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Recent advancements in DNA nanotechnology have unlocked unprecedented opportunities to address
critical challenges in precision medicine, particularly in targeted drug delivery and biomedical imaging.
Conventional nanocarriers often suffer from poor spatiotemporal control, suboptimal tumor accumulation,
and non-specific biodistribution. To overcome these limitations, DNA-engineered nanostructures—including
tile-based assemblies, origami frameworks, spherical nucleic acids, and stimuli-responsive hydrogels—have
emerged as programmable platforms capable of dynamically responding to tumor microenvironmental cues
(e.g., pH, enzymatic activity, redox gradients) for triggered drug release. In this review, we comprehensively
analyze these architectures with emphasis on their modular design strategies, in vivo stability improvements
via polyethylene glycol (PEG) functionalization, and multi-ligand targeting capabilities against cancer-specific
biomarkers. In addition to therapeutic uses, these nanostructures also enable highly sensitive detection of
circulating tumor DNA and exosomes using fluorescence resonance energy transfer (FRET) probes,
electrochemiluminescence amplification circuits, SERS substrates, and cell variable region sensing
technology. They also allow for real-time monitoring of dynamic intercellular interactions, overcoming the
constraints of traditional sensing methods. This review systematically elaborates on the structural
characteristics of DNA assemblies and summarizes the innovative applications of these nanostructures in
multimodal detection, offering a more comprehensive perspective for early cancer diagnosis and precision
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1. Introduction

In recent years, DNA nanomedicine has emerged in the field of
tumor therapy, and DNA nanomaterials have been widely used in
biomedicine because of their unique physicochemical properties
due to their characteristic nanoscale dimensions (1-100 nm).!
Nanoscale DNA structures and functional materials are designed
and synthesized using the properties of DNA, ie., based on
DNA’s precise base-pairing rules, which enable the formation
of stable and functionally specific nanostructures. These materials
have great potential in the field of nanotechnology due to
their biocompatibility, programmability, low toxicity, and
degradability.”

Drug molecules enter the body mainly by simple diffusion,
which is often kinetically limited, and are easily degraded and
cleared in the blood circulation, making it difficult to inter-
nalize them into cells or break them down in the cellular
microenvironment.® Electrostatic repulsion between anionic
drug molecules and the negatively charged phospholipid
bilayer makes it difficult for them to cross the cell membrane
and limit their access to the cell.* Therefore, the precise
delivery of drug molecules to ideal sites such as tumor cells is
challenging. Adjusting the pharmacological properties of the
drug (such as half-life, biodistribution, and target concen-
tration) to minimize enzymatic degradation and off-target
effects is crucial. Pharmacological strategies can improve the
bioavailability of drugs, prolong the biological half-life of
drugs, and alter the absorption and release characteristics of
drugs by altering the drug’s form by preparing it into
liposomes,” micelles,® and polymers.” However, traditional
drug delivery systems exhibit several limitations. For instance,
liposomes were once regarded as a highly promising drug
delivery platform due to their excellent biocompatibility and
high drug-loading capacity.® However, they tend to undergo
fluidization and leakage at physiological temperatures, result-
ing in premature drug release.” Moreover, stabilization strate-
gies for liposomes based on charge interactions and chemical
reagents may increase their toxicity and side effects. For
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example, cationic liposomes tend to accumulate in the spleen
and liver, exerting toxicity on macrophages and organs.'’
Polyethylene glycol (PEG)-modified liposomes may accelerate
blood clearance and induce allergic reactions. Additionally,
liposomes face various manufacturing challenges, including
poor batch-to-batch reproducibility, insufficient drug encapsu-
lation efficiency, limited scalability of sterilization methods,
and high production costs, all of which restrict their wide-
spread application."” Polymer micelles and polymeric nano-
particles are two other common drug delivery systems. Polymer
micelles are composed of amphiphilic block copolymers
containing hydrophilic and hydrophobic monomer units,
which can solubilize poorly water-soluble drugs, accumulate
in regions with leaky vasculature, enhance drug bioavailability,
and improve targeting capability through the conjugation of
targeting ligands.'> However, their preparation process is
complex, and the available materials are relatively limited,
making it difficult to ensure consistency and large-scale
production.® Polymeric nanoparticles are synthesized from
biodegradable or non-biodegradable polymers, and their
drug-loading capacity and release profiles can be modulated
by adjusting the polymer’s molecular weight and crystallinity.
Nevertheless, the polydispersity of polymeric nanoparticles
significantly increases the likelihood of inconsistent manufac-
turing, and their potential toxicity remains a concern."*

To address these challenges, researchers have been explor-
ing endogenous biomaterials. DNA, as an endogenous sub-
stance, possesses advantages such as bioactivity, non-toxicity,
and biodegradability. Its unique molecular assembly patterns
endow DNA nanostructures with precise programmability and
excellent addressability, which has facilitated the development
of more sophisticated DNA architectures and demonstrated their
tremendous potential in the field of tumor nanomedicine."
Several groups have reported studies using DNA nanostructures
as drug carriers. However, unassembled DNA molecules have
difficulty entering cells due to their negative charge and electro-
static repulsion with the cell membrane, but DNA assemblies are
able to smoothly cross the cell membrane and enter cells without
relying on transfection reagents, which provides new possibili-
ties for the construction of safe and non-viral DNA nanocarriers
for precise drug delivery. The specific mechanism by which the
DNA assembly enters the cell is not completely clear. Fan et al.*®
found that DNA assemblies can enter the cell rapidly through
endocytosis mediated by the foveolar proteins and escape from
the lysosomes into the nucleus after modification, and this
process is similar to viral invasion of a cell. In addition, the
affinity between DNA assemblies and scavenger receptors (SRs)
on the cell membrane is critical for cellular uptake, and DNA
assemblies of different shapes (e.g., tetrahedral, trigonal, and
cubic) differ in their ability to bind to scavenger receptors,
affecting the frequency of cellular internalization.’” Similarly,
spherical nucleic acids (SNAs) can achieve rapid cellular uptake
and internal translocation by targeting class A scavenger recep-
tors through lipid raft- and niche-dependent pathways, without
the requirement of additional transfection means, due to their
high affinity for complementary sequences and unique 3D
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structures."® Researchers have capitalized on these advantages to
develop a variety of DNA assemblies to create smart drug delivery
systems that efficiently load anticancer drugs and deliver them
precisely to the target area, significantly improving therapeutic
efficacy.

The tumor microenvironment (TME) constitutes a complex
cellular and molecular network that is of critical significance
for tumor development. The TME characteristically exhibits
hypoxia, an acidic environment, abnormal vascular prolifera-
tion, and numerous immunosuppressive cells, which limit the
efficacy of tumor therapy.'®*° DNA assemblies, as drug delivery
carriers, can be modified with multi-functional nanodevices at
their spatial sites to achieve precise drug release in response to
specific stimuli (e.g., pH change, enzyme activity, endogenous
molecules, etc.). With their stability and dynamic response
properties, DNA assemblies show great potential in the biome-
dical field, especially in biomolecular sensing and imaging.
They can trigger conformational changes through external
stimuli, and then enhance signaling and logic operations
through optical and electrochemical techniques. In addition,
functionalized DNA assemblies (e.g., with the addition of
fluorophores or metal particles, etc.) can also be involved in
drug tracking and assessment of therapeutic effects through
visual imaging of endogenous substances, which provides a
new strategy for precision therapy.

In the first part of this paper, the structural evolution of four
representative DNA assemblies (i.e., DNA tiles, DNA origami,
spherical nucleic acids, and DNA hydrogels) is reviewed and
summarized; in the second part, new strategies for drug
delivery platforms as dynamically responsive carriers are high-
lighted; and in the third part, the latest applications of DNA
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Fig.1 Four DNA assemblage structures, including DNA tile porcelain,
DNA origami, spherical nucleic acids, and DNA hydrogels, for biomedical
applications (figure produced in BioRender).
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assemblies in biomedical fields are analyzed and commented
on, which are mainly related to their applications in sensing
(e.g., fluorescence, electrochemical sensing) and imaging of
endogenous substance (Fig. 1). Finally, the current challenges
of DNA assemblies and the corresponding solutions are dis-
cussed in detail, and the future development direction and
application prospects are envisioned.

2. Structural advances in DNA
assemblies

2.1. Tile-based DNA nanostructures

In DNA nanotechnology, the tile-based DNA nanostructure is a
basic unit in which tiles are connected by complementary
pairing of DNA sequences to obtain structural bodies on a
larger scale. In 1982, inspired by Hooliday’s model, Seeman
used four DNA single strands to construct a cruciform DNA
structure with four arms by base pairing.>’ The following year,
Seeman’s team>* designed cross-structured “four-armed junc-
tions”’, where each four-armed junction is referred to as a tile,
and multiple tiles can be self-assembled into more complex 2D
or 3D structures by adding sticky ends (Fig. 2a). However, the
four-armed junction tile has a large flexibility of branching
points due to its exposed sticky ends, which leads to poor
stability of the assemblies, unpredictable shapes, and lower
target yields. Seeman’s team® introduced the DNA double
crossover (DX) model and designed the DX Tile consisting of
two juxtaposed strands of double helix structures. The two DNA
double helices are connected to each other by two different
strand exchanges to form two crossovers. By crossing the
structures between the double helix structures, the stability of
the assembled structure is greatly optimized and the structure
exhibits better rigidity. However, it still suffers from the pro-
blem of uncontrollable shape and size as well as the inherent
structural stability of DX. Ye et al>* constructed one-
dimensional DNA nanotubes with a certain curvature DX Tile
with five short DNA strands, and each DX was interlinked with
each other by sticky ends, and one-dimensional DNA nano-
tubes with diameters in the range of 7-20 nm and lengths up to
50 um were successfully constructed. In 2003, Yan’s team?®’
combined the advantages of both four-armed junctions and DX
by replacing the single double helix of each arm of the four-
armed junction with a side-by-side double helix structure
containing internal crosses (the DX structure), thus developing
a more stable cross tile.

DNA self-assembly is a promising method for preparing
nanostructures, and researchers have utilized carefully designed
DNA sequences (interconnections between DNA strands) to build
e.g.,, multidirectional crossover (PX) tiles,>*® multi-armed
structures,”” multi-point stars,® and periodic nanostructures.”®
However, the flexibility of branched DNA structures makes it
difficult to construct well-defined geometries, which has become
a major challenge for DNA nanotechnology. Scientists have
successfully prepared complex DNA nanostructures by skillfully
designing rigid motifs and introducing flexible conformations,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural advances in four DNA assemblies. (a) Two juxtaposed strands of double-helical DNA cross to form a cross-structured four-armed
junction and are assembled by repetition into 2D and 3D structures. Reproduced with permission from ref. 22. Copyright 2003, Springer Nature Limited.
(b) Three strands of DNA single strands are assembled into five-point star-shaped tiles with symmetrically banded sticky ends, which are further
assembled into icosahedra. Reproduced with permission from ref. 30. Copyright 2008, National Academy of Sciences, U.S.A. (c) 2D symmetric patterns
formed by DNA origami. Reproduced with permission from ref. 32. Copyright 2006, Springer Nature Limited. (d) Different DNA strands form M-DNA by
complementary base pairing between the strands. Reproduced with permission from ref. 38. Copyright 2020, The Author(s), under exclusive license to
Springer Nature Limited. (e) SNAs were formed by incubating AuNPs as the core with oligonucleotides that contained sulfhydryl groups (-SH) in a citrate
environment. Reproduced with permission from ref. 45. Copyright 2012, American Chemical Society. (f) Self-assembled tDF-SNA was formed by
inserting tetrahedral tDF into the SNA surface. Reproduced with permission from ref. 49. Copyright 2024, WILEY-VCH GmbH. (g) DNA hydrogels were
formed by self-assembly using Y scaffolds hybridized to the sticky ends of the junctions. Reproduced with permission from ref. 53. Copyright 2011,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) DNA rolling ring replication synthesizes ultra-long DNA strands, which are physically cross-linked to

form DNA hydrogels. Reproduced with permission from ref. 54. Copyright 2021, The Author(s), under exclusive license to Springer Nature Limited.

which have advanced the development of DNA nanotechnology.
By using the tensile integral principle integration method, well-
defined and complex nanostructures can be assembled in both
2D and 3D. The five-point star-shaped blocks (tiles) assembled
from three DNA single strands were further assembled into
structurally complex icosahedra after binding through the sticky
ends between the blocks. DNA tiles undergo dramatic structural
changes in the process, highlighting the advantages of confor-
mational flexibility®® (Fig. 2b). In addition, a new method
employs a polyhedral 12-arm linkage structure instead of the
traditional sticky end hybridization, circumventing the lattice
assembly challenges and temperature and salt concentration
sensitivity issues triggered by the flexibility of the multi-arm
structure. The method designs junctions that can act as branch-
ing points and connect different tiles, and utilizes an inverse
hierarchical folding strategy so that the wires first self-assemble
into monomers and then form branching junctions in the
lattice, assembling the 12-arm structure into mono-dispersed
cubo-octahedral (0D) and 1D, 2D, and 3D structural monolithic
units, successfully and efficiently assembling complex DNA

structures.®® These ordered nanostructures show a wide range

© 2025 The Author(s). Published by the Royal Society of Chemistry

of applications in various fields such as disease therapy and
biosensing.

