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ABSTRACT: Nucleic acids have been actively exploited to develop various exquisite
nanostructures due to their unparalleled programmability. Especially, framework nucleic
acids (FNAs) with tailorable functionality and precise addressability hold great promise for
biomedical applications. In this review, we summarize recent progress of FNA-enabled
biosensing in homogeneous solutions, on heterogeneous surfaces, and inside cells. We
describe the strategies to translate the structural order and rigidity of FNAs to interfacial
engineering with high controllability, and approaches to realize multiplexing for highly
parallel in vitro detection. We also envision the marriage of the currently available FNA
tool sets with other emerging technologies to develop a new generation of biosensors for
precision diagnosis and bioimaging.
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During the passing decades, nucleic acids have been
actively exploited to construct various well-defined

nanostructures.1−5 Since the pioneering work on structural
DNA nanotechnology by Seeman, we have witnessed the rapid
evolution of this highly attractive multidisciplinary field on the
boundary of materials, biology, medicine, chemistry, and
physics.6,7 The high precision at the nanoscale and highly
predictable Watson−Crick base-pairing rules of DNA hybrid-
ization enable tailor-design of virtually any prescribed DNA
nanostructures spanning from one-dimensional (1D) to three-
dimensional (3D), from symmetry to asymmetry, and from
static to dynamic nanoarchitectures.8−15 By developing
“bottom-up” self-assembly strategies, researchers have designed
a variety of exquisite DNA structures varying in size and shape,
including triangular prism, tetrahedron, polyhedron, DNA tiles,
and DNA origami.16−24 These nanostructures demonstrate
important features including intrinsic biocompatibility, struc-
tural order, and nanoscale addressability. The availability of
these framework nucleic acids (FNAs) shed light on spatially
controlled patterning of functional biomolecules at the
nanoscale.25−31

Biosensors hold great potential for numerous applications
including clinical diagnosis, healthcare, environmental monitor-
ing, and homeland defense. However, in vitro biosensors often
lack the specificity and sensitivity as seen in their in vivo
counterparts. Among many reasons, the reduced target
accessibility at the biosensing interface remains a long-lasting
hurdle. With the rapid progress in structural DNA nano-
technology, we have seen the availability of various FNAs such
as tetrahedron, tile, origami, nanopore, and hydrogel structures
that sense targets of interest (Figure 1).32−42 These
biomacromolecular nanostructures possess excellent address-

ability and high spatial order that can be readily translated to
biomolecular signal transduction in various settings (Figure 1).
For example, FNA-based scaffolds have been employed to site-
specifically anchor small molecules, biomacromolecules, or
nanoparticles for electrochemistry- or fluoresence-based signal
transduction.6,30,43−48 More recent advances in FNA-based
transmembrane transport have enabled in-cell molecular
recognition.27,49−51 In this review, we aim to summarize recent
progress in structural FNA-enabled sensing with particular
focus on surface-based sensing, solution-phase sensing, and
intracellular molecular recognition.

■ FNA-ENABLED SOLUTION-PHASE SENSING
Self-assembled DNA nanostructures are usually soluble in
solution. By exploiting the addressability of FNAs, researchers
have realized site-specific patterning of various types of
nanoscale objects ranging from small molecules, biomacromo-
lecules, to nanoparticles, which provides a powerful means to
spatially control the ligand−receptor binding at the nanoscale,
and/or the signal transduction flow resembling those in in vivo
signal pathways.

■ DNA TETRAHEDRAL NANOSTRUCTURES
By precisely placing fluorescent/quencher molecules in the
designated vertices of DNA tetrahedral nanostructures, Zhou et
al. recently developed a structure collapse-based “off-on”
fluorescent sensor for quantitative analysis of DNA methyl-
transferase (MTase) activity.52 Prior to methyl transferring, the
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intact tetrahedral DNA brings fluorophore-quencher tags in
close proximity, rendering the nanostructured probe in an “Off”
state. Two edges in this tetrahedron were predesigned with
recognition site of MTase that could specifically catalyze the
methylation of adenosine residues. In the presence of
endonuclease DpnI, the methylated sites would be cleaved,
resulting in the collapse of tetrahedron structure and the

recovery of fluorescence as “On” state (Figure 2a). Using this
approach, they achieved a detection limit (LOD) of 0.045 U/
mL for MTase and screened multiple methylation inhibitors.
Besides, DNA tetrahedra can also be used as a nanoscaffold to
spatially load HRP enzymes at three vertices for signal
amplification, with one recognition domain at the fourth vertex
for target binding in homogeneous solution. In this way, a LOD

Figure 1. Evolution of DNA nanotechnology-enabled sensing. Holliday tile (Adapted with permission from refs 32 and 33. Copyright 1999 and
2006, respectively, American Chemical Society). DNA tetrahedron (Adapted with permission from ref 34. Copyright 2004, The Royal Society of
Chemistry). Tetrahedral structured probe (TSP, adapted with permission from refs 35 and 36. Copyright 2010 and 2012, respectively, Wiley-VCH
Verlag). DNA origami (adapted with permission from refs 37 and 39. Copyright 2006 and 2008, Nature Publishing Group and AAAS, respectively).
Hydrogel (Adapted with permission from refs 38, 40, and 81. Copyright 2006, 2017, and 2013, Nature Publishing Group and American Chemical
Society, respectively). Origami nanopore (Adapted with permission from refs 42, 41, and 75. Copyright 2018, 2012, and 2017, respectively,
American Chemical Society).
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down to 10 fM was achieved for a tumor gene fragment using a
portable colorimetric assay based on the magnetic bead
platform.53 Further, microRNA (miRNA)-specific TSPs can
self-assemble on the gold nanoparticle surface for multiplexed
miRNAs analysis.54 Tetrahedral probes with different dyes were

designed to hybridize with the corresponding target miRNA to
form DNA/RNA heteroduplex domains. In this design, the
fluorescence of vertical dyes would be quenched when
approaching the gold surface. By introducing duplex specific
nuclease, the DNA part in the heteroduplex could be selectively

Figure 2. FNA-enabled solution-phase sensing. (a) DNA tetrahedron-mediated quantitative analysis of MTase activity. (b) Symmetric DNA origami
tile-based multiplex detection of RNA targets. (c) Asymmetric DNA origami-based toehold-mediated SNP detection. (d) Alphabetic patterned
origami structure for SNP detection. (e) DNA origami shape IDs for single-molecule SNP genotyping and haplotyping. (f) DNA origami-graphene
hybrid nanopore for ssDNA detection. (g) A switchable DNA hydrogel for thrombin detection through cross-linked Y-DNA and L-DNA tiles. (a, d,
f, g) Adapted with permission from refs 52, 59, 75, and 81. Copyright 2017, 2011, 2017, and 2013, respectively, American Chemical Society. (b, c, e)
Adapted with permission from refs 39, 58, and 61. Copyright 2008, 2010, and 2017, AAAS, Wiley-VCH Verlag, and Nature Publishing Group,
respectively.
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digested, which led to the release of dyes and miRNAs. The
free miRNA was able to trigger a new round of hybridization-
digestion that recovered more fluorescent emissions, resulting
in an ultrasensitive detection of three types of target miRNA.

