
from materials assembly, catalytic activities to biomimetic
functions, greatly expanding the repertoire of evolvable func-
tional materials.®”®®

If the edges and acmes of DNA tetrahedrons are conjugated
with biological probes, DNA tetrahedrons can be used to
construct biosensors for detection of biomolecules such as
proteins, RNA and even cells. Moreover, DNA tetrahedron-
based probes can be well designed at nanoscale spatial resolu-
tion and thus it’s highly possible to optimize the interaction
between DNA and targets in order to enhance the detection
selectivity and sensitivity. For example, Fan et al. engineered a
biosensing interface with DNA tetrahedrons and gold electro-
des for ultrasensitive detection of DNA (Fig. 3c).®® They synthe-
sized a series of DNA tetrahedrons with different sizes and fixed
them onto the surface of the gold electrodes. On the acme of
each individual tetrahedron, a complementary DNA is conju-
gated as the capture probe. As such, the spacing and inter-
actions between the capture probe and target can be precisely
regulated by the size of the tetrahedron. Consequently, both the
thermodynamics and kinetics of DNA hybridization were then
found to be significantly affected by a strong dependence on
the tetrahedron size. They further optimized the hybridization
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Fig. 3 Applications of DNA tetrahedrons. (a) DNA tetrahedron for the assembly of molecule-like gold clusters. (b) DNA tetrahedron utilized as a skeleton
to guide the assembly of proteins. (c) DNA tetrahedron-based biosensing interface for ultrasensitive detection of DNA. (d) DNA tetrahedron nanotweezer
for the detection of tumor-related mRNA. (e) Multicolor nanoprobe-based DNA tetrahedron for simultaneous detection of three tumor-related mRNAs.
(Figures reprinted with permission from: (a) ref. 65. Copyright 2015, American Chemical Society; (b) ref. 66. Copyright 2017, American Chemical Society;
(c) ref. 69. Copyright 2015, Wiley-VCH; (d) ref. 75. Copyright 2017, American Chemical Society; (e) ref. 78. Copyright 2017, American Chemical Society.)
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efficiency and hybridization time by simply adjusting the size
of the tetrahedron. Notably, the detection sensitivity can be
remarkably improved by over four orders of magnitude,
achieving attomolar sensitivity with the help of enzyme ampli-
fication. Based on this principle, DNA tetrahedrons have also
been used to construct biosensors for sensitive and selective
detection of a lot of targets including miRNA, proteins and
small molecules.””””> These biosensors may play significant
roles in medical diagnostics, particularly in cancer biomarker
detection.

The aforementioned DNA tetrahedron biosensors all work in
cell-free settings, exhibiting excellent detection performance.
Compared to cell-free settings, intracellular conditions are
more complex.”® Hence, biosensors for intracellular and
in vivo applications are usually required to possess additional
properties, such as high stability and a good transmembrane
ability.”>”* Because of its rigid structure, a DNA tetrahedron
reveals high tolerance to enzymatic degradation and heating. In
addition, since a DNA tetrahedron can be rapidly internalized
by cells via a caveolin-dependent pathway, tetrahedron-based
biosensors exhibit an excellent transmembrane ability.>® Ben-
efiting from such salient properties, DNA tetrahedron-based
biosensors have found widespread application in intracellular
imaging and detection. The Tan group has constructed a DNA
tetrahedron nanotweezer based on fluorescence resonance
energy transfer (FRET) for the detection of tumor-related mRNA
(Fig. 3d).”> mRNA has been reported to present important
information related to cancer progression, and thus the
detection of miRNA has potential utility in the early detection
of cancer.”® Tan et al. utilized four dye-modified ssDNAs to
self-assemble a tetrahedron probe.”” In the absence of target
mRNA, FRET cannot occur because the donor and acceptor
fluorophores are kept at a long distance. In contrast, when
target mRNA is present, the structure of the tetrahedron is
altered, and at the same time, donor and acceptor fluoro-
phores are linked in close proximity, resulting in high FRET
efficiency. Such a tetrahedron nanotweezer can be used to
distinguish cancer cells from normal cells with high effi-
ciency. However, this method focuses on only one kind of
miRNA and may bring about false positive(s), because some
tumor-related mRNAs are expressed in normal cells.”””® To
solve this problem, Zhang et al. developed a multicolor nano-
probe based DNA tetrahedron to simultaneously detect three
tumor-related mRNAs (Fig. 3e).”® To be specific, the tetra-
hedron was designed with three mRNA probes anchored at
each acme. In the off state, the fluorescence of the probe was
quenched by the complementary sequence conjugated with
the quencher via DNA hybridization. In the presence of
targets, the target mRNA hybridized with the probe to form
a longer duplex and the quencher sequence was off from the
DNA tetrahedron, leading to the restoration of fluorescence.
These DNA tetrahedron-based biosensors provide efficient
strategies for imaging of cancer-related biomarkers, offering
excellent paradigms to rationally construct self-assembled
in vivo nanodiagnostic platforms. Moreover, owing to their
hollow nanostructure, DNA tetrahedrons can also be used as
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valuable carriers for drug delivery to build high-efficiency
nanotherapeutic systems.

