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efficient drug delivery
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Based on complementary base pairing, nucleic acid molecules have acted as engineerable building blocks

to prepare versatile nanostructures with unique shapes and sizes. Benefiting from excellent programmability

and biocompatibility, rationally designed nucleic acid nanostructures have been widely employed in biomedical

applications. With the development of the chemical biology of nucleic acids, various stimuli-responsive nucleic

acid nanostructures have been constructed by tailored chemical modification with multifunctional com-

ponents. In this minireview, we summarize the representative and latest research about the employment of

stimuli-responsive nucleic acid nanostructures for drug delivery in response to endogenous and exogenous

stimuli (redox gradient, pH, nuclease, biomacromolecule, and light). We also discuss the broad prospects and

remaining challenges of nucleic acid nanotechnology in biomedical applications.

Introduction

Stimuli-responsive drug delivery systems (DDSs) have been
developed for the efficient delivery of small molecules and bio-
macromolecular drugs to target sites in space–time- and
dosage-controlled manners in the past decades.1,2 Both
endogenous and exogenous stimuli have been utilized to con-
struct the stimuli-responsive DDSs.3–5 The main goals of ideal
stimuli-mediated DDSs include good biocompatibility, low
side effects, retention of cargo activity during the upload and
delivery processes, desired cellular uptake efficiency, and con-
trollable release of payloads at target sites.6 To prepare various
kinds of stimuli-triggered DDSs, various carriers with diverse
sizes and surface properties have been developed, including
liposomes, cationic polymers, and inorganic particles.7–10

However, these carriers show some inadequate biocompatibil-
ity and certain unavoidable inherent cytotoxicity, mainly result-
ing from their composition, which is extrinsic to cells.
Therefore, constructing stimuli-responsive DDSs with splendid
biocompatibility is needed.

As natural biomacromolecules, nucleic acids, including
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), play
essential roles in many vital biological functions by storing
and transferring genetic information.11 In 1982, Seeman first

proposed a constructing strategy for nucleic acid nano-
structures using DNA as building blocks and presented its
potential to prepare ordered architectures and crystal lattices
(Fig. 1a).12,13 This pioneering work has been recognized as the
origin of DNA nanotechnology. In 2005, Turberfield and co-
workers reported a mechanically robust DNA tetrahedron with
a well-defined structure self-assembled by four oligonucleo-
tides complementary to each other (Fig. 1b).14 Later, in 2006,

Fig. 1 Representative strategies for the assembly of nucleic acid nano-
structures. (a) DNA tile. Reproduced with permission.12 Copyright 1982,
Elsevier. (b) DNA tetrahedron. Reproduced with permission.14 Copyright
2005, American Association for the Advancement of Science. (c) DNA
origami. Reproduced with permission.15 Copyright 2006, Nature
Publishing Group. (d) Branched DNA. Reproduced with permission.16

Copyright 2002, Nature Publishing Group. (e) DNA nanostructures based
on rolling circle amplification. Reproduced with permission.21 Copyright
2012, Nature Publishing Group. (f ) Spherical nucleic acid. Reproduced
with permission.28 Copyright 2012, American Chemical Society.†These authors contributed equally to this work.
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Rothemund invented the DNA origami technique by folding a
long single-stranded DNA (ssDNA, scaffold strand) with over
200 short ssDNAs (staple strands) to produce predesigned
nanoscale patterns, including squares, disks, five-pointed
stars, and so on (Fig. 1c).15 Apart from the unmodified nucleic
acid molecules, branched DNA monomers were synthesized by
connecting multiple DNA strands to chemical linkers.
Branched DNA with different functional groups was then used
to construct three-dimensional (3D) DNA nanostructures
(Fig. 1d).16–20 Furthermore, rolling circle amplification (RCA)
or rolling circle transcription (RCT) has paved an avenue for
the production of hydrogels, nanoflowers, and nanosponges,
which have been developed as drug carriers with high loading
capacities (Fig. 1e).21–26 Some heterogeneous systems consist-
ing of nucleic acids and inorganic nanoparticles have been
prepared as well. Spherical nucleic acid (SNA), first introduced
by Mirkin, is a typical representative constructed by co-assem-
bly between the nucleic acids and inorganic nanoparticles
(Fig. 1f).27,28 Encouraged by the previous developments in
nucleic acid self-assembly, the assembled biocompatible
nucleic acid nanostructures have been widely employed in bio-
medical applications.