■ DNA TILE AND ORIGAMI
Two-dimensional DNA nanostructures including DNA tile and
origami, which either use crossover design or fold a long viral
genome sequence into complex shapes by hundreds of short
stapling segments, can act as ideal water-soluble substrates for
bioassays.16,37,55 Double crossover DNA motif is a typical tile
element (DX tile), which links two DNA four-way junctions
and forms a stiffer helix assembly than routine helices do. Based
on DX tile structure, a highly selective nucleic acids sensor was
developed, which takes advantage of three adaptor strands that
cooperatively complement with target sequence and molecular
beacon probe to construct a DX motif-forming sensor.56 This
DX tile sensor conformation is only stable with a fully
complementary target molecule, which allows for detection of
the analyte with a single-base mispairing. Using precise
addressability of DNA nanotechnology, Yan et al. tailored a
rectangular DNA tile (60 × 90 nm2) for simultaneous detection
of multiple RNA targets (Figure 2b).39 By appending with
target-specific probes and built-in “index” sequences at
predefined positions, this DNA tile could detect miRNAs
(200 pM) in a high background of total cellular RNA. In this
process, the formation of stiff DNA-RNA duplex on the tile
substrate allows signal detectable with the cantilever of atomic
force microscopy (AFM). Such a nanoscale soft DNA chip
signifies high promise for single-cell gene expression analysis
due to its possible scaling down to a single-cell sample volume.
This symmetrical tile becoming readable exclusively depends

on “index” DNA probes that make tile substrate asymmetric.
To circumvent this problem, an asymmetric, index-free DNA
origami chip was assembled directly into a pattern of Chinese
map.57 The intrinsic asymmetry of the map renders the site of
each DNA probe addressable, which would facilitate the
imaging analysis by AFM. Using this asymmetric DNA origami
platform, Zhang et al. presented a single-nucleotide poly-
morphism (SNP) genotyping through a toehold-mediated
strand-displacement reaction.58 In the absence of DNA targets,
a streptavidin label can specifically absorb on an origami-based
biotin-reporter sequence for AFM visualization, whereas the
presence of target DNA can induce a toehold-mediated branch
migration that releases the streptavidin−reporter complex
(Figure 2c). Note that the process of toehold-mediated strand
displacement is highly sequence-dependent, which could be
effectively terminated by a single-base mismatched strand.
Seeman et al. also developed a DNA origami chip for SNP
genotyping.59 This rectangular DNA tile harbors a pattern of
alphabetic characters representing the four nucleotides (i.e., A,
T, G, and C) that enable AFM imaging with a symbolic display.
In the presence of fully complementary sequences, the
corresponding toehold probe can trigger branch migration
and remove the symbolic character while other toehold-based
migrations would be inhibited by a single-base mispair (Figure
2d).
To fully exploit the advantage of origami in nucleic acids

assay,60 a set of DNA origami shape IDs (for example,
triangular, cross and rectangular shapes) were self-assembled
serving as AFM shape-specific labels for magnified nano-
mechanical imaging of SNP (Figure 2e).61 Under AFM
imaging, these highly hybridizable origami shape IDs are

readily distinguishable, which allow for direct genotyping of
human genomic DNA at single-molecule level with a 10 nm
resolution. Of note, this origami-based flexible shape design and
precise protein patterning provide the possibility to engineer
virtually more shape IDs that allow for “multicolored” AFM
imaging as compared to fluorescence imaging (usually four
colors). Using the high-resolution and “multicolored” imaging
capacity of shape IDs, single-molecule genotyping and
haplotyping in Han Chinese polulation have been realized.
This single-molecule imaging approach was further employed
to precisely genotype the hepatitis B virus (HBV) in patients.62

Despite rapid advances in origami-enabled SNP imaging, the
relatively high cost and less multiplexing ability of AFM largely
limit its real-world applications.
Apart from origami-based SNP detection, DNA origami tile

can also serve as a fully addressable substrate for construction
of enzyme pairs and bioreactors.63 For example, Fu et al.
explored enzyme cascade of an enzyme pair using the excellent
addressability of DNA origami.64 They precisely anchored
glucose oxidase (GOx) and horseradish peroxidase (HRP) on
the surface of a rectangular DNA origami with interenzyme
spacing from 10 to 65 nm. The distance-dependent enzymatic
kinetics revealed that the smaller spacing would facilitate the
enzyme cascade. Similarly, the GOx-HRP pair has also been
immobilized on a rapidly assembled DNA origami with sub-10
nm resolution, in which bienzyme cascade efficiency was
enhanced by rolling the rectangular origami into a nanotube.65

The promoted catalytic activity is synergistically contributed by
the stabilizing function of DNA nanostructure and the
nanoconfined caging effect.66 Of note, the product of rolling
circle amplification (RCA) could be folded into a DNA origami
nanobelt by staple strands for immobilization of numerous
enzymes.67 In combination with magnetic bead-based ELISA,
this DNA nanoprobe is capable of detecting PSA down to 50
aM.