4. DNA hydrogels

The properties of DNA nanomaterials depend on their struc-
tures and architectures. For specific applications, it necessary
for DNA nanomaterials to be designed with complex structures
so as to possess more properties.”® Therefore, it’s of critical
importance to equip DNA nanomaterials with elaborate struc-
tures. DNA origami and DNA hydrogels represent two important
classes within this field. For DNA origami, a number of excellent
reviews have been published with an emphasis on their design
and application.®’*®® Thus, DNA hydrogels will be introduced in
this section as the typical example of DNA nanomaterials with
complex structures. DNA hydrogels, which are composed of
highly crosslinked DNA molecules, have started to become a
powerful part of DNA nanomaterials because of their special
structural and functional properties.®**® Crosslinked DNA net-
works provide an efficient strategy to enhance the mechanical
strength of DNA nanomaterials, and at the same time endow
DNA hydrogels with porous structure and large surface area,
demonstrating their advantages including high loading capacity
and strong cell adhesion.®”®® In addition, DNA hydrogels are
capable of undergoing shape changes and stiffness changes
under specific external stimuli, exhibiting switchable physical,
chemical and structural properties.*>?° These intriguing proper-
ties have resulted in the implementation of DNA hydrogels
as important functional nanomaterials for applications in
nanoswitches, controlled release systems and target-responsive
detection.”**

In general, DNA hydrogels can be synthesized through two
approaches, self-assembly and chemical crosslinking.’* In the
self-assembly approach, X tiles, Y tiles and T-shaped tiles with
sticky ends were usually used as building blocks and enzymatic
catalysis-induced ligation served as the crosslinker. For example,
using Y DNA tiles and linkers as building blocks, Liu et al.
constructed a kind of DNA hydrogel through sticky-end hybridi-
zation and enzymatic catalysis (Fig. 4a).”> The mechanical
strength of the hydrogel can be finely tuned by simply changing
the ratio between Y tiles and linkers. Moreover, the hydrogel can
reversely respond to stimuli including heat and enzymes. These
properties allow DNA hydrogels to be excellent candidates for
bio-responsive vehicles. In another study by Luo et al., single-
stranded DNA was used as the building block to produce a
hydrogel (Fig. 4b).”® They used a special polymerase enzyme to
elongate the DNA sequences combined with a rolling circle
amplification and a multi-primed chain amplification. The
resulting DNA hydrogel exhibits liquid-like properties and can
be used to create an electric circuit with water as a switch. This
work expanded the applications of DNA hydrogels due to their
great potential in electric switches and flexible circuits. Instead
of employing enzymatic ligation to connect DNA together,
chemical crosslinking can be exploited as an efficient approach
to build DNA-based hybrid networks.””*® In this way, DNA
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Fig. 4 Construction of DNA hydrogels. (a) DNA hydrogel assembled from
Y tiles and linkers. (b) DNA hydrogel formed through rolling circle ampli-
fication by using single-stranded DNA as the building block. (c) DNA
hydrogel synthesized through chemical crosslinking. (Figures reprinted
with permission from: (a) ref. 95. Copyright 2011, Wiley-VCH; (b) ref. 96.

