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Self-assembled DNA nanodevices for intelligent
biosensing

Yongjian Chen,i®® Run Tian,?° Yi Zhang,© Baoquan Ding &) **° and
Qiao Jiang () *2°

Leveraging sequence specificity, shape programmability, and spatial addressability, DNA nanotechnology
enables the nanometer-precise construction of DNA nanodevices for a wide range of biological
applications. This progress in employing self-assembled DNA
nanostructures as scaffolds for creating advanced nanodevices as biosensors. We highlight notable

minireview summarizes recent
advancements in ultrasensitive detection, multiplexed sensing, and targeted molecular bioimaging.
These self-assembled DNA nanodevices are designed for intelligent sensing of various analytes, offering
innovative solutions for biomedical diagnostics and environmental surveillance. Challenges related to the
detection precision, stability, and scalable production of these promising DNA-based biosensors are also

rsc.li/nanoscale-horizons discussed.

1. Introduction

Deoxyribonucleic acid (DNA) is notable for its fundamental role
as the primary carrier of genetic information in almost all living
organisms."” Beyond its biological function, DNA has emerged
as a versatile and programmable material for nanoscale
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engineering, giving rise to the vibrant field of DNA nanotech-
nology. In the early 1980s, Nadrian Seeman conceived the idea
of using DNA molecules as building blocks to create artificial
DNA assemblies.® His group demonstrated the feasibility of
constructing stable, synthetic, branched DNA junctions with
sticky ends that could self-assemble into predetermined pat-
terns. This finding inspired the development of tile-based DNA
structures, including multi-arm structures, two-dimensional
(2D) arrays, polyhedral structures and three-dimensional (3D)
crystals.*”® Another major milestone came in 2006 with Paul
Rothemund’s invention of DNA origami.’ The fabrication of
DNA origami involves folding a bacteriophage-derived single-
stranded scaffold strand over 7000 bases into an arbitrary
shape using hundreds of shorter staple strands. This method
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enables the creation of a wide variety of 2D and 3D DNA
structures with diverse morphologies and even dynamic
structures.'®™"’

DNA nanotechnology has paved the way for a wide range of
self-assembled DNA nanodevices with tangible applications by
harnessing the sequence specificity, shape programmability,
and spatial addressability of DNA nanostructures. In particular,
self-assembled DNA biosensors have emerged as innovative
tools for a variety of chemical and biological applications,
including disease diagnosis, pathogen detection, and environ-
mental monitoring. Serving as programmable and addressable
templates, DNA nanostructures facilitate the spatial assembly
and organization of multiple functional payloads, including
small molecular dyes, peptides, proteins, nucleic acids, nano-
particles, etc., with nanoscale precision.”’’>® This assembling
capability allows DNA nanotechnology for the creation of
nanodevices with tailored properties for smart sensing tasks.
Significant advancements have been made in the design of
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dynamic DNA-based devices and machines, which are essential
for building DNA-based sensing devices. For instance, strand
displacement has been exploited in constructing DNA walkers
as molecular processors.>” Reciprocating DNA nanomachines
with flexible structures enable the fabrication of DNA motors
28739 stimuli-responsive dynamic DNA nanode-
vices capable of undergoing fine-tuned structural reconfigura-
tion can also be fabricated, releasing the payloads upon
receiving the desired signals.>’*°® Furthermore, the inherent
biocompatibility of DNA nanodevices has been exploited to
engineer smart sensing systems.

In this minireview, we will explore the function of DNA nano-
devices in the field of biosensing. Notable advancements in ultra-
sensitive detection, multiplexed sensing, and targeted molecular
bioimaging are also summarized. The discussion covers possible
challenges for these novel nanoprobes, including concerns about
detection precision, capabilities, pharmacokinetic properties, stabi-
lity, immunogenicity, and scalable mass production.

and nanorobots.

2. Design of self-assembled DNA
nanodevices for biosensing

To perform specific biosensing tasks, a typical DNA
nanodevice-based biosensor is designed by incorporating sen-
sing and reporting elements onto self-assembled DNA scaffolds
(Fig. 1). Sensing elements are responsible for recognizing and
binding to target molecules. Engineered DNA sensors utilize
various functional nucleic acids, including G-quadruplexes, i-
motifs, aptamers, and DNAzymes,*” ! that can conveniently be
integrated into DNA scaffolds, as probing components to
enable sensitive recognition of target analytes. The sensing
capabilities can be further broadened by conjugating DNA
scaffolds with small-molecule ligands, peptides, and anti-
bodies for specific molecular targets.** ** Moreover, multiple
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Fig. 1 The general design of self-assembled DNA nanodevices for biosensing.

parameters to identify a targeted molecule could be attached to
a single DNA-based biosensor scaffold to improve discrimina-
tion. After recognition, reporting elements can transduce the
initial binding event into a detectable signal. Fluorophores and
nanoparticles, when integrated into DNA scaffolds, are
employed to convert the binding of target analytes to sensors
into optical and/or electrochemical signals for subsequent
analysis.*>"*®

To achieve highly sensitive detection of trace analytes, signal
processing and amplification strategies are often integrated
into the DNA nanodevices. Techniques such as rolling circle
amplification (RCA), hybridization chain reaction (HCR), and
catalytic hairpin assembly (CHA) can be incorporated into these
platforms to facilitate the detection of low-concentration mole-
cular analytes.””"*° Additionally, plasmonic enhancement has
been employed to improve sensitivity,>>>! and DNA-assembled
plasmonic nanostructures have gained significant attention.
These hybrid platforms take advantage of the precise spatial
organization of noble metal nanoparticles to exploit unique
physicochemical properties, such as plasmonic coupling effects
from localized surface plasmon resonance (LSPR). By convert-
ing molecular binding events into quantifiable signals, these
self-assembled DNA nanodevices enable the sensitive detection
of a wide range of molecular targets, including ions, small
molecules, nucleic acids, and proteins.

3. Advances in self-assembled DNA
nanodevices for efficient biosensing of
various analytes

In recent decades, a wide array of self-assembled DNA nanode-
vices have been developed and successfully applied to biosen-
sing diverse analytes, including ions, small molecules, nucleic
acids, and proteins. By harnessing the intrinsic chemical
and biological properties of these targets, researchers have
designed versatile self-assembled DNA nanoplatforms that
integrate customized molecular probes with functional report-
ing elements. These modular designs not only broaden the
spectrum of detectable analytes but also enhance both sensing

This journal is © The Royal Society of Chemistry 2025

efficiency and specificity. A representative summary of these
systems, including the analytes, probing elements, and report-
ing strategies, is provided in Table 1, showcasing the breadth
and versatility of current biosensing platforms based on self-
assembled DNA nanodevices.

Building on this overview, the following sections will provide
a more detailed discussion of representative examples, explor-
ing how different DNA nanostructures and sensing mechan-
isms have been strategically integrated to achieve sensitive and
selective detection across various classes of analytes.