■ DNA ORIGAMI NANOPORE
DNA origami nanostructures can use their precise control over
geometry and surface functionality to construct DNA nano-
pores that either form sophisticated hybrid structures with
solid-state nanopores or embed into lipid bilayers for
biomolecule sensing.68 Usually, solid state nanopores permit
tunable pore sizes that are useful for testing large biomolecules
(e.g., dsDNA and proteins), but they are limited by the
uncontrollable surface functionality (for example, precise
positioning single binding sites for analytes). In contrast, the
biological nanopores, such as the most widely used α-
hemolysin, largely outperform their solid-state counterparts in
surface functionality via genetic engineering, whereas their
narrowest dimension are often less than 2 nm that exclusively
allows detection of single-stranded (ss)DNA or small
molecules.69

In this context, DNA origami nanopores may provide a route
to address the challenge since it enables the construction of
size-tunable biological nanopores and precise anchoring of the
target-responsive probes.70,71 DNA origami nanopores have
been exploited to either synergize solid state nanopores for
engineering hybrid architectures or directly insert into a
synthetic lipid membrane channels with hydrophobic function-
alization for translocation of DNA hairpins and dsDNA
analytes.41,72−74 For example, a hybrid graphene−origami
nanopore was developed for DNA detection.75 This hetero-
structured nanopore is highly functionalized and allows
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unpaired T bases to dangle at the mouth of graphene pore for
monitoring DNA translocation. In this design, the DNA
origami would attach to the graphene with well-alignment
under negative bias, which benefits the controlled signals
readout. With these advantages, this hybrid nanopore
contributes to a longer residence time of single base and
slower translocation of ssDNA through nanopore and thereby
yields a higher resolution of signal acquisition over its bare
graphene counterpart (Figure 2f).

■ DNA HYDROGELS

DNA hydrogels are macroscopic gels and cross-linked by
unusual DNA nanostructures, which are often created by
enzymatic polymerization cooperated with intermolecular i-
motif structures.40,76−79 In this way, a typical DNA meta-
hydrogel was synthesized by RCA and multiprimed chain
amplification.80 This water-sensitive hydrogel could detect
electric-current switch. To realize biomolecular detection, Lei et

al. developed a switchable DNA hydrogel using Y-shaped DNA
tiles (Y-DNA) and aptamer linker DNA units (L-DNA).81 L-
DNA contains a thrombin-responsive aptamer sequence (L1)
and a Y-DNA complementary domain (L2). Without thrombin,
the two building blocks (Y-DNA and L-DNA) can cross-link to
a functional hydrogel that forms a rigid space to encapsulate
gold nanoparticles (AuNPs) as a visual agent. Upon adding
thrombin, the hydrogel structure would quickly collapse and
release the trapped AuNPs for visual detection because of the
specific binding with the L1 aptamer. Next, the free negatively
charged AuNPs can approach the positively charged QDs to
develop a FRET-based fluorescence-quenching strategy for
thrombin detection (Figure 2g). Beyond biomolecules and
ions, larger-size circulating tumor cells (CTCs) have also been
analyzed with DNA hydrogels. To achieve this, the porous
DNA hydrogels assembled with an aptamer-trigger clamped
HCR were used for CTC identification, cloaking and
decloaking analysis.82 After specific recognition of CTC surface

Figure 3. DNA tetrahedron-based electrochemical biosensors (eTSP-sensors). (a) DNA tetrahedrons varying in size for programmable DNA
detection (Adapted with permission from ref 48. Copyright 2015, Wiley-VCH Verlag). (b) Hybridization chain reaction coupling eTSP-sensor for
signal-enhanced DNA detection. (c) eTSP-sensor for microRNA detection (adapted with permission from ref 100. Copyright 2012, Nature
Publishing Group). (d) eTSP-sensor conjugated antibody for PSA detection with HRP-AuNP amplification. (e) eTSP-sensor conjugated aptamer for
sensitive exosome detection. (f) eTSP-sensor conjugated aptamer-HCR for detection of cancer cells. (b, d−f) Adapted with permission from refs 90,
107, 115, and 116. Copyright 2014 and 2017 American Chemical Society.
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marker, the aptamer-toehold strand can induce an effective
HCR to form porous hydrogel that allows for cloaking the
target CTC. In the presence of chemical stimuli, the captured
living cells could be released from the hydrogel for subsequent
live cell analysis.
Instead of DNA strands-cross-linked hydrogel, nucleotides,

like guanosine (G), can also self-assemble into nanofibrous
hygrogel assisted by KB(OH)4 that guides the formation and
stacking of cation-templated G-quartet motifs.83 By incorporat-
ing hemin into G4-motif, the hydrogel would evolve into having
peroxidase-like activity that catalyzes in situ deposition of
conducting polyaniline on G-quartet scaffold. Pei and co-
workers thus printed such a conductive G-quartet hydogel with
embedded GOx on flexible electrode surface to develop an
enzyme sensor. This artificial G4-enzyme hydogel also allows
for highly sensitive detection of Pb2+ by measuring the Pb2+-
triggered enzymatic activity loss of the hydrogel.84 Compared
to K+, Pb2+ shows higher efficiency to stabilize G4. Pb

2+ thus
can replace K+ and induce the release of hemin that contributes
to the decrease of enzyme activity because of a conformational
interconversion in hydrogel. Using this strategy, Li et al.
achieved a LOD of Pb2+ down to 0.32 pM.

■ FNA-ENABLED SURFACE-BASED SENSING

The structural order and precision of DNA nanostructures
render their ability to engineer sensing interface in solid-state
sensors. Taking DNA tetrahedron as an example, the design of
which was first reported in 2004, it has become an increasing
important biomolecular scaffold in interface engineering.26 As
compared to linear single-stranded or duplex DNA probe,
tetrahedron structured probe (TSP) has several advantages in
engineering of biosensing interface. First, TSP is mechanically
rigid enough to adopt an ordered and upright orientation at the
surface. Second, the TSP-modified surface is protein-resistant,
which allows the TSP-based sensors to be used directly in
complex matrices, such as biofluids. Third, 3D TSP structures
not only spatially segregate neighboring probes avoiding
molecular entanglements but also place the probes in a
solution-phase-like setting to minimize surface effects. More-
over, molecular diffusion and convection at TSP-decorated
interfaces are also expected to be faster than those at smooth
macroscopic ones, which are significant for improving
sensitivity of sensors.85 These merits render TSP an attractive
functional scaffold that has a wide application in electro-
chemical and optical biosensing.50

