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Abstract

DNA nanotechnology engineered at the solid-liquid interface has advanced our fundamental
understanding of DNA hybridization kinetics and facilitated the design of improved biosensing,
bioimaging and therapeutic platforms. Three research branches of DNA nanotechnology exist: (i)
structural DNA nanotechnology for the construction of various nanoscale patterns; (ii) dynamic
DNA nanotechnology for the operation of nanodevices; and (iii) functional DNA nanotechnology
for the exploration of new DNA functions. Although the initial stages of DNA nanotechnology
research began in aqueous solution, current research efforts have shifted to solid-liquid interfaces.
Based on shape and component features, these interfaces can be classified as flat interfaces,
nanoparticle interfaces, or soft interfaces of DNA origami or cell membranes. This review briefly
discusses the development of DNA nanotechnology. We then highlight the important roles of
structural DNA nanotechnology in tailoring the properties of flat interfaces and modifications of
nanoparticle interfaces, and extensively review their successful bioapplications. In addition,
engineering advances in DNA nanodevices at interfaces for improved biosensing both /n vitro and
in vivo are presented. The use of DNA nanotechnology as a tool to engineer cell membranes to
reveal protein levels and cell behavior is also discussed. Finally, we present challenges and an
outlook for this emerging field.

1. Introduction

DNA, the blueprint of life, is a structurally simple, yet a functionally complex molecule that
has been used to engineer new nanotechnologies.> DNA nanotechnology began in the 1980s
by using DNA as building blocks to construct nanoscale patterns, and has now grown to

include a wide range of research fields. Over the last few decades, DNA nanotechnology has
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rapidly developed from solely structural DNA nanotechnology to include dynamic and
functional DNA nanotechnology.

Initial research focused on constructing exquisite nanopatterns, manipulating dynamic DNA
behavior and selecting new types of functional DNA molecules. The establishment of new
principles has inspired researchers to pursue practical bioapplications.2=% In an effort to
develop more advanced bioapplications, DNA nanotechnology has moved from solely
aqueous solutions to solid-liquid interfaces. The facile modification feature of DNA has
facilitated the engineering of interfaces based on different principles. The most widely used
method is thiol-gold chemistry. Spherical nucleic acid (SNA), wherein thiolated DNA is
conjugated to gold nanoparticles, is a well-known example that was demonstrated by
Mirkin.” A potential problem with this engineering approach is that DNA can be replaced
from gold nanoparticles by more reductive molecules in cells and tissues (e.g., glutathione),
thereby hampering /n vivo bioapplications.8 Since DNA is negatively charged because of the
phosphate backbone, electrostatic interaction is another commonly used strategy to attach
DNA molecules on positively charged surfaces.® Potential drawbacks of this method are
limited stability and integrity, which can lead to nonspecific release of the attached DNA
molecules by other charged species during applications. New interfaces involving DNA
molecules have been developed using other covalent and noncovalent approaches, including
biotin-streptavidin interaction1? and click chemistry.11 We have listed only the most widely
used approaches above, given the broad range of DNA nanotechnology, other approaches
involving a variety of interfaces will be discussed in extensive detail throughout the review.

Based on shape and component features, solid-liquid interfaces can be divided into three
main categories: flat interfaces, nanoparticle interfaces and “soft” interfaces. Interfaces that
serve as platforms for DNA immobilization, hybridization and as carriers have advanced our
ability to manipulate the static and dynamic behavior of DNA for fundamental research and
real-world applications. Interfaces with various shapes, sizes and constituents always exhibit
distinct functions and properties, therefore, the integration of interfaces with DNA
nanotechnology will provide unlimited possibilities for wider bioapplications. Flat interfaces
engineered with structural DNA nanotechnology contribute to well-controlled, highly-
ordered biosensing platforms. Nanoparticle interfaces engineered with dynamic and
functional DNA nanotechnology lead to spatiotemporal biosensing and bioimaging systems,
activatable host-molecule release models and on-particle DNA nanodevices. These advances
have paved the way for the development of new bioapplications in biosensing, bioimaging
and biomedicine, providing effective tools and strategies for analytical, biomedical and
related studies with unprecedented speed.

In this review, we summarize the numerous possibilities enabled by the integration of DNA
nanotechnology with solid-liquid interfaces. Specifically, we briefly describe the
development of DNA nanotechnology, and then comprehensively describe recent reports on
the bioapplications of DNA nanotechnology at the solid-liquid interface which comprises of
flat interfaces, nanoparticle interfaces, soft interfaces of DNA origami and cell membranes.
Finally, we provide our perspectives and describe future challenges of this field in moving
from laboratory investigations to practical applications.
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2. DNA nanotechnology

The unceasing development of DNA nanotechnology has laid the foundation for advanced
bioapplications. To better illustrate the most recent and inspiring bioapplications of DNA
nanotechnology at solid-liquid interfaces, we begin with a brief overview of the development
trajectory and recent advances in DNA nanotechnology. In contrast to the other reviews
discussing DNA nanotechnology, we focus mainly topics related to our subsequent content.
More details regarding the fundamentals of DNA nanotechnology can be found in other
literatures.12-16

2.1 Structural DNA nanotechnology

In addition to functioning as genetic material, DNA can be used as a building block to
construct nanoscale patterns that is widely known as structural DNA nanotechnology. This
research field was pioneered by Ned Seeman based on the unique Watson—Crick interaction
of the nucleic acid base adenine and thymine (A-T), and cytosine and guanine (C-G). 17
Structural DNA nanotechnology employs DNA as a construction material to assemble
complex shapes, including basic DNA nanostructures (Fig. 1LA), 2D nanoscale patterns (Fig.
1B) and 3D nanostructures (Fig. 1C).18-23 Using software, 24 it is possible even for
nonspecialists from other disciplines to design and predict any shape. There are now routine
design rules and assembly methods to engineer DNA nanostructures suited to different
applications.?®

Initially, branched DNA nanostructures were constructed using a sticky-ends protocol by
Ned Seeman. His vision was to create self-associating crystals with macromolecular-scale
guests in a DNA host lattice.2® As the branched structures were flexible and did not
efficiently form more complex nanostructures, double-crossover (DX) and triple-crossover
(TX) molecules were developed subsequently to circumvent the aforementioned drawbacks.
27, 28 \Wjjth these crossover motifs available, a series of advanced nanostructures have been
constructed, including nanotubes, polyhedra, 2D/3D lattices and 3D crystals.29-31

Among all the complex constructions, tetrahedral DNA is a simple yet widely studied
nanostructure32 (Fig. 1D). Typically, tetrahedral DNA is composed of four oligonucleotide
sequences that hybridize in a one-pot annealing reaction. A strand is designed to fold and
hybridize with the other three strands to form one face of the tetrahedron, whose 5’ end
meets the 3’ end at one edge. The vertex is left unpaired with “hinge” bases to accommodate
the corresponding angle between adjacent edges. Each face consists of a rigid triangle of
DNA helices, endowing the nanostructure with robust mechanical properties. Moreover,
programming the four vertexes and six edges is rather straightforward. Thus, the integration
of this elegant structure with other technologies has drawn attention from multidisciplinary
research fields recently.33-35

DNA origami proposed by Paul Rothemund is another breakthrough in structural DNA
nanotechnology.3® A long single-stranded DNA (ssDNA) scaffold folds into a 3D lattice in a
single step with the help of many short single staple strands (Fig. 1E). The process is
extraordinarily precise and gives high yields. The staple strands can be modified to further
attach functionalities including enzymes3’ and nanoparticles.3® During the last decade, DNA
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origami has extended from 2D patterns to 3D nanostructures, and assemblies of 3D
structures may contribute to the construction of devices with advanced functions.3°
Interestingly, a sSDNA or ssRNA was employed to construct 3D nanopatterns without the
addition of any auxiliary strands.*? The use of well-defined and addressable “soft” DNA
origami nanostructures as interfaces should enable accurate molecular scale positioning and
patterning, thereby providing infinite possibilities for fundamental and bioapplication
studies.

2.2 Dynamic DNA nanotechnology

The development of dynamic DNA nanotechnology is based on structural DNA
nanotechnology. Whereas structural DNA nanotechnology obtains a final static structure,
dynamic DNA nanotechnology aims at engineering smart nanomachines to fulfill
sophisticated tasks based on dynamic DNA base- pairing.1> The mechanism responsible for
dynamic DNA nanotechnology consists basically of toehold-mediated strand displacement
and the branch migration reaction (Fig. 2A). A ssDNA (in green) binds to a partially
hybridized dsDNA via a short DNA domain that is typically 5-8 bases in length (termed the
toehold), resulting in the release of the original complementary DNA by branch migration.
The whole process is facilitated by the toehold and consists of a series of dynamic reversible
single nucleotide dissociation and hybridization steps. The reaction rate and kinetic property
can be regulated by varying the base humber and components of the toehold domain, which
is useful in the rational design of dynamic DNA nanomachines and improves our
understanding of the kinetics of nucleic acid reactions.?1: 42 This principle was initially used
by Yurke to engineer a dynamic device, resulting in the successful construction of a
reversible DNA tweezer. 43 Alternating incubation with fuel ssDNAs F and F reversibly
switched the configuration of the tweezer between the open and closed states (Fig. 2B). The
coordinated motion of the device provided new opportunities in the design of more advanced
nanomachine.

Inspired by Yurke’s tweezers, more intricate DNA nanodevices, including DNA walkers,*4
DNA motors,*> DNA machines?3 and DNA computing systems*® are under rapid
development. They are anticipated to be widely used in both /n vitro and in vivo settings.
The DNA walker#’ is a notable example among the dynamic devices, and the walking
dynamics have been carefully studied since its development.#8 With a deeper understanding
of the kinetic properties of DNA molecules, a DNA robot system has been constructed to
perform autonomous cargo sorting.® Additionally, it was reported that DNA nanorobots
were able to interact with each other to execute specific functions in living animals.5° Other
real applications of these nanodevices include the regulation of enzymatic reactions using a
DNA vault,3": 51 more reliable cancer cell line identification®2 and mRNA imaging in living
cells.53

In addition to dynamic DNA nanodevices, cascade DNA reactions are also important
research contents in dynamic DNA nanotechnology. In cascade DNA reactions, one trigger/
initiator/target DNA molecule causes a series of cascade reactions rather than a single
reaction as in dynamic DNA device systems. Three examples of basic elegant cascade
reactions in dynamic DNA nanotechnology are the hybridization chain reaction (HCR),
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catalytic hairpin assembly (CHA) and the primer exchange reaction (PER). As shown in Fig.
3A, HCR is composed of two hairpin DNAs (H1 and H2) and a trigger DNA (I). The trigger
DNA | sequentially and alternately opens the hairpin DNA by rational design, yielding a
long nicked double-helical DNA nanostructure (I-H1-H2).54 Owing to its intrinsic property
of signal amplification, HCR has been widely used in sensitive biosensing and bioimaging.
55,56 The CHA reaction (Fig. 3B) also involves the hybridization of two hairpin DNAs (A
and B) in the presence of a trigger DNA (I). In contrast to HCR, the trigger DNA can be
spontaneously displaced and recycled during the assembly process, similar to a catalyst,
resulting in numerous assemblies of two hairpins.>”: 28 The final product of CHA is a short
double helix of two hairpin DNAs, and the reaction efficiency is less restricted by the trigger
concentration. Thus, CHA displays improved signal amplification performance with low
background and high turnover rates. Due to the above features, it has been widely used for
various bioapplications, including the detection of nucleic acids and cell imaging.>%-61 The
PER cascade (Fig. 3C) is a polymerase-aided ssDNA synthesis method. The reaction primer
(a) hybridizes to the toehold domain (a*) of a PER hairpin probe. The extension of the
primer at the 3’ end by polymerase (b) replaces the original complementary strand in the
hairpin until inhibited by a stop sequence. The replaced domain competes with the copied
domain through a random-walk process of three-way branch migration, leading to the
dissociation of the extended primer, and finally appending the prescribed sequence of the
hairpin to the primer strand. The extended primer is able to react with another hairpin probe
to extend the sequence repeatedly.52 Traditional ssSDNA synthesis method produces identical
copies of fixed sequences, PER overcomes this limitation in a programmable and stepwise
way, providing the basis for a new generation of DNA molecular circuits and devices.

