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Rolling circle amplification/transcription (RCA/RCT) nanotechnology offers a breakthrough platform for
nucleic acid drug delivery, leveraging enzymatically produced ultra-long, programmable nucleic acid
chains to engineer multifunctional nanostructures. In this review, we give an overview of RCA/RCT-
based nanocarriers for nucleic acid drug delivery, systematically summarizing their key design aspects:
(1) nanoization strategies through biomineralization, electrostatic compression, nanomaterial-assisted
assembly and base pairing/entanglement; (2) drug loading approaches via design on template,
complementary base pairing and electrostatic binding; (3) targeting modalities including aptamers,

Received 23rd May 2025, proteins, polymers and small molecule ligands; and (4) controlled release mechanisms responsive to

Accepted 7th July 2025 endogenous/exogenous enzymes and intracellular microenvironments. We showcase their significant
therapeutic advances in gene therapy, immunotherapy, and combination therapy. This overview provides

critical insights for developing next-generation RCA/RCT delivery platforms to address pressing
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1. Introduction

Nucleic acid drugs are a class of therapeutic agents composed
of deoxyribonucleic acid (DNA), ribonucleic acid (RNA), or
nucleic acid-protein complexes.! As a transformative modality
in precision medicine, these drugs have rapidly advanced by
leveraging mechanisms such as gene repression, gene editing,
gene replacement and target protein binding to achieve tar-
geted therapeutic effects.> The developed nucleic acid drugs
broadly encompass three categories: (1) Nucleic acid-targeting
nucleic acid drugs. This class comprises therapeutic agents that
modulate protein expression through direct interaction with
nucleic acids, either by promoting or by inhibiting translation
processes.” The key representatives include siRNA, miRNA and
ASOs for target mRNA silencing, and a clustered regularly
interspaced short palindromic repeat-associated (CRISPR-Cas)
system for genomic DNA editing.*” (2) Protein-targeting nucleic
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acid drugs. This category operates through direct protein inter-
action rather than genetic regulation, represented by aptamers and
immune agonists.**® Aptamers demonstrate antibody-like bind-
ing specificity to target proteins, enabling precise molecular
recognition for blocking the lesion signaling pathway."" Immune
agonists represented by the cytosine-phosphate-guanosine (CpG)
motif can activate the Toll-like receptor 9 (TLR9) signaling pathway
for immunotherapy.'” (3) Protein-expressing nucleic acid drugs.
This class serves as transient templates for in vivo protein produc-
tion, including mRNA and plasmid DNA, offering a versatile
platform for various clinical applications.*?