The nature of Watson–Crick base pairing endows nucleic
acid nanostructures with the merits of flexibility and program-
mability of design and also spatial addressability.29 Therefore,
the modularity of nucleic acid nanostructures is the maximal
distinction towards other biomaterials. To date, various pre-
cisely designed 2D/3D nucleic acid nanostructures have been
extensively constructed for biomedical applications involving
intercellular communication, bioimaging, biosensing, and
drug delivery.6,30–34 In addition, nucleic acid nanostructures
can be easily modified with various stimuli-responsive
elements, such as disulfide linkages, DNA triplex, i-motif, tar-
geting aptamers, photo-cleavable bonds, and so on.35–43 Based
on the advantages of good biocompatibility, structural pro-
grammability, spatial addressability, and convenient chemical
modifiability, versatile nucleic acid nanostructures have been
widely developed as stimuli-responsive drug delivery systems.

Redox gradient-responsive strategy

Disulfide linkage (–S–S–) is cleavable in the presence of reduc-
tants, such as glutathione (GSH), an intracellular reducing
molecule.44–46 The concentration of the reducing agent (GSH)
is different in blood plasma (2–20 µM) and cytosol (∼10 mM)
and is even higher in cancer cells.47,48 Based on the concen-
tration difference of GSH, nucleic acid nanostructures contain-
ing disulfide linkages can be relatively stable in the extracellu-
lar environment and cleaved by intracellular GSH to achieve a
stimuli-responsive drug release in the cytosol.

Some groups have reported several carrier-free strategies by
introducing disulfide linkages in nucleic acid templates to
form nanostructures with further enhanced cellular uptake
and GSH-mediated cargo release. In 2015, Tan and co-workers
proposed size-controllable and redox gradient-responsive DNA

nanohydrogels co-assembled by two Y-shaped monomers and
a DNA linker with sticky ends (Fig. 2a).49 The disulfide linkage
modification in the three building units endowed nanohydro-
gel vectors with stimuli-responsive properties. In the presence
of intracellular GSH, the nanohydrogels decomposed into anti-
sense against c-raf-1 mRNA and DNAzymes targeting matrix
metalloproteinase-9 (MMP-9) to efficiently inhibit cell prolifer-
ation and migration in A549 cells. Later, Yang and co-workers
developed endogenous GSH-responsive oligonucleotide nano-
spheres by organizing guanidinium-containing disulfide
monomers on the DNA templates via multiple salt bridges
(Fig. 2b).50 The nanospheres can be directly delivered and
accumulated in the cytosol by a thiol-mediated cellular uptake
mechanism and further depolymerized under a reductive
environment to release the oligonucleotides (antisense) for
efficient gene silencing. These reports demonstrated that
modification of disulfide linkage is an efficient strategy for
redox gradient-responsive drug release.

Besides the co-assembled DNA complexes, the disulfide
linkage can also be utilized in structurally well-defined DNA
nanostructures. In 2018, Ding and co-workers constructed a
functionalized double-bundle DNA tetrahedron structure con-
taining a disulfide linkage and a nuclear localization signal
(NLS) peptide to load antisense oligonucleotides (ASOs) for tar-
geted and efficient antisense delivery.51 The rigidity and stabi-
lity of the double-bundle DNA tetrahedron improved the
enzyme resistance of the loaded ASOs. In response to an intra-
cellular reducing environment, the antisense strands were
released from the tetrahedron in the nucleus and cytoplasm
for the downregulation of the target proto-oncogene c-raf. DNA
origami involving abundant programmable sites is also an
ideal candidate to construct stimuli-responsive DDSs. In 2018,
Ding and co-workers used doxorubicin (DOX)-loaded triangu-
lar DNA origami to precisely organize two small hairpin RNA