2.2. DNA origami

In 2006, Dr. Rothemund of Caltech debuted a new DNA origami
technique.®* This technique uses the Watson-Crick base pair-
ing principle to complementarily pair a single DNA strand of
7000 bp (M13 phage genomic DNA) with hundreds of short DNA
fragments of 20-60 bp (known as ‘staples’). By a certain degree of
folding and bending, two-dimensional symmetric nanopatterns
with a diameter of 100 nm, a molecular weight of about 5000
kDa, and specific shapes, such as triangles, five-pointed stars,
and smiley faces, can be constructed®® (Fig. 2c). Since the
introduction of the DNA origami technique, the field has grown
rapidly, with a variety of asymmetric two-dimensional patterns
such as dolphins and Chinese maps.**"*

With the rapid development of DNA origami technology, its
applications have also increasingly expanded. The length of
the DNA scaffold plays an important role in the scale and
complexity of DNA origami structures. How to expand the size
of DNA origami has become a key challenge to promote the

RSC Chem. Biol., 2025, 6,1366-1385 | 1369
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development of DNA origami technology. Currently, there are
two strategy to expand the size of DNA origami: firstly, by
lengthening or introducing new basic frameworks, such as
using high temperature to convert double-stranded DNA to
single-stranded DNA to make the strand lengthened, employing
PCR to amplify the DNA scaffolds, and replacing M13mp18
with PHIx174 (ie., the introduction of phage DNA); and the
second strategy involves the use of either blunt-end stacking or
sticky-end hybridization. A well-known example in DNA ori-
gami is the flat square motif, which is formed by folding and
stabilizing a long single-stranded DNA molecule into a defined
shape through the binding of staple strands. To construct more
regular and exquisite planar patterns, Jiang et al.>* developed a
DNA origami planar tessellation method. By adjusting the
interhelix parameter of the DNA origami tile conformation to
2.70 nm, they were able to produce high-precision planar tile
patterns such as Platonic, Lavisian, and Archimedean. In addi-
tion, wireframe polyhedra with versatility can be constructed
using the DNA origami technique. For example, Wei et al.>®
successfully constructed complex ‘chimeric’ linear frameworks
by innovatively combining linear DNA origami structures and
‘Lego’-style DNA modules. The introduction of hydrophobic
interactions through Cho-DNA hybridization enabled the con-
struction of diverse nanostructures on a single template, which
opens up new possibilities for applications in molecular sen-
sors and molecular machines. Drawing on the concept of
children’s origami, Do-Nyun Kim et al.>” implemented a recon-
figurable and environmentally responsive DNA-wireframe
paper structure by using DNA helical tubes as crease lines
and edges, and by adding ‘glue strands’ for folding and ‘release
strands’ for unfolding the wireframe paper structure.
Traditionally, building micron-sized DNA structures has
often been limited by the size and shape of DNA origami. With
the development of versatile submicron 3D technologies, the
construction has become more efficient and easier. Fan et al.*®
developed a sub-micron scale DNA self-assembly technique
called ‘meta-DNA’ (M-DNA). The technology is based on a six-
helix DNA origami bundle, with a dangling short single strand
of DNA as the ‘m-base’ to build the basic unit. M-DNA inherits
three key properties of traditional short ssDNA oligonucleo-
tides: the ability to form stable bonds through complementary
base pairs, excellent rigidity, and adjustable flexibility. Due to
these properties, M-DNA is able to act as an enlarged version of
DNA, enabling the construction of diverse self-assembled DNA
structures, such as polyhedra and lattices, from submicron to
micron scales (Fig. 2d). A recent study achieved dynamic
expansion and contraction of DNA origami structures by insert-
ing i-motifs or hairpin motifs at crossover regions, with the size
tunable between 68 nm and 150 nm through pH adjustment or
complementary strand addition. This ingenious design
simultaneously addresses two key challenges in tumor drug
delivery: the poor penetration and rapid clearance of small
carriers due to high tumor interstitial fluid pressure, and the
limited penetration capability of large carriers in dense tumor
stroma despite their prolonged circulation and retention.
Furthermore, Wei et al.*° realized a “cut-and-paste” process
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in DNA origami structures through multistrand displacement
and hybridization steps, enabling topologically continuous
transformations characterized by integer topological invar-
iants. Notably, their 3D DNA origami was constructed by
bonding corresponding helix ends on each side of a 2D
origami, which not only provides superior spatial positioning
advantages but also reduces unwanted interactions while
enhancing assembly connectivity. Another study leveraged the
addressability of DNA origami octahedral structures to ortho-
gonally integrate different stimulus-responsive DNA hairpins at
specific vertices, creating a dynamically reconfigurable DNA
origami crystal system capable of precise multiphase transi-
tions in response to external stimuli along both XY-axes and
Z-axis.*" The system’s dynamic transformation modes were
integrated into a guidance pathway map, allowing customization
of at least 60 distinct crystal transformation routes. This system
serves as a universal platform for developing novel dynamic-
responsive nanomaterials, establishing fundamental strategies
for designing complex adaptive materials and pioneering new
directions in dynamic functional material development.

In addition, some software programs such as caDNAno and
CanDo are widely used for DNA origami structure design, which
can assist in modeling and tailoring links to build nanostruc-
tures with a wide range of dimensions, including 2D and
3D.*>** As an open-source software tool, caDNAno focuses on
providing an intuitive design interface and an open architec-
ture for plug-in creation. By utilizing caDNAno, the researchers
were able to efficiently construct DNA nanostructures with
customized shapes, such as squares, long bottomless tubes,
3D origami “rollers”” and other complex 3D structures. CanDo,
as an online tool, focuses on fast computational feedback and
finite element analysis online. By predicting the 3D shape and
mechanical flexibility of DNA origami nanostructures based on
their sequence connectivity maps, CanDo successfully simu-
lates the shape of complex 3D wireframe structures, including
significant local buckling and deformation, demonstrating the
predictive ability to handle complex structures.

2.3. Spherical nucleic acids

Mirkin et al.** developed DNA sequence-modified gold nano-

particles (AuNPs) functionalized with alkyl sulfhydryl groups in
1996, which were able to form aggregates with stability despite
high temperature and salinity conditions, and termed them
SNAs. SNAs are 3D nanostructures composed of an inorganic or
organic material as a core and conjugated to a regularly
arranged and compact oligonucleotide shell*® (Fig. 2e). Cores
are the basis for building SNAs and can be composed of AuNPs,
silver nanoparticles (AgNPs), proteins, liposomes, or nucleic
acids. The core supports the oligonucleotide shell, and the core
size and shape affect the density of oligonucleotide coverage,
with small cores and large radii of curvature promoting denser
coverage and chain space. The shell of an SNA typically con-
tains three key functional regions: (1) attachment ends for
immobilization, (2) spacer regions, and (3) specific functional
regions dedicated to the recognition of target genes. The
recognition regions of oligonucleotides are modified by specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functional groups, such as the introduction of fluorophores,
which can confer specific optical or electrical properties to
SNAs. These material structures and coupling modes are often
used in a variety of applications such as rapid detection of
single nucleotide mutations, DNA array scanning detection,
SNA scanning optics, and bio-barcoding technology, demon-
strating SNAs as a well-characterized form of biomolecule
detection, and laying the groundwork for the precise construc-
tion and functionalization of further nanomaterials.

SNAs have some unique advantages over other conventional
nanostructures:*® (1) strong binding ability to complementary
nucleic acids: the binding ability is affected by salt concen-
tration, the length of the spacer sequence, and the oligo-
nucleotide sequence; long strands and high salt concentration
can enhance the binding, but an increase in the proportion of
prehybridized strands will reduce the capturing ability. In addi-
tion, short internal complementary DNA strands can enhance
SNA binding efficiency. (2) Low nuclease degradation: the sphe-
rical structure and dense oligonucleotide sequences on the
surface of SNAs make them highly resistant to nuclease. Studies
have shown that the half-life of SNAs is 4.3 times longer than
that of free DNA, highlighting the importance of the high-density
shell for SNAs’ anti-degradation ability. (3) Low incidence of
immune response: SNAs are only one-tenth of liposomes, and
the higher the density of oligonucleotides on their surface, the
lower the probability of immune response, which may be
associated with low IFN-B levels. (4) Cellular uptake rate of more
than 99%: SNAs enter cells mainly through the endocytosis
pathway mediated by SR-A and CAV-1. Based on SNAs, Mirkin
and Distler's team®”*® developed DNA dendrites with high-
density nucleic acid nanostructures for efficient delivery of
biomolecules to living cells. It was shown that DNA dendrites
enable rapid cellular uptake by precisely modulating the position
of oligonucleotides on the surface of SNAs due to the highly
oriented and densely packed arrangement of DNA branches, an
effect attributed to their enhanced interaction with scavenger
receptor class A (SR-A). In addition, the shape and structure of
the oligonucleotide chains of the SNA shell can effectively modify
cellular uptake. For example, Tian et al*® constructed a DNA
framework based on spherical nucleic acids (tDF-SNAs) through
a self-assembly technique. The core diameter was 50 nm AuNPs,
and approximately 82 tDFs decorated the surface of each particle
in the form of tetrahedra. This structural design with greater
freedom enhances interfacial interactions during DNA hybridi-
zation, which in turn enhances the efficiency of cellular uptake
of tDF-SNAs (Fig. 2f). With the development of SNAs, the third
generation of spherical nucleic acids, namely, supramolecular
spherical nucleic acids (Supra-SNAs), was successfully developed.
Chen et al.>® synthesized multisubstituted molecular spherical
nucleic acids (m-SNAs) by click chemistry using B-cyclodextrin
(B-CD) and adamantane (Ada) as templates. Accumulation
of these Supra-SNAs in tumors was able to reduce HER2 protein
expression, inhibit the PI3K-AKT signaling pathway, and
enhance tumor cell apoptosis. Compared with single-stranded
DNA, Supra-SNAs exhibit superior nucleic acid stability and
cellular uptake, and can effectively promote apoptosis. At the
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same time, SNAs show great potential to be a flexible and
biologically safe tool in the biomedical field due to their highly
customizable and excellent biological properties with their
diverse compositional options for both the nucleus and
the shell.

2.4. DNA nanogels

DNA hydrogels (DNA nanogels) are 3D network gels that are
formed by complementary pairing, cross-linking, or physical
entanglement of DNA strands.’" There are structural and func-
tional differences between DNA hydrogels and other nucleic
acid-containing hydrogels. DNA molecules in DNA hydrogels
not only assume the role of a cargo but also constitute the core
of the 3D network structure for the hydrogel. DNA hydrogels
show great potential for application in the biomedical field due
to their unique dual properties.

There are currently two types of hydrogels which are con-
structed from DNA strands as units:>®> pure/hybridized DNA
hydrogels. Pure DNA hydrogels are synthesized physically or
chemically using DNA strands and specific structural units
(such as motifs). Common methods for purified DNA hydrogels
include self-assembly of DNA structural units (e.g., X-, T-, or Y-
types), and rolled-circle amplification (RCA) using circular
single-stranded DNA as a template. Liu et al>® designed a
dual-responsive DNA hydrogel (Fig. 2g) based on two modules,
a Y-type scaffold and a linker, and hybridization of the Y-type
scaffold to the sticky ends of a linear double-stranded DNA
“linker”. RCA is an isothermal enzymatic amplification method
capable of synthesizing extremely long DNA strands by mimick-
ing the replication principle of circular DNA in nature. Yang’s
team® utilized RCA technology to generate ultra-long DNA
strands through the elongation and displacement of phi29
polymerase. Under oscillating conditions, these DNA strands
are entangled with each other to form physical cross-linking
points, constructing a 3D DNA hydrogel with ultramachine
properties. This hydrogel behaves as a liquid when taken out
of water, but possesses persistent solid-like properties in water.
After functionalization, this hydrogel shows great potential in
cell capture and release, disease diagnosis, and drug delivery
(Fig. 2h). Multi-component/hybridized DNA hydrogels are DNA
molecules bound to natural or synthetic polymers (e.g., poly-
acrylamide) as well as other biomolecules through covalent or
non-covalent interactions to enhance their mechanical
strength, stability, and versatility. Matsuda et al.”> successfully
prepared DNA-polymer hybrid hydrogels for the first time
using DNA as a cross-linking agent in 1996. They polymerized
acrylate short DNA chains with acrylamide monomers and
formed DNA-PAA hydrogels by direct cross-linking or comple-
mentary pairing with DNA strands on the backbone. Later, Liao
et al>® proposed a strategy to stimulate responsive DNA-
polyacrylamide assembled hydrogels to stabilize microcap-
sules. They coated the DNA with CaCO; and subsequently
crosslinked it with polyacrylamide chains to generate a DNA
cross-linked hydrogel coating via the hybridization chain reac-
tion (HCR). Deoxyribonuclease (DNAzyme) units are doped into
the crosslinked hydrogel layer, and when the corresponding
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cofactor cleaves the crosslinked DNAzyme substrate, the hydro-
gel coating decreases in stiffness and increases in pore space,
releasing the loadings. This DNA hydrogel is capable of stable
loading of chemotherapeutic drugs by chemical bonding or
physical adsorption, and by regulating the degradation rate of
the DNA hydrogel, a sustained and controlled release of the
drug can be achieved to optimize the effect of tumor therapy.

