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Cells are fundamental units of life. The coordination of cellular functions and
behaviors relies on a cascade of molecular networks. Technologies that enable exploration and
manipulation of specific molecular events in living cells with high spatiotemporal precision would
be critical for pathological study, disease diagnosis, and treatment. Framework nucleic acids
(FNAs) represent a novel class of nucleic acid materials characterized by their monodisperse and
rigid nanostructure. Leveraging their exceptional programmability, convenient modification
property, and predictable atomic-level architecture, FNAs have attracted significant attention in
diverse cellular applications such as cell recognition, imaging, manipulation, and therapeutic
interventions. In this perspective, we will discuss the utilization of FNAs in living cell systems
while critically assessing the opportunities and challenges presented in this burgeoning field.

Framework Nucleic Acids, Cell Identification, Cell Imaging, Cell Manipulation, Disease Treatment

(FNAs) refer to artificially designed nucleic acid structures that
possess specific shapes, sizes, and functional groups, enabling
spatially controlled patterning of functional biomolecules at the
nanoscale.”® Compared with nucleic acid-functionalized
inorganic or organic nanomaterials, such as spherical nucleic
acids,” DNA-Decorated hydrogels,"” and DNA block
copolymers,*’ FNAs can be integrated with diverse functional
motifs, such as small molecules, aptamers, and peptides, with
spatially and numerally controlled at the nanoscale. Mean-
while, via self-assembly into rigid three-dimensional (3D)
nanostructures, FNAs exhibit higher biostability and higher
cellular entry efficiency than linear nucleic acids.”*~*® These
properties make them a highly attractive platform for various
applications in cellular studies.

Recently, several review papers have discussed the
applications of FNAs in the field of biosensing,”’ ="’ cellular
imaging,49’50 and disease treatment.”** Meanwhile, there is
still a need for a comprehensive overview that discusses their
developmental trajectory and common challenges from a
global perspective. Here, we focus on recent advancements of
FNAs in the study of living cells, specifically addressing cell
recognition and capture, imaging of specific cellular compo-
nents, regulation, and mimicry of key molecular processes, and

Cells are the structural and functional units of life. Abnormal
molecular events within cells are linked to the progression of
many diseases.' > Analysis and regulation of these cellular
processes are crucial for understanding, diagnosing, and
treating diseases. However, cells are an exceptionally complex
and heterogeneous system.””'" Gene and protein expression,
along with their post-translational modifications, vary not only
between different cell types but also among cells of the same
type."' ~'* Additionally, the concentration and distribution of
cellular components are highly dynamic, and even minor
changes can trigger significantly different cellular re-
sponses.'”~'7 Moreover, the intricate structure of cells is
subdivided into functionally distinct membrane-bound organ-
elles."® ™" Increasing evidence suggests that identical compo-
nents can generate entirely different biological effects depend-
ing on their subcellular or even suborganellar location.”””** In
this content, the development of programmable tools and
technologies that enable precise cellular studies is highly
desired.

As a carrier of genetic information with good biocompat-
ibility,25 high programmability,26 and predictable Watson—
Crick base pairing,”” DNA represents one of the most
promising materials to develop functional tools for biological
applications. Since Seeman’s pioneering work on the 4-arm
DNA junction,” structural DNA nanotechnology has entered
a new era. A wide range of DNA nanostructures with intricate
shapes, precise sizes, and high addressability have been
synthesized, including nanotubes,?’ 3! origamis,n_34 and
polyhedra.”>™*” As a whole concept, framework nucleic acids
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Figure 1. Examples of single-stranded DNA and FNAs in cell identification. (A) FNAs incorporate various molecular recognition ligands for target
capture. Reproduced with permission from ref 56. Copyright 2016 Springer Nature. (B) Comparison of the performance of single-chain aptamers
and FNA at solid interfaces. Reproduced permission from ref 68. Copyright Annual Reviews. (C) Capture of CTCs using FNAs. Reproduced with
permission from ref 71. Copyright 2018 Elsevier B.V. (D) DNA-framework-based programmable atom-like nanoparticles to convert molecular
recognition events into numerical information. Reproduced from ref 74. Copyright 2023 The Authors. (E) Aptamer-based thermophoretic sensor
for early screening of cancers. Reproduced with permission from ref 77. Copyright 2019 The Authors.

cell-based disease treatments. Also, we discuss the oppor-
tunities and challenges inherent in these fields.

The precise recognition and capture of cells are crucial for the
early diagnosis, efficacy evaluation, and prognostic monitoring
of diseases.’*™>° However, the low abundance and high
heterogeneity of pathological cells pose significant challenges
for this task. FNAs, with the capability to incorporate various
molecular recognition ligands and DNA computing modules,
show great promise for accurate identification of target cells
(Figure lA).56
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For specific cell identification, molecular recognition ligands
are needed. Aptamers, oligonucleotides that can selectively
bind to target molecules, can be readily inte%rated with FNAs
through hybridization or sequence extension. 7=s9 Particularly,
the development of the cell-SELEX technology has enabled
screening of aptamers against target cells even without prior
knowledge of their molecular features, offering a panel of
specific ligands for cell recognition.éo’é1 For instance, Song et
al. used MDA-MB-231 cells as the selection target and
screened an aptamer specific for EpCAM, a membrane protein
overexpressed on many tumor cells. They immobilized this
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aptamer on microfluidic chips for specific capture of circulating
tumor cells (CTCs) in blood samples, achieving a capture
efficiency of 63% and a cell purity of 80%.°> Meanwhile, Zhao
et al. used rolling circle amplification to synthesize an aptamer-
incorporated multidimensional DNA network and decorated it
onto the surface of microfluidic chips. Based on the
multidimensional cell targeting effect, they achieved a cell
capture efficiency of 80% at a liquid flow rate of 60 uL/h.®> To
improve the cell binding affinity, Song et al. employed a
multivalent effect for cell-surface protein targeting. They
developed aptamer-modified nanospheres and immobilized
them on microfluidic chips. Compared to monovalent
aptamers, their polyvalent probes achieved over 300%
enhancement in CTC capture efficiency.”* Considering the
negative interference of the solid interface on the integrity and
status of cells, Wu et al. decorated nanovesicles extracted from
the membranes of functionalized white blood cells on
microfluidic chips. They demonstrated that the mobility of
these biofilms could enhance the binding frequency of
recognition ligands with CTCs. They also proved that this
soft capturing surface could minimize the undesired effects
caused by the fixed solid surface on cell activity.®®

Although a flowing interface can enhance the cell capture
frequency to some extent, the self-entanglement of immobi-
lized recognition ligands and their nonspecific interactions with
the interfaces remain unavoidable (Figure 1B).°~% FNAs,
benefiting from its mechanical rigidity and geometric stability,
offered a potent scaffold to address this issue.”””® For example,
Chen et al. constructed a sandwich-type electrochemical
biosensor using DNA tetrahedrons as the scaffold for the
detection of HepG2 cells (Figure 1C).”" They proved that this
FNA-incorporated biosensor could reduce the nonspecific
absorption the cell-targeting ligand by protruding it outward,
achieving a low detection limit of five cells per milliliter. To
further enhance the cell recognition efficiency, Wang et al.
designed a double tetrahedron framework that contained three
recognition ligands in one FNA construct. They proved that
this multivalent FNA probe achieved a low detection limit of
one cell per milliliter.”” Considering the high heterogeneity of
cells, a single parameter is always challenging for their accurate
identification, and molecular profiling of cell-surface proteins
can offer a potent strategy for precise cellular classification. To
address this issue, Xu et al. designed an aptamer-based AND
logic operation on multiple cell-surface proteins. By integrating
the information on two types of cancer-related membrane
proteins, they successfully identified CEM cells from a mixture
of other cancer cells.”> Yin et al. utilized FNA-based
programmable atom-like nanoparticles to construct a valence-
encoded signal reporters, enabling the conversion of molecular
recognition events into numerical information (Figure ID).74
Using this classifier, they performed interactive 3D analysis of
six types of biological markers including RNA, protein, and
metabolite. By assigning weights to the multidimensional
molecular information for computational classification, they
achieved a nearly deterministic molecular taxonomy of prostate
cancer patients. These studies demonstrated the potential of
FNAs as a programmable platform to modulate the avidity and
specificity of cell-targeting ligands, offering a promising
approach to enhancing the accuracy of cell identification.
Meanwhile, given the high complexity of cells, such as
heterogeneous phenotypes, low-abundance biomarkers, and
volatile cellular states, there is ample opportunity to develop
suitable tools for precisely identifying target cells.
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In addition to cell bodies, cell-derived extracellular vehicles
(EVs), such as exosomes and microvesicles, carry many
biological properties of their parent cells, thus offering valuable
information for disease analysis.”” In order to analyze the
information on EVs, Shi et al. developed an aptamer-
functionalized tetrahedron-based electrochemical sensor.
Their results showed that this sensor could specifically capture
EVs and then perform in situ EV fragmentation. Subsequently,
the electrode-surface immobilized sensin§ probes enabled the
sensitive detection of exosomal miR-21.”° Liu et al. developed
an aptamer-based thermophoretic sensor for early screening of
cancers (Figure 1E).”” EVs in patient blood samples could be
directionally enriched by a temperature gradient generated
from light illumination. Using seven aptamers targeting the
surface proteins, molecular profiling of EVs was obtained.
Besides, by combination with linear discriminant analysis, they
achieved effective classification across six cancer types with an
accuracy rate of 68%. DNA computing represented a new
direction in computational science that employed the sequence
information on DNA to perform complex computations.”® By
combining DNA computing and thermophoretic enrichment,
Li et al. developed an aptamer-based logic gate operation
system for the sensitive and specific profiling of tumor-derived
EVs.”” Using multiple protein markers on individual EV as
inputs, this strategy enabled distinguishing two subtypes of
breast cancer cells with 90% accuracy.

While FNAs offer a versatile platform for recognizing and
analyzing molecular features on the surface of EVs, the
concentration of target molecules on these small-sized vesicles,
particularly exosomes (diameters of 30—150 nm), is likely to
be very low. Herein, the incorporation of FNAs with high-
affinity recognition ligands and target-responsive signal
amplification strategies would be beneficial for precisely
probing their molecular information.

The dynamic imaging of specific molecules in live cells would
offer valuable information for cellular studies.””®' FNAs can be
readily functionalized with multiple detection moieties and
organelle-targeting ligands, making them a promising tool for
the precise analysis of various cellular components. Addition-
ally, due to their capability for easy internalization by cells,
FNAs enable various probes to penetrate the cell membrane
barrier,"**~** enabling intracellular imaging of specific
molecules or ions.*’”%

The cell membrane interface is the local surrounding of cells
for modulating their exchange of substances and information
with external environments.” Monitoring of specific molecules
or ions in this local environment would advance our
understanding of many cellular processes, such as cell signaling,
communication and metabolism.*>®' To meet this goal,
biosensing probes have been immobilized on the cell surface
through covalent conjugation,®® transfection of recombinant
protein,®” or receptor-targeted attachment.”® While these cell
membrane-anchored biosensing probes showed great promise
for the dynamic monitoring of target analytes in this
extracellular microenvironment, they generally involved
complicated operations and modification of cellular compo-
nents, possibly leading to conflict results. To address this issue,
Liu et al. designed amphiphilic DNA probes by conjugating
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one end of the DNA strand with a hydrophobic diacyllipid
tail.®” They proved that these amphiphilic probes could
efficiently anchor onto the cell membrane through a
hydrophobic interaction between the diacyllipid tail and the
phospholipid bilayer. They also demonstrated that this cell-
surface engineering strategy could be generalized to different
cell lines with good biocompatibility. By using this strategy,
Qiu et al. developed cell membrane-anchored DNAzyme
probes and showed their good performance in monitoring the
cellular release of target ions (Figure 2A).” Afterward, they
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Figure 2. Functional nucleic acids modified to the cell membrane
surface for monitoring cell life activities. (A) Cell membrane-
anchored DNAzyme probes to monitor the cellular release of target
Mg**. Reproduced from ref 90. Copyright 2014 American Chemical
Society. (B) pH-responsive DNA triplexes on the amphiphilic DNA
tetrahedron for monitoring the dynamic variation of extracellular pH.
Reproduced with permission from ref 92. Copyright 2023 Elsevier
B.V. (C) Rod-shaped DNA origami decorated with multiple
cholesterol tags on the cell membrane sensitive for the detection of
two extracellular nucleic acid molecules simultaneously. Reproduced
from ref 93. Available under a CC-BY-NC-ND 4.0 license. Copyright
2022 The Authors. (D) Fusion of vesicles and cell membranes to
modify probes to the intracellular membrane. Reproduced with
permission from ref 96. Copyright 2021 Wiley-VCH GmbH.

found that linear amphiphilic DNA detached rapidly from the
cell membrane in serum-containing medium, affecting the
reliability of the biosensing platform. To resolve this problem,
they synthesized amphiphilic DNA tetrahedrons with an
overhang probe at the top vertex and cholesterol tags at the
three bottom vertices.”' With three spaced anchoring motifs,
DNA probes could be stably anchored onto the cell membrane
with negligible internalization and no more than 20%
detachment even after incubating the cells in complete culture
medium for 2 h. Meanwhile, Xing et al. incorporated a pH-
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responsive DNA triplexes on the top vertex of amphiphilic
DNA tetrahedron, and achieved dynamic monitoring of pH
variations in the extracellular microenvrionment (Figure 2B). o
In addition to tetrahedron, DNA origami represented another
potent platform for membrane decoration with high
addressability.”> By conjugation with multiple hydrophobic
tags, amphiphilic origami could be stably anchored on the cell
membrane, allowing for the precise incorporation of diverse
functional ligands. For example, Shahhosseini et al. anchored
rod-shaped DNA origami conjugated with multiple cholesterol
tags on the cell membrane, and incorporated two distinct DNA
probes onto the outer leaflet of this nanoconstruct (Figure
2C).” Their results showed that this amphiphilic origami
probe enabled the simultaneous detection of two nucleic acid
molecules in their extracellular surroundings. While amphi-
philic FNAs provide an effective, stable, and universal platform
for incorporating detection probes onto the cell membrane,
they fail to specifically label target cells in complex systems.
Therefore, the development of FNAs, which enable cell type-
specific membrane anchoring with minimal interference on the
natural cellular components and status, is highly desired.

Beyond the outer surrounding, the inner-leaflet membrane
interface is a crucial region, where numerous signaling
pathways are initiated.”"”> Precise monitoring of molecules
or ions within this microregion provides valuable insights into
the underlying molecular mechanisms of cellular signal
transduction processes. However, the negatively charged lipid
bilayer poses significant challenges for the membrane trans-
location of many probes. As inspired by the fusion of exosomes
with the cell membrane, liposomes decorated with DNA
probes in the luminal surface was developed to deliver DNA
onto the inner-leaflet of the cell membrane. By using this
strategy, Lin et al. developed inner-leaflet membrane-anchored
cholesterol-conjugated ATP aptamer probe, which allowed
detection of ATP within the membrane-proximal cytosolic
region (Figure 2D).”° While this liposome fusion strategy
showed great potential for the delivery of nucleic acid probes
to the inner-leaflet membrane interface, there remain
significant challenges, such as low membrane-anchoring
stability, sensitivity to enzyme digestion, and difficulties in
signal amplification, in biosensing of this closed and localized
region. Besides, the interference of liposomes on the natural
lipid components of the cell membrane and thus the cellular
status remain an open research question.

Cytosol is the aqueous component of the cytoplasm that
supports various metabolic processes, enzyme activities, and
cell signaling. Detecting specific molecules or ions in the
cytosol is crucial for assessing cellular health, diagnosing
diseases, and developing targeted therapies. Whereas, the
plasma membrane serves as a barrier for the cellular delivery of
biosensing probes. DNA molecules, as negatively charged
macromolecules, generally fail to penetrate the plasma
membrane. However, by folding into 3D nanostructures,
FNAs can efficiently enter cells, offering a promising delivery
platform for intracellular analysis. To investigate the possible
mechanisms underlying the cell entry of these FNAs, Peng et
al. used both experimental and simulation approaches to
explore the interaction between cells and three typical FNAs
with different shapes.* Their results proved that the corner-
angle-mediated molecular interaction with scavenger receptors
determined the cellular entry frequency of these FNAs. Ding et
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American Chemical Society. (E) Triangular ENAs for simultaneous imaging of both pH and ATP in lysosomes.'"®

Reproduced from ref 118.

Copyright 2019 Amerlcan Chemical Society. (F) pH-responsive ratiometric fluorescent tetrahedra FNA for dynamically quantifying pH variations

in synaptic vesicles."”

* Reproduced from ref 124. Copyright 2020 American Chemical Society.

al. reported that tetrahedra used a “vertex attack” to penetrate
cells by minimizing their contact with the plasma membrane
(Figure 3A).”” These two studies proved that FNAs with sharp
angular structures were more favorable for cellular internal-
ization, offering new clues for the rational design of DNA-
based delivery platforms.