3.1. Ion sensing

Ions play a crucial role in numerous biological processes,
including signal transduction and cell metabolism.”*>* While
traditional methods for ion sensing relied on macrocyclic
fluorescent probes,** recent advances have shifted toward
functional nucleic acids that selectively bind specific ions. For
example, the i-motif interacts with H**® the G-quadruplex
binds to Na* and K*,*” and various DNAzymes utilize specific
metal ions as catalytic centers.® These unique properties make
functional nucleic acids highly effective components for devel-
oping ion sensors.

The precise monitoring of lysosomal ion dynamics such
as H', CI” and Ca** is important for diagnosing meta-
bolic disorders.>>™” Recently, Zou et al. developed a DNA
tetrahedron-based ratiometric fluorescent probe for the simul-
taneous detection of H, CI~ and Ca*>" in lysosomes.’® The
probe is constructed from four single-stranded DNA strands,
each functionalized with a specific ion-sensitive fluorophore or
a reference fluorophore (Cy5). The rigid DNA tetrahedron
framework ensures fixed stoichiometry and spatial separation
of fluorophores at its four vertices, enabling precise ratio-based
sensing. This probe successfully differentiated these ions with
high sensitivity in living cells, resolving lysosomes into distinct
subpopulations. To specifically monitor pH dynamics in lyso-
somes, Yue et al. designed a split i-motif with two parts,
allowing for tunable pH transition midpoints and signal-to-
noise ratios.>® This system was integrated into a DNA tetrahe-
dron for enhanced stability, cellular uptake, and lysosomal
targeting. The optimal nanosensors effectively differentiated
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lysosomes from early endosomes and successfully visualized
pH fluctuations in living cells, providing a valuable platform for
exploring lysosomal biology and disease diagnostics.

Na' and K' ions are essential for maintaining cellular
function, particularly electrochemical signaling and cellular
homeostasis.®”®' The asymmetrical distribution of Na* across
the plasma membrane drives molecular transmembrane trans-
port, however, the establishment of corresponding gradients at
the organellar level remains less clear. To investigate this, Zou
et al. created a DNA nanodevice for Na'-sensing in endocytosis-
related organelles.®” This DNA nanodevice incorporated a pH-
insensitive Na'-reporting fluorophore named Chicago Green, a
reference dye, and an organelle-targeting domain within a DNA
duplex. In living mammalian cells and C. elegans, the sensors
mapped Na® characteristics at a single endosome resolution,
revealing that Na' concentration declined during the endocy-
tosis process due to the activation of two-pore channels and
Na'/H' exchangers.

The K' gradient is intricately linked to the Na* gradient, with
both collectively serving as a primary driving force for molecu-
lar transmembrane transport.®®> However, the accurate quanti-
fication of K" in acidic environments remains challenging due
to the pH sensitivity of the macrocyclic ligands used for its
specific recognition. To address this issue, Anees et al. devel-
oped a DNA-based pH-correctable, ratiometric intracellular K*
reporter.®® This three-way DNA junction contained a pH-
responsive i-motif and a K'-sensitive dye for simultaneous
measurement of organellar pH and K" levels, allowing for pH
correction. These DNA reporters successfully targeted early
endosomes, recycling endosomes, and the trans-Golgi net-
works, revealing that luminal K" levels in recycling endosomes
increased with wild-type Kv11.1 channel expression.

Zn*" is another essential abundant metal ion, and its
abnormal accumulation in organelles is linked to cellular
dysfunction.®® Using high-intensity focused ultrasound (HIFU)
techniques, Wang et al. developed a noninvasive, spatiotempo-
rally controlled method for DNAzyme-based Zn** imaging
in vivo (Fig. 2a).°® The Zn>"-selective DNAzyme probe was
initially blocked by a protector strand. In the presence of
HIFU-induced localized heating, the probes were activated by
de-hybridization of the protector strands. With this design, the
probes showed minimal fluorescence resonance energy transfer
(FRET) signals before HIFU and increased fluorescence after
activation in both HeLa cells and mice. This external field-
controlled strategy offered a promising tool for the investiga-
tion of metal ion dynamics in vivo.

Heavy metal ions, such as Hg>*, Ag* and Pb>" ions, have
been recognized as important environmental pollutants, which
are toxic and hazardous to human health.®”®® For on-site
environmental monitoring, Qu et al. developed a DNA nanos-
tructure microarray within a microchannel platform to detect
heavy metal ions.®® Tetrahedral DNA structures containing
target-specific probes, including thymine (T)-rich sequences
for the selective coordination with Hg>*, cytosine (C)-rich
oligonucleotides for the interaction with Ag", and a DNAzyme
for specific Pb®" recognition, were assembled and immobilized
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Fig. 2 Self-assembled DNA nanodevices for efficient biosensing of various analytes. (a) HIFU-activated DNAzyme probe for in vivo Zn®* imaging.
Reproduced with permission from ref. 66. Copyright 2022, American Chemical Society. (b) DNA origami nanodevice for blood glucose monitoring.
Reproduced with permission from ref. 79. Copyright 2023, John Wiley and Sons. (c) DNA cage for selective sensing of mature miRNA. Reproduced with
permission from ref. 84. Copyright 2023, John Wiley and Sons. (d) DNA nanogripper for spatial recognition of viruses. Reproduced with permission from

ref. 96. Copyright 2024, AAAS.

along the microchannels. In the presence of individual metal
ions, the specific fluorophore-labeled reporter strands in the
aqueous solution can be captured, generating corresponding
fluorescent signals for each pollutant.

3.2. Small molecule sensing

Small molecules, such as glucose and ATP, are crucial for
cellular function and signal transduction, making them valu-
able diagnostic biomarkers.””7> Chemically synthesized
nucleic acids like DNA/RNA aptamers and disulfide bond-
modified oligonucleotides can selectively bind to specific tar-
gets and are readily integrated into self-assembled DNA nano-
devices for small molecule sensing.

Nanoscale Horiz.

A tumor microenvironment (TME) is characterized by
significantly elevated ATP concentrations, typically 10° to 10
times higher than in healthy tissues, making it a key biomarker
for tumorigenesis.”*””> Ai et al. reported a tunable DNA nano-
circle for the sensing of ATP, where an ATP-binding aptamer
was split into two segments and embedded between two
protein tyrosine kinase 7 (PTK7)-targeting aptamers.”® The
nanocircle remained inactive under normal conditions but
underwent a conformational switch only when it encountered
both the PTK7 marker of specific tumor cells and elevated local
ATP concentrations in the TME.