3. Drug delivery strategies for
microenvironment-responsive DNA
assemblies

The TME with properties such as weak acidity and abnormal
expression of proteases makes DNA delivery systems unique in
the field of cancer therapy. Different types of stimuli in the
microenvironment, such as abnormal biological signals and
pathological states, can trigger changes in the structure and
properties of DNA assemblies. Generally, DNA assemblies are
in the “off” state under normal physiological conditions and
switch to the “on” state under specific conditions (e.g., enzyme
overdose), and are designed to precisely target the tumor site

View Article Online
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for drug delivery. These advancements have achieved great
success in various cancer therapies (Table 1).

3.1. pH response

Due to the rapid proliferation characteristics of tumor cells,
their nutritional supply becomes insufficient, causing a change
in their energy metabolism mode. Most of the nutrients are
converted to lactic acid and accumulate under the action of
lactate dehydrogenase, resulting in a weakly acidic TME, known
as the Warburg effect.”*”” Normal cells are usually neutral (pH
7.4) while tumor cells are weakly acidic (pH 6.5). This special
cellular environment can be distinguished from normal tis-
sues. Such special properties of the TME can be used to develop
pH-responsive DNA histomes for drug delivery at tumor sites.
DNA assemblies can undergo structural transformations in
response to acidic microenvironments, a unique capability
derived from their built-in responsive elements. Among these,
pH-responsive DNA assemblies often employ the i-motif as the
functional unit. The i-motif is a cytosine-rich quadruplex DNA
structure where two parallel-stranded duplexes tightly interca-
late with each other. Under acidic conditions, the cytosine
residues become protonated to form hemiprotonated cytosine
(C:C+) base pairs.”® Adjacent cytosines then interact through

Table 1 Tumor microenvironment responsive DNA assembly drug delivery system

Drug
Stimulus DNA structure classification Disease Cellular model Animal model Ref.
pH DNA tetrahedron = Maytansine Breast cancer =~ SKBR3, BT474, MCF-7 and MCF10A SKBR3-tumor-bearing mice 57
cells
pH DNA-BSA DOX Cancer HeLa cells Balb/c nude mice 58
nanocarrier
pH CpG-MUC1- DOX + CpG Breast cancer ~ MCF-7 and A549 cells Breast cancer mouse models 59
hydrogel/Dox
pH DNA hydrogel Dox Cancer HelLa cells — 60
pH The origami Peptides Breast cancer ~ SK-BR-3, HBEC-5i and HEK293 cells SKBR3-tumor-bearing mice 61
robotic
pH Spherical nucleic  Dox Cancer HeLa cells — 62
acid
MMPs  Spherical nucleic — Cancer HT-1080 cells Nu/nu mice 63
acid
MMPs  Spherical nucleic DOX + CpG Cancer HUVECs and E.G7-OVAs C57BL/6 mice 64
acid
TE DNA network — Cancer MCF-7 and BEAS-2B cells Balb/c nude mice 65
TE DNA icosahedron Platinum Cancer U87MG cells BCG823/DDP tumor-bearing nude mice 66
ATP 3D DNA DOX Cancer MCF-7 cells Balb/c nude mice 67
nanostructure
ATP SNAgel DOX Cancer HeLa and HEK293 cells Balb/c nude mice 68
ATP DNA hydrogel DOX Cancer MCF-7 and L929 cells — 69
ROS DNA hydrogel DOX + RNase Cancer MCF-7 and L929 cells — 70
A
GSH DNA tetrahedron = CPT Cancer HCT116 and MCF-7 cells HCT116 tumor-bearing nude mice 71
GSH DNA hydrogel CPT Cancer HCT116 cells Tumor xenograft resection mouse model 72
GSH DNA tetrahedron DOX Multidrug MCF-7 cells, MCF-7/R cells and SKOV3/R tumor-bearing mice 73
resistant cancer SKOV3/R cells
AS1411 The origami Thrombin  Breast cancer = HUVECs and MDA-MB-231 cells C57BL/6] mice 74
robotic
AS1411 DNA tetrahedron  Melittin Cancer HUVECs and L929 cells Human malignant melanoma xenograft 66
mouse model
Folate  DNA nanotube — Nasopharyngeal Nasopharyngeal epidermal carci- — 75
epidermal noma KB cells
carcinoma

MMPs, matrix metalloproteinases; TE, telomerase; ATP, adenosine triphosphate; ROS, reactive oxygen species; GSH, glutathione; AS1411,
nucleocapsid ligand; CpG, cytosine-phosphate-guanine; DOX, doxorubicin; CPT, camptothecin; RNase A, ribonuclease A.

1372 | RSC Chem. Biol., 2025, 6, 1366-1385

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b

Open Access Article. Published on 17 2025. Downloaded on 01.03.26 11:53:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

hydrogen bonding to create the core structural unit of the i-
motif. This structural transition has been ingeniously engi-
neered to serve as a crucial responsive module in DNA-based
drug delivery vehicles. Liu et al.”® developed a DNA hydrogel
assembled with a three-armed DNA structure (Y-unit) by inter-
molecular i-motif interactions under slightly acidic conditions.
This DNA hydrogel was able to switch to a non-gelatinized state
within tens of seconds when the pH was reduced or slightly
acidic. In addition, researchers®® developed a supramolecular
polymerization system based on a DX structure, which was
achieved by designing a 44-mer single-stranded DNA (SDX)
containing four self-complementary domains. Two of the
longer self-complementary domains (16-mer each) were used
for the formation of rigid DX monomers, while the two shorter

Hydrogel
formation at
Neutral pH

ssDNA
Neutral pH

Hydrogel
Carbon Dot-DNA  disruption at
hybrid Hydrogel acidic pH

acidi¢c pH
.g p

+ A~ Drug en::apsulatio
. in hydrogel at

Drug release at

View Article Online

RSC Chemical Biology

self-complementary domains (6-mer each) were used for poly-
mer extension. After the introduction of the half i-motif at the
3’ end of SDX, the hydrogels were crosslinked by interactions
between the half-i-mers under acidic conditions to form an
elastic hydrogel, which was able to respond to pH changes.
Singh et al.®® developed a hydrogel based on functionalized
carbon and cytosine-rich DNA with i-motif sequences, which
solved the problems of low drug encapsulation porosity and
limited efficiency of drug loading and delivery by electrostati-
cally embedding adriamycin (DOX) into a network composed of
carbon dots (CD) and DNA strands. It is stable at physiological
pH, but is able to release DOX in the weakly acidic tumor
microenvironment, effectively killing HeLa cells and showing
potential in cancer therapy (Fig. 3a).
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Fig. 3 Drug delivery strategies for microenvironmentally responsive DNA assemblies. (a) Cytosine-rich DNA single strands are spliced with carbon dots
to form hydrogels with i-motif sequences for adriamycin (Dox) delivery at tumor sites. Reproduced with permission from ref. 60. Copyright 2016, Elsevier
Ltd. (b) Functionalized SNA in the presence of MMPs in the tumor microenvironment; the peptide coating is rapidly cleaved off to enhance tumor site
uptake and accumulation. Reproduced with permission from ref. 63. Copyright 2022, American Chemical Society. (c) DNA icosahedra are disassembled
by telomerase to achieve precisely targeted release of platinum drugs. Reproduced with permission from ref. 83. Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (d) CPT complexed DNA tetrahedra respond to GSH in the tumor microenvironment for CPT-targeted release.
Reproduced with permission from ref. 71. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Folate ligand-modified DNA tetrahedra
can deliver siRNAs to the tumor site smoothly and trigger gene silencing. Reproduced with permission from ref. 88. Copyright 2012, Springer Nature
Limited. (f) Intelligent DNA logic-gated nanorobots for tumor cell killing. Reproduced with permission from ref. 89. Copyright 2021, WILEY-VCH GmbH.
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Dynamic DNA triplexes are formed through a combination
of Watson-Crick base pairing and pH-sensitive Hoogsteen base
pairing, and they can be formed after protonation under acidic
conditions and dissociated under neutral or weakly basic
conditions. Their sensitivity to pH changes can be increased
by changing the relative content of the CGC/TAT triplex. Wang
et al.°" developed a pH-responsive DNA origami robotic switch-
ing device that is capable of autonomously displaying cytotoxic
ligand patterns in the tumor microenvironment. Under normal
physiological conditions (pH 7.4), the device hides six ligands
and maintains cellular inertia, whereas in an acidic environ-
ment (pH 6.5), the oligonucleotide strand (TFO) end binds to
double-stranded DNA via Hoogsteen interactions to form triple-
stranded DNA (tsDNA), which displays the ligands in a hex-
agonal pattern with a diameter of 10 nm, and is effective in
aggregating death receptors and inducing apoptosis in human
breast cancer cells. In addition, Li et al.®® designed a pH-
responsive adriamycin-SNA conjugate by utilizing the structural
tunability of SNAs and their ability to undergo rapid and
reversible structural changes, and this SNA nanostructure was
able to perform linear/ring stem switching via pH-sensitive
parallel Hoogsteen interactions. Under low pH conditions,
DOX molecules could be released from the SNA nanocarrier
and were able to significantly reduce the cellular activity of the
HeLa population.

3.2. Enzymatic response

The TME has abnormally high expression of multiple enzymes
to promote proliferation, invasion, and metastasis of tumor
cells. Enzyme-responsive stimulation is ideal for the biomedical
field due to its strong biorecognition ability, high catalytic
efficiency, warm reaction conditions, etc. DNA assemblies are
able to effectively trigger enzyme reactions by precisely design-
ing DNA sequences, thus achieving controlled release of drugs,
which enables the distribution and accumulation of drugs at
the tumor site and improves anti-tumor effects.

Matrix metalloproteinases (MMPs) are a family of zinc-
containing proteolytic enzymes. In the tumor microenviron-
ment, the overexpression of MMPs can serve as a specific
biomarker for enzyme-responsive systems. MMPs primarily con-
sist of two key domains: a zinc-containing catalytic domain and a
hemopexin-like domain.*® The hemopexin-like domain is
responsible for specific substrate recognition, while the zinc
ion in the catalytic domain activates the enzyme and cleaves
the substrate. In DNA-assembled drug delivery systems, this
specific degradation enables the disassembly of particular sub-
strates (such as SNAs) and subsequent drug release.®> Zhang
et al.®® designed a novel SNA whose shell was encapsulated by an
amphipathic peptide containing MMP recognition sequences.
The amphipathic peptide shell avoids immune recognition of
the SNA and prolongs its half-life in the circulation, while this
design allows the SNA to shed its shell rapidly after activation by
MMPs in the tumor microenvironment, which in turn promotes
its accumulation and cellular uptake rate at the tumor site
(Fig. 3b). Deng et al®® modified a liposomal SNA using the
DOPE-MMP-9-CpG self-assembling module, and this SNA was
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able to efficiently deliver DOX and CpG to the tumor site at the
same time, and release them precisely under the action of
MMP-9. In addition, this SNA was able to activate dendritic cells
(DCs) and promote the proliferation and differentiation of CD8+
and CD4+ T cells, thereby effectively inhibiting tumor growth
and prolonging the survival time of experimental animals.
Telomerase (TE) is a ribonucleoprotein enzyme that is active
in most tumors and is essential for maintaining chromosome
ends (telomeres). It is predominantly expressed in germ cells
and stem cells in normal humans, whereas in tumor cells, TE
activity is essential to support their unlimited proliferative
capacity, making it an important target for anticancer therapy.
Researchers®® developed a TE-mediated DNA self-assembler,
which contains triphenylphosphine (TPP)-enabled Y-shaped
DNA (TPP-Y-DNA) modules and TE-responsive junctional
DNA (T-1-DNA). T-.-DNA contains both TP- and TE-recognized
L-DNA. L-DNA is released from T-.-DNA in a TE-mediated strand
displacement reaction after cancer cell uptake, and then assem-
bles with Y-DNA to form DNA assemblies, which can effectively
encapsulate and interfere with the normal function of mito-
chondria, and ultimately induce apoptosis of cancer cells. Ma
et al.®® designed a TE-responsive DNA icosahedron consisting
of two conical DNA cages linked by telomerase primers (TP) and
telomeric repeat sequences. Platinum drugs were encapsulated
within the DNA framework, and when TE was activated in
cancer cells, primer extension triggered an intrastrand displa-
cement reaction, which disassembled the cage structure and
released the platinum drugs. The device achieves precisely
targeted release of platinum drugs, which helps to reverse
tumor resistance and reduce toxicity to normal tissues (Fig. 3c).

3.3. Endogenous small molecule responses

ATP, ROS, GSH and glucose serve as endogenous biostimulants
that can interact with specific sequences in the DNA assembly
to alter its structure, thereby enabling responses to biological
signals at the molecular level.