■ ELECTROCHEMICAL DETECTION

By modifying thiol groups (−SH) at three vertices of TSP, a
typical electrochemical TSP would be formed, in which a
pendant domain serves as recognition probe at the fourth
vertex and the three −SHs can firmly anchor on gold electrode
surface via Au−S chemistry.35 As compared to the single −SH,
the three thiolated DNA strands are able to increase the
stability of the surface-confined TSP by several thousand
folds.86 In a TSP-based electrochemical sensor, the lateral
interprobe spacing is predominantly controlled by the size of
tetrahedron scaffold.87 Lin et al. designed multiple TSPs with
side length ranging from 2.4 to 12.6 nm to tune the probe
distance (Figure 3a).48 They found an inverse proportion
between TSP density and size that was also linearly related with
lateral distance of TSP. Using this approach, they can program
the sensitivity of the sensor (1 fM - 10 pM) and achieve a low

detection limit of 1 fM for target DNA molecules. This typical
sandwich detection format enabled a highly sensitive and
sequence-specific detection of a gene fragment of avian
influenza A (H7N9) virus.88 In combination with poly-HRP,
this sensor was able to read out E. coli genome as low as 0.2 pg/
μL.89 Coupling with hybridization chain reaction (HCR)
mediated signal amplification, this electrochemical TSP sensor
(eTSP-sensor) can further improve the sensitivity to 100 aM in
DNA detection (Figure 3b).90 Recently, Zhao et al. integrated
eTSP-sensor with asymmetric methylation-specific PCR
pushing the detection limit of methylated DNA to single
copy level.91 Of note, since Pei et al. first employed TSP-
patterned gold electrodes to quantify DNA target and
discriminate the mismatched sequences,35,92 such an eTSP-
sensor was quickly extended to detect a variety of targets of
interest beyond DNA.25,93−96

Various miRNAs have been readily detected using eTSP-
sensors based on the identical base-pairing properties as DNA
sequences.97,98 For example, a target-responsive TSP with a
pendant stem-loop was developed to specifically hybridize with
miR141.99 The free domain in opened stem-loop was
subsequently flanked by the biotinylated reporter probe in a
sandwich way. This assembly structure amplified electro-
chemical signal via the substrate catalysis of HRP, yielding a
LOD down to 1 fM. Likewise, Wen et al. used interfacial
engineering and multienzyme amplification strategy to achieve
an extremely low LOD of 10 aM in miRNA quantitation
(Figure 3c).100 In addition to enzymatic amplification, eTSP-
sensor is prone to integrate with nonenzymatic HCR or
RCA,101 and has been used as template for arranging a linear
silver nanoparticle array in tandem.102−104 Impressively, such a
highly sensitive eTSP-RCA sensor can push the LOD down to
2 aM.102 As compared to these single signal readouts, a
multiplexing eTSP-sensor array is capable of profiling multiple
miRNAs targets simultaneously. A disposable screen-printed
gold electrode array (16-channel) with sequence-specific TSPs
was tailored to detect four types of miRNAs associated with
pancreatic carcinoma at femtomolar levels.105

Besides, the DNA tetrahedron structure can also link
antibodies to form an electrochemical immunorecognition
layer. Pei et al. first anchored TNF-α onto TSP surface for
building a regenerable eTSP-sensor via DNA-bridged antibody
conjugation, which easily probed 100 pg/mL of TNF-α.106

Later, click-chemistry-based antibody conjugation strategy was
used to immobilize the antibody of prostate-specific antigen
(PSA) on a TSP scaffold (Figure 3d).107 By precise spacing of
antibodies using a rigid scaffold, a very high sensitivity (1 pg/
mL) was achieved in PSA detection. Instead, Leong et al.
introduced a DNA-bridge-free approach to tether anti-IgG or
anti-E. coli antibody on TSP via EDC-NHS chemistry for
ultrasensitive antigen and bacteria detection.108−110

By designing the pendant probe with functional nucleic acids,
such as aptamers, this eTSP sensor is capable of measuring
small molecules, ions, exosomes, and cells. For example, a split
aptamer for cocaine was incorporated into TSP to build a
signal-on electrochemical sensor, which achieved a remarkable
high sensitivity (33 nM) in cocaine detection.111 Similarly, Yin
et al. designed an anti-ATP aptamer at the TSP top to develop
an ATP-responsive sensor that uesd Ru(phen)3

2+ intercalation
to realize a sensitive readout of ATP (0.2 nM).112 They also
constructed a turn-on Hg2+ sensor using TSP-scaffolded
mercury-specific functional oligonucleotide and achieved a
LOD of 100 pM.113 Different from this single-point probe
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design, another type of TSP was tailored with two split halves
of ATP aptamer appended to two vertices respectively (one is
at TSP top).114 With this design, a single-step detection of ATP
at nanomolar level was achieved. Inspired by these advantages
of TSP scaffold, Wang et al. recently engineered an eTSP-
aptasensor for direct capture and detection of tumor exosomes
(Figure 3e).115 This aptasensor showed improved target
accessibility and higher sensitivity (2.09 × 104 exosomes/mL)
as compared to the ssDNA-counterpart. To perform highly
sensitive detection of biological objects with larger size, such as
cancer cells, a synergic TSP-aptamer interface was engineered
using multibranched HCR that offers multiple biotins and
branched arms for multivalent capture and signal amplification
(Figure 3f).116 These successful applications of eTSP-sensor in
ultrasensitive bioassays have proved the unique advantages of
DNA nanostructures in electrochemical interface modulation
and sensitivity improvement (Table 1).

■ OPTICAL DETECTION

As a versatile molecular scaffold, TSP is also compatible with
optical detection modes, such as glass-based fluorescence
analysis. Using commercially available nucleotide modifications,
a variety of functional groups beyond −SH could be conjugated
to oligonucleotides for synthesis of specific TSP.86 Amine
group modification facilitates TSP to be anchored on glass slide
surface for single molecule detection through epoxy-amine

reaction.117 In this approach, quantum dots (QDs) were
captured as fluorescent probes on TSPs via target-induced
streptavidin−biotin binding. By imaging with epifluorescence
microscopy, a digital counting of dots was realized for single
DNA molecules readout (Figure 4a). Replacing the pendant
linear DNA with a stem-loop structure that has a toehold
domain, this QDs-based single-molecule imaging platform
enabled a toehold-mediated sensitive detection of miRNA
with LOD down to 5 fM.118 To realize the detection of
microRNA at single molecule level, Wang et al. developed a
plasmonic nanobiosensor that used single TSP-modified Au@
Ag core−shell nanocube as a plasmonic probe to capture target
microRNA and meanwhile induced the signals of localized
surface plasmon resonance (LSPR).119 Using this nano-
plasmonic sensor, a single miRNA21 binding event can
generate ∼4 nm wavelength shift of LSPR scattering spectral.
Such a high sensitivity allows ultrasensitive detection of
microRNA and logic operation (Figure 4b). Instead of direct
anchoring on sensor surface, TSP could also be used as a
nanolabel for signal amplified quantitative detection of HIV-
related DNA and human IgG, particularly at the single-
molecule level.120,121 Besides, TSP can amplify the optical
signals in biolayer interferometry by enlarging the sensing
interfacial thickness or density.122 This TSP-enhanced dip-and-
read method allowed a label-free and sensitive detection of
DNA and ATP respectively. Further, TSP coupling with dual