Despite their significant therapeutic promise, nucleic acid
drugs face major delivery hurdles that stem from their funda-
mental biochemical properties.**'® As naturally occurring bio-
molecules, nucleic acid drugs are highly susceptible to rapid
enzymatic degradation by nucleases in biological fluids,
severely compromising their stability and bioavailability.'®
Furthermore, their polyanionic nature and large molecular
size create substantial barriers to cellular uptake, resulting
in poor membrane permeability and inefficient intracellular
delivery.’”'® These combined challenges currently represent
the primary obstacles limiting the clinical translation of nucleic
acid therapeutics, driving ongoing research into novel delivery
platforms. Various delivery platforms have been developed
to address these challenges, including viral vectors, lipid
nanoparticles (LNPs), polymeric nanoparticles, peptide-based
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formulations, and engineered biomaterials (e.g., exosomes)."*
However, these systems still face critical challenges, including
limited drug-loading capacity, off-target effects, uncontrollable
drug release, and suboptimal biocompatibility. For example, while
LNPs have been successfully employed in mRNA vaccines, their
lack of tissue and cell specificity remains a major hurdle.'® Despite
significant advancements, achieving an optimal balance between
delivery efficiency, stability, and biocompatibility continues to be a
central challenge in nucleic acid delivery platform development.
Currently, DNA nanotechnology has been employed to con-
struct a diverse array of nucleic acid-based nanomaterials,
which demonstrate significant application potential and research
value in the biomedical field.””*° Notably, as biomolecules of the
same class as nucleic acid drugs, nucleic acid-based nanomaterials
exhibit distinct advantages in the delivery of nucleic acid drugs.*
First, the programmable sequences of nucleic acid molecules allow
for the customized design and synthesis of oligonucleotide drug
sequences or guide RNA sequences for CRISPR/Cas systems, which
can be directly integrated into the building blocks of nucleic acid
materials or loaded via base complementary pairing, achieving
efficient drug loading.**** Second, specific nucleic acid sequences
can respond to intracellular microenvironments (e.g., enzymes,
pH, metal ions), endowing nucleic acid materials with intelligent
responsiveness for controlled drug release.**™° For instance, the
abundance of specific nucleases in cells can cleave particular
nucleic acid sequences or structures, facilitating the controlled
release of nucleic acid-based drugs.*"*> Moreover, they excel in
specific recognition and targeted delivery via aptamers or modular
conjugation of biological ligands (e.g;, antibodies, peptides) that
enable receptor-mediated cellular uptake.**** With the advance-
ment of DNA nanotechnology, various precise nucleic acid assem-
bly strategies have been established for constructing functional
nucleic acid-based nanocarriers for nucleic acid drug delivery.*>~
Rolling circle amplification (RCA) for DNA production and
rolling circle transcription (RCT) for RNA generation are two
innovative isothermal enzymatic techniques that mimic natural
nucleic acid replication and transcription processes.>*>* These
two powerful methods utilize circular DNA templates along
with specialized polymerases—Phi29 DNA polymerase for RCA
and T7 RNA polymerase for RCT—to generate ultra-long single-
stranded DNA or RNA (ssDNA/ssRNA) molecules featuring
precisely controlled periodic repeats in vitro.”>>® The excep-
tional capability of RCA/RCT to produce nucleic acid chains
with programmable lengths and sequences has established
these techniques as preferred approaches for constructing
sophisticated DNA/RNA-based nanocarriers.””*° Through
rational template design and integration with functional mate-
rials, the resulting ultra-long ssDNA/ssRNA can self-assemble
into diverse nanostructures with tailored functionalities,
serving as ideal carriers for nucleic acid drugs.®’ This review
prioritizes RCA for its core strengths: scalable production of
linear therapeutic DNA constructs with high payload capacity
and sequence-defined functional domains (e.g., aptamers,
SiRNA templates, CRISPR/Cas). Applications demanding intri-
cate 3D spatial organization (e.g., nanorobotics, multi-enzyme
nanocomplexes) may benefit more from origami-based approaches.
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This selection of RCA represents a deliberate technological compro-
mise, prioritizing high-throughput scalability and therapeutic
sequence flexibility over ultra-precise nanoscale structural
control.

In this review, we systematically overview the emerging field
of RCA/RCT-based nanotechnology for nucleic acid drug delivery
(Scheme 1). We first elucidate four fundamental nano-archi-
tectural design strategies for RCA/RCT-derived carriers. The discus-
sion then progresses to a critical analysis of three core technological
aspects, including nucleic acid drug loading strategies, precision
targeting strategies, and drug-controlled release strategies, which
are fundamental to achieving efficient drug delivery. Finally, we
showcase their advances in therapeutics including gene therapy,
immunotherapy and combination therapy, providing insights into
both current achievements and future development directions.

2. RCA/RCT-based nanotechnology

Nanocarriers engineered through RCA and RCT have emerged
as versatile platforms for biomedical applications, leveraging
their programmable design, high payload capacity, and tunable
physicochemical properties.®*°® The synthesis strategy of RCA/
RCT nanocarriers offers distinct advantages: (i) scalability—
enzyme-driven amplification allows rapid, cost-effective pro-
duction; (ii) modularity—sequence customization enables pre-
cise control over size, stability, and targeting ligands; and
(iii) multifunctionality—simultaneous delivery of diverse pay-
loads for combinatorial therapy.

2.1. RCA and RCT

The Andrew Fire group firstly proposed the concept of RCA in
1995, and the RCT model was established by the Eric T. Kool
team in 1995.%” A typical RCA/RCT reaction mainly requires
four components: (i) a linear DNA template; (ii) a DNA initiator
strand (called a linear DNA primer) for RCA or a T7 promoter
for RCT, which are partially complementary to the DNA tem-
plate; (iii) DNA polymerase (e.g., Phi29 DNA polymerase) or RNA
polymerase (e.g., T7 RNA polymerase); and (iv) deoxyribonu-
cleotide triphosphates (dNTPs) or nucleotide triphosphates
(NTPs).®®> On the basis of a circular DNA template constructed
via primer-assisted looping of a linear DNA template, the
primer/promoter is extended through the action of DNA/RNA
polymerase with strand displacement activity, resulting in
ultra-long ssDNA or ultra-long ssRNA with hundreds of tandem
repeats, and the length of the RCA/RCT product can be con-
trolled by adjusting the reaction time, circular DNA template
concentration, dNTP/NTP concentration, or polymerase con-
centration (Fig. 1).