For imaging cytosolic mRNA, Chor et al. conj 9gated a
molecular beacon onto the vertex of tetrahedral FNA.”” Their
results showed that this FNA probe could effectively enter
living cells and enable the specific detection of GAPDH
mRNA in the cytosol. In addition to the vertex, the sides of
FNAs could be incorporated with biosensing probes.”” For
example, Zhu et al. incorporated DNAzyme probes onto the
sides of FNAs for the detection of cytosolic Cu** and Zn* in
Hela cells (Figure 3B).'"’ These sensors typically report only

the total target signals, lacking dynamic information about
target fluctuations. To address this issue, Wang et al. developed
a transformable tetrahedral FNA for probing RNA dynamics in
live cells.'”" Unlike static DNA nanostructures, the probe is
transformed into a 3D tetrahedral FNA upon binding with a
target RNA, which brought the donor—acceptor pair into close
proximity to generate a FRET signal. Using this method, they
investigated the dynamics of delta-like ligand 4 (DIl4) mRNA
and uncovered previously unrecognized subpopulations of D14
mRNA.

Given that the concentration of some cytosolic analytes is
rather low, signal amplification strategies to enhance the
detection sensitivity would be beneficial. To achieve this goal,
Zhang et al. found that the confinement effect in the cavity of
FNAs could enhance the sensitivity of detection probes

4114 https://doi.org/10.1021/jacsau.4c00776
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(Figure 3C).'”” By localizing DNAzyme probes within
orthorhombic FNAs, nonspecific interference from large
molecules on their sensing performance could be minimized,
thereby reducing background noise. Herein, the detection
sensitivity against target histidine inside was enhanced by more
than 5000 times.* To distinguish target molecules with similar
structures, Zhao et al. utilized the size-selective ability of DNA
cages to exclude large-sized immature miRNA, and achieved
the selective detection of small-sized mature miRNAs, which
contained the same target fragment as their immature
counterparts.103

The concentrations and distributions of intracellular
components are highly dynamic. Herein, capability to analyze
these components with biologically comparable spatial and
temporal precision would be critical for understandin% their
molecular mechanisms in complex cellular processes.'”*~'*°
The Li group constructed a series of photoactivated DNA
biosensors for the detection of intracellular analysts with
spatiotemporal control.'”” For instance, they synthesized an
ATP aptamer probe, in which the ATP recognition fragment
was partially hybridized with a complementary DNA that
included a photocleavable group in the middle.'"”® Only upon
exposure to ultraviolet light would the complementary DNA
be cleaved to recover the ATP sensing capability of the
aptamer probe, achieving live-cell imaging of ATP with high
spatiotemporal resolution. The need for light irradiation limits
the in vivo use of this method due to poor tissue penetration.
To overcome this issue, Yi et al. developed DNAzyme sensors
activated by endogenous enzymes.'”” The enzyme strand of
this sensor was modified with an abasic site and formed a
stable duplex structure to block its catalytic ability. Only in
cancer cells with a high expression level of apurinic/
apyrimidinic endonuclease 1, the abasic site was cleaved to
recover the activity of the DNAzyme probe, enabling the cell
type-specific detection for target metal ions in vivo. Although
FNAs can be internalized by living cells to some extent, their
efficiency of cell entry, particularly in terms of endolysosomal
escape, still needs improvement. Besides, due to the presence
of numerous nucleases in the cytosol, enhancing the
biostability of FNAs is essential for reliable intracellular
analysis in vivo.

Cells are complex entities composed of diverse organelles.
Dynamically coordinating the activity and organellar local-
ization of specific biomolecules is fundamentally required for
various cellular processes.''” Herein, precise imaging of target
components at the organellar level would be crucial."''~"'* As
a typical example, mitochondria are the key organelles in
maintaining cellular energy metabolism processes. Xin et al.
designed a triphenylphosphonium (TPP)-functionalized DNA
nanosensor for mitochondria-targeted delivery of biosensing
probes, which composed of an ATP aptamer and a
complementary DNA strand linked by a glutathione (GSH)-
cleavable disulfide bond."”” By using this design, they achieved
GHS-activated imaging of ATP in mitochondria. Yi et al.
utilized TPP-functionalized nanoparticle to deliver DNAzyme
probes into mitochondria, enabling the organellar detection of
Zn** (Figure 3D).'" In addition to mitochondria, lysosomes
are the metabolic center of cells, containing more than 60
types of hydrolytic enzymes in acidic lumen for degradation of
macromolecules.''® Their dysfunction is closely related to the
occurrence and development of various diseases. Gao et al.
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found that tetrahedral FNA could effectively target lyso-
somes."'” They developed a Zn>* fluorescent probe and
incorporated it into the FNA scaffold. Using this lysosome-
localized FNA probe, we could sensitively detect the lysosomal
zinc ions with a low detection limit of 31.9 nM.

To achieve multiplex detection, Du et al. constructed a DNA
nanodevice by integrating an i-motif probe and an ATP-
binding aptamer into the triangular FNAs (Figure 3E).'"®
Their results proved that this nanodevice enabled simultaneous
imaging of both the pH and ATP in lysosomes. While we could
integrate different detection probes on the same FNA for
simultaneous imaging of multiple components, the quantitative
measurement of organellar variations was still challenging.
Ratiometric fluorescence probes, with the capability to correct
variations in probe concentration, instrument fluctuations, and
environmental conditions, represent an attractive alternative
for quantitative measurement. Saha et al. developed a double-
stranded DNA structure consisting of a Cl™-sensitive probe, a
Cl -insensitive fluorophore for normalization, and a targeting
module for endolysosomal pathways.''” Using this nanodevice,
they quantitatively measured Cl™ along with the endolysoso-
mal pathways and demonstrated that lysosomal Cl™ had a far-
reaching function beyond pH regulation. Leveraging the
programmability and modularity of the DNA scaffolds, this
research group further incorporated the DNA nanodevices
with different sensing probes, achieving precise quantitative
analysis of Ca*,"*” Na*,"*" K*,"*” and electric potential'* in
specific organelles. Due to the interconnections among the
variations of multiple ions and molecules within organelles, it is
of significant importance to conduct precise simultaneous
detection of these entities. However, the multiplex detection
capability of these DNA duplex probes is constrained by their
relatively flexible structure and limited size (generally <80 bp).
FNAs, with higher rigidity and broader dimension range,
present an excellent solution to this issue. Liu et al. utilized
amphiphilic tetrahedron FNAs as the membrane-anchored
nanoscaffold and incorporated with three pH-sensitive and one
pH-insensitive dyes to develop a ratiometric fluorescent probe.
When the plasma membrane of neurons invaginated to form
synaptic vesicles (SVs), the FNA probe was loaded into the SV
lumen, enabling the dynamic monitoring of pH variations
during the exocytosis and retrieval of SVs (Figure 3F)."**

Currently, cell biology is shifting from a holistic perspective
to a more localized focus, emphasizing the importance of
understanding cellular processes on a finer scale. The
quantitative measurement of signaling molecules and ions in
specific micro- and nanostructural domains of cells or
organelles can offer valuable insights into related molecular
mechanism study. FNAs can be precisely integrated with a
variety of sensing probes, providing an excellent platform for
analyzing cellular processes at unprecedented resolutions. Yet
this exciting field is still in its early stages, offering substantial
opportunities for further exploration and innovation.

Artificial manipulation of cellular functions and behaviors
offers a new approach for understanding specific cellular
processes and advancing disease theranostics.'”*~'*” The
predictable and switchable structure of DNA molecules
demonstrates significant potential in cellular regulation. In
particular, by adopting a 3D configuration, FNAs provide a
versatile platform, a highly adaptable platform characterized by
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ligand—receptor interface. Reproduced from 132. Copyright 2022 American Chemical Society. (C) Two tetrahedron FNAs for separately targeting
the lipid raft and nonraft domains of the cell membrane. Reproduced from ref 139. Copyright 2024 American Chemical Society. (D) Two
tetrahedron FNAs for separately targeting the lipid raft and nonraft domains of the cell membrane. Reproduced from ref 141. Copyright 2021
American Chemical Society. (E) Tetrahedron FNA with a side length of 5.4 nm to seal the upper surface of the SARS-CoV-2 spike trimer with
nanoscale precision. Reproduced from ref 144. Copyright 2022 American Chemical Society. (F) DNA nanojunctions for regulating the
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extensive programming, nanoscale resolution, and superior different aptamers, which modulated the heterodimerization of
reliability, thereby aligning with this objective. receptor tyrosine kinases from different families, thus enabling
the stimulation of EGFRI and c-Met signal transduction
pathways.'”” Yang et al. constructed a nongenetically
engineered artificial DNA mechanoreceptor, which could
sense the exerted tensile forces through an allosteric DNA

The clustering of membrane proteins is an important way for
regulating various cellular processes, such as signaling trans-
duction, material transportation, and cellular communica-

tions.'*® Capability to artificially manipulate the clustering of switch. This design implemented a force-triggered dynamic
target proteins is beneficial for exploring related biological DNA assembly that promoted receptor dimerization and
processes. To control the interactions of different membrane enhanced downstream signaling in the force-receiving cells."*
proteins, Liu et al. developed a bivalent linker composed of two In addition to protein dimerization, the molecular distance
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between receptors in a dimer may be another important factor
in modulating the downstream signaling output. To test this
hypothesis, Wang et al. developed an aptamer-functionalized
DNA nanotweezer for dynamically regulating the lateral
distance between target membrane receptors in a dimer(Figure
4A)."*" Via control over the open or closed states of the
nanotweezer, they modulated the lateral distance between
CD28 receptors, which led to regulation of the T cell
activation process. To study how receptor oligomerization
governed the signaling response, Wang et al. constructed a
DNA origami-templated aptamer nanoarray, which allowed
precise programming of receptor tyrosine kinase oligomeriza-
tion with defined valency, distribution, and stoichiometry at
the ligand—receptor interface (Figure 4B)."*> They revealed
that varying the valence of receptor oligomerization could
trigger distinct signaling activation pathways. Additionally, the
proper spatial arrangement of proteins is essential for achieving
desired functional outcomes.'”® Zhu et al. found that simple
protein ligation using a bivalent aptamer was insufficient to
induce glycosylation reactions.'”* Instead, optimizing the
linker design between the two aptamers to position the target
proteins in an appropriate spatial arrangement was necessary to
facilitate the glycosylation reaction. To finely tune the angle of
protein interaction, Zhou et al. designed tetrahedral FNAs
incorporated with a series of linker length ranging from 8 to 57
A, allowing control over the distance of interaction between
two proteins.'>> Based on this, they developed covalent DNA
framework-based PROTACs (DbTACs). By precisely posi-
tioning ligands of proteins of interest and E3 ligase on the
FNAs, they found that DbTACs with optimal linker lengths
between ligands achieved higher degradation rates and
enhanced binding affinity. Simultaneously, they also designed
bispecific DbTACs with trivalent ligand assembly, enabling
multitarget depletion while maintaining highly selective
degradation of specific protein subtypes.

Apart from protein interactions, the membrane distribution
may be an important factor for regulating their biological
functions."*® Increasing evidence proved that the components
of the cell membrane was not uniformly distributed, but
segregated into distinct lipid-ordered (lipid raft) and lipid-
disordered (nonraft) domains, displaying a laterally heteroge-
neous pattern."”” Manipulating the partitioning of proteins in
these membrane domains would provide a new perspective for
studying related biological processes. Sun et al. found that two
complementary cholesterol-functionalized DNA strands could
cause the rearrangement of lipid rafts in the cell membrane.
Based on this experimental phenomenon, they reported a DNA
nanotweezer composed of a cholesterol-functionalized DNA
duplex for stabilizing transient lipid rafts and inducing
clustering of raft-associated components."*® They demonstra-
ted the potential of this nanotweezer for effectively capturing
and expanding cholesterol-rich raft domains. By using these
nanotweezers, they successfully included the recruitment of
TCR, and stimulated T cell activation. Meanwhile, Ma et al.
designed two DNA tetrahedrons for separately targeting the
lipid raft and nonraft domains on the cell membrane. They also
used these two tetrahedrons for regulating the membrane
partitioning of PTK7 on HCT116 cells and CD4S on Jurkat T
cells (Figure 4C)."*” Their results demonstrated that different
membrane partitionings of these two proteins could induce
completely different cellular responses.

The spatial distribution of membrane proteins is closely
linked to their biological functions, making their precise
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arrangement critical for cellular processes. FNAs provide
unique advantages in controlling the aggregation, distance, and
spatial arrangement of protein molecules, offering an attractive
platform for the precise manipulation of protein-related
processes. However, to date, FNA-based strategies for protein
manipulation have primarily focused on membrane proteins,
arising from the challenges associated with delivering complex
nucleic acid constructs to specific intracellular regions. Herein,
there is a pressing need for innovative approaches that can
enhance the delivery and application of FNAs for manipulating
the interactions among intracellular proteins.

Cell—cell interactions play a crucial role in regulating various
physiological processes, such as tissue development, immune
response, and homeostasis. The capability to manipulate the
interactions between cells would offer many opportunities for
the development of cell-based theranostics and tissue
engineering. Yang et al. designed a circular bispecific aptamer
for cellular connection."*” By creating artificial recognition
between native T cells and tumor cells, they achieved an
enhanced accumulation of T cells in tumor tissue and
consequently improved their cytotoxic effects. To manipulate
the dynamic cellular interactions in coordination with their
intrinsic activity, Li et al. designed a membrane-anchored
FNAs which could be activated by cell-secreted signaling
molecules (Figure 4D)."*" Consequently, multiple functional
modules could be assembled on the activated FNAs through
the hybridization chain reaction to arm the cells with the
binding and killing capability against target cells. To reversibly
regulate the cellular interactions, Lu et al. incorporated the cell
recognition ligands with the i-motif, G4 or DNAzymes to
manipulate the aggregation and disaggregation of cells."**'**
In addition to establishing new connections between cells,
DNA was also used to block the cellular interactions. Wan et
al. used a DNA tetrahedron with a side length of 5.4 nm to
block the SARS-CoV-2 spike trimer with nanoscale precision
(Figure 4E)."** This approach effectively prevented interaction
between the spike trimer and ACE2, thereby inhibiting SARS-
CoV-2 infection and fusion with host cells.

Beyond membrane receptor-based molecular recognition,
the physical parameters at the cellular interface would play an
essential role in modulating cell—cell interactions. To evaluate
the impact of intermembrane spacing on T cell activity, Du et
al. constructed three DNA nanojunctions with distinct sizes
through overhang hybridization between two membrane-
anchored tetrahedral FNAs (Figure 4F).'"* Their results
demonstrated that the intermembrane distance plays a crucial
role in modulating the T cell activation process, presumably by
modulating protein reorganization and mechanical forces.
They also revealed that shortening this distance with small
DNA nanojunctions could significantly enhance T cell activity.
In addition to the physical distance, the molecular forces
generated during cellular interactions are another critical
parameter. Based on the predictable thermodynamics of base
pairing, You et al. developed a series of DNA mechanical
probes to measure the tensile forces generated during cell—cell
interactions.'**™'** As interest in studying the molecular forces
involved in cellular interactions has grown, DNA mechanical
sensors have evolved from simply detecting the magnitude of
the force to also responding to the rate and duration of the
applied force.'*’
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In addition to interactions between intact cells, the interplay
of intracellular membrane-bound organelles also plays a
fundamental role in maintaining cellular homeostasis. For
example, fusion of autophagosomes and lysosomes can lead to
degradation of age-damaged organelles; contact between the
endoplasmic reticulum and damaged lysosomes can cause
lysosomal repair; mitochondrial aggregation triggers localized
increase of reactive oxygen species (ROS) to enhance
mitochondrial stress. To artificially induce organellar aggrega-
tion in cells, Lu et al. designed a DNAzyme probe incorporated
with mitochondria-targeting peptides. They proved that this
probe could bring two mitochondria closer, and thus induce
mitochondrial damage.'” Zhu et al. synthesized a long-chain
DNA conjugated with multiple mitochondria-targeting mod-
ules to trigger the clustering and then fusion of mitochon-
drial."® Using this approach, they successfully repaired ROS-
stressed neuronal cells. These DNA probs were generally
introduced into cells using transfection reagents. Instead, FNAs
themselves could rapidly enter cells (<2 h) with high
biostability, offering an attractive alternative.”> Dong et al.
used split i-motif structure to construct a H'-responsive FNA
prob.””" Their results showed that lysosomal acidity could
trigger the aggregation of these FNA probes, which led to the
consumption of H" content within lysosomes, thereby
regulating luminal enzyme activity. Based on the difference
of the K" concentration between lysosomes and cytosol, Li et
al. designed a K-mediated 3D assembly of tetrahedral FNAs
to a polyanionic barrier around mitochondrial (Figure 4G).">*
After entry into lysosomes with a low K concentration, FNAs
maintained a dispersed pattern in a monomer form. Upon
escape into the K'-abundant cytosol, the G-quadruplex was
formed to facilitate the 3D assembly of the FNA monomer. By
incorporation of TPP, these DNA nanostructures were able to
specifically target mitochondria and influence mitochondrial
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respiration. As a result, they suppressed the migration capacity
of the MCF-7 cells by as much as 50%.