In addition, elevated glutathione (GSH) levels in tumor
cells have been implicated in facilitating tumor progression,
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correlating with the level of ATP.”” Chai et al. designed a redox-
activatable ATP aptamer sensor for mitochondria-targeted
imaging.”® The assembled sensor, loaded onto cationic poly-
mer nanoparticles, consisted of a fluorophore-labelled ATP
aptamer and a quencher-tagged complementary blocker strand
modified with a disulfide bond at a specific site. In the
presence of GSH, the blocker strand was cleaved, reducing its
binding affinity with the ATP aptamer. When ATP was present,
the fluorophore-labelled aptamer underwent a conformational
change and dissociated from the blocker strand, thereby restor-
ing the fluorescence signal and achieving correlated imaging of
GSH and ATP in tumor cells.

Quantitative blood glucose monitoring is critical for dia-
betes management, however, current methods typically involve
invasive blood sample collection, which can cause tissue
damage and the risk of infection. To address this, Li et al.
developed a DNA origami-incorporated microneedle device for
in situ glucose monitoring (Fig. 2b).”° The device was con-
structed by fabricating DNA origami nanosheets, which were sealed
with multiple proton-sensitive DNA fasteners. Cy5 dyes and black
hole quencher 3 (BHQ3) were incorporated as FRET pairs, allowing
the DNA tubular structures to remain in a quenched state. These
DNA tubes and glucose oxidase molecules were further physically
trapped in the methacryloyl hyaluronic acid (mHA)-based inner-
core network of the microneedles. When the microneedle device
was applied to the skin, glucose-containing interstitial fluids were
collected in situ. The glucose in the fluid was catalyzed by glucose
oxidase to produce protons. Localized within the needles, the
protons triggered a conformational change of the DNA nanotubes,
resulting in fluorescence emission. This painless, transdermal
device converted glucose into H' by reconfiguring DNA origami
to amplify fluorescence, showing 98.70% accuracy in clinical tests.
The devices offered an encouraging, less invasive, and highly
sensitive strategy for real-time blood glucose monitoring.

Continuous, real-time monitoring of cocaine is crucial for
clinical and forensic applications. Chen et al. designed a
regeneratable cocaine-sensing system that combined anti-
cocaine aptamer with pH-sensitive DNA strands.®® The pH-
sensitive DNA sequence, which can change its configuration
from a duplex to a triplex in the presence of protons, was
incorporated into an anti-cocaine aptamer. These thiolated,
pH-sensitive aptamers were modified onto gold electrodes to
create a DNA-functionalized surface as an electronic sensing
platform for cocaine. In their study, cocaine molecules were
captured and detected by the aptamer-mediated sensing elec-
trode. After the cocaine was captured, a mild acidic solution
was introduced, causing the protons to trigger the duplex-to-
triplex conformational change of the pH-sensitive strands,
which in turn released the bound cocaine molecules from the
aptamer-coated electrode surface. This design not only enabled
specific cocaine sensing but also provided a method for in situ
sensor regeneration under mild, biocompatible conditions.

3.3. Nucleic acid sensing

Nucleic acids, such as viral genomes, miRNA, and mRNA, are
crucial biomarkers for biosensing, particularly in pathogen
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detection and cancer diagnosis. Beyond traditional polymerase
chain reaction (PCR) techniques, synthetically engineered DNA-
assembled nanodevices provide rapid, sensitive, and isother-
mal alternatives for detecting these biomarkers. These devices
leverage rationally designed complementary probes and strand
displacement reactions to achieve efficient detection.

In the battle against epidemics, rapid and sensitive detection of
viral genomes remains a critical challenge. Wang et al. developed a
novel electromechanical biosensor for ultrasensitive detection of
SARS-CoV-2 RNA.*' They designed a molecular system consisting of
a rigid tetrahedral DNA nanostructure and a flexible ssDNA probe
extended from the vertex with a sequence complementary to the
target viral RNA. The DNA tetrahedron was covalently linked to
anchor molecules (1-pyrenebutanoic acid succinimidyl ester, PASE),
which were previously immobilized onto the graphene transistor
via T stacking to avoid non-specific interactions between the DNA
structures and the graphene layer. When a negative gate voltage
was applied, the local electrical field actuated the cantilevers
downwards, bringing them closer to the graphene surface. This
increased the interaction between the analytes and the graphene
layer. These binding events altered the electrical properties of the
graphene channel, causing a detectable current response. This
platform enabled ultrafast and ultrasensitive detection of SARS-
CoV-2 RNA in patient samples, without RNA extraction and ampli-
fication procedures required for a traditional quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) approach.

MicroRNAs (miRNAs) are a class of non-coding small RNA
molecules (19-25 nucleotides) whose abnormal expression is
closely correlated with the onset and metastasis of various
cancers.*»® For the in situ detection of mature miRNA in
extracellular vesicles (EVs), Zhao et al. developed a DNA cage-
based thermophoretic assay (Fig. 2c).®* They designed a DNA
cage structure consisting of a nanoscale DNA framework, a Cy5-
labeled recognition sequence (F), and a quencher-tagged com-
plementary strand (Q). After incubation with EVs, the encapsu-
lated DNA frameworks allowed only mature miRNA, which is
shorter in length, to enter the confined cavities. There, the
miRNA hybridized with the recognition sequence, recovering
the fluorescence signal. Polyethylene glycol (PEG) was added to
serum samples to enhance thermophoretic accumulation of
EVs for amplification of the fluorescence signal. The approach
achieved a selective, in situ detection of mature miRNAs in EVs
with a limit of detection (LoD) of 2.05 fM.

An enzyme-free catalytic hairpin assembly strategy has also
been explored for the formation of constitutional dynamic
networks (CDNs) and miRNA sensing. Zhou et al. designed a
spatially localized DNA circuit for miRNA sensing.®* The circuit
was composed of a DNA tetrahedron functionalized at its
corners with DNA anchors to form an entropy-driven DNA
circuit, followed by the dynamic assembly of the CDNs. In the
presence of miR-21 and miR-155, specific conformational
changes occurred in the localized DNA circuits, resulting in
different FRET intensities for sensing.

Messenger RNAs (mRNAs) that encode key proteins involved
in pathological signaling pathways can also serve as valuable
biomarkers for disease assessment.’® Ma et al. engineered a
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DNA tile-based assembly to serve as a biosensor for simulta-
neous visualization of TK1 mRNA and synergistic cancer
killing.?” A four-arm DNA tile was fabricated and then functio-
nalized with a self-quenched molecular beacon (MB) contain-
ing a 17-nt recognition sequence that targeted TK1 mRNA in
the cytoplasm. I-motifs and aptamer components were intro-
duced into the DNA tiles to form intermolecular structures
under extracellular acidic pH, and to enhance target affinity,
cellular uptake, and membrane permeability of the DNA assem-
blies. Once internalized, the MBs hybridized with TK1 mRNA,
restoring their fluorescence for precise imaging and simulta-
neously inducing gene silencing. Additionally, these GC-rich
DNA scaffolds were loaded with doxorubicin for cellular deliv-
ery and controlled intracellular release, providing a cooperative
effect of combined gene and chemotherapeutic therapies. This
integrated, stimuli-responsive nanoplatform offers a versatile
and efficient approach for cancer theranostics.