The simple strand displacement reaction can trigger the dehybridization and rehybridization
of the DNA double helix. When these DNA molecules are modified with functional groups,
this particular dynamic process is a promising strategy to realize additional functions,
including protein assembly,®3 microRNA imaging 4 and telomerase activity evaluation in
living cancer cells.5> Additionally, a series of higher-order structures have been constructed
using a four-way toehold-mediated strand displacement reaction, demonstrating hierarchical
assembly can be achieved using dynamic DNA nanotechnology.86 With these rapid advances
in dynamic DNA nanotechnology, we anticipate that the interface can be engineered using
the abovementioned reactions for the development of more bioapplications.

2.3 Functional DNA nanotechnology

In the field of functional DNA nanotechnology, the chemical functionality of DNA expands
into new aspects beyond storing and transmitting genetic information. Aptamers and
DNAzymes are two primary representative categories of functional DNAs, they are obtained
from /n vitro selection with specific binding affinity and catalytic capability, respectively.14

Aptamers, which are selected by the systematic evolution of ligands by exponential
enrichment (SELEX) technology, can specifically bind to their targets with high affinity
along with structural switching. The selection process has advanced from /in vitroto in vivo
and living animals.®” Aptamers are widely used as sensitive biosensors,58 69 bioimaging
agents’? and targeted therapeutics.’ Recently, a tumor microenvironment targeting aptamer
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that simultaneously binds polymorphonuclear myeloid-derived suppressor cells and tumor
cells has been successfully selected. The conjugation of the dual targeting capability aptamer
to a chemotherapy drug displayed improved anticancer efficacy.’? In comparison with
monoaptamers, circular bivalent aptamers exhibit improved stability and molecular
recognition ability, as illustrated by enhanced protein delivery efficiency into living cells
(Fig. 4A).73 Additionally, aptamer-based activatable photoacoustic imaging probes for
thrombin have been successfully demonstrated in living cells (Fig. 4B), significantly
expanding the application of aptamers.’#

DNAzymes are another set of functional DNA molecules with catalytic activity.”> 76 Among
the developed DNAzymes, RNA-cleaving DNAzymes are particularly interesting because of
their fast reaction rates and ease of practical application. They are obtained through a
combinatorial process with specific metal ions as catalytic cofactors (Fig. 4C). The selection
method is general to any specific metal ion species without requiring an advanced
understanding of the properties of metal ions.”6-78 Typically, as depicted in Fig. 4C, the
DNAzyme is composed of a substrate strand with an incorporated RNA cleavage site and an
enzyme strand with a catalytic core domain. Upon binding the metal cofactor, the
cleavability of the DNAzyme was used to construct /7 vitro heavy metal ion biosensors,”®
living cell metal ion imaging systems,8%: 81 activatable DNA motors,*> 82 gene silencing3®
and theranostic systems.83: 84 The development of these functional DNA molecules has
significantly broadened the research field of DNA nanotechnology, and the engineering of
interfaces with these functional molecules has provided a range of interesting
bioapplications.

Although we have split DNA nanotechnology into three branches, the most useful
bioapplications are those that combine these branches. The combination of different DNA
nanotechnologies has efficiently integrated their powerful functions, leading to numerous
exciting prospects. For example, combining structural DNA nanotechnology (DNA origami)
and functional DNA nanotechnology (DNA aptamer) enabled the engineering of a
responsive /n vivo therapeutic nanorobot,35 and the combination of dynamic DNA
nanotechnology (DNA walker) with functional DNA nanotechnology (DNAzymes) shows
potential for drug delivery applications.86

3. Bioapplications of DNA nanotechnology at flat interfaces

Flat interfaces, including electrodes, glass slides, microfluidics, microchips and nanopores
are exploited as platforms in biosensing and biological diagnosis. Due to facile modification
and programmability features of DNA molecules, DNA nanotechnology provides a
convenient strategy to control the properties of a biomolecule-confined interface. The target
accessibility can be improved at the solid-liquid interface, thereby enabling a wealth of
bioapplications, as summarized and discussed in this section.

3.1 Bioapplications of structural DNA nanotechnology at flat interfaces.

3.1.1 Tailoring interface properties for improved biosensing using
tetrahedral DNA nanostructures.—Flat interfaces engineered with structural DNA
nanotechnology has successfully produced tailored interfaces for improved biosensing. The
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study of electrode-based flat interfaces has been well documented because electrochemical
biosensing approaches exhibit distinct advantages, including simple operation, fast response,
low cost, and excellent sensitivity. Numerous biomolecule analysis have been realized,
especially cancer related nucleic acids.8’

The formation of an ideal DNA molecular recognition layer on the electrode interface is of
utmost importance for the success of the biosensing. Control of the biosensing interface
properties is essential to obtain high reproducibility of the sensors. Although DNA
molecules with a terminal thiol modification can be easily functionalized on a gold electrode
via Au-S chemistry, the precise density of the DNA layer is technically difficult to control.
Moreover, the nonspecific interaction between the gold surface and DNA base nitrogen
atoms induces the strands to lie flat on the surface instead of standing upright as required,
which limits the accessibility and hybridization efficiency of target sequences at the solid—
liquid interface. Toward this end, Fan’s group proposed the use of 3D DNA nanostructures
as a “soft lithography” approach to engineer an electrode interface to precisely tune the
thermodynamic behavior of DNA hybridization.88 Specifically, they developed an
electrochemical DNA biosensing surface by immobilizing rigid DNA tetrahedron probes on
an electrode. Three vertices of the tetrahedron were modified with thiol groups to firmly
anchor the structure to the Au surface, and the other vertex of the tetrahedron was appended
with a pendent capture probe to hybridize with the target. The intrinsically highly ordered
and upright orientation properties of the DNA tetrahedron made the biosensing surface more
accessible to the target. Meanwhile, the platform exhibited high selectivity towards its
complementary sequence in comparison with noncognate sequences.8% As DNA can be
easily programmed, the lateral spacing between pendent capture probes can be controlled
precisely via modulating the size of the DNA tetrahedron (Fig. 5A). Increasing the side
length of the DNA tetrahedron decreases the interprobe density, and the hybridization
kinetics were improved 20-fold by varying the distance of pendent capture probe from 1.8 to
12.6 nm (Fig. 5B). The hybridization efficiency was also increased five-fold by varying the
distance from 1.8 to 6 nm (Fig. 5C).%0

Simply changing the pendant probe sequence and this modification has customized the
platform for the detection of a variety of targets, including tumor-necrosis-factor alpha,®!
cocaine,%2 microRNA, %3-9 prostate-specific antigen,” cancer cells,8 H7N9 virus,9°
bacterial: 101 and telomerasel92. Due to their extensive influence, the Fan group
comprehensively summarized the protocol using a DNA nanostructure-based biosensing
interface to detect multiple targets in detail.103 Theoretically, the engineered 3D DNA
nanostructure biosensing interface is a versatile platform that can be adopted for other
electrode surface-based detection methods. Researchers have also successfully employed
DNA tetrahedrons to construct electrochemiluminescence (ECL) biosensors to detect
multiple targets, including telomerase194 and oligonucleotides, 105 106

Compared with traditional ssDNA-modified surfaces, the DNA tetrahedron engineered
interface exhibits higher nonspecific protein resistance. Taking advantage of this property, Li
et al. successfully demonstrated the direct detection of nucleic acids in complex media.107
Instead of using the abovementioned tetrahedral DNA nanostructure with one pendent
capture probe, they optimized the tetrahedral DNA with two pendent sensing strands from
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the vertices (Fig. 6). One pendent probe was the long recognition overhang that was distal
from the electrode (Strand a), and the other pendent probe was the assisted short strand that
was fixed near the electrode (Strand b). Upon binding with the target, the proximity of
Strand a and Strand b caused an enhanced electrochemical signal because of the shorter
distance between the electrochemical molecule and the electrode surface. This minor
modification by using two pendent probes avoided multiple steps of incubation and washing
during the detection process for the engineered DNA nanostructure interface, thereby greatly
simplifying the operation and holding potential for /n vivo diagnosis.

More interestingly, the incorporation of stimuli responsive molecules into DNA
nanostructures can endow flat interfaces with a spatiotemporal activatable property. For
example, Zhang and coworkers coupled a light-responsive 3D DNA nanostructure with an
electrode to help solve the regeneration and reversible locomotion challenge in biosensing
and DNA nanotechnology.108 In this work, azobenzene (azo)-functionalized DNA nippers
were self-assembled into 3D DNA nanostructures and were further hybridized onto an
electrode via a linker strand to form a well-engineered biosensing interface. The target
microRNA was able to open the two nearby nippers to emit an enhanced ECL signal.
Irradiation with UV light caused photoisomerization of the azo group to release the target.
The engineered interface reverted to the initial state within 10 min. In another example, a
pH-sensitive i-motif sequence was incorporated into the tetrahedral DNA to construct a
proton-driven water pump on an elaborate interface. This DNA-based device could
reversibly pump water and ferricyanide in a continuous-flow manner, as monitored by an
electrochemical signal.109

We have summarized the biosensing applications using tetrahedral DNA nanostructures
engineered electrode interface in Table 1. The detection of various targets, including small
molecules, nucleic acids and proteins, has been achieved because of the easy
programmability of DNA molecules. Their excellent detection performance is reflected by
the impressive detection limits shown in Table 1. The 3D DNA nanostructure engineered
electrode interfaces exhibit superior performance to that of traditional electrode interfaces
for the following reasons: (i) the preparation of tetrahedral DNA nanostructures is simple
and involves only a one-step incubation. The high yield contributes significantly to the
excellent reproducibility of the biosensing interface; (ii) these nanostructures are
mechanically rigid and structurally stable. Such features enable the capture elements used to
recognize targets to be arranged on the electrode interface in nanoscale precision. As a
result, these biosensing interfaces are equipped with excellent target accessibility especially
at the trace level; (iii) nonspecific protein adsorption is minimized, allowing direct detection
in complex samples; and (iv) redox molecules can easily penetrate the hollow structure to
access the sensing electrode to provide a sensitive detection signal.