Currently, the applications of FNAs in regulating cellular
interactions have advanced from merely bringing cells closer
together to precisely controlling the physical and chemical
parameters at cellular interfaces. Meanwhile, using FNAs to
modulate the interactions between intracellular organelles
represents a new direction in cellular research. However,
significant challenges remain in effectively decorating func-
tional DNA constructs with specific organelles. To achieve
these goals, innovative strategies are needed to enhance the
design, specificity, and functionality of FNAs.

DNA is used not only to regulate the functional activities of
natural proteins but also to create constructs that mimic
protein functions and establish new signaling pathways.
Inspired by the RTK receptor dimer, Chen et al. designed
an artificial membrane receptor consisting of two trans-
membrane units, where two cholesterol tags were modified
in the middle site of the DNA construct. Meanwhile, this
artificial receptor was consist of: a pH-responsive split i-motif
as the top signal recognition module and a split G-quadruplex
that performed peroxidase-like catalytic reactions as the
bottom signal output module.">® As the signal input, protons
triggered the formation of the i-motif at the top, leading to the
dimerization of the artificial receptor, which in turn formed the
bottom G-quadruplex to initiate downstream signal reactions.
While it was an interesting design, the linear DNA structure
would restrict the application scope of the artificial membrane
receptors. Introduction of FNAs was expected to enhance the
functionality of artificial receptors. For example, Wu et al.
constructed a pH-responsive cell membrane receptor by
immobilizing amphiphilic tetrahedral FNAs incorporated
with a pH (low) insertion peptide (pHLIP) (Figure 5A).">*
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Upon exposure to a low-pH environment, the pHLIP module
rapidly formed a rigid a-helical structure and then actively
inserted into the cell membrane, delivering the C-terminal
fragment carrying a protein recruiter to the cytoplasmic leaflet.
This led to the recruitment of specific cytosolic proteins to the
membrane-proximal region, which then initiated downstream
signaling events. In addition to mimicking cell-surface
receptors, FNAs have also been employed to simulate
transmembrane ion channels. For example, Peng et al.
constructed a transmembrane DNA nanogate, which was
formed by six-helix DNA bundles conjugated with cholesterol
at the middle of the side edge (Figure 5B)."*° They used cell-
derived giant vesicles as a protocell model and demonstrated
the capability of this artificial channel to modulate the
transmembrane flux of ions and small molecules. To develop
DNA nanostructures with higher addressability, Dey et al. used
DNA origami to design a transmembrane channel that could
be precisely controlled by external stimulation (Figure 5C)."*°
This artificial channel had an open cross-sectional region that
allowed impermeable proteins, such as trypsin and GFP, to
enter the cell upon exposure to external stimuli. Furthermore,
the construction of artificial organelles in the cytoplasm would
offer a new paradigm for correcting organellar impairments in
defective cells. Zhang et al. constructed dual-enzyme-loaded
microdroplets for correcting cellular nitric oxide deficiency."”
Yao et al. utilized a dynamic DNA assembly system to in situ
construct peroxisomes within cells for removal of ROS."*®
Reproducing life-like characteristics synthetically would
enhance our understanding of biological processes and lead
to development of next-generation tools in biotechnology and
pharmaceuticals. Leathers et al. constructed membraneless
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artificial cells using the self-assembly of synthetic DNA
nanostructures (Figure SD)."*” By modifying various func-
tional groups on nucleic acids, it is easy to modify the artificial
cell system and simulate specific biological chemical reactions
in cells. However, it is challenging to balance the trade-offs
among structural stability, versatility, and molecular commu-
nication in artificial cell systems. To overcome this challenge,
Zhang et al. developed a self-stabilizing and fastener-bound
gain-of-function DNA membraneless organelle with high
stability and controllable bioactivity.'®” This artificial organ-
ellar scaffold, generated by rolling circle amplification of long
single-stranded DNA, would assemble into membraneless
coacervates via phase separation, leading to recruitment of
Mg** for self-stabilization. Furthermore, by binding with other
fasteners, designated functionalities could be readily integrated
into this artificial organelle.

The development of artificial receptors, organelles, and cells
is a key focus of “bottom-up” synthetic biology. FNAs showed
potential in the construction of artificial systems to mimic the
biological structures and functions of these entities but are
significantly challenged by the high complexity of these
biological systems. Particularly, the adaptive response capacity
of living cells is established by a complex signaling network,
which involves not only diverse molecules but also different
membrane-bound compartments.

Effective drug delivery into cells is often a primary step for the
successful treatment of various diseases, but this process is
frequently impeded by the barrier posed by the cell
membrane.'®’ ENAs, with their enhanced ability to penetrate
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the cell membrane, can significantly improve the efficiency of
drug delivery. Additionally, FNAs are highly versatile, allowing
for the integration of various functional modules tailored to
specific therapeutic needs. This adaptability makes them a
promising platform for the development of advanced dis-ease
therapies.

Many studies suggested that tetrahedral FNAs themselves
could serve as therapeutics for many diseases. For example, Li
et al. found that tetrahedral FNAs could inhibit cisplatin-
induced iron death in renal tubular cells béy reversing the down-
regulation of glutathione peroxidase 4.'°> Wang et al. found
that tetrahedral FNAs could affect ectopic ossification through
modulating the II-17 pathway.'”® Li et al. found that
tetrahedral FNAs could modulate the PI3K/AKT pathway,
and thus inhibited the progression of type 2 diabetes.'** Cui et
al. found that tetrahedral FNAs could alleviate the symptoms
of Parkinson’s disease by reducing the accumulation of a-
synuclein to inhibit the apoptosis of PC12 cells.'®> Shao et al.
also reported that tetrahedral FNAs could protect PC12 cells
from the toxicity of amyloid B-peptide.'®® Zhao et al. found
that tetrahedral FNAs could promote the growth and
migration of epidermal cells through the Notch pathway.'®”
Furthermore, the structures and sizes of FNAs would cause
different biological effect. Shi et al. detailly investigated the
biological effects of tetrahedral FNAs with different sizes.'*®
They proved that smaller FNAs tended to promote cell
proliferation and migration, potentially promoting tissue
regeneration and wound healing. Besides, Hu et al. reported
that tetrahedral FNAs of different sizes or different shapes
exhibited different activation levels on immune cells. Besides,
this study showed that FNAs different sizes could modulate the
molecular distance of the conjugated CpG li%ands and thus
trigger different degrees of immune response.'®’

FNAs have demonstrated a variety of advantages in disease
treatment, but to enhance therapeutic outcomes and broaden
their applications, it is crucial to gain a deeper understanding of
their interactions with cells. Investigating the mechanisms by
which FNAs engage with cellular components can provide
valuable insights into their efficacy and safety profiles. This
understanding may lead to the optimization of FNA designs,
enabling more effective targeting of specific cell types and
disease states.

Taking advantages of enhanced cell entry efficiency, ease of
modification, and good biocompatibility, FNAs have been used
as carriers of therapeutics for the treatment of various diseases,
such as tumors, neurodegenerative disorder, and senescence.
For example, Zhang et al. conjugated camptothecin onto
tetrahedral FNAs through disulfide bonding (Figure 6A)."”°
After being delivered into the cytoplasm, camptothecin could
be liberated from FNAs through glutathione-induced reduction
of the disulfide, thereby leading to effective cell killing. While
covalent conjugation of therapeutics offered high stability and
controllable stoichiometric ratios, it generally suffered from
limitations of low payload and complex operations. To
enhance drug payload, Ren et al. synthesized tetrahedral
FNAs embedded with doxorubicin (DOX) for cancer treat-
ment."”" Via electrostatic and van der Waals forces, DOX
molecules were loaded into the C-G base pairs of the DNA
duplex, and over 80 DOX molecules were embedded in each
tetrahedral FNA. In addition to small molecules, tetrahedral
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FNAs could be used for the delivery of therapeutic peptides
and miRNAs. For example, Tian et al. developed a tetrahedral
FNA loaded with bee venom peptides (Figure 6B)."”> Upon
binding to the target surface receptor, the FNA would undergo
a conformational change, releasing the peptide to induce cell
perforation and death. Gao et al. designed tetrahedral FNAs
containing a low pH-responsive i-motif hybridized with
siRNA.'”> After entry into endolysosomes, one side of the
FNA would undergo a conformational change to form an i-
motif structure, thus leading to the release of siRNA for
silencing tumor-associated genes. The biostability of FNAs is
one of the critical factors influencing therapeutic efficacy. To
address this issue, Kansara et al. reported that the complexes of
cationic lipids and tetrahedra could significantly improve their
biostability and cellular uptake efficiency (Figure 6C)."”*
Positively charged drug molecules can also improve the
internalization efficiency of FNAs. Yan et al. incorporated
tetrahedral FNAs with positively charged DOX and proved
that these DNA nanostructures could cross the cell membrane
directly without entering the endocytosis pathway.'” They
also proved that this positively charged FNA had a high tumor
penetration depth, offering a potential delivery system for
tumor elimination. To explore the potential of FNAs as drug
delivery platform, Zhang et al. evaluated the cellular uptake and
in vivo stability of tetrahedral FNAs with four different
modifications: replacing DNA strands with antisense peptide
nucleic acids, attaching aptamers at the vertex, directly mixing
with small molecular drugs (e.g, paclitaxel and baicalein), and
coating with protective reagents (e.g, cationic polymers).176
These results offered instructive information for the rational
design of drug nanocarriers.

Due to the high complexity of tumors, the efficacy of
treatments against a single therapeutic target was often limited.
Benefiting from high programmability, FNAs could be
integrated with multiple therapeutic agents or modalities into
a single platform. For example, Li et al. constructed a
tetrahedral FNA, where the vertices were extended with
three miR-132."”7 Their results demonstrated that the
combination of three miR-132 molecules could effectively
delay skin aging. To address the off-target effect, Li et al.
developed an aptamer-functionalized origami nanotube
encapsulated with thrombin (Figure 6D)."”® Upon aptamer-
based binding to nucleolin overexpressed on tumor cells, the
hybridized duplex would be unzipped to release thrombin,
leading to vascular occlusion and then starvation death of the
tumors. Wu et al. modified an EGFP-specific nanoantibody on
the tetrahedral skeleton embedded with the drug S6MESS for
tumor-targeted chemotherapy.'”” Compared with single
therapy, combination therapy could offer a more comprehen-
sive approach to improving tumor treatment eflicacy. Tang et
al. designed an aptamer-modified DNA hydrogel that
embedded with a chemotherapeutic drug and incorporated
antisense oligonucleotide therapeutics as linkers between two
tetrahedra (Figure 6E)."® Their results demonstrated that the
combination of targeted gene therapy with chemotherapy
could significantly enhance the therapeutic efficacy against
multidrug-resistant tumors.

Drug delivery is a critical aspect of effective disease
treatment. Over the years, various drug delivery vehicles have
been developed, including lipid nanoparticles,"*"'** inorganic
nainopelrticles,183_185 liposomes, **'%” viral vectors,"**'®” and
biological vesicles.'””'”" Despite significant progresses, many
of these vehicles still face several limitations, such as low
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biocompatibility,'”* inaccurate drug loading,'”® and unclear

delivery mechanisms.'”*”"*° FNAs offer a promising alter-
native due to their high programmability, excellent biocompat-
ibility, and predictable structures. On the other hand, the
practical applications of FNAs are still limited by low
production yield and poor biostability. In addition, the
potential biological effects of FNAs remain largely unexplored
and require further investigation.

Taking advantage of convenient modification, high programm-
ability, good biocompatibility, and structural rigidity, FNAs
have attracted significant interest in cell research. By
programming the valence and types of cell-targeting ligands,
FNAs offer a potent platform for specific cell recognition and
capture. Meanwhile, by integrating molecular recognition with
DNA-based computation, FNAs enable the development of
intelligent strategies for accurate cell identification. Addition-
ally, they can be modified with various functional groups to
target specific subcellular domains. For example, FNAs have
been modified with hydrophobic tags, allowing them to be
effectively anchored onto the cell membrane to monitor
specific molecules and ions at the membrane interface. By
folding into 3D nanostructures, FNAs can enter living cells
without the need for transfection agents, providing predictable
and versatile vehicles for the intracellular delivery of sensing
probes and therapeutics. This ability significantly enhances the
precision and efficacy of disease theranostics. Moreover, FNAs
hold great potential for manipulating and mimicking cellular
functions and behaviors, opening up numerous opportunities
in the realms of intelligent synthetic biology and cell-based
therapies. Their applications can lead to the development of
advanced biotechnological tools, such as synthetic receptors,
organelles, and even cells, that can interact with and respond to
external stimuli in a highly controlled manner. As research
advances, these innovations in FNA technology have the
potential to revolutionize cell-based treatments and contribute
to the development of novel therapeutic strategies, ultimately
improving patient outcomes.

On the other hand, several challenges remain to be
addressed. First, natural nucleic acids can be rapidly degraded
by ubiquitous nucleases in complex biological systems.
Intensive efforts have been made to improve the biostability
of nucleic acids. For example, the phosphate backbone of
nucleic acids has been chemically modified with phosphor-
othioate-based nucleotides,'”” and alkyl phosphonate nucleic
acids,"”® to enhance their resistance to nucleases.'”” %' Also,
chemical modification on the sugar ring and nucleobase, such
as L-nucleotide,”> 2'-O-methyl groups,””’ and 7-deaza-7-
modified guanosine base analogues,””* has been performed.
Given that most nucleases digest nucleic acids from the free
ends, various end-blocking strategies have been developed,
including strand cyclization,”” terminal conjugation with
chemical groups (e.g,, amino, carboxyl, and dibenzocyclooc-
tyne, etc.),”"® polymers,”””**® and inorganic nanoparticles.”’
While improved resistance has been achieved, these
modifications may alter the original biological functions of
these nucleic acid probes. Thus, tedious optimization and
evaluation would be needed to obtain the optimal design.
Second, due to the flexible configurations of nucleic acids, the
construction efficiency of uniform FNAs is still insufficient,
especially for those large-size and complex pairing structures.
The relatively low purity of DNA nanostructures may hinder

their practical applications. Herein, tedious optimization of
experimental conditions such as reaction temperature, solvent
types, sequence design, and strand ratios are often required.
Zhu et al. reported that rapidly freezing the DNA and slowly
thawing it could increase the local DNA concentration within
the ice crystal, thereby enhancing DNA hybridization efficiency
by 120 times.”'’ This approach may prove beneficial in
facilitating the formation of FNA structures by selecting an
appropriate ice crystal gap size. Third, the comprehensive
biological impact of FNAs on cells remains largely unexplored.
Increasing evidence suggests that FNAs can affect the cellular
status and activity. For example, Liu et al. found that tFNA can
activate the P38 and ERK1/2 signaling pathways in human
corneal epithelial cells, thereby enhancing their proliferation
and migration abilities.”'" Other studies also found FNAs can
affect various signaling pathways, such as the interleukin-17
pathway,'®® PI3K/Akt pathway,'°° and Wnt pathway.*'* This
characteristic of FNAs is a double-edged sword. On one hand,
their biological influence may potentially synergize with the
carried therapeutics, thereby enhancing therapeutic efficacy in
disease treatment. On the other hand, when employing FNAs
as vehicles for delivering biosensing probes in cellular analysis,
their uncertain influence may result in conflicting outcomes.

Collectively, the cellular applications of FNAs are still in
their infancy, and there is much work to be done to address the
associated challenges. At the same time, we are encouraged to
see that growing efforts from various fields are advancing this
emerging area of research. We can optimistically anticipate that
FNAs will play an increasingly significant role in cell-based
scientific studies.