2.2. Nanoization of RCA/RCT products

By leveraging the programmability of nucleic acids and the
scalability of enzymatic reactions, RCA and RCT offer a versatile
platform for the bottom-up fabrication of nanostructures
with tailored functionalities. In this section, we systematically
summarized the nanoization strategies of RCA/RCT products

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 The schematic overview of RCA/RCT-based nanotechnology for the construction of nucleic acid drug delivery nanocarriers, including
nucleic acid drug loading strategies, precision targeting strategies, and drug-controlled release strategies.
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Fig. 1 Schematic illustration of RCA and RCT reaction mechanisms.

into the following four categories: biomineralization, electro-
static compression, nanomaterial-assisted assembly, and base
pairing/physical entanglement (Fig. 2).

2.2.1. Biomineralization. DNA/RNA nanoflowers (DNF/
RNF), as a typical DNA/RNA nanostructure, represent an inno-
vative class of self-assembled architectures formed through the
hybridization of DNA/RNA chains and inorganic pyropho-
sphate. The formation of this type of flowerlike DNA/RNA
nanostructure is similar to the process of biomineralization
(Fig. 2). During the process of RCA/RCT, a molecule of dNTP/
NTP is encoded into ssDNA/ssRNA, resulting in a molecule
of pyrophosphate (PPi*") as a by-product. The resulting PPi*~
binds to Mg>*/Mn”" in the reaction system to form poorly

This journal is © The Royal Society of Chemistry 2025
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soluble Mg, PPi/Mn,PPi, the framework of DNA/RNA nanoflowers.
Due to the electrostatic interaction between Mg”>*/Mn>" and the
DNA phosphate backbone, the nucleation and growth of Mg,PPi/
Mn,PPi nanocrystals are regulated by ssDNA, resulting in flower-
like nanostructures. RCA and RCT are the simplest strategies for
the synthesis of nanoflowers, which require only a small amount
of circular DNA template to achieve the batch preparation of DNF/
RNF. By adjusting the reaction time, template concentration,
metal ions, and DNA polymerase concentration, the morphology
and particle size of DNF/RNF can be controlled. Zhao et al.®®
reported DNA-Mn hybrid nanoflowers for tumor magnetic reso-
nance imaging. Using Mn>" instead of Mg>" in the traditional
RCA reaction, these nanoflowers are formed by self-assembly of

Nanoscale Horiz., 2025, 10, 2285-2303 | 2287


https://doi.org/10.1039/d5nh00364d

Published on 08 July 2025. Downloaded on 3/12/2026 2:39:45 AM.

Review

View Article Online

Nanoscale Horizons

Biomineralization

Mg,PPi Time

O Assembly * ‘
it et =

DNA/RNA chain Nanoflower

Electrostatic compression
Metal ions

e
E) E@@ s
Compression
9 il b nai
S

DNA/RNA chain Nanoparticle

Nanomaterial-assisted assembly

Nanomaterials

o7 @ 2. Electrostatic
oo\ interaction
—_—

DNA/RNA chain Nanocomplex

Base pairing & Entanglement

Assembly
—_—

O\
@

DNA and RNA chains Nanocomposite

Fig. 2 Schematic diagram of strategies for nanoization of RCA/RCT products into nanocarriers, including biomineralization, electrostatic compression,

nanomaterial-assisted assembly and base pairing/physical entanglement.

manganese pyrophosphate and ultra-long ssDNA produced in the
reaction. Yao et al.* reported a novel RCA based DNF containing a
promoter like Zn-Mn-ferrite and a cascade of enzymatic cleavage
reactions for targeted delivery of therapeutic DNAzyme to achieve
gene/chemo-kinetic combined tumor therapy. RNF is also widely
used in the field of nucleic acid drug delivery. Xu et al.”® reported
an RCT-based RNF that enables efficient delivery of two kinds
of siRNA to effectively activate the RIG-I/MDA5 signaling pathway
and inhibit the CD47-SIRPa checkpoint for robust cancer
immunotherapy. Fan et al.”* reported an RCT-based hierarchical
self-uncloaking RNF that enables efficient delivery of CRISPR/
Cas13a and the chemotherapeutic agent doxorubicin for precision
cancer treatment.