These examples indicate that 3D nanostructures can be employed as useful tools to engineer
biosensing interface properties for improved biosensing. The detection limit and the anti-
interference capability in complex samples are both significantly improved, revealing high
applicability in various biosensing. Additionally, by coupling structural DNA
nanotechnology with flat interfaces, a series of stimuli sensitive devices with specific
functions have been demonstrated, as reviewed above.
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3.1.2 Tailoring interface properties for improved biosensing using DNA
origami.—DNA origami possesses intrinsic site-specific addressability with nanoscale
precision. Taking advantage of this feature, two distinct DNA origami nanostructures
starting from a 24-helix bundle building block were used to engineer a fiber optic surface
plasmon resonance (FO-SPR) biosensing interface.119 This was the first attempt to exploit
DNA origami nanostructures to nanopattern an SPR biosensing interface. Specifically, as
shown in Fig. 7A and 7B, DNA origami nanostructures were modified either at lateral
surfaces (LS) or distal ends (DE) with two distinct groups of SSDNA: one group for
anchoring at the biosensing interface and the other for specific hybridization of capture
probes. Thrombin capture probes were positioned with different densities by hybridization to
the predefined staple strand overhangs. The distance of the capture probes from the
biosensing interface was easily tuned by changing the orientation of the DNA origami
nanostructure. When the DNA origami nanostructure was parallel to the surface, a distance
of 27 nm was obtained (Fig. 7A), while a perpendicular orientation of DNA origami
nanostructure with respect to surface exhibited a distance of 113 nm (Fig. 7B). The
performance comparison of the DNA origami and tetrahedral DNA nanostructure patterned
surfaces revealed that the widest linear range was obtained using the LS DNA origami
nanostructure-oriented surface. Meanwhile, the LS DNA origami nanostructure yielded
extremely high reproducibility, indicating the potential of DNA origami nanostructures for
engineering interfaces for improved biosensing applications.

Zero-mode waveguides (ZMWs) consisting of small holes in a metal film are effective tools
for excluding the influence of background molecules during single-molecule biosensing.
Particularly, one target molecule should be positioned in one hole for better applications. To
address this challenge, a DNA origami nanoadapter with appropriate size that can be
accommodated in ZMWSs was employed.111 The single dye molecule was anchored at
predefined positions on a disk-shaped DNA origami nanoadapter, and this DNA origami
nanoadapter was placed successfully in one hole. This arrangement improved the
photophysical properties of the dye molecules because the dye position was restricted to a
defined area. Furthermore, similar ZMW-based technology was employed to study the
interaction of dyes and metallic nanoparticles.111

The aforementioned designs exploit the structural property of DNA origami, seemingly
underestimating the dynamic actuation capability of the 3D DNA origami. In this respect,
Torelli et al. constructed a 3D DNA nanorobot engineered fiber optical biosensor. The closed
3D DNA origami hybridized with a gene target to open the flap and release the encapsulated
molecules for signal readout, realizing the picomolar detection of the target within 90 min.
112 The successful demonstration of this proof-of-principle paves the way for different
interfacial biosensing applications and point-of-care diagnosis using DNA origami
nanostructures.

3.1.3 DNA nanostructure-assisted interface protein patterning.—Studying
protein patterning is highly important for understanding the relationships among protein—
protein and protein—cell interactions. Highly ordered self-assembled monolayers formed by
DNA origami provide an effective approach for protein patterning. These surface-assisted
monolayer can be obtained by either close-packing in the presence of monovalent cations or
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blunt-end stacking interactions between origami units.113114 Recently, the formation
dynamics of DNA origami pattern at the solid-liquid interface have been studied thoroughly
using high-speed atomic force microscopic imaging.11® Based on these findings, highly
packed hexagonal lattices with internal cavities were reported, by the assembly of triangular
DNA origami tiles. They were used as molecular lithography masks on mica surfaces for
protein patterning.116: 117 The protein coverage can be tuned from a single protein to
multiple proteins by varying the buffer and adsorption conditions. The versatility of the
proposed method was demonstrated using four proteins. Similarly, 2D arrays were
constructed at the interfaces by blunt-end stacking for protein patterning.118

Despite progress, the instability of DNA origami nanostructures with respect to changes in
pH, buffer conditions and temperature impose drawbacks for this specific application,
because the requirements for the stabilization of DNA origami nanostructures may not
always be compatible with the stability of the protein to be patterned. To address this
challenge, a so-called “single-molecule contact printing” strategy was proposed for the
arrangement of streptavidin at the solid—liquid interface.11® This approach employed a
transfer process involving a site-addressable DNA origami carrier rather than directly using
DNA origami nanopatterns. The gold surface is initially functionalized with 3,3’-
dithiodipropionic acid (DTPA) to further conjugate with the amino group-modified DNA
strands on the “DNA origami stamp” by a covalent reaction. Subsequent dehybridization of
dsDNA strands “ink” ssDNA strands on the surface as anchors to further create single-
molecule arrays with nanometer precision.

3.1.4 DNA origami hybrid nanopores for biosensing and biomedical
applications.—Nanopores are powerful tools for single-molecule biosensing. Typically,
nanopores are classified into two species: solid-state nanopores fabricated by either drilling a
hole into a silicon-based flat membrane or laser-assisted pulling of a glass pipette into a
glass nanocapillary and biological nanopores produced by inserting natural proteins into
lipid bilayers. During the last decade, DNA origami hybrid nanopores have attracted
extensive research attention due to their distinct advantages of tunable geometries and pore
surface functionalities compared with traditional nanopores. The formation detail and
properties of these hybrid nanopores have been summarized elsewhere.120: 121 n this
section, we focus mainly on their demonstrated and potential bioapplications.

The most widely documented application of DNA origami hybrid nanopores is the detection
of charged single molecule. In 2012, Bell et al. demonstrated for the first time the reversible
insertion/ejection of a DNA origami nanostructure from a solid-state nanopore by
electrophoretic translocation.122 This result paved the way for combining DNA origami and
nanopores. In follow-up studies, either an integrated DNA origami nanoplate or a
rectangular DNA origami nanoplate with different central aperture sizes was employed to
cover the mouth of a solid-state nanopore for biosensing applications. Various designs of
integrated DNA origami nanoplates were reported to display overall good permeability to
ions. Under a driven force using high voltage, the nanoplates covering the nanopore can be
pulled from one side to another.123 By varying the size of the DNA origami central aperture,
the DNA origami hybrid nanopore was able to discriminate protein molecules demonstrated
by the drop of the ionic current signal. Simultaneously, the incorporation of specific SSDNA
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at the center of the DNA origami enabled single-molecule sensing of DNA snippets and
genomic phage DNA.123 The strategy has been demonstrated to be successful in DNA strand
translocation by using glass nanocapillaries as well, which are easier to manufacture than
silicon-based nanopores.124

It is known that membrane-spanning proteins insert into a lipid bilayer to control molecule
and ion transport. Inspired by this construct, DNA origami nanostructures with appropriate
hydrophobic modifications were utilized to insert into lipid bilayers to form channels. For
example, a stem-barrel DNA origami nanopore was constructed to form a transmembrane
channel in a lipid bilayer using a 26 cholesterol moiety tagged barrel cap.125 The synthetic
channels are used to sense the translocation of DNA strands, including single-stranded
hairpins and G-quadruplexes.

The use of DNA origami hybrid nanopores in biomedical applications is another area of
growing interest. Burns et al. developed several methods to incorporate different
hydrophobic tags into self-assembly DNA bundle nanostructures with inner channel.
126,127,128 These hydrophobic moieties, including tetraphenylphophyrin, ethyl
phosphorothioate (EP) and cholesterol groups, enable the DNA nanostructure to span across
the lipid bilayer. Among them, EP groups are toxic toward cancer cells, indicating potential
applications in cancer therapy.12” To further extend bioapplications, a controllable locking
strand was integrated with DNA bundle as a molecular gate to close the entrance of a
channel. The improved nanostructure was further employed to form a membrane-spanning
nanopore system. Upon binding to a ligand, the pore reopens to release cargo for transport
and controlled drug release.

3.2 Bioapplications of dynamic DNA nanotechnology at flat interfaces

3.2.1 Kinetic studies of DNA nanomachines.—DNA nanomachines were initially
designed to perform sophisticated tasks in biological systems and to replace their naturally
occurring counterparts; however, the stepping rates are relatively slow compared with native
rates. For example, it took approximately 5 min for a DNA robot to finish a single cargo-
sorting operation between a 6-nm neighboring foothold gap,*® while the translocation rates
for natural protein motors are 1 um/s under saturating ATP concentrations.129: 130 Thys,
more fundamental principles need to be uncovered to improve the performance of these
nanomachines, and flat interfaces have played vital roles for this specific requirement. For
example, a glass coverslip was employed as a substrate to engineer the interfacial toehold
exchange reaction to explore the speed limit of a DNA nanomachine.31 Two kinds of
alkyne-modified footholds were attached to the azide-modified glass coverslip via click
chemistry (Fig. 8A), generating a random, high-density functionalized interface and
allowing the movement of a DNA walker (Fig. 8B). By optimizing the lengths of the toehold
domain and branch migration domain, the stepping rate was improved by more than an order
of magnitude, which was characterized by single-molecule fluorescence resonance energy
transfer (sm-FRET). The fastest walker, with a 6-nt toehold length exhibited translocation
speeds of ~300 nm/min. In contrast, a walker with a toehold length of 8 nt had a
translocation speed of ~13 nm/min. In combination with fluorescent molecules, the walking
trajectory can be readily tracked on flat interfaces by total internal reflection fluorescence
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(TIRF) microscopy (Fig. 8C). With the help of the confined flat interfaces, the rational
optimization was demonstrated to improve the performance of the DNA nanomachine,
which is not limited by fundamental strand displacement reactions.

The flat interface also helps to address another limitation of fuel-triggered DNA
nanomachines, namely, the gradually reduced processivity caused by the interference of
accumulated fuel strands. In this regard, a microfluidic interface was employed for
automatic introduction and removal of fuel strands controlled by computer.132 Specifically,
the DNA walker track was immobilized onto the coverslip via a biotin—neutravidin
interaction (Fig. 9A). The sequential addition of nine fuel strands and eight corresponding
anti-fuel strands caused the DNA walker to operate from State 1 to State 9, as monitored by
single-molecule FRET. Only eight walking steps could be reached in a homogeneous
solution because of the toxic effect caused by the accumulation of the fuel and anti-fuel
strands. Whereas, with the help of microfluidic interfaces, the operational yield and
processivity increased six-fold (Fig. 9B).

Thanks to the advanced microscopy technology, rationally engineered flat interfaces by
dynamic DNA nanotechnology enable the high time resolution capture of cascade reaction
kinetics and single-molecule machine monitoring. The obtained knowledge will guide the
design and construction of DNA nanomachines and DNA motors with improved operation
processivity.

3.2.2 Signal amplification for biosensing.—Given the intrinsic signal amplification
capability of dynamic cascade DNA reactions and DNA walkers, as illustrated in Section
2.2, they are frequently utilized to engineer flat interfaces for amplified biosensing.

