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ABSTRACT: Development of biosensing platforms plays a key role in research settings
for identification of biomarkers and in clinical applications for diagnostics. Biosensors
based on nucleic acids have taken many forms, from simple duplex-based constructs to
stimuli-responsive nucleic acid nanostructures. In this review, we look at various nucleic
acid-based biosensors, the different read-out strategies employed, and their use in
chemical and biological sensing. We also look at current developments in DNA
nanotechnology-based biosensors and how rational design of such constructs leads to

more efficient biosensing platforms.
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1. INTRODUCTION

From being an icon of modern biology, DNA is now used for the
assembly of interfacial structures and the bottom-up con-
struction of nanoscale architectures.' > The inherent molecular
recognition properties of DNA and the resulting programmable
self-assembly make DNA versatile for the fabrication of such
nanoscale materials. The four canonical nucleotides and their
Watson—Crick base pairings (A:T and C:G) provide predictable
self-assembly, while the structural features of DNA (diameter of
~2 nm, helical pitch of ~3.4—3.6 nm, and persistence length of
~50 nm) make it suitable for robust construction. Hierarchical
assembly from smaller units can be achieved by single-stranded
overhangs called sticky ends that connect duplexes from
different motifs or nanostructures. Over the past two decades,
DNA nanotechnology has moved from proof-of-concept
structural demonstrations to applications in many different
fields.*~"* Perhaps one of the most widely developed fields that
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utilizes the properties of nucleic acids is biosensing, where DNA
nanomaterials or DNA structures in combination with other
materials are designed to detect biological or chemical moieties.

In this review, we provide a comprehensive overview of DNA-
based biosensing approaches and specifically discuss DNA
nanostructures and their use in biological and chemical sensing.
In Section 2, we discuss strategies utilized in creating DNA
nanostructures in structural as well as dynamic DNA nano-
technology. Design principles obtained from a multitude of
studies that involve construction of DNA nanostructures now
provide a toolset to customize these nanostructures for
biosensing purposes. In Section 3, we discuss how different
biosensing strategies are read out and how these techniques
compare to each other. Some of the most commonly used
readout techniques we discuss in this article include optical
methods (fluorescence, FRET, and nanoparticle-based), elec-
trochemical, gel-based, atomic force microscopy (AFM), and
surface enhanced Raman spectroscopy (SERS). We then discuss
in Section 4 DNA nanostructures that are used in sensing of
nucleic acids, pH, enzyme activity, biomacromolecules, and
metal ions. For each case, we provide examples of nanostruc-
tures and their features including the limit of detection, and
whether the strategies have been used for clinically relevant
samples or tested in biological fluids. In Section S, we briefly
discuss in situ sensing and provide our outlook and perspective
of the field in Section 6.

2. FRAMEWORK NUCLEIC ACIDS

Ned Seeman first proposed the idea of using DNA to build
structures in the early 1980s."> The DNA double helix is
inherently linear, and thus, branched DNA junctions are
required for multidimensional assembly. For this purpose,
similar to the biologically occurring Holliday junctions,"*
scientists created synthetic branched DNA junctions with 4, S,
6, 8, or 12 arms around the junction.ls_20 Such branched
junctions form the basis of multicrossover DNA tiles and motifs
that comprise framework-like DNA nanostructures dubbed
framework nucleic acid (FNA) architectures. Some of the early
developments using FNAs include the creation of DNA-based
objects such as a cube (Figure 1A)*" and a truncated octahedron
(Figure 1B).”” Different DNA strands are designed to bind to
their complementary regions in other strands and assemble into
the desired structure, that is, creating a designed framework. In
subsequent studies, an octahedron was built from a 1.7 kilobase
DNA strand that was folded by five short strands (Figure 1C).**
This structure was a precursor to the now well-known DNA
origami strategy and used paranemic-crossover to connect the
struts of the octahedron.”* In other examples, DNA icosahedra
have been constructed using a modular approach where multiple
S-arm DNA junctions are first assembled into two halves of an
icosahedron, and the two halves are then assembled into a full
octahedron through sticky end cohesion (Figure 1D).”> A DNA
tetrahedron composed of four strands was assembled by a single
step annealing (Figure 1E,F),*° while 3D DNA prisms
(triangular, square, pentagonal, and hexagonal prisms) have
been constructed using a stepwise strategy (Figure IG).27 One
of the most common DNA motifs, the DNA three-point-
star,”*™>! has been used in the hierarchical assembly of cubes,
tetrahedra, dodecahedra, and buckyballs (Figure 1H,I).32’33
Similarly, a DNA icosahedron can be hierarchically assembled
from five-point-star DNA motifs (Fi%ure 1J).>* In addition to the
many DNA objects constructed,>”* such polyhedra are also
assembled using a combination of DNA and RNA strands.***’

Figure 1. Nanoscale DNA objects. (A) DNA cube. Reprinted with
permission from ref 21. Copyright 1991 Springer Nature. (B)
Truncated octahedron. Reprinted with permission from ref 22.
Copyright 1994 American Chemical Society. (C) Octahedron.
Reprinted with permission from ref 23. Copyright 2004 Springer
Nature. (D) Icosahedron. Reprinted with permission from ref 2.
Copyright 2009 Wiley-VCH. (E) Tetrahedron. (F) Double tetrahe-
dron. Reprinted with permission from ref 26. Copyright 2005 AAAS.
(G) DNA prisms. Reprinted with permission from ref 27. Copyright
2007 American Chemical Society. (H) Tetrahedron, octahedron, and
buckyball assembled from a three-point-star motif. Reprinted with
permission from ref 32. Copyright 2008 Springer Nature. (I) Cube
assembled from three-point-star motif. Reprinted with permission from
ref 33. Copyright 2009 American Chemical Society. (J) Icosahedron
assembled from a five-point-star motif. Reprinted with permission from
ref 34. Copyright 2008 National Academy of Sciences.

In addition, FNAs also include RNA as a building block®*™* to
create pristine RNA nanostructures and objects such as prisms
and polyhedra.*' 7

Ned Seeman’s original proposal was to use DNA to build a
three-dimensional scaffold to solve the macromolecular
crystallization problem.”” The idea was to build a periodic 3D
DNA lattice (i.e., a crystal) and host external guests so as to solve
the crystal structures of guests that are usually hard to crystallize
on their own (membrane proteins, for example). Early steps
toward this goal involved the development of a variety of DNA
motifs (Figure 2).2%%75% Some well-established DNA motifs
are the double-crossover (DX)>* and the triple-crossover (TX)
motifs®* that are used in creating periodic 2D lattices. The
paranemic-crossover (PX) DNA®? is another motif that has been
used in creating covalently linked 1D°**” and 2D DNA
arrays.”>>” Many other DNA motifs have been developed for
the construction of FNAs,®® and these structures are used as
breadboards for programmable organization of nanoparticles
and biomolecules.”' ~** Moving a step closer to achieving the
original vision of DNA nanotechnology, the tensegrity triangle
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Figure 2. Two-dimensional DNA arrays. (A) Double-crossover (DX)-based alternating 2D array. Reprinted with permission from ref 48. Copyright
1998 Springer Nature. (B) Cross-shaped double-decker tile. Reprinted with permission from ref 49. Copyright 2011 American Chemical Society. (C)
Tensegrity triangle with double-crossover edges. Reprinted with permission from ref 50. Copyright 2006 American Chemical Society. (D) Three-
point-star motif. Reprinted with permission from ref 28. Copyright 2005 American Chemical Society. (E) Four-point-star (cross) motif. Reprinted
with permission from ref 51. Copyright 2010 Wiley-VCH. (F) Six-point-star motif. Reprinted with permission from ref 52. Copyright 2006 American
Chemical Society. AFM images for each type of 2D array are shown in the bottom panel. Scale bars: 100 nm.

motif®® was used to create the first rationally designed 3D DNA
crystal (Figure 3).°° The three duplex edges of the motif are
connected at the vertices by strand crossovers.”® The triangles
connect to each other infinitely in three directions through
sticky end cohesion, resulting in the formation of a 3D FNA
system (i.e., a designed crystal). The edge length of this motif
can be modified to yield crystals with varying cavity sizes,*>®”
and the crystal can be designed to contain two different

Figure 3. 3D DNA crystals. (A) Schematic of a two-turn tensegrity
triangle motif showing strand crossovers at the three vertices and sticky
ends at the ends of each edge. (B) Representative crystal formed from
the tensegrity triangle motif. Note that the starting unit (the motif) is
~7 nm across and yields crystals that are a few hundred micrometers in
dimensions. (C) Triangle connects to six others via sticky end
cohesion; the three different directions are shown in three colors. (D)
Crystal structure showing the rhombohedral cavity formed within eight
triangle motifs. Reprinted with permission from ref 66. Copyright 2009
Springer Nature.

asymmetric units by controlling the sequences of the component
units.”® The cavities in these designed crystals can be used to
attach and hold other macromolecules and for use in
crystallographic analysis. This application requires high
resolution crystal structures, and scientists have improved the
stability of this system through biological production of
component strands,” modification of sticky end length and
sequence,  reinforcement of sticky ends via triplex inter-
actions’' and light-induced cross-linking of the component
motifs guided by triplex formation.”” The crystallization process
can also be modulated by designed “agents” that alter the
kinetics of crystal formation.”* The sequence effect and role of
heterogeneity in the crystals have also been analyzed.”* Moving
toward the goal of hosting external guests, these designer DNA
crystals have been modified to bind triplex-forming oligonucleo-
tides (TFOs),”> an electronic component (polyaniline),76 a
DNA displacement device,”” and to study stressed DNA
molecules.”®

Another strategy to build DNA nanostructures is DNA
origami, where a long single stranded scaffold DNA is folded
into defined shapes by hundreds of short complementary staple
strands (Figure 4A).”””*° FNAs based on DNA origami include
twisted bundles,®’ solid/hollow®” 3D structures, and wireframe
and mesh-like architectures (Figure 4B—G).*>7*%/%47%¢ The
strategy was later extended to 2D arrays and larger objects by
addition of sticky ends to origami tiles (Figure 4H).*”*® Other
recent strategies in DNA-based construction are the molecular
canvas strategy89 and assembly using DNA bricks,”® both of
which are based on single stranded DNA tiles.”"

For researchers to create FNAs, a variety of designing
platforms and simulated techniques have been developed. For
the creation of small FNAs such as tiles and motifs, programs like
Sequin”® and Uniquimer” are used for sequence symmetry
minimization of component DNA strands. Scientists have also
developed modeling software such as Gideon,”* Tiamat,”® and
Uniquimer 3D for designing and visualizing DNA motifs. For
DNA origami, caDNAno is used to design hexagonal and square
lattice DNA origami structures,”” while Daedalus is used to
create 3D structures based on wireframe DNA origami.98 In
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Figure 4. DNA origami structures. (A) In DNA origami, a long scaffold strand is folded into the desired shape by short complementary staple strands.
Reprinted with permission from ref 7. Copyright 2018 Elsevier. (B) Smiley face made using DNA origami. Reprinted with permission from ref 79.
Copyright 2006 Springer Nature. (C) Hollow flask. Reprinted with permission from ref 84. Copyright 2011 AAAS. (D) Wireframe DNA object.
Reprinted with permission from ref 81. Copyright 2009 AAAS. (E) 2D pattern of flowers-and-bird. (F) Snub cube. Reprinted with permission from ref
8S. Copyright 2015 Springer Nature. (G) Nanoscale bunny. Reprinted with permission from ref 86. Copyright 2015 Springer Nature. (H) 2D DNA
array formed using a DNA origami cross. Reprinted with permission from ref 87. Copyright 2010 Wiley-VCH.

Figure S. Concepts used in biosensing platforms. (A, B) Sequence-specific DNA hybridization in a duplex and stem-loop configuration, (C) triplex
formation under acidic conditions, (D) i-motif formation under acidic conditions by C-rich DNA strands, (E) poly dA helix formation under acidic
conditions by poly-A strands, (F) G-quadruplex formation in the presence of K* or Na*, (G) aptamer reconfiguration in the presence of specific ligands,

and (H) toehold-based strand displacement.

addition, the program CanDo can be used to predict the solution
shape of DNA nanostructures along with their mechanical
flexibility.”” Recently, scientists developed an algorithmic
approach called PERDIX (Programmed Eulerian Routing for
DNA Design using X-overs) that enables anyone to create

wireframe 2D origami objects of any desired shape and size.""’

Apart from structural aspects and development, the field of
DNA nanotechnology has also given rise to dynamic DNA
machines'*’7'%* and DNA devices'**'% that respond to
chemical or environmental stimuli. This concept is extended to
DNA-based biosensors that rely on specific recognition events
between a substrate and the target analyte (e.g., nucleic acid and
protein detection) or programmed conformational changes
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(e.g, pH sensing)."”” DNA nanostructures have some

advantages for being used in biosensing.'**'% (1) The
intermolecular recognition of rationally designed DNA
sequences allows highly precise design and construction of
DNA nanostructures. (2) The nanoscale dimensions of these
structures provide large surface-to-volume ratios, thus resulting
in large signal changes on target binding. (3) DNA sequences
can now be synthesized in large quantities in a cost-effective
manner and can be chemically modified to enhance their
functionality.

A majority of nucleic acid-based biosensors involve hybrid-
ization of a DNA or RNA strand to its complement (Figure SA)
or a complementary region in a stem-loop (Figure SB). Such
stem-loop configurations can also be used to monitor global
changes such as changes in temperature by using a fluorophore-
quencher pair on the ends of the strands. In some sensing
devices, small molecule-DNA conjugates are used instead of
DNA strands for construction of biosensors,'°>'*°~*'® in which
the small molecules often act as signal tags. Biosensors for other
stimuli such as pH changes are based on structures that involve
triplexes (Figure 5C),'" i-motif formation (Figure 5D),"*" or
poly dA helix formation (Figure SE),'*' all of which are
sequence specific and occur under acidic conditions. G-
Quadruplex formation is another sequence specific conforma-
tional change that occurs under specific ionic conditions such as
the presence of K™ or Na* (Figure SF)."* In addition, aptamer-
based recognition has also been widely used in biosensors
(Figure SG). These are single stranded oligonucleotides that can
bind with high affinity to ions (e.g, K, Hg*, Pb**), small
organic molecules (e.g,, ATP, amino acids, vitamins), peptides,
proteins (e.g,, thrombin and growth factors), and even whole
cells or microorganisms (e.g., bacteria),"*”'** resulting in a
secondary structure formation. Toehold-based strand displace-
ment (Figure SH) has also been used for target readouts and
;ignal X 2asngysliﬁcation in many DNA-based biosensing plat-
orms.

3. READOUT STRATEGIES FOR BIOSENSING

To effectively analyze clinical samples, some of the main
requisites for biomolecular detection systems are high sensitivity
(i.e., low limit of detection, LOD), high specificity ensuring
accurate discrimination, and short test-to-answer time enabling
routine use of diagnostic test results. 27 Moreover, these metrics
should also be validated in complex biofluids such as saliva,
urine, and blood. Currently, the enzyme-linked immunosorbent
assay (ELISA) and polymerase chain reaction (PCR) are two
traditional techniques for biosensing.'”*'*” ELISA is an
antibody sandwich assay that achieves clinically relevant levels
of specificity and sensitivity for protein biomarkers but is still
limited by its moderate sensitivity (picomolar) and the slow
diffusion of biomolecules."*”"*" PCR is the current gold
standard for nucleic acid analysis and provides detection of
low copy numbers with single-nucleotide specificity. However,
PCR assays are time-consuming and require skilled lab
personnel making it difficult to be used in point-of-care settings.
Therefore, advanced platforms with improved sensitivity and
specificity along with ease-of-use are desirable in bioanalysis. To
circumvent these issues, direct readout strategies represent
effective solutions. Detection systems coupled to an appropriate
readout device can convert recognition or binding events into
optical, electronic, or electrochemical readout and so on via a
signal transducer, thus accelerating analysis time and reducing
the analytical cost."*” In addition, such devices integrated with

DNA nanotechnology can further improve their sensitivity and
specificity.'>® As such, the integrated readout strategies for
biosensing are fast, highly sensitive, and specific and hold great
potential for clinical applications. In this section, we discuss
fluorescence-based, FRET-based, nanoparticle-based, electro-
chemical-based, gel electrophoresis-based, AFM-based, and
SERS-based readout strategies for biosensing.

3.1. Fluorescence-Based Readout Strategy

Fluorescence detection methods are predominantly employed
for biological assays due to the commercial availability of a wide
spectrum of fluorophores, the ease of fluorescent labeling, an
immediate response, and the inherent capability for real-time
detection. In addition, fluorescence detection has high
sensitivity with a limit detection down to 1 nM using common
benchtop fluorometers.**'*> Natural nucleic acids are non-
fluorescent or negligibly fluorescent,"** and all fluorescent
DNA-based sensors employ external fluorophores. A fluoro-
phore is characterized by numerous properties including
extinction coefficient, quantum yield (emission intensity),
excitation/emission wavelengths, fluorescence lifetime, and
fluorescence anisotropy. DNA-based sensors allow fine-tuning
of these properties. For example, fluorophores can be function-
alized to nucleic acids by a variety of interactions such as
covalent or noncovalent attachments, intercalation, and electro-
static or hydrophobic interactions and at defined positions on a
DNA or RNA strand.

The development of nucleic acid probes has benefited from
advances in molecular biology techniques and chemical
synthesis of nucleic acids since the early 1960s."*”"** In the
postgenomic era, various kinds of highly sensitive and selective
DNA probes have been developed through various molecular
design strategies. Molecular beacons (MBs), first reported in
1996 by Tyagi and Kramer, are prime examples of such DNA
probes."*” In the absence of a target, MBs with a stem-loop
structure bring the quencher and fluorophore at opposite ends of
the MBs into close proximity, resulting in fluorescence
quenching. Upon addition of a target molecule, the strong
intermolecular hybridization between the target and the loop
sequence of the MB opens the stem duplex, moving the
fluorophore and quencher away from each other, thus restoring
fluorescence.'**~"** Other features such as the thermodynamic
stability of the hairpin structure, switchable response, and the
option to use different fluorophore combinations all contribute
to MBs being exceptional DNA probes with excellent selectivity
and sensitivity as well as detection in real-time.'*> With these
features, MBs have been used extensively in the field of
biosensing,'**~'*°

The Ye group reported a label-free fluorescent MB based on
DNA-templated silver nanoclusters (NCs) for detection of
adenosine and adenosine deaminase.'*” In this work, the
fluorescent MB probes are composed of three regions: (i) the
nanocluster region with the cytosine-rich sequence for synthesis
of AgNCs, (ii) the aptamer region for ATP assembly, and (iii)
the 15-nt overhang region with a guanine-rich sequence as a
fluorescence enhancer when placed in proximity to the as-
prepared AgNCs."** As a result of the target-induced allosteric
effect, the presence of ATP reconfigures the probe into a hairpin
structure, resulting in enhanced fluorescence. This method
enables detection of ATP and adenosine deaminase at 1 mM and
5 U, respectively. Working toward multi-input analysis, Lee et al.
constructed a novel MB-based sensor for recognition of dual
targets (Figure 6A)."*’ They used a DNA four-way junction to
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Figure 6. (A) MB-based sensor recognizing dual targets for subtyping of influenza A virus. Adapted with permission from ref 149. Copyright 2015
American Chemical Society. (B) Targeted, self-delivered, and photocontrolled MB for mRNA detection in living cells. Reproduced with permission
from ref 153. Copyright 2013 American Chemical Society. (C) Exonuclease I1I-aided target recycling for amplified DNA detection. Reproduced with
permission from ref 155. Copyright 2010 American Chemical Society. (D) Catalytic MBs for amplified detection of metal ions and organic molecules.
Adapted with permission from ref 159. Copyright 2010 American Chemical Society.

analyze genuine genetic sequences of hemagglutinin and sensor yielded a linear calibration range from 1.2 to 240 nM with
neuraminidase in an influenza A HSN2 isolate. This MB-based a detection limit of 120 pM. In addition, chemical and structural
F DOI: 10.1021/acs.chemrev.9b00121
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Figure 7. (A) Pyrene-excimer probes based on the HCR for DNA detection. Adapted with permission from ref 160. Copyright 2011 Wiley-VCH. (B)
Electrostatic nucleic acid nanoassembly for intracellular mRNA imaging via HCR. Reproduced with permission from ref 162. Copyright 2015
American Chemical Society. (C) G-Quadruplex nanowires for label-free and enzyme-free DNA detection. Adapted with permission from ref 163.
Copyright 2011 Royal Society of Chemistry. (D) Autonomous assembly of polymers consisting of DNAzyme wires for amplified detection of DNA.
Adapted with permission from ref 164. Copyright 2011 American Chemical Society.

modifications (e.g., 2'OMe RNA) are often used to improve the Tan group developed an aptamer-based MB for intracellular

150—152

intracellular performance of probes. For example, the mRNA analysis, with added features such as photocontrol and
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Figure 8. (A) Sequence-specific DNA analysis using AuNP-conjugated multicolor beacons. Adapted with permission from ref 166. Copyright 2009
Wiley-VCH. (B) AuNP-based aptamer nanoflares for molecular detection in living cells. Adapted with permission from ref 167. Copyright 2009
American Chemical Society. (C) SWCNT-based fluorescent sensor for DNA. Adapted with permission from ref 171. Copyright 2008 American
Chemical Society. (D) Graphene platform for DNA/protein detection. Adapted with permission from ref 174. Copyright 2009 Wiley-VCH.

targeted delivery (Figure 6B).'>’ An internalizing aptamer was

designed as a carrier probe for delivery of the MB to specific
cells. In addition, the carrier probe sequence contained two
photolabile groups to signal target mRNA and to control the
intracellular function of the MB. The probe reaches the target
cell by aptamer-mediated recognition (AS1411) of nucleolin on
the cell membrane, followed by release of the MB by light
illumination for mRNA monitoring. The MB allows live-cell

mRNA imaging, while the carrier probe allows tracking of the
MB before photoinitiation and as a reference signal for
ratiometric detection of mRNAs.

The traditional MB-based fluorescence methods are restricted
by their sensitivity because of the 1:1 hybridization event
between the probe and the target. Therefore, these methods are
often combined with amplification strategies (e.g, enzyme-
assisted signal amplification) to improve their detection
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performance.'** In one study, Zuo et al. generated a nuclease-
amplified DNA detection system (Figure 6C)'>° in which
recycling of target molecules by exonuclease III increased the
sensitivity of the assay. This exonuclease-amplified strategy can
detect target DNA at concentrations as low as 10 pM, showing
an enhanced sensitivity compared to the MB alone. Kong et al.
conducted a similar work in which they used MB-based junction
probes for efficient detection of nucleic acids, and used target-
triggered enzymatic recycling for signal amplification,*®
achieving a detection limit of 50 pM. Duan et al. used a
hairpin-mediated enzymatic amplification strategy for detection
of miR-21 with a LOD of 10 fM at 37 °C and 1 aM at 4 °C.""’
Yang and co-workers used backbone-modified MBs and duplex-
specific nuclease-based signal amplification for highly sensitive
and selective detection of miRNAs."”” The results showed a
good linear range from 0.5 pM to 500 pM with a LOD of 0.4 pM.
Combining the advantages of MBs for highly efficient quenching
with a catalytic beacon for amplified sensing, and the Lu group
reported a catalytic and molecular beacon (CAMB) technique
for Pb** detection with a LOD of 600 pM (Figure 6D)."* In
addition, the aptamer sequence introduced into DNAzyme for
modifying CAMB enables amplified sensing of ATP with a LOD
of 500 nM. Thus, CAMB methods can be used for sensitive
detection of a wide range of targets.

Hybridization chair reaction (HCR) is an important
technique that is used in many biosensing platforms. Two
main parameters for efficient HCR are the fluorescence readout
of the target-activated HCR process and the optical transduction
of the HCR mechanism via fluorescent or catalytic labels. Using
HCR, the Tan group designed pyrene-excimer probes for the
detection of nucleic acids in complex biological fluids (Figure
7A)."" In this design, the pyrene monomer transitioned into the
pyrene excimer once the HCR process was initiated by the target
DNA. The two “initiator” hairpins were modified with pyrene
residues at both ends and exhibited strong monomer emissions
due to spatial separation of the pyrene units. The target DNA-
triggered HCR process brings the two pyrene units in close
proximity, thereby depleting the monomer emission and
enhancing excimer emission. This method allows detection of
target DNA with a LOD of 256 fM. The Li group reported a
Hg**-initiated HCR process through T-Hg*"-T coordination
chemistry for Hg** detection, yielding a LOD of 0.3 nM.'®' To
achieve sensitive detection of intracellular miRNA, the Jiang
group developed an electrostatically assembled nucleic acid
nanostructure, demonstrating HCR in living cells (Figure
7B).'** In the presence of a target, DNA probes are released
from the nanostructure via HCR. The intracellular HCR strategy
provides signal amplification and allows ultrasensitive imaging of
mRNA expression with a LOD of 0.5 pM, close to a single
molecule per cell.