2.2.2. Electrostatic compression. By mixing with metal ions,
ultra-long ssDNA/ssRNA generated based on RCA/RCT can be
compressed into DNA/RNA nanoparticles through electrostatic
interactions or coordination between nucleic acids and metal
ions (Fig. 2). The control of the morphology and size of DNA/
RNA nanoparticles can be realized by modulating the RCA reac-
tion and the concentration of metal ions. DNA nanoparticles have
been widely used for drug delivery due to their excellent stability
and unique advantages, and have now been developed as superior
drug delivery nanocarriers. Unlike DNA, RNA is susceptible to
degradation, and the current strategy of synthesizing RNA nano-
particles relying on interactions with metal ions remains at the
theoretical stage. For instances, Yang et al.”> prepared two ultra-
long ssDNA containing complementary sequences by RCA and
synthesized DNA nanoparticles by compressing the ultra-long
ssDNA using electrostatic interactions between Mg>* and DNA.
By interfering with lysosomes, the DNA nanoparticles can regulate
cell motility, autophagy and other cell behaviors. Li et al*’
reported RCA-based Mn*"-compressed DNA nanoparticles that
enabled co-delivery of CRISPR/Cas9 and DNAzyme for combined
gene therapy of breast cancer. In addition, the self-assembly of
DNA nanoparticles is driven by encoding palindromic sequences
in the DNA circular template to confer self-complementarity to the
RCA-based ultra-long ssDNA without the aid of external forces. Gu
et al.”® developed a novel delivery vehicle for the CRISPR/Cas9
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system based on biologically inspired yarn-like DNA nano-
particles, which were synthesized by RCA with palindromic
sequences encoded to drive the self-assembly of nanoparticles.
Furthermore, Gu et al.”* reported self-assembled DNA nano-
particles formed by introducing palindromic sequences into
the RCA-based ssDNA for CRISPR/Cas12a delivery to regulate
serum cholesterol levels.

2.2.3. Nanomaterial-assisted assembly. Although RCA/RCT-
based nanocarriers have unique advantages, pure nucleic acid
nanocarriers are still difficult to fulfill all the requirements of
carriers for drug delivery. Therefore, the development of compo-
site nanocarriers formed by DNA/RNA and other functional
nanomaterials has become a favorable strategy to break through
the functional limitations of pure nucleic acid nanocarriers
(Fig. 2). Introducing different non-nucleic acid nanomaterials,
such as upconversion nanoparticles (UCNPs), gold nanoparticles,
persistent-luminescence nanoparticles (PLNPs), and liposomes,
into RCA/RCT-based nanocarriers can endow DNA/RNA nanocom-
plexes with more exogenous properties, enabling the composite
nanocarriers to achieve superior drug delivery and controlled
release capabilities. Such a strategy greatly improves the func-
tional properties of RCA/RCT-based DNA/RNA nanocarriers and
provides a widely promising carrier platform for nucleic acid drug
delivery. Song et al*' reported an RCA-based multifunctional
DNA/UCNP complex that enables the co-delivery of the CRISPR/
Cas9 system and a photosensitizer for synergistic photodynamic
therapy (PDT). The presence of UCNPs endowed the nanocarrier
with additional physico-chemical properties, enabling the delivery
of nucleic acid drugs and PDT efficacy, expanding the biomedical
applications of this type of nanocarriers. Based on PLNP and DNA
biofunctional materials derived from RCA, Zhao et al.” synthe-
sized a PLNP-integrating-DNA nanocomplex for photodynamic
therapy of breast cancer. Moreover, the polymer nature of
enzyme-derived nucleic acids may further enhance their utility
in nanocarrier fabrication. Yu et al.’® created a stable DNA
nanocomplex by leveraging the strong binding between RCA
products and linear polyetherimide, which resulted in highly
efficient siRNA loading and consequently markedly improved

This journal is © The Royal Society of Chemistry 2025
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RNA interference performance. Synthesis of long-stranded
siRNA using RCT has been extensively studied as a strategy to
improve the in vivo stability of nucleic acid drugs, especially the
effective integration of siRNA molecules into RCT-based RNA
nanocomplex vectors. Nam et al.”” synthesized tandem siRNA
by RCT and subsequently formed a stable RNA interference
(RNAi) nanocomplex with a redox-sensitive glycol chitosan
derivative to systematically deliver tandem small interfering
RNAs to tumor tissues. This RNA-based nanocomplex exhibited
higher particle stability and lower cytotoxicity. In addition,
Kim et al.”® developed a novel cellulose-derived nanocomplex
conjugated with RCT products to achieve efficient delivery of
polymeric siRNA with enhanced enzymatic stability.