Liping Qiu — Molecular Science and Biomedicine Laboratory
(MBL), State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical
Engineering, College of Biology, Aptamer Engineering Center
of Hunan Province, Hunan University, Changsha, Hunan
410082, China; The Key Laboratory of Zhejiang Province for
Aptamers and Theranostics, Zhejiang Cancer Hospital,
Hangzhou Institute of Medicine (HIM), Chinese Academy of
Sciences, Hangzhou, Zhejiang 310022, China; © orcid.org/
0000-0001-7612-2627; Email: qiuliping@hnu.edu.cn

Zhaoyang Wang — Molecular Science and Biomedicine
Laboratory (MBL), State Key Laboratory of Chemo/
Biosensing and Chemometrics, College of Chemistry and
Chemical Engineering, College of Biology, Aptamer
Engineering Center of Hunan Province, Hunan University,
Changsha, Hunan 410082, China

Xin Wang — Molecular Science and Biomedicine Laboratory
(MBL), State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical
Engineering, College of Biology, Aptamer Engineering Center
of Hunan Province, Hunan University, Changsha, Hunan
410082, China; The Key Laboratory of Zhejiang Province for
Aptamers and Theranostics, Zhejiang Cancer Hospital,
Hangzhou Institute of Medicine (HIM), Chinese Academy of
Sciences, Hangzhou, Zhejiang 310022, China

Yao He — Molecular Science and Biomedicine Laboratory
(MBL), State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liping+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7612-2627
https://orcid.org/0000-0001-7612-2627
mailto:qiuliping@hnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Engineering, College of Biology, Aptamer Engineering Center
of Hunan Province, Hunan University, Changsha, Hunan
410082, China

Hui Wu — The Key Laboratory of Zhejiang Province for
Aptamers and Theranostics, Zhejiang Cancer Hospital,
Hangzhou Institute of Medicine (HIM), Chinese Academy of
Sciences, Hangzhou, Zhejiang 310022, China

Rui Mao — Molecular Science and Biomedicine Laboratory
(MBL), State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical
Engineering, College of Biology, Aptamer Engineering Center
of Hunan Province, Hunan University, Changsha, Hunan
410082, China

Haiyuan Wang — Molecular Science and Biomedicine
Laboratory (MBL), State Key Laboratory of Chemo/
Biosensing and Chemometrics, College of Chemistry and
Chemical Engineering, College of Biology, Aptamer
Engineering Center of Hunan Province, Hunan University,
Changsha, Hunan 410082, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.4c00776

SZW. and X.W. contributed equally.

The authors declare no competing financial interest.

This work is supported by the National Key Research Program
(2021YFA0910100), the National Natural Science Foundation
of China (NSFC 21922404, 22174039, and 21827811), the
Science and Technology Project of Hunan Province
(2021RC4022, 2019SK2201 and 2017XK2103), and the
Health Commission of Zhejiang Province Grant (WKJ-ZJ-
2103).

FNA, framework nucleic acid; CTC, circulating tumor cell; EV,
extracellular vesicle; ROS, reactive oxygen species; pHLIP, pH
(low) insertion peptide

(1) Alberts, B.; Bray, D.; Hopkin, K; Johnson, A. D.; Lewis, J.; Raff,
M.,; Roberts, K.; Walter, P. Essential Cell Biology, 4th ed.; Garland
Publishing: New York, NY, 2013.

(2) Schrum, J. P.; Zhu, T. F.; Szostak, J. W. The Origins of Cellular
Life. Cold Spring Harb. Perspect. Biol. 2010, 2 (9), 2002212—2002212.

(3) Passegué, E.; Jamieson, C. H. M.; Ailles, L. E.; Weissman, I. L.
Normal and Leukemic Hematopoiesis: Are Leukemias a Stem Cell
Disorder or a Reacquisition of Stem Cell Characteristics? Proc. Natl.
Acad. Sci. U. S. A. 2003, 100, 11842—11849.

(4) Tantos, A; Han, K-H.; Tompa, P. Intrinsic Disorder in Cell
Signaling and Gene Transcription. Mol. Cell. Endocrinol. 2012, 348
(2), 457—465.

(5) Agarwal, D.; Sandor, C.; Volpato, V.; Caffrey, T. M.; Monzén-
Sandoval, J.; Bowden, R.; Alegre-Abarrategui, J.; Wade-Martins, R;;
Webber, C. A Single-Cell Atlas of the Human Substantia Nigra
Reveals Cell-Specific Pathways Associated with Neurological Dis-
orders. Nat. Commun. 2020, 11 (1), 4183.

(6) Charras, G.; Sahai, E. Physical Influences of the Extracellular
Environment on Cell Migration. Nat. Rev. Mol. Cell Biol. 2014, 15
(12), 813—824.

(7) Bowers, S. L. K.; Banerjee, I; Baudino, T. A. The Extracellular
Matrix: At the Center of It All. J. Mol. Cell. Cardiol. 2010, 48 (3),
474—482.

(8) Carter, B; Zhao, K. The Epigenetic Basis of Cellular
Heterogeneity. Nat. Rev. Genet. 2021, 22 (4), 235—250.

(9) Chen, R; Blosser, T. R;; Djekidel, M. N.; Hao, J.; Bhattacherjee,
A,; Chen, W,; Tuesta, L. M,; Zhuang, X.; Zhang, Y. Decoding
Molecular and Cellular Heterogeneity of Mouse Nucleus Accumbens.
Nat. Neurosci. 2021, 24 (12), 1757—1771.

(10) Kinker, G. S.; Greenwald, A. C.; Tal, R; Orlova, Z.; Cuoco, M.
S.; McFarland, J. M.; Warren, A.; Rodman, C.; Roth, J. A.; Bender, S.
A.; Kumar, B.; Rocco, J. W,; Fernandes, P. A. C. M,; Mader, C. C,;
Keren-Shaul, H.; Plotnikov, A.; Barr, H.; Tsherniak, A.; Rozenblatt-
Rosen, O.; Krizhanovsky, V.; Puram, S. V.; Regev, A,; Tirosh, I. Pan-
Cancer Single-Cell RNA-Seq Identifies Recurring Programs of
Cellular Heterogeneity. Nat. Genet. 2020, 52 (11), 1208—1218.

(11) Papatheodorou, I; Fonseca, N. A.; Keays, M.; Tang, Y. A;
Barrera, E.; Bazant, W.; Burke, M.; Fiillgrabe, A.; Fuentes, A. M.-P,;
George, N.; Huerta, L.; Koskinen, S.; Mohammed, S.; Geniza, M.;
Preece, ]J.; Jaiswal, P.; Jarnuczak, A. F.; Huber, W, Stegle, O,;
Vizcaino, J. A.; Brazma, A.; Petryszak, R. Expression Atlas: Gene and
Protein Expression across Multiple Studies and Organisms. Nucleic
Acids Res. 2018, 46 (D1), D246—D251.

(12) Berggren, S.; Gall, C.; Wollnitz, N.; Ekelund, M.; Karlbom, U.;
Hoogstraate, J.; Schrenk, D.; Lennernis, H. Gene and Protein
Expression of P-Glycoprotein, MRP1, MRP2, and CYP3A4 in the
Small and Large Human Intestine. Mol. Pharmaceutics 2007, 4 (2),
252-257.

(13) Ghaemmaghami, S.; Huh, W.-K; Bower, K,; Howson, R. W,;
Belle, A,; Dephoure, N.; O’Shea, E. K; Weissman, J. S. Global
Analysis of Protein Expression in Yeast. Nature 2003, 425 (6959),
737-741.

(14) Lu, P.; Vogel, C.; Wang, R; Yao, X.; Marcotte, E. M. Absolute
Protein Expression Profiling Estimates the Relative Contributions of
Transcriptional and Translational Regulation. Nat. Biotechnol. 2007,
25 (1), 117—124.

(15) Augustine, G. J; Santamaria, F.; Tanaka, K. Local Calcium
Signaling in Neurons. Neuron 2003, 40 (2), 331—346.

(16) Allbritton, N. L.; Meyer, T. Localized Calcium Spikes and
Propagating Calcium Waves. Cell Calcium 1993, 14 (10), 691—697.

(17) Archer, F. R; Doherty, P.; Collins, D.; Bolsover, S. R. CAMs
and FGF Cause a Local Submembrane Calcium Signal Promoting
Axon Outgrowth without a Rise in Bulk Calcium Concentration. Eur.
J. Neurosci. 1999, 11 (10), 3565—3573.

(18) Cohen, S.; Valm, A. M,; Lippincott-Schwartz, J. Interacting
Organelles. Curr. Opin. Cell Biol. 2018, 53, 84—91.

(19) Dell’angelica, E. C. Lysosome-Related Organelles. FASEB J.
2000, 14 (10), 1265—1278.

(20) Chan, D. C. Mitochondria: Dynamic Organelles in Disease,
Aging, and Development. Cell 2006, 125 (7), 1241—1252.

(21) Chandel, N. S. Mitochondria as Signaling Organelles. BMC
Biol. 2014, 12 (1), 1-7.

(22) Schieweck, R.; Gé&tz, M. Pan-Cellular Organelles and
Suborganelles—from Common Functions to Cellular Diversity?
Genes Dev. 2024, 38 (3—4), 98—114.

(23) Zhu, H,; Tamura, T.; Hamachi, I. Chemical Proteomics for
Subcellular Proteome Analysis. Curr. Opin. Chem. Biol. 2019, 48, 1-7.

(24) Zhang, C.; Tian, Z.; Chen, R;; Rowan, F.; Qiu, K; Sun, Y,;
Guan, J.-L.; Diao, J. Advanced Imaging Techniques for Tracking Drug
Dynamics at the Subcellular Level. Adv. Drug Delivery Rev. 2023, 199,
No. 114978.

(25) Han, G.-M,; Liu, B.; Kong, D.-M.; Zhu, L.-N. DNA as Highly
Biocompatible Carriers for Drug Delivery. Mater. Chem. Front. 2023,
7 (24), 6345—6365.

(26) Jones, M. R; Seeman, N. C,; Mirkin, C. A. Programmable
Materials and the Nature of the DNA Bond. In Spherical Nucleic Acids;
Jenny Stanford Publishing, 2020; pp 167—197.

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Mao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haiyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00776?ref=pdf
https://doi.org/10.1101/cshperspect.a002212
https://doi.org/10.1101/cshperspect.a002212
https://doi.org/10.1073/pnas.2034201100
https://doi.org/10.1073/pnas.2034201100
https://doi.org/10.1016/j.mce.2011.07.015
https://doi.org/10.1016/j.mce.2011.07.015
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/nrm3897
https://doi.org/10.1038/nrm3897
https://doi.org/10.1016/j.yjmcc.2009.08.024
https://doi.org/10.1016/j.yjmcc.2009.08.024
https://doi.org/10.1038/s41576-020-00300-0
https://doi.org/10.1038/s41576-020-00300-0
https://doi.org/10.1038/s41593-021-00938-x
https://doi.org/10.1038/s41593-021-00938-x
https://doi.org/10.1038/s41588-020-00726-6
https://doi.org/10.1038/s41588-020-00726-6
https://doi.org/10.1038/s41588-020-00726-6
https://doi.org/10.1093/nar/gkx1158
https://doi.org/10.1093/nar/gkx1158
https://doi.org/10.1021/mp0600687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp0600687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp0600687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature02046
https://doi.org/10.1038/nature02046
https://doi.org/10.1038/nbt1270
https://doi.org/10.1038/nbt1270
https://doi.org/10.1038/nbt1270
https://doi.org/10.1016/S0896-6273(03)00639-1
https://doi.org/10.1016/S0896-6273(03)00639-1
https://doi.org/10.1016/0143-4160(93)90095-N
https://doi.org/10.1016/0143-4160(93)90095-N
https://doi.org/10.1046/j.1460-9568.1999.00773.x
https://doi.org/10.1046/j.1460-9568.1999.00773.x
https://doi.org/10.1046/j.1460-9568.1999.00773.x
https://doi.org/10.1016/j.ceb.2018.06.003
https://doi.org/10.1016/j.ceb.2018.06.003
https://doi.org/10.1096/fj.14.10.1265
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1186/1741-7007-12-34
https://doi.org/10.1101/gad.351337.123
https://doi.org/10.1101/gad.351337.123
https://doi.org/10.1016/j.cbpa.2018.08.001
https://doi.org/10.1016/j.cbpa.2018.08.001
https://doi.org/10.1016/j.addr.2023.114978
https://doi.org/10.1016/j.addr.2023.114978
https://doi.org/10.1039/D3QM00395G
https://doi.org/10.1039/D3QM00395G
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(27) Cisse, L. 1; Kim, H.; Ha, T. A Rule of Seven in Watson-Crick
Base-Pairing of Mismatched Sequences. Nat. Struct. Mol. Biol. 2012,
19 (6), 623—627.

(28) Ball, P. Ned Seeman (1945—2021). Nature 2021, 600 (7890),
605—605.

(29) Rothemund, P. W. K.; Ekani-Nkodo, A.; Papadakis, N.; Kumar,
A.; Fygenson, D. K; Winfree, E. Design and Characterization of
Programmable DNA Nanotubes. J. Am. Chem. Soc. 2004, 126 (50),
16344—16352.

(30) Liu, X.; Zhao, Y.; Liu, P.; Wang, L.; Lin, J.; Fan, C. Biomimetic
DNA Nanotubes: Nanoscale Channel Design and Applications.
Angew. Chem., Int. Ed. Engl. 2019, 58 (27), 8996—9011.

(31) Sellner, S.; Kocabey, S.; Nekolla, K.; Krombach, F.; Liedl, T,;
Rehberg, M. DNA Nanotubes as Intracellular Delivery Vehicles in
Vivo. Biomaterials 2015, 53, 453—463.

(32) Dey, S.; Fan, C.; Gothelf, K. V.; Li, J; Lin, C; Liu, L,; Liu, N,;
Nijenhuis, M. A. D.; Sacca, B.; Simmel, F. C.; Yan, H.; Zhan, P. DNA
Origami. Nat. Rev. Methods Primers 2021, 1 (1), 13.

(33) Wagenbauer, K. F.; Engelhardt, F. A. S.; Stahl, E.; Hecht], V. K;
Stommer, P.; Seebacher, F.; Meregalli, L.; Ketterer, P.; Gerling, T.;
Dietz, H. How We Make DNA Origami. Chembiochem 2017, 18 (19),
1873—188S.

(34) Sacca, B.; Niemeyer, C. M. DNA Origami: The Art of Folding
DNA. Angew. Chem., Int. Ed. Engl. 2012, S1 (1), 58—66.

(35) He, Y.; Ye, T.; Su, M.; Zhang, C; Ribbe, A. E; Jiang, W.; Mao,
C. Hierarchical Self-Assembly of DNA into Symmetric Supra-
molecular Polyhedra. Nature 2008, 452 (7184), 198—201.

(36) Li, Y.; Mao, C.; Deng, Z. Supramolecular Wireframe DNA
Polyhedra: Assembly and Applications. Chin. J. Chem. 2017, 35 (6),
801-810.

(37) Hy, G.; Qiu, W.-Y,; Ceulemans, A. A New Euler’s Formula for
DNA Polyhedra. PLoS One 2011, 6 (10), No. e26308.

(38) Ge, Z; Gu, H; Li, Q.; Fan, C. Concept and Development of
Framework Nucleic Acids. J. Am. Chem. Soc. 2018, 140 (51), 17808—
17819.

(39) Cutler, J. I; Auyeung, E.; Mirkin, C. A. Spherical Nucleic Acids.
J. Am. Chem. Soc. 2012, 134 (3), 1376—1391.

(40) Sontakke, V. A.; Yokobayashi, Y. Programmable Macroscopic
Self-Assembly of DNA-Decorated Hydrogels. J. Am. Chem. Soc. 2022,
144 (5), 2149-2155.

(41) Lemaitre, M.; Bayard, B.; Lebleu, B. Specific Antiviral Activity
of a Poly(L-Lysine)-Conjugated Oligodeoxyribonucleotide Sequence
Complementary to Vesicular Stomatitis Virus N Protein mRNA
Initiation Site. Proc. Natl. Acad. Sci. U. S. A. 1987, 84 (3), 648—652.

(42) Zhang, J.; Lan, T.; Lu, Y. Molecular Engineering of Functional
Nucleic Acid Nanomaterials toward in Vivo Applications. Adv.
Healthc. Mater. 2019, 8 (6), No. 1801158.

(43) Peng, X.; Fang, S.; Ji, B.; Li, M.; Song, J.; Qiu, L.; Tan, W. DNA
Nanostructure-Programmed Cell Entry via Corner Angle-Mediated
Molecular Interaction with Membrane Receptors. Nano Lett. 2021, 21
(16), 6946—6951.

(44) Walsh, A. S; Yin, H; Erben, C. M;; Wood, M. J. A,
Turberfield, A. J. DNA Cage Delivery to Mammalian Cells. ACS Nano
2011, S (7), 5427—5432.

(4S) Liang, L; Li, J.; Li, Q;; Huang, Q.; Shi, J.; Yan, H.; Fan, C.
Single-particle Tracking and Modulation of Cell Entry Pathways of a
Tetrahedral DNA Nanostructure in Live Cells. Angew. Chem., Int. Ed.
Engl. 2014, 53 (30), 7745—7750.

(46) Feng, Y.; Liu, Q;; Zhao, X.; Chen, M.; Sun, X.; Li, H.; Chen, X.
Framework Nucleic Acid-Based Spatial-Confinement Amplifier for
miRNA Imaging in Living Cells. Anal. Chem. 2022, 94 (6), 2934—
2941.

(47) Zhang, P.; Zhuo, Y.; Chai, Y.-Q; Yuan, R. Structural DNA
Tetrahedra and Its Electrochemical-Related Surface Sensing. Trends
Analyt. Chem. 2023, 160, No. 116979.

(48) Liu, B.; Wang, F,; Chao, J. Programmable Nanostructures
Based on Framework-DNA for Applications in Biosensing. Sensors
(Basel) 2023, 23 (6), 3313.