Enhanced glycolytic processes in tumor cells result in much
higher internal ATP concentrations (~100 pmol) than in nor-
mal tissues and blood (~10 pmol), and this shift in energy
metabolism is a distinctive feature of malignant tumors.** This
property was utilized by Xu et al.®® to construct an ATP-
responsive DNA hydrogel for DOX-targeted delivery. The system
consisted of a polyacrylamide-DNA copolymer, an ATP apta-
mer, and DOX. When ATP is present, the hydrogel disassembles
and releases DOX for the treatment of cancer cells. To enhance
the release efficiency of chemotherapeutic drugs in specific
cancer cells, Xiao et al.°® designed a DNA toe-modified sphe-
rical nucleic acid template hydrogel (SNAgel) as an engineered
smart switch. This was achieved by covering the surface of
AuNPs with a dense DNA shell and embedding the DNA toe
switch. When ATP is present, the switch can be triggered to
adjust the length of the toehold sequence, precisely controlling
the kinetics of drug release and enabling rapid drug release.
The compact DNA shell of the SNAgel enables it to prolong
in vivo cycling time, precisely target tumors, promote intracel-
lular uptake, and induce apoptosis.
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The high level of ROS in cancer cells provides multiple ideas
for designing intelligent ROS-responsive drug delivery systems.
Zhang et al.”® developed a ROS-responsive DNA nano gel con-
structed from specific Y-shaped monomers and DNA junctions
and encapsulated NBC-modified deoxyribonuclease I (DNase I).
The system was able to encapsulate DOX and ribonuclease A
(RNase A) as drug models in the nanogel by DNA embedding and
electrostatic interactions, respectively. Under the high ROS
environment in cancer cells, the NBC modification on the gel
was removed, restoring its enzyme activity and prompting the
nanogel to self-degrade and release the drug.

Cancer cells produce excessive ROS due to high metabolism,
leading to oxidative stress. To defend against oxidative damage,
cancer cells upregulate the expression of antioxidants such as
GSH to neutralize ROS and protect themselves from oxidative
damage. Some researchers have taken advantage of the property
that disulfide bonds are stable in the extracellular environment
of low GSH but are easily cleaved in the intracellular environ-
ment of high GSH, and used the disulfide bond-modified DNA
assemblies as drug carriers to achieve specific release of drugs at
the tumor site. Zhang et al.”* designed a stimuli-responsive drug-
containing DNA framework as a delivery vehicle by conjugating
camptothecin (CPT) to a polysorbate (PS)-modified DNA strand
via carbon-ethyl bromide. The hydrophilicity of the DNA-CPT
conjugate system can be improved by modulating the position of
PS on the DNA strand. The disulfide bond inside the conjugate
can trigger the release of CPT under the cleavage of a high
concentration of GSH in the tumor microenvironment, which
dramatically improves the efficiency of tumor therapy (Fig. 3d).
Yang’s team’> constructed DNA nanoframes (NFs) capable of
loading Cas9 ribonucleoprotein and single-guide RNA to form
RNA-DNA complexes through a cascade HCR initiated by
acrylamide-modified DNA (acDNA). The high concentration of
GSH in tumor cells was used to trigger disulfide bond breakage
in the NF to achieve the precise release of Cas9 RNP.

Cancer cells consume large amounts of glucose due to rapid
proliferation. Using glucose oxidase (GOx) can deplete glucose
within the tumor and cut off its energy supply. Further integra-
tion of GOx into nanocatalysts can increase the concentration
of H,O, within the tumor and catalyze the generation of
hydroxyl radicals via ferrocene (Fc) to effectively destroy tumor
cells. This combined strategy can inhibit tumor growth more
effectively.®> Zhao et al®® developed a DNA hydrogel that
integrated a GOx-Fc cascade reaction, which optimized the
efficiency of the enzymatic cascade reaction by precisely con-
trolling the distance between GOx and Fc, and most efficiently
converted glucose into hydroxyl radicals to promote immuno-
genic cell death when the distance between them was 6.28 nm.
In addition, this hydrogel can continuously release catalysts
in vivo for more than 4 days, generating hydroxyl radicals for a
long period and effectively destroying cancer cells.

3.4. Receptor targeted delivery

Overexpression of epidermal growth factor receptor (HER), a
tyrosine kinase receptor that regulates cell growth, accelerates
tumor cell growth, promotes angiogenesis, and enables invasive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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metastasis, and is common in malignant tumors such as non-
small-cell lung, breast, and pancreatic cancers, and correlates
with tumorigenesis, progression, and poor prognosis. Wu et al.®’
designed the Nb-TET-56MESS conjugated DNA assembly, by
cleverly embedding the platinum drug 56MESS into a double-
bundled DNA tetrahedral structure to achieve efficient drug
loading. This structure was able to precisely deliver the drug to
HER1 overexpressing tumor cells by binding to the HER1 anti-
body, which enhanced the cellular uptake efficiency of the drug
and effectively blocked HER1 signaling. Lin et al.’” developed
a HER2-targeted aptamer-modified DNA tetrahedral delivery
system, by combining the erythrocyte membrane and pH-
responsive liposomes through bionic camouflage technology to
enhance the in vivo retention time and the tumor aggregation
effect of HER2-positive cancer therapeutics.

Overexpression of folate receptor alpha (FR) in a variety of
tumors makes it an important therapeutic target. Mao et al.”>
embedded folic acid in DNA strands to create self-assembled
micro-DNA nanotubes (DNA-NT). It was found that the function-
alized DNA-NT entered the cells after folate-FRa-specific inter-
actions and that the amount of folate on the DNA nanotubes
was positively correlated with the uptake efficiency of nasophar-
yngeal carcinoma KB cells. Later, researchers® utilized self-
assembled DNA tetrahedra, which could deliver siRNA effectively,
by precisely controlling their size and the distribution of surface
ligands (folic acid). The results showed that folic acid-modified
DNA tetrahedra were significantly better than unmodified con-
trols in the gene silencing effect (Fig. 3e).

In the absence of tumor-specific antigens, single or multiple
biomarker recognition may lead to non-specific binding and
false positives, triggering unnecessary drug internalization. The
diversity of receptors on the surface of eukaryotic cells results
in a single-receptor recognition system that is prone to off-
target toxicity, whereas multi-receptor analysis allows for more
precise identification of disease-specific cells, improving diag-
nostic and therapeutic accuracy. The secondary DNA logic
gated nanorobot (DLGN) is a precision medical tool consisting
of an aptamer, an anchoring robotic arm, and a drug-coupled
aptamer (paclitaxel and microtubule protein coupling) that
recognizes and anchors to live cells expressing specific mar-
kers. When the target cells highly express the three markers,
mucin-1 (MUC1), epithelial cell adhesion molecule (EpCAM),
and protein tyrosine kinase 7 (PTK7), the secondary logic gate
of the DLGN is activated, releasing the drug for precise diag-
nosis and treatment of the target cells. This technique improves
the precision and efficiency of treatment by creating barcodes
for each cell through a unique fluorescence pattern®® (Fig. 3f).
In addition, triple receptor-targeted therapy is an advanced
therapeutic strategy that enhances therapeutic efficacy by
simultaneously targeting three different receptors or targets.
The smart-responsive DNA nanoscale precision-guided missile
(D-PGM) is composed of a warhead (WH), which is formed by
four DNA strands creating a wire skeleton, and a guidance/
control (GC), which is constituted by four DNA strands forming
a logic circuit for targeting cancer cells. D-PGM utilizes the AND
logic gate mechanism in GC to achieve precise drug delivery by
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assembling aptamers TCO01, Sgc4f, and Sgc8 to form a three-
dimensional structure that specifically binds to tumor cell
surface receptors. The GC system probe components are labeled
by different fluorophores, enabling real-time monitoring of GC
disassembly, cell internalization, nanocarrier distribution, and
changes in the relative position of the drug with respect to the
carrier during drug delivery.”®

4. Biosensing and imaging function for
switchable DNA assemblies

Based on the editable nature of DNA, DNA sequences can be
precisely designed and synthesized for biomedical applications.
The applications of DNA assemblies in biomedical fields include
the following: (1) biosensing: DNA assemblies are capable of
converting the presence of biomarkers into detectable signals,
such as electrochemical or fluorescence signals, thus enabling
the detection of a wide range of biomarkers; (2) bioimaging: by
visualizing DNA assemblies, it is possible to track the location
and concentration of biomolecules (e.g., RNA, enzymes) within a
cell, helping to study their dynamics within the cell.

4.1. DNA assemblies for biosensing

DNA nanotechnology has great potential in biosensing. By
precisely controlling the size and structure of DNA assemblies
and combining them with functional modules, it is possible to
develop sensors that are both specific and highly sensitive.
In general, sensors consist of a recognition unit and a sensing
unit. The recognition unit is responsible for detecting the
target, while the sensing unit converts the intermolecular
interactions into measurable physical signals (e.g., optical and
electrochemical signals, etc.) to detect changes in various
physicochemical parameters within the cell. Typically, there
are two output modes for assay results: using changes in the
optical signal to identify the chemiluminescence of a biomole-
cule or using changes in the electrical signal to detect the
electrochemiluminescence (ECL) of a biomolecule. This section
will focus on these two output modes and describe how
researchers can use these tools to detect and analyze various
types of biomolecules.

4.1.1. Fluorescence sensing. Fluorescent biosensors are an
important signal output method based on DNA assemblies, the
core of which lies in the use of fluorophores covalently or non-
covalently bound to DNA assemblies to achieve biological
detection of target molecules. Three main detection strategies
have been used for DNA assembly-derived fluorescent sen-
sors:*! (1) direct fluorescence enhancement, i.e. direct fluores-
cence emission; (2) FRET, involving the transfer of energy
between two fluorophores; and (3) fluorescence burst, i.e., the
diminution or disappearance of fluorescence intensity.

Direct fluorescence enhancement refers to the emission of
photons when a fluorescent molecule absorbs excitation light
and returns directly from the excited state to the ground state,
without involving other energy transfer or conversion mechan-
isms. Chen et al.** prepared a periodic DNA nanoribbon (DNR-T)
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sensor with a structure consisting of a long DNA single strand
generated by rolled circular amplification (RCA) and three short
32 nt DNA strands folded. They integrated the pH-sensitive
carboxyfluorescein (FAM) into DNR-T and utilized its periodic
structure and rigidity characteristics to effectively avoid the
fluorescence burst problem caused by dye aggregation. The
detection of intracellular pH is realized by ratiometric fluores-
cence changes.

The sensors that are based on DNA origami technology are
able to detect intermolecular proximity using FRET techniques
because when donor and acceptor fluorophores are close
enough (<10 nm), the donor can non-radiatively transfer
excitation energy to the acceptor, resulting in acceptor fluores-
cence emission. Ding et al®® developed a triangular DNA
origami-based FRET sensor using ATTO542 and ATTO647N
dyes as donors and acceptors labeled on the DNA origami
arms. Without the target, the dye hybridizes through 8 base
pairs of DNA, resulting in a closed structure in a parallel
arrangement, and the distance between the fluorophores is
short and the FRET efficiency is high; upon target presentation,
the DNA structure opens at an angle of 90°, and the fluorophore
distance increases and the FRET efficiency decreases. The
sensors mimic DNA strand substitution reactions to effectively
detect different conformational changes and achieve high con-
trast optical detection of target molecules. Changes in the pH of
the solution can induce alterations in the fluorescence properties
of the dye pair, resulting in changes in FRET efficiency, which
subsequently affects the fluorescence of the target molecule. Light
intensity enables the sensor to sense environmental pH changes.
A pH-sensitive fluorescent sensor based on DNA origami struc-
tures uses Cy5 and Cy3 as donor and acceptor dyes. These two
dyes are labeled at both ends of a specific DNA structure and
hybridized into a microscaffold. When tsDNA is activated, bring-
ing Cy5 and Cy3 closer together enhances the FRET signal. In
breast cancer cells (pH < 6.8), FRET occurs and tsDNA is turned
on, while in normal tissues or cells (pH 7.4), FRET disappears and
tsDNA is turned off.®" It has been shown that the arrangement of
dyes, including their position and number, is a key factor in
determining the sensitivity of the complex.

A fluorescence burst is a phenomenon in which fluorescent
molecules experience a decrease in fluorescence intensity when
they encounter certain substances (bursting agents). Researchers®
designed a fluorescence-quashed hairpin (FQH) probe with a 12-
base-pair stem and a 12-nucleotide loop, labeled with the ATTO
647N dye at the 5’ end and paired with the BBQ-650 quencher at
the 3’ end to form a static dye-quencher pair. The probe was
integrated into a DNA origami structure and immobilized on a
coverslip by biotin. In the presence of target DNA, the probe
structure opens, separating the fluorophore and the quencher,
emitting red fluorescence; in the absence of bound target DNA, the
fluorescence is quenched and barely glows (Fig. 4a). Ke et al*®
described a DNA origami-based nano-actuator capable of changing
shape in response to effector binding. The actuator consists of four
arms that form a diamond-shaped structure, and its conforma-
tional change can be controlled in two ways: either by “linking
pillars”, adding two rigid DNA double helices, or by “locking
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Fig. 4 DNA assemblies in biomedical assays. (a) Fluorescence quenching hairpin (FQH) was integrated into DNA nanocolumns to make the dye
luminescent by adding specific target DNA. Reproduced from ref. 94 with permission of the Creative Commons CC-BY. (b) AuNPs were deposited on a
gold electrode, and 3D DNA probes self-assembled from four oligonucleotides were constructed for microRNA detection. Reproduced with permission
from ref. 96. Copyright 2015, Elsevier B.V. (c) DNA origami plasma nanotubes, complexed with AgNP/Si, modulate their Boolean logic gates by reading
TNF-o and IFN-y and output Raman signals for cytokine monitoring. Reproduced with permission from ref. 101. Copyright 2024, American Chemical
Society. (d) DOTS is a DNA hairpin-based force-sensing tool composed of TCR-targeting pMHC ligands and FRET pairs, which is anchored to the cell
membrane via DNA nanosheets. When mechanical force is applied to the TCR, the hairpin structure extends, causing separation of the FRET pair and

resulting in detectable fluorescence changes. Reproduced with permission from ref. 102. Copyright 2024, Springer Nature Limited.

corners”, which is regulated by the DNA strand alone. When
corner-locking chains are present, changes in one half of the
rhombus are accurately transmitted to the other half, achieving a
substantial movement that results in a change in the fluorescence
signal of the 6-FAM/BHQ-1 fluorophore burst pair.