Copyright 2012, Nature Publishing Group; (c) ref. 98. Copyright 2014,
Wiley-VCH.)

mainly serves as a crosslinker and a functional switch in
response to specific stimuli. For instance, the Willner group
used pH- or Ag'-induced crosslinking to construct a DNA-polymer
hybrid hydrogel (Fig. 4c).”® They successfully synthesized a kind of
DNA-functionalized polymer chain which can be crosslinked to
form hydrogels under the stimulus of pH or Ag". Furthermore, the
resulting hydrogels display designable properties of switchable
phase transition in response to stimuli of pH and Ag" ions. This
dual stimuli-responsive hydrogel synthesized by chemical cross-
linking could find significant applications in biosensing and
controlled drug delivery. In a word, DNA hydrogels assembled
via the two approaches have well-defined structures and diverse
functions, highly promising for future applications.

When assembled by target-specificity DNA sequences, DNA
hydrogels can respond to a lot of biological stimuli because of
the target-responsive conformations of DNA molecules.®®**
More significantly, DNA hydrogels can be precisely controlled
at nanometer resolution to optimize the interaction between
the hydrogel and targets, further improving the detection
performance.'®" In this regard, DNA hydrogels have attracted
much attention in biosensors, especially for biomedical use.
Ju and co-workers reported the assembled DNA hydrogel as a
switchable material for the detection of thrombin (Fig. 5a).'*>
Thrombin is a critical serine protease and plays a significant
role in hemolysis and hemostasis."®® It’s of great importance to
detect thrombin for both biomedicine and research applica-
tions. Ju et al. employed Y DNA tiles and aptamer linkers to
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assemble pure DNA hydrogels with rigid space which can
encapsulate small-sized gold nanoparticles.’®® In the presence
of thrombin, aptamer linkers preferentially bind with thrombin
rather than the complementary sequences of DNA tiles, leading
to the dissolution of DNA hydrogels. Thus, the gold nano-
particles can be released from the hydrogel and diffuse into
the solution where FRET occurs between the negatively charged
gold nanoparticles and positively charged quantum dots. This
strategy shows excellent feasibility in a complex serum system.
Yang et al. developed a target-responsive hydrogel for the
colorimetric detection of multiple targets (Fig. 5b).'®* They
predesigned two ssDNA sequences which can bind with part
of the aptamer sequence, and grafted them onto polymer
chains to form monomers. Once aptamers and monomers are
mixed, they can hybrid with each other and generate a tightly
crosslinked hydrogel. When the hydrogel is formed in the
microfluidic paper, the flow can be stopped and this can be
exploited as a readout signal by carrying the indicator. In
contrast, in the presence of targets, no hydrogel is formed
and the flow would produce a colorimetric readout signal.
Moreover, multiple targets including cocaine, adenosine, and
Pb>" can be detected simultaneously. This strategy can be
further used to set up a versatile point-of-care testing device.
Lee et al. combined the DNA hydrogel with microfluidics to
construct a point-of-care testing platform for the visual detec-
tion of pathogens.'® Compared to traditional diagnostic plat-
forms, the platform developed using DNA hydrogels is simple
enough to prepare and operate with a low cost and a short
detection time, promising great potential for biomedical diag-
nosis, especially the tests for infectious diseases.

As mentioned above, DNA hydrogels are capable of loading a
mass of drugs. Moreover, it can be programmed to respond to
specific stimuli, leading to a collapse of the network structure
and release of the drug. DNA hydrogels exhibit several advan-
tages such high biocompatibility, robust stability, and easy
synthesis and modification. Such properties make DNA hydro-
gels ideal carriers for stimuli-responsive drug release. Tan and
co-workers designed a stimuli-responsive DNA hydrogel as an
efficient vehicle for targeted gene regulation (Fig. 5¢).'%® Gene
regulation is a highly promising tool for the treatment of
several diseases such as cancer and viral infections.'*”"*®
However, the lack of useful gene delivery carriers has greatly
limited the applications of gene therapy.'®® To solve this
problem, Tan et al. designed three kinds of DNA monomers
to create a DNA hydrogel through the hybridization at the sticky
ends of the monomers.’® When an aptamer was introduced
into the hydrogel, it exhibited a target-responsive behavior and
can lead to the dissolution of the hydrogel. Furthermore, the
dissolved DNA monomers can strongly inhibit the proliferation
and growth of the target cancer cells, exhibiting an excellent
therapeutic effect. This study demonstrates that DNA hydrogels
can be used as useful carriers for targeted cancer therapy.