Dynamic cascade DNA reaction, like HCR, enabled the formation of long DNA double helix
structures triggered by target, which is regarded as a useful strategy to amplify biosensing
signals. The conjugation of different readouts, including electrochemical small molecules
(e.g., hexaammineruthenium(l11) chloride, methylene blue) and metal ions allowed the
sensitive detection of a variety of targets. Hexaammineruthenium(l11) chloride
([Ru(NH3)g]3*, RuHex) is a positively charged electrochemical indicator that intercalates
into the negatively charged DNA double helix. Taking advantage of this property, Chen et al.
constructed a DNA self-assembly amplified interface and RuHex was used to indicate the
electrochemical signal to sensitively detect viral DNA at concentration as low as 5 aM.133
Because of the easy programmability of DNA, this amplification strategy can be readily
combined with other amplification methods, such as target recycling’34 or nanoparticle-
based amplification135 136 to detect nucleic acids at concentration as low as 0.36 fM,
telomerase activity in two HelLa cells and microRNA at concentration as low as 2 aM. Due
to its strong binding ability to DNA, metal nanoparticles are also widely used as an
electrochemical signal readout for DNA assemblies. Compared with electrochemical
intercalating small molecules, a single metal nanoparticle containing countless metal ions is
considered to be a signal amplifier itself. Yang et al. proposed a strategy that used target-
triggered HCR assemblies at a flat interface for microRNA analysis. The electrochemical
signal was generated by silver nanoclusters which pre-reduced on hairpin sequences. The
detection limit for miRNA-199a in this assay was 0.64 fM.137 In a recent report, methylene
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blue (MB) and metal nanoparticles were simultaneously used to construct a ratiometric
biosensor (Fig. 10). In this study, DNA that was bound with silver nanoparticles was unable
to hybridize with its complementary counterparts. In the presence of target glutathione
(GSH), silver nanoparticles were released and the blocked DNA initiated HCR on the
electrode to yield an increased MB signal and a decreased silver signal. The current ratio
(Im/lag) was employed to monitor intracellular redox homeostasis via the GSH level 138

In contrast with the abovementioned linear DNA self-assemblies, nonlinear DNA self-
assemblies are expected to be with superior amplification performance, therefore, they have
drawn considerable attention in flat interface amplified biosensing recently. For instance,
Chang and coworkers reported a DNA hydrogel-based turn-off sensor for PDGF detection.
In that work, a multibranched HCR reaction triggered by PDGF would form a DNA
hydrogel which contained opened hairpin DNA. The hydrogel can be subsequently captured
on the electrode via exposed hairpin DNA, leading to the inhibition of the electrochemical
signal generated from conducting material modified at the electrode surface. The high
efficiency of the DNA hydrogel as an electron blocker made it possible to achieve a
detection limit as low as 3.5 fM.139 Moreover, DNA dendrimers formed by a tetrahedron
self-assembly were reported as a carrier to load a large amount of the ECL indicator to
amplify the detection signal.149 Additionally, amplified nucleic acid sensing using quartz
crystal microbalance (QCM) and amplified fluorescent sensing of cells were achieved based
on DNA-streptavidin dendrimers on the flat interface.141. 142

Typically, signal amplification engineered at the flat interface based on the above dynamic
cascade reactions is a two-step reaction including, the capture of the trigger strand and the
cascade reaction for signal amplification, which is time consuming. In contrast, the DNA
walker-based approach is a one-step incubation method, as a result, it has been widely used
for engineering intelligent interfaces for amplified biosensing. For example, Zhu and
coworkers proposed a bipedal walker powered electrochemical biosensor for the sensitive
detection of a protein (Fig. 11A). Taking thrombin as a model, they split the specific aptamer
into two parts called P1 and P2. One-step incubation of thrombin with two partial aptamers
formed the bipedal DNA walker. One split aptamer cannot hybridize with the hairpin DNA 1
(H1) tethered on the electrode, whereas the bipedal DNA walker can bind to the electrode
because of the proximity effect. The introduction of the ferrocene-labeled hairpin DNA 2
(H2) replaced the walker leg through a toehold mediated strand displacement reaction.
Therefore, the walker traversed the sensing interface to form abundant duplex structures of
H1-H2 and eventually generated an amplified ferrocene electrochemical signal.143 Instead of
measuring electrochemical signals, pixel counting of fluorescent spots detection strategy
was reported by Zhu et al. (Fig. 11B). In this study, two kinds of ssSDNA strands were
modified on the glass slide through click chemistry. Subsequently, a hairpin DNA (hDNA)
comprising an RNA-cleaving DNAzyme substrate sequence was hybridized with one type
ssDNA as the track. A swing strand (SDNA), composed of a blocked enzyme sequence, was
hybridized with another type ssDNA as the walker. The target nucleic acid replaced the
blocker which initially hybridized with SDNA via strand displacement reaction and the
activated enzyme strand recombined with the substrate strand. In the presence of Mn2*,
continuous cleaving and binding operations were initiated, powering the walker to amplify
the quenched fluorescence signal. The recovered fluorescent spots were digitalized as pixels
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using software and the number was found to show a positive correlation with the target
concentration.144 Notably, the detection processes based on DNA walker signal
amplification involve only a one-step incubation.

Table 2 summarizes the signal amplification strategies using dynamic DNA nanotechnology
at the flat interface in more detail. The principles can be divided into two categories:
dynamic DNA cascade reactions (including linear DNA assemblies with limited signal
amplification capability and nonlinear DNA nanostructures with improved amplification
performance) and DNA walkers. The signal transduction can be electrochemical, ECL,
QCM or fluorescent. Interfacial dynamic DNA nanotechnology enabled amplification
strategies exhibit the advantages of easy-to-operate procedures, low false positive signals
and high sensitivity. The participation of dynamic DNA nanotechnology at flat biosensing
interfaces has significantly increased our bioanalysis choices.

3.3 Bioapplications of functional DNA nanotechnology at flat interfaces—The
immobilization of functional DNA molecules on flat interfaces is regarded as the first step
toward the development of commercialized portable biosensing devices. In addition to
providing an immobilization platform, the flat interface also confers regeneration and long-
term storage capabilities on the biosensors. The immabilization of Pb(Il)-specific DNAzyme
on the gold surface was found to lower the detection limit from 10 to 1 nM without
sacrificing the activity and specificity compared with those solution-based systems.145 A
systematic study of the surface immobilization parameters, including the pore size of the
gold-coated nanocapillary array membranes, the backfilling strategy and the reaction
conditions of DNAzymes, has formed a firm basis for the real application of DNAzymes to
monitor Pb2* in municipal water systems.146. 147 Notably, no real effort has been spent on
studying the use of 3D DNA nanostructures to tailor the properties of DNAzyme-based flat
surfaces. We anticipate that the combination of DNA nanostructures with DNAzymes could
further improve the biosensing performance of flat interfaces. Because DNAzymes consist
of two strands (substrate strand and enzyme strand), with one strand modified at the
interface, the other is free to conjugate with nanoparticles, thus facilitating novel biosensing
principles!48 and assembly of 2D colloidals.14® Similarly, structure switching aptamers have
been immobilized at the electrode surface to detect a variety of targets, even in whole blood
and the living body, 50153 demonstrating their great potential to be commercialized for
wider applications.

4. Bioapplications of DNA nanotechnology at nanoparticle interfaces

The precise geometric assembly of nanoparticles and modification of surface properties have
been reported by incorporating DNA nanotechnology into nanoparticle researches.
Nanoparticles with large surface areas, good biocompatibility, high stability, and excellent
physical and chemical properties are ideal candidates as carriers to engineer smart DNA
walker/motor, activatable aptamers and DNAzyme-based systems that respond to stimuli for
biosensing, bioimaging and biomedical applications both /n vitroand /n vivo. In this section,
we will review these developments in DNA nanotechnology engineered at the interfaces of
nanoparticles and show their immense contributions to the diversity of bioapplications.
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4.1 Bioapplications of structural DNA nanotechnology at nanoparticle interfaces

As scaffolds, 3D DNA nanostructures have been reported to guide the precise geometric
assembly of nanoparticles with special physical properties. Applications have been
substantially explored recently, especially for /in vivo studies. For example, four kinds of
nanoparticles were placed at four corresponding vertexes of a DNA tetrahedron, forming a
chiral nanopyramid.1>* The nanopyramid recognized a intracellular miRNA and began to
disassemble the nanostructure in real time.1%5 Based on the change of the plasmonic circular
dichroism (CD) signal, the strategy was even more sensitive than fluorescent-based detection
to evaluate miRNA, indicating its potential for the detection of low-abundance biomarkers in
cells.

Noble-metal based plasmonic nanoparticles possess environment-dependent optical
properties, reflected by a shift of the localized surface plasmon resonance (LSPR) scattering
spectrum peak. Engineering the interface of an Au@Ag core-shell nanocube with a
tetrahedral DNA nanostructure facilitated the formation of such a plasmonic probe. The
probe was employed to detect miRNA at the single-molecule level simply based on strand
hybridization, and a LSPR scattering spectral wavelength shift of 0.4 nm was observed.
Impressively, this platform allowed aM-level sensitivity for miRNA detection.156

The attachment of 3D DNA nanostructures to nanoparticles has addressed a significant
challenge for particle functionalization. First, site-specific engineering of chemical
functionality of nanoparticles is difficult to realize and structural DNA nanotechnology
provides a simple, convenient and efficient way to achieve this goal. Different 3D
nanostructures were initially attached to gold nanoparticles (AuNPs) as templates. After
partial removal of the 3D DNA nanostructures, specific DNA strands remained at predefined
locations of the AuNPs, endowing the AuNPs with site-specific assembly capability.157
Second, phase transfer is typically required for further bioapplications of hydrophobic
nanoparticles, but is difficult to achieve. For example, iron oxide nanoparticles (IONPs) have
attracted extensive interest for magnetic resonance imaging (MRI) and sensor
bioapplications due to their superparamagnetic properties.1®® To obtain highly uniform
IONPs during the synthesis process, nonpolar solvents with high boiling point are usually
involved, leading to coating of the hydrophobic ligands on the final product, which is not
compatible with further bioapplications. As a solution, a structural DNA nanotechnology-
based phase-transfer method has been proposed. In this study, a Janus DNA tetrahedral
nanostructure was employed.1® The tetrahedral nanostructure was composed of three
carboxyl group terminated vertices and one aptamer overhang vertex. Because carboxyl
groups bind Fe3* with strong affinity, phase transfer of prepared IONPs can be realized
easily from the oil phase to the water phase by the binding between tetrahedral DNA and
IONPs. Interestingly, the biofunctionalities provided by aptamer were simultaneously
conferred on the hydrophobic nanoparticles.

4.2 Bioapplications of dynamic DNA nanotechnology at nanoparticle interfaces

The bioapplications of dynamic DNA nanotechnology at nanoparticle interfaces are similar
to those at flat interfaces. However, because of the wide choice of nanoparticle species with
different chemical compositions and physical properties, the scope of bioapplications is
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much broader. For example, by coupling the superparamagnetic properties provided by
magnetic nanoparticles (MNPs) and excellent signal amplification capability provided by
dynamic DNA nanotechnology, a series of sensitive biosensing platforms with high
separation capability have been reported.160: 161 By coupling nanoparticles with excellent
fluorescence quenching ability, a simple strand displacement mechanism was used to image
biomolecules in living cells based on the recovery of fluorescence.162-164 We will
summarize the bioapplications of dynamic DNA nanotechnology at nanoparticle interfaces
in the following three sections.

4.2.1 Kinetic study of DNA walkers.—DNA walkers engineered at the interface of
fluorescent nanomaterials enable the direct visualization of the translocation of a single
walker, which can provide kinetic information. For example, a near-infrared fluorescent
carbon nanotube was used to noncovalently absorb DNAzymes (Fig. 12A). CdS fluorescent
nanocrystals were used as walking labels to monitor the dynamic process. With the addition
of Mg?*, the cleavage of 10-23 DNAzyme substrate initiated the walking of CdS labels. The
translocation trajectory was observed by fluorescence to be unidirectional with an average
velocity of 1 nm min1 (Fig. 12B).#° In their follow-up study, single-walker behaviors were
investigated with the aid of the super-resolution NIR technique using similar principles.16°
The fluorescent nanoparticles functioned as traditional nanocarriers and as fluorescent labels
to monitor the DNA walker kinetics, facilitating intracellular biosensing and our
understanding of DNA walker mechanisms.