4.1.2. ECL-based biosensing. ECL detectors collect the
generated light radiation to obtain ECL signals. ECL combines
the advantages of electrochemical detection and chemilumi-
nescence and has attracted much attention for its high sensi-
tivity, strong selectivity, and wide linear range. The unique
physicochemical properties of nanomaterials are often applied
to construct novel biosensors with high sensitivity and stability.
In particular, DNA nanostructures, due to their good biocom-
patibility and hydrophilicity, have less specific adsorption on
the electrode surface, can monitor biomolecules directly inside
the cell in real-time, and have been widely used in the field of
detecting multi-targets such as nucleic acids, proteins,
enzymes, and small molecules.

Currently, the main challenge faced by nucleic acid testing
in clinical applications is its low content in clinical samples,
and early detection of tumors relies mainly on blood biomar-
kers (e.g., nucleic acids, proteins, etc.). However, these biomar-
kers are heavily diluted by the blood after they are detached
from the tumor and enter the blood circulation, making their

© 2025 The Author(s). Published by the Royal Society of Chemistry

content low and the specificity of the assay consequently
reduced. In contrast, DNA assemblies have the ability to carry
more electrically active molecules, allowing effective electro-
chemical signal amplification through -catalytic electrode
reactions.

The development of lung cancer is often accompanied by the
abnormal expression of microRNAs. Therefore, the highly
sensitive detection of lung cancer-specific microRNAs provides
an effective strategy for the early diagnosis of lung cancer. Liu
et al®® designed a 3D DNA origami-based structure, which
consists of stem-loop structured DNA with Fc labeling and
sulfhydrylated tetrahedral DNA nanostructures at the bottom.
First, AuNPs were electrochemically deposited on a bare gold
electrode, and then 3D DNA probes consisting of four oligonu-
cleotides were constructed and allowed to self-assemble on the
electrode surface. Next, the AuNP-coated surface was sealed
using methyl cellulose (MCH) to prevent nonspecific adsorp-
tion. When the target microRNA is present, it opens the stem-
loop structure of the 3D DNA probe, allowing the Fc group to
contact the electrode surface, resulting in a detectable electro-
chemical signal (Fig. 4b). In addition, researchers®” designed a
DNA hydrogel biosensor. They combined acrylate-DNA chain
polymers with ferrocene recognition probes and allowed them
to self-assemble and form a hybrid DNA hydrogel. Then, the
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hydrogel was immobilized on a silanization-treated ITO elec-
trode. When the target miR-21 is present, the recognition probe
hybridizes with it to form a double helix structure and releases
it from the surface of the ITO electrode, which enables effective
detection of miR-21 for early diagnosis of lung cancer.

Researchers®® designed a paper-based ECL origami device
incorporating RCA technology and oligonucleotide-function-
alized carbon dots to achieve ultrasensitive detection of IgG
antigens. The device employs 3D macroporous gold paper
electrodes to capture antibodies, while secondary antibodies
on gold nanoparticles bind to the primer strand to form single-
stranded oligonucleotides that act as primers for the RCA
reaction. Catalyzed by the nucleotides and phi 29 DNA poly-
merase, the RCA reaction generates micrometer-length single-
stranded DNA. These RCA products act as templates for the
assembly of carbon dots (CDs), which facilitates the linear
cyclic assembly of a large number of complementary DNA
detection probes, resulting in significant enhancement of the
detection signal. With the elevated ECL intensity of the cascade
DNA nanolabel, the device demonstrated a wide detection
range and excellent sensitivity using human IgG as a model.

4.1.3. Plasma sensing. In addition to fluorescence and
electrochemical sensing, there are several reports on the utili-
zation of modulation changes in plasma as a sensing signal.
Researchers®® developed a surface plasmon resonance (SPR)
biosensor based on DNA origami and shearing techniques for
the ultrasensitive detection of circulating tumor DNA (ctDNA)
associated with lung cancer. They anchored three sets of DNA
single strands to the gold-plated sensing domains, and subse-
quently the poly(A)-modified DNA strands were able to self-
assemble into DNA tetrahedra at suitable ambient tempera-
tures after binding to AuNPs. The DNA tetrahedral probes were
able to be uniformly distributed in the gold-plated sensing
region, maintaining the precise distances between individual
AuNPs and the substrate and AuNPs. When the target DNA is
added, DNA scissors cleave the DNA single strand within the
DNA tetrahedron, releasing the AuNPs, and resulting in a
decrease in surface loading and attenuation of the SPR signal.
The researchers applied this sensor to clinical samples, some of
which contained mutations in the EGFR and KRAS genes, and
the SPR biosensor was able to achieve precise identification of
the T790M mutation in the EGFR gene and the G12C mutation
in the KRAS gene in patients with non-small cell lung cancer.
Ding et al.**® developed a label-free, real-time surface plasmon
resonance SPR biosensor based on hydrogel-gold nanoparticle
supramolecular spheres (H-Au) for the detection of prostate
cancer cell-derived exosomes. The sensor combines the signal
amplification effect of hydrogels, the localized surface plasmon
resonance (LSPR) effect of AuNPs, and a highly specific aptamer
to achieve a wide linear range and low detection limit of total
prostate-specific antigen (t-PSA), which shows good utility in
human serum and has a great potential for application in
disease diagnosis and bioanalysis.

In addition, the researchers designed a surface-enhanced
Raman scattering (SERS) assay based on DNA origami plasma
nano-antennas for monitoring cytokines relevant to cancer
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immunotherapy, such as tumor necrosis factor-o. (TNF-o) and
IFN-y. These nano-antennas consist of self-assembled DNA
nanotubes containing miniature gold nanorods (AuNRs) inside
and attached to AgNP modified silicon wafers. TNF-o and IFN-y
are able to logically modulate the switch of the nanotubes,
dissociating the AuNRs from the DNA structure. Taking advan-
tage of this property, the researchers constructed Boolean logic
gates with cytokines as inputs and Raman signal changes as
outputs. The system was able to quantify TNF-o and IFN-y in
the serum of tumor-bearing mice receiving different immu-
notherapies, demonstrating the potential of DNA origami for
the detection of a wide range of cytokines in a practical
system'®" (Fig. 4c).

4.1.4. Biosensing DNA assembly in variable regions of
cells. In recent years, the integration of DNA nanotechnology
and biotechnology has driven the development of sensors
based on programmable DNA assemblies for cell membranes
and intercellular applications. This convergence has not only
spurred innovation in related technologies but also provided
new tools and methods for researching cell membrane and
intercellular sensing. For instance, Zeng et al.'®® utilized the
spatial positioning benefits of framework nucleic acids (FNAs)
in developing a 3D-DNA nanocage with the ability to dynami-
cally anchor and sense on the surfaces of individual living cells.
This probe, conjugated with cholesterol (chol)-labeled ssDNA,
rapidly anchored to the cell surface within a short time.
Compared to the control group without chol labeling, the
chol-labeled 3D-DNA nanocage exhibited significant FAM sig-
nals. Furthermore, DNA assemblies have the ability to serve as
bridging units between cells, accurately modulating intercellu-
lar interactions by efficiently anchoring to cell membranes and
regulating spatial arrangement and functional modifications
with precision. For example, Li et al.'®* developed an efficient
membrane-anchored nanoplatform based on programmable
amphiphilic tetrahedral DNA nanostructures (TDNs), self-
assembled from four DNA strands (S1, S2, S3, and S4). One
vertex has a dangling DNA probe, while the remaining vertices
are labeled with cholesterol tags for stable self-assembly
and anchoring to the cell membrane via tunable hydrophobic
vertices. The three-dimensional structure significantly enhances
target-binding efficiency. To investigate the impact of intercel-
lular contact zone size on cell function, Lin et al'® further
designed a contractile DNA nanoscale joint (DNJ). By using
membrane-anchored TDNs of varying sizes, the membrane
spacing at the antigen presenting cell (APC) interface could be
extended, maintained, or shortened. The membrane spacing at
the APC-T cell interface was modified to 10 nanometers in
experiments, imitating the regulation of membrane spacing
around T cell receptor-peptide-major histocompatibility
complex (TCR-pMHC) in an authentic dendritic cell (DC)-T cell
interaction system.

However, cells are constrained by various physiological
factors, making this single membrane-anchoring strategy insuf-
ficient to reflect the dynamic biological processes of living cells.
Dynamic alterations in the cell membrane structure are com-
monly facilitated by the interactions of lipids and proteins.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Leveraging this property, researchers have explored the biosen-
sing applications of DNA-protein and DNA-lipid hybrid assem-
blies in membrane-related studies. For example, You et al.'®
designed a DNA probe inspired by miniature motor proteins in
cells. They utilized the live cell membrane and its components
as tracks and anchoring sites to construct a dynamic DNA
system. Probe translocation between anchoring points was
achieved via DNA strand displacement reactions, enabling the
measurement of encounter kinetics between membrane com-
ponents. Additionally, mechanical forces represent a key focus
in biosensing research. Cellular traction forces, which are
mechanical forces exerted by cells on their microenvironment,
impact the majority of cells within intricate mechanical cir-
cumstances. Accordingly, researchers have developed program-
mable membrane force sensors based on DNA assemblies to
precisely measure mechanical signals on cell membranes.
These sensors typically consist of four components: (1) a ligand
binding to membrane receptors or cholesterol, (2) a force-
sensitive element (e.g., a stem-loop hairpin structure) serving
as a “spring”, (3) a fluorescence reporter system (e.g., FRET
fluorophore pairs, fluorophore-quencher pairs, or single fluor-
ophores) acting as a “ruler”’, and (4) a substrate-binding site for
sensor immobilization. When cellular forces act on the DNA
assembly, the force-sensitive element undergoes structural
changes such as stretching, twisting, or breaking, altering the
state of the fluorescent reporter. By monitoring fluorescence
intensity changes, high-sensitivity mechanical force sensing
can be achieved. For instance, Rémi Merindol et al.*®” devel-
oped a stretchable DNA hydrogel film that adheres to the cell
membrane surface, quantifying mechanical forces based on the
breakage extent of FRET-labeled DNA strands. Meanwhile, Hu
et al.'®>'%® designed a DNA origami-based tension sensor
(DOTS) to measure forces exerted by T-cell receptors (TCRs) at
fluid interfaces. DOTS consists of a force-sensitive DNA hairpin,
a pMHC ligand targeting TCR, and a FRET pair, anchored onto
a DNA origami nanosheet embedded in the cell membrane.
When mechanical force acts on the TCR, the hairpin structure
extends, separating the FRET pair and inducing fluorescence
changes. Additionally, a complementary DNA “lock strand”
captures transient TCR forces. This design combines the pre-
cision of DNA origami with the mechanical sensitivity of DNA
hairpins, utilizing FRET signal analysis to construct a sensor
platform for mechanical force measurement (Fig. 4d).

Apart from acting as frameworks for direct binding, probing,
and editing biological membranes, dynamic DNA assemblies
can also be used to detect various parameters (such as pH, ions,
metabolites, etc.) in living cells and organisms. Leveraging the
synthetic nature of DNA scaffolds, the incorporation of organic
fluorophores enables protein localization tracking and dual-
color readouts for reporting ionic environments. For instance,
Modi et al’s SimpHony strategy utilizes a FRET-based DNA
nanomachine to map analytes like pH at the same time.' This
strategy utilizes molecular programming to position nanoma-
chines along distinct pathways, allowing concurrent mapping
of pH regulation in two different endocytic pathways within
the same live cell. Additionally, capitalizing on the elevated
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extracellular H* and K' levels in tumor cells, cell-surface-
anchored DNA computing systems can enhance tumor-
targeted drug delivery and precision therapeutic efficacy. Li
et al.''® developed an FNA-based logic-gated nanoplatform
using in situ dimerized FNAs on cell surfaces for real-time
monitoring of extracellular H" and K" in tumor cells, thereby
improving the programmability and efficacy of precision ther-
apy. This platform integrates a pH-responsive i-motif and a K-
responsive bimolecular G-quadruplex (bi-G4) to construct a
novel DNA unit (tb-G4), which exhibits synergistic responsive-
ness to H" and K'. The assembled heterodimeric structure
enables specific binding, and through FRET signal analysis
and cell-surface quantification, it achieves in situ sensing of the
tumor microenvironment.