Ren et al. used one-dimensional DNA nanostructures that
contained precisely positioned G-quadruplexes for label-free
and enzyme-free detection of nucleic acids (Figure 7C)."** The
presence of target DNA initiated the HCR process by opening of
two hairpins (H1 and H2). The stem region of hairpin H2
contains the caged sequence of the G-quadruplex. HCR results
in the formation of G-quadruplex nanowires that then bind to
the G-quadruplex-specific fluorescent label N-methyl meso-
porphyrin IX (NMM) providing a readout signal (LOD = 2§
nM). Catalytic units (e.g, DNAzymes) coupled to HCR
products can be used for amplification of nucleic acid detection.
The Willner group developed autonomously assembled
polymers composed of DNAzyme wires for amplification of

DNA detection (Figure 7D).'°* The presence of DNA target
activates the HCR process for generation of catalytically active,
Mg?**-dependent, DNAzyme unit-decorated polymeric DNA
nanowires. A substrate labeled with a fluorophore/quencher pair
was cleaved by the DNAzyme units in the DNA nanowires,
producing enhanced fluorescence. The LOD of this system for
detection of BRCA1 oncogene was 10 fM.

While fluorescence-based detection is usually highly sensitive,
the detection sensitivity is often limited by its high background
emission. Organic quenchers have proven their utility in
fluorescence-based sensors, but they suffer from relatively low
quenching efficiency. Gold nanoparticles (AuNPs) have shown
ultrahigh quenching efficiency for background suppression in
biosensors and have been considered as superior quenchers to
organic ones.'®> Asa proof-of-concept, Song et al. implemented
AuNPs (1S nm) for constructing multicolor nanobeacons
(Figure 8A)."° Three DNA probes designed for three tumor-
suppressor genes, each carrying a unique fluorophore, were
immobilized on the AuNP surface. The increased surface area of
AuNPs exhibited enhanced quenching efliciency. The nano-
beacons showed rapid hybridization kinetics (minutes) and
produced a specific response to the different gene targets. This
nanobeacon design can be extended to detect non-nucleic acid
targets by using aptamers. The Mirkin group developed aptamer
nanoflares for detecting ATP in living cells (0.1-3.0 mM)
(Figure 8B).'” The same group then used Au-based nanoflares
for mRNA detection in live cells'®*'*” and the detection of live
tumor cells from human blood."”

Several other nanomaterials (e.g., graphene, graphene oxide
(GO), carbon nanotubes (CNTs)) have been shown to interact
differently with ssDNA and dsDNA, providing another
approach for biomolecular recognition. Using the fluorescence
quenching efficiency of single-walled carbon nanotubes
(SWCNTs), Yang et al. developed a SWCNT-based sensor
for DNA (Figure 8C)."”" They verified that fluorophore-labeled
DNA probes are efliciently quenched in the presence of SWNTs,
while the probes would be released from SWCNTSs upon
hybridization with target DNA, resulting in fluorescence
recovery (LOD = 4 nM). In another study, Zhang et al.
detected mercury ions using a CNT-DNA hybrid fluorescent
sensor with a LOD of 14.5 nM.'”?

Graphene also possesses ultrahigh quenching ability due to its
long-range nanoscale resonance energy transfer. Molecular
dynamics studies show that ssDNA adsorbs strongly to GO
sheets while dSDNA does not.'”* Similar to the SWCNT-based
sensors, Yang and colleagues constructed a graphene platform
employing GO to adsorb and quench dye-labeled DNA probes
(Figure 8D)."”* Upon hybridization with the target, DNA
probes are released from GO, restoring fluorescence. By using
dye-labeled aptamers instead of ssDNA probes, this platform can
detect human thrombin with a LOD of 2 nM. The Fan group
reported a GO-based fluorescence quenching assay for the
detection of DNA phosphorylation, enabling detection of
polynucleotide kinase down to 0.001 units per mL.'” Lu et al.
used a graphene-peptide complex to monitor peptide—protein
interactions.'”® Zhang et al. combined the features of isothermal
strand-displacement polymerase reaction and fluorescence
quenching ability of GO to detect different miRNA targets.'”
The Ye group designed a graphene-based “on/off” fluorescence
switch for multiplexed detection of DNA, thrombin, Ag*, Hg*',
and cysteine,'”® with corresponding LODs of 1 nM, 5 nM, 20
nM, 5.7 nM, and 60 nM.
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Figure 9. (A) DNA origami traffic lights with a split aptamer sensor for a bicolor fluorescence readout. Adapted with permission from ref 185.
Copyright 2017 American Chemical Society. (B) pH-independent DNA nanodevice for quantifying chloride transport in living cells. Reproduced with
permission from ref 186. Copyright 2015 Springer Nature. (C) DNA-based fluorescence nanobarcodes for multiplexed detection of pathogen DNA.

Reproduced with permission from ref 187. Copyright 2005 Springer Nature.

Apart from the examples discussed so far, other nanomaterials
have also been applied in this field. Spherical graphite
nanoparticles (GN) can be employed as a fluorescence
quencher. Piao et al. developed MB-containing GN-based
probes for mRNA detection, obtaining a LOD of 0.3 nM."””
Using poly(3,4-ethylene dioxythiophene) NPs with high
quenching capability, Zhang et al. achieved a detection limit of

30 pM for nucleic acid detection."*” The Wang group reported

photoinduced electron transfer (PET) between DNA/AgNCs
and G-quadruplex-hemin complexes for the first time.'®' The
nanocluster-based MB probes exhibit extremely low background
signal since the fluorescence is quenched in the DNA/AgNC
complex. As a result, this PET system provides specific detection
of target biomolecules such as DNA and ATP with LODs of 0.6
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nM and 8.0 nM, respectively. Another type of material used in
biosensing are transition metal dichalco§enide nanosheets that
also possess high quenching ability.'**'>* For example, Zhang
and co-workers used MoS,, TiS,, and TaS, nanosheets for the
detection of DNA sequences.'*

DNA nanostructures and nanodevices show many advantages
for construction of fluorescence-based biosensors specifically in
rationally programming the properties of fluorophores. In one
study, Walter et al. built an aptamer-based DNA origami “traffic
light” sensor with dual-color fluorescence readout (Figure
9A)."** In this work, a split aptamer for ATP was incorporated
into two levers of a DNA origami. The addition of ATP triggers
shape transition of the DNA origami, bringing the dyes closer
together, resulting in green to red fluorescence color change.
The topological change of the DNA origami was further
confirmed by AFM. This system provides an avenue for
chemical—biological and bioanalytical research on the single-
molecule level. The Krishnan group developed a pH-
independent DNA nanodevice (called Clensor) for quantifying
chloride transport in organelles of living cells (Figure 9B).'%°
The Clensor consists of sensing, normalizing, and targeting
modules, and it allows ratiometric sensing of chloride ions across
the entire physiological regime. In addition, Clensor has been
successfully applied for monitoring the resting chloride
concentration in the lumen of acidic organelles in Drosophila
melanogaster. For rapid, multiplexed, sensitive, and specific
molecular detection, Luo and co-workers developed dendrimer-
like DNA-based, fluorescence-intensity-coded nanobarcodes
(Figure 9C).""” The nanobarcodes contain predesigned codes
and capture probes that allow multiplexed detection of several
pathogenic DNA strands with a sensitivity of 0.6 fM.

3.2. FRET-Based Readout Strategy

In the past decades, Forster or fluorescence resonance energy
transfer (FRET) has been used extensively as a readout strategy
in biosensing.'**™""> FRET is a nonradiative fluorescence
quenching phenomenon with energy transferred from an excited
donor to an acceptor fluorophore within close proximity as a
result of long-range dipole—dipole interaction.'””'”* FRET
occurs only when the distance between donors and acceptors
(FRET pair) is typically less than 10 nm."”>'*® Fortunately,
many reactions in biology such as DNA hybridization, antibody-
based immunological recognition, enzyme-catalyzed hydrolysis,
or transformation occur within such distances. Because of this
high consistency, the FRET technique shows huge advantages
over other techniques in analyzing molecular interactions, and
conformational and dynamic changes in biomolecules. In
addition, FRET also possesses improved sensitivity, short
observation time scale in nanoseconds, the working range of
distances over which most of the biomolecular processes occur,
and the relative simplicity of the experiment. Given their
predominant advantages, FRET-based biosensors are partic-
ularly effective in the study and detection of such biological
events.'”’ ™' Especially, single-molecule FRET has become a
sensitive and powerful tool for determining conformational
changes and molecular interactions.”®™2%* For instance, the
Hildebrandt group used single-FRET-pair distance-tuning to
study multiplexed nucleic acid hybridization.>*®

FRET pairs have a crucial influence on the performance of
FRET assays, such as distance between donor and acceptor,
overlap of donor emission spectrum and acceptor absorption
spectrum, dipole—dipole interaction, quantum yield, and
fluorescence lifetime of the dyes, etc. Excitation transfer from

a donor to an acceptor is through such dipole—dipole
interaction, resulting in quenching of the donor dye and
excitation of the acceptor. Thus, the FRET process decreases the
intensity of the donor fluorescence, quantum efficiency, and
overall lifetime, making these parameters vital when choosing a
FRET pair. Numerous studies have shown that fluorescent
donor or acceptor molecules with remarkable optical properties
can substantially improve the efficiency of energy transfer,
resulting in superior sensitivity of FRET-based biosensors.*****°
Typically, fluorescent donor molecules are divided into two
groups: traditional fluorophores such as organic fluorescent
dyes”*>*”” and fluorescent proteins,”**"*'" and emerging
nanoparticle-based materials”'' such as semiconductor quan-
tum dots (QDs),”'” upconversion nanoparticles
(UCNPs),”"*7?'> and graphene-based derivatives.”'**'” In the
following text, we introduce advances in FRET-based biosensors
that utilize the aforementioned materials as fluorescent donor in
combination with DNA nanotechnology for bioanalysis.

3.2.1. Traditional Fluorophores. Traditional fluorophores
including organic fluorescent dyes and fluorescent proteins are
widely used in FRET-based biological applications. A class of
fluorophores with the representative examples FAM, FITC,
Cy3/CyS, Texasred, and organic fluorescent dyes can emit from
the UV to near-infrared region.206 Moreover, organic
fluorescent dyes show instinctive traits, such as small size,
solubility, high quantum yields, and the ease of modifications or
bioconjugation, which make them important for dye-to-dye
FRET systems. These traits make FRET an effective tool for
nucleic acid analysis. By monitoring the fluorescence signal
change, the FRET strategy allows observation of the interaction
between the fluorophore-labeled DNA probe and target.”*~>*°
For example, You et al. designed a DNA probe that transduces
transient membrane encounter events into readable cumulative
fluorescence signals by means of FRET.**" Jin et al. established a
multiplexed miRNA FRET assay that integrates biophotonic
aspects with RNA base pairing and ligation steps,”** achieving
multiplexed quantification of three miRNAs at detection limits
ranging from 0.2 to 0.9 nM. However, some disadvantages such
as pH sensitivity, low chemical stability, easy photobleaching,
and relatively short fluorescent lifetime restrict them in FRET-
based applications. Another representative of traditional
fluorophores are fluorescent proteins, which are commonly
used as biolabels for monitoring dynamic intracellular
interactions. Although fluorescent proteins with high quantum
yield and outstanding photostability can be used for long-term
detection in living cells,”** the wide range of excitation/emission
spectra of fluorescent proteins induce cross-talk effect, and the
detection efficiency is also limited by their large size.”*

The DNA-fueled tweezers developed for FRET-based
biosensors address the aforementioned limitations to a certain
extent.'”> This device consists of two nucleic acid arms
connected by a flexible hinge. Each end of the hinge strand
can be modified to contain a donor or an acceptor to enable
readout of the tweezers’ operation through FRET. When the
device is “open”, the two dyes are spatially separated, yielding an
inefficient FRET process. A ‘fuel’ strand binds to the single-
stranded overhang of the tweezer’s arms and “closes” the
tweezer, bringing the dyes within close proximity, thus achieving
efficient FRET. An ‘antifuel’ strand that can hybridize with the
full sequence of the ‘fuel’ strand can then displace the ‘fuel’
strand from the tweezer, thereby opening the tweezer again.
Inspired by this, Han et al. reported a pair of DNA tweezers that
can capture, hold, and release a target accompanying its “close”
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Figure 10. (A) FRET-based bilayer nonenzymatic nucleic acid circuits and their amplification cascades for adenosine detection. Adapted with
permission from ref 227. Copyright 2016 American Chemical Society. (B) FRET nanoflares for intracellular mRNA detection. Adapted with
permission from ref 230. Copyright 2015 American Chemical Society. (C) FRET-switching DNA tetrahedron MB for detection of DNA and ATP.
Adapted with permission from ref 231. Copyright 2016 American Chemical Society. (D) FRET-based DNA nanoprism with a split aptamer for ATP
sensing in living cells. Adapted with permission from ref 232. Copyright 2017 American Chemical Society.

and “open” actions.””® The Simmel group constructed a DNA to monitor the dynamic process of the molecular machine while
molecular machine based on a DNA aptamer, where FRET was binding or releasing thrombin.”° Wang and co-workers
L DOI: 10.1021/acs.chemrev.9b00121
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Figure 11. (A) Single-QD-based DNA nanosensors. Reproduced with permission from ref 253. Copyright 2005 Springer Nature. (B) Multiplexed
miRNA diagnostic assay using QD-based FRET. Adapted with permission from ref 259. Copyright 2015 American Chemical Society. (C) QD-
aptamer beacon with a intercalated dye for label-free thrombin detection. Adapted with permission from ref 260. Copyright 2011 Elsevier. (D) QD-
based FRET readout for aptamer-based detection of epithelial tumor marker mucin 1. Adapted with permission from ref 262. Copyright 2009
American Chemical Society.

engineered robust nonenzymatic nucleic acid circuits (Figure powerful amplification cascades empower this DNA device to
10A),”*” in which a catalyzed hairpin assembly (CHA) activates
a HCR circuit to yield a FRET-based readout. This self-assembly
process was monitored in real time using FRET signals. The 200 pM. In the same way, Wang et al. constructed an enzyme-

sensitively detect adenosine in buffer or human serum down to
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free concatenated DNA circuit for the detection of miR-21 with
a detection limit of 2 pM.***

Another effective strategy to construct FRET-based sensors is
by using NPs as carriers for fluorophore-labeled DNA.** In one
example, the Wang group developed FRET nanoflares for
sensing mRNA in living cells (Figure 10B).”** The nanoflares
consist of an AuNP, recognition sequences, and flares. In the
absence of a target, the recognition sequence-modified AuNP
hybridizes to flares labeled with donors and acceptors at two
ends, thus separating them to reduce the FRET efliciency.
Target addition results in the gradual substitution of flares from
the AuNPs. The released flares form hairpin structures, bringing
the donor and acceptor into close proximity, resulting in high
FRET efficiency. The FRET nanoflares allow dynamic detection
of mRNA between 0 and 250 nM. In contrast to the
conventional single-dye nanoflares, such upgraded FRET
nanoflares eliminate false positive signals by chemical
interferences (e.g., nuclease, glutathione) and thermodynamic
fluctuations. In a follow-up study, they designed a competition-
mediated FRET-switching DNA tetrahedron molecular beacon
(CE-DTMB) (Figure 10C).”>" The target analyte binds to
recognition strands that are part of the tetrahedron and releases
them, changing from a FRET “off” to a FRET “on” state. This
design enables detection of DNA from 0 to 200 nM with a LOD
of 7.6 nM and detection of ATP from 0 to 400 uM with a LOD
of 10.4 yM. Additionally, Zheng et al. reported a DNA triangular
prism (TP) encapsulatin§ a split aptamer for ATP sensing in
living cells (Figure 10D).*** They demonstrated that the DNA-
TP nanoprobe is a stable, sensitive, and selective biosensor and
can quantitatively detect ATP in the range of 0.03 to 5 mM with
a LOD of 30 uM. Moreover, the DNA-TP nanoprobe can serve
as an in situ FRET off-to-on biosensor for specific, high-contrast
imaging of target molecules.

With the advent of advanced nanoscience and nano-
technology, multiple promising NPs with special optical
properties have been used either as donors or acceptors in
FRET assays, enhancing the use of FRET in medical and
biological applications. For instance, NPs including QDs,"**
UCNPs,”** and graphene QDs,*** have been found to have
photoluminescence (PL) because of quantum confinement
effect. These photoluminescent NPs are highly photostable with
high quantum yield, enhanced brightness, and long fluorescent
lifetime, which make them good candidates as donors in FRET.
In addition, some NPs with unique electronic properties are
responsible for super quenchin§. For example, AuNPs,**’
graphene and its derivatives,””*”” and graphene-like 2D
nanomaterials”***” can be used as efficient fluorescence
quenchers in FRET assays. To avoid repetition from Section
3.1, biosensing assays involving NPs as donors for FRET are
discussed in the following text.

3.2.2. Quantum Dots as FRET Donors. QDs consisting of
the elements from groups II and VI or groups III and V in the
periodic table are highly luminescent semiconductors. They are
known for their small size (1—20 nm) and size-dependent
optical and electronic properties caused by quantum confine-
ment. The most common QDs such as CdTe, CdSe, InP, and
InGaP have been used as fluorescent labels in various biological
applications. Compared to traditional organic dyes, QDs offer
many advantages as FRET donors such as narrow and tunable
emission spectra, better photostability, resistance to photo-
bleaching or chemical degradation, and higher quantum yield
(40% to 90%) as well as a long fluorescence lifetime (20—50
ns).20207240724% Moreover, their photoluminescent properties

allow maximum spectral overlap by tuning the size and
minimizing the crosstalk between FRET pairs, thus preventing
interfering background signal and increasing the FRET
efficiency.”*>** Furthermore, QDs with broad excitation
spectra and narrow defined emission peaks, higher molar
extinction coeflicient, and large Stokes shift allow the use of
multicolor QDs for multiplexing purposes and enable imaging or
tracking of multiple molecular targets at the same time.”*’ ™"

Numerous QD-FRET-based sensors have been reported for
analysis of nucleic acids."****"*** The Wang group constructed
a FRET-based sandwich sensor for DNA detection utilizing
streptavidin-modified CdSe-ZnS QD as a donor and CyS5 dye as
an acceptor (Figure 11A).>** In this system, the capture strands
are conjugated with biotin, while the report strands are labeled
with CyS. Hybridization of target DNA with capture strands and
reporter strands results in the formation of a sandwich structure.
Thereafter, binding of streptavidin to biotin brings the CyS-
labeled sandwich hybrids and QDs into close proximity,
resulting in the efficient FRET effect. This QD-based FRET
biosensor had a LOD of 4.8 fM. In addition, cationic polymers
serving as a bridge to bring the dye-labeled DNA and QD
together have been used for DNA hybridization detection.”>**>
Krull and co-workers fabricated a series of optical fiber-based
QD-FRET platforms for nucleic acid detection,”**~*** in which
QDs conjugated to optical fibers and containing dye acceptors
bound to target oligonucleotides provide a FRET effect. The
LOD of this DNA detection platform ranged from 1 nM to 10
nM. Qiu et al. designed a multiplexed FRET involving three
different semiconductor QDs and a luminescent terbium
complex to detect three different miRNAs with a LOD of ~1
nM (Figure 11B).”*” In the assay, three different QDs were
conjugated with short DNA strands that are partly comple-
mentary to three different reporter DNAs conjugated with
terbium. The terbium-reporter DNAs also contain another
region that is complementary to one of the three miRNAs
(miRNA-20a, miRNA-20b, miRNA-21). Terbium-reporters
bind to their respective miRNAs forming an RNA/DNA hybrid.
The short overhang on the terbium side hybridizes to the
complementary QD-DNA, resulting in the formation of three
miRNA-specific RNA/DNA duplexes that can be identified by
the specific terbium-to-QD FRET pairs for photoluminescence-
based detection. This QD-based FRET strategy provided rapid
and multiplexed miRNA detection.

QD-based FRET immunoassays have been applied in
biomedical applications. For protein analysis, aptamers are
often conjugated to QDs to generate QD-aptamer FRET assays
so that the target proteins can be conjugated to QDs to induce
the FRET process. Chi et al. detected thrombin using a QD-
aptamer FRET assay (Figure 11C).*°° A single-stranded
antithrombin aptamer probe was covalently conjugated to a
QD, and the BOBO-3 dye intercalated into a double helix
exhibited an efficient FRET before thrombin binding. When
thrombin binds to the aptamer, the induced conformational
change from a stem-loop to a quadruplex dissociates BOBO-3
from the QD-aptamer, resulting in decreased FRET, allowing
detection of thrombin with a LOD of 1 nM. Besides protein
analysis, QD-based FRET immunoassays have also been used
for the detection of cancer biomarkers.”*" Cheng et al. detected
epithelial tumor marker Mucin 1 (MUC1) based on the QD-
based FRET readout (Figure 11D).**” The increased proximity
of the quencher and QDs results in increased FRET, allowing
MUCI detection in the nanomolar level.
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Figure 12. (A) Photon UCNP-based sensor for sensitive and specific detection of nucleic acids. Adapted with permission from ref 271. Copyright 2006
American Chemical Society. (B) Aptamer-based sensing for thrombin via FRET between UCNPs and AuNRs. Adapted with permission from ref 275.
Copyright 2013 Elsevier. (C) Chiroplasmonic nanopyramids self-assembled from AuNPs and UCNPs for dual-mode quantification of miRNA in
living cells. Reproduced with permission from ref 278. Copyright 2016 American Chemical Society. (D) Multiplexed FRET aptasensor between
UCNPs and GO for the simultaneous determination of mycotoxins. Adapted with permission from ref 279. Copyright 2012 American Chemical

Society.

Despite its advantages, the limitations of the QD-based FRET
strategy cannot be ignored. QDs suffer from luminescence
intermittency known as blinking, which can cause problems in
applications. This problem can be alleviated by shell engineering

or decreasing the excitation intensity.”*> The diameter of the

QDs and surface coating need to be taken into consideration
because FRET efficiency depends on the distance between
FRET pairs. In addition, the large size of QDs may impair the
energy transfer efficiency of QD-based FRET assays, which

makes their efficiency lower than those with organic dyes.”***%°
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Furthermore, the synthesis procedures of conventional semi-
conductor QDs always involve toxic components, which hinder
their further biological application.”****”

3.2.3. Upconversion Nanoparticles as FRET Donors.
Lanthanide-doped UCNPs are a new generation of fluorophores
that have aroused interest because of their unique advantages
such as a narrow emission peak, large Stoke shifts, a high
quantum yield, good chemical stability, and low toxicity.**®
These prominent features make UCNPs promising alternatives
to traditional fluorophores applied in FRET-based biological
detection. Compared to QDs, UCNPs converting near-infrared
radiation (NIR) into visible light via nonlinear optical processes
cause less harm to biological samples.”® In general, UCNPs as
donors need to be coupled with a down-converting acceptor
molecule in FRET assays wherein the fluorophore should be
chosen for the excitation spectra of the down-converting
fluorophores and the spectral overlap between the emission
spectra of the UCNPs. Given that NIR excitation light is far away
from the excitation spectra of most acceptor molecules, UCNPs
have thus been regarded as excellent donor candidates.””’

The FRET strategies exploiting UCNP-organic dye as FRET
pairs have been extensively used for various biological
applications. For instance, Zhang et al. used Er’’-doped
NaYF, particles as donor and TAMRA as acceptor for
constructing a nucleotide sensor (Figure 12A).271 Using target
DNA for cohybridization with short oligonucleotide-modified
UCNPs and another TAMRA-labeled oligonucleotide, this
sandwich assay can determine target DNA with a LOD of 1.3
nM. Thereafter, Chen et al. also developed a similar sandwich
DNA sensor.”” In this work, the presence of free carboxylic acid
groups confers NaYF,:Yb,Er NPs high solubility in water and
allows conjugation with streptavidin. Hwang et al. used UCNP-
based FRET to detect a specific sequence (IS6110) of
Mycobacterium tuberculosis complex in saliva, with a LOD of
100 copies/uL.””> Wu et al. constructed a NIR-responsive DNA
probe composed of ssDNA attached to positively charged
UCNPs.””* This DNA probe enables detection of DNA targets
using the nucleic acid stain SYBR Green I with a LOD of
complementary ssDNA at 3.2 nM and three-base mismatched
ssDNA at 7.6 nM.

UCNP-AuNP (or AuNR) pairs have been used for
construction of FRET-based biosensors. Chen et al. used an
aptamer-based FRET system to detect thrombin (Figure
12B),””® in which NaYF,:Yb,Er UCNPs and AuNRs serve as
donor and acceptor, respectively. The thrombin acts as a bridge
to connect UCNPs and AuNRs, both containing thrombin
aptamers. Therefore, the fluorescence quenching efliciency of
UCNTPs increases with an increase in thrombin concentration,
showing a good linear relationship between 2.5 nM and 90 nM
with a LOD of 1.5 nM. The Yang group developed a strategy
based on BaGdF;:Yb/Er UCNPs and AuNPs for detecting short
genes of the H7 subtypes with a LOD of 7 pM.”’® The same
group then used a similar method for detection of Ebola virus
oligonucleotide with LOD down to the femtomolar level.””” To
detect intracellular miRNA, the Kuang group fabricated DNA-
driven Au-UCNP pyramids (Figure 12C),””® in which the
miRNA recognition sequences were incorporated into each edge
of the DNA frame. Hybridization of target miRNA to this
binding sequence results in dissociation of the DNA frame,
separating the AuNPs and UCNPs and restoring the
luminescence of the UCNPs. The luminescence intensity of
this assay ranges from 0.16 to 43.65 fM with a LOD of 0.12 M.