4.2.2 On-particle DNA nanodevices for biosensing.—On-particle DNA
nanodevices formed from immobilizing rationally designed DNA sequences at the interfaces
of nanoparticles have drawn significant attention because of their potential to execute
specific functions, especially in living cells.

AUNPs with interesting size and shape dependent plasmonic properties are widely used as
highly efficient quenchers of multiple fluorophores and as localized heat generators upon
appropriate light irradiation.166 AuNPs are easy to modify by DNA using Au-S, Au-N
chemistry and electrostatic interactions, thereby providing an ideal platform for the
engineering of DNA nanotechnology at the interface. These particles are also biocompatible
and easily internalized into mammalian cells. Based on these excellent properties, AUNPS
have been of special interest for the study of interfacial DNA nanotechnology. The simple
immobilization of ssDNA onto AuNPs not only improves the cell uptake efficiency but also
increases the stability of SSDNA in complex media and accelerates the reaction kinetics of
DNA hybridization.” This finding provided the foundation for more intensive studies and the
exploration of more elegant bioapplications.

The high loading capability of AuNPs has allowed improvement of the mobility and
efficiency of on-particle DNA nanodevices.167 In an early example, an in vitro on-particle
DNA motor biosensing platform was proposed.168 As shown in Fig. 13A, the target
recognition probe (L1) and fluorescent indicator (S1) were anchored on AuNPs. In
conjugation with target molecules, the strand displacement reaction was triggered when the
swing arm in a homogenous solution approached the AuNP probe. Subsequently, the
addition of a nicking endonuclease caused iterative cleavage of S1 around the whole AuNP,

Chem Soc Rev. Author manuscript; available in PMC 2020 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 17

leading to an increase in fluorescence which reflects the target molecule level. The length of
DNA corona should be carefully optimized to obtain the best biosensing performance. This
is the first demonstration of a 3D AuNP-based DNA walker; however, the nanodevice is
limited to molecules with two binding sites or the sandwich binding model. Moreover, the
design is not compatible with intracellular studies because the components need to be
delivered separately into cells, which is complicated and restricts the reaction efficiency by
decreasing the encounter possibility of the interacting components in the complex cellular
environment.

In a follow-up study, these issues were solved by engineering all components on the surface
of a single AUNP.82 The blocked enzyme strands (S2) and RNA incorporated substrate
strand (S1) were modified on the AuNP via Au-S chemistry (Fig. 13B). Incubation of the
probes with cells caused the internalization of the probe. Overexpressed miRNA in
cancerous cells competed with the locking strand via toehold-mediated hybridization,
releasing the caged enzyme strand to form active DNAzymes by hybridizing with substrate.
In the presence of metal ions, the active DNAzyme constructs triggered cleavage around the
AUNP to release fluorescent molecules. Compared with the previously engineered model,
this improved AuNP DNA nanodevice carrying all the components together favored cellular
uptake and the intramolecular reaction. The operation speed was also enhanced by a local
increase in the concentration of the components. More recently, nicking endonuclease
enzymes powered on-particle DNA walkers have expanded the application scope to release
payloads and detect nucleic acids.169

To achieve the desired performance, the engineering of DNA coronas for automatic
operation is often based on iterative empirical sequence optimization, which requires
additional labor and cost. To further engineer the on-particle DNA walker to discriminate
single-nucleotide variants (SNA), a computer-guided simulation was proposed.179 As an
important parameter, the standard free energy AG for the strand displacement reaction was
employed to balance the trade-off between the DNA nanomachine operation efficiency and
specificity. A higher AG indicated excellent DNA nanomachine operation efficiency and
poor specificity for discriminating SNA and vice versa. With the help of this simulation
method, the discrimination factor for the target sequence and single nucleotide mismatch
sequence improved by 5.4 times. This finding provides a strategy to rationally engineer 3D
on-particle DNA nanodevices with optimal operation for wider bioapplications.

The abovementioned on-particle DNA walkers are based exclusively on the burnt-bridge
mechanism using either endonuclease or DNAzymes hydrolysis of the walker track.
Compared with those of endonucleases and DNAzymes, the hydrolysis rate of exonuclease
I11 (Exo I11) is 100-1000 fold higher. Taking advantage of this property, an Exo 111 powered
DNA walker was successfully engineered.1’! The 3’ track was catalyzed to stepwise remove
mononucleotides upon hybridization with the walker. Surprisingly, Exo Il exhibited
completely different hydrolysis behavior from that of DNase | and exonuclease | (Exo I).
Exo 111 also showed higher hydrolysis activity toward SNA (Fig. 13C), illustrating its
superiority in constructing a fast on-particle walker.
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In addition to enzymes, an entropy powered on-particle DNA walker was also rationally
engineered without requiring hydrolysis.172 A series of DNA sequences were designed to
initiate sequentially toehold mediated strand displacement reactions upon the recognition of
target miRNA, thereby realizing intracellular imaging. Besides, endogenous ATP molecules
were recently employed as a stimulus to power on-particle DNA nanomachines to image
miRNA in living cells.173

4.2.3 Pore opening for drug release based on strand displacement reaction.
—Porous nanoparticles such as mesoporous SiO, nanoparticles (MSNs) and metal-organic-
frameworks (MOFs) are considered ideal molecule-hosting candidates because of their
tunable pore sizes, large surface areas, high loading capacity and well-defined surface
properties.1’4 Recently, stimuli-activatable, porous nanomaterial-based payload releasing
platforms have drawn extensive research attention in biosensing!’® and drug delivery.176: 177
Strand displacement reactions were used as a versatile strategy for pore opening, upon
responding to specific biomolecular stimuli for controllable release.

For example, an “on-demand” drug release system was constructed and activated by an
intracellular cancer biomarker.178 In more detail, a partially hybridized dsSDNA composed of
a flexible long ssDNA and a short ssSDNA was absorbed onto positively charged MSNs via
electrostatic interactions to tightly seal the drug carrier. The overexpressed tumor marker
(surviving mRNA) in cells hybridized with the long ssSDNA via the toehold-mediated strand
displacement reaction, leading to the formation of a rigid duplex that was unable to cap the
pore. Therefore, the encapsulated drug molecules were released and the release efficiency
was monitored by fluorescence recovery. In another example, the cascade DNA strand
displacement reaction was engineered to take place at the interface of MSNs in a designated
manner to open a pore.1”® Two-nanometer duplex DNAs formed by four ssDNAs were
grafted directly onto the interface of MSNs via amide condensation to cage the 2.5 nm
pores. Only the correct addition order of ssSDNA initiated the cascade strand displacement
reaction to leave subnanometer ssDNA on the interface. Finally, the subnanometer ssSDNA
was too small to cage the pore, and the signal indicators were released to indicate correct
logical operations.

4.3 Bioapplications of functional DNA nanotechnology at nanoparticle interfaces.

4.3.1 Intracellular imaging.—With the development of functional DNA
nanotechnology, RNA-cleaving DNAzymes and structure-switching aptamers were also used
to engineer the surface of AuNPs. Delivering these molecules into mammalian cells to
execute multiple functions became possible. For example, a DNAzyme-AuNP probe was
developed to image the intracellular uranyl ion (Fig. 14A).180 The probe was constructed by
immobilizing a fluorophore modified DNAzyme onto AuNPs with the fluorescence readily
quenched by the AuNP. Once the probe entered into cells and encountered uranyl, the
substrate strands were cleaved and released the short fluorophore modified strand, leading to
an increase in the fluorescence signal. This was the first demonstration of DNAzymes in an
intracellular application. However, a drawback is that the DNAzyme biosensors can react
with extracellular metal ions and cleave their substrate during the sensor delivery process
before the sensors can reach the desired location in cells. A photocage method was then
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proposed to overcome this issue.80 Initially, 2’-~OH of adenosine ribonucleotides was
conjugated with a UV light sensitive photocage group to inhibit the activity of DNAzymes.
Only under the irradiation of UV light can the photocage group be removed, and the
catalytic activity of the DNAzyme recovered. The photocaging method has been
demonstrated in different systems8! but requires high energy UV irradiation that can
potentially harm cells.

More recently, an alternative near-infrared (NIR) photothermally activated method has been
proposed using gold nanoshells (AuNS).181 As shown in Fig. 14B, the system consists of a
three-stranded DNAzyme precursor (TSDP) whose hybridization prevents DNAzyme
activity. The TSDP is conjugated onto AuNS via Au-S chemistry. NIR illumination causes
an increase in temperature that results in dehybridization of the TSDP to release the active
DNAzyme. The active DNAzyme then catalyzes the metal ion-dependent cleavage to release
the cleaved product that contains a fluorophore. Using this construct, the detection of Zn2*
in living HeLa cells has been demonstrated. The method has expanded the versatility of
DNAzymes for detecting metal ions in biological systems with spatiotemporal control.
Alternatively, the use of upconversion nanoparticles (UCNPSs) also realized this goal as they
absorb long-wavelength NIR light to generate short-wavelength photons, which is a benefit
for /n vivo studies due to the low autofluorescence background, negligible photodamage and
remarkable penetration depth.182: 183 Taking advantage of this feature, the limit to irradiate
living cells with harmful UV light can be avoided when conjugating the previously reported
UV light sensitive photocaged DNAzyme at the interfaces of UCNPs. The deep tissue
penetrating NIR 980 nm light is locally converted to a 365 nm emission, which further
decages the inactived photocaged DNAzyme. This integrated system helps monitor the
dynamic distribution of zinc in cells and zebrafish (Fig. 14C).184

Similarly, an activatable aptamer nanodevice engineered at the interface of UCNPs was
demonstrated.18> UV-light activatable ATP aptamer were functionalized onto UCNPs, which
worked as a signal transducer to operate the nanodevice in response to irradiated NIR light.
The target-binding ability of the ATP aptamer was initially inactive by hybridizating to a UV
photocleavable group (PC) incorporating locker strand. A pair of FRET donor and acceptor
molecules were modified at each terminal of the DNA duplex, resulting in negligible
background florescence. Under NIR irradiation, the UCNP converted the NIR light into UV
light to photolyze the PC group. The resulting short oligonucleotide with low binding
affinity disassociated from the aptamer, leading to the ATP binding along with fluorescent
signal recovery.