4.2. DNA assemblies for biomedical imaging

DNA assemblies are ideal materials for biomedical imaging due
to their low immunogenicity. DNA assemblies can carry multi-
functional units to enhance the sensitivity and specificity of
imaging, such as fluorophores, signal amplification elements,
and targeting ligands, which are valuable for personalized
medicine and precision imaging.

Non-invasive in situ imaging technology is different from
traditional tumor detection means, avoiding possible invasive
manipulation, and directly detecting and imaging tumors
based on intracellular non-amplified RNA, an operation that
maximally restores the true state of intracellular RNA. Wan
et al."'" developed a DNA tetrahedron of T-TED for monitoring
the dynamics of mRNA in living cells. T-TED consists of four
DNA strands forming two triangular structures and a flexible
hinge. In the absence of target mRNA, the donor-acceptor pairs
were separated due to electrostatic and spatial repulsion. When
target mRNA was present, the hybridization induced a confor-
mational change in the T-TED probe, transforming it from a 2D
to a 3D structure, which enabled efficient energy transfer from
the donor-acceptor pairs. Single-molecule RNA fluorescence
in situ hybridization enables the study of the abundance,
distribution, and mobility of endogenous mRNAs in living cells.
To enhance the detection sensitivity of DNA assemblies,
researchers have developed a variety of enzyme-free signal
amplification techniques that are capable of intracellular
signal amplification and have been shown to be effective for
DNA nanostructure-mediated intracellular imaging analysis.
In recent years, non-enzymatic signal amplification strategies,
including CHA and HCR, have developed rapidly. Combining
non-enzymatic signal amplification strategies with DNA assem-
blies enables in situ imaging of intracellular RNA. CHA is an
enzyme-free signal amplification technique for measuring the
concentration and distribution of biomolecules in DNA struc-
tures. He et al."** developed a DNA tetrahedral amplifier (DTA)
for efficient imaging of mRNA in living cells. DTA consists of a
tetrahedron of four DNA strands and two specific substable
DNA hairpins (H1 and H2). In the presence of the target
mRNA, DTA triggers the CHA reaction to form the H1-H2
double-stranded structure, which generates the FRET signal
for amplified mRNA detection (Fig. 5a). Nucleic acid circuits
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Fig. 5 DNA assembilies in biomedical imaging. (a) DNA tetrahedra were assembled with two DNA hairpins and mRNA was detected by FRET signaling
changes. Reproduced with permission from ref. 112. Copyright 2019, Elsevier B.V. (b) TP and FL strand were immobilized on the surface of AuNPs as the
core to form SNAs, and telomerase activity was detected by the change of fluorescence signal. Reproduced with permission from ref. 119. Copyright
2018, American Chemical Society. (c) SSNAs utilize AUNPs as a core to construct nanoprobes to detect glioma-derived exosomes by fluorescence signal
changes. Reproduced with permission from ref. 120. Copyright 2024, Elsevier B.V.

demonstrate considerable potential for the amplification detec-
tion of biomarkers of interest in biologically significant engi-
neering applications. Wang et al''® developed a high-
sensitivity nucleic acid detection system without enzymes by
combining two signal amplification techniques, CHA and HCR,
which are important for biomarker detection. The circuit
catalyzes the target into a double-stranded DNA product, trig-
gering the autonomous activation of the HCR hairpin, for-
mation of HCR copolymer nanowires, and generation of a
FRET signal. The optimized CHA-HCR system can cascade
amplifiers suitable for the detection of low-expression endo-
genous analytes. In addition to nucleic acid, DNA assemblies
are also being used for the detection of other biomolecules. As a
major intracellular energy carrier, ATP plays an important
regulatory role in a variety of biological processes. Currently,
ATP imaging mainly relies on optical fluorescence detection
techniques, but ATP aptamers may be activated during delivery
and internalization, which can interfere with the in situ ima-
ging of ATP. Yang et al."** developed a DNA tetrahedron-based
assembly for the ultrasensitive detection of small intracellular
molecules such as ATP. The machine contains three modules:
an aptamer for target recognition, an entropy-driven unit for a
signal reporter, and a tetrahedral oligonucleotide for transport.
When ATP binds to an aptamer, it triggers signal amplification
and output. The nanomachines can also be fed into living cells
to enable intracellular ATP imaging. Liu et al.''® constructed a
reductase and light-responsive nanodevice for spatiotemporally
controlled monitoring of biomolecules in subcellular orga-
nelles under hypoxic conditions. Using mitochondrial ATP as
a monitoring target, the Y-shaped nucleic acid aptamer (Y-apt)
in the device displays a “FRET ON” signal via FRET in the
absence of light, and is activated by light and becomes ATP-
sensitive, resulting in “FRET OFF”. The Y-apt involves FRET in
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the absence of light. When activated by light, it becomes
sensitive to mitochondrial ATP, resulting in “FRET OFF”. When
the nanodevices enter hypoxic cancer cells, they are degraded
by reductase enzymes, releasing Y-apt, which in turn responds
to mitochondrial ATP and emits fluorescence signals. This
technique enables precise control of the fluorescence-sensing
activity of ATP and spatial and temporal control of its activity by
light. Intracellular ions play a key role in cellular metabolism
and signaling, and dysregulation of ion homeostasis is asso-
ciated with a wide range of diseases, so detecting changes in
intracellular ions can help diagnose the early development of
related diseases. Chen et al.’*® designed a luminescent assem-
bly based on DNA tetra- and triple-stranded bodies for mon-
itoring K" and pH in the lysosomal lumen, respectively. The
assembly consists of upconverting nanoparticle luminophores
and gold nanoparticle quenchers capable of generating green
and blue luminescence signals for K* and H', respectively.
By co-imaging in cells with both sensors, we discovered that
H' influx is correlated with K" efflux. TE is an alkaline nucleo-
protein reverse transcriptase complex that is activated to com-
plement telomere length in cancer cells and thus is always
highly expressed. This feature allows TE to be used as an early
biomarker for cancer surveillance. Meng et al.’'” developed a
novel structurally switchable tetrahedral DNA nanoprobe
(TDNp) specifically for imaging TE in living cells. This TDNp
consists of three key components: a DNA tetrahedral structure,
a TP, and a molecular beacon. When TE is present, it prompts
the primer to extend, which in turn releases the molecular
beacon and triggers FRET signaling. Therefore, TDNp can
effectively distinguish between cancer cells and normal cells
and monitor changes in TE activity in real-time. This technol-
ogy provides a stable and reliable imaging tool for early
diagnosis of cancer. Lin et al''® developed a smart DNA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrogel for targeted imaging of cancer. This hydrogel consists
of Y-shaped DNA units and DNA junctions with fluorescence/
quenching markers. When TE is overexpressed in tumor cells,
the nano-hydrogel collapses to restore the fluorescence signal,
enabling detection and imaging of TE activity. Liu et al''®
developed a novel SNA and SNA beacon combination technique
for the visualization and detection of TE activity in living cells
and animal models. This technique utilizes the cell-penetrating
ability of SNAs to immobilize molecular beacons on the surface
of AuNPs. Molecular beacons contain a telomerase primer TP
and a fluorescently labeled DNA strand (FL strand); in the
presence of telomerase, the TP strand is elongated, the FL
strand is released, and fluorescence is restored, enabling the
detection of telomerase activity. This technique provides a new
approach to cancer diagnosis and treatment (Fig. 5b). Tumor-
derived exosomes contain a variety of proteins derived from
cancer cells and are one of the biomarkers for cancer diagnosis.
In the field of cancer diagnostics, direct and accurate analysis
of low concentrations of tumor-derived exosomes in complex
biological samples is essential for non-invasive cancer diagno-
sis. Xu et al.'®® proposed a new strategy based on super-
spherical nucleic acids (SSNAs) coupled with cleaving enzyme-
triggered signal amplification for the direct detection of exo-
somes of glioma origin. The SSNAs utilized AuNPs as a carrier
carrying a multifunctional DNA probe, and the exosomes were
labeled with two aptamers. When SSNAs recognize the labeled
exosomes, they trigger relative gear movements, which act as
exosome-specific retrieval on the one hand and are consumed
as fuel on the other hand, outputting high-gain fluorescence
signals. This strategy has excellent specificity and ultra-high
sensitivity, providing new possibilities for early diagnosis and
grading analysis of gliomas (Fig. 5¢).

5. Conclusions

In summary, programmable DNA assemblies demonstrate tre-
mendous potential in tumor therapeutic drug delivery, biosen-
sing, and imaging applications. In tumor drug delivery, DNA
assemblies can be designed with specific sequences to respond
to endogenous biomolecules in the tumor microenvironment
(such as acidity, enzymatic activity, ATP, GSH, and glucose).
Through responsive structural isomerization, they enable rapid
drug release while overcoming challenges related to nonspeci-
fic drug distribution and toxicity to normal tissues. In biome-
dical detection and imaging, DNA assemblies can be
engineered as precise ‘“molecular hooks” to recognize specific
disease biomarkers, achieving accurate detection of target
molecules within complex biological systems. By incorporating
fluorescent labeling, the developed fluorescent sensors can
sensitively detect target molecules and are widely applied in
real-time imaging of living cells. Furthermore, highly sensitive
ECL detectors enable precise measurement of miRNAs, which
is crucial for early tumor diagnosis. Plasmonic nanostructure-
enhanced technologies have been employed in SERS-mediated
biosensing and fluorescence spectroscopy-based biomolecule
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detection, achieving femtomolar-level sensitivity for miRNA
detection. Enzyme-free signal amplification techniques such
as CHA and HCR have shown great promise in these detection
applications. Beyond nucleic acid detection, the analysis of
telomerase, cancer cell proteins, and small molecules also plays
a vital role in early tumor screening. As standalone nanosys-
tems, DNA assemblies can serve both as carriers for therapeutic
drugs and as detectors for diverse biomolecules. Although
numerous challenges remain in this process, we firmly believe
that DNA assemblies will emerge as one of the key tools for
tumor diagnosis and treatment in the future.

6. Future prospects

Despite the impressive progress in DNA nanotechnology, its
further development still faces a number of challenges and
limitations. (1) Efficiency of delivery. DNA assemblies suffer
from inefficiency in delivery, mainly due to insufficient
membrane penetration and difficulty in release due to entrap-
ment in lysosomes after endocytosis. For example, SNAs are
endocytosed by the cell into the nuclear endosome and partially
digested, resulting in a lack of their availability. To improve
the lysosomal escape efficiency, Tian et al*® designed an
aggregation-induced emission (AIE) photosensitizer, which
generates reactive oxygen species in the presence of light,
destroying the lysosomal structure and promoting the escape
of DNA nanomaterials. In addition to the traditional endocy-
tosis pathway, non-endocytosis-dependent strategies have also
received attention. For example, Li et al.*** developed DSMS, a
bifunctional “molecular sticker” containing disulfide bonds
and guanidino groups, which achieves direct cytoplasmic deliv-
ery of biomolecules through membrane fusion and sulfhydryl
group-mediated uptake, maintains the structural integrity of
the DNA assembly, exhibits high biocompatibility, reduces the
risk of lysosome capture, and promotes efficient cellular
uptake. (2) Stabilization. Although stable DNA assemblies have
been developed, there is a need to further improve their
stability, enzymatic resistance, and number of recognition
sites. For example, DNA origami is susceptible to denaturation
and dissociation in complex tumor microenvironments, affect-
ing its drug-delivery ability. The main problem of SNAs is
nuclease degradation, and the dissociability of their outer
nucleic acids in different environments also limits their indus-
trialization. For DNA hydrogels, enhancing their mechanical
stability is necessary. It has been shown that the stability of
DNA nanostructures can be enhanced by designing different
coatings (e.g., lipids, proteins, or peptides),'** oligonucleotide
modification sites,"*® or using different buffers."** (3) The
challenges for production. The fabrication process of DNA
nanomaterials is complex and influenced by factors such as
raw material purity and reaction conditions, leading to batch-
to-batch variations. Additionally, the high cost and low yield of
long-sequence DNA chemical synthesis limit their practical
production and application. Future efforts should focus on cost
reduction and efficiency improvement to achieve large-scale,

RSC Chem. Biol., 2025, 6,1366-1385 | 1381


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b

Open Access Article. Published on 17 2025. Downloaded on 01.03.26 11:53:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

precise manufacturing. (4) Long-term toxicity. Although mod-
ified DNA nanomaterials exhibit diverse functionalities, their
long-term potential toxicity requires further investigation,
including whether their degradation products harm organisms
or trigger inflammation, immune responses, and genotoxicity.
More clinical data are needed to support their applications. (5)
Clinical translation of DNA assemblies. The enhanced perme-
ability and retention (EPR) effect is nearly absent in advanced
cancer patients. Chan W.C.W et al. found that only 0.7% of
systemically administered NPs reach tumor sites, highlighting
the inefficiency of EPR-based drug delivery."*>'?® Furthermore,
tumor size, type, and the TME influence the EPR effect. Larger
tumors develop heterogeneous vasculature, restricting NP accu-
mulation primarily to the tumor periphery.**” Tumor growth,
driven by the Warburg effect, creates hypoxic and acidic con-
ditions while activating inflammatory signaling cascades,
increasing solid stress and interstitial fluid pressure."”” These
factors collectively diminish the EPR effect in advanced can-
cers, reducing drug delivery efficiency and complicating the
clinical translation of nanomedicines.