2.2.4. Base pairing/physical entanglement. DNA-RNA com-
posite nanocarriers constructed by base paring and physical
entanglement between ultra-long ssDNA and ssRNA represent
an emerging class of biomolecular nanomaterials that integrate
the functional properties of DNA and RNA (Fig. 2). These hybrid
systems leverage the precise self-assembly properties of DNA/
RNA frameworks to spatially organize functional components,
such as ASO, DNAzyme, crRNA, siRNA, and mRNA, enabling
synergistic capabilities in drug delivery, gene regulation, and
targeted therapy. DNA ensures structural stability while enabling
bioactive functions through nucleic acid therapeutics, such as
ASOs and DNAzymes. In contrast, RNA mediates diverse biological
activities, including CRISPR-Cas9-based gene editing, RNAi-
mediated gene silencing, and mRNA-driven protein expression.
As the field progresses, RNA-DNA composite nanocarriers hold
promise for bridging the gap between nucleic acid therapeutics
and precision nanomedicine. Zhu et al.”® developed biostable
DNA-RNA based complexes as nanovaccines that incorporated
CpG and Stat3 shRNA, as well as tumor-specific neoantigens for
efficient co-delivery and immunomodulation in cancer immu-
notherapy. Unlike traditional DNA and RNA nanostructures
assembled through individual RCA or RCT processes, this
nanocomposite represents hybrid DNA-RNA nanostructures
formed via simultaneous RCA and RCT within a single reaction
system, which effectively combines both DNA and RNA thera-
peutics into unified nanostructures. Park et al.®* reported novel
enzymatic synthetic RNA nanovectors, which were generated
by hybridization of DNA strands and RNA strands produced by

View Article Online
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RCA and RCT, for successful targeted delivery of siRNA. This
DNA-RNA based nanocarrier successfully overcame the limita-
tions associated with the nature of RNA by enhancing resistance
to nuclease degradation through DNA-RNA hybridization.
In addition, Zhu et al® synthesized a DNA-RNA composite
containing miRNA-21-enriched RNA nanostructure formed by
RCT and AS1411 DNA aptamers for intelligent and effective
targeted delivery of miRNA and chemotherapeutic drugs. This
design strategy achieved functional integration of DNA and RNA
for the purpose of precise delivery of nucleic acid drugs for colon
cancer therapy.

3. Nucleic acid drug loading strategies

In this section, we summarize the loading strategies of nucleic
acid drugs onto the constructed nanocarriers by the following
three methods: (i) design on template (e.g., DNAzyme, ASO,
crRNA, and siRNA); (ii) complementary base pairing (e.g,
SiRNA, ribonucleoprotein (RNP), and ASO); and (iii) electro-
static binding (e.g., acid-degradable mask coated RNP) (Fig. 3).

3.1. Design on template

Owing to the sequence-specific programmability of DNA/RNA,
customizing the sequence of the circular template allows for
the inclusion of multiple nucleic acid drugs, like CpG adjuvant
sequences, ASO sequences, DNAzyme sequences, siRNA sequences,
miRNA sequences, sgRNA sequences, and crRNA sequences,
within the ultra-long ssSDNA/ssRNA. In detail, the complemen-
tary sequences for the abovementioned nucleic acid drugs can
be designed on the template, with subsequent amplification via
RCA/RCT. Additionally, both RCA and RCT are performed at
constant and moderate temperatures. As a result, the nucleic
acid drugs designed on the template can be efficiently ampli-
fied via RCA/RCT in a short timeframe. Incorporating func-
tional modules onto the ssDNA chain offers a straightforward
and efficient loading approach. On this basis, Yao et al®®
designed an ssDNA chain incorporating two distinct DNAzymes
via RCA, creating a DNA-based nanocomplex with a cascading
DNAzyme system for enhanced gene therapy efficacy. Li et al.*?
constructed a circular template integrating complementary