Fig. 2 Redox gradient-responsive strategy. (a) A DNA nanogel for
stimuli-responsive antisense delivery. Reproduced with permission.49

Copyright 2015, American Chemical Society. (b) An oligonucleotide
nanosphere for antisense delivery. Reproduced with permission.50

Copyright 2019, Wiley-VCH GmbH. (c) A triangular DNA origami for
efficient delivery of shRNA templates and the chemo-drug doxorubicin
(DOX). Reproduced with permission.52 Copyright 2018, Wiley-VCH
GmbH. (d) A tubular DNA nanodevice for siRNA and DOX co-delivery.
Reproduced with permission.53 Copyright 2021, Wiley-VCH GmbH.
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(shRNA) transcription templates targeting two functional
genes (P-glycoprotein and survivin) for synergistic RNAi-/
chemotherapy of multidrug-resistant (MDR) tumors (Fig. 2c).52

Incorporated with a cell-targeting aptamer and GSH-triggered
disulfide linkage, this co-delivery nanoplatform efficiently
inhibited MDR-tumor growth without obvious side effects.

Recently, they precisely encapsulated two types of small
interfering RNAs (siRNAs) within the inner cavity of a DOX-
loaded DNA nanodevice for combined cancer therapy
(Fig. 2d).53 Stimulated by intracellular GSH, the nanodevice
containing the disulfide linkage achieved mechanical opening
and further the controllable release of siRNAs for localized
gene silencing at the tumor site. With the modification of
tumor-penetrating ligands, this DNA nanodevice demonstrated
potent antitumor activity without observable systematic tox-
icity. These research studies provided a promising strategy for
combined tumor therapy in vitro and in vivo by rationally
employing stimuli-responsive elements.

pH-responsive strategy

In comparison with healthy tissues (pH ∼7.4), the tumor
microenvironment (pH ∼6.5) is more acidic.8,54,55 Meanwhile,
most drug carriers are internalized into cells through the
endocytosis pathway. The pH values of sub-cellular compart-
ments (endosome and lysosome) are lower than that of the
extracellular environment and can even reach a level of
5.0.56,57 This difference in pH values is a main inspiration to
design drug delivery systems in response to pH. Most pH-
responsive delivery strategies of nucleic acid nanostructures
have been designed by employing pH-sensitive sequences
(DNA triplex and i-motif).

In 2004, a pH-triggered DNA nanomachine based on a DNA
triplex was described by Mao and co-workers.58 Similarly, Zhu
and co-workers developed a pH-triggered triplex-DNA nanos-
witch by immobilizing anti-MUC1 aptamers, small molecule
drugs (DOX and cisplatin), and antisense DNA targeting survi-
vin mRNA on the surface of Au nanoparticles for synergistic
chemo- and gene-therapy (Fig. 3a).59 This nanoswitch kept a
linear conformation under physiological pH conditions and
changed to a triplex structure under an acidic environment.
After the delivery process, the loaded drugs were controllably
released at the tumor sites. Recently, Ding and co-workers con-
structed a tubular DNA nanodevice to precisely load an
antigen peptide and two molecular adjuvants towards the toll-
like receptor (CpG motifs and dsRNA) into its inner cavity
locked by the pH-activated DNA strands (Fig. 3b).60 After enter-
ing the immune cells, the DNA locks of this nanodevice transi-
tioned from a duplex into a triplex structure under an endo-
somal acidic microenvironment, resulting in the release of the
antigen and two adjuvants to elicit a potent immune response
and long-term protection against tumor rechallenge. This
study demonstrated the great potential for producing personal-
ized cancer vaccines based on the stimuli-responsive DNA
origami technique.