3.4. Protein sensing

Proteins are essential biomolecules that drive critical life pro-
cesses and maintain cellular integrity and metabolic function.
In pathological states, alterations in protein expressions or
structures are frequently associated with disease onset and
progression.®®*°! Proteins are therefore key targets for disease
diagnosis and pathogen detection. In addition to traditional
techniques such as enzyme-linked immunosorbent assays
(ELISA), western blotting and surface plasmon resonance
(SPR),”*™* self-assembled DNA nanodevices offer a novel
approach for protein detection by integrating aptamers, anti-
bodies, and peptide ligands, enabling the precise identification
and quantification of disease-associated protein biomarkers.
The COVID-19 pandemic highlighted the need for rapid,
sensitive, and accessible methods for viral antigen detection
and inhibition. Chauhan et al. designed flexible, net-shaped
DNA-based nanosensors for recognizing antigen proteins and
capturing intact SARS-CoV-2 virions.”® A series of wireframed
DNA net nanostructures with different sizes were constructed,
and subsequently functionalized with multiple copies of
fluorescence dye-tagged aptamers that specifically recognize
the receptor binding domain (RBD) of SARS-CoV-2 spike pro-
teins. These aptamers were precisely organized by the DNA
nets, forming trimeric cluster arrays to mechanically match
trimeric spike protein patterns on the viral surface. Quencher-
attached ssDNA locks that were partially complementary to the
aptamers were hybridized and used to quench the fluorescence
reporters, forming the sensing motifs of the DNA nets. When
the DNA net sensors bound to the virus, the lock DNA strands
were displaced from the net’s sensing motifs, activating their
fluorescence output. This DNA net sensor achieved a rapid and
sensitive detection of SARS-CoV-2 virions, with an LoD of
~1000 copies per mL in artificial saliva, using a portable
fluorimeter, with results that were comparable to those of
gRT-PCR. Furthermore, the DNA net-aptamer complex showed
increased neutralizing potency of virions by blocking the
interaction between viral spikes and their receptors, ACE2,
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expressed on their host cells, indicating the potential to inhibit
viral infection in cell culture.

Similar to those flexible DNA nets, the same group created
DNA origami-based, robotic nanogrippers with advanced spa-
tial recognition and inhibition capabilities against the SARS-
CoV-2 virus (Fig. 2d).°° Inspired by human hands and bird
claws, this DNA origami nanogripper was composed of a central
palm (8 nm x 8 nm) and four bendable fingers (approximately
67 nm long). Multiple rotatable joints connected the fingers’
phalanges, enabling control of their bending movements for
encapsulating virion particles. For specific binding with SARS-
CoV-2 virus, the nanogrippers were also incorporated with
similar sensing motifs containing aptamer-based reporter-
quencher pairs, generating fluorescence signals for viral detec-
tion. The DNA nanogrippers captured virions when anchored
to a photonic crystal surface, enabling the detection of
SARS-CoV-2 in human saliva with an LoD of ~100 copies per mL.
Additionally, the DNA nanogrippers demonstrated inhibition of viral
entry into host cells, suggesting the potential in anti-infection treat-
ment. These advances present promising DNA nanodevice-based
platforms for both ultrasensitive viral diagnostics and potential
antiviral therapeutics.

Self-assembled DNA nanodevices can also act as signal
amplifiers in immunoassays, improving diagnostic efficacy. Ijas
et al. used a DNA origami six-helix bundle (8 nm x 490 nm) as a
molecular adapter to connect a small amount of specific
detection antibodies to a large number of signal-generating
labels, such as 40-nm gold nanoparticles or AF647-DNA.”” In
this amplified system, the increased number of labels per
antibody and per bound analyte resulted in a stronger signal,
making trace analyte concentrations detectable. By controlling
origami structure design, label types and the ratio of labels to
antibodies, the amplification factors of the sensing system can
be adjusted, ranging from one to several hundred, to meet the
desired sensitivity for signal-amplified lateral flow immunoas-
says (LFIAs). The authors further incorporated this sensing
origami system into a conventional LFIA test strip, which was
composed of a nitrocellulose membrane striped with capture
reagents (e.g., antibodies or streptavidin) and pads for sample
and buffer application. For the detection of cardiac troponin I,
a key biomarker for cardiovascular diseases, in human serum
sample, this system achieved a LoD of 1.5 pM within 15
minutes. In comparison with gold particles as labels, which
showed 55-fold improved assay sensitivities, fluorescence
labels displayed tailored amplification up to 125-fold.

DNA nanodevice-based biosensors have also emerged as
valuable tools for biological studies in cellular signaling. Chen
et al. designed multi-tasking, Y-shaped DNA structures that can
sense and regulate the hepatocyte growth factor (HGF)/cellular
mesenchymal-epithelial transition (c-Met) signaling and sub-
sequent vascular endothelial growth factor (VEGF) secretion
located on the cell membrane.®® This DNA device featured three
functional modules: a cholesterol-tagged DNA duplex for cell
membrane anchoring, a MB incorporating VEGF aptamer and
Cy3 dye for cellular signal reporting, and a photo-responsive PC
linker, c-Met aptamer and Cy5 dye-containing strands for
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inhibiting HGF/c-Met signaling upon light irradiation. Without
light, HGF treatment induced dimerization and activation of c-
Met receptors expressed on HeLa cell membranes, resulting in
cellular VEGF production, and subsequent secretion out of the
cell. These secreted VEGF molecules around the cell membrane
were recognized by the DNA devices, which released the
quenched strands of the MBs and activated Cy3 fluorescence
on the membrane. Upon light irradiation, the PC-linker was
cleaved, unblocking the c-Met aptamer and forming the active
conformation, which served as an inhibitor to bind with the c-
Met receptor monomer and turned on Cy5 signals on the cell
surface. This DNA device demonstrated enhanced, controllable
c-Met inhibition and real-time monitoring of related VEGF
changes, providing a versatile tool for studying receptor-
mediated signaling pathways in living cells.

4. Engineering self-assembled DNA
nanodevices for intelligent biosensing

The increasing demands for advanced biosensing techniques
in biomedical diagnostics and biological research have spurred
the development of sophisticated platforms. In response,
researchers have harnessed the inherent programmability and
addressability of self-assembled DNA nanoplatforms to engi-
neer intelligent nanodevices. These DNA nanodevices are no
longer limited to simple detection; they integrate multiple
sensing functions, perform logic-gated signal processing,
respond to complex microenvironments, and amplify signals
to enhance sensitivity. Such versatility has led to significant
advancements in ultrasensitive detection, multiplexed sensing,
and targeted molecular bioimaging, thereby broadening the
scope of modern biosensing strategies.