Another strategy often used in biosensing is UCNP-GO
FRET. Wu et al. developed a strategy to detect ochratoxin A
(OTA) and fumonisin B1 (FB1) at the same time using
multicolor UCNPs and GO as the FRET pair (Figure 12D).”’
In the initial state of the platform, two aptamer-modified
UCNPs exhibit high upconversion fluorescence. As a result of
the strong 77— stacking effect between the aptamers and GO,
the proximity of the aptamers-UCNPs and GO was close upon
the addition of GO, thus quenching the UCNP fluorescence. In
the presence of OTA and FB1, the conformation changes of
aptamers led to the restoration of UCNP fluorescence. This
platform enables detection of OTA in the range from 0.05 ng
mL ™" to 0.1 ug mL ™" with a LOD of 0.02 ng mL ™" and detection
of FB1 in the range from 0.1 ngmL ™" to 0.5 ug mL ™" witha LOD
of 0.1 ng mL™". Similarily, Liu et al. developed a FRET assay to
detect ATP, where the donor was UCNPs and the acceptor was
GO.” The linear detection range for this assay was 0.5 to 100
uM, and the detection limit for ATP was 80 nM. The Kanaras
group reported a UCNP/GO-based DNA sensor that could
detect DNA down to 5 pM.**" In addition to GO, graphene can
be used as acceptor in FRET assays. For example, Liu and co-
workers developed a FRET aptasensor for kanamycin detection
where UCNPs were the donor and grazphene the acceptor. This
assay had a detection limit of 9 pM.”®

FRET assays require the emission of UCNPs to be in the
visible light range for excitation of acceptor. Therefore, more
research studies have focused on the design of UCNPs for
precise control over their properties (e.g, the size, crystal phase,
dopant concentration, and local homogeneity),”*>*** thereby
obtaining the tunable bandwidth and color for spectral
alignment. Despite their distinctive properties, the dissolubility
in aqueous solutions, lack of target biorecognition, and
bioanalytical functions hamper their further applications.”*®
To address this issue, numerous studies have reported surface
functionalization of UCNPs such as poly(acrylic acid) coating,
silica coating, and attachment of biomolecules (e.g., nucleic
acids, antibody, peptides).”*>**” In addition, it is still
challenging to synthesize sub 10 nm particles with high
luminescence efficiency for intracellular applications.”® Tre-
mendous effort has been devoted to developing various
advanced synthetic procedures to prepare small size UCNPs
with sufficient luminescent intensity.”*>*"

3.2.4. Graphene Derivatives as Donors. Graphene has
attracted tremendous attention since its discovery in 2004
because of its excellent thermal, mechanical, and electronic
properties.””"">”* Pristine graphene is a one-atom-thick planar
sheet structure with sp> carbon atoms in a honeycomb lattice.
However, due to a zero band gap, no photoluminescence is
observed under any wavelength excitation.”””> Fortunately,
graphene derivatives such as graphene quantum dots (GQDs)
and graphene oxide (GO) can fill these gaps through specific
physical and chemical processes. In this section, the optical
properties of graphene derivatives in FRET assays are discussed.

3.2.4.1. Fluorescent GO as Donors. Unlike pristine graphene,
GO exhibits various photoluminescent properties in visible and
NIR regions, which results from sp/sp® carbons and oxygen
functional groups on the surface or at edges.””* Many studies
have disclosed that the recombination of electron—hole pairs in
the disrupted 7 networks containing both sp> and sp* carbon
atoms is the essential reason for the visible and NIR
emissions.””>*”° Hence, the wavelength and intensity of
emission of GO are determined by the amount and state of
sp> carbon linking groups, and its emission can be altered by
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Figure 13. (A) Fluorescence “off-to-on” mechanism of GO-NHBu nanosheets for DNA detection. Adapted with permission from ref 301. Copyright
2012 Wiley-VCH. (B) DNA nanosensor based on GQDs and CNTs. Adapted with permission from ref 314. Copyright 2014 Elsevier. (C) “Turn-on”
fluorescence sensor for Pb** detection based on GQDs and AuNPs. Adapted with permission from ref 318. Copyright 2018 Elsevier.

simple manipulations such as controlling surface chemistry,
solid or liquid state of GO sheets, and pH value of the solvent.
Moreover, compared to traditional organic fluorophores, the
photoluminescence of fluorescent GO is quite stable against
chemical and photonic bleaching.””*~*%*

Photoluminescent GO-based FRET assays are also used for
biological analysis. For example, Liu et al. used probe-modified
photoluminescent GO as a donor and target DNA-modified
AuNP as an acceptor for DNA hybridization detection.”” The
hybridization between ssDNA-GO and ssDNA-AuNP leads to
the close distance between GO and AuNPs, concomitantly
fluorescence quenching. Measuring the fluorescence intensity
allows detection of target DNA down to 200 nM. The Seo group
reported a fluorescent GO-based immuno-FRET system for

pathogen detection.””’ In this system, the antibodies are first
immobilized on a GO array surface via covalent binding. AuNP-
DNA-antibody can be coupled with GO-antibody to form a
sandwich structure upon capture of the target pathogen, thus
quenching the fluorescence of GO. This method enables
pathogen detection down to 10° pfu mL™". Additionally, Mei
et al. constructed a portable platform based on fluorescent GO
for DNA detection (Figure 13A).%°" After GO treated with N-
butylamine (NHBu), the resulting GO-NHBu composites emit
a bright blue fluorescence at 440 nm. Through nonspecific
surface interactions, AgNPs as acceptors can adsorb onto the
surface of GO-NHBu, thus strongly quenching the fluorescence
of GO-NHBu. Addition of target DNA results in disassociation
of AgNPs from the GO-NHBu nanosheets, restoring the
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fluorescence. The recovered fluorescence provides rapid
identification and quantification of DNA, with a LOD of 10 pM.

3.2.4.2. GQDs as Donors. GQDs are small fragments of GO
with a diameter under 20 nm in single or few layers of
thickness.*** Similar to GO, GQDs contain sp* carbon domains
and are surrounded with functional groups such as epoxy and
carboxyl groups. Because of the quantum confinement effect and
edge effect, more defects of oxygen and other functional groups
on the GQD surface bestow GQDs with excellent photo-
luminescent properties.302’303 Two main approaches (i.e., top-
down methods, bottom-up methods) have been developed for
GQD synthesis.*** 7% Previous research studies have demon-
strated that the synthesized GQDs exhibit various traits, such as
tunable optical properties, high brightness, excellent photo-
stability, long fluorescence lifetime, nontoxicity, and exceptional
biocompatibility,”***"” >’ making them excellent candidates as
FRET donors. Moreover, GQDs have high surface-to-volume
ratios and provide higher molecular adsorption via 7—7 stacking
interactions due to the larger sensing area, thus enhancing the
FRET efficiency. The quantum confinement effect and surface
effect are considered as the two dominant parameters for
photoluminescence of GQDs.””**"”*'? Besides, it is shown that
the photoluminescent properties of GQDs can be also altered
via various surface modifications.’”””'® Other parameters
including excitation wavelength,3°3 pH value,*'! and solvent
types’'” can have an influence on the emission spectra and
quantum yield. For example, the protonation of the free zigzag
sites of the GQDs in acidic solution can induce the destruction
of emissive triple carbine state, whereas these free zigzag sites
can be maintained in alkaline condition and emit photo-
luminescence.’"?

GQDs have been used as energy donors in FRET assays. For
example, the Feng group conducted a series of studies for DNA
detection.”*™*'° In one study, Feng and co-workers con-
structed a nanosensor based on FRET between GQDs and
carbon nanotubes (CNTs) (Figure 13B).*"* To obtain a
brighter fluorescence, GQDs were reduced with NaBH, to
prepare rGQDs. The fluorescence of ssDNA—rGQDs probe is
quenched by adsorption of the ssDNA—rGQDs on the surface
of CNTs through electrostatic attraction and 7—n stacking
interactions. When the target DNA hybridizes with ssDNA-
rGQDs to form dsDNA-rGQDs, it induces detachment of
dsDNA—rGQDs from CNTs, resulting in fluorescence recovery.
This assay has a linear range of up to 133 nM with a LOD of 0.4
nM. The same group achieved simultaneous detection of
multiple DNA targets by using a FRET assay combining dual-
color GQD nanoprobes and CNTs.>"® In another study, the
Feng group used GQDs as donors and GO as acceptors for DNA
detection, with a linear range of 6.7—46 nM and a LOD of 75
pM.*' Shi et al. reported a FRET sensor with GQDs as donors
and AuNPs as acceptors for detection of the food-borne
pathogen Staphylococcus aureus specific gene sequence with a
LOD of 1 nM.”” Besides DNA analysis, GQDs have been used
as energy donors for protein and ion detection. For instance, He
et al. combined a fluorescent probe composed of ssDNA-
binding protein and GQDs with Apt-BHQI for kanamycin
detection based on the FRET principle.”"” This method shows a
linear range from 0.01 to 90 ng/mL with a detection limit of
6 pg/mL. Recently, Niu et al. used GQDs and AuNPs to
construct a “turn-on” fluorescence sensor for Pb*" detection
(Figure 13C).*'" Initially, both GQDs and AuNPs were
modified with DNA, and they could be connected via DNA
hybridization. Their close proximity led to fluorescence

quenching of GQDs. However, in the presence of Pb*, the
DNAzyme cleaves the “rA” site, thus releasing GQDs from
AuNPs and recovering the fluorescence. This sensor has a
detection range from 50 nM to 4 uM, with a LOD of 16.7 nM.

Although great progress has been made in graphene
derivative-based biosensors,”'® there are certain issues that
need to be addressed for practical applications. Apart from
fabrication methods, more efforts should be paid to precise
control over the dimension and surface chemistry of graphene
derivatives.”'' By modulating the size and surface, the emission
spectra can be tuned, but the excitation-dependent effect of
photoluminescence is still a problem.”*’ Moreover, exploring
their optical properties, developing new biofunctionalization
strategies, improving dispersity in water, and decreasing toxicity
in living cells would further expand their biomedical
applications.”'®

3.3. Nanoparticle-Based Readout Strategy

With the advent of nanotechnology, many different nanoscale
materials have been developed for biosensing purposes such as
transducers for transforming and amplifying the signal.’”'
Nanomaterials hold unique physicochemical properties such
as significant surface-to-volume ratios, strong signal intensities,
and finely tunable surface chemistries, providing desirable and
unmatched characteristics for construction of sensors.”***** For
instance, nanomaterials with large surface areas can be capable of
loading various signal labels (e.%., DNAs, enzymes, organic
dyes), enabling sensitive analysis.”** It is well-established that
DNA can be assembled on given nanomaterials via some simple
yet effective methods such as 77—z stacking, electrostatic
adsorption, and covalent binding. In general, the nano-
architecture of this complex includes a nanomaterial core and
a monolayer of DNA. Such DNA-nanomaterial complexes
combine the molecular recognition properties of DNA with
optical and electronic properties of nanomaterials.”*> Moreover,
these complexes possess other new features including high
affinity between the DNA-nanomaterial complex and target,
strong degradation resistance, and high cellular uptake.**® These
properties make DNA-nanomaterial hybrid systems promising
for the development of new sensing platforms. In this section,
nanoparticle-based readout strategies, including gold nanoma-
terials, carbon nanomaterials, two-dimensional nanomaterials,
and quantum dots (QDs), are discussed.

3.3.1. Gold Nanomaterials. AuNPs are the most common
and stable metallic nanomaterials and have elicited considerable
interest recently because of their many features and properties
such as facile synthesis, tunable size and shape, easy surface
modification, high DNA-loading efficiency, sized-related elec-
tronic and optical properties, good biocompatibility, and high
intracellular stability.”””*** Notably, the strong interaction
between thiol and AuNP offers an easy-to-handle and low-cost
approach for AuNP modification.

On the basis of their special electronic properties, AuNPs
exhibit a “superquenching” ability for fluorescence via long-
range resonance energy transfer.”””’*° The Mirkin group
reported that DNA-AuNP complexes termed nanoflares enable
detection of ATP and mRNA in living cells. 795331 Baj et al.
conducted an AuNP assay for selecting quadruplex-binding
ligands.”’ Initially, AuNPs carrying fluorescein-tagged DNA
probes show weak fluorescence. Once the target ligand binds to
the DNA probes, the linear probes change conformation to G-
quadruplexes, increasing the distance between DNA probes and
AuNPs, leading to enhanced fluorescence. Lu and co-workers
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Figure 14. (A) DNAzyme-AuNP probe for UO,*" in living cells. Adapted with permission from ref 332. Copyright 2013 American Chemical Society.
(B) Exo III-powered, on-particle stochastic DNA walker for DNA detection. Adapted with permission from ref 333. Copyright 2017 Wiley-VCH. (C)
DNA-functionalized-AuNPs for colorimetric detection of Hg*". Reproduced with permission from ref 335. Copyright 2007 Wiley-VCH. (D)
Biobarcoded NP probes for multiplexed DNA detection. Reproduced with permission from ref 340. Copyright 2006 Wiley-VCH.

constructed a DNAzyme-AuNP probe to detect uranyl ion DNAzyme, releasing the shorter strand from AuNPs and thus
(UO,*) in living cells (Figure 14A).*** Addition of UO,* recovering the fluorescence. This DNAzyme-based probe
causes the fluorophore-labeled substrate strand to be cleaved by showed exceptional selectivity and sensitivity for UO,>*
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Figure 15. (A) Conjugate Eu** complex and aptamer-wrapped CNTs for protein detection. Adapted with permission from ref 342. Copyright 2011
American Chemical Society. (B) Single-layer MoS,-based nanoprobes for homogeneous detection of biomolecules. Adapted with permission from ref
353. Copyright 2013 American Chemical Society. (C) Affinity-modulated MB on MoS, nanosheets for miRNA detection. Adapted with permission
from ref 358. Copyright 2018 American Chemical Society. (D) Functionalized semiconductor QDs for Exo I1I-aided amplified multiplexed analysis of

DNA. Adapted with permission from ref 363. Copyright 2011 American Chemical Society.

detection. Moreover, it demonstrated that this DNAzyme- the Pei group reported an Exo III-powered stochastic DNA

AuNP probe can be used in vivo as a metal ion sensor. Recently, walker (Figure 14B).”** The DNA walker autonomously moves
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on a spherical nucleic acid (SNA)-based 3D track, producing
cascade signal amplification. The performance of the DNA
walker was dependent on the density of DNA and conformation
of the walking track. Thereafter, they constructed three kinds of
SNA-based stochastic DNA walkers (highly packed SNA,
moderately packed SNA, and loosely packed SNA) for DNA
detection, achieving LODs of 200 pM, 1 pM, and 10 M,
respectively.

AuNPs can also be used as colorimetric reporters due to their
remarkable optical properties.”** Using the AuNP aggregation-
induced color changes, DNA-functionalized AuNPs have been
applied for construction of biosensors for metal ions, nucleic
acids, small molecules, proteins, and cancer cells. For instance,
Lee et al. used DNA-AuNPs in aqueous media for colorimetric
detection of Hg>* (Figure 14C).**> The DNA-AuNP
aggregation is eliminated at a given temperature, resulting in a
color change-based detection for ~100 nM (= 20 ppb) Hg>".
The high solubility of the DNA-AuNPs allows this assay to be
conducted in aqueous media without the need for organic
cosolvents. In another study, the Liu group conducted a similar
work, utilizing DNA-AuNP conjugates for colorimetric
detection of Hg** with a LOD of sub-10 nM.**® On the basis
of ATP-induced duplex-to-aptamer structural switching, Wang
et al. constructed a AuNP-aEtamer system for ATP detection
with a LOD of 0.6 uM.>>’ The Tan group developed a
colorimetric approach based on aptamer-conjugated AuNPs for
detection of cancer cells.”** Using the concept of cholera toxin-
induced aggregation of lactose-stabilized AuNPs, Schofield et al.
developed a simple and rapid method for identifying cholera
toxin, yielding a LOD of 54 nM.”*” By designing discernible
barcode DNA sequences, the Mirkin group developed
biobarcode NP Oprobes for detection of multiple DNA targets
(Figure 14D).**" In this work, oligonucleotide sequences of 30—
33 bases from (a) hepatitis B virus surface-antigen gene (HBV),
(b) variola virus (small pox, VV), (c) Ebola virus (EV), and (d)
human immunodeficiency virus (HIV) were chosen as model
systems. The barcode for each target is the sequence-specific
nucleotide probe, while the remainder of the sequence is
universal for scanometric detection and readout. They showed
that these four DNA targets can be detected with high selectivity
at midfemtomolar concentrations.

3.3.2. Carbon Nanomaterials. SWCNTs and GO have
powerful quenching capability for organic dyes because of long-
range resonance energy transfer. Additionally, previous work has
demonstrated that ssDNA is adsorbed noncovalently onto the
surface of SWCNTs and GO through 7—7 stacking. In 2008,
Yang et al. reported that self-assembled SWCNT /fluorophore-
labeled DNA complexes can act as a MB with little background
interference,'”" and such complexes were verified to have the
ability to recognize and detect specific DNA sequences. In a
follow-up study, they exploited ssDNA-SWCNT complexes for
detection of both DNA and proteins.”*' Ouyang et al. used
antilysozyme aptamer and europium (III) (Eu**) complex along
with CNTs for lysozyme (LYS) detection (Figure 15A).**
Initially, a mixture of chlorosulfonylated tetradentate p-
diketone-Eu** and the antilysozyme aptamer was adsorbed on
CNTs, displaying weak luminescence. The presence of target
LYS triggered the release of aptamer and luminescent Eu**
complex from CNTs resulting in enhanced luminescence. This
method can detect LYS with a LOD of 0.9 nM.

Only a few articles report pristine graphene for sensing
because of its high hydrophobicit;r in spite of its excellent
fluorescence quenching ability.”* GO is a derivative of

graphene, where the carboxylate groups contribute to its high
water solubility. In addition, GO holds traits of easy synthesis
and facile surface modification.”** These properties make GO
attract more attention in the study of DNA-based sensors. Most
sensing systems based on DNA-GO complexes are built on the
fact that ssDNA with different lengths and conformations can
exhibit different affinity for GO. Up to now, GO has been
applied in DNA sensors detecting metal ions, proteins, DNA
mutations, and other compounds.”* By rational design,
fluorescent assays based on DNA-GO complexes can be made
to exhibit very low background fluorescence. For example, the Li
group designed an aptamer/GO nanocomplex for intracellular
ATP probing.”*® Liu and co-workers established a GO/DNA
system for investigating mechanisms of DNA sensing on GO.**°
By virtue of a simple ion-exchange process, the Loh group
synthesized a GO-organic dye ionic complex as an optical sensor
for DNA, obtaining a LOD of 1 nM.**” In another example, the
Wang group used a GO/aptamer strategy for multiplexed
detection while also enabling logic operations.”*® They used
FAM-labeled aptamers for ATP and thrombin, both of which
were adsorbed onto GO to form a GO/aptamer complex. This
adsorption quenches the fluorescence of FAM. Through logic-
gated operation, the sensor can detect ATP or thrombin,
releasing the FAM-labeled aptamers from the GO surface, thus
increasing the fluorescence signal. This system has a dynamic
range of 500 nM to 50 uM for ATP and 0.04—10 nM for
thrombin, with a LOD of 500 nM and 0.04 nM for ATP and
thrombin, respectively.

3.3.3. Two-Dimensional Nanomaterials. Two-dimen-
sional (2D) nanomaterials including transition metal dichalco-
genides (e.g, MoS,, WS,, TiS,, TaS,) have received extensive
attention because of their 2D structure being analogous to
graphene.”**™*" Such layered 2D nanomaterials have high
fluorescence quenching efficiency, high water dispersibility,
facile surface modification, and different affinities toward ssDNA
and dsDNA."*>*** On the basis of these properties, Zhu et al.
used single-layer MoS,-based fluorogenic sensor for DNA and
small molecules (Figure 15B).**” The dye-labeled ssDNA probe
is first adsorbed on MoS,, thus quenching the fluorescence.
Once the ssDNA probes hybridize with the complementary
target DNA, the resulting duplex is only weakly adsorbed on to
MoS,, thus moving the dye-labeled probes away from the surface
and recovering the fluorescence signal. They used this strategy
for the detection of DNA and adenosine with a LOD of 0.5 nM
and S pM, respectively. Liu and his co-workers explored few
kinds of 2D nanomaterial including MoS,, WS,, and GO for
adsorption and sensing.”>* Their results showed that DNA is
adsorbed by GO through hydrogen bonding and 7—x stacking,
while MoS, and WS, mainly use van der Waals force for
adsorption. Fluorescent DNA probes adsorbed on these 2D
materials for DNA detection exhibited a similar detection limit
(~20 nM). The Jiang group developed a miRNA detection
platform using the fluorescence quenching ability of WS,
nanosheet and duplex-specific nuclease assisted signal amplifi-
cation, showing high sensitivity with a LOD of 300 M. '8
Recently, Xiao et al. constructed a MoS,-based nanoprobe for
miRNA quantification, obtaining a LOD of 10 fM.>>

The Liu group conducted a study revealing that poly cytosine
(poly-C) DNA is a high affinity ligand for transition metal
dichalcogenides (e.g,, MoS,, WS,).>*® Therefore, a dye-labeled
diblock DNA probe containing a poly-C block attached to the
surface of transition metal dichalcogenides provides minimal
background fluorescence. This work provides a simple yet
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Figure 16. (A) Array-based electrical detection of DNA with nanoparticle probes. Adapted with permission from ref 387. Copyright 2002 AAAS. (B)
Nanoparticle-mediated amplification and nanoscale control of DNA assembly at electrodes for DNA detection. Adapted with permission from ref 390.
Copyright 2006 American Chemical Society. (C) Nanoporous gold electrode and multifunctional DNA-Au biobarcodes for DNA detection. Adapted
with permission from ref 392. Copyright 2008 American Chemical Society. (D) Electrochemical coding technology for simultaneous detection of
multiple DNA targets. Adapted with permission from ref 395. Copyright 2003 American Chemical Society.

effective method for constructing DNA-based sensors.”>” As a
proof of concept, Xiao et al. designed diblock MBs with poly-C
tails anchored on MoS, nanosheets as probes for miRNA
detection (Figure 15C).**" In the design, the poly-C block is
attached to MoS,, while the MB block is available for

hybridization to the target, and a duplex-specific nuclease
enables signal amplification by target recycling. By changing the
length of poly-C, they regulated the density of probes on MoS,
for achieving higher quenching efficiency. Moreover, the poly-C
block can effectively inhibit the adsorption of enzyme-cleaved
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oligonucleotides on MoS,, yielding enhanced signal. Con-
sequently, both lower background signal and higher amplified
signal contribute to the nanoprobe having ultrahigh sensitivity
(limit of detection ~3.4 fM), specificity to detect a single
nucleotide mismatch, and selectivity to detect target miRNA
from serum samples. This method shows promise for
quantitative analysis of miRNAs in clinical diagnosis and
biomedical research.

3.3.4. Quantum Dots. Semiconductor QDs have been
applied for optical and photoelectrochemical sensing and
biosensing due to their excellent photophysical properties
such as high luminescence quantum yields, size-controlled
luminescence properties, narrow luminescence bands, and large
Stokes shifts, and stability toward photobleaching.****** The
Willner group modified semiconductor QDs with hemin/G-
quadruplex horseradish-peroxidase-mimicking DNAzyme for
biosensing purpose.’®’ They discovered that the oxidation of
luminol by H,O, catalyzed by hemin/G-quadruplex yields
chemiluminescence with a luminescence spectrum overlapping
the absorbance bands of differently sized CdSe/ZnS QDs. Thus,
the chemiluminescence resonance energy transfer (CRET)
between hemin/G-quadruplex-QDs conjugates can be used for
bioanalysis. CRET-based platforms using hemin/G-quadruplex-
modified CdSe/ZnS QDs enable the analysis of Hg*", ATP,
DNA, and thrombin with LODs of 10 nM, 100 nM, 10 nM, and
1.4 nM, respectively.**"**> QDs are not only used as optical
labels but also as nanoscale carrier of probes for amplified
detection of DNA. For instance, Freeman et al. used exonuclease
III-catalyzed recycling of the target DNA and analyzed using
semiconductor QDs (Figure 15D),*** in which quencher-
modified QDs are used as optical trace. Binding of target DNA
to QDs induces the exonuclease-triggered recycling of the target
DNA, resulting in enhanced luminescence of the QDs. This
method has a LOD of 1 pM. Additionally, the QDs integrated
with enzyme-mediated signal amplification can be used to detect
vesicular epithelial growth factor (a detection limit of 875
pM). 3¢

Nucleic acid-stabilized metal nanoclusters (NCs) provide an
additional means for developing DNA sensors and aptasen-
sors.*®® Specific nucleic acid sequences stabilize metal NCs (e.g,
AgNCs) displaying a luminescent property, and this property
depends on the sizes of the metal aggregates and the sequences
of the stabilizing capping oligonucleotides. Using this principle,
Liu et al. built a hybrid system composed of nucleic-acid-
functionalized AgNCs and GO for construction of DNA sensors
and aptasensors.”*® In this work, two types of DNA-stabilized
AgNCs, the red-emitting AgNCs (616 nm) and near-infrared-
emitting AgNCs (775 nm), were used. DNA-stabilized AgNCs
can be increasingly adsorbed on GO through the interaction of
ssDNA to the GO surface, resulting in the fluorescence
quenching of AgNCs. In the presence of the target, the
ssDNA probes are converted to duplexes, and single stranded
aptamer probes are converted to aptamer-substrate complexes,
thus causing desorption of the DNA-stabilized AgNCs from GO,
and recovering the fluorescence. This system was used for the
detection of the hepatitis B virus gene, immunodeficiency virus
gene, ATP, and thrombin with a detection limit of 0.5 nM, 1 nM,
2.5 uM, and 0.5 nM, respectively.