No matter self-assembled DNA hydrogels or chemical cross-
linking DNA hydrogels, the most intriguing property is their
stimuli responsiveness. In the presence of the target, DNA
hydrogels usually undergo structural changes, leading to the
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generation of detection signals or release of drug and materials,
highlighting their value in biosensing and controlled drug
delivery. Besides, DNA hydrogels exhibit switchable mechanical
and electronic properties, standing a good chance of informa-
tion storage and processing.'*°

5. Functional nucleic acids

Beyond the structural properties of self-assembly, DNA also
displays unique sequence-dictated functions. Contempora-
neous with the advances in DNA nanostructures, DNA nano-
materials with intriguing functions have promoted the
development of DNA nanotechnology. In the past few decades,
several nucleic acids have been demonstrated to reveal addi-
tional functions such as molecular recognition, catalysis and
therapeutic effects.’'>''* These special nucleic acids are called
‘functional nucleic acids’, which include ribozymes, aptamers,
DNAzymes, i-motif structures, and so on. Among them, apta-
mers and DNAzymes are two kinds of the most widely known
functional nucleic acids, and have been widely utilized as
functional components for the construction of functional
nucleic acid-based DNA nanomaterials. To date, functional
nucleic acid-based DNA nanomaterials have been demonstrated
to be of significant practical utility in biosensing, environmental
monitoring, drug delivery and cancer therapy.'**'* In this

Mater. Chem. Front.

section, we focus on the design and applications of functional
DNA nanomaterials including aptamer-based and DNAzyme-
based nanomaterials.

5.1. Aptamer-based DNA nanomaterials

Aptamers are single-stranded functional oligonucleotides
which are able to bind with specific target molecules by folding
into distinct secondary or tertiary structures.''>''® They are
generally selected from large random DNA or RNA pools
through Systematic Evolution of Ligands by Exponential
Enrichment (SELEX)."'”"® During the selection, only the
target-binding molecules are isolated as aptamers so that they
have an excellent binding ability with targets. Owing to their
high specificity to targets, aptamers are evaluated as strong
rivals to antibodies, while displaying additional advantages
such as a wide range of targets, small sizes, easy modification,
nontoxicity and low immunogenicity."'® Therefore, the integra-
tion of aptamers would impart DNA nanomaterials with intri-
guing functions including high binding affinity for target
molecules, holding great promise for biomolecule detection,
targeted imaging and therapy, which will be specifically dis-
cussed in the following.

Because of their high specificity to a variety of targets
including metal ions, small molecules, nucleic acids, proteins,
cells and even tissues, aptamer-based DNA nanomaterials
have been widely applied in detection and diagnosis.’*****

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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For example, Tan et al. constructed an aptamer-integrated DNA
tetrahedron-based electrochemical biosensor for the detection
of cancerous exosomes (Fig. 6a).">> Exosomes are cell-secreted
nanoscale extracellular vesicles (50-100 nm) which naturally
carry a lot of bioinformation from their parental cells, includ-
ing nucleic acids, transmembrane proteins, and cytosolic
proteins.'®® Therefore, exosomes can be exploited as biomar-
kers to aid diagnosis, treatment and prognosis.’** Tan et al.
selected a single-stranded aptamer, LZH8, which can bind to
hepatocarcinoma cell exosomes with high specificity.'** Utiliz-
ing this aptamer as a building block, they constructed an
aptamer-integrated DNA tetrahedron and immobilized the
tetrahedron to the surface of gold electrodes. In the presence
of hepatocarcinoma cell exosomes, the binding of aptamers
and exosomes on the gold electrodes can hinder the electron
transfer between the gold surface and the ferricyanide-ferro-
cyanide redox couple in covered solution, leading to a decrease
of the generated signal in square wave voltammetry analysis.
Based on the biosensor, a detection limit of 2.09 x 10* mL™*
was achieved. Aside from exosomes, proteins and DNA,
aptamer-based DNA nanomaterials have been extensively used
in the detection of metal ions, DNA, RNA and cells, playing a
key role in environmental monitoring and biomedical
diagnostics.>**® Besides their applications in detection,
aptamer-based DNA nanomaterials have also attracted increas-
ing attention in intracellular imaging owing to their controlla-
ble internalization, outstanding stability, and resistance to
nuclease degradation.'® Recently, Tan and co-workers reported
a switchable aptamer micelle flare (SAMF) for the imaging
of intracellular ATP (Fig. 6b)."*° The imaging probe, named
a switchable aptamer, is constructed from three elements:
an anti-ATP aptamer, a short DNA sequence complementary
to part of the aptamer, and a PEG linker for connection.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017