4123

(49) Yang, F.; Li, Q; Wang, L,; Zhang, G.-J.; Fan, C. Framework-
Nucleic-Acid-Enabled Biosensor Development. ACS Sens. 2018, 3
(5), 903-919.

(50) Qi, Z.; Wei, C.; Zhang, F.; Wang, Z.; Zuo, X. Tetrahedral DNA
Frameworks for Biosensing and Imaging Analysis in Living Cells.
Nano Today 2024, 54, No. 102127.

(51) Wang, W,; Lin, M.; Wang, W.; Shen, Z; Wu, Z.-S. DNA
Tetrahedral Nanostructures for the Biomedical Application and
Spatial Orientation of Biomolecules. Bioact. Mater. 2024, 33, 279—
310.

(52) Zhang, T.; Cui, W,; Tian, T.; Shi, S; Lin, Y. Progress in
Biomedical Applications of Tetrahedral Framework Nucleic Acid-
Based Functional Systems. ACS Appl. Mater. Interfaces 2020, 12 (42),
47115—47126.

(53) Lone, S. N; Nisar, S.; Masoodi, T.; Singh, M.; Rizwan, A,;
Hashem, S.; El-Rifai, W.; Bedognetti, D.; Batra, S. K.; Haris, M.; Bhat,
A. A; Macha, M. A. Liquid Biopsy: A Step Closer to Transform
Diagnosis, Prognosis and Future of Cancer Treatments. Mol. Cancer
2022, 21 (1), 79.

(54) Joosse, S. A.; Gorges, T. M.; Pantel, K. Biology, Detection, and
Clinical Implications of Circulating Tumor Cells. EMBO Mol. Med.
2015, 7 (1), 1-11.

(55) Krebs, M. G.; Metcalf, R. L.; Carter, L.; Brady, G.; Blackhall, F.
H.; Dive, C. Molecular Analysis of Circulating Tumour Cells—
Biology and Biomarkers. Nat. Rev. Clin. Oncol. 2014, 11 (3), 129—
144.

(56) Lin, M.; Song, P.; Zhou, G.; Zuo, X.; Aldalbahi, A.; Lou, X.; Shi,
J; Fan, C. Electrochemical Detection of Nucleic Acids, Proteins,
Small Molecules and Cells Using a DNA-Nanostructure-Based
Universal Biosensing Platform. Nat. Protoc. 2016, 11 (7), 1244—1263.

(57) Song, K.-M.; Lee, S.; Ban, C. Aptamers and Their Biological
Applications. Sensors (Basel) 2012, 12 (1), 612—631.

(58) Keefe, A. D.; Pai, S.; Ellington, A. Aptamers as Therapeutics.
Nat. Rev. Drug Discovery 2010, 9 (7), 537-550.

(59) Mayer, G. The Chemical Biology of Aptamers. Angew. Chem.,,
Int. Ed. Engl. 2009, 48 (15), 2672—2689.

(60) Tuerk, C.; Gold, L. Systematic Evolution of Ligands by
Exponential Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase. Science 1990, 249 (4986), 505—510.

(61) Shangguan, D.; Li, Y,; Tang, Z,; Cao, Z. C; Chen, H. W,
Mallikaratchy, P.; Sefah, K; Yang, C. J.; Tan, W. Aptamers Evolved
from Live Cells as Effective Molecular Probes for Cancer Study. Proc.
Natl. Acad. Sci. U. S. A. 2006, 103 (32), 11838—11843.

(62) Song, Y.; Zhu, Z.; An, Y.; Zhang, W.; Zhang, H.; Liu, D.; Yu,
C.; Duan, W; Yang, C. ]J. Selection of DNA Aptamers against
Epithelial Cell Adhesion Molecule for Cancer Cell Imaging and
Circulating Tumor Cell Capture. Anal. Chem. 2013, 8S (8), 4141—
4149.

(63) Zhao, W.; Cui, C. H.; Bose, S.; Guo, D.; Shen, C.; Wong, W. P,;
Halvorsen, K.; Farokhzad, O. C,; Teo, G. S. L, Phillips, J. A;
Dorfman, D. M,; Karnik, R.; Karp, J. M. Bioinspired Multivalent DNA
Network for Capture and Release of Cells. Proc. Natl. Acad. Sci. U. S.
A. 2012, 109 (48), 19626—19631.

(64) Song, Y.; Shi, Y.; Huang, M.; Wang, W.; Wang, Y.; Cheng, J;
Lei, Z.; Zhu, Z.; Yang, C. Bioinspired Engineering of a Multivalent
Aptamer-functionalized Nanointerface to Enhance the Capture and
Release of Circulating Tumor Cells. Angew. Chem., Int. Ed. Engl. 2019,
58 (8), 2236—2240.

(65) Wu, L;; Ding, H,; Qu, X.; Shi, X;; Yang, J.; Huang, M.; Zhang,
J; Zhang, H,; Song, J.; Zhu, L.; Song, Y,; Ma, Y.,; Yang, C. Fluidic
Multivalent Membrane Nanointerface Enables Synergetic Enrichment
of Circulating Tumor Cells with High Efficiency and Viability. J. Am.
Chem. Soc. 2020, 142 (10), 4800—4806.

(66) Levicky, R.; Herne, T. M.; Tarlov, M. J; Satija, S. K. Using Self-
Assembly to Control the Structure of DNA Monolayers on Gold: A
Neutron Reflectivity Study. J. Am. Chem. Soc. 1998, 120 (38), 9787—
9792.

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1038/nsmb.2294
https://doi.org/10.1038/nsmb.2294
https://doi.org/10.1038/d41586-021-03709-7
https://doi.org/10.1021/ja044319l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044319l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201807779
https://doi.org/10.1002/anie.201807779
https://doi.org/10.1016/j.biomaterials.2015.02.099
https://doi.org/10.1016/j.biomaterials.2015.02.099
https://doi.org/10.1038/s43586-020-00009-8
https://doi.org/10.1038/s43586-020-00009-8
https://doi.org/10.1002/cbic.201700377
https://doi.org/10.1002/anie.201105846
https://doi.org/10.1002/anie.201105846
https://doi.org/10.1038/nature06597
https://doi.org/10.1038/nature06597
https://doi.org/10.1002/cjoc.201600789
https://doi.org/10.1002/cjoc.201600789
https://doi.org/10.1371/journal.pone.0026308
https://doi.org/10.1371/journal.pone.0026308
https://doi.org/10.1021/jacs.8b10529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209351u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.84.3.648
https://doi.org/10.1073/pnas.84.3.648
https://doi.org/10.1073/pnas.84.3.648
https://doi.org/10.1073/pnas.84.3.648
https://doi.org/10.1002/adhm.201801158
https://doi.org/10.1002/adhm.201801158
https://doi.org/10.1021/acs.nanolett.1c02191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn2005574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201403236
https://doi.org/10.1002/anie.201403236
https://doi.org/10.1021/acs.analchem.1c04866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trac.2023.116979
https://doi.org/10.1016/j.trac.2023.116979
https://doi.org/10.3390/s23063313
https://doi.org/10.3390/s23063313
https://doi.org/10.1021/acssensors.8b00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nantod.2023.102127
https://doi.org/10.1016/j.nantod.2023.102127
https://doi.org/10.1016/j.bioactmat.2023.10.025
https://doi.org/10.1016/j.bioactmat.2023.10.025
https://doi.org/10.1016/j.bioactmat.2023.10.025
https://doi.org/10.1021/acsami.0c13806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c13806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12943-022-01543-7
https://doi.org/10.1186/s12943-022-01543-7
https://doi.org/10.15252/emmm.201303698
https://doi.org/10.15252/emmm.201303698
https://doi.org/10.1038/nrclinonc.2013.253
https://doi.org/10.1038/nrclinonc.2013.253
https://doi.org/10.1038/nprot.2016.071
https://doi.org/10.1038/nprot.2016.071
https://doi.org/10.1038/nprot.2016.071
https://doi.org/10.3390/s120100612
https://doi.org/10.3390/s120100612
https://doi.org/10.1038/nrd3141
https://doi.org/10.1002/anie.200804643
https://doi.org/10.1126/science.2200121
https://doi.org/10.1126/science.2200121
https://doi.org/10.1126/science.2200121
https://doi.org/10.1073/pnas.0602615103
https://doi.org/10.1073/pnas.0602615103
https://doi.org/10.1021/ac400366b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac400366b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac400366b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1211234109
https://doi.org/10.1073/pnas.1211234109
https://doi.org/10.1002/anie.201809337
https://doi.org/10.1002/anie.201809337
https://doi.org/10.1002/anie.201809337
https://doi.org/10.1021/jacs.9b13782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981897r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981897r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981897r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(67) Irving, D.; Gong, P.; Levicky, R. DNA Surface Hybridization:
Comparison of Theory and Experiment. J. Phys. Chem. B 2010, 114
(22), 7631-7640.

(68) Ye, D; Zuo, X; Fan, C. DNA Nanotechnology-Enabled
Interfacial Engineering for Biosensor Development. Annu. Rev. Anal.
Chem. (Palo Alto Calif,) 2018, 11 (1), 171-198.

(69) Pei, H.; Lu, N.; Wen, Y.; Song, S.; Liu, Y.; Yan, H; Fan, C. A
DNA Nanostructure-based Biomolecular Probe Carrier Platform for
Electrochemical Biosensing. Adv. Mater. 2010, 22 (42), 4754—4758.

(70) Duan, M.; Chang, Y.; Chen, X,; Wang, Z.; Wu, S.; Duan, N.
Recent Advances in the Construction Strategy, Functional Properties,
and Biosensing Application of Self-Assembled Triangular Unit-Based
DNA Nanostructures. Biotechnol. Adv. 2024, 76, No. 108436.

(71) Chen, D.; Sun, D.; Wang, Z.; Qin, W.; Chen, L,; Zhou, L;
Zhang, Y. A DNA Nanostructured Aptasensor for the Sensitive
Electrochemical Detection of HepG2 Cells Based on Multibranched
Hybridization Chain Reaction Amplification Strategy. Biosens.
Bioelectron. 2018, 117, 416—421.

(72) Wang, C,; Xu, Y,; Zhao, X;; L, S.; Qian, Q,; Wang, W.,; Mi, X. A
Double-Tetrahedral DNA Framework Based Electrochemical Bio-
sensor for Ultrasensitive Detection and Release of Circulating Tumor
Cells. Analyst 2021, 146 (21), 6474—6481.

(73) Chang, X.; Zhang, C; Lv, C.; Sun, Y.; Zhang, M; Zhao, Y,;
Yang, L; Han, D,; Tan, W. Construction of a Multiple-Aptamer-
Based DNA Logic Device on Live Cell Membranes via Associative
Toehold Activation for Accurate Cancer Cell Identification. J. Am.
Chem. Soc. 2019, 141 (32), 12738—12743.

(74) Yin, F.; Zhao, H,; Ly, S.; Shen, J.; Li, M.; Mao, X.; Li, F.; Shi, J.;
Li, J.; Dong, B.; Xue, W.; Zuo, X,; Yang, X.; Fan, C. DNA-framework-
based multidimensional molecular classifiers for cancer diagnosis. Nat.
Nanotechnol. 2023, 18 (6), 677—686.

(75) Yanez-Mé, M.; Siljander, P. R.-M.; Andreu, Z.; Bedina Zavec,
A,; Borras, F. E.; Buzas, E. 1; Buzas, K; Casal, E.; Cappello, F;
Carvalho, J.; Colas, E.; Cordeiro-da Silva, A.; Fais, S.; Falcon-Perez, J.
M.; Ghobrial, I. M.; Giebel, B.; Gimona, M.; Graner, M.; Gursel, 1;
Gursel, M.; Heegaard, N. H. H.; Hendrix, A.; Kierulf, P.; Kokubun,
K.; Kosanovic, M.; Kralj-Iglic, V.; Kramer-Albers, E.-M.; Laitinen, S.;
Lisser, C.; Lener, T.; Ligeti, E; Line, A,; Lipps, G.; Llorente, A,;
Létvall, J.; Mancek-Keber, M.; Marcilla, A.; Mittelbrunn, M;
Nazarenko, I; Nolte-t Hoen, E. N. M.; Nyman, T. A.; O’Driscoll,
L.; Olivan, M,; Oliveira, C.; Pillinger, E.; del Portillo, H. A.; Reventds,
J.; Rigau, M.; Rohde, E.; Sammar, M.; Sanchez-Madrid, F.; Santarém,
N.; Schallmoser, K.; Stampe Ostenfeld, M.; Stoorvogel, W.; Stukelj,
R.; Van der Grein, S. G.; Helena Vasconcelos, M.; Wauben, M. H. M.;
De Wever, O. Biological Properties of Extracellular Vesicles and Their
Physiological Functions. J. Extracell. Vesicles 2015, 4 (1), 27066.

(76) Shi, L.; Cai, H.; Wang, H.; Wang, Q.; Shi, L.; Li, T. Proximity-
Enhanced Electrochemiluminescence Sensing Platform for Effective
Capturing of Exosomes and Probing Internal MicroRNAs Involved in
Cancer Cell Apoptosis. Anal. Chem. 2023, 95 (48), 17662—17669.

(77) Liu, C.; Zhao, J.; Tian, F.; Cai, L.; Zhang, W.; Feng, Q.; Chang,
J; Wan, F; Yang, Y.; Dai, B,; Cong, Y.; Ding, B.; Sun, J.; Tan, W.
Low-Cost Thermophoretic Profiling of Extracellular-Vesicle Surface
Proteins for the Early Detection and Classification of Cancers. Nat.
Biomed. Eng. 2019, 3 (3), 183—193.

(78) Ezziane, Z. DNA Computing: Applications and Challenges.
Nanotechnology 2006, 17 (2), R27—R39.

(79) Li, Y; Deng, J; Han, Z,; Liu, C; Tian, F,; Xu, R;; Han, D,;
Zhang, S.; Sun, J. Molecular Identification of Tumor-Derived
Extracellular Vesicles Using Thermophoresis-Mediated DNA Com-
putation. J. Am. Chem. Soc. 2021, 143 (3), 1290—1295.

(80) Kato, Y.; Ozawa, S.; Miyamoto, C.; Maehata, Y.; Suzuki, A.;
Maeda, T.; Baba, Y. Acidic Extracellular Microenvironment and
Cancer. Cancer Cell Int. 2013, 13, 89.

(81) Oheim, M.; Kirchhoff, F.; Stithmer, W. Calcium Microdomains
in Regulated Exocytosis. Cell Calcium 2006, 40 (5—6), 423—439.

(82) Zhou, Z.; Lin, N.; Ouyang, Y.; Liu, S.; Zhang, Y.; Willner, L.
Cascaded, Feedback-Driven, and Spatially Localized Emergence of

4124

Constitutional Dynamic Networks Driven by Enzyme-Free Catalytic
DNA Circuits. J. Am. Chem. Soc. 2023, 145 (23), 12617—12629.

(83) Lin, N; Ouyang, Y.; Qin, Y,; Karmi, O.; Sohn, Y. S,; Liu, S,;
Nechushtai, R.; Zhang, Y.; Willner, I; Zhou, Z. Spatially Localized
Entropy-Driven Evolution of Nucleic Acid-Based Constitutional
Dynamic Networks for Intracellular Imaging and Spatiotemporal
Programmable Gene Therapy. J. Am. Chem. Soc. 2024, 146 (30),
20685—20699.

(84) Kwon, P. S; Ren, S.; Kwon, S.-J.; Kizer, M. E.; Kuo, L.; Xie, M.;
Zhu, D.; Zhou, F.; Zhang, F.; Kim, D.; Fraser, K; Kramer, L. D,;
Seeman, N. C,; Dordick, J. S.; Linhardt, R. J,; Chao, J.; Wang, X.
Designer DNA Architecture Offers Precise and Multivalent Spatial
Pattern-Recognition for Viral Sensing and Inhibition. Nat. Chem.
2020, 12 (1), 26—38.

(85) Jing, X; Hu, H; Sun, Y,; Yu, B;; Cong, H; Shen, Y. The
Intracellular and Extracellular Microenvironment of Tumor Site: The
Trigger of Stimuli-responsive Drug Delivery Systems. Small Methods
2022, 6 (3), No. 2101437.

(86) Lamoot, A.; Uvyn, A.; Kasmi, S.; De Geest, B. G. Covalent Cell
Surface Conjugation of Nanoparticles by a Combination of Metabolic
Labeling and Click Chemistry. Angew. Chem., Int. Ed. Engl. 2021, 60
(12), 6320—6325.

(87) Yokoyama, T.; Manita, S.; Uwamori, H.; Tajiri, M.; Imayoshi,
I; Yagishita, S;; Murayama, M,; Kitamura, K; Sakamoto, M. A
Multicolor Suite for Deciphering Population Coding of Calcium and
cAMP in Vivo. Nat. Methods 2024, 21 (5), 897—907.