3.4. Electrochemical-Based Readout Strategy

Electrochemical readout of analytes represents another effective
approach to the rapid molecular analysis.'>”*®” An electro-
chemical readout uses the flow of current at the surface of a

sensor to monitor the presence or absence of an analyte,
reported by the binding of redox-active groups to specific
analytes. At present, several different electrochemical-based
methods such as sandwich electrochemical assays,>*®*%’
structural switching-based electrochemical detection,”’* 7372
nanostructured microelectrode-based electrochemical detec-
tion,””>*”* amplified strategy for electrochemical detection
(e.g., enzymatic amplification-based detection approach,
enzyme-free amplification-based detection approach),””>~*"*
and DNA nanostructure-based electrochemical detection
have been developed in pursuit of high levels of sensitivity and
stringent specificity.

The sandwich electrochemical assay format is similar to
ELISA. Electrochemical assays can be designed by replacing the
detection antibody with redox active labels (e.g, methylene
blue) or nanoparticles that can generate electrochemical
signals.Sgl’382 In one example, an anti-TNT aptamer reports
the presence of the target 2,4,6 trinitrotoluene (TNT), which
binds to a primary amine immobilized on gold electrodes via
acid—base pairing.’®> The presence of TNT and aptamer
increases the potential barrier to redox molecules, thereby
hindering the exchange of electrons with the Au electrode. Using
the transfer resistance, the detection of 10 fM TNT was
accomplished. Xia et al. developed a supersandwich structure
containing multiple labels for sensitive and selective DNA
detection with a detection limit of 100 fM, a thousand-fold
increase from the traditional assay.’®* Fapyane et al. reported an
electrochemical enzyme-linked sandwich assay for nucleic acid
analysis.”®> Recently, Yang et al. constructed a sandwich
electrochemical biosensor for the detection of MCF-7 human
breast cancer cells.**® Mirkin and colleagues reported a three-
component sandwich approach for detection of DNA (Figure
16A),>” in which hybridized target DNA is used to bind
oligonucleotides functionalized with AuNPs. Silver deposition
facilitated by these AuNPs can bridge the connection between
the two flanking microelectrodes, resulting in readily measurable
conductivity changes that are related to analyte-probe binding
events. Using this technology, a sensitivity of 500 fM in target
DNA and a point mutation selectivity was achieved.

AuNPs are also used in signaling hybridization events in a
sandwich-based assay.”***®” In one study, the target DNA is
captured by capture probe DNA immobilized on gold
electrodes, followed by hybridization with AuNP-tagged
reporter probe DNA (Figure 16B).*”° Electrochemical signals
of [Ru(NH;)¢]*" bound to capture probes via electrostatic
interactions were measured by chronocoulometry. The sensor
performance including sensitivity and specificity was improved
because of the incorporation of AuNPs for signal trans-
duction.”" This strategy could detect 10 fM DNA targets
with single nucleotide specificity. Hu et al. used a similar strategy
for DNA detection, with dynamic range of 8.0 X 107"7—1.6 X
1072 M, LOD of 28 aM, and single-nucleotide specificity
(Figure 16C).*”* Apart from AuNPs, other particles (e.g.
platinum NPs, AgNPs) have been exploited for signal trans-
duction to improve the detection performance of biosen-
sors.””>** Employing NP labels with different redox potentials,
Wang et al. created a multiplexed detection strategy for DNA
targets (Figure 16D).*”> Magnetic beads containing ssDNA
probes hybridize with target DNA, and subsequently hybridize
with the NP-labeled reporter DNA, wherein three encoding NPs
(ZnS, CdS, and PbS) can differentiate the signals of three DNA
targets. Unhybridized DNA can be removed magnetically,

379,380

DOI: 10.1021/acs.chemrev.9b00121
Chem. Rev. XXXX, XXX, XXX—-XXX


http://dx.doi.org/10.1021/acs.chemrev.9b00121

Chemical Reviews

Figure 17. (A) Electrochemical interrogation of conformational changes as a reagentless method for sequence-specific detection of DNA. Adapted
with permission from ref 397. Copyright 2003 National Academy of Sciences. (B) Enzyme-based E-DNA sensor for sequence-specific detection of
DNA targets. Adapted with permission from ref 401. Copyright 2006 American Chemical Society. (C) Functional DNA sensors integrated with
personal glucose meters for quantification of a variety of analytical targets. Adapted with permission from ref 402. Copyright 2011 Springer Nature.

enabling sensitive and selective stripping-voltammetric measure- Structural switching-based electrochemical sensors generate
predictable signals via controllable structure changes such as

ments of three different DNA targets. reconfiguration of biomolecules.’*® Signal transduction is
X DOI: 10.1021/acs.chemrev.9b00121
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Figure 18. (A) Lysozyme or adenosine detection with DNA-AuNPs amplification. Adapted with permission from ref 404. Copyright 2009 American
Chemical Society. (B) Aptamer-based origami paper analytical device for electrochemical detection of adenosine. Adapted with permission from ref
406. Copyright 2012 Wiley-VCH. (C) DNA nanostructure-based E-DNA sensor for microRNA analysis. Adapted with permission from ref 413.
Copyright 2014 American Chemical Society. (D) Electrochemical tetrahedron-structured DNA-based biosensor for Hg** detection. Adapted with
permission from ref 414. Copyright 2011 Royal Society of Chemistry. (E) DNA nanostructure-decorated gold surfaces for regenerable electrochemical
immunological sensing of TNF-a. Adapted with permission from ref 418. Copyright 2011 Royal Society of Chemistry.
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provided by target-responsive variations of probe structures with
many attractive features ( e.%., no target labeling, high sensitivity,
exceptionally selectivity).””” Therefore, integrating such varia-
tions with advanced electronic transducers is of great utility in
designing simple and potentially generalizable biosensors.’”*

Fan et al. designed an electrochemical DNA sensor based on
the reconfiguration of a DNA hairpin (Figure 17A).>”7 A stem-
loop attached to AuNP on one end holds a ferrocene on the
other end. In the stem configuration, the ferrocene is held close
to the Au surface, causing a high electrochemical signal. When
target DNA binds to the hairpin, it opens the stem, moving the
ferrocene away from the surface and thus reducing the signal.
This process can be monitored using the distance-dependent
electron transfer (ET) property of the coupled ferrocene. This
signal-off sensor has a LOD of 10 pM. Using a similar signal-off
concept, Kim and colleagues used a hairpin containing a
thrombin aptamer sequence that was conjugated to a gold
electrode.”” Methylene blue intercalates into the stem region of
the hairpin and acts as redox-active reporter. Addition of
thrombin reconfigures the hairpin into a G-quadruplex and
binds to it, releasing the intercalated methylene blue and causing
a reduction in the electrochemical signal. The linear range for
this method was 0 to 50.8 nM with a LOD of 11 nM.

To develop an electrochemical DNA sensor with improved
sensitivity, Zuo et al. used a target-responsive electrochemical
aptamer switch (TREAS).*”’ In this strategy, an aptamer
sequence was conjugated to gold electrode and contained a
terrocene group on the other end. This strand is hybridized to a
complementary DNA so that the ferrocene group is away from
the electrode. The presence of ATP leads the electroactive
ferrocene moiety to move from the distant position to the
proximal position, resulting in increased electrochemical signal.
The signal-on, reagentless sensor with generalizability and
simplicity can selectively detect ATP. Liu et al. reported an
enzyme-based electrochemical DNA sensor with femtomolar
sensitivity (Figure 17B).*"' A DNA probe with stem-loop
structure was modified with biotin on one end so that it can be
immobilized on an avidin-modified gold electrode surface. The
other end of the probe contained a digoxygenin (DIG)
molecule. As a result of steric effects, DIG is shielded from
interacting with a bulky horseradish peroxidase-linked-anti-DIG
antibody (anti-DIG-HRP). Then a significant structural change
induced by hybridization of probes with the DNA targets
facilitates accessibility of DIG to the anti-DIG-HRP. This
binding event is read out as an electrochemical current signal
with a LOD of 10 fM and has the ability to distinguish single
nucleotide mismatches. The Lu group proposed a method for
utilizing a pocket-sized personal glucose meter to quantify
nonglucose targets (Figure 17C).*** In this method, a functional
DNA-—invertase conjugate releases invertase on binding to a
target, and this invertase is converted to glucose and read out
using the meter. This system was used to detect cocaine (LOD
3.4 mM), adenosine (LOD 18 mM), interferon-gamma (LOD
2.6 nM), and uranium (LOD 9.1 nM).

DNA-functionalized metal nanoparticles have been used to
improve the sensitivity of sensors.”’*** Deng et al. developed
an aptamer-based electrochemical biosensor for small molecules
and proteins (Figure 18A).*** With an elaborate design for
introducing adenosine and lysozyme aptamers into DNA/DNA
duplex, the switching of aptamers from DNA/DNA duplex to
DNA/target complex allows the detection of adenosine or
lysozyme. The binding event is monitored by the electro-
chemical response of surface-bound [Ru(NH,),]**. In addition,

DNA-functionalized AuNPs that can host more [Ru(NH;),]**
cations can enhance the sensitivity of the aptasensor to achieve a
LOD of 20 pM for adenosine and 0.01 pg/mL for lysozyme. In
another study, Su et al. built an electrochemical biosensor based
on conformational changes of DNA on MoS, nanosheets
modified with AuNPs, enabling simultaneous determination of
ATP and thrombin (LOD of 0.74 nM and 1.2 pM,
respectively).*"®

Crooks and co-workers fabricated a self-powered origami
paper analytical device (o0PAD) for electrochemical detection of
adenosine with a LOD of 11.8 uM (Figure 18B).**° Within the
sensor, the presence of the target analyte causes reconfiguration
of an adenosine aptamer, leading to the release of GOx-labeled
DNA strands. The released GOx catalyzes the oxidation of
glucose, resulting in conversion of [Fe(CN)¢]*" to [Fe(CN)4]*.
The change in current during this process can be monitored
using a digital multimeter. The sensor can also be equipped with
dual channels for a control lane (lacking the adenosine aptamer)
and a test lane (with the aptamer).

DNA-based nanostructures represent an effective approach to
increase the sensitivity of electrochemical detection.*””~**” One
of the main parameters in this regard is control over density of
probes on the surface, made possible using tetrahedral
nanostructures made of DNA. Such control allows orientation
of the probes in an upright configuration and thus increases
accessibility to target binding.*'°~*'* In one study, Lin et al.
employed tetrahedra structured probes (TSP) to construct an
electrochemical DNA sensor for miRNA detection (Figure
18C).*"? In this design, a DNA tetrahedron is used to ensure the
controlled density and improved reactivity of a stem-loop
structure. This design also increases the specificity of the assay.
Sensitivity can be further enhanced using enzyme catalytic
amplification. The sensitivity of this method is aslow as 1 fM and
has specificity to differentiate highly similar miRNA analogs.

By introducing a DNA probe containing a T-rich sequence at
the top vertex of a DNA tetrahedron, Yin and co-workers
developed a DNA-based sensor for the detection of Hg>" ions
(Figure 18D).*'* A functional oligonucleotide (FO) with the
sequence of Ts-Gg is used to integrate with an electrochemically
active molecule (methylene blue) and to identify Hg*" ions.
After incubation with Hg®" ions and FO, the TSPs produce
enhanced electrochemical signal via the formation of thymine-
Hg**-thymine complex (T-Hg**-T). This “turn-on” biosensor
has a dynamic range of 100 pM to 20 nM with a detection limit
of 100 pM, 100-fold lower than that obtained with the ssDNA-
based sensor. In addition, selectivity is at least 10 000-fold higher
for Hg*" ion than competing metal ions.

In TSP-based platforms, the top vertex can be designed to
contain a a split aptamer for cocaine.’> This sensor has a
detection limit of 33 nM and has the ability to work in sera or
other adulterated samples. In addition, Ge et al. reported an
electrochemical sensor for the genotyping of SNPs based on
branched TSPs.*'® Similarily, Bu et al. designed an ATP sensor
using anti-ATP aptamers.”'” This platform also allows
anchoring antibodies with defined orientations and thus aid in
improving the performance of immunological sensing (Figure
18E).*"® For example, the tumor-necrosis-factor alpha (TNF-a)
antibody can be tagged on a DNA tetrahedron. Pei et al. found
that the constructed electrochemical immunosensors based on
TSPs showed superior sensitivity and selectivity in comparison
with the conventional immunosensor.*'®

Material properties in the nanoscale play a major role in
designing electrode-based sensors.'”” Rationally designed
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Figure 19. (A) NME platform for bacterial detection. Adapted with permission from ref 425. Copyright 2012 American Chemical Society. (B) Clamp
chip for the electrochemical analysis of mutated cfNAs. Adapted with permission from ref 426. Copyright 2015 Springer Nature. (C) DNA clutch
probes for circulating tumor DNA analysis. Adapted with permission from ref 429. Copyright 2016 American Chemical Society. (D) Universal
detector based on neutralizer displacement. Adapted with permission from ref 430. Copyright 2012 Springer Nature.

electrochemical sensing elements aid in improving both the
sensitivity and rapid detection of nucleic acids.”'”*** Previous
works have demonstrated that DNA probes anchored on
nanostructured microelectrode (NME) surfaces restrict steric
interactions between probes and increase the hybridization
efficiency.””'~** On the basis of these details, the Kelley group
reported a detection platform combining an electrochemical
reporter system with NMEs (Figure 19A).**° They created
patterned microelectrodes on the surface of silicon chips that
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promote collisions with slow-moving analytes in solution, thus
addressing the diffusional limitations.*** Moreover, the nano-
scale roughness of NME:s facilitates binding of probes to target
nucleic acids. NMEs coupled with an electrocatalytic reporter
strategy allow this integrated platform to specifically detect
bacteria with a detection limit of 1 CFU/uL within 30 min (in
microbiology, a colony-forming unit (CFU) is a unit used to
estimate the number of viable bacteria or fungal cells in a
sample).
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Figure 20. (A) Dual amplified electrochemical detection of mutant DNA biomarkers based on nuclease-assisted target recycling and rolling circle
amplifications. Adapted with permission from ref 450. Copyright 2014 Elsevier. (B) Electrochemical detection of nucleic acids based on autocatalytic
and exonuclease Ill-assisted target recycling strategy. Adapted with permission from ref 459. Copyright 2013 American Chemical Society. (C)
Amplified surface plasmon resonance and electrochemical detection of Pb** ions using the Pb**-dependent DNAzyme and hemin/G-quadruplex as a
label. Adapted with permission from ref 478. Copyright 2012 American Chemical Society.

In a follow-up study, the Kelley group devised an electro- acids in serum (Figure 19B).*° Via the electrodeposition of
chemical clamp assay for the detection of circulating nucleic dendritic gold nanostructures, the White group constructed
AB DOI: 10.1021/acs.chemrev.9b00121
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electrochemical, aptamer-based sensors on NMEs for detection
of ATP and tobramycin, and sensor performance in terms of
signal-to-noise and stability was greatly improved due to its
nanostructured surface.””” In the same way, Liu et al. developed
a sensing strategy with LOD in the fM range.””® To further
increase the sensitivity of the clamp, a thin layer of Pd is used for
coating Au structures to form finely structured NMEs. The
micron-size scale of the NMEs improves its roughness for the
interaction with analyte molecules, thereby maximizing the
sensitivity.”> To boost the accuracy of this approach, peptide
nucleic acid (PNA) probes have also been used to functionalize
the NMEs. Once the bound target is washed, target presence can
be read out using an electrocatalytic reporter pair composed of
Ru(NH;)s** and Fe(CN)*". The electrochemical clamp assay
achieves a limit of detection of 1 fg/uL, and statistically
significant signals are obtained within five minutes.

Das et al. introduced DNA clutch probes (DCPs) to detect
mutated sequences using PNA probe-functionalized NMEs
(Figure 19C).**” The hybridization events can be reflected by
the electrochemical signal. As a result, the assay exhibits
excellent sensitivity and specificity in the detection of mutated
circulating tumor DNA, detecting 1 fg/uL of a target mutation in
the presence of 100 pg/uL of wild-type DNA. Kelley and co-
workers developed a neutralizer displacement assay to detect
analytes irrespective of their charges (Figure 19D).** In this
assay, a neutralizer bound to an aptamer probe-modified NMEs
can be displaced when analyte binding occurs, leading to a
significant change in the surface charge. They used this system
for the detection of different biomarkers including DNA, RNA,
ATP, cocaine, thrombin, and E. coli bacteria, with the detection
limit of ~100aM, 10 pg uL™", 1 uygmL™", 1 mM, 10 fM, and 0.15
cfu/puL, respectively. NME-based electrochemical detection has
also been used to detect analytes such as mRNA, "' miRNA,***
pathogen,** even bacteria,”** and circulating tumor cells.**®

To realize the ultrasensitive electrochemical detection of
analytes, several enzyme-based amplification strategies such as
PCR, rolling circle amplification (RCA), and nicking endonu-
clease-based signal amplification have been employed to
measure biorecognition events.">*™*"! For instance, Yeung et
al. reported the first electrochemistry-based real-time PCR
technique for sequence-specific nucleic acid detection.*** Since
nicking endonucleases digest only one strand of dsDNA at
specific sequences,”* any amplification strategies are based on
nicking endonucleases.”***** Liu et al. detected miRNAs using
an electrochemical sensor in which enzyme-assisted p-amino-
phenol redox cycling causes an increase in the anodic current.**°
This miRNA sensor showed a linear range of 10 fM-5 pM with a
LOD of 3 fM. RCA is an isothermal enzymatic process to
generate long ssDNA or RNA using a short DNA or RNA strand
as a primer and circular DNA as a template in the presence of
DNA polymerases (e.g., ®29 polymerase).**”*** This facilitated
the production of a high number of tandemly linked copies of a
covalently closed circle in only a few minutes."*” The Xiang
group created a biosensor for the mutant human p53 gene based
on G-quadruplex/hemin complexes, with amplification pro-
vided by nicking endonuclease-assisted target recycling (Figure
20A)."° In this work, a hairpin probe recognizes and binds to
the target mutant DNA, which is then cleaved by an
endonuclease. The released target DNA hybridizes with the
intact HPs and initiates the DNA recycling process by the
endonuclease. The signal can also be amplified using RCA where
long DNA sequences with massive tandem-repeat G-quadruplex
sequences can be formed, and in association with hemin, amplify
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the electrochemical signal. As a result, this dual amplified
biosensor has a detection limit of 0.25 M with single nucleotide
specificity.

The enzyme-based target recycling strategy is attractive for
trace-level detection of target analytes owing to its specific
recognition of sequences.”"*** For example, the Ju group
utilized nicking endonuclease-initiated recycling hybridization
process in combination with RCA for detecting nucleic acids.***
Unlike nicking endonucleases, exonuclease III (Exo III) is a
sequence-independent enzyme without need of a specific
recognition site as it only cleaves the mononucleotides from 3’
terminus of dsDNA in the case of substrate with a blunt or
recessed 3'-terminus.”**>> Exo III thus allows flexibility in
amplification of certain biosensing signals.**® In one study, Wu
et al. constructed a label-free electrochemical DNA sensor based
on Exo Ill-aided target recycling strategy.”” Similar strategies
have been developed for ATP detection.*® Tang and co-
workers developed a DNA biosensor that also utilized Exo III-
assisted target recycling (Figure 20B)."” In this strategy, a G-
quadruplex-forming sequence was hybridized with a MB and
anchored on an electrode. Binding of target DNA to this MB
forms a duplex and releases the G-quadruplex-forming sequence.
The formed duplex is digested by Exo III, resulting in target
recycling, while the quadruplex-forming oligomers fold into G-
quadruplex-hemin complexes on the electrode surface, produc-
ing an electrochemical response, providing a LOD of 10 fM.

Various non-natural DNAzymes such as metal-ion-dependent
DNAzymes, cofactor-dependent DNAzymes, and hemin/G-
quadruplex HRP-mimicking DNAzymes have been developed
in the past decade.”®**** As these DNAzymes can serve as
amplifying labels, various DNAzyme-based electrochemical
sensing platforms have been constructed for analysis of nucleic
acids, proteins, and metal ions.*6574¢9 Dong et al. fabricated
DNAzyme/Pt NPs/CNTs bioconjugate on gold electrodes for
amplified electrochemical DNA analysis,”’® with a LOD of 0.6
fM and single nucleotide specificity. By taking advantage of
structure-switching DNAzymes, Liang et al. built an eflicient
signal-on electrochemical sensor for L-histidine with a LOD of
0.1 pM.*”" Yuan et al. utilized hemin/G-quadruplex combined
with NADH oxidase and HRP-mimicking DNAzyme for
fabricating a pseudobienzyme-amplifying system for thrombin
detection, with a dynamic range of 0.5 pM to 20 nM and a LOD
of 0.15 pM.*”* Lu et al. developed an electrochemical biosensor
for ATP using cofactor-dependent enzymatic ligation and self-
cleaving DNAzyme-amplified target recycling.””” In another
study, electrochemical detection of lead (Pb) in the parts-per-
billion range was done on the basis of conformation states of an
electrode-bound DNAzyme assembly.””*

Metal ion-dependent DNAzyme-based electrochemical read-
out signals can also be used for amplified detection of various
metal ions.””>~*"” In one study, the concentration of lead ion in
the target sample activates hemin/G-quadruplex DNAzymes
that in turn provided output signals for electrochemical analysis
of Pb** ions (Figure 20C).*”® This method enables the detection
of Pb** with a detection limit of 100 pM.

Although enzyme-based amplification strategies can be used
for detection of low-abundance analytes, these methods might
involve multiple assay steps and require special reaction
conditions. Recently, enzyme-free signal amplification techni-
ques with negligible background (e.g., HCR, CHA reactions)
have been engineered to initiate hundred-fold catalytic
amplification reactions, achieving great improvements in
convenience and s.ensitivity.m_482 Moreover, these enzyme-
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Figure 21. (A) Enzyme-free and label-free ultrasensitive electrochemical detection of HIV DNA based on long-range self-assembled DNA
nanostructures. Adapted with permission from ref 485. Copyright 2012 American Chemical Society. (B) CHA-programmed porphyrin—DNA
complex as photoelectrochemical initiator for DNA biosensing. Adapted with permission from ref 490. Copyright 2015 American Chemical Society.
(C) Enzyme-free and ultrasensitive electrochemical detection of nucleic acids by target CHA and HCR. Adapted with permission from ref 484.