Besides DNA triplex, the pH-responsive DNA i-motif is also
developed for biomedical applications. In 2013,
Balasubramanian and co-workers reported a pH-driven DNA
nanostructure based on the DNA i-motif.61 When the pH
changes from alkaline to acidic, the protonated cytosine (C)
residues in the stretched i-motif (open state) are incorporated
with unprotonated C to form base pairs and further interdigi-
tated with each other to construct the stable quadruple helix
(close state).61 This conformational change in nucleic acid
sequences driven by pH changes attracted lots of interest with
regard to biosensing and controllable drug delivery.57,63

Specific activation of T-cell proliferation in tumors is crucial
for reducing nonspecific inflammation and autoimmunity in
antitumor immunotherapy.64 To address this issue, Shi and
co-workers proposed a pH-driven interlocked DNA nano-spring
for the specific stimulation of T-cell proliferation under a
slightly acidic tumor microenvironment (Fig. 3c).62 By encod-
ing a cytosine-rich i-motif structure in interlocked circular
DNA nanostructures, a spring-like shrinking was achieved in
response to the relatively low pH value in tumors to regulate
the nanoscale distribution of T-cell receptors (CD3) on the cell
surface. This platform elicited significant T-cell proliferation
and subsequently enhanced the antitumor effect. This report
provided a general strategy for the smart manipulation of
various receptors on cell membranes.

Fig. 3 The pH-responsive strategy. (a) A triplex DNA nanoswitch for a
pH-sensitive release of multiple cancer drugs. Reproduced with per-
mission.59 Copyright 2019, American Chemical Society. (b) A tubular
DNA origami locked by pH-triggered DNA strands for the co-assembly
of antigens and adjuvants inside. Reproduced with permission.60

Copyright 2021, Nature Publishing Group. (c) A pH-driven interlocked
DNA nano-spring to stimulate T-cell activation in vivo. Reproduced with
permission.62 Copyright 2022, American Chemical Society.
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Nuclease-responsive strategy

Ribonuclease H (RNase H) and Dicer are two representative
nucleases used in nuclease-responsive systems for gene therapy.65

RNase H hydrolyzes the phosphodiester bonds of the RNA strand
in DNA/RNA hybrids without exerting a cleavage effect towards
the DNA strand.66 Using this feature, gene therapeutic drugs have
been rationally incorporated into nuclease-responsive nucleic acid
nanostructures for efficient delivery and controllable release.

By utilizing roll circling amplification, Gu and co-workers
synthesized the yarn-like DNA nanoclews to co-deliver single-
guide RNA (sgRNA) and Cas9 protein for genome editing
(Fig. 4a).67 The sgRNA/Cas9 complex was loaded on DNA nano-
clews containing a partially complementary sequence to
sgRNA. The co-assembled complex was subsequently coated
with polyethylenimine (PEI) to enhance the following endo-

somal escape probability. This RCA-based strategy provided a
facile method to deliver other nucleic acid drugs or DNA-
binding proteins. Assisted by a polymer chain serving as the
framework, Zhang and co-workers reported a crosslinked
nucleic acid nanogel for siRNA delivery (Fig. 4b).68 The cross-
linked nanogel was co-assembled by multivalent DNA-grafted
polycaprolactone (DNA-g-PCL) brushes as the framework and
functional siRNAs (siRNA-L) with single-stranded overhangs as
cross-linkers. The siRNA-L constitutes a double-strand siRNA and
two overhangs for base pairing with the DNAs grafted on PCL.
Thus, when the nanogel enters the cells, RNase H can specifically
recognize and degrade the RNA parts of the DNA/RNA hybrids in
the nanogel for the controllable release of siRNA. The formed
nanogel exhibited good thermostability and resistance to enzy-
matic degradation to improve the delivery efficiency of siRNA. In
2021, Ding and co-workers introduced another co-assembled
nanoplatform consisting of branched antisense DNA and siRNA
for combined gene silencing of target mRNA at different reco-
gnition sites (Fig. 4c).69 siRNA with the 3′ overhangs can be
efficiently captured by one pair of branched antisenses through
DNA/RNA hybridization. The active targeting group and endo-
somal escape peptide have been attached to the co-assembled
nanosystem by host–guest interactions. After cellular uptake and
endosomal escape, the branched antisenses and siRNA can be
released by endogenous RNase H digestion. This multifunctional
nucleic acid nanoplatform presented a remarkable antitumor
effect in vivo based on combined gene silencing (antisense and
siRNA) of the tumor-associated gene polo-like kinase 1 (PLK1).
This report provided an interesting strategy for in situ combi-
nations of delivery carriers and therapeutic cargos.