(88) Ljubimova, J. Y.; Ramesh, A; Israel, L. L.; Holler, E. Small-
Sized Co-Polymers for Targeted Delivery of Multiple Imaging and
Therapeutic Agents. Nanomaterials (Basel) 2021, 11 (11), 2996.

(89) Liu, H.; Zhu, Z.; Kang, H.; Wu, Y.; Sefan, K.; Tan, W. DNA-
based Micelles: Synthesis, Micellar Properties and Size-dependent
Cell Permeability. Chemistry 2010, 16 (21), 3791—3797.

(90) Qiu, L.; Zhang, T.; Jiang, J.; Wu, C.; Zhu, G.; You, M.; Chen,
X.; Zhang, L,; Cui, C; Yu, R;; Tan, W. Cell Membrane-Anchored
Biosensors for Real-Time Monitoring of the Cellular Microenviron-
ment. J. Am. Chem. Soc. 2014, 136 (38), 13090—13093.

(91) Lj, J.; Xun, K; Pei, K; Liu, X; Peng, X,; Du, Y.; Qiy, L.; Tan,
W. Cell-Membrane-Anchored DNA Nanoplatform for Programming
Cellular Interactions. J. Am. Chem. Soc. 2019, 141 (45), 18013—
18020.

(92) Xing, H.; Zhu, Y.; Xu, D.; Wu, R; Xing, X;; Li, L. S. DNA
Tetrahedron—Mediated Triplex Molecular Switch for Extracellular
pH Monitoring. Anal. Chim. Acta 2023, 1265, No. 341336.

(93) Shahhosseini, M.; Beshay, P. E.; Akbari, E.; Roki, N.; Lucas, C.
R.; Avendano, A,; Song, J. W.; Castro, C. E. Multiplexed Detection of
Molecular Interactions with DNA Origami Engineered Cells in 3D
Collagen Matrices. ACS Appl. Mater. Interfaces 2022, 14 (50), S5307—
55319.

(94) Lo, W.-L,; Shah, N. H.; Ahsan, N.; Horkova, V.; Stepanek, O.;
Salomon, A. R; Kuriyan, J.; Weiss, A. Lck Promotes Zap70-
Dependent LAT Phosphorylation by Bridging Zap70 to LAT. Nat.
Immunol. 2018, 19 (7), 733—741.

(95) Zaccolo, M.; Zerio, A.; Lobo, M. J. Subcellular Organization of
the cAMP Signaling Pathway. Pharmacol. Rev. 2021, 73 (1), 278—309.

(96) Lin, M.; Chen, Y,; Zhao, S.; Tang, R; Nie, Z.; Xing, H. A
Biomimetic Approach for Spatially Controlled Cell Membrane
Engineering Using Fusogenic Spherical Nucleic Acid. Angew. Chem.,,
Int. Ed. Engl. 2022, 61 (1), No. e202111647.

(97) Ding, H; Li, J.; Chen, N; Hu, X,; Yang, X;; Guo, L.; Li, Q;
Zuo, X.; Wang, L.; Ma, Y.; Fan, C. DNA Nanostructure-Programmed
like-Charge Attraction at the Cell-Membrane Interface. ACS Cent. Sci.
2018, 4 (10), 1344—1351.

(98) Yang, C.; Shi, Y,; Zhang, Y.; He, J.; Li, M;; Huang, W.; Yuan,
R.; Xu, W. Modular DNA Tetrahedron Nanomachine-Guided Dual-
Responsive Hybridization Chain Reactions for Discernible Bivariate
Assay and Cell Imaging. Anal. Chem. 2023, 95 (27), 10337—10345.

(99) Zhao, H; Yi, D.; Li, L.; Zhao, Y.; Li, M. Modular Weaving
DNAzyme in Skeleton of DNA Nanocages for Photoactivatable

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1021/jp100860z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp100860z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-anchem-061417-010007
https://doi.org/10.1146/annurev-anchem-061417-010007
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1016/j.biotechadv.2024.108436
https://doi.org/10.1016/j.biotechadv.2024.108436
https://doi.org/10.1016/j.biotechadv.2024.108436
https://doi.org/10.1016/j.bios.2018.06.041
https://doi.org/10.1016/j.bios.2018.06.041
https://doi.org/10.1016/j.bios.2018.06.041
https://doi.org/10.1039/D1AN01470F
https://doi.org/10.1039/D1AN01470F
https://doi.org/10.1039/D1AN01470F
https://doi.org/10.1039/D1AN01470F
https://doi.org/10.1021/jacs.9b05470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-023-01348-9
https://doi.org/10.1038/s41565-023-01348-9
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1021/acs.analchem.3c03412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.1088/0957-4484/17/2/R01
https://doi.org/10.1021/jacs.0c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1016/j.ceca.2006.08.007
https://doi.org/10.1016/j.ceca.2006.08.007
https://doi.org/10.1021/jacs.3c02083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-019-0369-8
https://doi.org/10.1038/s41557-019-0369-8
https://doi.org/10.1002/smtd.202101437
https://doi.org/10.1002/smtd.202101437
https://doi.org/10.1002/smtd.202101437
https://doi.org/10.1002/anie.202015625
https://doi.org/10.1002/anie.202015625
https://doi.org/10.1002/anie.202015625
https://doi.org/10.1038/s41592-024-02222-9
https://doi.org/10.1038/s41592-024-02222-9
https://doi.org/10.1038/s41592-024-02222-9
https://doi.org/10.3390/nano11112996
https://doi.org/10.3390/nano11112996
https://doi.org/10.3390/nano11112996
https://doi.org/10.1002/chem.200901546
https://doi.org/10.1002/chem.200901546
https://doi.org/10.1002/chem.200901546
https://doi.org/10.1021/ja5047389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5047389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5047389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2023.341336
https://doi.org/10.1016/j.aca.2023.341336
https://doi.org/10.1016/j.aca.2023.341336
https://doi.org/10.1021/acsami.2c07971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c07971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c07971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41590-018-0131-1
https://doi.org/10.1038/s41590-018-0131-1
https://doi.org/10.1124/pharmrev.120.000086
https://doi.org/10.1124/pharmrev.120.000086
https://doi.org/10.1002/anie.202111647
https://doi.org/10.1002/anie.202111647
https://doi.org/10.1002/anie.202111647
https://doi.org/10.1021/acscentsci.8b00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.202404064
https://doi.org/10.1002/ange.202404064
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Catalytic Activity Regulation. Angew. Chem. Weinheim Bergstr. Ger.
2024, 136 (18), No. 202404064

(100) Zhu, D; Huang, J.; Xia, Y,; Su, S.; Zuo, X,; Li, Q.; Wang, L.
DNAzymes-Embedded Framework Nucleic Acids (FNAzymes) for
Metal Ions Imaging in Living Cells. Chemosensors (Basel) 2023, 11
(7), 358.

(101) Wan, Y;; Zhu, N; Lu, Y.; Wong, P. K. DNA Transformer for
Visualizing Endogenous RNA Dynamics in Live Cells. Anal. Chem.
2019, 91 (4), 2626—2633.

(102) Fu, X; Ke, G.; Peng, F; Hu, X; Li, J; Shi, Y,; Kong, G;
Zhang, X.-B.; Tan, W. Size-Selective Molecular Recognition Based on
a Confined DNA Molecular Sieve Using Cavity-Tunable Framework
Nucleic Acids. Nat. Commun. 2020, 11 (1), 1518.

(103) Zhao, S.; Zhang, S.; Hu, H; Cheng, Y,; Zou, K; Song, J;
Deng, J; Li, L.; Zhang, X.-B.; Ke, G.; Sun, J. Selective in Situ Analysis
of Mature microRNAs in Extracellular Vesicles Using a DNA Cage-
based Thermophoretic Assay. Angew. Chem., Int. Ed. Engl. 2023, 62
(24), No. 202303121

(104) Dehmelt, L.; Bastiaens, P. I. H. Spatial Organization of
Intracellular Communication: Insights from Imaging. Nat. Rev. Mol.
Cell Biol. 2010, 11 (6), 440—452.

(105) Taylor, M. J.; Lukowski, J. K; Anderton, C. R. Spatially
Resolved Mass Spectrometry at the Single Cell: Recent Innovations in
Proteomics and Metabolomics. J. Am. Soc. Mass Spectrom. 2021, 32
(4), 872—894.

(106) Maret, W. Analyzing Free Zinc(li) Ion Concentrations in Cell
Biology with Fluorescent Chelating Molecules. Metallomics 2015, 7
(2), 202—-211.

(107) Chai, X; Fan, Z.; Yu, M.-M,; Zhao, J.; Li, L. A Redox-
Activatable DNA Nanodevice for Spatially-Selective, AND-Gated
Imaging of ATP and Glutathione in Mitochondria. Nano Lett. 2021,
21 (23), 10047—10053.

(108) Zhao, J; Gao, J.; Xue, W.; Di, Z,; Xing, H; Lu, Y.; Li, L.
Upconversion Luminescence-Activated DNA Nanodevice for ATP
Sensing in Living Cells. J. Am. Chem. Soc. 2018, 140 (2), 578—581.

(109) Yi, D; Zhao, J; Li, L. An Enzyme-activatable Engineered
DNAzyme Sensor for Cell-selective Imaging of Metal Ions. Angew.
Chem., Int. Ed. Engl. 2021, 60 (12), 6300—6304.

(110) Norregaard, K.; Metzler, R;; Ritter, C. M.; Berg-Sorensen, K;
Oddershede, L. B. Manipulation and Motion of Organelles and Single
Molecules in Living Cells. Chem. Rev. 2017, 117 (S), 4342—4375.

(111) Rovira-Clavé, X,; Jiang, S.; Bai, Y.; Zhu, B.; Barlow, G.; Bhate,
S.; Coskun, A. F.; Han, G.; Ho, C.-M. K,; Hitzman, C.; Chen, S.-Y.;
Bava, F.-A,; Nolan, G. P. Subcellular Localization of Biomolecules and
Drug Distribution by High-Definition Ion Beam Imaging. Nat.
Commun. 2021, 12 (1), 4628.

(112) Johnsson, N.; Johnsson, K. Chemical Tools for Biomolecular
Imaging. ACS Chem. Biol. 2007, 2 (1), 31—38.

(113) Siedlik, M. J.; Yang, Z.; Kadam, P. S.; Eberwine, J.; Issadore,
D. Micro- and Nano-devices for Studying Subcellular Biology. Small
2021, 17 (3), No. 2005793.

(114) Xu, W.; Zeng, Z; Jiang, J.-H; Chang, Y.-T.; Yuan, L.
Discerning the Chemistry in Individual Organelles with Small-
molecule Fluorescent Probes. Angew. Chem., Int. Ed. Engl. 2016, 5§
(44), 13658—13699.

(115) Yi, D; Zhao, H; Zhao, J.; Li, L. Modular Engineering of
DNAzyme-Based Sensors for Spatioselective Imaging of Metal Ions in
Mitochondria. J. Am. Chem. Soc. 2023, 145 (3), 1678—168S.

(116) Wartosch, L.; Bright, N. A.; Luzio, J. P. Lysosomes. Curr. Biol.
2015, 25 (8), R315—R316.

(117) Gao, Y.; Liu, X.; Li, W.; Chen, Y.; Zhu, S;; Yan, Q.; Geng, S.;
Zhang, J.; Guan, Y.; Li, Q; Jia, S.; Wang, L,; Li, J.; He, W,; Fan, C,;
Guo, Z.; Zhu, Y. Targeted Imaging of Lysosomal Zinc Ions with a
Tetrahedral DNA Framework Fluorescent Reporter. Natl. Sci. Rev.
2024, No. nwae307.

(118) Du, Y.; Peng, P.; Li, T. DNA Logic Operations in Living Cells
Utilizing Lysosome-Recognizing Framework Nucleic Acid Nano-
devices for Subcellular Imaging. ACS Nano 2019, 13 (5), 5778—5784.

4125

(119) Saha, S.; Prakash, V.; Halder, S.; Chakraborty, K.; Krishnan, Y.
A pH-Independent DNA Nanodevice for Quantifying Chloride
Transport in Organelles of Living Cells. Nat. Nanotechnol. 2015, 10
(7), 645—651.

(120) Narayanaswamy, N.; Chakraborty, K; Saminathan, A.;
Zeichner, E.; Leung, K.; Devany, J.; Krishnan, Y. A pH-Correctable,
DNA-Based Fluorescent Reporter for Organellar Calcium. Nat.
Methods 2019, 16 (1), 95—102.

(121) Zou, J; Mitra, K; Anees, P.; Oettinger, D.; Ramirez, J. R;
Veetil, A. T.; Gupta, P. D.; Rao, R.; Smith, J. J.; Kratsios, P.; Krishnan,
Y. A DNA Nanodevice for Mapping Sodium at Single-Organelle
Resolution. Nat. Biotechnol. 2024, 42 (7), 1075—1083.

(122) Anees, P.; Saminathan, A.; Rozmus, E. R;; Di, A.; Malik, A. B.;
Delisle, B. P.; Krishnan, Y. Detecting Organelle-Specific Activity of
Potassium Channels with a DNA Nanodevice. Nat. Biotechnol. 2024,
42 (7), 10651074

(123) Saminathan, A.; Devany, J.; Veetil, A. T.; Suresh, B.; Pillai, K.
S.; Schwake, M.; Krishnan, Y. A DNA-Based Voltmeter for
Organelles. Nat. Nanotechnol. 2021, 16 (1), 96—103.

(124) Liu, C; Huang, Z.; Jiang, W.; Liu, X,; Li, J.; Han, X;; Tu, H,;
Qiu, L,; Tan, W. Programmable pH-Responsive DNA Nanosensors
for Imaging Exocytosis and Retrieval of Synaptic Vesicles. Anal. Chem.
2020, 92 (S), 3620—3626.

(125) Dong, B.; Mahapatra, S.; Clark, M. G.; Carlsen, M. S.; Mohn,
K. J; Ma, S.; Brasseale, K. A;; Crim, G.; Zhang, C. Spatiotemporally
Precise Optical Manipulation of Intracellular Molecular Activities.
Adv. Sci. (Weinh.) 2024, 11 (13), No. 2307342.

(126) Zheng, W.; Jiang, X. Precise Manipulation of Cell Behaviors
on Surfaces for Construction of Tissue/Organs. Colloids Surf. B
Biointerfaces 2014, 124, 97—110.

(127) Phua, S. C.; Pohlmeyer, C.; Inoue, T. Rapidly Relocating
Molecules between Organelles to Manipulate Small GTPase Activity.
ACS Chem. Biol. 2012, 7 (12), 1950—1955.

(128) Johannes, L.; Pezeshkian, W.; Ipsen, J. H.; Shillcock, J. C.
Clustering on Membranes: Fluctuations and More. Trends Cell Biol.
2018, 28 (5), 405—415.

(129) Liu, K;; Cong, Y;; Luo, X; Yao, M,; Xie, Z.; Li, H. Utilizing
Bivalent Aptamers as First DNA Agonist to Activate RTKs
Heterodimer of Different Families. Chin. Chem. Lett. 2024,
No. 109839.

(130) Yang, S.; Wang, M,; Tian, D.; Zhang, X,; Cui, K; Li, S;
Wang, H.-H.; Long, M, Nie, Z. DNA-Functionalized Artificial
Mechanoreceptor for de Novo Force-Responsive Signaling. Nat.
Chem. Biol. 2024, 20 (8), 1066—1077.

(131) Wang, Z.; Xie, S.; Wu, L.; Chen, F,; Qiu, L.; Tan, W. Aptamer-
Functionalized Nanodevices for Dynamic Manipulation of Membrane
Receptor Signaling in Living Cells. Nano Lett. 2022, 22 (19), 7853—
7859.

(132) Wang, M.; Yang, D.; Lu, Q.; Liu, L.; Cai, Z.; Wang, Y.; Wang,
H.-H.; Wang, P.; Nie, Z. Spatially Reprogramed Receptor
Organization to Switch Cell Behavior Using a DNA Origami-
Templated Aptamer Nanoarray. Nano Lett. 2022, 22 (21), 8445—
8454.

(133) Milroy, L.-G.; Grossmann, T. N.; Hennig, S.; Brunsveld, L.;
Ottmann, C. Modulators of Protein—Protein Interactions. Chem. Rev.
2014, 114 (9), 4695—4748.

(134) Zhuy, Y.; Hart, G. W. Dual-Specificity RNA Aptamers Enable
Manipulation of Target-Specific O-GlcNAcylation and Unveil
Functions of O-GIcNAc on f-Catenin. Cell 2023, 186 (2), 428—445.

(135) Zhou, L.; Yu, B.; Gao, M.; Chen, R;; Li, Z,; Gu, Y.; Bian, J.;
Ma, Y. DNA Framework-Engineered Chimeras Platform Enables
Selectively Targeted Protein Degradation. Nat. Commun. 2023, 14
(1), 4s10.