In the future, the application of DNA-assembled nanostruc-
tures in tumor diseases will continue to advance and develop.
With technological progress, researchers will be able to inno-
vate more stable, efficient, and safe DNA assemblies that per-
form critical functions in tumor detection and drug therapy.
For example, designing DNA nanostructures with diverse sur-
face modifications or increasing the ion concentration can
enhance their mechanical strain resistance.'”* The use of
phage-generated monomer precursor DNA or asymmetric PCR
techniques may reduce the cost of DNA origami. Additionally,
by aligning with practical needs, DNA nanostructures can be
applied across various fields to create customized forms such
as nanorobots and nanodevices. With the advancement of
nanotechnology, we are confident that DNA-assembled nanos-
tructures will see widespread applications.

Conflicts of interest

There are no conflicts to declare.

Data availability

All data presented in this review are derived from previously
published studies, which have been appropriately cited through-
out the manuscript. The figures included in this work have been
reproduced with permission from the respective journals and
publishers. Any further information regarding data sources can
be obtained by referring to the original publications cited in the
manuscript. As this is a review article, no new datasets were
generated or analyzed specifically for this study.

References

1 P. Satalkar, B. S. Elger and D. M. Shaw, Sci. Eng. Ethics,
2016, 22, 1255-1276.

1382 | RSC Chem. Biol., 2025, 6, 1366-1385

View Article Online

Review

2 W.Ma, Y. Zhan, Y. Zhang, C. Mao, X. Xie and Y. Lin, Signal
transduct. target. ther., 2021, 6, 351.

3 I. de Lazaro and D. ]J. Mooney, Nat. Mater., 2021, 20,
1469-1479.

4 S. Sindhwani, A. M. Syed, ]J. Ngai, B. R. Kingston, L. Maiorino,
J. Rothschild, P. MacMillan, Y. Zhang, N. U. Rajesh, T. Hoang,
J. L. Y. Wu, S. Wilhelm, A. Zilman, S. Gadde, A. Sulaiman,
B. Ouyang, Z. Lin, L. Wang, M. Egeblad and W. C. W. Chan,
Nat. Mater., 2020, 19, 566-575.

5 G. Bozzuto and A. Molinari, Int. J. Nanomed., 2015, 10,
975-999.

6 K. M. Takeda, Y. Yamasaki, A. Dirisala, S. Ikeda,

T. A. Tockary, K. Toh, K. Osada and K. Kataoka, Biomater-

ials, 2017, 126, 31-38.

J. Kopecek, Adv. Drug Delivery Rev., 2013, 65, 49-59.

8 N. Mamidi, F. Franco De Silva and A. Orash Mahmoudsa-
lehi, Nanoscale, 2025, 17, 7673-7696.

9 G. Sessa and G. Weissmann, J. Biol Chem., 1970, 245,
3295-3301.

10 N. Mamidi, R. M. V. Delgadillo, A. O. Sustaita, K. Lozano
and M. M. Yallapu, Med. Res. Rev., 2025, 45, 576-628.

11 B. S. Pattni, V. V. Chupin and V. P. Torchilin, Chem. Rev.,
2015, 115, 10938-10966.

12 V. P. Torchilin, J. Controlled Release, 2001, 73, 137-172.

13 Y. Lu, E. Zhang, J. Yang and Z. Cao, Nano Res., 2018, 11,
4985-4998.

14 J. Fonseca-Gomes, ]. A. Loureiro, S. R. Tanqueiro,
F. M. Mouro, P. Ruivo, T. Carvalho, A. M. Sebastido,
M. J. Didgenes and M. C. Pereira, Int. J. Nanomed., 2020,
15, 8609-8621.

15 E.Madan, A. M. Palma, V. Vudatha, A. Kumar, P. Bhoopathi,
J. Wilhelm, T. Bernas, P. C. Martin, G. Bilolikar, A. Gogna,
M. L. Peixoto, I. Dreier, T. F. Araujo, E. Garre, A. Gustafsson,
K. D. P. Dorayappan, N. Mamidi, Z. Sun, M. Yekelchyk,
D. Accardi, A. L. Olsen, L. Lin, A. A. Titelman, M. Bianchi,
P. Jessmon, E. A. Farid, A. K. Pradhan, L. Neufeld, E. Yeini,
S. Maji, C. J. Pelham, H. Kim, D. Oh, H. O. Rolfsnes,
R. C. Marques, A. Lu, M. Nagane, S. Chaudhary, K. Gupta,
K. C. Gogna, A. Bigio, K. Bhoopathi, P. Mannangatti,
K. G. Achary, J. Akhtar, S. Belido, S. Das, I. Correia,
C. L. da Silva, A. M. Fialho, M. J. Poellmann, K. Javius-
Jones, A. M. Hawkridge, S. Pal, K. S. Shree, E. A. Rakha,
S. Khurana, G. Xiao, D. Zhang, A. Rijal, C. Lyons,
S. R. Grossman, D. P. Turner, R. Pillappa, K. Prakash,
G. Gupta, G. L. W. G. Robinson, J. Koblinski, H. Wang,
G. Singh, S. Singh, S. Rayamajhi, M. D. Bacolod,
H. Richards, S. Sayeed, K. P. Klein, D. Chelmow, R. Satchi-
Fainaro, K. Selvendiran, D. Connolly, F. A. Thorsen,
R. Bjerkvig, K. P. Nephew, M. O. Idowu, M. P. Kiihnel,
C. Moskaluk, S. Hong, W. L. Redmond, G. Landberg,
A. Lopez-Beltran, A. S. Poklepovic, A. Sanyal, P. B. Fisher,
G. M. Church, U. Menon, R. Drapkin, A. K. Godwin, Y. Luo,
M. Ackermann, A. Tzankov, K. D. Mertz, D. Jonigk, A. Tsung,
D. Sidransky, J. Trevino, A. P. Saavedra, R. Winn, K. J. Won,
E. Moreno and R. Gogna, Nat. Biotechnol., 2024, DOI:
10.1038/s41587-024-02453-3.

N

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1038/s41587-024-02453-3
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b

Open Access Article. Published on 17 2025. Downloaded on 01.03.26 11:53:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

16

17

18

19
20

21

22

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

41

42

L. Liang, J. Li, Q. Li, Q. Huang, J. Shi, H. Yan and C. Fan,
Angew. Chem., Int. Ed., 2014, 53, 7745-7750.

X. Peng, S. Fang, B. Ji, M. Li, J. Song, L. Qiu and W. Tan,
Nano Lett., 2021, 21, 6946-6951.

S. B. Ebrahimi, D. Samanta, C. D. Kusmierz and
C. A. Mirkin, Nat. Protoc., 2022, 17, 327-357.

D. F. Quail and J. A. Joyce, Nat. Med., 2013, 19, 1423-1437.
L. Wang, M. Huo, Y. Chen and ]. Shi, Adv. Healthcare
Mater., 2018, 7, e1701156.

N. C. Seeman, J. Theor. Biol., 1982, 99, 237-247.

N. C. Seeman, Nature, 2003, 421, 427-431.

X. Li, X. Yang, J. Qi and N. C. Seeman, J. Am. Chem. Soc.,
1996, 118, 6131-6140.

R. Ye, M. Zhou, L. Zhuang, G. Amoako, X. Yang and
Z. Shen, Chin. Sci. Bull., 2013, 58, 1248-1254.

Y. Liu, Y. Ke and H. Yan, J. Am. Chem. Soc., 2005, 127,
17140-17141.

A. R. Chandrasekaran, J. Vilcapoma, P. Dey, S. W. Wong-
Deyrup, B. K. Dey and K. Halvorsen, J. Am. Chem. Soc.,
2020, 142, 6814-6821.

Y. Wang, J. E. Mueller, B. Kemper and N. C. Seeman,
Biochemistry, 1991, 30, 5667-5674.

Y. He, Y. Tian, A. E. Ribbe and C. Mao, J. Am. Chem. Soc.,
2006, 128, 15978-15979.

B. Wei, M. Dai and P. Yin, Nature, 2012, 485, 623-626.

C. Zhang, M. Su, Y. He, X. Zhao, P. A. Fang, A. E. Ribbe,
W. Jiang and C. Mao, Proc. Natl. Acad. Sci. U. S. A., 2008,
105, 10665-10669.

I. Manuguerra, G. Grossi, R. P. Thomsen, J. Lyngse,
J. S. Pedersen, J. Kjems, E. S. Andersen and K. V. Gothelf,
ACS Nano, 2017, 11, 9041-9047.

P. W. Rothemund, Nature, 2006, 440, 297-302.

E. S. Andersen, M. Dong, M. M. Nielsen, K. Jahn, A. Lind-
Thomsen, W. Mamdouh, K. V. Gothelf, F. Besenbacher and
J. Kjems, ACS Nano, 2008, 2, 1213-1218.

L. Chen, Y. Wang, Z. Zhang, ]J. Zhao, D. Pan, Y. Zhang,
Q. Liu, C. Fan, J. Hu and L. He, Chin. Sci. Bull., 2006, 51,
2860-2863.

Y. Tang, H. Liu, Q. Wang, X. Qi, L. Yu, P. Sulc, F. Zhang, H. Yan
and S. Jiang, J. Am. Chem. Soc., 2023, 145, 13858-13868.

Y. Zhang, C. Wang, Y. Dong, D. Wang, T. Cao, S. Wang and
D. Liu, Adv. Funct. Mater., 2019, 29, 1809097.

M. Kim, C. Lee, K. Jeon, J. Y. Lee, Y. J. Kim, J. G. Lee,
H. Kim, M. Cho and D. N. Kim, Nature, 2023, 619, 78-86.
G. Yao, F. Zhang, F. Wang, T. Peng, H. Liu, E. Poppleton,
P. Sulc, S. Jiang, L. Liu, C. Gong, X. Jing, X. Liu, L. Wang,
Y. Liu, C. Fan and H. Yan, Nat. Chem., 2020, 12, 1067-1075.
X. Li, R. Gao, X. Wang, W. Wu, H. Liu and T. Zhang,
bioRxiv, 2025, DOI: 10.1101/2025.02.07.637188.

W. Ji, X. Xiong, M. Cao, Y. Zhu, L. Li, F. Wang, C. Fan and
H. Pei, Nat. Chem., 2024, 16, 1408-1417.

X. Yan, Y. Wang, N. Ma, Y. Yu, L. Dai and Y. Tian, J. Am.
Chem. Soc., 2023, 145, 3978-3986.

S. M. Douglas, A. H. Marblestone, S. Teerapittayanon,
A. Vazquez, G. M. Church and W. M. Shih, Nucleic Acids
Res., 2009, 37, 5001-5006.

© 2025 The Author(s). Published by the Royal Society of Chemistry

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

View Article Online

RSC Chemical Biology

D. N. Kim, F. Kilchherr, H. Dietz and M. Bathe, Nucleic
Acids Res., 2012, 40, 2862-2868.

C. A. Mirkin, R. L. Letsinger, R. C. Mucic and J. J. Storhoff,
Nature, 1996, 382, 607-609.

J. L. Cutler, E. Auyeung and C. A. Mirkin, J. Am. Chem. Soc.,
2012, 134, 1376-1391.

G. Wang, S. Han and Y. Lu, Small, 2024, 20, €2310026.
M. E. Distler, M. H. Teplensky, K. E. Bujold,
C. D. Kusmierz, M. Evangelopoulos and C. A. Mirkin,
J. Am. Chem. Soc., 2021, 143, 13513-13518.

M. E. Distler, J. P. Cavaliere, M. H. Teplensky,
M. Evangelopoulos and C. A. Mirkin, Proc. Natl. Acad. Sci.
U. S. A., 2023, 120, €2215091120.

J. Li, X. Mao, T. Zhao, W. Fang, Y. Jin, M. Liu, C. Fan and
Y. Tian, Angew. Chem., Int. Ed., 2024, €202416988, DOI:
10.1002/anie.202416988.

M. Chen, S. Miao, Y. Zhang, X. Chang, J. Dai, C. Chen, S. Li,
H. Li and F. Xia, Angew. Chem., Int. Ed., 2024,
63, €202410744.

F. Mo, K. Jiang, D. Zhao, Y. Wang, J. Song and W. Tan, Adv.
Drug Delivery Rev., 2021, 168, 79-98.

R. Wu, W. Li, P. Yang, N. Shen, A. Yang, X. Liu, Y. Ju, L. Lei
and B. Fang, J. Nanobiotechnol., 2024, 22, 518.

Y. Xing, E. Cheng, Y. Yang, P. Chen, T. Zhang, Y. Sun,
Z. Yang and D. Liu, Adv. Mater., 2011, 23, 1117-1121.

C. Yao, R. Zhang, J. Tang and D. Yang, Nat. Protoc., 2021,
16, 5460-5483.

S. Nagahara and T. Matsuda, Polym. Gels Networks, 1996, 4,
111-127.

S. Lilienthal, A. Fischer, W. C. Liao, R. Cazelles and
1. Willner, ACS Appl. Mater. Interfaces, 2020, 12,
31124-31136.

W. Ma, Y. Yang, J. Zhu, W. Jia, T. Zhang, Z. Liu, X. Chen
and Y. Lin, Adv. Mater., 2022, 34, €2109609.

J. Yu, J. Zhang, J. Jin and W. Jiang, J. Mater. Chem. B, 2021,
9, 8424-8436.

H. Wei, Z. Zhao, Y. Wang, J. Zou, Q. Lin and Y. Duan, ACS
Appl. Mater. Interfaces, 2019, 11, 46479-46489.

S. Singh, A. Mishra, R. Kumari, K. K. Sinha, M. K. Singh
and P. Das, Carbon, 2017, 114, 169-176.

Y. Wang, I. Baars, 1. Berzina, I. Rocamonde-Lago, B. Shen,
Y. Yang, M. Lolaico, J. Waldvogel, I. Smyrlaki, K. Zhu,
R. A. Harris and B. Hogberg, Nat. Nanotechnol., 2024, 19,
1366-1374.