4.3.2. Pore opening for bioimaging and drug release based on DNAzyme and
aptamer.—RNA-cleaving DNAzymes are another set of ideal candidates for pore caging of
porous nanoparticles. As a proof of concept, thiolated substrate strands of DNAzymes were
immobilized on the interface of MSNs using a crosslinker, and encapsulated molecules were
caged in the pores by hybridizing with enzyme strands. DNAzymes were cleaved and
molecules released in the presence of specific metal ions.186 Since the catalytic activity of
the DNAzymes varied as a function of pH, a pH-controlled release platform was constructed
by choosing Mg?* and UO,2* DNAzymes.187 At pH 5.2, UO,2* DNAzymes caged
molecules were released, whereas at pH 7.2, Mg2* DNAzymes caged molecules were
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released. More interestingly, the trapped molecules in the engineered MSNs, caged by
DNAzymes, reacted with each other to cause a programmed synthesis.188 Similarly,
DNAzymes can be used to engineer the interface of MOFs for drug release.189

Porous nanoparticles engineered by structure switching aptamers have been endowed with
specific targeting capability realizing a series of biosensing and therapeutic applications. For
example, the VEGF-AS1411 aptamer containing duplex DNA was reported to cage drug
molecules in the pores of Zr** MOFs via click chemistry (Fig. 15A). As indicated by the
confocal images in Fig. 15B, the exposed AS1411 aptamer targeted MDA-MB-231 cells
instead of MCF-10A cells by specifically binding to membrane nucleolin. After cellular
uptake, the overexpressed VEGF in cancerous cells was recognized by the aptamer, and the
pore opened upon forming the VEGF/aptamer complex. The drug molecules were then
released into the cell for further therapy.19° Moreover, taking advantage of the strong
coordination between Zr#* and phosphate, DNA aptamers were engineered on the interface
of MOFs for targeted imaging and photodynamic therapy.’® The platform was found to be
versatile and can be generalized to other aptamer and MOF nanomaterials.191

A comparison of responsive pore-opening strategies using DNA nanotechnology at
nanoparticle interfaces is listed in Table 3. MSNs and MOFs are two commonly used porous
nanoparticles for molecular caging. Based on a strand displacement reaction and RNA-
cleaving DNAzyme/aptamer recognition, the responsive payload releasing platforms have
found wide bioapplications in biosensing, targeted bioimaging and drug delivery. Making
use of the strand displacement reaction, an endogenous nucleic acid biomarker was readily
coupled with these platforms as a trigger to construct “on-demand” drug release systems.
However, such a platform typically requires the elaborate design of several DNA strands,
which is difficult to realize, especially for use in complex intracellular environments. A
variety of /n vitro selected DNAzymes and aptamers are now available to cage the porous
nanoparticles for targeted imaging and drug release applications. However, the /in vivo
catalytic/targeting capability of DNAzymes/aptamers needs to be further studied and
optimized to ensure the development of efficient biomedical applications.

DNA nanotechnology has provided useful tools to direct the construction of nanostructures
and modify nanoparticle surface properties, offering more opportunities for wider
bioapplications. Owing to the remarkable physical and chemical properties of numerous
nanoparticles, they have been widely used as multifunctional carriers to construct diverse
activatable platforms for biosensing, bioimaging and biomedical applications.

5. Bioapplications of DNA nanotechnology at “soft” interfaces

The “soft” interfaces here mainly refer to DNA origami and cell membranes. Compared with
flat and nanoparticle interfaces, DNA origami interfaces have a number of intrinsic merits,
including site addressability, versatile shapes, programmable and ordered properties encoded
in nucleotide sequences, and are recognized as a perfect platform for the assembly of
multicomponent nanostructures. Double-helical DNA nanostructures provide unique binding
sites with a regular spacing of approximately 7 nm (21 base pairs) along the helix and
approximately 3 nm perpendicular to the helical axis.192 This feature makes it easy and
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straightforward to precisely position nanocomponents at specific sites, highlighting the
potential utility of DNA origami in guiding the design of DNA nanodevices. The
localization of dynamic DNA reactions at precisely defined DNA origami interfaces should
increase the local concentration of reactants and accelerate the reaction, which is beneficial
for improved performance.193 In addition, numerous molecules covering on the cell
membrane play an utmost important role in interactions between cells and the extracellular
environment. DNA nanotechnology enabled strategies can monitor the dynamic interactions
and help investigate biological events. Inspiring and representative examples will be
presented below to show the potential applications of DNA nanotechnology at the cell
membrane.

In this section, since most studies have combined structural and functional DNA
nanotechnology with dynamic DNA nanotechnology, we summarize bioapplications based
on the soft interface type instead of the branches of DNA nanotechnologies.

5.1 Bioapplications of DNA nanotechnology at the interface of DNA origami

Multiple staple strands that constitute a DNA origami structure provide specific site
addressability with high precision. Additionally, extended staple stands are available for
anchoring various nanospecies, including DNA strands, enzymes and nanoparticles, offering
an opportunity to construct multiple-components integrated interfaces. These elaborate
engineering interfaces enable a wide range of applications that will be presented below.

5.1.1 Kinetic study of localized dynamic DNA reactions.—Localized dynamic
DNA reactions that take place at the interfaces of DNA origami are expected to be more
efficient than in aqueous solution because of the increased local concentration of reactants.
194-196 Conceivably, however, the distance between strands involved in the reaction process
plays a vital role. To study the distance effect, Teichmann et al. prepared a 90 nm x 65 nm
rectangular DNA origami substrate, and the robustness of basic two-stage DNA strand
displacement reactions at the DNA origami interface were thoroughly studied.197 As shown
in Fig. 16A, two consecutive gates were hybridized to the extension staple strands with
varying distances of 3, 6, 9 and 12 full helical turns (nominally 10.5, 21.5, 32 and 42.5 nm)
with the red dot indicating Gate 1 and the blue dot representing Gate 2. In the presence of
input I, signal S at Gate 1 would be replaced by a toehold-mediated branch migration
reaction and subsequently hybridized to Gate 2 to release output O (Fig. 16B). The gate
component was modified with a fluorophore and quencher to monitor the reaction process
(Fig. 16C). A distance of 10.5 nm was found to be too close, and preparation of the defined
initial state failed with a serious leakage reaction between the two gates. A system with a
distance of 21.5 nm gave overall faster kinetics than the other longer distances. This result
was due to a direct physical interaction of the gates at 21.5 nm, which allowed local strand
transfer through an intermediary complex, whereas the distance increasing caused further
diffusion of the released signal S from Gate 1 into the bulk solution. Thus, engineering an
appropriate distance between consecutive dynamic DNA cascade reaction probes accelerates
the reaction but also increases the robustness of the cascade through fast strand local transfer
without diffusion into the bulk solution.
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In contrast to the previous work, a study employing hairpin structures instead of typical
ssDNA as the gate strand was conducted to investigate the kinetics of a more complicated
localized HCR. A rectangle DNA origami, composed of 224 staple strands and a long
scaffold M13mp18 (with a size of 70 nm x 85 nm), was utilized as the engineering interface.
Faster reaction kinetics were observed when compared with that of the aqueous solution
reaction.198

Constraining distances between DNA strands has been realized through rational engineering
at the interfaces of the DNA origami. Such a design has provided faster reaction rates when

compared with the bulk solution-based reaction, and thus laid the theoretical foundation for

further related studies and bioapplications.

5.1.2 Engineering of highly controllable DNA nanodevices.—DNA origami
allows the interfacial engineering of advanced and controllable devices for wide
applications,199-201 and the DNA walker is the most frequently demonstrated. For example,
at the interface of a 100 nm x 70 nm rectangular DNA origami, 17 tracks were equidistantly
arranged with 6-nm gap sizes. Once the walker DNA hybridized with the track, cleavage by
the nicking enzyme occurred in the track. Accordingly, a 6-nt toehold domain of the walker
was exposed and walked to the next track. The consecutive and directional process of a
single walker was monitored by high-speed, real-time AFM without dissociation.202 In this
study, the distance between tracks was carefully tuned by changing the specific position of
the track on the DNA origami interface. The walking efficiency was also significantly
affected by the distance between tracks.

Except for simply walking in a predefined direction at the interface, multifunctional robots
that walk as well as sort cargo or choose a pathway at a junction are highly desired. They are
expected to be promising candidates to fulfill sophisticated tasks, including autonomous
chemical synthesis, programmable therapeutics and constructing stimuli-responsive
molecular devices. The programmable properties of DNA origami interfaces enable the
engineering of such a DNA robot.*° Specifically, a cargo-sorting algorithm based on three
modular building blocks (including that for random walk, for cargo pickup and for cargo
drop-off) was developed to implement tasks (Fig. 17A). Two tracks were equidistantly
engineered at the interface of the DNA origami in a checkerboard pattern with identical
neighbors (Fig. 17B and 17C). The robot was be able to randomly walk from any location to
any neighboring location on the track without bias. As described in Fig. 17C, the robot that
hybridized with the track at an arbitrary location was composed of two terminal foot
domains and one leg domain. Random walking was enabled by the toehold-mediated branch
migration reaction between two adjacent tracks. Further incorporation of an arm domain and
a hand domain into the robot enabled cargo carrying and the drop-off task to be achieved
through hybridization at a specific position. More interestingly, two types of cargos that
were initially at unordered locations can be fully sorted to predefined destinations (Fig.
17C). Because sorting occurred at the interface of individual DNA origami, distinct tasks
can be performed simultaneously by simply scaling up the system.

An increasing interest toward environmental stimuli DNA origami interfaces has been
witnessed in recent years. The engineering of DNA origami interfaces with environmentally
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responsive modalities is easy to realize by simply incorporating specific staple strands. For
example, K* responsive G-quadruplex structures were used as fuel and input to engineer
DNA origami cascade reaction interfaces. In the presence of K*, the interfacial localized
cascade circuits were inhibited because the G4 structure was formed, whereas removal of K*
caused deformation of the G4 structure and the activation of the circuit for fluorescent signal
amplification.203 Similar to this example, photoresponsive2%4 and electric-responsive20>
robots operating at DNA origami interfaces were also reported. Furthermore, robots
engineered at the interface of a DNA origami have been reported to respond to the
intracellular molecules as a therapeutic in living cells, indicating their potential for in vivo
bioapplications.85: 206

5.1.3 Engineering the enzymatic cascade reaction.—DNA origami interfaces
offer a platform for the artificial colocalization and spatial organization of multiple enzymes
at specific sites.207 Systematically varying the distance of enzymes is straightforward using
DNA origami scaffolds. The proximity of enzymes at certain nanometer scales on DNA
origami scaffolds has been reported to enhance the cascade throughput. The glucose oxidase
(GOx) and horseradish peroxidase (HRP) pair is the most frequently used model for related
studies. For example, placing DNA-modified GOx and HRP next to each other with a
distance of 10 nm at the DNA origami interface caused a more than 15-fold enhancement in
activity compared with the free enzymes in solution.298 Other pairs of enzyme that were
engineered at the interface of DNA origami also showed the same activity enhancement
behavior.299: 210 The strong activity enhancement is typically ascribed to the restricted
diffusion of intermediates from one enzyme to the next enzyme in an enzyme cascade
anchoring at the DNA origami interface, which is termed substrate channeling. However, the
proposed mechanism is controversial because a GOx-HRP complex formed by a 2-nm
crosslinker did not show an enhancement in activity similar to that of the DNA origami-
based system. The authors concluded that the change in pH at the DNA origami interface
contributed to the enhanced activity.211 Additional related studies need to be performed to
uncover the mechanism.

Rather than statically immobilizing multi-enzymes and swinging arms that facilitate
substrate channeling with close proximity at the DNA origami interface,29 the relative
position of these species were repoted to be regulated via light-driven dynamic DNA
hybridization.>! In this system, photoresponsive molecules of azobenzene (AZO) were
incorporated into DNA. Light irradiation caused the trans-cis photoisomerization of AZO.
The trans AZO enabled the hybridization of dsSDNA, whereas cis AZO precluded the
hybridization of dsDNA, realizing the photocontrol of hybridization/dehybridization of
dsDNA. As shown in Fig. 18A, an AZO modified anchor was arranged on a DNA origami
scaffold to selectively capture and release the AZO modified swing arm that holded a
cofactor. The swing arm was a Holiday Junction (HJ) structure and was positioned near two
enzymes to facilitate substrate channeling. As depicted in Fig. 18B, under visible light
irradiation, the AZO-modified arm of the HJ was captured by anchor, leading to the cofactor
being located distal from the enzyme cascade. In contrast, UV light triggered the
dehybridization of the AZO modified arm of the HJ with anchor and the free HJ returned to
its initial position, which accelerated the relative catalytic activity by 5-fold (Fig. 18C).
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5.1.4 Interrogating protein-ligand interactions.—Protein-ligand interactions can be
classified into several groups, including interactions of proteins with other proteins,

peptides, nucleic acids as well as small molecules, antigen—antibody interactions, enzyme—
inhibitor interactions and enzyme—substrate catalytic interactions. An in-depth
understanding of the interactions between proteins and their target ligands plays an
important role in understanding biology at the molecular level. Moreover, the detailed study
of protein-ligand interactions also aids drug discovery platforms.