Copyright 2013 Elsevier.
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Figure 22. (A) Programmable DNA nanoswitches for detection of nucleic acid sequences. Adapted with permission from ref 499. Copyright 2016
American Chemical Society. (B) DNA nanoswitches for gel-based biomolecular interaction analysis. Adapted with permission from ref 50S. Copyright
2015 Springer Nature. (C) Dual-aptamer-based multiplex protein biosensor. Adapted with permission from ref 514. Copyright 2010 Elsevier. (D) Gel-
based reaction tuning for discovery of protein- and DNA-imperceptible nanoparticle hard coating. Adapted with permission from ref 515. Copyright

2015 American Chemical Society.

free signal amplification methods capable of specific signal
transduction have been integrated with electrochemical
techniques for ultrasensitive DNA analysis.****%#%*

Isothermal HCR activated in the presence of a target analyte
results in the formation of DNA polymeric nanowires, with
signal amplification provided by the redox-active species
coupled to the HCR products. For instance, Chen et al.
described an in situ HCR signal-based method for detection of
specific DNA sequences at the femtomolar level (15 fM) (Figure
21A).** In another study, two auxiliary probe-induced cascade
hybridization events produced long-range self-assembled DNA
nanostructures, where each target DNA connects a DNA
nanostructure to a capture probe on the electrode surface.**®
[Ru(NH;)¢]**, a redox indicator bound to the DNA
nanostructures provides the electrochemical signals for
detecting DNA sequences as low as 5 aM even in cell lysates
or human serum.
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A free-energy-driven isothermal autonomous CHA process is
another approach to realize enzyme-free signal amplification. In
this process, an initiator strand activates a DNA hairpin to
produce complex nanostructures, thus yielding stable duplex
DNA nanoscale assemblies.**”*** This strategy can be modified
for electrochemical detection of DNA.**” On the basis of target-
CHA and porphyrin-mediated chemiluminescence, Zang et al.
constructed an enzyme-free photoelectrochemical strategy for
ultrasensitive detection of DNA (Figure 21B).*" They used
target-assisted CHA reaction to form dsDNA that can be
anchored on an electrode containing capture DNA and CdS
QDs. Porphyrin (FeTMPyP) is assembled on a dsDNA scaffold
via the groove interaction. This assembly catalyzes luminol
oxidation to generate a chemiluminescent signal. The linear
range of detection for this assay is 5 to 10 000 fM with a LOD of
2.2 fM. Liu et al. combined CHA and HCR for two-step signal
amplification to achieve a detection limit of 0.1 fM for DNA
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detection, with a high selectivity to differentiate mismatched
DNA (Figure 21C)."*

3.5. Gel Electrophoresis-Based Readout Strategy

Gel electrophoresis has been a workhorse of biological research
for over 60 years, providing a simple method for separation and
analysis of biomolecules (i.e., DNA, RNA, and proteins) and
their fragments based on their size and charge.*”' ~** Compared
to other separation techniques such as centrifugation, capillary
electrophoresis, filtration, etc., gel electrophoresis allows
multiple runs in parallel on the same gel. By coating
nanoparticles with a charged polymer, gel electrophoresis can
be used for nanoparticle separation.”*”**° In addition to
analyte separation, gel electrophoresis enables semiquantitative
analysis based on the band intensity. For instance, Wang et al.
reported a simple, inexpensive, high-throughput strategy that
exploits nondenaturing polyacrylamide gel electrophoresis
(PAGE) for detection of amplification products from micro-
satellite DNA markers.*”’

Gel electrophoresis can be used for analysis of nucleic acids
because the phosphate backbone of nucleic acids is negatively
charged in buffer. For example, Gibson et al. proposed an
isothermal, single-reaction method for enzymatic assembly of
DNA molecules up to several hundred kilobases, in which the
assembled DNA molecules and cloned products were
demonstrated with agarose gels.”® The Halvorsen group
designed a programmable DNA nanoswitch for detection of
DNA sequences (Figure 22A).*>°% In the presence of the
target sequence, the DNA nanoswitch undergoes a predefined
conformational change, switching from a linear “off” config-
uration to a looped “on” configuration. The on and off states can
be identified on an agarose gel, and the strategy achieved a
detection range of ~1 pM to ~10 nM with picomolar level
sensitivity. The same group then extended the technique for
detecting miRNAs from unprocessed cellular total RNA.>"" This
method was amplification-free, did not require any labels, and
had a LOD of 0.2 aM. Further, the nanoswitches can also be
multiplexed to identify different targets simultaneously.’*>>**
The Halvorsen group used this to demonstrate multiplexed
detection of five miRNAs from differentiating skeletal myoblasts
in a single lane. Hansen et al. used this DNA nanoswitch to
detect prostate-specific antigen (PSA) and showed a dynamic
range from ~60 fM to ~60 pM and a LOD of 44 fM in 20%
serum.””" Koussa et al. used these DNA nanoswitches to
measure kinetic and equilibrium parameters for different
molecular interactions (Figure 22B).””> According to induced
topological changes, these nanoswitches are capable of reporting
molecular interactions. In addition, the different interaction
states can be easily resolved as distinct bands on a gel. These
teatures endow this nanoswitch with the ability to monitor and
control reactions. Moreover, DNA acts as an amplifying
transducer for biosensing applications. In one study, Dirks et
al. used an aptamer construct exposing an initiator strand upon
binding ATP for HCR amplification of ATP detection.’’® The
detection of ATP and specificity in differentiating ATP from
GTP were proved by gel electrophoresis.

Gel electrophoresis can also be applied for detection of single
nucleotide differences. Noll and Collins utilized denaturing
gradient gel electrophoresis (DGGE) to identify DNA poly-
morphisms and to discriminate between two DNA molecules
that differed by a single-base substitution.””” However, this
method could only detect ~50% of all possible single-base
changes for DNA fragment sizes of 50 to 1000 base pairs.

AF

Sheffield et al. improved this method by using PCR to attach a
40-bp GC-rich sequence (GC-clamp) to genomic DNA
fragments, achieving improved detection of single-base
changes.*”" Using the GC-clamp strategy and DGGE to analyze
these fragments, Weinstein et al. found heterozygous mutations
in the Gs (guanine nucleotide-binding protein) alpha-subunit
gene in two kindreds.” Another study detected single base
changes in human genomic DNA using the same method.”"’
Orita et al. developed mobility shift analysis of single-stranded
DNAs on neutral polyacrylamide gel electrophoresis to detect
DNA polymorphisms and distinguished two alleles at
chromosomal loci.>"!

Gel electrophoresis technology is extended to protein analysis
as well. Two-dimensional gel electrophoresis followed by mass
spectroscopy has been a valuable tool for discovery-oriented
protein measurements over 40 years,”'” but with this
technology, it is difficult to detect a single and focused sets of
proteins.”° Affinity-based techniques have been reported to
provide unique advantages in terms of sensitivity and flexibility
for single-proteins analysis. Xie et al. established an aptamer-
based method for parallel protein analysis (Figure 22C).”'* The
method depends on recognition of the target protein by two
unique aptamers targeting different epitopes on the protein.
After addition of target proteins, binding, and washing, sensing
aptamers were eluted and amplified by multiplex PCR, and the
resulting PCR products were separated by GE and visualized.
Gel electrophoresis results confirmed that this dual-aptamer-
based multiplex protein biosensor enables simultaneous and
quantitative detection of thrombin and platelet-derived growth
factor-BB (PDGF-BB) with LODs of 333 pM and 3.3 nM,
respectively. Given that agarose gel electrophoresis is an ideal
tool to evaluate the protein corona, Welsher et al. proposed a
simple yet sensitive assay based on gel electrophoresis to
evaluate protein binding to NPs with different surface chemistry
(Figure 22D).>" Using gel banding and retardation as a read-
out for protein adsorption, the surface chemistry was optimized
to yield a mixed charge surface, displaying specific binding
resistance to a wide range of serum proteins and nucleic acids.

3.6. AFM-Based Readout Strategy

Use of an atomic force microscope (AFM) is another important
technique in biomolecular analysis.”'®*"” Through decades of
development, this technique not only enables analysis of surface
characteristics at the nanometer scale but also allows
observation and manipulation of surfaces under physiological
conditions.” *~**" Accordingly, these traits make the AFM an
ideal tool for conducting research at the single-molecule level.”**
In certain cases, the AFM can provide 3D views of samples,”*’
while also able to measure piconewton (107'* N) forces
associated with single molecules,”***** and topological analysis
of nanostructure or cell surfaces.***~**’ Consequently, the AFM
shows great advantages as a single molecule tool for sensing
molecular recognition interactions on biosurfaces.”’
AFM-based force spectroscopy is a useful tool to study
structural changes in DNA. Using AFM to measure the
interaction forces between single strands of DNA, Lee et al.
observed the unfolding of nucleic acids.””’ Because of its
structural variations and biological functions, G-quadruplexes
have sparked a growing interest in the field of structural and
molecular biology.”*' To this end, the Sugiyama group used real-
time AFM to detect the formation and disruption of a G-
quadruzplex structure within a DNA origami scaffold (Figure
23A).>** During scanning of the sample in the presence of K*,
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Figure 23. (A) Visualization of dynamic conformational switching of the G-quadruplex in a DNA nanostructure with an AFM. Adapted with
permission from ref 532. Copyright 2010 American Chemical Society. (B) Aptamer-tagged DNA origami for spatially addressable detection of
aflatoxin B1. Adapted with permission from ref $37. Copyright 2017 Royal Society of Chemistry. (C) Label-free detection and symbolic display of SNP
on DNA origami. Adapted with permission from ref 539. Copyright 2011 American Chemical Society. (D) AFM-based single-molecule
nanomechanical haplotyping with DNA origami shape IDs. Reprinted with permission from ref 540. Copyright 2017 Springer Nature. (E) Direct
measurement of base-pairing forces using an AFM. Adapted with permission from ref 541. Copyright 1999 Springer Nature. (F) Detection of various
targets using DNA origami devices. Adapted with permission from ref 543. Copyright 2011 Springer Nature.
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Figure 24. (A) AgNPs with Raman spectroscopic fingerprints for DNA and RNA detection. Reproduced with permission from ref 558. Copyright
2002 AAAS. (B) Aptamer biosensor based on SERS for ATP detection. Adapted with permission from ref 561. Copyright 2012 American Chemical
Society. (C) SERS-based lateral flow assay biosensor for simultaneous detection of dual nucleic acids. Reproduced with permission from ref 569.
Copyright 2017 American Chemical Society.

the two dsDNA chains with G-tracks formed the X-shaped changes of the two incorporated dsDNA chains in the DNA
structure from an initially separated state; the preformed G- ) ) )

] _ . frame using AFM allows the single-molecule observation of the
quadruplex was disrupted in the absence of K and reverted to

the separated state. As such, monitoring the global structural dynamic formation and disruption of a G-quadruplex.
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Single-molecule level understanding of DNA conformations
facilitates construction of reproducible, robust, and ultra-
sensitive sensors.”””>>* The Ye group observed the nanoscale
conformations of individual DNA molecules on a gold surface
passivated with a hydroxyl-terminated alkanethiol self-
assembled monolayer (SAM) with in situ electrochemical
AFM.>* In a follow-up study, the Ye group reported that single
DNA hybridization events were visualized on a novel surface
with an unprecedented resolution using an AFM.”*° Initially, the
tethered probes covalently anchored to a carboxyl-terminated
SAM were lifted away from the surface under a saline tris-
acetate-EDTA buffer because of the electrostatic repulsion,
which facilitated hybridization between probes and targets with
minimal nonspecific adsorption. On the addition of divalent
nickel cations, the hybridized dsDNA adsorbs onto the surface.
As aresult, the use of AFM for high-resolution imaging of single
DNA hybridization events was achieved by switching the DNA—
surface interaction between a strong state and a weak state. In
addition, Lu et al. used the AFM to visually detect aflatoxin B1
(AFB1) by using a combination of aptamer-tagged DNA
origami with ssDNA-functionalized AuNPs (Figure 23B).”*” In
the absence of AFB1 molecules, the AuNPs are linked to DNA
origami at the predetermined location via DNA hybridization.
Upon addition of AFBI molecules, the aptamer probes
recognize and bind to the target molecules, resulting in folded
structures. Thus, the attachment of AuNPs on the designed sites
of DNA origami can reflect the amount of AFB1 in the detection
system.

AFM has been also applied for enhanced recognition of single
nucleotide polymorphisms (SNPs). Han et al. designed locked
nucleic acid coupled into a hairpin DNA oligonucleotide probe
to detect SNP.>*® On target binding, the difference in stiffness
on the surface was analyzed using AFM nanolithography
technique. Consequently, this strategy can discriminate between
perfectly complementary and singly mismatched targets. By
combining the effectiveness of branch migration process and
AFM imaging, Seeman and co-workers established a reliable
method to visualize the target nucleotide symbol in a SNP assay
(Figure 23C).*” The DNA origami contained graphical
representations of the four possible nucleotide alphabetic
characters (i.e., A, T, G, and C), and on binding a specific
DNA sequence, the character matching the SNP nucleotide
disappears on the origami surface. AFM images provide a direct
symbolic readout identifying the nucleotide carried by the
target. Recently, the Fan group developed DNA origami
structures as shape IDs for nanomechanical imaging of SNPs
(Figure 23D).540

An AFM can be also used to analyze mechanochemistry at the
single-molecule level. Rief et al. employed single-molecule force
spectroscopy based on AFM technology to show that the
mechanics of DNA overstretching is sequence dependent
(Figure 23E). They used this technique to directly measure
the base pair-unbinding forces for G-C to be 20 + 3 pN and for
A-Ttobe 9+ 3 pN.>*' Leitner et al. used force distance cycles to
record individual molecular recognition events between
streptavidin-modified AFM tip-tethered proteins and the DNA
structures,”*” verifying that the interaction between streptavidin
and biotinylated DNA nanostructure is specific. Kuzuya et al.
created functional nanomechanical DNA origami devices as
versatile and visible ‘single-molecule beacons’ (Figure 23F).>*
Using ‘DNA origami pliers’ and ‘DNA origami forceps’
composed of two levers of ~170 nm in length connected at a
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fulcrum, they detected conformational changes on addition of
various targets such as metal ions and proteins using an AFM.

3.7. SERS-Based Readout Strategy

Surface-enhanced Raman scattering (SERS) has been explored
for its potential in biosensing in the last several decades.”**~>*
In contrast to conventional Raman, SERS has strong signal
intensity (factors up to ~10'*) due to the hot spot in metallic
nanostructured spaces. In addition, SERS possesses other
attractive merits, such as narrow Raman band, and high
resistance to interferences of environmental factors such as
oxygen, humidity, and foreign species.”*® These features make
SERS a promising tool for ultrasensitive biosensing with the
target of attaining single-molecule level detection.”*’™>"'
Further development in the design and fabrication of novel
SERS-active nanostructures has been enriched by the ability to
create complex structures using DNA 753 By integrating
SERS with DNA nanotechnology, various kinds of SERS
biosensor have been established, broadening its analytical
applications.”>> ™%’

Metal NPs (e.g., AuNPs, AgNPs)-based SERS biosensors
have been extensively studied for sensitive and specific detection
of biomolecules. In 2002, the Mirkin group used DNA-coated
AuNPs coupled with Raman-active dyes for detection of nucleic
acids with a LOD of 20 fM (Figure 24A).”* Using the target
ssDNA to assemble AgNPs-based probes on Ag film, Braun et al.
detected ssDNA with SERS.>> This study revealed that a few
AgNPs are sufficient to produce intense and reliable SERS
signals, indicating that highly reproducible signals can be
generated at the near-single nanoparticle level. In addition to
nucleic acid detection, metal NP-based SERS methods have
been extended to the analysis of small molecules and biomarkers
(e.g., proteins, telomerase), even cells, bacteria, and viruses.>°
In one study, Li et al. constructed a SERS probe composed of
gold nanostar@Raman label@SiO, core—shell NPs for
quantitative detection of ATP (Figure 24B).°°" Addition of
ATP removes the SERS probe from the duplex DNA on the gold
film, resulting in the reduced Raman signal. This SERS-based
on—oft sensor enables detection of ATP with a limit of detection
of 12.4 pM. Cottat et al. used aptamer-tagged optical
nanoantennas for SERS-based detection of the manganese
super oxide dismutase down to the nM level.**

Excellent multiplexing ability is another advantage of the
SERS technique.®*™**> The sharp bands of Raman spectra
make SERS an ideal candidate for multiplexed detection. For
example, Sun et al. developed a SERS-based nonfluorescent
probe for multiplexed DNA detection.”*® Song and co-workers
proposed an efficient multiplexed assay strategy to detect
specific DNA in a controlled and reproducible manner using
SERS.**” They designed mixed DNA-functionalized NP probes
for improving the multiplexing capacity. Once the target DNA is
added, different single-component DNA-functionalized NPs can
be hybridized simultaneously with single mixed DNA-function-
alized NP probe, thus achieving multiplexed DNA detection.
Wang et al. constructed SERS-based inverse molecular sentinel
(iMS) nanoprobes.568 Once binding the target, the iMS
nanoprobes undergo a conformational change, resulting in the
“OFF-to-ON” signal switch, and this iMS technique enables
multiplexed detection of miR-21 and miR-34a. Recently, the
Choo group built a SERS-based lateral flow assay (LFA)
biosensor for the simultaneous detection of two DNA markers
(Kaposi’s sarcoma-associated herpesvirus (KSHV) and bacillary
angiomatosis (BA)) (Figure 24 C).*> The LFA strip was
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Figure 25. (A) Fe;O,@Ag magnetic NPs as a signal amplification platform for SERS detection of miRNA. Adapted with permission from ref 576.
Copyright 2016 Elsevier. (B) DNA-encoded Raman-active anisotropic NPs for miRNA detection. Adapted with permission from ref 577. Copyright
2017 American Chemical Society. (C) Poly cytosine-mediated nanotags for SERS detection of Hg*". Adapted with permission from ref 578. Copyright
2017 Royal Society of Chemistry.

composed of two test lines and one control line, and a 1:1 molar attached to Au NPs can be captured by corresponding probe
mixture of detection DNA-immobilized SERS nanotags was DNAs on the first and second test lines, and excess Au NPs
stored in the conjugate pad. KSHV and BA detection DNAs would be captured by control DNAs on the third control line
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Figure 26. (A) AuNP-on-wire SERS sensor for patterned multiplex pathogen DNA detection. Adapted with permission from ref $81. Copyright 2010
American Chemical Society. (B) Plasmonic nanorice antenna on triangle nanoarray for SERS detection of Hepatitis B virus DNA. Reproduced with
permission from ref 582. Copyright 2013 American Chemical Society. (C) Aptamer-based SERS detection of PSAs by heterogeneous satellite
nanoassemblies. Adapted with permission from ref 585. Copyright 2014 Royal Society of Chemistry.

through DNA hybridization. As such, the SERS-based LFA Since single-NPs have insufficient Raman signal-enhancing
sensing platform could simultaneously detect KSHV and BA capability, single-NPs-based SERS biosensors have been
with LODs of 0.043 and 0.074 pM, respectively. coupled with other signal amplification strategies to improve
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Figure 27. (A) Nanogap-engineerable Raman-active nanodumbbells for single-molecule detection. Reproduced with permission from ref 587.
Copyright 2010 Springer Nature. (B) DNA-tailorable gold nanobridged nanogap particles (Au-NNP) with a highly stable and reproducible SERS
signal. Reproduced with permission from ref 552. Copyright 2011 Springer Nature. (C) SERS encoded silver pyramids for multiplexed detection of
disease biomarkers. Reproduced with permission from ref 589. Copyright 2015 Wiley-VCH. (D) Multicolor gold—silver nanomushrooms as SERS
Probes for multiplex DNA/miRNA detection. Reproduced with permission from ref 592. Copyright 2017 American Chemical Society.

their sensitivity.”’™>’ In 2012, Ye et al. developed a SERS multiple isothermal amplification to detect specific nucleic acid
detection system with an autonomous DNA machine for sequences with a LOD of 0.2 fM.>”” Thereafter, based on a smart
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multifunctional probe for dual cyclical nucleic acid strand-
displacement polymerization, Zhang et al. developed a
technique for miRNA with a LOD of 6.3 fM.”’* In addition,
magnetic enrichment is another approach for signal amplifica-
tion.””® Pang et al. designed Raman tags-DNA probes modified
Fe;0,@AgNPs that act both as SERS and duplex-specific
nuclease signal amplification (DSNSA) platform (Figure
25A).%7° Upon hybridization of target miRNA with DNA on
Fe;0,@Ag NPs, DSN cleaves the DNA in the DNA/RNA
hybrid duplex and releases the RNA to rehybridize with another
DNA probe, triggering the signal-amplification via target
recycling. Subsequently, target miRNA let-7b can be captured,
concentrated, and directly quantified within a PE tube because
of the superparamagnetic Fe;O,@AgNPs. As a result of DNA-
assisted signal-amplification and Fe;O,@AgNP-mediated mag-
netic enrichment, this biosensor can detect miRNA down to 0.3
fM and discriminate single-nucleotide differences in let-7 family
of miRNAs.

Using analytes to control the aggregation of NPs is an effective
approach to produce a larger SERS effect. In 2008, Graham and
co-workers reported the interaction of DNA for controlling the
aggregation of dye-coded, DNA-functionalized AgNPs for the
first time.>>® This target-dependent, sequence-specific DNA
hybridization assembly can selectively turn on a significantly
enhanced SERS effect, opening a new opportunity to design
SERS-based sensors. According to this principle, Qi et al.
developed DNA-encoded Raman-active anisotropic NPs for
miRNA detection (Figure 25B).””” They used 10-mer oligo-A,
-T, -C, and -G to mediate the growth of Ag cubic seeds into
different Raman-active anisotropic NPs. The resulting AgNPs
were further encoded with DNA probes to serve as effective
SERS probes. Target miRNA causes aggregation of these SERS
probes, further amplifying the Raman signals. This method
allows detection sensitivity down to 1 pM. This strategy can also
be applied for ion detection. The Li group developed poly
cytosine (polyC)-mediated SERS nanotags as a sensor system
for Hg** detection (Figure 25C).””® The Hg*" can be captured
by the SERS nanotags via mismatched T—T base pairs to form
T—Hg**—T bridges, thereby inducing the aggregation of
nanotags and yielding drastically amplified SERS signals. In
addition to the anchoring function (inducing formation of
intrinsic silver-cytosine coordination), polyC can also aid in
engineering the Raman-activity of SERS nanotags by mediating
its length. Consequently, these polyC-mediated SERS nanotags
can detect Hg*" in the concentration range from 0.1 to 1000 nM
and good selectivity over other metal ions. Similarily, Xu et al.
utilized T—Hg*>'—T base pairs to assembly Au nanochains for
ultrasensitive SERS detection of mercury with a low LOD of
0.45 pg mL ™17

Single sophisticated nanostructures containing multiple hot
spots have been used for developing SERS-active probes for
sensitive biological detection. Compared to the silver or gold
NPs with relatively low enhancement factors (EF) (10*—10%),
such nanostructures possess much higher EF up to 10’—10°
because of their efficient SERS hot spots.”®’ Kang et al.
constructed a Au particle-on-wire system as a new SERS-active
substrate for multiplexed DNA detection (Figure 26A).”*" Li et
al. developed silver “nanorice” antennae on a patterned gold
triangle nanoarray, making these antennae serve as periodically
aligned plasmonic hot spots (Figure 26B).>*” This strategy has a
LOD of 50 aM for hepatitis B virus DNA and can discriminate
mutant DNA with a single nucleotide differences. The core—
satellite structures assembled by AuNPs or AgNPs with a
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remarkable SERS effect can improve the sensitivity of
detection.”**** For example, Xu and co-workers constructed
satellite nanoassemblies consisting of Au@Ag NP as a core NP
and AuNPs as satellite NPs for use as SERS probes (Figure
26C),”* in which the aptamer specific to prostate-specific
antigen (PSA) and its partial complementary DNA are used to
assemble core—satellite nanostructures. Presence of PSA causes
release of satellite NPs from the core NP, reducing the signal.
This technique method can detect PSA with a LOD of 4.8 aM. In
a follow-up study, they used the same strategy to detect Mucin-1
with LOD of 4.3 aM.>*

Designing reproducible nanometer gap junctions to fabricate
single nanostructures with high SERS signals facilitates the
improved sensitivity of biosensors. Nam and co-workers
developed SERS-active gold-silver core—shell nanodumbbells
(Figure 27A) that allow the nanoscale gap between two NPs to
be precisely engineered by nucleic acids.”®” These single-DNA-
tethered nanodumbbells create Raman signals for reproducible
single-molecule detection. In follow-up studies, they found that
the EF values of Au-Ag core—shell nanodumbbells with < 1nm
interparticle gaps are narrowly distributed between 1.9 X 10"
and 5.9 X 1073.°*" Besides the design of such exterior nanogaps,
they synthesized well-defined gold core—shell nanostructures
with interior nanogaps (Figure 27B), which can be capable of
generating highly stable and reproducible SERS signals.”>” The
gold nanostructures with narrowly distributed EF 1.0 X 10® and
5.0 X 10° were demonstrated to show high sensitivity toward
single-molecule detection.

Using a similar principle, the Kuang group constructed DNA-
frame driven Ag-pyramids bearing multiple aptamers and triple
Raman reporters as a versatile platform for detecting multiple
disease biomarkers (Figure 27C).** The target biomarker binds
to the specific aptamer and reconfigures the pyramidal
nanostructures, leading to enhanced Raman signal. As a result,
this platform enables simultaneous, multiplexed, and quantita-
tive determination of disease biomarkers with a LOD 0f 0.96 aM,
85 aM, and 9.2 aM and a detection range of 1—500 aM, 0.1-50
fM, and 0.01-5 fM for PSA, thrombin, and mucin I,
respectively. The effective SERS encoded Ag-pyramids with
multivariate recognition provide accurate and distinct identi-
fication of disease biomarkers in clinical science. Thereafter, they
used DNA-frame driven Au-pyramids for intracellular telomer-
ase activity sensing with a limit of detection of 6.2 X 10 ~** TU.>"
The Fan group prepared a DNA-mediated gold-silver nano-
mushroom, where they tuned the interior nanogaps between the
gold and silver by adjusting the surface density of 6-carboxy-X-
rhodamine-labeled ssDNA on the AuNPs.””" Moreover, they
found that the SERS intensity of the designed structures is
dependent on the area of the nanogap, and the SERS signal EF is
~1.0 X 10°. In another study, they used this gold—silver
nanomushroom for multiplexed and simultaneous SERS
detection of various DNA and RNA targets (Figure 27D).>”
Notably, the DNA involved in the nanostructures can act not
only as gap DNA but also probe DNA, and DNA’s involvement
thus bestows the nanostructures with the inherent ability to
recognize DNA and RNA targets. Consequently, this method
can detect DNA and miRNA down to 100 fM and 10 fM,
respectively.