Differing from the functional mechanism of RNase H, Dicer
can process dsRNA into small interfering RNA (siRNA) or
microRNA (miRNA) of length 21–23 nt, which can integrate into
the RNA-induced silencing complex (RISC) to initiate RNA inter-
ference (RNAi) for the intended mRNA degradation.72 Hammond
and co-workers reported a self-assembled RNAi microsponge by
RCT for shRNA delivery with a high loading capacity and
enhanced stability during the delivery process (Fig. 4d).70 After
getting access to cells, the tandem shRNA in the microsponge
gets cleaved and converted into siRNA by Dicer, resulting in the
release of half a million copies of siRNA in each structure for
RNAi. Furthermore, Ahn and co-workers integrated both shRNA
and the sgRNA/Cas9 complex into an RCT-based nanoparticle
(Fig. 4e).71 In response to the intracellular Dicer-mediated clea-
vage of the shRNA parts, the polymeric ribonucleoprotein nano-
particles produced numerous siRNAs and sgRNA/Cas9 complexes,
considerably improving the disruption efficiency of the target
gene in cells and animal models. These RCT-based strategies
demonstrated the super loading capacity of nucleic acid drugs by
their long extension ability.

Biomacromolecule-responsive strategy

Aptamers are single-stranded nucleic acids with high affinity
and specificity to bind biomedically relevant biomacro-

Fig. 4 The nuclease-responsive strategy. (a) A DNA nanoclew for
CRISPR-Cas9 gene-editing system delivery. Reproduced with per-
mission.67 Copyright 2015, Wiley-VCH GmbH. (b) A crosslinked nucleic
acid nanogel for controllable siRNA delivery. Reproduced with per-
mission.68 Copyright 2018, Wiley-VCH GmbH. (c) A co-assembly nano-
platform for the delivery of branched antisense and siRNA. Reproduced
with permission.69 Copyright 2021, Wiley-VCH GmbH. (d) A self-
assembled RNAi-microsponge based on RCT for shRNA delivery.
Reproduced with permission.70 Copyright 2012, Nature Publishing
Group. (e) An RCT-based polymeric ribonucleoprotein (RNP) nano-
particle for the co-delivery of CRISPR/Cas9 system and siRNA.
Reproduced with permission.71 Copyright 2017, Elsevier.
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molecules (such as protein) and lower the immunogenicity
in vivo compared to antibodies.73 A variety of aptamers, target-
ing tumor-related biomarkers, have been developed to improve
the delivery and internalization efficiency of nanomaterials in
cancer therapy.74 With their merits of precise complementary
base interaction, easy designability, and chemical modifiabil-
ity, aptamers have been widely employed for biosensing in the
past decades.75,76 Inspired by their specific response towards
biomacromolecular triggers, aptamer-based stimuli-responsive
nucleic acid nanodevices have been developed.77

In 2009, Kjems and co-workers reported a hollow DNA box
with a controllable lid functionalized by a “lock-key” system,
opening via the strand-displacement reaction.78 Next, Church
and co-workers designed a logic-gated DNA nanorobot with a
barrel shape for targeted molecular cargo delivery, which was
closed by two DNA locks consisting of an aptamer sequence
and its corresponding partially complementary strand
(Fig. 5a).79 As a proof of concept, they proved that the nano-
device could open after the interaction with antigen keys
expressed on the targeted cell membranes, leading to the
exposure of the loaded antibody Fab fragments inside to

further bind to receptors on the cell surface. Several logical
AND-gates were demonstrated by decorating two different
kinds of locks. This strategy paved an avenue for constructing
specific stimuli-responsive DNA nanodevices for the transpor-
tation of active molecular payloads.