4.1. Ultrasensitive detection

To achieve a lower limit of detection (LoD) in biosensing,
various sensitivity-enhancing strategies have been employed
in construction of self-assembled DNA nanodevices. Two pri-
mary strategies, signal amplification and single-molecule sen-
sing, have been widely applied, both enabling significant
improvements in detection capabilities. Signal amplification
techniques, such as isothermal amplification methods of
nucleic acids (like RCA, HCR, and CHA), have been extensively
used to boost sensitivity. Additionally, electrochemical trans-
ducers and plasmonic nanoparticles have been integrated with
nucleic acid probes to convert and amplify molecular binding
events into detectable electrical or optical signals. In contrast,
single-molecule sensing techniques bypass ensemble aver-
aging, enabling the direct observation of individual bio-
molecules and thereby achieving ultrasensitive performance.
Building on amplification-based strategies, researchers have
developed DNA nanostructures for sensitive in situ quantifica-
tion of low-abundance intracellular biomarkers such as micro-
RNA and mRNA. Zhou et al. designed a DNA nanostructure-
based miRNA sensing and amplifying platform,’® in which a
tetrahedral DNA framework was modified with locked primers.
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When the target miRNAs were present, a toehold-mediated
chain displacement reaction was triggered, releasing the pri-
mers. The exposed primers initiated RCA reactions, generating
long DNA strands with interval sequences as initiators to trigger
subsequent HCRs. This process formed supramolecular DNA
networks and recovered the fluorescent signals from quench-
ing, enabling sensitive detection and intracellular imaging of
dual miRNAs and helping to distinguish liver cancer cells with
different metastatic potentials. As another example, Jia et al
employed a DNA origami platform modified with HCR probes
for imaging inflammation-related mRNA (Fig. 3a).'°® The HCR
component strands, including mRNA-sensing sequences, were
precisely preorganized on a triangular origami with finely
tuned distances, numbers, and patterns. The presence of
mRNA segments of inducible nitric oxide synthase (iNOS), a
marker for inflammation, initiated HCR and recovered fluores-
cence signals. This origami-based HCR imaging technique
realized early-stage diagnosis of acute inflammation in mouse
models of gouty arthritis and sepsis-associated kidney injury.

Beyond nucleic acid amplification, weak biomolecular inter-
actions can also be transduced into amplified electrochemical
outputs. For instance, Ren et al. developed a tetrahedral DNA-
based electrochemical nanodevice to identify monkeypox virus
antigen proteins.'”" They used tetrahedral DNA nanostructures
(TDNs) as scaffolds to precisely arrange two antibodies of A35R
antigen for multivalent recognition. These antibody-TDNs were
attached to an electrolyte-gated carbon nanotube (CNT) field-
effect transistor (EG-FET), forming the virus-sensing devices. By
integrating the specific binding of the antibody-TDNs with the
electrical properties of the CNT-FET, this biosensing system
achieved the detection of a trace amount of the A35R antigen,
with a LoD of 991 aM.

For optical signal amplification, Liu et al. developed a
DNA origami-based plasmonic nanodevice to sense and mag-
nify trace molecular signals (Fig. 3b).'°> They constructed a
tweezer-like DNA origami nanostructure as a template for
arranging gold nanorod (GNR) into an asymmetric conforma-
tion that produced a chiral plasmonic circular dichroism (CD)
signal. Folding strands as controlling elements were assembled
to connect the two tweezer arms and hold the plasmonic
nanodevice into a closed state. When target molecules were
present, the controlling elements triggered a conformational
change, transitioning the whole structure into an open state
and separating the GNRs on the two arms of the DNA origami
tweezers. This structural reconfiguration was converted into
plasmonic CD signals, realizing the detection of corresponding
small-molecular analytes.'® A DNA logic circuit to recognize
and amplify weak biological signals was further involved,
enabling the identification of trace amounts of small bio-
molecules, such as adenosine and i-tyrosinamide.'®* This
versatile platform offers a sensitive way to detect biological
signals through controlled structural motions and optical
readouts.

In addition to amplification strategies, single-molecule
approaches provide a direct route to ultrasensitive detection.
For instance, Schuknecht et al. constructed DNA origami-based
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Fig. 3 Self-assembled DNA nanodevices for ultrasensitive detection. (a) HCR probe-modified DNA origami for intracellular mRNA imaging. Reproduced
with permission from ref. 100. Copyright 2024, John Wiley and Sons. (b) DNA origami-based plasmonic nanodevice for L-tyrosinamide sensing.
Reproduced with permission from ref. 102. Copyright 2022, John Wiley and Sons. (c) Dynamic DNA origami platform for single protein sensing.

Reproduced with permission from ref. 106. Copyright 2025, Spinger Nature.

plasmonic nanoantennas for label-free single-protein detection.'®
They constructed a DNA origami tube with extended capture
stands, guiding GNRs modified with complementary ssDNA to
the pre-designed sites. On each origami tube, a GNR dimer was
organized in a tip-to-tip configuration, creating an interparticle
gap (~8 nm wide) as a plasmonic hotspot. Specific DNA anchor
strands were positioned within these hotspots to capture
target proteins in the solution. The assembled nanoantennas
provided sufficient surface-enhanced Raman scattering (SERS)
enhancement, enabling the label-free detection of individual
streptavidin and thrombin molecules with sub-second
integration times.

In another example, Grabenhorst et al. presented a dynamic
DNA origami nanostructure incorporated with FRET pairs for
optical signal responses (Fig. 3c).'°® They designed a hinged
DNA origami capable of undergoing large conformational

Nanoscale Horiz.

changes. Donor (ATTO542) and acceptor (ATTO647N) dye mole-
cules were located on the opposite surface of the two arms of
the origami structure, forming a FRET pair as a signal trans-
duction element. On the DNA hinge templates, DNA overhangs
were designed to sense the specific triggers and control the two
arms to open or close. In the closed state, the dyes of FRET
pairs were held together by the two approximated DNA arms
and weak 8-bp DNA hybridization, allowing for energy transfer
and a FRET signal. When the triggers interacted with the
controlling overhangs, the closed structures unfolded, separat-
ing the dye molecules. The altered FRET signals were quanti-
fied by single-molecule confocal microscopy. The modularity of
this platform was demonstrated by adapting it to detect various
proteins such as anti-digoxigenin antibody, PDGF-BB and Xhol.

Finally, moving toward super-resolution imaging, Schnitzbauer
et al. introduced DNA-PAINT (DNA-based Point Accumulation for
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Imaging in Nanoscale Topography), a super-resolution imaging
method utilizing DNA-based probes to overcome conventional
localization limits.'”” The technique relies on transient hybri-
dization of dye-labeled ‘“‘imager” strands with complementary
“docking” sequences on target molecules, enabling program-
mable, sequence-specific labeling independent of fluorophore
photophysics. Leveraging the DNA-PAINT technique, Sun et al.
achieved the localization of proteasome 19S and 20S particles
in neuronal subcellular compartments with single-molecule
resolution.’®® The modular design and compatibility of this
innovative imaging technique position it as a transformative
platform for optical nanoscopy, expanding molecular-scale
analysis in biological systems.