A fluorophore and a quencher are attached to the 3’ end and
5" end, respectively, for signal creation. To form a DNA micelle,
a diacyllipid tail is added at the 5’ terminus with the quencher.
Because of the hydrophobic interaction between lipophilic
moieties, these switchable aptamers can spontaneously assem-
ble into micelle structures once their concentration exceeds the
critical micelle concentration. When transported into cells,
aptamers in the SAMF will combine with ATP targets and thus
undergo conformational change, which separates the fluoro-
phore from its quencher and thus generates a fluorescent
signal. Successful imaging of the distribution and concentration
of ATP in living cells is realized. Apart from DNA micelles, the
Tan group constructed another nanostructure of aptamers,
referred to as a circular bivalent aptamer (cb-aptamer), which
exhibits significantly improved efficiency for imaging of
tumors.”" In addition, aptamer-based DNA nanomaterials are
recognized as ideal carriers of specific drugs and therapeutic
agents."*>'* For instance, Tan et al. designed and produced an
aptamer-tethered DNA nanotrain (aptNTr) for the delivery of
chemotherapyeutic drugs (Fig. 6c).”** AptNTr is constructed
through hybridization chain reaction with two short DNA build-
ing blocks (M1 and M2) self-assembling into a long linear
DNA structure. Driven by the n-n stacking interaction, DOX, a
chemotherapeutic drug, can intercalate into the double-stranded
DNA structure with quenching of the fluorescence. Since the
sequences of M1 and M2 were designed fully with intercalation
sites, the drug payload of aptNTr can be as high as nearly
160 loading sites per molecule, which greatly enhanced the
therapeutic effect.

In addition, aptNTr exhibits fewer side effects and higher
biocompatibility than free DOX. Such results suggest that
aptNTr can be a promising platform of targeted drug delivery
for cancer therapy. Aside from DNA nanotrains, the Tan group
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also constructed another material, an aptamer-based DNA
nanoflower as a highly efficient carrier of chemotherapeutic
drugs.’*>"*¢ with high specificity to targets, aptamers can
impart the function of molecular recognition to DNA nano-
materials with great potential in detection, targeted imaging
and therapy.

5.2. DNAzyme-based DNA nanomaterials

DNAzymes, another class of functional nucleic acids obtained
from SELEX, are able to function as catalysts for a great many
biological and chemical reactions.”*”"*° A DNAzyme generally
consists of a substrate strand and an enzyme strand, and
its catalytic function is highly dependent on the cofactor which
is usually a kind of metal ion or amino acid.**°*** When a
specific cofactor exists, the enzyme strand can cleave the
substrate strand with high efficiency and separate it into two
parts. Based on their specific binding ability and high catalytic
activity, DNAzymes can be integrated into DNA nanomaterials
to provide a new function of molecular recognition and cata-
lysis, which makes DNAzyme-based DNA nanomaterials
potential candidates to construct cofactor-responsive switches.
This section focuses on the design and applications of DNAzyme-
based DNA nanomaterials.