Table 1. Comparison between the Proposed eTSP Sensors for Bioassays

signal amplificationa targetb readoutc dynamic range LOD ref

HRP/TMB DNA i-t 1 pM to 10 nM 1 pM 35
HRP/TMB DNA i-t 1 fM to 0.1 nM 1 fM 48
HRP/TMB H7N9 gene i-t 1 pM to 0.1 μM 0.1 pM 88
poly-HRP/TMB E.coli genome i-t 0.2−200 pg/μL 0.2 pg/μL 89
HCR/HRP/TMB DNA i-t 1 fM to 0.1 nM 0.1 fM 90
PCR/HRP/TMB methylated DNA i-t 3−150 pg 3 pg 91
AuNP/graphene NADH DPV 1 fM to 100pM 1 fM 93
HRP/TMB telomerase activity i-t 0−5 × 104 cells 10 cells 94
L-AuNP/CdS telomerase activity ECL 1−90 × 10−8 IU 2 × 10−9 IU 96
hemin/G4/PANI 8-OHdG DPV 10 pM to 2 nM 1 pM 95
G wire/TMB miR21 i-t 0.5−10 nM 176 nM 98
HRP/TMB miR141 i-t 1 fM to 1 nM 1 fM 99
poly-HRP/TMB miR21 i-t 10 aM to 1 nM 10 aM 100
HCR/HRP/TMB miR122b i-t 10 aM to 1 pM 10 aM 90
enzyme/AgNP miR21 LSV 1 fM to 1 nM 0.4 fM 103
RCA/AgNP Let-7a LSV 0.1fM to 10 nM 50 aM 104
HCR/AuNP/AgNP miR175p LSV 0.1 fM to 0.1 nM 2 aM 102
poly-HRP/TMB miR21,155,196a,210 i-t 10 fM to 1 nM 10 fM 105
HRP/TMB TNF-α i-t 0.1−5 ng/mL 0.1 ng/mL 106
HRP/TMB PSA i-t 1−100 pg/mL 1 pg/mL 107
FeC-Ab IgG SWV 0.01−100 ng/mL 2.8pg/mL 108
FeC-Ab E.coli LPS SWV 0−3 ng/mL 0.2 ng/mL 109
FeC-Ab PspA peptide SWV K 0.2 ng/mL 110
HRP/TMB cocaine i-t 0.1 μM to 1 mM 33 nM 111
Ru(phen)3

2+ ATP ECL 0.5 nM to 1 μM 0.2 nM 112
MB Hg2+ DPV 0.1−20 nM 100 pM 113
MB ATP SWV 1 nM to 1 μM 5 nM 114
[Fe(CN)6]

3‑/4‑ exosome SWV 105−1012/mL 2 × 104/mL 115
HRP/TMB MCF-7 cells i-t 0−103 cells 4 cells 116

aL-AuNP, luminol gold nanoparticle; hemin/G4/PANI, hemin/G-quadruplex and polyaniline; G wire, guanine nanowire; FeC-Ab, ferrocene-
antibody. bNADH, dihydronicotinamide adenine dinucleotide; 8-OHdG, 8-hydroxy-20-deoxyguanosine; E. coli LPS, E. coli lipopolysaccharides;
PspA peptide, pneumococcal surface protein A peptide. cDPV, differential pulse voltammetry; ECL, electrochemiluminescence; LSV, linear sweep
voltammetry; SWV, square wave voltammetry.
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polarization interferometry technique enabled a real-time
monitoring of the interactions between TSP-scaffolded G-rich
sequences and Pb2+ ions and realized a label-free, sensitive
determination of Pb2+ (9 nM).123

In addition, TSPs could be easily incorporated into a
microarray platform for multiplexed targets readout by
substituting the pendant recognition domain with the
corresponding target-responsive probes. Li et al. engineered
an addressable microarray by covalently linking amine-TSPs
onto aldehyde-glass chips for multiplex detection of let-7a, PSA,
and cocaine with improved sensitivity and specificity (Figure
4c).124 To accelerate the target binding, a DNA nanostructured
aptamer pull-down approach was developed for a quick and
arrayed assay in a glass capillary.125 This TSP-based pull-down
assay allowed for multiplexed and sensitive fluorescent
detection of the contents (ATP, cocaine and thrombin) in
droplets with nano- or picoliter volumes (Figure 4d). They
further constructed a bubble-mediated DNA nanostructured
capillary microarray that enabled a rapid and multiplex
quantitation of three heavy-metal ions (i.e., Ag+, Hg2+, and
Pb2+) at the nanomolar level.126 These results demonstrate that
TSPs have higher sensitivity, which is in agreement with the

report by Howorka and coauthors.127 Importantly, a single
molecular probe can be precisely anchored on a single
tetrahedron structure to form single nanostructured probes,
which is difficult to realize on inorganic nanostructures.
Moreover, incorporating nanostructured FNAs onto macro-
scopic surface offers a route to engineering trans-scale
biosensing interface for enhanced molecular recognition,
which ultimately benefits surface-based biosensors.48

■ FNA-ENABLED INTRACELLULAR SENSING

DNA nanostructures can serve as idea carrier platforms to
delivery cargos (e.g., functional molecules and drugs) into cell
for diagnostic and therapeutic applications. The quantitative
analysis of cellular biomolecules and metabolites with high
spatial-temporal resolution can assist the elucidation of
molecular mechanism and heterogeneity in living cells at
single-cell level. Compared with other molecular carrier, DNA
nanostructures have several unique merits for intracellular
molecular detection. First, negatively charged DNA nanostruc-
tures facilitate transfection-free endocytotic internalization
through receptor-mediated transmembrane transport. Second,
the internalized nanoscaffold would dock in cytoplasm and thus