Taken together, these diverse amplification and single-
molecule techniques highlight the versatility of self-
assembled DNA nanodevices in pushing the sensitivity limits
of biosensing.

4.2. Multiplexed sensing

While ultrasensitive detection is crucial for identifying trace
targets, the simultaneous recognition of multiple biomarkers is
increasingly required in real-world biomedical diagnostics,

a 1 YA
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enabling precision medicine and personalized treatment.
DNA nanotechnology, with its inherent programmability and
modularity, enables the integration of multiple sensing and
reporting modules into a single platform, thereby advancing
multiplexed sensing capabilities.

For instance, Boskovi¢ et al. created a programmable DNA
bait for nanopore-based viral diagnostics (Fig. 4a).'° The DNA
nanobait built on a single-stranded M13mp18 DNA scaffold
and hybridized with short oligonucleotides containing capture
strands complementary to specific regions of target viral RNA. A
partially complementary ssDNA tagged with a protein or DNA-
based structural label was added to each capture site as
reporters. In the presence of target RNA fragments cleaved
from viral RNA by RNase H, the reporter strands can be
displaced and released from the nanobait, which then pro-
duced specific current signals in a nanopore. The sensing
platform enabled not only simultaneous discrimination of
multiplexed viral variants but also the identification of multiple
sites of SARS-CoV-2 RNA.

In addition to viral detection, multiplexed DNA nanodevices
have also been employed for environmental monitoring. Pava-
dai et al. developed a versatile fluorescent biosensing platform
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Fig. 4 Self-assembled DNA nanodevices for multiplexed sensing. (a) DNA nanobait for spontaneous detection of multiple viral RNAs. Reproduced with
permission from ref. 109. CC BY 4.0 license. Published by Spinger Nature, 2023. (b) DNA nanocage protected DNAzyme sensor for miR-21 and Zn**
imaging in tumor-bearing mice. Reproduced with permission from ref. 111. Copyright 2025, John Wiley and Sons. (c) DNA origami-based aptamer
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for simultaneous detection of multiple heavy metal ions (Hg>",
Ni**, and Ag").""° The platform utilized a three-fluorophore-
labeled Y-shaped DNAzyme and a metal-organic framework
(MOF)-based nanobox as an efficient quencher. In the presence
of a particular type of metal ions, the corresponding DNAzyme
cleaved its substrate DNA strand, and the cleaved fluorophore-
labeled fragments adsorbed onto the MOF surfaces, causing
fluorescence quenching. This metal ion sensing platform
exhibited high catalytic activity and selectivity, successfully
determining multiple heavy metal ions in real water samples.

Beyond simple simultaneous detection, self-assembled DNA
nanodevices can perform advanced logic-gated sensing and
molecular computation, allowing higher-order analysis of
complex biological signals. For example, Tu et al. designed a
DNAzyme sensor confined within a DNA nanocage for AND-
logic imaging of both tumor miRNA and Zn>" ions (Fig. 4b).'"!
The DNA nanocages enabled efficient intracellular delivery and
steric protection for the functional DNAzymes. These DNAzyme
sequences were initially blocked until activated by miR-21-
mediated strand displacement in tumor cells. The activated
DNAzymes then cleaved the corresponding substrate strands in
the presence of Zn”", releasing the quencher-containing frag-
ment and generating a fluorescence signal output. This system
allows AND-logic molecular imaging of both miR-21 and Zn**
with improved precision, successfully monitoring target fluc-
tuations in disease models.

In a further advancement, Yang et al. introduced a DNA
circuit-based miRNA classifier, which enables arithmetic opera-
tions on localized DNA origami scaffolds for cancer diagnosis.
This novel biosensor employs a 2D DNA origami as a frame-
work to localize functional DNA strands as processing modules,
facilitating localized strand displacement reactions for arith-
metic operations such as multiplication, addition, and subtrac-
tion. These operations mimic the computational logic of a
support vector machine, allowing the system to classify
complex miRNA input patterns from patient samples with high
precision. The result showed that the DNA classifier system can
provide an accurate cancer diagnosis in about 3 hours, which is
significantly faster and more effective than traditional, non-
localized DNA circuits.

Moreover, the spatial addressability of DNA origami extends
multiplexed sensing toward multivalent biosensing for
improved cell recognition. Sun et al. created an origami-based
design of peptide-major histocompatibility complex (pMHC)
multimers for detecting low-affinity T cells.""” The authors
fabricated 2D triangular origami with biotinylated overhangs
to introduce streptavidin (SA) molecules to the origami surfaces
with nanoscale precision. Biotinylated pMHC molecules were
then attached to SA sites on the origami templates, forming
various origami-guided pMHC multimers with finely tuned
spacing and valency. This multivalent presentation of pMHC
significantly increased the binding avidity for antigen-specific T
cell receptors (TCRs). Relatively shorter inter-pMHC spacing
and higher pMHC valency showed greater binding efficacy. To
identify autoimmune CD8" T cells from the spleen of nonobese
diabetic (NOD) mice, these origami-based pMHC multimers
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outperformed in staining efficiency and background compared
with dextramers with equivalent pMHC concentrations. This
DNA origami platform enables fine-tuning of pMHC presenta-
tion for improved detection of elusive T cell populations,
making it a powerful tool in studies of immune function and
immunotherapy.

Inspired by immune synapse recognition, Mao et al. devel-
oped modular DNA origami-based aptamer nanoarrays for
enhanced capture of circulating tumor cells (Fig. 4c).""® Using
2D triangular DNA origamis as scaffolds, multiple copies of
different aptamers for recognizing specific proteins expressed
on tumor cells (such as epithelial cellular adhesion molecule,
EpCAM; epidermal growth factor receptor, EGFR; and human
epidermal growth factor receptor 2, HER2), were organized with
nanoscale precision, forming modular arrays with multi-
ligands. The valency and inter-molecule spacing of aptamers
can be fine-tuned on the origami templates to topologically
match the target protein clusters on the tumor cells. This
design resulted in a significant enhancement in binding affi-
nity, with one modular aptamer nanoarray showing a ~3000-
fold increase compared to a monovalent aptamer. The design
enabled the high-efficiency and unbiased capture of circulating
tumor cells from clinical samples. This programmable nanoar-
ray may provide a powerful new tool for high-affinity clinical
detection and cell engineering.

Collectively, these examples demonstrate how DNA nano-
devices progress from simultaneous detection of multiple
targets to logic-based classification, and, finally, to multi-
valent recognition, offering powerful platforms for complex
biosensing tasks.

4.3. Targeted molecular bioimaging

In parallel with detection applications, molecular bioimaging
offers complementary advantages by providing spatial informa-
tion about biomolecule distribution within cellular and tissue
environments. This enables not only accurate diagnosis but
also real-time monitoring of disease progression. DNA nanos-
tructures are particularly attractive for such applications due to
their preferential localization in subcellular compartments or
specific organs, as well as their ability to be functionalized with
targeting ligands for precise delivery.