Zhao and co-workers also reported a nucleolin-triggered
tubular nanorobot for efficiently transporting thrombin into
the tumor site (Fig. 5b).80 In order to realize the stimuli-
responsive properties of the nanorobot, six Y-shaped fasteners
containing the nucleolin-targeting aptamer (AS1411) were
included on the long side of the DNA rectangular origami,
serving as the molecular trigger. Additional targeting aptamer
sequences were also arranged on both short sides to enhance
the targeting effect. After intravenous injection into a tumor-
bearing mouse, the tubular DNA nanorobot was opened
through recognition by the tumor vessel marker nucleolin,
resulting in the exposure of preloaded thrombin inside to acti-
vate coagulation at the tumor site for cancer treatment. Briefly,
the main concept of this lock–key-responsive strategy was that
the bioactive molecules (active drugs) modified by DNA
sequence were assembled into the inner cavity or the surface
of DNA origami (delivery vehicles), which was locked with DNA
aptamer-containing fasteners (locks) and shielded until acti-
vation by target biomacromolecules (keys).

To increase the loading capacity of the nanostructures,
rolling circle amplification was introduced to the “lock–key”
strategy. For instance, Ju and co-workers designed a “dual
lock-and-key” for cell-subtype-specific recognition and control-
lable siRNA delivery (Fig. 5c).81 As the “smart key”, the nano
vehicle was modified with an auto-cleavable hairpin structure,
which can be activated by two aptamers as “dual locks”
sequentially to further mediate the precise delivery of siRNA
into specific target cells. This well-defined DNA dual lock-and-
key system loaded with siRNA exhibited highly efficient gene
silencing with substantially improved delivery specificity and
lowered off-target toxicity. Apart from the studies mentioned
above, the drug release mechanism based on the strand displa-
cement principle can be broadly included in this category.
Representatively, Sleiman and co-workers encapsulated a
siRNA in the inner cavity of a self-assembled DNA “nanosuit-
case” to protect siRNA against nuclease degradation and
unloaded the siRNA in the presence of trigger strands
(Fig. 5d).82 An mRNA or microRNA (miRNA) can be utilized as
the trigger strand for dual targeting or synergistic therapy in
this system. This work reported an interesting attempt at drug
release by strand displacement.

Light-responsive strategy

As a noninvasive trigger, light can remotely activate delivery
systems to release therapeutic drugs at the targeted position
with appreciable spatiotemporal precision and accuracy.83

Normal nucleic acid is irresponsive to light, and thereby, tai-
lored light-responsive molecules need to be rationally designed
and introduced.84,85

Fig. 5 Biomacromolecule-responsive strategy. (a) An aptamer-gated
DNA nanorobot for controllable cargo delivery. Reproduced with per-
mission.79 Copyright 2012, American Association for the Advancement
of Science. (b) A thrombin-functionalized DNA nanorobot opened by
nucleolin binding. Reproduced with permission.80 Copyright 2018,
Nature Publishing Group. (c) A “dual lock-and-key” DNA nanotube for
cell-subtype-specific and controllable siRNA delivery. Reproduced with
permission.81 Copyright 2016, Nature Publishing Group. (d) A DNA nano-
suitcase for controlled encapsulation and release of siRNA through
strand displacement. Reproduced with permission.82 Copyright 2016,
American Chemical Society.
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For example, Zhang and co-workers reported a light-trig-
gered DNA–drug nanostructure to efficiently deliver the chemi-
cal drug camptothecin (CPT) (Fig. 6a).86 Three hydrophobic
CPT molecules were attached to a phenol-based photocleava-
ble linker that subsequently connected with azide-modified
DNA strands via the click reaction. The photocleavable pro-
perties of the 2-nitrobenzyl group in the linker structure
endowed it with a light-responsive ability for DNA–CPT conju-
gation. Besides, the amphiphilicity of this conjugate drove its
self-assembly into micellar nanostructures. Upon a low dose of
UV light activation, covalently conjugated CPT was controllably
released for chemotherapy. Furthermore, Tan and co-workers
prepared an aptamer-grafted photosensitive hyperbranched
polymer (HBP) to achieve good biocompatibility, targeting
specificity, and controllable drug release (Fig. 6b).87 HBP was
functionalized by o-nitrobenzyl moieties and azide groups to
realize the UV-responsive properties and connection with
DBCO-aptamer, respectively. The conjugated HBP-aptamer
self-assembled into stable nanoparticles with a hydrophilic
shell and hydrophobic core, whose inner cavities are capable
of encapsulating small-molecule drugs (DOX). Under UV
irradiation, the nanoparticles dissociated and rapidly released
DOX into cancer cells with promising therapeutic effects.
These research studies demonstrated that photocleavable
bonds could be efficiently exploited for stimuli-responsive
drug delivery. However, the employment of UV light limited
further applications of these light-triggered systems for drug

delivery in vivo due to the low tissue penetration and toxicity of
UV light.