Figure 4. TSP-based optical detection on surface. (a) TSP-based epifluorescence imaging of single DNA molecule using QDs as reporter (Adapted
with permission from ref 117. Copyright 2012, The Royal Society of Chemistry). (b) TSP-based plasmonic biosensor for single molecule analysis of
microRNA21. (c) TSP-based microarrays for multiplex detection of let-7a, PSA and cocaine. (d) TSP-mediated capillary microarray for multiplexed
bioassays of thrombin, ATP and cocaine. (b−d) Adapted with permission from refs 119, 124, and 125. Copyright 2018, 2014, and 2017, respectively,
American Chemical Society.
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enables molecular recognition inside different cellular compart-
ments. Third, DNA nano-objects, like tetrahedrons, are
enzymatically resistant, which allows them to retain the intact
structure during intracellular transport.128,129 Fourth, the
natural DNA scaffold has intrinsic biocompatibility and does
not exhibit cytotoxicity. Based on these advantages, DNA
nanoarchitectures have been widely delivered into cells for
precise molecular recognition and detection of nucleic acids
and non-nucleic acid targets.

■ NUCLEIC ACIDS SENSING

The concentration variation and spatiotemporal distribution of
intracellular nucleic acids are closely associated with the state of
living cells and disease progression. However, accurate probing
of these dynamic processes in cells remains challenging. To
address this, multiple DNA nanostructures designed with
target-responsive elements have been developed for precise
detection of nucleic acids (e.g., miRNA and mRNA) in
cytoplasm. Inspired by the reconfigurable design of DNA

Figure 5. FNA-enabled intracellular RNA sensing. (a) Dual-color encoded reconfigurable DNA nanoprobe for simultaneous imaging of two
intracellular miRNAs. (b) DNA pyramid-mediated chiroptically active nanoassembly for dual-mode miR21 detection. (c) TSP-based nanosensor for
GAPDH mRNA detection. (d) DNA nanotweezer-based FRET strategy for detection of TK1 mRNA in cells. (e) Entropy-driven tetrahedron-based
amplifier for sensitive detection of intracellular TK1 mRNA. (f) Multicolor-encoded tetrahedral nanoprobes for simultaneous detection of multiple
mRNAs in cells. (a−f) Adapted with permission from refs 131−135 and 137. Copyright 2016, 2015, 2018, and 2017, respectively, American
Chemical Society.
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tetrahedron and its intracellular logic operation,36,130 Xiang et
al. developed a dual-color-encoded reconfigurable tetrahedron
nanoprobe for simultaneous imaging of two miRNAs within
living cells.131 In this design, two folded hairpin domains that
could specifically recognize the target miR-21 and miR-155
were separately incorporated into two different edges. Mean-
while, two fluorophore-quencher pairs were respectively located
close to the two hairpin sequences. The rigid tetrahedron
structure permits fluorophore/quencher pairs in close prox-
imity, which quenches the fluorescence emission. In the
presence of target miRNAs, the corresponding hairpin structure
would unfold and separate the fluorophores from the

quenchers, thus recovering the fluorescence signal for “signal-
on” readout of target miR-21 and miR-155 in MDA-MB-231
cells, respectively (Figure 5a). Different from this TSP-based
fluorescent dyes-driven miRNA sensing, high-photostability
nanoparticles, such as AuNPs and upconversion nanoparticles
(UCNPs), could also been incorporated into DNA frame for
ultrasensitive quantification of intracellular miRNA. To achieve
this, Xu et al. assembled a DNA pyramid between AuNPs (∼20
nm) and UCNPs (NaGdF4:Yb

3+, Er3+, ∼19 nm), which carries
target-specific sequences enabling a dual-mode detection of
miR21 in Hela cells (Figure 5b).132 The DNA pyramid
structure offers a geometric precision to arrange the

Figure 6. FNA-enabled intracellular sensing of non-nucleic acid targets. (a) Dual-color encoded DNA nanoprobe for multiplexed detection of
intracellular toxic metal ions (Adapted with permission from ref 138. Copyright 2016, Elsevier). (b) Competition strand-mediated DNA tetrahedral
probe for detection of intracellular ATP molecules. (c) DNA nanoprism-based split aptamer for intracellular ATP sensing. (d) AuNP-based
tetrahedral FRET probe for “off-on” fluorescent readout of telomerase activity in cells (Adapted with permission from ref 141. Copyright 2018, The
Royal Society of Chemistry). (e) DNA tetrahedral probe enabling simultaneous detection of pH and O2

•− in cells. (f) Scallop-inspired,
thermosensitive DNA nanothermometer probing intracellular temperature change. (b, c, e, f) Adapted with permission from refs 139, 140, 142, and
143. Copyright 2016 and 2017, respectively, American Chemical Society.
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chiroptically active AuNPs and luminescent UCNPs with a
rational spatial spacer. When this chiral assembly enter cell,
target miRNA would hybridize with the recognition domains in
DNA structures and disintegrate pyramid integrity. The
disassociated nanoparticles could simultaneously induce a
chiroplasmonic and a luminescent signal change for dual-
mode probing of miRNA in living cells.
DNA nanostructured probes can also specifically recognize

the intracellular mRNA transcripts for understanding the state
of single cells. Inspired by a natural snail born with a
“protective-yet-accessible” biological system, Leong and co-
authors devised a TSP-based nanosensor by conjugating a
GAPDH mRNA-specific molecular beacon at one vertex, in
which the TSP served as nanoshell for protection of beacon
within cells (Figure 5c).133 This noncytotoxic nanosensor is
capable of entering living cells without transfection, and highly
resistant to nonspecific enzymatic degradation. Upon hybrid-
ization with intracellular GAPDH mRNA, the beacon stem-
loop structure would unfold and separate the fluorophore from
the quencher molecules, thus lighting up the fluorescence
signals and mapping the intracellular spatial distribution of
target mRNAs. Using this approach, they realized a rapid and
highly specific detection of GAPDH mRNA expression in
DLD-1 cells at nanomolar sensitivity.
Compared with two-step fabrication of mRNA-responsive