2D DNA origami nanostructures were used as a programmable nanosized substrate to
construct pharmacophore nanoarrays for the discovery of small molecule protein inhibitors.
212 gpecifically, a triangular DNA origami nanostructure with a 120-nm edge was
synthesized. The model pharmacophores were attached at specific positions of the staple
strands. The protein—pharmacophore interaction was quantitated by varying the
pharmacophore number and distances between pharmacophores. Compared with microarray
techniques, the size of the DNA origami-based nanoarray was reduced by several orders of
magnitude, enabling the identification of protein—ligand interactions from weak binders at a
single-molecule level using AFM. Similarly, DNA origami was used as a pattern template
for the arrangement of antigens, and the optimal distance between antigens for the binding
of an antibody was studied. Varying the distances between antigens from 3 to 17 nm
demonstrated that the strongest binding was obtained at approximately 16 nm.213

In addition to serving as flat templates for the precise arrangement of ligands, DNA origami
nanocontainers or nanocapsulates are powerful tools for protein caging.214 For example,
Sprengel and coworkers reported the selective encapsulation of a protein into a DNA
origami cavity.215 The inner side of the DNA origami nanocontainer was preattached with
protein binding ligands at selected positions for further encapsulation via supramolecular
interactions. One-to-one stoichiometry of protein and nanocontainer recognition was
realized. Of note, binding of the protein to container seemed to be permanent even after the
removal of the ligands.

5.1.5 Engineering plasmonic nanoantennas for biosensing.—Parallel to
positioning proteins or ligands as mentioned above, nanoparticles can also be attached at the
interface of a DNA origami molecular breadboard for nanophotonics and plasmonics.216: 217
Either fluorescent or other signal molecules were positioned in the near-field of plasmonic
metallic nanoparticles as nanoantennas with nanometric accuracy for biosensing
applications. It was reported that the fluorescent signal at the nanoantennas hotspot between
two nanoparticles was significantly enhanced. Specifically, two 100 nm gold nanoparticles
were attached to the DNA origami pillar with interparticle distances of 23 nm, a fluorescent
dye was attached to the central bundle of the pillar between two gold nanoparticles, and over
100-fold fluorescence enhancement was observed.218 In a follow-up study, through
optimization of the nanoconstruct robustness and the interparticle distance, the fluorescent
enhancement was increased to 5000-fold, and single-molecule detection was demonstrated
at concentration of 25 pM.219 Using a similar principle, Zika virus nucleic acid detection
was performed without any signal amplification.220 By immobilizing alkyne group modified
streptavidin in the gap of two silver nanoparticles that were arranged at the interface of the
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DNA origami nanostructure, the SERS signal of single streptavidin molecule was detected,
paving the way for SERS study of complex biomolecules at the single-molecular level.22!

All these successful examples support the concept that DNA origami interfaces are powerful
and convenient platforms for the precise arrangement of oligonucleotides, enzymes, proteins
and nanoparticles with high reproducibility, which is an important property for future
bioapplications. More interestingly, further combining the top-down micropatterning of solid
surfaces with ligand modified DNA origami nanostructures, a series of examples for
controlling and interrogating cellular responses have been successfully demonstrated.222-224

5.2 Bioapplications of DNA nanotechnology at the interface of the cell membrane

The cell membrane is composed of an assembly of lipids, proteins and carbohydrates, and
characterizing this bioactive interface is of particular interest in the study of cell behavior.
Cells interact with their surrounding environment through a variety of membrane proteins,
which are usually recognized as vital biomarkers for disease diagnostics.225-227 Cell
membrane engineering methodologies that are enabled by DNA nanotechnology to disclose
protein levels have garnered attention recently. For example, the overexpressed human
epidermal growth factor receptor-2 (HER2) at the surface of breast cancer cells was revealed
by this means. HER2 simultaneously bound to two antibodies that were conjugated to two
DNA probes. The proximity of the two DNA probes triggered a toehold mediated strand
displacement reaction on the cell membrane, leading to fluorescence recovery, designating
the presence of HER2.228 Similarly, the proximity mechanism was employed to engineer
cell membranes to study the formation of the HER2:HER2 homodimer and the HER2:HER3
heterodimer,22° and visualize the dimerization of the Met receptor.230

The aforementioned individual protein biomarker identification approaches can not be
employed to differentiate heterogeneity among cancer cell subtypes,231 which is an obstacle
for accurate diagnosis. In response to this problem, Peng et al. proposed a bispecific
recognition strategy based on a 3D DNA AND logic gate nanomachine that was engineered
at the interface of the cell membrane.232 The 3D DNA logic gate is a triangular prism (TP)
with overhangs at three vertices. The overhangs are two blocked aptamers and a fluorescent
signal reporter consisting of a computing component. Only in the presence of human acute
lymphoblastic leukemia cells (CCRF-CEM) could the sgc8c (binding with tyrosine-protein
kinase-like 7) and sgc4f aptamers (unidentified target) bind to the cells and release the
blocking strand simultaneously to execute a strand displacement reaction-based logic gate
operation at the cell membrane. The output signal was identified using confocal microscopy.
In contrast, Romas cells did not show any visible fluorescence, demonstrating the possibility
of precisely differentiating cancer cell subtypes using DNA nanotechnology.

Real-time monitoring of changes in the cellular environment via cell membrane engineering
probes would be a valuable approach to understand the underlying mechanisms of cell
metabolism and signaling. In this context, a diacyllipid-DNAzyme probe at the cell
membrane interface was designed to monitor exogenous and cell extruded metal ions (Fig.
19A).233 The probes were attached to the cell membrane with high efficiency via
hydrophobic interactions between a lipophilic C18 hydrocarbon tail and the phospholipid
bilayer, as indicated by the red fluorescence around the cell membrane (Fig. 19C). Taking
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advantage of the high selectivity and specificity of DNAzymes, the probes can respond to 20
mM Mg?2*. Significant fluorescence enhancement was clearly observed due to the separation
of the quencher and fluorophore modified on the DNA strands caused by site cleavage (Fig.
19B). However, this cell membrane probe is nonreversible and loses sensing ability once
cleaved by encountering metal ions, and a long-lasting sensing capacity therefore remains a
challenge.

DNA nanotechnology enabled engineering at the interface of cell membranes can be used to
organize receptors into nanoscale clusters, thereby manipulating cell behavior and
controlling specific functions. For example, Zhang et al. presented a DNA nanospring-based
method to control the distance between integrin on the cell membrane.234 The DNA
nanospring was synthesized by rolling circle amplification with the help of a circular DNA
template. Multiple RGD (Arg-Gly-Asp) molecules were conjugated to the nanospring in
advance through DNA hybridization, these molecules helped the nanospring bind to cell due
to their affinity to integrin on the cell membrane. The declustering of integrin was triggered
by adding an auxiliary strand (cDNAZ1) to open the intrinsic encoding hairpin structures,
resulting in the activation of PI3K/Racl signaling and the generation of protrusions for cell
morphology (Fig. 20). The clustering of integrin was easily recovered by incubating with a
competing strand (cDNAZ2). Strand displacement reaction took place to displace cDNA1
from the nanospring template, leading to normal cells morphology. This report demonstrated
that the rational design of DNA nanotechnology at the interface of cell membranes
modulates the morphology and gene expression of the manipulated cells.

More interestingly, a chemically induced dimerization (D-CID) of cell receptors mediated
by DNA was proposed to activate signaling pathways and further control cell behavior.23% C-
Met, a receptor tyrosine kinase for the hepatic growth factor on cell membranes was used as
a model. Two subunits were linked to the extracellular side of c-Met by a specific binding
aptamer. One subunit was partially caged by an ATP aptamer, thus prohibiting the
hybridization of two subunits. Subsequent introduction of ATP uncaged the toehold domain
of this subunit and triggered a strand displacement reaction, causing the two subunits to
come into close proximity. As a result, heterodimerization of two c-Met proteins was
observed and autophosphorylation occurred. The downstream activation of actin
lamellipodium was also demonstrated to increase the mobility of cells. A polarization ratio
of 63% was observed under ATP gradient treatment, illustrating customized chemotaxis of
the DNA nanotechnology engineered cells.

6. Conclusions and perspectives

The past decade has witnessed the development of a range of bioapplications enabled by
DNA nanotechnology at the solid-liquid interface, including biosensing, bioimaging, and /n
vitroand in vivo biomedicine. From these studies, we have learned that interfaces play the
following main roles: the interface provides a constrained platform to immobilize sSDNA,
dsDNA and 3D DNA nanostructures, facilitating DNA hybridization, DNA walker/motor
system operation, and the interface can be tailored to improve biosensing performance.
Localization of the DNA reaction at a variety of interfaces is similar to
compartmentalization in biology, which is enabled by membranes. Distinct local functions
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are performed in parallel without losing high efficiency.236 In addition, the nanoparticles
used to immobilize DNA always possess specific optical, electrical, colorimetric, or
photothermal properties, endowing excellent physical and chemical properties to the DNA
nanoparticle systems for a wider range of bioapplications. The interfaces also act as carriers
to deliver DNA-based systems into cells and organisms, opening new avenues for /n vivo
bioapplications of DNA nanotechnology. Despite all these examples of progress, we have
identified some challenges currently faced by the field, the underlying future prospects are
provided below.

First, continuing research on kinetics is required to improve DNA nanostructure interfacial
systems and expand the scope of bioapplications. Although studies (as described above)
have shown improved reaction rates for all kinds of interfaces enabled by DNA
nanotechnology, the reaction species are limited to dynamic cascade reactions.
Investigations on the kinetics of aptamer structure switching and RNA-cleaving DNAzymes
at the solid-liquid interfaces should be encouraged. The influence of different interfaces on
these functional molecules needs to be addressed to provide fundamental guidelines for
more bioapplications. The rational engineering of sequences, for example by adding
appropriate lengths of poly-oligonucleotides, is also necessary.