Taking advantage of the cofactor-responsive properties of
DNAzymes, DNAzyme-based nanomaterials can be utilized as
sensing platforms for the detection of metal ions and amino
acids. Tan et al. reported a DNAzyme-based DNA dendrimer
as an efficient system for intracellular molecular sensing
(Fig. 7a)."** First, they mixed a histidine-dependent DNAzyme
and three extra oligonucleotides with equal moles to form a
Y-DNA which then self-assemble to produce a DNA dendrimer
from the hybridization of the sticky ends. When the dendrimer
forms, a quencher and a fluorophore both conjugated with two
individual oligonucleotides are kept in close proximity, leading
to the quenching of fluorescence. In the presence of histidine,
the substrate strand of the DNAzyme is cleaved and the
produced shorter DNA with a fluorophore is then released from
the dendrimer. Thus, the fluorescent signal is significantly
improved. This DNAzyme-based dendrimer can be further
applied to in vivo imaging of histidine. Moreover, when the
DNAzyme is replaced with an aptamer, the DNA dendrimer can
be utilized to detect more targets. Such a sensing platform also
reveals other advantages, such as excellent biocompatibility,
high stability, easy preparation and high delivery capability. In
another work, Xiang and co-workers constructed a dual-colored
DNAzyme-based DNA tetrahedron for the simultaneous detec-
tion of Pb*>" and UO,*" in living cells (Fig. 7b)."** They designed
four oligonucleotides which contain two DNAzyme sequences
of Pb*" and UO,*', and then mixed them to assemble a
tetrahedron architecture. In such a tetrahedron, the two
DNAzyme sequences were attached with two kinds of fluoro-
phores, respectively, but the fluorescence was quenched by
adjacent quenchers. In the presence of target metal ions,
DNAzymes catalyzed the cleavage of the substrate strand and
short DNA sequences with fluorophores would be separated
from the tetrahedron, leading to a restoration of fluorescence.
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This DNAzyme-based tetrahedron probe can be delivered into
cells, and can reflect the intracellular distribution and concen-
tration of Pb?*" and UO,?". In addition to the cofactors,
DNAzyme-based nanomaterials can also be implemented to
detect DNA targets. For example, the Willner group utilized
the Zn>"-dependent ligation DNAzyme as a biocatalyst for the
detection of DNA mutants (Fig. 7c).'*®> The Zn>"-dependent
DNAzyme can act as a versatile amplification unit which greatly
improves the detection sensitivity. The results reviewed in this
section indicate that DNAzyme-based DNA nanomaterials may
make a critical impact in bioanalysis, bioimaging and bio-
responsive drug delivery.

The development of DNA nanomaterials reveals a current
trend of seeing the integration of functional nucleic acids into
DNA nanoarchitectures to access a lot of special functions.
Owing to these special functions, DNA nanomaterials have
attracted increasing attention in the fields of biosensing,
bioimaging and drug delivery. It is likely that functional nucleic
acid-based DNA nanomaterials are many-fold greater in terms
of the complexity of structures and functions, providing desir-
able and critical prerequisites for the construction of diagnostic
nanodevices and therapeutic agents.

6. Conclusion and perspectives

DNA nanomaterials, with high programmability in structure
and functions, have found a wide range of applications in
biosensing, bioimaging and biomedicine. In this Review, we
have summarized the major progress in the design and appli-
cations of DNA nanomaterials over the past five years. The
specificity and programmability of the Watson-Crick base-
pairing principle make DNA a powerful building block for
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engineering DNA nanomaterials at the nanoscale, indicating its
great advantages in building sophisticated architectures with
specific properties and functions. In addition, at the nanometer
precision, interaction between DNA and biomolecules can be
precisely designed and significantly optimized, contributing to
a remarkable improvement in bio-responsive sensitivity and
selectivity. Benefiting from these properties, DNA nanomaterials
have made important strides in a variety of applications in
nanomaterials assembly, biosensors, diagnosis, controlled drug
delivery and therapy.

Although great progress has been made, the field of DNA
nanomaterials is still in its infancy and much work lies ahead
to offer the scientific community. For example, as DNA nano-
structures get larger, the error rate of self-assembly increases.
Hence, it’s of great importance to investigate the kinetic and
thermodynamic aspects of assembly, so as to develop a highly
efficient strategy with accurate controllability over the self-
assembly process. Another example of prospect is the develop-
ment of modified nucleotides, which can largely expand the
library of DNA sequences to access more properties. Recently,
the Tan group has synthesized an artificial functional base by
incorporating an azobenzene into a natural T base."*® This new
molecular base is named zT which can form stable base pairs
with a natural A base. Moreover, it exhibits photo-responsive
behavior and can be utilized to exogenously regulate the self-
assembly of a DNA double helix, indicating that it can be
exploited as a new functional element of DNA molecules. It’s
highly possible that functional DNA elements with distinct
properties can contribute to the construction of multifarious
functional DNA nanomachines and nanodevices. With further
developments and improvements, DNA nanomaterials will have
a more significant impact in materials science and therapeutic
and diagnostic platforms, and may open up new doors for
interdisciplinary research.
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