DNA origami technology has been demonstrated as a
powerful means to create high-yield SERS-active NP assem-
blies.*”>*”* As a result of its addressability and programmability,
DNA origami enables excellent positioning control of individual
NPs on its surface.””> ™" In this way, the interparticle gaps
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type of readout strategies

fluorescence-based readout strategy

FRET-based readout strategy

nanoparticle-based readout strategy

electrochemical-based readout
strategy

Table 1. Summary of Readout Strategies for Biosensing

types of structures of nucleic acid

G-quadruplexes

fluorescence-labeled DNA probes
molecular beacon-based junction probes
DNA hairpin

DNA nanowires

molecular beacon

DNA hairpin

dye-labeled DNA probe
aptamer

split aptamer

dsDNA

T-rich DNA

molecular beacon

fluorescence-labeled DNA probes

G-quadruplex

ssDNA

ssDNA

CyS-labeled ssDNA
dsDNA

Tb-labeled ssDNA
DNA tetrahedron
Apt-BHQI

aptamer

ssDNA aptamer
DNA nanoprism
aptamer

two-layer nonenzymatic nucleic acid circuits
ssDNA

DNA tetrahedron

ssDNA probe

dsDNA

spherical nucleic acid
spherical nucleic acid
ssDNA

antilysozyme aptamer
DNAzyme

T-rich DNA

ssDNA

stem-loop structure
DNA tetrahedron
spherical nucleic acid
spherical nucleic acid
dsDNA

DNA tetrahedron

aptamer

aptamer

dsDNA

AN

analytes

DNA

DNA

DNA

DNA

BRCA1 oncogene
miRNA

miRNA

Human thrombin
ATP

ATP

clt-

Hg2+

ATP

Pb2*
DNA
thrombin
Ag’

Hg2+
cysteine
DNA
ATP
DNA
DNA
DNA
mRNA
miRNA
miRNA
kanamycin
thrombin
thrombin
ATP

ATP
adenosine
Pb2+
DNA
ATP
miRNA-20
miRNA-21
DNA
DNA
DNA
miRNA
lysozyme
uranyl ion
Hg2+
DNA
DNA
miRNA
cell-free nucleic acids
cell-free nucleic acids
adenosine
Hg2+
lysozyme
adenosine
cocaine

adenosine

interferon-gamma of tuberculosis

uranium
cocaine

DNA

LOD

25 nM

4 nM

50 pM
10 pM
10 ftM
0.4 pM
10 M at 37 °C
1aM at 4 °C
2 nM

0.1 mM
single-molecule level
S mM
0.3 nM
50 nM
600 pM

1 nM

S nM

20 nM
5.7 nM
60 nM
0.6 nM
8.0 nM
1.3 nM
75 pM
4.8 tM
10 nM

1 nM
0.12 ftM
6 pg/mL
1.5 nM

1 nM

30 uM
80 nM
200 pM
16.7 nM
7.6 nM
10.4 uM
0.2 nM
0.9 nM

1 pM
500 fM
10 M
34 M
0.9 nM
45 pM
100 nM
2.7 pM
10 ftM
1M

1 pg uL™!
1fgul™
11.08 uM
0.1 nM
0.01 g mL™"
0.02 nM
3.4 uM
18 uM
2.6 nM
9.1 nM

1 mg mL™!
100 nM

ref

163
171
156
155
164
158
157

174
167
185
186
161
159

178

181

271
316
253
230
259
278

275
260
232
280
227

231.

221

363
340
333
358
342
332
33S.
392
401
413
429
426
406.
414
404

402

430
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Table 1. continued

type of readout strategies types of structures of nucleic acid

gel electrophoresis-based readout dsDNA
strategy DNA scaffold
aptamer
AFM-based readout strategy DNA origami

single-stranded DNA probes

aptamer-tagged DNA origami

locked nucleic acid-integrated hairpin DNA

probes
DNA origami
DNA origami

ssDNA

ssDNA

ssDNA

ssDNA

cyclical nucleic acid
ssDNA

DNA-based pyramids
ssDNA

aptamer

ssDNA

ssDNA

SERS-based readout strategy

DNA-based pyramids

analytes LOD ref
staphylococcus 10 pg uL™
saprophyticus 0.15 c.fu. mL™"
thrombin 10 tM
DNA ~1 pM 499
prostate-specific antigen 44 tM 504
thrombin 333 pM 514
platelet-derived growth factor-BB 3.3 nM
observation of G quadruplex formation 531
visualization of single DNA hybridization 536

events
aflatoxin Bl 0.8 ng mL™" 537
single-base mismatch discrimination ratio of 538
2to3

SNP 539
miRNA 200 nM 543
Ag' 10 uM
HIV-1 DNA ~0.24 pg/mL 557
DNA 10 pM 581
hepatitis B virus DNA 50 aM 582
miRNA 1 pM 577
miRNA 6.3 fM. 574
miRNA 0.3 M 576
telomerase activity 62 x 107 IU 590
PSA 4.8 aM 58S.
ATP 12.4 pM 561
Hg* 0.45 pg mL™* 578
Kaposi’s sarcoma-associated herpesvirus ~ 0.043 pM 569
bacillary angiomatosis 0.074 pM
PSA 0.96 aM 589
thrombin 85 aM
mucin 1 9.2 aM

between assembled plasmonic NP dimers on DNA origami can
be precisely tuned, producing dramatic SERS effect.””* There-
fore, such DNA origami-mediated nanoassemblies show great
promise for single-molecule detection.””” In one study, Au
nanostar dimers interparticle gaps of 7 and 13 nm were
assembled on DNA origami.’”’ The produced SERS enhance-
ments with EF of 2 X 10" and 8 X 10’ are strong enough for
single analyte detection. Such SERS substrates with controlled
interparticle separation distance and stoichiometry provide a
reproducible and potential platform for single-molecule sensing.
In a similar method, the Ding group controlled the geometrical
configuration of bowtie nanoantennae with an ~5 nm gap to
observe single-molecule SERS of individual nanostructures.””’
The Keyser group constructed DNA origami-based assembly of
AuNP (40 nm) dimers with gaps of 3.3 + 1 nm that allowed
detection of dye molecules and ssDNA .°”* Thereafter, the gap
sizes between particles ranging from 1 to 2 nm were also
achieved.’”® To sum up, utilization of DNA origami for
fabrication of addressable plasmonic nanosensors speeds up
the process for future sensing applications with single-molecule
resolution, %!

The versatility of DNA-based structures has allowed the
creation of structures with different types of read outs. Small
DNA-based devices predominantly depend on a fluorescence or
a FRET-based readout. While this strategy requires fluorophore-
conjugated DNA strands, the readout can be observed using
instruments that are already available in most research
laboratories. Specifically, optical methods based on nano-
particles provide a colorimetric approach where detection of a

AO

specific biomarker can be seen by the naked eye as a color
change. This approach is especially useful and geared toward a
point-of-care system where one can detect disease biomarkers
on the field without the need for an expensive instrument or a
proper lab setup. The minimal background signal in these
strategies could still be minimized so that the limit of detection
falls within clinical levels. Many other complex nanostructures
have been built using DNA, especially using the origami method.
These strategies are interesting demonstrations of the program-
mable nature of DNA nanostructures; however, as a readout
method, the AFM is least suitable for a routine detection
platform. Moreover, it is an expensive instrument (an AFM) and
requires skilled personnel to analyze the samples, and the LOD
in this case depends on a manual (or an automated) count of the
number of reconfigured nanostructures on the microscope field.
Gel-based techniques, especially those involving the DNA
nanoswitches, are aligned more with the existing workflow of
most laboratories.””’ Moreover, the ease of use and familiarity
with the workflow enables use in research laboratories, while
there could still be improvements made for it to be adaptable in
clinical settings. Electrochemical sensors are the most studied,
even within the field of DNA nanotechnology-based biosensing.
Development of disposable electrodes and quicker readouts are
primary advantages. This readout is also poised to be suitable for
point-of-care and development of portable readers will be
suitable to make that possible. Recently, SERS-based approaches
are also studied more and this readout could be more appealing
if the required instruments and workflow are simplified for the
end user (see Table 1).
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Figure 28. (A) DNA nanostructure-based biomolecular probe carrier platform for electrochemical biosensing. Adapted with permission from ref 638.
Copyright 2010 Wiley-VCH. (B) Programmable engineering of a biosensing interface with tetrahedral DNA nanostructures for DNA detection.
Reproduced with permission from ref 643. Copyright 2015 Wiley-VCH. (C) Regenerated DNA nanotweezer dynamically regulating enzyme cascade
amplification for DNA detection. Adapted with permission from ref 652. Copyright 2018 American Chemical Society.
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4. DNA NANOSTRUCTURES FOR BIOSENSING

The exploitation of DNA as a material building block to create
DNA nanostructures with controlled geometries and spatial
configurations has elicited tremendous interest since Seeman’s
proposal in the early 1980s.'>°*°** The precise self-recognition
capability of nucleic acids contributes to assembly of a variety of
DNA motifs and complexes ranging from a few nanometers to
micrometers.***°> Moreover, engineering complex DNA
nanostructures with twists and curves can be achieved by
targeted insertions and deletions of bases to control their
flexibility and stress."’ More importantly, the DNA origami
technology provides an unprecedented approach to construct all
arbitrarily shaped nanoscale molecular structures.>*°>°°” The
ability to construct robust nanostructures that can also respond
to cues is one of the main advantages of DNA nanostructures for
biosensing.”****” Compared to ssDNA probes or duplex probes,
the DNA nanostructure-based probes show powerful capability
of engineering sensing interfaces such as an ordered and upright
orientation and spatial segregation of neighboring probes.”'
These traits contribute to the improved target accessibility.’"'
Additionally, the hanging DNA strands on DNA nanostructures
can serve as excellent recognition elements,ﬁ12 and DNA
nanostructures are facile to be functionalized with small
molecules, antibodies as well as nanoparticles,m?’ and thus
endowed with nanometer-scale addressability.”'* Moreover,
DNA nanostructures resistance to enzyme degradation is
favorable for intracellular sensing. Accordingly, researchers
have devoted extensive efforts to the development of DNA
nanostructures for biosensing.‘ws’msf623 For example, highly
rigid and well-defined TDNs can be engineered with high
precision and with multiple functionalities, making them robust
biosensin§ platforms for both in vitro and in vivo detec-
tion. "' #0771 1n the following text, we discuss DNA
nanostructure-based biosensing of nucleic acids, pH, enzyme
activity, protein biomarkers, and metal ions.

4.1. Nucleic Acid Detection

Nucleic acid analysis plays an important part in lab-based
research and clinical diagnosis.'”****°** In view of their broad
applications, many different strategies have been developed for
sensitive and cheap detection of DNA or RNA molecules. In
these strategies, oligonucleotides often serve as the molecular
recognition elements, with Watson—Crick base pairing rules
making the sensing event highly predictable and tunable by
rational design of the probe sequence.””>*”” For example, Yang
and co-workers generated a long-range self-assembled nano-
structure-based DNA biosensor, °® in which a cascade of
hybridization events achieves significantly amplified electro-
chemical signals with a LOD of S aM human immunodeficiency
virus (HIV) DNA. In another study, Ochmann et al. developed
DNA origami-based optical antennas for fluorescence enhance-
ment in the detection of Zika virus nucleic acids.**

Sequence recognition at solid surfaces is essential for DNA
sensors,"' %> but confinement of DNA probes on surface
reduces the accessibility of target molecules to probes for DNA
hybridization in homogeneous solutions.”****” To address this
critical challenge, Pei et al. designed tetrahedron-structured
probes (TSPs) to achieve improved probe—target recognition
properties (Figure 28A).°*® This 3D nanostructure was
anchored at Au surfaces via their thiol groups and contained
with a single stranded probe at the top that allows both spatial
positioning on the electrode surface as well as better accessibility
for target binding.’”” They demonstrated that the TSPs with

AQ

mechanical rigidity and structural stability exhibited good
capability for anchoring DNA on surfaces and were able to
detect DNA down to 1 pM with excellent sequence specificity.
In addition, some groups used DNA origami nanostructures for
improving the binding kinetics to the target thus enhancing
detection performance of biosensors such as sensitivity and
detection time.®*¥**

Apart from desirable speed and sensitivity, the kinetics and
thermodynamics of biomolecular recognition on biosensing
interfaces should be taken into consideration when designing
biosensors.”*"**> To this end, the Fan group proposed a
programmable “soft lithography” strategy for engineering the
interface of electrochemical DNA sensors (Figure 28B).°" By
mediating the size of TDNs (TDN-7, TDN-13, TDN-17, TDN-
26, and TDN-37, with edge length 2.4, 4.4, 5.8, 8.8, and 12.6 nm,
respectively) anchored on millimeter-sized gold electrodes, the
lateral spacing and interactions of DNA probes on each TDN
could be finely tuned, which profoundly affected both the
kinetics and thermodynamics of DNA hybridization. They
discovered that a more densely packed monolayer without using
TDN exhibited a slow reaction rate (0.01 min™") and TDN-37
presented a 20-fold increase in the reaction rate (0.20 min™");
the hybridization efficiency was low at 15.9% with a distance of
1.8 nm and saturates at 82% with a lateral distance of 6 nm; a
slow hybridization process (about 90 min) was observed for a
distance of 1.8 nm and improved hybridization kinetics
(saturation within 10 min) for TDN-37; the limit of detection
was lowered from 10 pM (TDN-7) to 1 fM (TDN-26) with
increasing sizes of TDNs. Overall, this novel method effectively
improved the performance of DNA biosensors. To tackle slow
reaction kinetics and complicated encoding/decoding proce-
dures in current multiplexed analysis methods,***~*** Zhu and
co-workers reported the positional encoding/decoding with
self-assembled DNA nanostructures (PED-SADNA) method
for multiplexed DNA detection.®”” This PED-SADNA-based
system with fast reaction kinetics has been proven to enable
routine application in PCR-free settings.

Enzyme cascade amplification is an effective strategy to
develop DNA biosensors with high sensitivity,”***** in which
designing a reliable scaffold to regulate interenzyme distance
remains challenging.éso’651 To address these issues, Kou et al.
generated a DNA tweezer to dynamically regulate the
interenzyme spacing for DNA detection (Figure 28C).°*” The
presence of target switched this DNA tweezer from opened state
with a relatively high interenzyme distance (19—24 nm) to the
closed state with short distance (5—10 nm). Interenzyme
distance transformation led to enhanced catalytic efficiency,
achieving sensitive detection of target DNA with a low detection
limit of 30 fM. Moreover, dynamically controllable enzyme
cascade catalysis could be further realized by regulating
interenzyme distance in an “open-close-open” way.

The identity and health of a cell are inferred by its RNA
repertoire. Despite various methods for RNA detection, for
example, the Liedl group developed an RNA nanosensor with a
LOD of 100 pM based on switchable plasmonic chirality; "> the
detection of specific cellular nucleic acids yet remains a great
challenge.”'” As most mature mRNA or miRNA are located in
the cytoplasm, the nanodevices are required to access the
cytoplasm. In addition, signal amplification strategies are
necessary to achieve sensitive detection of many RNA species
due to their low copy number. Moreover, the accessibility of
certain sequences is reduced by the secondary structure or RNA-
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Figure 29. (A) FRET-based DNA tetrahedron nanotweezer for highly reliable detection of mRNA in living cells. Adapted with permission from ref
658. Copyright 2017 American Chemical Society. (B) Nature-inspired DNA nanosensor for real-time in situ detection of mRNA in living cells.
Adapted with permission from ref 659. Copyright 2015 American Chemical Society. (C) Highly ordered and field-free 3D DNA nanostructure for
RNA sensing. Adapted with permission from ref 664. Copyright 2018 American Chemical Society.

binding proteins, making ultrasensitive detection of cellular As tumor-related mRNA is closely associated with tumor
progression,”** accurate detection of endogenous tumor-related

nucleic acids more important. mRNA is vital to early diagnosis of cancer. Using conventional
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Figure 30. pH-dependent structures encompassing (A) DNA triplexes, (B) i-motif, (C) polyA-motif. Middle row shows chemical structure and

bottom row shows crystal structure of DNA triplex,*** crystal structure of i-motif,"*> and molecular dynamic simulated model of poly-A helix.
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methods such as Northern blots,*>° microarray analysis,656 and
reverse transcription polymerase chain reaction (RT-PCR),* it
is difficult to monitor tumor-related mRNA at the cellular level,
not to mention transient spatiotemporal variations of RNA.
Most fluorescence probes currently used are compromised by
intrinsic interferences (e.g., nuclease digestion, protein binding,
thermodynamic fluctuations) in complex biological matrices,*”’
thereby leading to false-positive signals. To address these
challenges, the Tan group developed a DNA tetrahedron
nanotweezer (DTNT) as an intracellular DNA nanoprobe for
detecting tumor-related mRNA in living cells (Figure 29A).%°* If
target mRNA is not present, this DTNT shows low FRET
efficiency (FRET “OFF”) due to long distance between labeled
donor and acceptor fluorophores. DTNT achieves high FRET
efficiency (FRET “ON”) once the target mRNA brings the dual
fluorophores in close proximity. This prevents false-positive
signals and reduces any the signal variations related to system
fluctuations.””” In contrast to other traditional nanomaterials,
the DTNT exhibited higher cellular permeability, faster
response, and much higher biostability. Moreover, DTNT
enables differentiation of transient spatiotemporal variations of
mRNA in living cells, showing a good linear correlation from 0 to
20 nM with a LOD of 0.33 nM.

Similarly, Leong and co-workers constructed a nanosnail-
inspired nucleic acid locator (nano-SNEL) for detection of
mRNA in living cells (Figure 29B).*” The nano-SNEL
consisted of a sensory glyceraldehyde 3-phosphate dehydrogen-
ase-specific molecular beacon that detects target mRNA, while a
DNA nanoshell component protects the molecular beacon from
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degradation. They demonstrated nano-SNEL to be non-
cytotoxic with an innate transfection ability and high biostability,
thus avoiding false positive signals. As a result, robust in situ
hybridized MB signals were obtained when target mRNA was
present, achieving accurate and sensitive detection of mRNA,
with a LOD of 0.94 nM.

MicroRNAs are another kind of clinically important
biomarkers for early cancer diagnostics and prognostics.®*”*°"
The Huang group designed an electrochemical DNA sensor®®
in which controlled density of MB probes was achieved using
DNA tetrahedron. Regulating the thermodynamic stability of
MB probes improves their reactivity and decreases the
background signal as well. Because of the enzyme-mediated
signal amplification and recognition capability of MBs, this E-
DNA sensor is sensitive to 1 fM and is specific to particular
microRNA sequences. Ge et al. reported a 3D tetrahedral DNA
nanostructure as an ultrasensitive detection platform for nucleic
acid analysis and used HCR-based signal amplification.’*® This
strategy was used to detect DNA and microRNA, with detection
limits of 100 aM and 10 aM, respectively.

Recently, the Yuan group developed a highly ordered 3D
DNA nanomachine assembled from azobenzene-functionalized
DNA nippers that reversibly isomerize under irradiation by UV
and visible light (Figure 29C).°°* The initial state of the
nanomachine is a “closed” configuration in which the electro-
chemiluminescence (ECL) emitters Ru(bpy),** and the
quencher Alexa Fluor (AF) are separated, showing a “signal
off’ ECL response. Upon miRNA interaction with the
nanomachine, the nippers “open” to hybridize with the
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Figure 31. (A) DNA nanomachine mapping spatial and temporal pH changes inside living cells. Adapted with permission from ref 120. Copyright
2009 Springer Nature. (B) Two DNA nanomachines mapping pH changes along intersecting endocytic pathways. Adapted with permission from ref
698. Copyright 2013 Springer Nature. (C) Triplex DNA structure-based pH nanosensors for monitoring pH variations. Reproduced with permission
from ref 119. Copyright 2004 American Chemical Society. (D) Molecular beacon-based DNA switch for reversible pH sensing. Adapted with

permission from ref 688. Copyright 2016 Royal Society of Chemistry.

miRNA, and the close proximity between Ru(bpy),** and AF
results in an enhancement of the ECL signal. Moreover,
irradiation-induced trans-to-cis conversion for azobenzene leads

to dehybridization/hybridization of the nipper,”*>°*° releasing
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miRNA from the machine. In this way, they achieved
reversibility of the DNA nanomachine and generated the
miRNA sensing system. In contrast to traditional Au-based 3D
nanomachines, this 3D DNA nanomachine with organized and
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high local concentration of nippers exhibited an improved
efficiency, resulting in sensitive detection of miRNA-21 (LOD:
6.6 fM).

4.2. pH Sensors

Regulation of various biological processes in nature such as
enzyme catalysis, membrane function, protein folding, and
apoptosis require specific pH levels.””” =" Synthetic probes and
switches that respond to specific pH changes have potential use
in in vivo imaging, clinical diagnostics, and drug delive1‘y.671_674
Because of the ?ro%rammability and biocompatibility of DNA
chemistry,'**”>~"® DNA-based probes or nanomachines that
can change their state under pH stimuli have been
developed,®””~°** and such devices typically take advantage of
DNA secondary structures with specific protonation site. With
the advent of DNA nanotechnology, these pH-dependent
structures encompassing triplex DNA, i-motifs, and A-motifs
have been used as building modules for constructing pH sensors
(Figure 30).683’_68S

Yurke et al. developed a DNA tweezer assembled from three
strands of DNA.'*® The addition of an auxiliary DNA strand
controls the opening and closing of this machine. On the basis of
this, the Willner group constructed DNA tweezers using C-rich
arms and a nucleic acid cross-linker.”*® In low pH (pH = 5.2),
the C-rich strand forms a quadruplex structure, thus releasing
the cross-linking nucleic acid and opening the tweezer. At
neutral conditions (pH = 7.2), the C-quadruplex structure
unfolds and captures the cross-linking nucleic acid, thus closing
the tweezer. The opening and closing of the tweezer can be
monitored by FRET for pH detection.”®”%%*

The i-motif is formed from cytosine-rich sequences where the
strands fold into two parallel-stranded C—H.C* base paired
duplexes in an antiparallel orientation, and their stabilization
requires slightly acidic conditions.”'”****° The protonation/
deprotonation of cytosine leads to switching of the i-motif
between an open and closed state.””'~** Because of its pH
responsiveness, the i-motif structure is used to construct pH
sensors for probing changes in pH. On the basis of this i-motif,
Nesterova reported a highly responsive pH sensor®” in which
rational design of an i-motif structure and incorporation of
allosteric control elements allows for tuning both response
sensitivity and transition. Kuzuya et al. introduced short DNA
fragments with 12-mer sequences (5-AACCCCAACCCC-3')
into nanomechanical DNA origami pliers.””® Once cytosine is
protonated to form the i-motif under acidic conditions, the DNA
origami pliers are transformed into a closed parallel form from
the open cross form. This sophisticated detection platform
shows potential application as single-molecular pH sensors.

With regard to research on i-motif structure as a pH indicator,
the Krishnan group has conducted a systematic study.'**%"7 =%
In 2009, they developed a DNA device called the i-switch for
imaging spatiotemporal pH changes (Figure 31A)."*° The
switch consisted of two duplex domains connected by a hinge.
On the outside ends of the helices, each duplex contained a C-
rich single stranded extension. At pH S, the C-rich extensions
form an i-motif, “closing” the switch, thus causing a FRET signal.
Nanomachine is composed of two double helices connected
with a flexible hinge, in which an incorporated i-motif structure
serves as a pH-dependent switch to open/close the tweezers. On
the basis of FRET, the i-switch as a pH sensor can efficiently
report pH from pH 5.5 to 6.8 and also be used to detect
spatiotemporal pH changes related to endosomal maturation in
living cells. Additionally, this work mapped the pH of a specific
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receptor-mediated endocytic pathway by coupling the pH
sensor to the protein transferrin. The same group also used a
DNA nanodevice in vivo to detect pH changes in the nematode
Caenorhabditis elegans.”””

It remains challenging to achieve simultaneous functionality
of multiple DNA nanomachines within the same cell though
previous work demonstrated that DNA nanodevices can map
spatiotemporal pH inside endosomes in cellulo as well as in vivo.
To address this challenge, Krishnan and co-workers deployed
two differently programmed DNA nanomachines along different
cellular endocytic pathways and mapped 9pH changes along both
pathways simultaneously (Figure 31B).°® This work confirmed
that DNA-based nanostructures can be used to monitor different
pathways in the same cell, providing possibilities of multiplexing
DNA nanodevices in living systems.