(136) Honigmann, A.; Pralle, A. Compartmentalization of the Cell
Membrane. J. Mol. Biol. 2016, 428 (24), 4739—4748.

(137) Sonnino, S.; Prinetti, A. Membrane Domains and the Lipid
Raft Concept. Curr. Med. Chem. 2012, 20 (1), 4—21.

(138) Sun, L.; Su, Y,; Wang, J.-G,; Xia, F,; Xu, Y,; Li, D. DNA
Nanotweezers for Stabilizing and Dynamically Lighting up a Lipid

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1002/ange.202404064
https://doi.org/10.3390/chemosensors11070358
https://doi.org/10.3390/chemosensors11070358
https://doi.org/10.1021/acs.analchem.8b02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-15297-7
https://doi.org/10.1038/s41467-020-15297-7
https://doi.org/10.1038/s41467-020-15297-7
https://doi.org/10.1002/anie.202303121
https://doi.org/10.1002/anie.202303121
https://doi.org/10.1002/anie.202303121
https://doi.org/10.1038/nrm2903
https://doi.org/10.1038/nrm2903
https://doi.org/10.1021/jasms.0c00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4MT00230J
https://doi.org/10.1039/C4MT00230J
https://doi.org/10.1021/acs.nanolett.1c03732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202015979
https://doi.org/10.1002/anie.202015979
https://doi.org/10.1021/acs.chemrev.6b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-24822-1
https://doi.org/10.1038/s41467-021-24822-1
https://doi.org/10.1021/cb6003977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb6003977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202005793
https://doi.org/10.1002/anie.201510721
https://doi.org/10.1002/anie.201510721
https://doi.org/10.1021/jacs.2c11081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cub.2015.02.027
https://doi.org/10.1093/nsr/nwae307
https://doi.org/10.1093/nsr/nwae307
https://doi.org/10.1021/acsnano.9b01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2015.130
https://doi.org/10.1038/nnano.2015.130
https://doi.org/10.1038/s41592-018-0232-7
https://doi.org/10.1038/s41592-018-0232-7
https://doi.org/10.1038/s41587-023-01950-1
https://doi.org/10.1038/s41587-023-01950-1
https://doi.org/10.1038/s41587-023-01928-z
https://doi.org/10.1038/s41587-023-01928-z
https://doi.org/10.1038/s41565-020-00784-1
https://doi.org/10.1038/s41565-020-00784-1
https://doi.org/10.1021/acs.analchem.9b04493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b04493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202307342
https://doi.org/10.1002/advs.202307342
https://doi.org/10.1016/j.colsurfb.2014.08.026
https://doi.org/10.1016/j.colsurfb.2014.08.026
https://doi.org/10.1021/cb300280k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb300280k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tcb.2018.01.009
https://doi.org/10.1016/j.cclet.2024.109839
https://doi.org/10.1016/j.cclet.2024.109839
https://doi.org/10.1016/j.cclet.2024.109839
https://doi.org/10.1038/s41589-024-01572-x
https://doi.org/10.1038/s41589-024-01572-x
https://doi.org/10.1021/acs.nanolett.2c02522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400698c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2022.12.016
https://doi.org/10.1016/j.cell.2022.12.016
https://doi.org/10.1016/j.cell.2022.12.016
https://doi.org/10.1038/s41467-023-40244-7
https://doi.org/10.1038/s41467-023-40244-7
https://doi.org/10.1016/j.jmb.2016.09.022
https://doi.org/10.1016/j.jmb.2016.09.022
https://doi.org/10.2174/0929867311320010003
https://doi.org/10.2174/0929867311320010003
https://doi.org/10.1039/C9SC06203C
https://doi.org/10.1039/C9SC06203C
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Raft on Living Cell Membranes and the Activation of T Cells. Chem.
Sci. 2020, 11 (6), 1581—1586.

(139) Ma, Y.-H,; Zhu, Y,; Wu, H,; He, Y.; Zhang, Q; Huang, Q;
Wang, Z.; Xing, H.,; Qiu, L; Tan, W. Domain-Targeted Membrane
Partitioning of Specific Proteins with DNA Nanodevices. J. Am. Chem.
Soc. 2024, 146 (11), 7640—7648.

(140) Yang, Y.; Sun, X,; Xu, J.; Cui, C; Safari Yazd, H.; Pan, X,; Zhu,
Y,; Chen, X; Li, X; Li, J.; Tan, W. Circular Bispecific Aptamer-
Mediated Artificial Intercellular Recognition for Targeted T Cell
Immunotherapy. ACS Nano 2020, 14 (8), 9562—9571.

(141) Li, J.; Xun, K;; Zheng, L.; Peng, X,; Qiu, L.; Tan, W. DNA-
Based Dynamic Mimicry of Membrane Proteins for Programming
Adaptive Cellular Interactions. . Am. Chem. Soc. 2021, 143 (12),
4585—4592.

(142) Qian, R.-C.; Zhou, Z.-R;; Guo, W.; Wuy, Y.; Yang, Z.; Ly, Y.
Cell Surface Engineering Using DNAzymes: Metal Ion Mediated
Control of Cell-Cell Interactions. J. Am. Chem. Soc. 2021, 143 (15),
5737—-5744.

(143) Qian, R.-C; Zhou, Z.-R;; Wy, Y.; Yang, Z.; Guo, W.; Li, D.-
W, Lu, Y. Combination Cancer Treatment: Using Engineered
DNAzyme Molecular Machines for Dynamic Inter- and Intracellular
Regulation. Angew. Chem., Int. Ed. Engl. 2022, 61 (49),
No. €202210935.

(144) Wan, S; Liu, S.; Sun, M.; Zhang, J.; Wei, X; Song, T.; Li, Y,;
Liu, X.; Chen, H; Yang, C. J.; Song, Y. Spatial- and Valence-Matched
Neutralizing DNA Nanostructure Blocks Wild-Type SARS-CoV-2
and Omicron Variant Infection. ACS Nano 2022, 16 (9), 15310—
15317.

(145) Du, Y,; Lyu, Y; Lin, J.; Ma, C.; Zhang, Q.; Zhang, Y.; Qiu, L;
Tan, W. Membrane-Anchored DNA Nanojunctions Enable Closer
Antigen-Presenting Cell-T-Cell Contact in Elevated T-Cell Receptor
Triggering. Nat. Nanotechnol. 2023, 18 (7), 818—827.

(146) Zhao, B.; O'Brien, C.; Mudiyanselage, A. P. K. K. K; Li, N;
Bagheri, Y.; Wu, R;; Sun, Y.; You, M. Visualizing Intercellular Tensile
Forces by DNA-Based Membrane Molecular Probes. J. Am. Chem.
Soc. 2017, 139 (50), 18182—1818S.

(147) Zhao, B.; Li, N.; Xie, T.; Bagheri, Y.; Liang, C.; Keshri, P,;
Sun, Y.; You, M. Quantifying Tensile Forces at Cell—Cell Junctions
with a DNA-Based Fluorescent Probe. Chem. Sci. 2020, 11 (32),
8558—8566.

(148) Wu, R.; Karunanayake Mudiyanselage, A. P. K. K; Ren, K;
Sun, Z.; Tian, Q; Zhao, B.; Bagheri, Y.; Lutati, D.; Keshri, P.; You, M.
Ratiometric Fluorogenic RNA-Based Sensors for Imaging Live-Cell
Dynamics of Small Molecules. ACS Appl. Bio Mater. 2020, 3 (5),
2633—-2642.

(149) Tian, Q.; Keshri, P.; You, M. Recent Developments in DNA-
Based Mechanical Nanodevices. Chem. Commun. (Camb.) 2022, 58
(30), 4700—4710.

(150) Zhu, L.; Shen, Y.; Deng, S.; Wan, Y.; Luo, J.; Su, Y.; You, M,;
Fan, C.; Ren, K. Controllable Mitochondrial Aggregation and Fusion
by a Programmable DNA Binder. Chem. Sci. 2023, 14 (30), 8084—
8094.

(151) Dong, Y,; Li, F.; Lv, Z,; Li, S.; Yuan, M,; Song, N.; Liu, J;
Yang, D. Lysosome Interference Enabled by Proton-driven Dynamic
Assembly of DNA Nanoframeworks inside Cells. Angew. Chem., Int.
Ed. Engl. 2022, 61 (36), No. €202207770.

(152) Li, F; Liu, Y.; Dong, Y,; Chu, Y.; Song, N.; Yang, D. Dynamic
Assembly of DNA Nanostructures in Living Cells for Mitochondrial
Interference. J. Am. Chem. Soc. 2022, 144 (10), 4667—4677.

(153) Chen, H.; Xu, W.; Shi, H.; Qiao, Y.; He, X;; Zheng, ].; Zhou,
S;; Yang, X,; Wang, K; Liu, J. DNA-based Artificial Receptors as
Transmembrane Signal Transduction Systems for Protocellular
Communication. Angew. Chem., Int. Ed. Engl. 2023, 62 (23),
No. €202301559.

(154) Wu, H; Zheng, L; Ling, N,; Zheng, L.; Du, Y,; Zhang, Q;
Liu, Y.; Tan, W,; Qiu, L. Chemically Synthetic Membrane Receptors
Establish Cells with Artificial Sense-and-Respond Signaling Pathways.
J. Am. Chem. Soc. 2023, 145 (4), 2315—2321.

4126

(155) Peng, R.; Xu, L.; Wang, H.; Lyu, Y.; Wang, D.; B, C.; Cui, C,;
Fan, C; Liu, Q; Zhang, X.; Tan, W. DNA-Based Artificial Molecular
Signaling System That Mimics Basic Elements of Reception and
Response. Nat. Commun. 2020, 11 (1), 978.

(156) Dey, S.; Dorey, A.; Abraham, L.; Xing, Y.; Zhang, L; Zhang,
F.; Howorka, S.; Yan, H. A Reversibly Gated Protein-Transporting
Membrane Channel Made of DNA. Nat. Commun. 2022, 13 (1),
2271.

(157) Zhang, Y.; Wang, S; Yan, Y.,; He, X; Wang, Z.; Zhou, S;
Yang, X.; Wang, K; Liu, J. Phase-Separated Bienzyme Compartmen-
talization as Artificial Intracellular Membraneless Organelles for Cell
Repair. Sci. China Chem. 2023, 66, 845—852.

(158) Yao, C.; Xu, Y.; Tang, J.; Hu, P.; Qi, H; Yang, D. Dynamic
Assembly of DNA-Ceria Nanocomplex in Living Cells Generates
Artificial Peroxisome. Nat. Commun. 2022, 13 (1), 7739.

(159) Leathers, A.; Walczak, M.; Brady, R. A;; Al Samad, A.; Kotar,
J; Booth, M. J; Cicuta, P.; Di Michele, L. Reaction—Diffusion
Patterning of DNA-Based Artificial Cells. J. Am. Chem. Soc. 2022, 144
(38), 17468—17476.

(160) Zhang, L.; Chen, M.; Wang, Z.; Zhong, M.; Chen, H.; Li, T ;
Wang, L; Zhao, Z; Zhang, X.-B; Ke, G; Liu, Y; Tan, W.
Spatiotemporal Regulation of Cell Fate in Living Systems Using
Photoactivatable Artificial DNA Membraneless Organelles. ACS Cent.
Sci. 2024, 10 (6), 1201—1210.

(161) Mitchell, M. J; Billingsley, M. M.; Haley, R. M.; Wechsler, M.
E.; Peppas, N. A; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discovery 2021, 20 (2), 101—124.

(162) Li, J; Wei, L; Zhang, Y; Wu, M. Tetrahedral DNA
Nanostructures Inhibit Ferroptosis and Apoptosis in Cisplatin-
Induced Renal Injury. ACS Appl. Bio Mater. 2021, 4 (6), 5026—5032.

(163) Wang, L.; Wang, Y,; Jiang, Y.; Chen, M.; Li, Z.; Wang, K;
Luo, C; Ning, N.; Zeng, J.; Zhou, Z.; Song, Y.; Yang, F.; Huang, S.-S.;
Lin, Y. Tetrahedral Framework Nuclear Acids Can Regulate
Interleukin-17 Pathway to Alleviate Inflammation and Inhibit
Heterotopic Ossification in Ankylosing Spondylitis. ACS Nano
2023, 17 (23), 24187—24199.

(164) Li, Y.; Tang, Y.; Shi, S.; Gao, S.; Wang, Y.; Xiao, D.; Chen, T.;
He, Q; Zhang, J; Lin, Y. Tetrahedral Framework Nucleic Acids
Ameliorate Insulin Resistance in Type 2 Diabetes Mellitus via the
PI3K/Akt Pathway. ACS Appl. Mater. Interfaces 2021, 13 (34),
40354—40364.

(165) Cui, W.; Zhan, Y.; Shao, X.; Fu, W.; Xiao, D.; Zhuy, J.; Qin, X,;
Zhang, T.; Zhang, M. Zhou, Y,; Lin, Y. Neuroprotective and
Neurotherapeutic Effects of Tetrahedral Framework Nucleic Acids on
Parkinson’s Disease in Vitro. ACS Appl. Mater. Interfaces 2019, 11
(36), 32787—32797.

(166) Shao, X.; Ma, W.; Xie, X; Li, Q; Lin, S.; Zhang, T.; Lin, Y.
Neuroprotective Effect of Tetrahedral DNA Nanostructures in a Cell
Model of Alzheimer’s Disease. ACS Appl. Mater. Interfaces 2018, 10
(28), 23682—23692.

(167) Zhao, D.; Liu, M.; Li, Q;; Zhang, X;; Xue, C.; Lin, Y.; Cai, X.
Tetrahedral DNA Nanostructure Promotes Endothelial Cell Pro-
liferation, Migration, and Angiogenesis via Notch Signaling Pathway.
ACS Appl. Mater. Interfaces 2018, 10 (44), 37911—-37918.

(168) Shi, S.; Li, Y.; Zhang, T.; Xiao, D.; Tian, T.; Chen, T.; Zhang,
Y,; Li, X,; Lin, Y. Biological Effect of Differently Sized Tetrahedral
Framework Nucleic Acids: Endocytosis, Proliferation, Migration, and
Biodistribution. ACS Appl. Mater. Interfaces 2021, 13 (48), 57067—
57074.

(169) Hu, Y.; Luo, Z.; Ge, Z,; Li, Q.; Yang, P.; Zhang, H.; Zhang, H.
Morphology Dictated Immune Activation with Framework Nucleic
Acids. Small 2023, 19 (48), No. 2303454.

(170) Zhang, J.; Guo, Y.; Ding, F.; Pan, G.; Zhu, X;; Zhang, C. A
Camptothecin-Grafted DNA Tetrahedron as a Precise Nanomedicine
to Inhibit Tumor Growth. Angew. Chem., Int. Ed. Engl. 2019, 58 (39),
13794—13798.

(171) Ren, T; Deng, Z; Liu, H; Li, X;; Li, J.; Yuan, J.; He, Y.; Liu,
Q.; Yang, Y,; Zhong, S. Co-Delivery of DNAzyme and a Chemo-
therapy Drug Using a DNA Tetrahedron for Enhanced Anticancer

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1039/C9SC06203C
https://doi.org/10.1021/jacs.3c13966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c13966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202210935
https://doi.org/10.1002/anie.202210935
https://doi.org/10.1002/anie.202210935
https://doi.org/10.1021/acsnano.2c06803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c06803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c06803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-023-01333-2
https://doi.org/10.1038/s41565-023-01333-2
https://doi.org/10.1038/s41565-023-01333-2
https://doi.org/10.1021/jacs.7b11176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC01455A
https://doi.org/10.1039/D0SC01455A
https://doi.org/10.1021/acsabm.9b01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.9b01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CC00302C
https://doi.org/10.1039/D2CC00302C
https://doi.org/10.1039/D2SC07095B
https://doi.org/10.1039/D2SC07095B
https://doi.org/10.1002/anie.202207770
https://doi.org/10.1002/anie.202207770
https://doi.org/10.1021/jacs.2c00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202301559
https://doi.org/10.1002/anie.202301559
https://doi.org/10.1002/anie.202301559
https://doi.org/10.1021/jacs.2c10903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-14739-6
https://doi.org/10.1038/s41467-020-14739-6
https://doi.org/10.1038/s41467-020-14739-6
https://doi.org/10.1038/s41467-022-28522-2
https://doi.org/10.1038/s41467-022-28522-2
https://doi.org/10.1007/s11426-022-1491-0
https://doi.org/10.1007/s11426-022-1491-0
https://doi.org/10.1007/s11426-022-1491-0
https://doi.org/10.1038/s41467-022-35472-2
https://doi.org/10.1038/s41467-022-35472-2
https://doi.org/10.1038/s41467-022-35472-2
https://doi.org/10.1021/jacs.2c06140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1021/acsabm.1c00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b07827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b07827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b16518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b16518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c20657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c20657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c20657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202303454
https://doi.org/10.1002/smll.202303454
https://doi.org/10.1002/anie.201907380
https://doi.org/10.1002/anie.201907380
https://doi.org/10.1002/anie.201907380
https://doi.org/10.1039/C9NJ02818H
https://doi.org/10.1039/C9NJ02818H
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Therapy through Synergistic Effects. New J. Chem. 2019, 43 (35),
14020—14027.