TSP, the one-step self-assembly appears more direct and
simpler. Tan et al. proposed a single-step DNA tetrahedral
nanotweezer that exploited the mRNA-induced fluorescence
resonance energy transfer (FRET) for reliable quantification of
tumor-related mRNA in living cells (Figure 5d).134 This
nanotweezer contains two fluorescently labeled “arms”
respectively positioning on two adjacent vertices, which are
partially complementary with different domains of the target
mRNA. The initially separated donor and acceptor fluoro-
phores could be brought into close proximity for high-efficiency
FRET when precisely tweezing the target mRNA molecule.
Such a DNA nanotweezer-based FRET strategy allowed a
highly reliable detection of TK1 mRNA in HepG2 cells. To
further enhance the detection signal of intracellular TK1
mRNA, Tan et al. used molecular engineering to redesign an
entropy-driven tetrahedron-based amplifier that could operate
in living cells (Figure 5e).135 The amplifier operation proceeds
through two key molecular modules (i.e., the entropy beacon
tetrahedron module and the fuel tetrahedron module) that
cooperatively function for signal-enhanced imaging of target
mRNA. In the presence of target mRNA, the entropy beacon
module can release a beacon complex (turn-off) that has a
toehold domain complementary to the fuel module, which fuels
the separation of beacon molecules to “turn on” the target-
responsive signals. Meanwhile, this process can dehybridize the
target mRNA into next round of entropy-driven signal gain.
This tetrahedron-based amplifier realized a sensitive detection
of TK1 mRNA in HepG2 cells and profiled the expression level
of TK1 mRNA in different cell lines.
Apart from these external molecular beacons exposed on the

tetrahedral scaffold, an intra-tetrahedral hairpin beacon also
serves as an excellent nanoprobe for intracellular mRNA
imaging. For example, a specific mRNA-responsive stem-loop
structured domain was embedded opposite a nick in one edge
of tetrahedron.136 Without target mRNA, the fluorophore and
quencher molecules at each end of the nick were brought into
close proximity, which suppressed the fluorescence emission.
When this nanoporbe permeates into living HepG2 cells, the

target TK1 mRNA specifically hybridizes with the stem-loop
structure, thereby inducing a strong fluorescence via target-
responsive fluorophore-quencher separation. Despite remark-
able progress, such “off-on” tetrahedral nanoprobes often focus
one target mRNA. A very recent study demonstrated a
simultaneous detection of multiple mRNAs (e.g., C-myc,
TK1 and GalNAc-T) in different cell lines, such as MCF-7
and MCF-10A cells (Figure 5f).137 In this approach, the DNA
scaffold harnesses three semiduplex structures (each with a pair
of fluorophore-quencher) at different vertices as multicolor-
encoded nanoprobes. Upon internalization, the three target
mRNAs specifically hybridized with the semiduplex sequences
and released the fluorescent strand for intracellular multiple
mRNAs detection.

■ NON-NUCLEIC ACID SENSING
Beyond nucleic acids, there are a variety of living-related
signaling substances or physiological microenvironments in
cells, ranging from ions, small molecules, proteins to pH and
temperature. How to make precise measurement of these
important informations is critical for deep understanding of
their intracellular spatiotemporal distribution and related
functions. To achieve this, several DNA nanostructured probes
modified with target-specific functional elements (e.g., aptamer
and DNAzyme) have been proposed for accurate probing in
living cells. By integrating two metal ion-dependent DNAzyme
sequences into two edges of DNA tetrahedron, Xiang et al.
developed a dual-color encoded DNA nanoprobe for multi-
plexed detection of intracellular toxic metal ions.138 The two
ion-specific DNAzyme sequences were respectively embedded
into two opposite edges of tetrahedron structure. Each harbors
a pair of one fluorophore-two quenchers for effective
quenching. Upon recognition with target ions, the specific
substrate strands could be sliced by corresponding DNAzymes
and thus released the fluorescent fragments for recovering
fluorescence. Based on such a dual-color DNAzyme nanoprobe,
they realized simultaneous detection of UO2

2+ and Pb2+ in
living HeLa cells (Figure 6a).
Small molecules, such as ATP, can also be sensed in living

cells using DNA nanostructured probes. Pei et al. initially
incorporated a dynamic ATP-aptamer into one edge of a
reconfigurable DNA tetrahedral probe that can serve as an
intracellular logic sensor specifically responding to the input of
ATP molecules in living HeLa cells.36 Similarly, a competition
strand-mediated DNA tetrahedral probe has also been used to
detect intracellular ATP molecules.139 In this approach, an
ATP-aptamer sequence partially hybridizes with its competitor
that is a stem-loop structure embedded in one edge of
tetrahedral molecular beacon. The presence of target ATP
induced a specific ATP-aptamer binding, which gradually
recovers the original hairpin structure of the competition
strand and initiates FRET signals for ATP readout in living cells
(Figure 6b). Different from this independent aptamer probe
design, a DNA nanoprism-based split aptamer for ATP was
recently used to sense intracellular ATP.140 Two fragments of
the split ATP aptamer were respectively modified with donor
and acceptor fluorophores (i.e., Cy3 and Cy5) for FRET, which
are partially complementary to the single-stranded edges of
DNA triangular prism. Without target, the dual fluorophores
are spatially separated at the “FRET off” state, whereas in the
presence of target ATP the split aptamer fragment would be
brought together, thereby bringing the two fluorophores into
close proximity for “FRET on” signaling (Figure 6c). Of note,
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DNA nanoprisms, like DNA tetrahedra, are also highly resistant
to enzymatic cleavage and have excellent biocompatibility in
cells. This nanoprobe combining with split aptamer-based high
FRET efficiency allows for effective detection of ATP and
probing its intracellular levels in living HeLa cells.
DNA nanostructured probes have also been explored to

detect intracellular protein enzymes, such as telomerase, which
could catalyze the addition of telomeric repeats. For example,
Xu et al. designed an AuNP-based tetrahedral FRET probe for
“off−on” fluorescent readout of telomerase activity in cells.141 A
AuNP-conjugated hairpin and three fluorescent dyes (Cy5) are
positioned on the four vertices of DNA tetrahedral scaffold.
Upon the equal distance between fluorescent dyes and AuNPs
on tetrahedron, the self-assembled DNA nanoprobe is initially
“FRET-on” due to the strong quench of AuNPs on fluorescent
dyes. However, in the presence of telomerase, the stem
sequence of hairpin domain could be catalyzed to elongate,
which extends the original distance between AuNPs and dyes
and thus recovers the fluorescence of Cy5. Using this approach,
one telomerase binding event could lighten three reporters,
which largely improved the sensitivity of intracellular imaging
of telomerase in living HeLa cells (Figure 6d).
In addition to intracellular molecules, DNA nanoprobes are

able to read out the intracellular microenvironment, such as
pH, superoxide anion (O2