Another type of pH-sensitive switches can be created using
triplex DNA structures formed by parallel Hoogsteen inter-
actions.””””®! Therefore, such DNA nanoswitches based on the
DNA duplex—triplex transition show great promise for
developing pH sensors.”’> Moreover, DNA triplex nanodevices,
compared to i-motif-based nanomachines, display faster
response speed, which is beneficial for detecting pH changes
related to instantaneous biological processes on shorter time
scales.”” The Tan group developed a novel DNA nanomachine
on the basis of the DNA triplex structure containing C*.GC
triplets and pH-dependent FRET.” Because of its pH-
dependent duplex—triplex transition, this DNA nanomachine
is demonstrated to be an efficient reporter of pH from 5.3 to 6.0
with a fast response of a few seconds. By complexing with PEI to
facilitate the endocytosis process and avoid enzymatic
degradation,”**’% the dynamic responding range of the
nanoswitch can be extended to 4.6—7.8. More importantly,
this pH-dependent DNA nanomachine allowed monitoring of
spatiotemporal pH changes associated with endocytosis,
providing the possibility of using self-assembled DNA nano-
machines for imaging, targeted therapies, and controllable drug
delivery. Our group also desiégned a triplex DNA device that can
respond to changes in pH.70 By incorporating pH independent
dyes on the device, we coupled it with MoS, nanosheets so that
the signal comes from the interaction of the device with the
nanosheets. In the duplex state (pH = 8), the triplex-forming
oligonucleotide can interact with the MoS, (by adsorption) and
thus has reduced fluorescence. At pH 5, the third strand forms a
triple with the duplex region and thus moves away from the
nanosheet and restores fluorescence. This change in fluores-
cence acts as an indicator of pH change.

By exploiting pH-sensitive parallel Hoogsteen interactions in
triplex DNA, Idili et al. designed and programed a pH-triggered
DNA-based nanoswitch (Figure 31C).""” The switch consisted
of an intramolecular hairpin where the stem was held by
Watson—Crick base pairing, and the hairpin strand binds to the
stem via parallel Hoogsteen interactions. The C*.GC triplets
require the protonation of the N3 of cytosine at slightly acidic
condition (pK, ~ 6.5),”°” while TAT triplets are destabilized at
alkaline environment (pK, = 10).”%" Using this idea, they finely
tuned the pH dependence of this DNA triplex nanoswitch over
more than S pH units by regulating the relative content of T.AT/
C*.GC triplets.

Adenine (A)-rich polydeoxyadenylic acid (poly-(dA),) and
polyadenylic acid (poly-(xA),) with a single helical structure are
found to form a ?arallel-stranded double helix (termed A-motif)
at acidic pH."”""*” Adenine nucleobases undergoing proto-
nation at the N' (AH") position lead to the formation of A-motif
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Figure 32. (A) DNA tweezer-regulated enzyme nanoreactor. Reproduced with permission from ref 738. Copyright 2013 Springer Nature. (B)
Telomerase-responsive probe for in situ monitoring of intracellular telomerase activity. Adapted with permission from ref 752. Copyright 2014
American Chemical Society. (C) Amplified chemiluminescence surface detection of telomerase activity using catalytic nucleic acid labels. Adapted
with permission from ref 755. Copyright 2004 American Chemical Society. (D) Collapse of DNA tetrahedron nanostructure for “off—on” fluorescence
detection of DNA methyltransferase activity. Adapted with permission from ref 769. Copyright 2017 American Chemical Society.

via reverse Hoogsteen [AH*—H*A] hydrogen bonding inter- the AH' and the phosphate backbone. Chakraborty et al.
actions, further stabilized by electrostatic interactions between demonstrated that changes in the pH can trigger reconfiguration
AV DOI: 10.1021/acs.chemrev.9b00121
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between two different helical forms of dA,s."*" This pH—triglger
transition is in the construction molecular pH sensors.” =1
Given that the most existing DNA-based colorimetric sensors
are applied in sensing at high pH 5.5—7.6, Saha et al. developed a
colorimetric pH sensor for high solution acidity based on A-
motifs.”'? They tuned the pH response range of the sensor (pH
2—5.5) by mediating the length and the sequence of the poly dA
tracts. In contrast with other DNA-based pH sensors that
require a critical amount of salts for their functionality,”*””' this
pH sensor is capable of functioning in salt-free or extremely low
salt conditions. Therefore, this A-motif-based pH sensor is
particularly suitable for pH sensing at lower ranges such as
environmental pollution, and industrial toxification. Naraya-
naswamy et al. designed an exquisite DNA device composed of
an A-rich molecular beacon (MB) that reversibly switches
between MB and A-motif efficiently in the pH range of 5 to 3
(Figure 31D).%** After encapsulation in synthetic vesicles, this
DNA switch allows for monitoring intracellular pH in live cells.
On the basis of the MB to A-motif transition, this pH-dependent
DNA switch inspires the development of DNA nanodevices for
drug delivery applications as well. Besides, the Bald group
developed DNA origami-based FRET nanoarrays as ratiometric
pH sensors in which coumarin 343 served as a pH-inert FRET
donor and FAM as a pH-responsive acceptor.” > This sensor has
been proven to show sensitive response for the pH range of 5—8.

4.3. Enzyme Activity Measurements

Many important reactions related to biological processes and
diseases are catalyzed by enzymes.”'® Control over these enzyme
activities using molecular cues or stimuli has a crucial impact on
many metabolic functions.”'””"® Indeed, tremendous work has
showed that the activity of certain enzymes can serve as an
indicator of disease states such as cancer, stroke, and neuro-
degeneracy.”'”~7** There is therefore a need for rapid assays for
characterizing enzyme activities.””> ™% Emerging synthetic
mimics of enzyme regulation circuitry outside of the cell
facilitate our understanding of cellular metabolism.”>*~"**
DNA nanostructures can be utilized as powerful tools to
organize molecules on the nanoscale as a result of their site-
specific functionalization and nanomechanical control capa-
bilities.®*”%7%72%73% Gtructures such as autonomous
walkers,”>"7>* nanotweezers’>>”** and nanorobots’>>”3% enable
controlled encapsulation and release of payloads. Moreover,
protein—DNA conjugation chemistry can precisely position
proteins on DNA scaffolds,”*’ providing an effective approach
for enzyme activity sensing. For example, the Yan group
reported a DNA tweezer nanostructure, which can actuate the
activity of a glucose-6-phosphate dehydrogenase (G6pDH)/
NAD* enzyme/cofactor pair (Figure 32A).”*° Initially, the
spatially separated G6pDH/ cofactor pair positioned on different
arms of the DNA tweezers presented inhibited enzyme activity.
Specific oligonucleotides can be used as triggers to change the
conformation of the DNA tweezer from its open to the closed
state, thereby activating enzymatic function due to close
proximity of the enzyme/cofactor pair. In another study, the
Andersen group developed a reconfigurable DNA nanovault for
precisely regulating enzyme activity by rational design of
nanovaults in response to specific DNA signals.739 As such,
exploitation of DNA nanostructures for controlling the enzyme
activity holds great potential in diagnostic applications.”*’
Telomeres are special functional complexes consisting of
short tandem repeated DNA sequences (TTAGGG) at the ends
of the chromosomes, protecting them against degradation or
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fusion.”*"”** In healthy cells, telomeres undergo progressive

shortening during cell proliferation, which results in cell
senescence and finally induces cell apoptosis.”**’** Never-
theless, telomerases maintain the length of telomeres in cancer
cells.”** Telomerase is a ribonucleoprotein complex capable of
adding TTAGGG hexamer repeats to the end of telomers,
thereby causing immortal or malignant cells.”**~"** Extensive
studies have demonstrated that over 85% of different cancer cells
are associated with elevated amounts of telomerase, making
them useful biomarkers in cancer diagnosis.”*”>**”>*”>! The Ju
group used a smart vesicle kit for in situ quantification and
dynamic monitoring of intracellular telomerase activity (Figure
32B).”*” The vesicle kit consisted of a telomerase primer and a
Cy5-tagged MB-functionalized AuNP probe. Because of surface
energy transfer, the CyS fluorophore tagged on MB is quenched
by AuNPs.”>® By coencapsulating the probe and telomerase
primer in liposome, the vesicle kit can be transfected into
cytoplasm. Subsequently, the 3’ end of telomerase primer is
extended by telomerase to produce telomere repeat sequences,
which is complementary to the loop of the MB. As a result, the
hairpin changes to the “on” state, increasing the fluorescence,
allowing in situ imaging and quantitative detection of
cytoplasmic telomerase activity. Using this method, the
cytoplasmic telomerase activity was estimated to be 3.2 X
107",2.4x 107", and 8.6 x 107" IU in HeLa, BEL tumor, and
QSG normal cell, respectively. This strategy accelerates the
understanding of telomerase-involved biological processes and
provides a favorable analytical tool for cancer diagnosis, therapy,
and telomerase-related drug screening.

Another stratesgy to detect telomerase is by coupling them to
DNAzymes.”’>”>* The Willner group exploited the hemin/G-
quadruplex HRP-mimicking DNAzyme as a catalytic reporting
unit for chemiluminescent detection of telomerase (Figure
32C).”*® The primer DNA strand (purple) is attached to Au
surfaces via Au-S chemistry. After recognition by telomerase, the
primer DNA units are elongated with the tandem telomer repeat
units, which are complementary to a functional nucleic acid
stand (blue) containing a G-quadruplex sequence. Their
hybridization leads to the formation of a hybrid DNA
nanostructure with the repeated telomer/G-quadruplex HRP-
mimicking DNAzyme. The G-quadruplex/hemin DNAzyme
structure in combination with hemin catalyzes the oxidation of
luminol by H,0, thus generating chemiluminescence. This
chemiluminescence intensity depends on the content of
telomerase. This method was used to detect telomerase
extracted from 1000 HeLa cells.

DNA methylation plays a pivotal role in various biological
processes such as cell growth and proliferation, gene expression,
and chromatin organization.”°”’** The DNA methylation
process has been proven to be catalyzed by DNA methyl-
transferases (MTases). During this process, a methyl group from
S-adenosyl methionine is transferred to target adenine or
cytosine residues in the recognition sequences (S’-GATC-
3").7>? Recent studies revealed that aberrant DNA methylation
is a hallmark of many diseases.”*"~"°> DNA MTases are essential
for bacterial virulence and viability because it can protect
bacterial DN against cleavage via modification of cytosine at C5
or N4 and adenine at N6.”°> Moreover, DNA MTase is also a
potential drug target for certain types of cancer.”** Therefore,
highly precise and sensitive methods are required for detecting
MTase activity and screenin% of its inhibitors in both clinical
diagnostics and therapeutics.”*>”*® For example, using DNA-
modified AuNPs coupled with enzyme linkage reactions, Liu et
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Figure 33. (A) Electrochemical detection of PSA with antibodies anchored on a DNA nanostructural scaffold. Adapted with permission from ref 792.
Copyright 2014 American Chemical Society. (B) DNA nanostructured biosensors for multivalent capture and detection of cancer cells based on
multibranched HCR amplification. Adapted with permission from ref 796. Copyright 2014 American Chemical Society. (C) Endonuclease-responsive
aptamer-functionalized hydrogel coating for sequential catch and release of cancer cells. Reproduced with permission from ref 797. Copyright 2013
Elsevier. (D) Aptasensor with expanded nucleotide based on DNA NTH for electrochemical detection of cancerous exosomes. Adapted with
permission from ref 803. Copyright 2017 American Chemical Society.
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al. combined DNA-modified AuNPs and enzyme linkage
reactions to create a colorimetric assay for MTase activity,
showin_g linearity between 1.0 to 10 U/mL (LOD of 0.3 U/
mL).”” Yuan and colleagues proposed an exonuclease III-
mediated target recycling strategy for sensitive detection of
DNA MTase activity, with a LOD of 0.01 U/mL.”*®

In view of its highly rigid and versatile functionality, Ju and
colleagues developed a DNA tetrahedron nanostructure as an
“off—on” fluorescent probe for detecting MTase (Figure
32D).”® The DNA tetrahedron was assembled with three
rationally designed strands dual-labeled with fluorophores and
quenchers and starts in the “oft” state. Two edges of the DNA
tetrahedron contain recognition sites that can be methylated by
MTase, and these methylated sites are further cleaved upon
addition of the restriction endonuclease Dpnl. This reaction
disassembles the DNA tetrahedron, moving the fluororphores
away from the quenchers, and turning it to the “on” state. The
sensitivity of this strategy can be improved using nicking
enzyme-assisted signal amplification, enabling detection of
MTase with a LOD of 0.045 U mL™". As a result, this strategy
based on DNA nanostructures is anticipated to be applied in
clinical diagnostics.

4.4, Biomarker Detection

One of the main diseases affecting worldwide population is
cancer.””” To treat cancer, early diagnosis methods and a
strategy to monitor biomarker levels after treatment are of prime
importance.””"””* Cancer-associated biomarkers are quantifi-
able indicators of specific cancer states, and their detection plays
a critical role in identifying patients with different clinical stages
and in developing adaptive therapeutic strategies.””> "
Sensitive and specific detection of cancer biomarkers is
challenging because of the structural characteristics of nucleic
acids, tumor heterogeneity-induced specific protein signatures,
and difficulty to achieve sample concentration.””>””® Although
various technologies have been developed for detecting cancer
biomarkers, most existing methods involve complex steps, are
expensive, and are not easily adaptable for use in point-of-care
settings. In the last three decades, DNA nanomaterials have
attracted attention for cancer detection because of their unique
features: (1) the Watson—Crick base pairing rules bestows the
DNA with precise predictability and reproducibility; (2) DNA
nanostructures presents stronger nuclease resistance over
ssDNA and dsDNA;””” (3) DNA nanostructures are natural
biopolymers and show prominent biocompatibility and
biodegradability making them suitable for in vivo applica-
tion;”’*"7®*" and (4) DNA nanostructures are facile to be
functionalized with fluorescent dyes,593 quantum dots,”8>783
antibodies,”*® and cancer-targeting organic compounds.
These advantages make DNA nanostructures useful tools in
constructing biosensors for the detection of tumor bio-
markers.’> In one such example, Zhao et al. created a
multivalent DNA network from repeating aptamer domains.
They used this structure to capture and isolate specific types of
cancer cells.”*

Proteins control the live of biological cells in metabolic and
signaling pathways and in complexes, for example, the molecular
machines that synthesize and use ATP, replicate and translate
genes, or build up the cytoskeletal infrastructure.”*” Therefore,
their abnormal expression is often related to certain diseases.”*"
Disease-related protein biomarkers are also useful to monitor
treatment response or identify recurrence or progression after
treatment.”*”~""" Currently, analysis of protein biomarkers with
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low abundance is compromised by several challenges (difficulty
to amplify signal, sensitivity to ambient environment, high
background of other proteins).””' As a result, sensitivity,
specificity, and accuracy are basic requirements to consider
when biosensors are constructed. As the nanoscale-spacing of
immobilized antibodies has a critical effect on the detection
sensitivity, Zuo et al. developed a DNA tetrahedron structure to
assemble antibody monolayers (Figure 33A).””> By exploiting
the enzyme-modified AuNPs as signal amplifier, they obtained a
low detection limit of 1 pg/mL PSA, which is sensitive enough to
monitor the prognosis of prostate cancer. The Yan group
assembled signaling aptamers periodically on 2D DNA nano-
arrays.””” By incorporating a thrombin binding-aptamer
sequence into DNA tiles, thrombin can be organized into
periodical DNA nanoarrays because of its molecular recognition
capability. Using fluorescence increase due to binding of
thrombin to its aptamer, this system can be used to detect
thrombin at subnanomolar concentrations. The Lammertyn
group designed two distinct DNA origami structures to position
thrombin-specific aptamers with different densities and
distances from the fiber optic surface plasmon resonance
surface, allowing for detection of thrombin with a wide linear
range (1-248 nM).””*

Direct detection of cancer cells is another route to diagnosing
cancer and cancer metastasis early but is hindered by the low
abundance of circulating tumor cells (CTCs) in peripheral
blood.””*”7%77%7%5 740 et al. used multibranched HCR
(mHCR) for cancer cell detection (Figure 33B).”%° Branched
arms of the structure allow attachment to the gold electrode
surface, while multiple avidin-HRP molecules provide signal
amplification. This strategy enables detection of as few as four
MCE-7 cells. Nanostructures decorated with aptamers also serve
in catch and release of specific cell types. Wang et al. used
aptamer-functionalized hydrogels with restriction endonu-
cleases to catch and release the target cancer cell (Figure
33C).””7 This hydrogel “caught” target cancer cells with a
densities of ~1000 cells per mm?® but nonspecific cells with
densities of ~5—15 cells/mm?. The endonucleases used in this
method specifically cleave the aptamer sequences, releasing 99%
of the bound cells and 98% of the released cells maintaining
viability.

Exosomes are nanoscale extracellular membrane-bound
phospholipid vesicles (50—100 nm in diameter) actively
secreted by mammalian cells.””®”*” Exosomes are considered
as biomarkers in various diseases including cancer because they
carry abundant macromolecules from parental cells such as
transmembrane and cytosolic proteins, mRNA, DNA, and
miRNA.*>*" The evaluation of cell-secreted exosomes and
collection of clinical information without biopsy could be useful
clinical and research tools.*”* The Tan group developed a
portable electrochemical aptasensor for rapid and direct
detection of hepatocellular exosomes (Figure 33D).*’ The
aptasensor consists of a DNA nanotetrahedron (NTH) with an
expanded nucleotide-containing aptamer. The individual
aptamer distributed at defined nanoscale distances decreases
the hindrance effect and maintains spatial orientation, thereby
improving biomolecular recognition. The improved accessibility
results in this NTH-assisted aptasensor shows 100-fold
improved sensitivity in detecting exosomes (2.09 X 10*/mL)
when compared to single-stranded aptamer-functionalized
aptasensor (3.96 X 10°/mL).
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Figure 34. (A) Efficient nanocarrier of functional nucleic acids for intracellular molecular sensing. Adapted with permission from ref 825. Copyright
2014 American Chemical Society. (B) Self-assembled DNA hydrogel as switchable material for aptamer-based fluorescent detection of thrombin.
Adapted with permission from ref 826. Copyright 2013 American Chemical Society. (C) DNA-nanostructure-based universal biosensing platform for
electrochemical detection of nucleic acids, proteins, small molecules, and cells. Adapted with permission from ref 625. Copyright 2016 Springer
Nature.
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Figure 35. DNA structures used for ion sensing including (A) T-Hg**-T, (B) C-Ag*-C, (C) G-quadruplex, and (D) metal-dependent DNAzymes.

4.5, Biomolecules and Metal lon Detection

Nucleic acid components such as aptamers and DNA-
zymes’'>*'" are used in creating biosensors for metal ions,
proteins, small molecules, cells, viruses, and bacteria 0163047810
In addition to diagnostic applications, sensing of biomolecules
also allows the study of their functions in biological
processes.”'>*'> Although numerous functional nucleic acid-
based biosensors are used to detect different biomole-
cules,”"**'” their applications in complex biological samples
are restricted by the fact that functional nucleic acids have
difficulty in penetrating the cell membrane,**" are susceptible to
nuclease digestion,”"**'” and nonspecifically bind to nontarget
protein.®” Functional DNA nanostructures such as aptamers or
DNAzyme-integrated DNA nanostructures provide a promising
solution to address these issues. For example, the Tan group
developed target-responsive DNA hydrogels for adenosine
detection.”*"*** The same group developed DNA dendrimers
assembled from Y—shaged DNA structures for drug delivery and
biosensing purposes.”>”*** The DNA dendrimeric scaffold
contained histidine-dependent DNAzyme or anti-ATP aptamer
and retained the activity of both these cargos in the cellular
milieu (Figure 34A).*** Moreover, these dendritic nanocarriers
display excellent biocompatibility, cell membrane permeability,
and enhanced intracellular stability. These features make these
functional nucleic acid-embedded DNA dendrimers useful in
monitoring levels of histidine in situ and ATP levels in living
cells. In another example, Zhang et al. used an aptamer-
functionalized DNA hydrogel to detect thrombin detection with
a LODof 67 nM (Figure 34B).826 In this strategy,
polyethyleneimine (PEI)-functionalized QDs and AuNPs
served as signal indicators.

As mentioned earlier in this review, accessibility to target
molecules is one of the main challenges in surface-based
assays.”””**® To enhance the recognition abilities of such
heterogeneous surface probes, the Fan group constructed a
series of tetrahedral DDNA nanostructures (TDN) probes for
detecting biomolecules.””>***%** The tetrahedra are attached to
the gold electrode surface via thiol groups on three of the
vertices. The fourth vertex contains a probe for the detection of
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different biomarkers. Using this structure, they designed a
sensitive cocaine sensor by introducing an anticocaine aptamer
into TDN architectures, achieving a low detection limit of 33
nM.**" In follow-up studies, they also used this strategy to detect
miRNA (1 fM) and prostate specific antigen (PSA) (1 pM)
(Figure 34C).°*> Moreover, Heck et al. utilized DNA origami
scaffolds for assembly of silver nanolenses.”’' By selectively
placing single molecules of the protein streptavidin in the gaps,
they can detect SERS signals of the alkyne labels of a single
streptavidin molecule.

Metal ions are known to have roles in biological processes
such as cell signaling and enzyme catalysis.*****® Thus,
detection of metal ions is an important research area in
biosensing.Mé With the advent of DNA nanotechnology, several
DNA structures including T-Hg**-T (Figure 35A), C-Ag*-C
(Figure 35B), G-quadruplex (Figure 35C), and metal-depend-
ent DNAzymes (Figure 35D) have been used for ion sensing.
Among them, DNAzyme-based sensors are the most studied
because of the metal binding sites, metal-dependent activity, and
catalytic mechanisms for these DNAzymes."’****~**" For
example, a DNAzyme used for Pb*" detection is about
400 000-fold more selective to Pb** compared to other
competing metal ions,”*® and the DNAzyme for UO,>* is over
1 000 000-fold more selective.*** Moreover, DNA structures
containing T—T or C—C mismatches and G-quadruplex
structures have been shown to selectively bind metal ions
(e.g, Hg*, Ag', K') to form stable metal-mediated DNA
structures.**”"** By combining the specific properties of
DNAzyme/DNA molecules and the strong signal transduction
capacity of the nanostructures, novel sensing systems provide
improved sensitivity, selectivity, multiplexed detection capa-
bility, and portability.**®

Several DNAzymes have been reported to possess catalytic
activities toward specific substrates since the early 1990s.**’
These DNA molecules join protein enzymes and ribozymes as
catalytic biomolecules.”** Similar to protein enzymes, most
DNAzymes also require certain metal ion cofactors, but
DNAzymes are more convenient due to their cost-effective
properties and resistance to hydrolysis. Moreover, most
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Figure 36. (A) Dual-color encoded DNAzyme nanostructures for multiplexed detection of intracellular UO,** and Pb**. Adapted with permission
from ref 856. Copyright 2016 Elsevier. (B) Reconfigurable 3D DNA nanostructures as intracellular logic sensors for pH, Hg*", and ATP. Adapted with
permission from ref 859. Copyright 2012 Wiley-VCH. (C) DNA-nanostructured microarray for detection of multiple heavy-metal ions (i.e,, Hg*", Ag",
and Pb**). Adapted with permission from ref 855. Copyright 2017 American Chemical Society. (D) Logic catalytic interconversion of G-molecular
hydrogel for Pb** detection. Reproduced with permission from ref 877. Copyright 2018 American Chemical Society.

DNAzymes still maintain their binding ability or activity toward Accordingly, all these features make DNAzymes ideal for

substrates even after repeated denaturation and renaturation. constructing metal ion biosensors, and the sensing signal can be
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read out using fluorescence, colorimetry, or electrochemistry.
DNAzyme-based metal ion biosensors have so far been used to
detect a wide range of metal ions such as pp2+ 838845

g2+ B10/846,847 2+ 848 024 849 7124 80,851 (00 852
UO,2*,53553 and Hg?* **

To improve the microconfined molecular recognition, Qu et
al. appended Pb**-specific DNAzyme and its substrate stand on
DNA TSPs .**° In the presence of Pb**, the DNAzyme is
activated to cleave the substrate strands, and the cleaved strands
are subsequently substituted by the Cy3-labled reporter,
generating a fluorescence signal. As such, this sensor based on
DNAzyme and DNA nanostructure enables Pb** detection
down to 20 nM. By self-assembling four single stranded
sequences with a simple thermal annealing step, the Xiang
group constructed a dual-color encoded DNAzyme tetrahedron
nanoprobe (Figure 36A).5%° Target metal ions digest the
substrate sequence in the nanostructures, providing a
fluorescent signal for in vitro detection of UO,*" and Pb** at
the same time with LODs of 0.6 nM and 3.9 nM, respectively.
These nanoprobes can also be transfected into cells for
intracellular detection of UO,** and Pb**. Moreover, this
nanoprobe also shows excellent biocompatibility and non-
cytotoxicity. Given its capability of simultaneous imaging of
UO,*" and Pb** in one cell, this dual-color encoded DNAzyme
nanostructure provides a novel approach to indicate the
distributions and concentrations of the target metal ions,
revealing insights into physiological and pathological functions
of the toxic metal ions.