To avoid these drawbacks of UV light, upconversion nano-
particles (UCNPs) can be employed in light-responsive systems
as they can absorb near-infrared (NIR) light and emit UV light.
Li and co-workers successfully developed a NIR-light-activated
immune device to remotely control antitumor immunity
in vitro and in vivo without apparent systemic toxicity.89 A year
later, Li and co-workers introduced a DNA nanodevice regu-
lated by orthogonal NIR light for precise tumor recognition
and treatment with enhanced spatiotemporal resolution
(Fig. 6c).88 The nanodevice was built by incorporating UV light-
triggerable aptamer modules and photosensitizers on the
surface of the UCNP. After irradiation by two NIR lights with
distinct wavelengths, the UCNPs can emit orthogonal UV and
green up-conversion luminescence for programmable photoac-
tivation of the aptamer modules and photosensitizers, respect-
ively. This work provided an efficient strategy for spatiotem-
porally controlled biorecognition and photodynamic antitu-
mor therapy.

Conclusions and perspectives

Over the past decades, versatile nucleic acid nanostructures
have been developed and successfully employed for biomedical
applications. In this minireview, we have summarized the
recent advances in stimuli-responsive nucleic acid nano-
structures for efficient drug delivery. Nucleic acid nano-
structures can be easily modified with various stimuli-respon-
sive elements, such as disulfide linkages, DNA triplex, i-motifs,
targeting aptamers, photocleavable bonds, and so on. After tai-
lored modifications, five representative stimuli-responsive
strategies for drug delivery, including redox gradients, pH,
nucleases, biomacromolecules, and light, were highlighted.
Owing to their good biocompatibility, structural programmabi-
lity, spatial addressability, and convenient chemical modifia-
bility, stimuli-responsive nucleic acid nanostructures have
exhibited remarkable performances in the field of stimuli-trig-
gering drug delivery systems.

However, several challenges still remain for these stimuli-
responsive nucleic acid nanoplatforms for further practical
applications in the clinic. First, systemic pharmacokinetics
(absorption, distribution, metabolism, and excretion) need
more attention. In particular, their mechanisms of metab-
olism and excretion in vivo are unclear and need systematic
investigation. Second, biosafety is another concern. When a
high dosage of the nucleic acid nanostructure is administered,
potential immunogenicity stimulation needs to be considered.
Third, the scale-up production of nucleic acid nanostructures
is still a vital step in reaching the clinical stage. Facile and
mild modification and preparation processes with low-cost
and time-saving virtues are desired to produce nucleic acid
nanostructures with high yield and quality.

In spite of the above-mentioned challenges, nucleic acid
nanostructures with inherent advantages are still regarded as

Fig. 6 Light-responsive strategy. (a) A light-triggered DNA–drug nano-
structure for efficient delivery of the chemo-drug. Reproduced with per-
mission.86 Copyright 2015, American Chemical Society. (b) An aptamer-
grafted photosensitive hyperbranched polymer for DOX delivery.
Reproduced with permission.87 Copyright 2018, Wiley-VCH GmbH. (c)
NIR light-controlled DNA nanodevice for biorecognition and tumor
treatment. Reproduced with permission.88 Copyright 2020, American
Association for the Advancement of Science.
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the most promising carriers for drug delivery. To date, a series
of chemical modification strategies have been developed to
enhance the stability of nucleic acids. Fortunately, the immu-
nogenicity of nucleic acid nanostructures can be greatly
reduced by rational sequence designs. Meanwhile, the liquid-
phase synthesis of nucleic acids may be a promising solution
for the scale-up production of nucleic acid nanostructures. We
envision that these smart and stimuli-responsive nucleic acid
nanostructures will be widely utilized in pre-clinical and clini-
cal studies in the near future.
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