At the subcellular level, Leung et al. engineered a DNA
nanomachine for in situ detection of H" and Cl~ in lysosomes
(Fig. 5a)."™ The nanomachine was a DNA duplex with three
modules: a Cl™-sensing module containing a Cl” -binding fluor-
ophore; an H'-sensing module containing an i-motif sequence;
and a normalizing module with a Cl~/H'-insensitive fluoro-
phore that served as an internal reference for ratiometric
reporting of both ions. In acidic environments, the i-motif
sequence underwent a conformational change and generated
a FRET signal. This design facilitated the ratiometric and
simultaneous analysis of pH and CI™ within a single lysosome.

In a related approach, Yi et al. developed a DNAzyme-based
sensing system for subcellular compartment-specific imaging
of Zn**, which was based on the variations of ribosomal RNA
(rRNA) across distinct subcellular regions.'”® The sensor

This journal is © The Royal Society of Chemistry 2025
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consisted of two elements: an rRNA-activatable DNAzyme sen-
sing module and a MB-based signal amplification module. The
Zn**-specific DNAzyme was initially blocked by hybridizing
with a DNA sequence containing a toehold region, which could
be specifically displaced by mitochondria-localized 12S rRNA or
cytosolic 18S rRNA, thereby releasing the active DNAzyme.
Upon encountering Zn”*, the active DNAzyme cleaved the
substrate MBs, leading to their stem breakage and fluorescence
recovery. This system enabled the in situ monitoring of sub-
cellular dynamics of mitochondrial Zn>* during ischemia and
the drug intervention.

Extending from the cellular scale, DNA-based nanosensors
have been developed for targeted molecular imaging on tumor
cell membrane. Li et al. presented a triangular DNA prism-
based nanosensor for ATP imaging on tumor cell membranes
(Fig. 5b)."*® This sensor incorporated palmitic acid anchors, i-
motif sequences, and an ATP aptamer in a DNA prism struc-
ture. The i-motif sequences in the sensors dynamically reconfi-
gured under acidic conditions of the TME (pH 6.5-6.8), bringing
the hydrophobic palmitic acid tags closer together and enhancing
membrane anchoring. After the DNA nanoprobe was specifically
anchored onto the cell membrane, the BHQ2-tagged ATP aptamer

This journal is © The Royal Society of Chemistry 2025

could bind to ATP and detach from the DNA structure, restoring
Cy5 fluorescence for tumor imaging.

For dynamic monitoring of therapeutic responses, Zheng
et al. designed a membrane-attached DNA nanostructure for
real-time detection of ATP efflux from apoptotic cancer cells.""’
DNA triangle frameworks were integrated with cholesterol for
cell membrane attachment. These DNA frameworks tethered
branched vertexes (3WJ] and 4W]J) assembled as structural
engineering components, in which G-quadruplexes and
i-motifs were involved to form a heterodimeric folding triggered
by TME biomarkers (both K" and H"). Split ATP aptamers were
also tagged onto the 3W]J-triangles and 4W]J-triangles. The
presence of K" and H', promoted the heterodimeric dimeriza-
tion of the 3W]J-triangles and 4WJ-triangles, bringing the two
parts of the ATP aptamers into close proximity on the cell
surface. When ATP molecules were released from the
doxorubicin-treated, apoptotic cancer cells, they were inter-
acted with the aptamer-displaying DNA frameworks, a process
that was sensed by half-aptamer-tagged Cy3/Cy5 FRET pairs.
This enabled real-time monitoring of drug-stimulated apopto-
sis by detecting ATP efflux, offering a sensitive, non-invasive
approach for dynamically evaluating therapeutic efficacy.
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At the organ level, DNA nanostructures have also demon-
strated remarkable potential for organ-specific bioimaging.
Zhao et al developed a DNA origami-based platform for
kidney-targeted miRNA sensing in acute kidney injury (AKI)
models."'® The DNA origami was constructed and modified
with Cy5-tagged strands, which were initially quenched by
BHQ3-tagged ssDNA strands. When encountering elevated
levels of the biomarker miR-21 during AKI,"*® a strand displa-
cement reaction was triggered, releasing BHQ3-tagged strands
and restoring the fluorescence signal for real-time detection. In
addition, the photoacoustic changes from BHQ3, owing to the
varied excretion rates between the nanostructure and released
BHQ3-labeled DNA strands, enabled dual-mode imaging for
enhanced diagnostic accuracy.

In another example, Ding et al. designed tetrahedral DNA
framework (TDF)-based sensors for detecting Kim-1 protein
(Fig. 5¢),'*° a biomarker of kidney injury that is highly
expressed by damaged renal proximal tubular cells."*" They
designed three TDFs with different edge lengths (5.8 nm,
12.6 nm, and 36 nm), and used these TDFs as connecting cores
to precisely control the valency and spacing of the peptide
ligands. Through the interaction with damaged, Kim-1-positive
renal tubular epithelial cells with these peptide-TDFs, in vivo
testing and urinalysis for glycerol-induced AKI mice were
achieved, with Cy7 employed as the signal module. The TDF
sensors with an edge length of 5.8 nm and three attached
ligands showed significant kidney fluorescence in AKI mice
compared to healthy mice. These injected sensors can also
detect Kim-1 signals in urine samples collected at different
time points after AKI onset, demonstrating the potential for
precise urinalysis of disease-associated membrane protein
markers. These advances, spanning from subcellular imaging
to organ-level diagnostics, illustrate the broad adaptability of
self-assembled DNA nanodevices for targeted molecular bioi-
maging in different levels of biomedical diagnosis.

Taken together, the recent advancements in self-assembled
DNA nanodevices highlight their potential for next-generation
biosensing. Ultrasensitive detection strategies push the analy-
tical limits by enabling reliable identification of trace bio-
molecules, while multiplexed sensing expands diagnostic
capability to accommodate the complexity of real-world biolo-
gical systems. Complementarily, targeted molecular bioima-
ging provides spatial and temporal resolution, allowing the
visualization of molecular events within relevant cellular or
tissue contexts. These three aspects are synergistic and collec-
tively pave the way toward highly integrated, multifunctional,
and intelligent biosensing systems.

5. Summary and perspectives

Structural DNA nanotechnology has emerged as a powerful tool
for the construction of artificial architectures with precise
geometries and versatile functions. This minireview highlights
how these self-assembled DNA nanodevices have been
designed and engineered for the efficient and intelligent
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sensing of various molecular targets. Remarkable advances
have been made in the design of diverse DNA-based assemblies,
such as DNA strands, multi-arm junction frameworks, and
origami structures, which serve as scaffolds to organize sensing
and signal-reporting modules for the construction of
biosensors.