Design on template Base pairing Electrostatic binding
) DNA chain
DNAzyme ASO = Tﬁ%@ © 666
RCR siRNA L ®
& Positively
charged
g ® ® mask
B ()
5’ — :
crRNA siRNA ASO DNAzyme RNA chain
RCT

Fig. 3 Schematic diagram of RCA/RCT-based strategies for nucleic acid drug loading, including design on template, complementary base pairing and

electrostatic binding.
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sequences for the DNAzyme, and other functional motifs,
enabling the production of ultra-long ssDNA chains with multi-
ple functional modules through RCA, resulting in the efficient
loading of nucleic acid drugs. For RNA-based nucleic acid
drugs, Guo et al.”® developed an RNA nanocarrier for efficient
delivery of siRNA. Specifically, ultra-long ssRNAs including two
kinds of siRNA targeting both CD47 and SIRPa were synthe-
sized by RCT. Moreover, Ha et al.®* developed a polymeric
CRISPR/Cas9 system utilizing poly-ribonucleoprotein (RNP)
nanoparticles via RCT, which was composed of polymeric
nucleic acid drugs (sgRNA and siRNA), to enhance delivery
efficiency. Despite its high integration efficiency, the approach
of designing nucleic acid drugs on a DNA template is restricted
to integrating length-limited DNA/RNA sequences.

3.2. Complementary base pairing

Leveraging complementary base pairing to embed nucleic acid
drugs into RCA/RCT-derived nanocarriers is another widely used
strategy in the field of nucleic acid drug delivery, especially for
integrating RNA drugs such as siRNA, miRNA, and Cas9/sgRNA
RNPs into DNA-based nanocarriers, alternatively, integrating DNA
drugs such as ASO and DNAzymes into RNA-based nanocarriers.
Specifically, the nucleic acid drug sequences must be pre-
configured with an anchoring segment to support subsequent
base pairing. By designing sequences identical to the anchoring
segment on the DNA templates, RCA/RCT can be employed to
synthesize ultra-long ssDNA/ssRNA that carries a large number of
complementary sequences. Based on the Watson-Crick comple-
mentary pairing principle, the desired nucleic acid drugs can be
precisely loaded into the DNA/RNA nanocarriers. To enable
targeted cancer gene therapy, researchers now often incorporate
small RNA therapeutics and the widely adopted CRISPR/Cas
system into DNA/RNA nanocarriers using complementary
base pairing. Li et al.** utilized RCA to produce extended ssSDNA
strands incorporating numerous sgRNA-binding sequences.
By leveraging complementary base pairing, these strands effi-
ciently assembled Cas9/sgRNA RNPs, resulting in a functional
gene-editing system. Zhang et al.** engineered an RCA-generated
nanostructure that carried siRNA through base-pairing comple-
mentarity, resulting in gene silencing for cancer treatment. Sun
et al.”* synthesized an RCA-based DNA nanocarrier to efficiently
load Cas12a/crRNA RNPs using a complementary base pairing
strategy and successfully achieved downregulation of serum cho-
lesterol levels. The strategy of nucleic acid drug loading through
base complementary pairing is also applicable to RCT-based RNA
nanocarriers. Han et al.’® synthesized two fully complementary
ultra-long ssRNAs by complementary RCT (cRCT) to achieve
efficient loading of nucleic acid drug siRNAs. Regarding the
integration strategy relying on complementary base pairing, it
should be noted that the complementary duplex region must have
appropriate Gibbs free energy to ensure efficient loading of the
necessary modules.

3.3. Electrostatic binding

Due to the abundance of negatively charged phosphate groups
in the nucleic acid backbone, the RCA/RCT-produced ultra-long
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ssDNA/ssRNA carries a strong negative charge. As a result,
cationic polymers can be loaded into RCA/RCT-derived nano-
carriers via electrostatic interactions. For example, Fan et al.®*
designed a positively charged acid-degradable nanocapsule to
encapsulate Cas13a/crRNA to achieve controllable regulation of
Cas13a activity from the spatial dimension and electrostatically
anchored the nanocapsule to the surface of RNA nanocarriers
synthesized by RCT to achieve efficient delivery of nucleic acid
drugs for gene therapy. This loading mode protects the bio-
logical activity of Cas13a protein and effectively prevents the
degradation of crRNA in the blood circulation, which is a
potential nucleic acid drug loading strategy. However, the
realization of nucleic acid drug loading via electrostatic inter-
actions faces several limitations, including poor stability under
physiological conditions (e.g., serum protein adsorption, enzy-
matic degradation, and competitive displacement by anions),
low loading efficiency for large nucleic acids, and potential
cytotoxicity due to excessive cationic charge density. Addition-
ally, premature release in circulation and insufficient endoso-
mal escape further hinder therapeutic efficacy.