(172) Tian, T.; Xiao, D.; Zhang, T.; Li, Y.; Shi, S.; Zhong, W.; Gong,
P,; Liu, Z.; Li, Q.; Lin, Y. A Framework Nucleic Acid Based Robotic
Nanobee for Active Targeting Therapy. Adv. Funct. Mater. 2021, 31
(5), No. 2007342.

(173) Gao, Y.; Chen, X,; Tian, T.; Zhang, T.; Gao, S.; Zhang, X;
Yao, Y.; Lin, Y,; Cai, X. A Lysosome-activated Tetrahedral Nanobox
for Encapsulated siRNA Delivery. Adv. Mater. 2022, 34 (46),
No. 2201731.

(174) Kansara, K; Singh, R.; Yadav, P.; Mansuri, A,; Kumar, A;
Bhatia, D. Lipid Modification of DNA Tetrahedrons Enhances
Cellular Uptake, Migration, and in Vivo Uptake. ACS Appl. Nano
Mater. 2023, 6 (14), 13443—13452.

(175) Yan, J.; Zhang, N.; Zhang, Z.; Zhu, W.; Li, B.; Li, L; Pu, Y,;
He, B. Redox-Responsive Polyethyleneimine/Tetrahedron DNA/
Doxorubicin Nanocomplexes for Deep Cell/Tissue Penetration to
Overcome Multidrug Resistance. J. Controlled Release 2021, 329, 36—
49.

(176) Zhang, T.; Tian, T.; Zhou, R;; Li, S.; Ma, W.; Zhang, Y.; Liu,
N,; Shi, S;; Li, Q; Xie, X.; Ge, Y.; Liu, M.; Zhang, Q; Lin, S.; Cai, X;
Lin, Y. Design, Fabrication and Applications of Tetrahedral DNA
Nanostructure-Based Multifunctional Complexes in Drug Delivery
and Biomedical Treatment. Nat. Protoc. 2020, 15 (8), 2728—2757.

(177) Li, S.; Liu, Y,; Zhang, T.; Lin, S; Shi, S.; He, J.; Xie, Y.; Cai,
X.; Tian, T.; Lin, Y. A Tetrahedral Framework DNA-based
Bioswitchable miRNA Inhibitor Delivery System: Application to
Skin Anti-aging. Adv. Mater. 2022, 34 (46), No. 2204287.

(178) Li, S; Jiang, Q.; Liu, S.; Zhang, Y.; Tian, Y.; Song, C.; Wang,
J; Zou, Y.; Anderson, G. J.; Han, J.-Y,; Chang, Y.; Liu, Y.; Zhang, C,;
Chen, L.; Zhou, G.; Nie, G.; Yan, H,; Ding, B,; Zhao, Y. A DNA
Nanorobot Functions as a Cancer Therapeutic in Response to a
Molecular Trigger in Vivo. Nat. Biotechnol. 2018, 36 (3), 258—264.

(179) Wu, T.; Liu, J; Liu, M.; Liu, S.; Zhao, S.; Tian, R.; Wei, D.;
Liu, Y,; Zhao, Y.; Xiao, H.; Ding, B. A Nanobody-conjugated DNA
Nanoplatform for Targeted Platinum-drug Delivery. Angew. Chem.,
Int. Ed. Engl. 2019, 58 (40), 14224—14228.

(180) Tang, W.; Han, L,; Duan, S.; Lu, X,; Wang, Y.; Wy, X,; Liy, J;
Ding, B. An Aptamer-Modified DNA Tetrahedron-Based Nanogel for
Combined Chemo/Gene Therapy of Multidrug-Resistant Tumors.
ACS Appl. Bio Mater. 2021, 4 (10), 7701—7707.

(181) Xu, L.; Wang, X; Liu, Y.; Yang, G.; Falconer, R. J.; Zhao, C.-X.
Lipid Nanoparticles for Drug Delivery. Adv. Nanobiomed Res. 2022, 2
(2), No. 2100109.

(182) Khare, P.; Edgecomb, S. X.; Hamadani, C. M.; Tanner, E. E.
L.; S Manickam, D. Lipid Nanoparticle-Mediated Drug Delivery to
the Brain. Adv. Drug Delivery Rev. 2023, 197, No. 114861.

(183) Unnikrishnan, G.; Joy, A; Megha, M. Kolanthai, E;
Senthilkumar, M. Exploration of Inorganic Nanoparticles for Revolu-
tionary Drug Delivery Applications: A Critical Review. Discov Nano
2023, 18 (1), 157.

(184) Liu, R;; Luo, C,; Pang, Z.; Zhang, J.; Ruan, S.; Wu, M.; Wang,
L.; Sun, T; Li, N; Han, L.; Shi, J; Huang, Y.; Guo, W.; Peng, S.;
Zhou, W.,; Gao, H. Advances of Nanoparticles as Drug Delivery
Systems for Disease Diagnosis and Treatment. Chin. Chem. Lett. 2023,
34 (2), No. 107518.

(185) Volpatti, L. R;; Matranga, M. A.; Cortinas, A. B.; Delcassian,
D.; Daniel, K. B,; Langer, R.; Anderson, D. G. Glucose-Responsive
Nanoparticles for Rapid and Extended Self-Regulated Insulin
Delivery. ACS Nano 2020, 14 (1), 488—497.

(186) Pande, S. Liposomes for Drug Delivery: Review of Vesicular
Composition, Factors Affecting Drug Release and Drug Loading in
Liposomes. Artif. Cells Nanomed. Biotechnol. 2023, S1 (1), 428—440.

(187) Nel, J,; Elkhoury, K; Velot, E.; Bianchi, A; Acherar, S;
Francius, G.; Tamayol, A.;; Grandemange, S.; Arab-Tehrany, E.
Functionalized Liposomes for Targeted Breast Cancer Drug Delivery.
Bioact. Mater. 2023, 24, 401—437.

(188) Lundstrom, K. Viral Vectors in Gene Therapy. Diseases 2018,
6 (2), 42.

4127

(189) Waehler, R; Russell, S. J.; Curiel, D. T. Engineering Targeted
Viral Vectors for Gene Therapy. Nat. Rev. Genet. 2007, 8 (8), S73—
587.

(190) Herrmann, I. K;; Wood, M. J. A;; Fuhrmann, G. Extracellular
Vesicles as a Next-Generation Drug Delivery Platform. Nat.
Nanotechnol. 2021, 16 (7), 748—759.

(191) Lee, Y.; El Andaloussi, S.; Wood, M. J. A. Exosomes and
Microvesicles: Extracellular Vesicles for Genetic Information Transfer
and Gene Therapy. Hum. Mol. Genet. 2012, 21 (R1), R125—34.

(192) Tang, F; Li, L.; Chen, D. Mesoporous Silica Nanoparticles:
Synthesis, Biocompatibility and Drug Delivery. Adv. Mater. 2012, 24
(12), 1504—1534.

(193) Wallace, S. J.; Li, J.; Nation, R. L.; Boyd, B. J. Drug Release
from Nanomedicines: Selection of Appropriate Encapsulation and
Release Methodology. Drug Delivery Transl. Res. 2012, 2 (4), 284—
292.

(194) Fu, A; Tang, R; Hardie, J.; Farkas, M. E.; Rotello, V. M.
Promises and Pitfalls of Intracellular Delivery of Proteins. Bioconjugate
Chem. 2014, 25 (9), 1602—1608.

(195) Tran, S.; DeGiovanni, P.-J; Piel, B.; Rai, P. Cancer
Nanomedicine: A Review of Recent Success in Drug Delivery. Clin.
Transl. Med. 2017, 6 (1), 44.

(196) Moradi Kashkooli, F.; Soltani, M.; Souri, M. Controlled Anti-
Cancer Drug Release through Advanced Nano-Drug Delivery
Systems: Static and Dynamic Targeting Strategies. J. Controlled
Release 2020, 327, 316—349.

(197) Trujillo, C. A; Nery, A. A; Alves, J. M.; Martins, A. H;
Ulrich, H. Development of the Anti-VEGF Aptamer to a Therapeutic
Agent for Clinical Ophthalmology. Clin. Ophthalmol. 2007, 1 (4),
393—402.

(198) Arangundy-Franklin, S.; Taylor, A. L; Porebski, B. T.; Genna,
V.; Peak-Chew, S.; Vaisman, A.; Woodgate, R.; Orozco, M.; Holliger,
P. A Synthetic Genetic Polymer with an Uncharged Backbone
Chemistry Based on Alkyl Phosphonate Nucleic Acids. Nat. Chem.
2019, 11 (6), 533—542.

(199) E. Wang, R.;; Wu, H; Niu, Y.; Cai, J. Improving the Stability of
Aptamers by Chemical Modification. Curr. Med. Chem. 2011, 18 (27),
4126—4138.

(200) McKenzie, L. K; El-Khoury, R.; Thorpe, J. D.; Damha, M. J.;
Hollenstein, M. Recent Progress in Non-Native Nucleic Acid
Modifications. Chem. Soc. Rev. 2021, 50 (8), 5126—5164.

(201) Ni, S.; Yao, H; Wang, L,; Ly, J,; Jiang, F.; Lu, A,; Zhang, G.
Chemical Modifications of Nucleic Acid Aptamers for Therapeutic
Purposes. Int. J. Mol. Sci. 2017, 18 (8), 1683.

(202) Feng, X.-N.; Cui, Y.-X.; Zhang, J.; Tang, A.-N.; Mao, H.-B;
Kong, D.-M. Chiral Interaction Is a Decisive Factor to Replace D-
DNA with -DNA Aptamers. Anal. Chem. 2020, 92 (9), 6470—6477.

(203) Rohloff, J. C.; Gelinas, A. D.; Jarvis, T. C.; Ochsner, U. A;
Schneider, D. J.; Gold, L.; Janjic, N. Nucleic Acid Ligands with
Protein-like Side Chains: Modified Aptamers and Their Use as
Diagnostic and Therapeutic Agents. Mol. Ther. Nucleic Acids 2014, 3
(e201), No. e201.

(204) Mei, H,; Liao, J.-Y.; Jimenez, R. M,; Wang, Y,; Bala, S;
McCloskey, C.; Switzer, C.; Chaput, J. C. Synthesis and Evolution of a
Threose Nucleic Acid Aptamer Bearing 7-Deaza-7-Substituted
Guanosine Residues. J. Am. Chem. Soc. 2018, 140 (17), 5706—5713.

(205) Ai, L; Zuo, Q; Li, Y.; Wu, S.; Sima, Y,; Zhang, Y; Xie, S,;
Zhao, Z.; Tan, W. Programming Affinity for Precise Tumor
Recognition with Allosteric Nanosensing-Circles. ACS Nano 2023,
17 (14), 13430—13440.

(206) Lim, H. L; Oliver, P. M.,; Marzillier, J.; Vezenov, D. V.
Heterobifunctional Modification of DNA for Conjugation to Solid
Surfaces. Anal. Bioanal. Chem. 2010, 397 (5), 1861—1872.

(207) Zugates, G. T.; Tedford, N. C.; Zumbuehl, A.; Jhunjhunwala,
S; Kang, C. S,; Griffith, L. G.; Lauffenburger, D. A,; Langer, R;;
Anderson, D. G. Gene Delivery Properties of End-Modified
Poly(Beta-Amino Ester)s. Bioconjugate Chem. 2007, 18 (6), 1887—
1896.

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1039/C9NJ02818H
https://doi.org/10.1002/adfm.202007342
https://doi.org/10.1002/adfm.202007342
https://doi.org/10.1002/adma.202270316
https://doi.org/10.1002/adma.202270316
https://doi.org/10.1021/acsanm.3c02029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.3c02029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2020.11.050
https://doi.org/10.1016/j.jconrel.2020.11.050
https://doi.org/10.1016/j.jconrel.2020.11.050
https://doi.org/10.1038/s41596-020-0355-z
https://doi.org/10.1038/s41596-020-0355-z
https://doi.org/10.1038/s41596-020-0355-z
https://doi.org/10.1002/adma.202204287
https://doi.org/10.1002/adma.202204287
https://doi.org/10.1002/adma.202204287
https://doi.org/10.1038/nbt.4071
https://doi.org/10.1038/nbt.4071
https://doi.org/10.1038/nbt.4071
https://doi.org/10.1002/anie.201909345
https://doi.org/10.1002/anie.201909345
https://doi.org/10.1021/acsabm.1c00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anbr.202100109
https://doi.org/10.1016/j.addr.2023.114861
https://doi.org/10.1016/j.addr.2023.114861
https://doi.org/10.1186/s11671-023-03943-0
https://doi.org/10.1186/s11671-023-03943-0
https://doi.org/10.1016/j.cclet.2022.05.032
https://doi.org/10.1016/j.cclet.2022.05.032
https://doi.org/10.1021/acsnano.9b06395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b06395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b06395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/21691401.2023.2247036
https://doi.org/10.1080/21691401.2023.2247036
https://doi.org/10.1080/21691401.2023.2247036
https://doi.org/10.1016/j.bioactmat.2022.12.027
https://doi.org/10.3390/diseases6020042
https://doi.org/10.1038/nrg2141
https://doi.org/10.1038/nrg2141
https://doi.org/10.1038/s41565-021-00931-2
https://doi.org/10.1038/s41565-021-00931-2
https://doi.org/10.1093/hmg/dds317
https://doi.org/10.1093/hmg/dds317
https://doi.org/10.1093/hmg/dds317
https://doi.org/10.1002/adma.201104763
https://doi.org/10.1002/adma.201104763
https://doi.org/10.1007/s13346-012-0064-4
https://doi.org/10.1007/s13346-012-0064-4
https://doi.org/10.1007/s13346-012-0064-4
https://doi.org/10.1021/bc500320j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40169-017-0175-0
https://doi.org/10.1186/s40169-017-0175-0
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1038/s41557-019-0255-4
https://doi.org/10.1038/s41557-019-0255-4
https://doi.org/10.2174/092986711797189565
https://doi.org/10.2174/092986711797189565
https://doi.org/10.1039/D0CS01430C
https://doi.org/10.1039/D0CS01430C
https://doi.org/10.3390/ijms18081683
https://doi.org/10.3390/ijms18081683
https://doi.org/10.1021/acs.analchem.9b05676?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05676?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/mtna.2014.49
https://doi.org/10.1038/mtna.2014.49
https://doi.org/10.1038/mtna.2014.49
https://doi.org/10.1021/jacs.7b13031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-010-3733-5
https://doi.org/10.1007/s00216-010-3733-5
https://doi.org/10.1021/bc7002082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc7002082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(208) Zhang, Z. H.; Feng, C. L. Immobilization/Hybridization of
Amino-Modified DNA on Plasma-Polymerized Allyl Chloride. Appl.
Surf. Sci. 2007, 253 (22), 8915—8922.

(209) Peckys, D. B.; de Jonge, N.; Simpson, M. L.; McKnight, T. E.
End-Specific Strategies of Attachment of Long Double Stranded DNA
onto Gold-Coated Nanofiber Arrays. Nanotechnology 2008, 19 (43),
No. 435301.

(210) Zhu, Y; Xiong, X; Cao, M; Li, L; Fan, C; Pei, H.
Accelerating DNA Computing via Freeze-Thaw Cycling. Sci. Adv.
2023, 9 (34), No. eaax7983.

(211) Liu, N.; Zhang, X; Li, N.; Zhou, M.; Zhang, T.; Li, S.; Cai, X;
Ji, P,; Lin, Y. Tetrahedral Framework Nucleic Acids Promote Corneal
Epithelial Wound Healing in Vitro and in Vivo. Small 2019, 15 (31),
No. €1901907

(212) Wang, Z,; Lu, H,; Tang, T.; Liu, L.; Pan, B.; Chen, J.; Cheng,
D.; Cai, X;; Sun, Y.; Zhu, F.; Zhu, S. Tetrahedral Framework Nucleic
Acids Promote Diabetic Wound Healing via the Wnt Signalling
Pathway. Cell Prolif. 2022, §S (11), No. e13316.

4128

https://doi.org/10.1021/jacsau.4c00776
JACS Au 2024, 4, 4110-4128


https://doi.org/10.1016/j.apsusc.2007.05.027
https://doi.org/10.1016/j.apsusc.2007.05.027
https://doi.org/10.1088/0957-4484/19/43/435301
https://doi.org/10.1088/0957-4484/19/43/435301
https://doi.org/10.1126/sciadv.aax7983
https://doi.org/10.1002/smll.201901907
https://doi.org/10.1002/smll.201901907
https://doi.org/10.1111/cpr.13316
https://doi.org/10.1111/cpr.13316
https://doi.org/10.1111/cpr.13316
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