•−), and temperature.142,143 First, Li
and coauthors developed DNA tetrahedral probe that is capable
of fixing the distance between indicators and enabling
simultaneous detection of pH and O2

•− in living cells.142

This design effectively controls the dye distance and thus avoids
the self-quenching of fluorescent dyes, thereby exhibiting much
higher sensitivity in imaging as compared to mesoporous silica
probes that are prone to suffer from self-quenching. By
conjugating one fluorescein (FAM) and three hydroethidine
fluorophores on the four vertices, such a signal-enhanced
tetrahedral nanoprobe can simultaneously image the dynamic
change of pH and O2

•− in living HeLa cells and in vivo at a
single wavelength excitation (Figure 6e). Next, a scallop-
inspired, thermosensitive DNA nanoprobe was engineered as a
nanothermometer to probe intracellular temperature change.143

This nanoprobe is composed of a DNA tetrahedron with one
edge inserted into a thermosensitive molecular beacon
(hairpin), which is partially complementary to a dual
fluorophore strand (FAM as donor and TAMRA as acceptor)
for ratiometric measuring. When the temperature is lower than
Tm, the hairpin structure dominates and maintains a contractive
DNA nanostructure that brings the donor−acceptor together,
whereas at temperature higher than Tm the hairpin unfolds and
expands the DNA structure, which would enlarge the distance
between donor−acceptor pair (Figure 6f). Using such a reliable
FRET-based ratio of acceptor-to-donor fluorescence intensity, a
fast and accurate temperature sensing in living cells has been
realized.

■ CONCLUSIONS AND PERSPECTIVES
In this review, we summarize recent progress in FNA-enabled
sensing. FNAs can serve as scaffolds for precise engineering of
the biosensing interface. We show that FNAs can increase the
target accessibility at heterogeneous biosensing interface to
improve detection sensitivity and specificity, or enhance the cell
permeability without relying on transfection agents. Especially,
the precise DNA self-assembly and flexible probe design allow
one to modify DNA nanostructures for favorable probe
orientation and accessibility at the biosensing interface. Using

TSP-based interfacial engineering, various e-TSP and optical
sensors have been tailored to measure multiple targets,
including ions, small molecules, nucleic acids, antibodies,
exosomes and cancer cells.144 FNAs have also been exploited
to use as functional “liquid chips” or carrier platforms, which
harness the synergistic effect of probe anchoring with atomic
precision and homogeneous molecular recognition for highly
sensitive detection of target substances. In combination with
their prominent properties, such as endocytotic internalization,
enzymatic resistance, and noncytotoxicity,128,145,146 FNAs can
effectively transduce the intracellular molecular events or
monitor the microenvironments in living cells.
Despite the remarkable progress, there are still several

challenges in FNA-enabled sensing. (i) The purity of self-
assembled DNA nanostructures governs their downstream
application, including biosensing. Nevertheless, the purification
means currently is limited by gel electrophoresis, chromatog-
raphy, and centrifugation techniques.147−149 This requires that
approaches with higher separation efficiency, for example,
single-step rapid isolation, to be developed.150 (ii) Solid-phase
synthesis of long DNA sequences (>100 nt) remains a hurdle.
Besides, DNA nanostructures, such as origami, often require
hundreds of staple ssDNA to complete structural folding. Both
would contribute to high cost in building functional DNA
nanostructures.151 Very recently, Dietz et al. reported a cost-
effective and scalable approach capable of producing ssDNA
with virtually arbitrary sequence and length.24 In this approach,
they used bacteriophages to derive target sequence-contained
ssDNA precursor that interleave with Zn2+-dependent self-
excising DNAzyme cassettes for mass production of the ssDNA
required in DNA origami. (iii) DNA nanostructures can carry
cargo into cytoplasm inside living cells, while their organelle
targetability remains to be improved. This largely hinders the
roles of FNAs in deciphering intracellular molecular events. We
believe that the rapid evolution and interdisciplinarity of DNA
nanotechnology would create more FNAs to enable precise
molecular handling and biosensing.7,152−155

We expect that synthetic biology, conjugation techniques,
and smart bioresponsive materials might be exploited to tailor
FNAs for better interfacial orientation or more flexible
responsiveness for in vitro detection.6,156−160 By taking TSP-
antibody or TSP-aptamer complex as an example, it has a
synergistic structural advantage that contributes to either a
renewable probe layer, favorable accessibility at an interface, or
a powerful intracellular molecular beacon.27,106,144 Note that
the nanoscale structure usually accelerates the mass transport
rate and improves the sensitivity.85 However, the limited space
available in nanosensors restricts the effective probe numbers
and biorecognition events. To address this size dilemma, a
trans-scale biosensor that incorporates nanoarchitectures into
macroscopic surfaces is highly desirable.48,161,162 For example,
by patterning the macroscopic gold electrode with TSP varying
in size, the detection limit can be programmably tuned.48 These
artificial DNA nanoprobes may also be modulated by electric
fields to enhance the biorecognition capacity.163,164 By
interfacing with a single-step, multiplexed microfluidic system,
the functional structured bioprobes would be promising to
enable precise quantification of clinically relevant markers at
different levels.125,165,166 We envision that FNAs will provide
numerous opportunities for a new generation of molecular
diagnosis and therapy.167−171
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■ VOCABULARY
Framework nucleic acids, exquisite DNA or RNA nanostruc-
tures assembled through highly predictable and precise DNA
hybridization, which provide frameworks for organizing
molecules or materials; structural DNA nanotechnology, a
DNA-based technology using precise Watson−Crick base-
pairing rules to construct DNA nanostructures from 1D to 3D
with high controllability and programmability; tetrahedral
structured probe, a tetrahedron-shaped scaffold assembled
with designed DNA sequences for precisely anchoring of
biomolecular probes; interface engineering, using engineering
principles to design and modulate interface properties;
intracellular biosensing, translate biological recognition events
inside cells into measurable physical signals
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