These sensors employ a variety of attractive ligands, such as
aptamers, antibodies, DNAzymes, and i-motifs, to specifically
recognize chemical or biological analytes. Upon binding to the
targets, these biosensors are programmed to generate diverse
reporting signals, including fluorescence, electronic signals,
plasmonic CD, and single-molecule SERS. These advances offer
innovative solutions for biomedical diagnostics and environ-
mental surveillance. The design and application of these self-
assembled DNA nanodevices for biosensing therefore represent
a significant technological step forward, offering exceptional
programmability and specificity for molecular detection.

While highly promising, DNA nanodevice-based biosensors
face several critical challenges that must be overcome to bridge
the gap between their current laboratory performance and
future clinical practice.

5.1. Detection precision and capabilities

To meet the demands of advanced applications, such as early-
stage cancer diagnosis, DNA nanotechnology must evolve
toward more sophisticated smart sensors capable of executing
complex sensing and reporting actions. The challenge is that
cancers are highly heterogeneous and continuously mutating,
and many single oncogenic targets overlap with normal tissues,
compromising precision. Thus, future intelligent sensors must
be able to interact with multi-component systems and decipher
multifaceted signal patterns arising from intact tumor cells and
their microenvironments. In principle, improved cancer sen-
sing precision can be achieved by recognizing multiple targets
or even patterns of molecular features, instead of focusing on
single molecules alone.

To address this demand, DNA nanodevices can be engi-
neered to integrate different sensing ligands within distinct struc-
tural modules, enabling the simultaneous detection of multiple
targets.”**'** Designing nanodevices with multivalent ligand
arrangements in precise spatial patterns can further enhance
binding specificity through cooperative interactions.””*'**> Recent
work on DNA logic circuits incorporating AND/NOT gates has
demonstrated that these devices can discriminate malignant cells
from normal tissues with high precision."**"** These strategies
highlight the promise of logic-gated sensing and molecular com-
putation for future intelligent biosensor design.

Another significant challenge is the reliable detection of low-
abundance signals in complex biological environments. Signal
amplification strategies, such as isothermal enzymatic reac-
tions and hairpin-based self-assembly, have already shown
promise for amplifying trace signals.*>**“'3? Beyond these
nucleic acid-based amplification, diverse signal amplification
modules can be integrated into DNA nanodevice-based biosen-
sing platforms, including fluorescence-quencher beacons, plas-
monic nanoparticles, field-effect transistors, photonic crystal
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devices, and noble metal electrodes, which will enhance detec-
tion reliability and sensitivity for early-stage disease diagnosis.

For future diagnostic applications requiring in vivo real-time
imaging, challenges remain with tissue penetration and bio-
fluid complexity, which often limit sensor performance.
Addressing these issues may involve designing sensors that
perform multi-tiered reporting actions or incorporating advanced
imaging elements, such as chemiluminescence probes, NIR-II dyes,
and quantum dots. These improvements would help minimize
tissue autofluorescence, increase penetration depth, and improve
signal-to-background ratios. Looking further ahead, combining
intelligent DNA sensors with machine learning could enable pre-
dictive and adaptive biosensor design, ultimately supporting per-
sonalized diagnostics.'*3%°

5.2. Pharmacokinetic studies

For in vivo applications, finely tuned pharmacokinetic proper-
ties are critical. Distinct sensing tasks require specific biodis-
tribution and clearance profiles. For example, sensors for early
cancer diagnosis and tumor imaging often benefit from pro-
longed circulation times, which improve passive tumor accu-
mulation. Conversely, fast kidney clearance is advantageous for
acute kidney injury detection and urinalysis. Thus, different
applications necessitate a tailored balance between circulation
half-life and clearance rates.

Future DNA-based biosensors could be designed as pharma-
cokinetically switchable systems. Such sensors could accumu-
late at disease sites for localized analysis, followed by rapid
clearance for biofluid-based readouts. Achieving these pharma-
cokinetic properties will require precise regulation of structural
features such as size, charge, and ligand density. More
advanced multifunctional systems could be built by conjugat-
ing long-circulating elements with rapidly excreted modules via
biomarker-responsive linkers, enabling site-specific activation
followed by controlled excretion.

5.3. Stability, safety and mass production

Another set of challenges for DNA-based biosensors involves
their stability, biocompatibility, and large-scale manufacturing.
DNA strands are highly susceptible to enzymatic degradation by
nucleases present in biological fluids such as blood and urine.
The performance of DNA-based biosensors is also compro-
mised by environmental factors, including temperature and
ion concentration fluctuations. Moreover, repeated use of DNA
biosensors may result in the denaturation of biomolecular
probes, reducing their sensing capabilities over multiple
cycles.*®

The most common approaches to enhance the stability of
nucleic acid strands are chemical modifications such as phos-
phorothioate linkages and 2’-O-methyl ribose modifications.
These unnatural analogues, already used in clinically approved
nucleic acid drugs,’®” can increase the resistance of DNA
nanodevices to enzymatic degradation, thereby prolonging
their lifespan. Additionally, protective coating with block
polymers such as PEG or PEGylated oligolysine has been
demonstrated to enhance the structural integrity and extend
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the half-life of DNA materials in blood circulation."**"*° This
highlights the polymer coating strategy to increase the stability
of DNA-based nanodevices in a biological environment. While
chemical modifications and protective coatings can enhance
structural stability and extend the operational lifetime of these
nanodevices, such alterations may come at the cost of reduced
sensitivity to target molecules.

Safety is equally crucial for clinical applications. Encoura-
gingly, recent work has shown that endotoxin removal during
scaffold DNA preparation can significantly reduce immune
responses, suggesting that DNA origami can serve as a
safe biosensing platform.'*® DNA nanotechnology has also
enabled precise immunomodulation by assembling antigens
or adjuvants with nanoscale precision on the DNA origami
surfaces.'*"'*> Finally, the mass production of DNA-based
materials is currently challenging due to the high cost of
synthesizing modified oligonucleotide conjugates. Scaling up
the precise self-assembly processes from a laboratory to an
industrial setting presents considerable technical hurdles.

In summary, self-assembled DNA nanodevices offer unique
programmability, specificity, and modularity, which make
them powerful candidates for next-generation biosensing.
To achieve clinical translation, future research should focus
on these key areas: (1) integrating multiplexed sensing, ampli-
fying, and imaging functions into unified nanodevices for
comprehensive profiling; (2) enhancing pharmacokinetic tun-
ability, stability, and safety for in vivo applications; and (3)
developing cost-effective and scalable manufacturing pipelines.
Combining DNA-based biosensing with artificial intelligence
and machine learning has particular promise for accelerating
data interpretation and guiding sensor design. Overall, struc-
tural DNA nanotechnology stands at the frontier of biosensing
innovation. With continued development, it has the potential
to transform both fundamental biological research and clinical
diagnostics, paving the way for precision medicine and real-
time disease monitoring.
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