H. Li, X. Zhou, D. Yao and H. Liang, Chem. Commun., 2018,
54, 3520-3523.

W. Zhang, C. E. Callmann, B. Meckes and C. A. Mirkin, ACS
Nano, 2022, 16, 10931-10942.

B. Deng, B. Ma, Y. Ma, P. Cao, X. Leng, P. Huang, Y. Zhao,
T. Ji, X. Lu and L. Liu, J. Nanobiotechnol., 2022, 20, 140.
Y. Guo, S. Li, Z. Tong, J. Tang, R. Zhang, Z. Lv, N. Song,
D. Yang and C. Yao, /. Am. Chem. Soc., 2023, 145,
23859-23873.

T. Tian, D. Xiao, T. Zhang, Y. Li, S. Shi, W. Zhong, P. Gong,
Z. Liu, Q. Li and Y. Lin, Adv. Funct. Mater., 2021,
31, 2007342.

RSC Chem. Biol., 2025, 6,1366-1385 | 1383


https://doi.org/10.1101/2025.02.07.637188
https://doi.org/10.1002/anie.202416988
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b

Open Access Article. Published on 17 2025. Downloaded on 01.03.26 11:53:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Y. Jiang, H. Zhou, W. Zhao and S. Zhang, Anal. Chem.,
2022, 94, 6771-6780.

M. Xiao, W. Lai, F. Wang, L. Li, C. Fan and H. Pei, J. Am.
Chem. Soc., 2019, 141, 20354-20364.

X. Xu, Y. Jiang and C. Lu, Anal Chem., 2022, 94,
10221-10226.

X. Zhang, P. Zhang, C. Xiao and X. Chen, ACS Macro Lett.,
2023, 12, 1317-1323.

J. Zhang, Y. Guo, F. Ding, G. Pan, X. Zhu and C. Zhang,
Angew. Chem., Int. Ed., 2019, 58, 13794-13798.

N. Song, Y. Chu, S. Li, Y. Dong, X. Fan, J. Tang, Y. Guo,
G. Teng, C. Yao and D. Yang, Sci. Adv., 2023, 9, eadi3602.
J. Yan, N. Zhang, Z. Zhang, W. Zhu, B. Li, L. Li, Y. Pu and
B. He, J. Controlled Release, 2021, 329, 36-49.

S. Li, Q. Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, J. Wang,
Y. Zou, G. J. Anderson, ]J.-Y. Han, Y. Chang, Y. Liu,
C. Zhang, L. Chen, G. Zhou, G. Nie, H. Yan, B. Ding and
Y. Zhao, Nat. Biotechnol., 2018, 36, 258-264.

S. Ko, H. Liu, Y. Chen and C. Mao, Biomacromolecules,
2008, 9, 3039-3043.

J. Xie, H. Wu, C. Dai, Q. Pan, Z. Ding, D. Hu, B. Ji, Y. Luo
and X. Hu, Sci. Rep., 2014, 4, 4927.

Y. Li, L. An, J. Lin, Q. Tian and S. Yang, Int. . Nanomed.,
2019, 14, 5729-5749.

K. Gehring, J. L. Leroy and M. Guéron, Nature, 1993, 363,
561-565.

E. Cheng, Y. Xing, P. Chen, Y. Yang, Y. Sun, D. Zhou, L. Xu,
Q. Fan and D. Liu, Angew. Chem., Int. Ed., 2009, 48,
7660-7663.

J. shi, C. Zhu, Q. Li, Y. Li, L. Chen, B. Yang, J. F. Xu,
Y. Dong, C. Mao and D. Liu, Macromol. Rapid Commun.,
2021, 42, €2100182.

L. G. N. de Almeida, H. Thode, Y. Eslambolchi, S. Chopra,
D. Young, S. Gill, L. Devel and A. Dufour, Pharmacol. Rev.,
2022, 74, 712-768.

H. Nagase and J. F. Woessner, Jr., J. Biol. Chem., 1999, 274,
21491-21494.

Y. Ma, Z. Wang, Y. Ma, Z. Han, M. Zhang, H. Chen and
Y. Gu, Angew. Chem., Int. Ed., 2018, 57, 5389-5393.

Y. Jiang, H. Zhou, W. Zhao and S. Zhang, Anal. Chem.,
2022, 94, 6771-6780.

R. Singh, A. Sharma, J. Saji, A. Umapathi, S. Kumar and
H. K. Daima, Nano Convergence, 2022, 9, 21.

Y. Zhao, ]J. Du, Z. Xu, L. Wang, L. Ma and L. Sun, Adv. Sci.,
2024, 11, €2308229.

T. Wu, J. Liu, M. Liu, S. Liu, S. Zhao, R. Tian, D. Wei, Y. Liu,
Y. Zhao, H. Xiao and B. Ding, Angew. Chem., Int. Ed., 2019,
58, 14224-14228.

H. Lee, A. K. Lytton-Jean, Y. Chen, K. T. Love, A. I. Park,
E. D. Karagiannis, A. Sehgal, W. Querbes, C. S. Zurenko,
M. Jayaraman, C. G. Peng, K. Charisse, A. Borodovsky,
M. Manoharan, J. S. Donahoe, J. Truelove, M. Nahrendorf,
R. Langer and D. G. Anderson, Nat. Nanotechnol., 2012, 7,
389-393.

D. Wang, S. Li, Z. Zhao, X. Zhang and W. Tan, Angew.
Chem., Int. Ed., 2021, 60, 15816-15820.

1384 | RSC Chem. Biol., 2025, 6, 1366-1385

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

View Article Online

Review

C. Ouyang, S. Zhang, C. Xue, X. Yu, H. Xu, Z. Wang, Y. Lu
and Z. S. Wu, J. Am. Chem. Soc., 2020, 142, 1265-1277.

M. Loretan, I. Domljanovic, M. Lakatos, C. Riiegg and
G. P. Acuna, Materials, 2020, 13, 2185.

G. Chen, D. Liu, C. He, T. R. Gannett, W. Lin and
Y. Weizmann, J. Am. Chem. Soc., 2015, 137, 3844-3851.

L. Grabenhorst, M. Pfeiffer, T. Schinkel, M. Kiimmerlin,
G. A. Briiggenthies, J. B. Maglic, F. Selbach, A. T. Murr,
P. Tinnefeld and V. Glembockyte, Nat. Nanotechnol., 2024,
20, 303-310.

S. E. Ochmann, C. Vietz, K. Trofymchuk, G. P. Acuna,
B. Lalkens and P. Tinnefeld, Anal. Chem., 2017, 89,
13000-13007.

Y. Ke, T. Meyer, W. M. Shih and G. Bellot, Nat. Commun.,
2016, 7, 10935.

S. Liu, W. Su, Z. Li and X. Ding, Biosens. Bioelectron., 2015,
71, 57-61.

S. Liu, W. Su, Y. Li, L. Zhang and X. Ding, Biosens.
Bioelectron., 2018, 103, 1-5.

L. Wu, C. Ma, X. Zheng, H. Liu and J. Yu, Biosens.
Bioelectron., 2015, 68, 413-420.

Z. Chen, C. Meng, X. Wang, ]J. Chen, J. Deng, T. Fan,
L. Wang, H. Lin, H. Huang, S. Li, S. Sun, J. Qu, D. Fan,
X. Zhang, Y. Liu, Y. Shao and H. Zhang, Laser Photonics
Rev., 2024, 18, 2400035.

W. Chen, J. Li, X. Wei, Y. Fan, H. Qian, S. Li, Y. Xiang and
S. Ding, Mikrochim. Acta, 2020, 187, 590.

J. Tang, C. Ji, X. Lu, H. Cao, Y. Ling, Y. Wu, L. Qian, Y. He,
B. Song and H. Wang, Anal. Chem., 2024, 96, 9684-9692.
T. T. H. Le and B. C. Kim, Nat. Nanotechnol., 2024, 19,
1583-1584.

S. Zeng, S. Wang, X. Xie, S.-H. Yang, ]J.-H. Fan, Z. Nie,
Y. Huang and H.-H. Wang, Anal Chem., 2020, 92,
15194-15201.

J. Li, K. Xun, K. Pei, X. Liu, X. Peng, Y. Du, L. Qiu and
W. Tan, J. Am. Chem. Soc., 2019, 141, 18013-18020.

Y. Du, Y. Lyu, J. Lin, C. Ma, Q. Zhang, Y. Zhang, L. Qiu and
W. Tan, Nat. Nanotechnol., 2023, 18, 818-827.

M. You, Y. Lyu, D. Han, L. Qiu, Q. Liu, T. Chen, C. Sam Wu,
L. Peng, L. Zhang, G. Bao and W. Tan, Nat. Nanotechnol.,
2017, 12, 453-459.

R. Merindol, G. Delechiave, L. Heinen, L. H. Catalani and
A. Walther, Nat. Commun., 2019, 10, 528.

Y. Hu, J. Rogers, Y. Duan, A. Velusamy, S. Narum, S. Al
Abdullatif and K. Salaita, Nat. Nanotechnol., 2024, 19,
1674-1685.

S. Modi, C. Nizak, S. Surana, S. Halder and Y. Krishnan,
Nat. Nanotechnol., 2013, 8, 459-467.

P. Peng, Q. Wang, Y. Du, H. Wang, L. Shi and T. Li, Anal.
Chem., 2020, 92, 9273-9280.

Y. Wan, N. Zhu, Y. Lu and P. K. Wong, Anal. Chem., 2019,
91, 2626-2633.

M. He, M. He, ]J. Zhang, C. Liu, Q. Pan, J. Yi and T. Chen,
Talanta, 2020, 207, 120287.

H. Wang, C. Li, X. Liu, X. Zhou and F. Wang, Chem. Sci.,
2018, 9, 5842-5849.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b

Open Access Article. Published on 17 2025. Downloaded on 01.03.26 11:53:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

114 S. Yang, Z. Zhao, B. Wang, L. Feng, J. Luo, R. Deng,
J. Sheng, X. Gao, S. Xie, M. Chen and K. Chang, ACS Appl.
Mater. Interfaces, 2023, 15, 23662-23670.

115 J. Liu, L. Yang, C. Xue, G. Huang, S. Chen, J. Zheng and
R. Yang, ACS Appl. Mater. Interfaces, 2021, 13, 33894-33904.

116 F. Chen, Q. Lu, L. Huang, B. Liu, M. Liu, Y. Zhang and
J. Liu, Angew. Chem., Int. Ed., 2021, 60, 5453-5458.

117 X. Yue, Y. Qiao, D. Gu, Z. Wu, W. Zhao, X. Li, Y. Yin,
W. Zhao, D. Kong, R. Xi and M. Meng, Sens. Actuators, B,
2020, 312, 127943.

118 Y. Lin, Y. Huang, Y. Yang, L. Jiang, C. Xing, J. Li, C. Lu and
H. Yang, Anal. Chem., 2020, 92, 15179-15186.

119 Z.Liu,]. Zhao, R. Zhang, G. Han, C. Zhang, B. Liu, Z. Zhang,
M. Y. Han and X. Gao, ACS Nano, 2018, 12, 3629-3637.

120 S.Xu, L. Li, N. Afshan, G. Wang, M. Zhao, J. Jiao and J. Jiao,
Chem. Eng. J., 2024, 485, 150143.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

121 W. Yang, X. Liu, H. Li, J. Zhou, S. Chen, P. Wang, J. Li and
H. Yang, CCS Chem., 2021, 3, 1178-1186.

122 Y. Zhang, X. Tian, Z. Wang, H. Wang, F. Liu, Q. Long and

S. Jiang, Front. Mol. Biosci., 2023, 10, 1239952.

M. Nasiri, M. Bahadorani, K. Dellinger, S. Aravamudhan,

J. L. Vivero-Escoto and R. Zadegan, Int. J. Biol. Macromol.,

2024, 260, 129495,

124 E. Enlund, S. Julin, V. Linko and M. A. Kostiainen, Nano-
scale, 2024, 16, 13407-13415.

125 M. A. Subhan, F. Parveen, N. Filipczak, S. S. K. Yalamarty
and V. P. Torchilin, J. Pers. Med., 2023, 13, 389.

126 S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, J. Audet,
H. F. Dvorak and W. C. W. Chan, Nat. Rev. Mater., 2016,
1, 16014.

127 J. Venturini, A. Chakraborty, M. A. Baysal and
A. M. Tsimberidou, Exp. Hematol. Oncol., 2025, 14, 76.

123

RSC Chem. Biol., 2025, 6,1366-1385 | 1385


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00057b