Second, the stability of DNA anchorage at interfaces is a significant challenge that needs to
be overcome, especially in complex environments such as biological samples. Ultrastable
interfaces enabled by DNA nanotechnology significantly contribute to the high signal-to-
background ratio (S/N) in biosensing and bioimaging systems, as well as controlling the
release behavior of molecules for biomedical applications. There are two levels of ultrastable
interfaces enabled by DNA nanotechnology: (1) the conjugation of DNA to the surface
should be sufficiently stable to avoid shedding from the surface. For example, the widely
used Au-S bond is readily replaced by intracellular reductive molecules such as GSH.
Recently, it was reported by the Tang group that the Se-Au bond is more stable under a
reductive cellular environment, enabling more reliable bioapplication /in vivo.237. This issue
has also been addressed by embedding the DNA into the nanoparticles during the synthesis
process using DNA as the template.238-242 For example, the Lu group has demonstrated that
DNA on gold nanoflowers using DNA encoded growth of nanoparticles is much more stable
than the Au-S bond.243 New conjugation chemistry that forms more stable linkages, such as
click chemistry is highly desired for use in interface engineering. (2) The surface should be
sufficiently stable to not show any degradation during the bioapplication. For example,
MOFs are easily decomposed in biological environments to nonspecifically release the
caged molecules. High concentrations of divalent metal ions (10-20 mM Mg?2*) are
necessary to stabilize DNA origami nanostructures, yet cells do not provide these extreme
conditions, limiting their further use. To address these challenges, the preparation of more
stable nanoparticles and DNA origami interfaces should be explored. For example, it was
recently demonstrated that the amphiphilic polymer poly[isobutylene-alt-maleic anhydride]-
graft-dodecyl (PMA\) stabilized ZIF-8 exhibited excellent stability both in aqueous solution
and in living cells compared with bare ZIF-8.244 By choosing appropriate DNA origami
superstructures and buffer components, the stability and structural integrity of DNA origami

nanostructures can be maintained for at least two months even at a concentration of 10 uM
Mg2+ 245

Chem Soc Rev. Author manuscript; available in PMC 2020 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 28

Third, reversibility is highly desired for all kinds of interfacial dynamic DNA machines.
Most DNA machines engineered at interfaces rely on the burned-bridge mechanism; the
tracks can be completely destroyed after one round of operation. In addition, the
nanodevices are still very primitive and the current assembly lines can be used only once.
Similar to their natural counterparts, reversible and reusable mechanisms are desired. One
solution is to use external stimuli to reset the /n vivo systems, such as pH, light, heat and
electricity. For in vitro systems, except for those strategies mentioned above, different
binding affinities of biotin and desthiobiotin toward streptavidin have been successfully
demonstrated for reversible DNA origami interface construction.246

In the future, we are optimistic that bioapplications that utilize DNA nanotechnology at the
solid-liquid interface will increase because of the versatile choices in interfaces and the
ever-growing DNA nanotechnology toolbox, as well as our understanding of reaction
kinetics. We believe it is time to move to the next stage of real-world applications. Recent
studies of DNA nanotechnology operations were performed in zebrafish.184: 247 Nanoscale
engineering of biological interfaces using DNA nanotechnology is anticipated to facilitate
the future diagnosis and treatment of diseases, including cancer.
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Fig. 1.

(A?) Basic DNA nanostructures used for the self-assembly of complex shapes, including
four-way DNA junctions and, DNA double-crossover (DX) and triple-crossover (TX)
structures. Reprinted with permission from ref. 18. Copyright (2004) PLoS Biology. (B)
Representative 2D nanoscale patterns. Reprinted with permission from ref. 21. Copyright
(2012) Nature Publishing Group. (C) 3D nanostructures formed using DNA molecules as
building blocks. Reprinted with permission from ref. 22 and 23. Copyright (2008) Nature
Publishing Group (the first three rows). Copyright 2008 National Academy of Sciences (the
last rows). (D) Design and synthesis of a DNA tetrahedron and their AFM images. Reprinted
with permission from ref. 32. Copyright (2005) American Association for the Advancement
of Science. (E) Schematic and representative 2D nanoshapes formed by DNA origami.
Reprinted with permission from ref. 36. Copyright (2006) Nature Publishing Group.
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Fig. 2.
(A) Schematic of the toehold-mediated strand displacement and branch migration reaction

mechanism. (B) Operation of a reversible DNA tweezer. Reprinted with permission from ref.
43. Copyright (2000) Nature Publishing Group.
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Schematic of the fundamentals of different DNA cascade reactions. (A) HCR. Reprinted
with permission from ref. 54. Copyright (2004) National Academy of Sciences. (B) CHA.
Reprinted with permission from ref. 58. Copyright (2008) Nature Publishing Group. (C)
PER. Reprinted with permission from ref. 62. Copyright (2018) Nature Publishing Group.
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Fig. 4.

(A?) Equipping circular bivalent aptamers with supramolecular CD for enhanced
intracellular protein delivery compared with monoaptamers. Reprinted with permission from
ref. 73. Copyright (2018) American Chemical Society. (B) DNA aptamer-based activatable
photoacoustic probes for imaging in living mice. Reprinted with permission from ref. 74.
Copyright (2017) American Chemical Society. (C) Schematic illustration of the selection
process and structure of DNAzymes. Reprinted with permission from ref. 79. Copyright
(2017) Elsevier.
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Fig. 5.
(A) Precisely engineering the lateral distance between pendant probes by varying the sizes

of the DNA tetrahedron. (B) The pseudo-first-order reaction rates corresponding to a series
of DNA tetrahedrons with varying sizes. (C) The hybridization efficiency corresponding to a
series of DNA tetrahedrons with varying sizes. All Reprinted with permission from ref. 90.
Copyright (2015) Wiley-VCH.
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Fig. 6.
Schematic of two pendent strand DNA tetrahedral-based electrode interface sensor.

Reprinted with permission from ref. 107. Copyright (2018) Royal Society of Chemistry.
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Fig.7.
Schematic of probe patterning at the flat gold interface using (A) DNA LS origami (B) DNA

DE origami (C) DNA tetrahedron. Reprinted with permission from ref. 110. Copyright
(2018) American Chemical Society.
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Fig.8.

(A?) Schematic of two DNA footholds with alkyne terminals conjugated to a glass coverslip
surface through copper-free click chemistry. Surface azides are displayed in purple and
dibenzocyclooctyne (DBCO) in yellow. (B) Schematic of DNA walker movement at the
functionalized interface over a 2D array of footholds. (C) TIRF image of a fluorophore
labeled walker on a premodified surface and a representative fast-moving trajectory of
walker. All reprinted with permission from ref. 131. Copyright (2018) Nature Publishing
Group.
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Fig. 9.

(A) Schematic of the microfluidics experiment setup. DNA walker tracks are immobilized
inside the chamber through biotin-neutravidin interactions. (B) Schematic of the walking
process of a DNA bipedal walker and the operational yield comparison between two
operation models. All reprinted with permission from ref. 132. Copyright (2017) American
Chemical Society.
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Fig. 10.
Schematic of ratiometric electrochemical biosensor using MB and metal nanoparticles as

signal reporters for GSH detection. Reprinted with permission from ref. 138. Copyright
(2017) Royal Society of Chemistry.
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Fig. 11.
Schematic of (A) A bipedal DNA walker-powered electrochemical biosensor for the

amplified detection of thrombin. Reprinted with permission from ref. 143. Copyright (2018)
American Chemical Society. (B) DNA walker-based pixel counting strategy for the
amplified detection of nucleic acid. Reprinted with permission from ref. 144. Copyright
(2018) American Chemical Society.
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Fig. 12.
(A) Schematic of a CdS nanoparticle-functionalized, 10-23 DNAzyme based motor on the

NIR fluorescent carbon nanotube track. (B) Fluorescent image. The pseudo-colored
fluorescence image of the CdS nanocrystal (top) is overlaid with the near-infrared nanotube
image (middle). The location of the mobile nanoparticle relative to the immobile nanotube
(bottom) is periodically determined as a function of time during the experiments. Scale bar,
2 mm. All Reprinted with permission from ref. 45. Copyright (2013) Nature Publishing
Group.
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Fig. 13.
(A) Binding-induced, on-particle DNA motor based biosensing platform. Reprinted with

permission from ref. 168. Copyright (2015) Wiley-VCH. (B) Intracellular operation of an
on-particle DNAzyme motor initiated by miRNA. Reprinted with permission from ref. 82.
Copyright (2017) Nature Publishing Group. (C) Comparison of nuclease activities (DNase I,
Exo I, and Exo I11) toward SNA and free ssDNA. a) Schematics for the fluorescence assays
for hydrolysis of SNA and ssDNA. AuNP, nuclease, quencher, and fluorophore are depicted
as yellow balls, purple dots, black dots, and green stars. b—d) Fluorescence analysis of DNA
hydrolysis by b) DNase I, ¢) Exo I, and d) Exo Il (sSDNA, red; SNA, blue). Reprinted with
permission from ref. 171. Copyright (2017) Wiley-VCH.
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(A) Design of a fluorescent DNAzyme immobilized onto AuNPs as selective probe of uranyl
inside live cells. Reprinted with permission from ref. 180. Copyright (2013) American
Chemical Society. (B) Near-infrared (NIR) photothermally activated DNAzyme using a
three-stranded DNAzyme precursor (TSDP). Reprinted with permission from ref. 181.
Copyright (2017) Wiley-VCH. (C) Upconversion nanoparticle (UCNP)-based photoactivable
DNAzymes. Reprinted with permission from ref. 184. Copyright (2018) American Chemical

Society.
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(A) Schematic of the loading and release of doxorubicin from NMOFs gated with (1)/ (3)

nucleic acid locks, where (3) includes the caged VEGF aptamer conjugated to the AS1411
anti-nucleolin aptamer as the targeting probe. (B) Left: Confocal images corresponding to
the uptake of the different doxorubicin-loaded NMOFs by MCF-10A breast cells (Panel |
and Panel 111, Panel I: without conjugation of AS1411 aptamer; Panel I11: with conjugation
of AS1411 aptamer) and MDA-MB-231 breast cancer cells (Panel 1l and Panel IV, Panel 1I:
without conjugation of AS1411 aptamer; Panel 1V: with conjugation of AS1411 aptamer);
Right: Uptake efficiency of different samples. All reprinted with permission from ref. 190.
Copyright (2018) Royal Society of Chemistry.

Chem Soc Rev. Author manuscript; available in PMC 2020 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Page 53

A C
F1 Q@ F2
(1) T
2 1| — START
v l
é C )
[ )
loss
@ e /
i
Ax =90 nm s j T
—
B GATE 1 GATE 2 local
o signal S transfer
input | c F1 Q2 F2 S 2
a dE d
& d cHc
b P 3
Q1 b* output O d* & e °
a*
sToP o
u u* Y v*
Ax
( ) C )
Fig 16.

(A) Two-stage DNA strand displacement (DSD) cascade engineered at the interface of
rectangular DNA origami with different distances. (B) Detailed strands and domains
involved in the DSD cascade shown in its initial state. (C) The DSD cascade reaction
process. All reprinted with permission from ref. 197. Copyright (2014) American Chemical
Society.
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(A) Composability of the three building blocks of a DNA robot. (B) Detailed components of
Track and Goal. (C) Implementation for sorting multiple types of cargos. All reprinted with
permission from ref. 49. Copyright (2017) American Association for the Advancement of
Science.
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(A) G6pDH-LDH enzyme cascade and NAD*-HJ swing arm assembly on DNA origami
scaffold. Schematic (B) and relative activities (C) of the four states of enzyme cascade/DNA
origami assembly. All reprinted with permission from ref. 51. Copyright (2018) American
Chemical Society.
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Fig. 19.
(A) Schematic of the diacyllipid-DNAzyme probe at the cell membrane interface for real-

time monitoring of metal ions. (B) Flow cytometry result of kinetics study for CEM cells
incubated with diacyllipid-DNAzyme probe and then treated with Mg?* of different
concentrations. (C) Confocal images of CEM cells incubated with diacyllipid-DNA-
TAMRA.All reprinted with permission from ref. 233. Copyright (2014) American Chemical
Society.
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Fig. 20.
DNA nanospring-triggered integrin clustering and declustering are able to regulate

intracellular signalling pathways and cell morphology. Reprinted with permission from ref.
234. Copyright (2017) Royal Society of Chemistry.
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