Ono and Togashi first discovered that Hg** specifically binds
to two DNA thymine (T) bases to form strong T-Hg**-T pairs in
aDNA duplex.841 In turn, such formed complexes can thermally
stabilize the DNA duplex. On the basis of this phenomenon, T-
Hg*"-T coordination chemistry has been adopted to develop
biosensors for Hg*". Liu et al. developed a DNA-functionalized
hydrogel for the visual detection of Hg" based on this
concept,””** with a naked eye LOD of 10 nM Hg*'. In
addition to ease of handling, this aptamer-functionalized
hydrogel, in contrast to monolithic gels, possesses much faster
kinetics of signal generation. By adapting a series of DNA
structures (i-motif, anti-ATP aptamer, T-rich mercury specific
oligonucleotide, and hairpin structures) to one or two edges, Pei
et al. built reconfigurable TDNs that can detect targets such as
protons, ATP, and mercury ions (Figure 36B).*” By taking
advantage of a FRET reporter strategy, they demonstrated that a
Hg**-responsive TDN with one edge containing the T-rich
mercury specific oligonucleotide can sensitively detect mercury
down to 20 nM with high discrimination against 11 different
metal ions.

In a follow-up study, Ono and co-workers found that similar
to T-Hg**-T interactions, Ag" can specifically bind to two
cytosines (C) and can promote these C—C mismatches to form
stable base pairs.*®* On the basis of this C-Ag'-C coordination
chemistry, they developed a fluorescent biosensor for Ag*.**
Lin and Tseng used repeats of 20 C nucleotides (C,,) and SYBR
Green I (a double-strand-chelating dye) to create a label-free
fluorescent sensor for Ag".861 The C,, binds to Ag* to form C-
Ag*-C complexes, resulting in enhanced fluorescent signal. This
sensor enables highly sensitive (32 nM) and selective (more
than 1000-fold) detection of Ag*. Qi et al. utilized T-Hg*"-T
bridges to induce the aggregation of SERS nanotags, giving rise
to the drastic amplification in the SERS signals with a detection
range of 0.1 to 1000 nM and good selectivity over other metal
ions.””® The Willner group took advantage of T-rich and C-rich
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nucleic acids-functionalized CdSe-ZnS quantum dots for
multiplexed analysis of Hg** (LOD: 10 nM) and Ag" (LOD:
1 uM).5* Qu et al. used DNA TSPs to engineer the sensing
interface for improving microconfined molecular recognition
(Figure 36C).*>> By combining T-Hg*"-T interaction, C-Ag*-C
interaction, and Pb**-specific DNAzymes, all three metal ions
can be simultaneously detected with LODs of 10, 10, and 20 nM
for Hg*", Ag*, and Pb**, respectively.

K" together with Na*, Ca®*, and other metal ions plays a vital
role in biological systems. Therefore, the development of
biosensors for K is of great importance. Folding of G-rich
strands into a G-quadruplex in the presence of K* is one of the
main strategies to detect K*.56%86% Hence, the oligonucleotide
with guanine-rich segments offer unique K'-binding sites,
allowing the strands to be folded to generate a G,. Additionally,
G, is highly specific for K*. On the basis of the interaction of K*
with G,, many groups have converted G, into highly sensitive
and selective sensors for K*. He et al. reported a homogeneous
fluorescence amplification assay for G, structures of DNA that
interfaces DNA association with the light-harvesting properties
of conjugated polymers.*®® In this assay, the FRET efficiency for
cationic conjugated polymer (CCP)/G, pair depends on the
electrostatic interactions of G, with CCP. Kim and co-workers
rationally designed the polydiacetylene liposome conjugated
with dense G-rich ssDNA probes.866 Upon binding with K*, the
G-rich ssDNA probes form bulky quadruplexes at the liposome
surface. The resulting bulky quadruplexes lead to the conforma-
tional change of the eneyne backbone of the polydiacetylene. As
a result, polydiacetylene liposomes turn into the emissive red
phase from the nonfluorescent blue phase. The highly selective
polydiacetylene liposome-based sensory system is suitable for
the detection of the physiological potassium level (3.50—5.30
mM) with a LOD of 0.1 mM. To further realize biological
applications of potassium ion sensors, several efforts have been
devoted to increase their selectivity. For example, the Bald group
took advantage of potassium ion-selective formation of a G, on
DNA origami structures for K* biosensing. This method was
able to detect potassium in the range of 0.5 mM to 50 mM even
in the presence of high sodium concentration (145 mM).*’
Other studies have also shown specific detection of K* over
Na*%%% Detection of K* usin% G, DNA has also been
achieved in serum and urine.***~*’

Lead is one of the main metal pollutants that is highly toxic,
with lead poisoning occurring from use of lead in gasoline, pipes,
and paint.®”" Lead toxicity can cause developmental disorders
and mental illnesses, making Pb** detection a major research
focus in the past decades. Similar to K*, Pb*" is found to strongly
and specifically bind G, structures and is also more eflicient in
folding G, DNAs compared to K" and Na* (uM levels of Pb*"
compared to millimolar concentrations of K* and
Na*).¥>¥7383% Ag a result, Pb**-dependent, G-rich ssDNAs
can be integrated into Pb** biosensors.””*™*° Li et al. found that
Pb*" induces a K'-stabilized G, DNAzyme to change its
conformation, thus inhibiting the DNAzyme’s peroxidase-like
activity.””® On the basis of the greatly decreased enzyme activity,
they developed a Pb**-induced, allosteric G, DNAzyme as a
colorimetric and chemiluminescent Pb** biosensor, achieving a
detection limit of 32 nM and 1 nM, respectively. Since Pb** can
more effectively fold G, DNAs, they can substitute K* ions that
are part of G-quadruplexes. This releases hemin molecules
bound to G-quadruplexes and in turn reduction in enzymatic
activity of the G,/hemin complex. Zhong et al. used the Pb**-
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Figure 37. Principles of fluorescence in situ hybridization (FISH). (A) Basic elements of FISH are a DNA probe and a target sequence. (b) Before
hybridization, the DNA probe is labeled by nick translation, random primed labeling, or PCR. Two labeling strategies are commonly used: indirect
labeling (left panel) and direct labeling (right panel). For indirect labeling, probes are labeled with modified nucleotides that contain a hapten, whereas
direct labeling uses nucleotides that have been directly modified to contain a fluorophore. (C) Labeled probe and the target DNA are denatured. (D)
Combining the denatured probe and target allows the annealing of complementary DNA sequences. (E) If the probe has been labeled indirectly, an
extra step is required for visualization of the nonfluorescent hapten that uses an enzymatic or immunological detection system. Whereas FISH is faster
with directly labeled probes, indirect labeling offers the advantage of signal amplification by using several layers of antibodies, and it might therefore
produce a signal that is brighter compared with background levels. Reproduced with permission from ref 890. Copyright 2005 Springer Nature.

induced catalytic interconversion for detecting Pb** with a LOD
of ~0.32 pM (Figure 36D).*”’

5. IN SITU SENSING

Analysis of gene expression on a genomic scale in healthy and
diseased cell states allows an insight into the regulation of
genetic networks and their involvement in biological processes.
Such measurements provide information on the expression
patterns of genes®’® and their alterations in diseases such as
cancer.”””~%! With the widespread use of genome-wide gene
expression profiling technologies, gene expression signatures
have emerged as a major class of cancer biomarkers.**"***
However, more detailed experimental characterization of gene
expression in individual cells is needed to eliminate variations in
single-cell gene expression in biological systems (especially in
tissues and tumors).*®’ High-throughput gene expression
screens can be used to obtain quantitative analysis of average
expression signatures, but further development is required in
quantitative in situ measurement techniques to analyze spatial
gene expression patterns with single-cell resolution.

RT-PCR (i, quantitative RT-PCR, digital RT-PCR),
considered the gold standard in gene expression analysis, is
the current platform of choice for implementing these genomic
signatures in clinical diagnostic assays.***~* Nevertheless, this
grind-and-bind technology suffers from several serious draw-
backs: (1) the process of target extraction destroys the tissue
context of gene expression measurements, resulting in the
complete loss of spatial information and making it impossible to
map the observed signals to individual cells; (2) these assays are
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prone to contain interference from unintended cell types (e.g,,
noncancer cells) and from unwanted tissue elements (e.g.,
fibrosis, necrosis); and (3) the reverse transcription and the
exponential amplification steps in PCR could lead to high error
rates in analysis.*®> Microdissection techniques can alleviate
these issues to some extent,”*” but they are too cumbersome and
laborious to be useful on a routine basis. As a result, there is a
need to develop methods that can quantify gene expression
profiles of single cells in heterogeneous samples and intact

tissues while also preserving spatial context of these expression
profiles.******

5.1. In Situ Hybridization for Sensing

Fluorescence in situ hybridization (FISH) is one of the classical
methods used to measure gene expression in intact tissues. The
method involves the use of a fluorescently labeled oligonucleo-
tide probe that can bind specifically to its complementary
sequence present in fixed and permeabilized tissue samples
(Figure 37).*”" FISH methods allow integration of molecular
information with histopathology for optical clinical interpreta-
tion. Using traditional FISH, Adam Paré et al. constructed a
specific probe for detection of single mRNA molecules in
Drosophila melanogaster.””> While some FISH studies have
achieved sensing of single copies of an RNA transcript,, most
traditional ISH and FISH techniques that study gene expression
only provide qualitative information.”®® In these processes,
hybridization of the probe with its target strand can also be
affected by the distribution of dyes, which also might quench the
fluorescence of adjacent dye molecules.”” In addition, long
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Figure 38. (A) FISH technology for single mRNA detection in cells. Reproduced with permission from ref 901. Copyright 2008 Springer Nature. (B)
Multiplexed in situ hybridization using fluorescent HCR in situ amplification. Reproduced with permission from ref 909. Copyright 2010 Springer
Nature. (C) SNV detection on individual RNA molecules in situ with toehold probes. Reproduced with permission from ref 908. Copyright 2013
Springer Nature.

probes with poor permeation have high background and low FISH methods can be improved by designing the probes to be
sensitivity, making them difficult to detect many low-abundance specific to the transcript of interest. The Singer group developed
RNA biomarkers.*”* such a strategy where instead of a long fluorescently labeled
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Figure 39. (A) Detection of individual transcripts in situ with padlock probes and target-primed RCA. Reproduced with permission from ref 933.
Copyright 2010 Springer Nature. (B) Schematic representation of TIRCA for visualizing individual miRNAs in situ inside cells. Adapted with

permission from ref 934. Copyright 2014 Wiley-VCH.

probe, they used multiple SO nt probes (each with 3-S5
fluorophores) that can hybridize to parts of the target mRNA.*”®
Further, by controlling the positions of the dyes on the probes,
the quenching of adjacent dyes can be minimized.*”® As a result,
these short probes labeled with multiple fluorophores allow
visualization of single RNA transcripts in situ. This strategy was
then adopted by many different research groups to study
distribution of mRNA transcripts in yeast and mammalian
cells.*”” =% For example, Zenklusen et al. used an ISH method
to measure transcriptional activity and abundance of mRNA in
single Saccharomyces cerevisiae cells (Figure 38A).°°" This
approach was used to detect transcription sites in paraffin-
embedded human tumors but has not yet allowed single-
transcript resolution in mammalian tissue.”’” This strategy so far
is affected by the high variability in the number of probes bound
to the target, making it difficult to identify specific targets from
nonspecific binding.*”*

On the basis of Singer’s method, Raj et al. created short probes
with single fluorophores to visualize individual mRNA
molecules in fixed cells.”” In contrast to previous short probes

BF

labeled with multiple fluorophores, this method presents more
efficient purification, and a reduced variability in spot intensity
that is caused by ineflicient binding. By using probes labeled
with different fluorophores, multiple mRNA species can be
identified simultaneously. In addition to its simplicity and
universality, the approach benefits from easy probe design. As a
result, the use of monolabeled probes to detect samples has been
extended from yeast’”* and mammalian cells””*?" to
Drosophila’® and Caenorhabditis elegans embryos.””® Further,
amplified strategies based on HCR or strand displacement
reactions can be used to increase the sensitivity and specificity of
this method.”””””® For example, Choi et al. developed a
multiplexed FISH method based on orthogonal amplification
with HCR (Figure 38B).”"” HCR-based amplification provided
high signal-to-noise ratios and sharp signal localization, and they
used this method to image five target mRNAs simultaneously in
fixed whole-mount and sectioned zebrafish embryos. Using a
combination of strand displacement and single-molecule FISH,
Raj and colleagues realized discrimination at the level of
individual nucleotides (Figure 38C).""* This method also allows
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colocalization of the single-nucleotide variant (SNV) probe with
the transcript to be identified since a mismatch on the toehold,
and the target binding region slows down the strand displace-
ment process. To detect short transcripts, Taniguchi et al.
developed a 20-bp fluorescently labeled probe for single-mRNA
detection in Escherichia coli.”'® These strategies need further
development to be able to detect single transcripts in
mammalian cells due to the larger cell volumes and the presence
of off-target sequences.

One other challenge in this method is the detection of short
target sequences. Optimizing probe design and increasing the
sensitivity and specificity of individual probes will somewhat
address this issue and help detect short targets such as miRNAs
with the specificity to identify SNVs.”"" Modified nucleic acids
such as peptide nucleic acids (PNA) and locked nucleic acids
(LNA) can also be used to increase probe specificity and
sensitivity for in situ detection of short transcripts.”*~""”

PNAs with an uncharged peptide-like backbone, compared
with DNA probes, can hybridize more stably to RNA.”"*""
Lansdorp and co-workers developed a PNA-based FISH
method to study telomere repeats at individual chromo-
somes.””” The Min group proposed a PNA probe/nanosized
graphene oxide (NGO)-based strategy to quantitatively monitor
miRNA expression in living cells.””" In this case, the PNA probes
showed high loading efficiency on the NGO surface as well as
high sequence specificity for target miRNAs. The presence of
target miRNA causes the quenched dye-labeled PNA to recover
fluorescence, making this strategy sensitive to ~1 pM LOD
while allowing simultaneous detection of three different
miRNAs in a living cell.

LNA, 2'-0,4'-C-methylene-linked ribonucleotide derivative
of RNA, has been shown to be more efficient in hybridizing with
DNA and RNA when compared to DNA or RNA probes, and it
has been used to detect short transcripts.”*>”** For instance, the
Plasterk group used LNA probes to study the temporal and
spatial expression patterns of multiple miRNAs in zebrafish
embryos.”** In a follow-up study, the Plasterk group used LNA-
modified DNA probes for in situ detection of miRNAs in mouse
embryos under optimal hybridization conditions.”> Obernos-
terer et al. proposed an LNA probe-based FISH method for
histological detection of miRNAs in mouse tissue sections.”®
To decrease the analysis time and simultaneously retain high
detection sensitivity, Silahtaroglu and colleagues integrated
LNA-modified probes with tyramide signal amplification
technology.””” As such, the unique miRNA recognition
properties and high detection sensitivity of the method enable
miRNA detection in samples such as animal tissue cryosections
and human tumor biopsies.

5.2. Rolling-Circle Amplification for in Situ Sensing

Circularizable oligonucleotides, called padlock probes, with high
sequence specificity and great potential for discriminating point
mutations in situ have been used for the detection of single-
molecule transcripts”® since Nilsson et al. utilized padlock
probes for detecting repeated alphoid sequences in metaphase
chromosomes.””” Moreover, padlock probes have been
demonstrated to serve as templates for DNA polymerases.”*”*"
In another strategy, the Lizardi group coupled padlock probes to
RCA-based amplification to detect single copy genes in the total
human genome.**’

The Nilsson group used padlock probes as templates for
rolling circle reactions.””” The process involved recognition of
specific target sequences combined with signal amplification to
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allow in situ detection of single-nucleotide variations of
individual DNA molecules. In a follow-up study, the same
group introduced the padlock probes to study SNV transcript at
the level of single cells (Figure 39A).°* In this work, the mRNA
is first reverse-transcribed into cDNA with an LNA primer. Then
the linear padlock probes are hybridized to opposite segments of
the target sequence, followed by enzymatic ligation. These
products are then used as templates in an RCA reaction,
resulting in a DNA strand with tandem repeats of the padlock
probe sequence. After hybridization to fluorescently labeled
probes, this formed DNA strand yields bright diffraction-limited
spots. This method can be used to detect somatic point
mutations, differentiate members of a gene family, and for
multiplexed detection of transcripts cells and tissues.

Other in situ amplification strategies have also been developed
to enhance mismatch discrimination and improve fluorescent
signal. The Li group developed a strategy called toehold-
initiated rolling circle amplification (TIRCA) to identify
miRNAs at physiological temperature and to visualize them in
single cells (Figure 39B).”** They constructed a dumbbell-
shaped seal probe as the probe for toehold-mediated strand
displacement and the template for the subsequent RCA. Target
miRNA hybridizes to the seal probe, causing a shift from the
dumbbell-shaped structure to the activated circular form, while a
mismatched miRNA fails to migrate through. Through RCA for
extending target miRNA with hundreds of tandem repeats, the
hybridization of a FAM-labeled probe with target miRNA
facilitates a fine diffraction-limited spot corresponding to single
miRNA to be distinguished from the background. As a result, the
TIRCA-based technique allows the visualization of individual
miRNAs in situ in single cells.

6. CONCLUSION AND OUTLOOK

DNA-based biosensors are useful for a variety of chemical and
bioanalytical purposes. Strategies that combine the functional-
ization of different ligands and chemical groups on DNA with
specific spatial arrangement of such probes on surfaces provide
efficient detection of biomarkers. These hybrid materials are
versatile building blocks for sensitive molecular detection that is
not achievable using conventional sensing methods. These
strategies have been developed from mere proof-of-concept
studies to “platform technologies” that can be modified to detect
different targets and are also useful for detection in cells and in
vivo. Systems involving DNA origami, despite the designs bein

more complex, have shown widespread uses in biotechnology.

Previously limited by the length of the scaffold strand (~7kb
M13),”” the DNA origami strategies are now expanded to be
created from scaffolds that can range from ~700 to ~50 000
nucleotides in length.”*”**™** To optimize the construction
(and yield) of these nanostructures, the kinetic and thermody-
namic constraints involved in forming these structures have
been analyzed recently as well as the folding pathways of
origami,94 ~2** Moreover, structures have been designed so that
they can be assembled isothermally without the need for a
thermal annealin§ process, especially in cases involving DNA—
protein hybrids.”*"~"*" For large scale production, scientists
have looked at different strategies such as enzymatic production
of DNA strands™" using a specific set of strands to fold an
origami structure,”* mass production of DNA-origami using
biotechnological processes,”” and using intact bacteriophages
to assemble DNA nanostructures.””* Moreover, chip-synthe-
sized oligonucleotides have reduced the cost involved in
building such an array of structures.””””**~**7 Once these
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Figure 40. DNA nanotechnology concepts aiding in improvements of biosensing strategies. (A) Development of 1D, 2D, and 3D DNA
nanostructures. (B) Control over interprobe spacing. (C) Configuration of probes on surface for efficient target capture. Reproduced from ref 407

(open access).

DNA nanostructures are produced in large scale, purification
after assembly is another important step in using them for
specific applications.”® Purification strategies developed for this
purpose include gel electrophoresis extraction,”””** PEG-
based separation,””*"*** spin filters,”* rate-zonal centrifuga-
tion,””””*® magnetic bead capture,”*’ size exclusion col-
umns,””** liquid chromatography-based techniques,”*® and
free-flow electrophoresis.

Compared to traditional methods of biosensing, DNA
nanotechnology-based strategies have some advantages. The
main among these is the signal enhancement provided by
framework structures (Figure 40A). Single stranded DNA
probes in surface-based assays are usually in an uncontrolled
fashion, unable to control the density of such probes, resulting in
nonspecific adsorption of DNA on the surface and steric
hindrance to binding of target molecules. Use of DNA
nanostructures addresses these issues by providing control
over the density of capture probes (Figure 40B,C). The DNA
tetrahedra-based electrochemical sensors described in the study
are examples where the probe-to-probe spacing can be
controlled (~4 nm) as well as control over density of the
probes (4.8 X 10 tetrahedral probes per cm?).”** This
parameter is also true for any biomarker, and in fact, the steric
interference has been used in DNA devices to provide a
signal.118 Adding to these features, custom-designed DNA
nanostructures allow multiple capture probes to be placed in an
array or incorporated as part of a device to both sense and act.
The programmable nature of these structures also allows
multiplexing to detect more than one biomarker (or types of
biomarkers) in a single assay. Some examples include the DNA
tetrahedra that can be multiplexed to detect four different
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microRNAs”®” and the DNA nanoswitches that was showed to
detect five microRNAs in a single assay.””' The multiplexing
feature is important in moving toward clinical applications
where detecting panels of biomarkers for a specific disease might
be more accurate than a single biomarker, which overlaps with
another disease.”**™"""

The wide use of DNA-based materials is mainly fast-tracked
since DNA strands of any desired sequences can be chemically
synthesized with many different functional groups. In addition,
structures can also be modified using click-based functionaliza-
tion””*””* and recognize DNA sequences by functional ligands
and triplexes.974’975 Furthermore, a variety of DNA nanostruc-
tures use logic-gated responses®'® and activation by light.””~"7%
By combining chemical, biological, and physical inputs, DNA
devices can be made to respond to a variety of “senses” and react
according to design. In the context of biosensing and in vivo
nanostructures, other variations such as xeno nucleic acids,”””
modified nucleotides,”® and nontraditional base pairs can also
be useful.”®"”** Some developments involving DNA nanostruc-
tures, for example, DNA PAINT, have successfully been
commercialized and demonstrated to be useful in sensing and
super-resolution imaging.”**~"* Development of DNA nano-
structure-based sensors will also help in understanding complex
biological systems while providing a route to highly specific and
sensitive detection. For studying biological processes, tools have
been developed to probe cellular functions, *“~”*’ biomolecular
interactions,”*>°?° transport of materials within cells,”'~°*and
disease mechanisms.””>””® With regard to sensitive and specific
sensing, DNA nanostructures are on par or better than current
techniques. Moving forward, the field could be more oriented
toward practical use of such sensors. Most biosensing strategies
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are built on design parameters developed for DNA nanostruc-
tures. While it might not be feasible to sustain the high sensitivity
obtained from lab-based instruments in a portable reader, DNA-
based techniques should be transferable to such low-resource
scenarios so that they can be used by anyone.””’~'%% In that
context, a tradeoff between high sensitivity and ease-of-use is a
step toward clinical usage. These strategies, some of which are in
early stages of development toward point-of-care techniques,
hold potential in moving from the bench to the bedside for
clinical applications.
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ABBREVIATIONS

AFB1 aflatoxin B1

AFM atomic force microscope

BA bacillary angiomatosis

CNTs carbon nanotubes

Cp carrier probe

CAMB catalytic and molecular beacon

CHA catalyzed hairpin assembly

CCp cationic conjugated polymer

CRET chemiluminescence resonance energy transfer

CTC circulating tumor cell

CFU colony-forming unit

CF-DTMB competition-mediated FRET-switching DNA
tetrahedron molecular beacon

DGGE denaturing gradient gel electrophoresis

DIG digoxigenin

DCP DNA clutch probe

DTNT DNA tetrahedron nanotweezer

DX double-crossover

DSNSA duplex-specific nuclease signal amplification

EV Ebola virus

ECL electrochemiluminescence

ET electron transfer

EF enhancement factors

ELISA enzyme-linked immunosorbent assay

Exo III exonuclease III

FISH fluorescence in situ hybridization

FRET Forster or fluorescence resonance energy
transfer

FNA framework nucleic acid

FB1 fumonisin B1

FO functional oligonucleotide

GOx glucose oxidase

AuNPs gold nanoparticles

GN graphite nanoparticles

GQD graphene quantum dot

GO graphene oxide

HP hairpin probe

HBV hepatitis B virus surface-antigen gene

HRP horseradish peroxidase

anti-DIG-HRP horseradish peroxidase-linked-anti-DIG anti-
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HIV human immunodeficiency virus

HCR hybridization chair reaction

iMS inverse molecular sentinel

KSHV Kaposi’s sarcoma-associated herpesvirus

LFA lateral flow assay

LOD limit of detection

LYS lysozyme

MTase methyltransferases

MB molecular beacon

NC nanoclusters

NP nanoparticle

NME nanostructured microelectrode

nano-SNEL  nanosnail-inspired nucleic acid locator

NHBu N-butylamine

NMM N-methyl mesoporphyrin IX

OTA ochratoxin A

oPAD origami paper analytical device

PX paranemic-crossover

PNA peptide nucleic acid

PET photoinduced electron transfer

PDGF-BB platelet-derived growth factor-BB

PCR polymerase chain reaction

PSA prostate-specific antigen

QD quantum dot

RT-PCR reverse transcription polymerase chain reaction

RCA rolling circle amplification

SAM self-assembled monolayer

SNP single nucleotide polymorphism

SWCNT single-walled carbon nanotube

SNA spherical nucleic acid

SERS surface-enhanced Raman scattering

TREAS target-responsive electrochemical aptamer
switch

TSP tetrahedra structured probes

TIRCA toehold-initiated rolling circle amplification

TNT 2,4,6 trinitrotoluene

UCNP upconversion nanoparticle

A% variola virus
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