4. Target strategies

RCA/RCT-based DNA/RNA nanocarriers represent a class of
modular and programmable biopolymers, whose structural
versatility enables the precise integration of diverse targeting
moieties through rational sequence design, thereby achieving
cell- or tissue-specific delivery.®® In this section, we system-
atically categorized four functional targeting units compatible
with RCA/RCT-based nanocarriers: aptamers (e.g., AS1411
and EpCAM), proteins (e.g., antibodies or engineered peptides
with natural binding capabilities), polymers (e.g., HA and
PEI, functionalized for multivalent interactions), and small-
molecule ligands (e.g., folic acid).”**"®%5” These units can be
incorporated into nanocarriers to establish precise targeting
frameworks, offering tailored solutions for therapeutic and
diagnostic applications (Fig. 4).

4.1. Aptamer-mediated targeting

Aptamers, a type of nucleic acid sequence, can specifically bind
to target molecules, which are obtained through the in vitro
selection process (SELEX) and exhibit high affinity and
specificity.®® Aptamers can be designed to recognize a variety
of targets, including small molecules, proteins, cells, and even
viruses.*” Compared with biological antibodies, aptamers offer
numerous advantages, including high specificity, ease of synth-
esis and modification, a wide target range, small molecular
weight, low immunogenicity, and favorable biocompatibility.*°
Poor targeting efficacy and off-target toxicity are major issues
associated with current chemotherapy approaches for the treat-
ment of cancer.®® RCA/RCT technology can encode and control
the sequence composition, repeating units, and secondary
structure of aptamers (e.g., hairpins and G-quadruplexes) by
designing specific circular templates, enhancing the specificity
of target binding, and generating tandem and repeat aptamers

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic diagram of strategies of RCA/RCT-based nanocarriers for precise targeting, including aptamer-mediated targeting, protein-mediated
targeting, polymer-mediated targeting, and small molecule ligand-mediated targeting.

that can form multivalent binding interfaces and significantly
improve affinity for targeted molecules.”*

Zhao et al.®® constructed a Poly-Sgc8-Aptamer-Drug system
using RCA and demonstrated that Poly-Sgc8-Aptamer-Drug is
more effective than monovalent drugs in targeting and killing
leukemia cells due to enhanced binding affinity (~40-fold
higher) and cellular internalization through multivalent effects.
Tan et al.*> have engineered bioinspired, size-controllable, self-
degradable cancer-targeting DNA nanoflowers via the incor-
poration of an artificial sandwich base by RCA. The aptamer
sgc8 in DNA nanoflowers could recognize the target protein
tyrosine kinase 7. Zhang et al.°*> designed an RCA-based DNA
nanosponge (DNS) structure, which contains tandem binding
sites to an miRNA of interest, for competitive inhibition of
miRNA function in cells. The synthesized DNSs with multivalent
MUCI1 aptamers can specifically target MUC1-overexpressing cells
with enhanced binding affinity and cell internalization ability.
Zhao et al.®® constructed doxorubicin (Dox)-delivery nanocarriers
containing AS1411 aptamers through RCA for efficient delivery
and enhanced therapy. Xu et al®' created a nanosponge ther-
apeutic medication system (AS1411@antimiR-21@Dox) by RCT,
resulting in accomplished targeted delivery to tumor cells. Pei
et al.”® hybridized polymerized RNAi microspheres synthesized
by RCT with cholesterol-modified DNA and AS1411 aptamers by
base pairing to produce self-assembled and tumor-targeted RNAi
nanospheres. Li et al.®* developed a nano-drug delivery system
by fabricating an RNA nanocarrier with a special porous, com-
pact and spherical nanostructure. The porous RNA nanospheres
were prepared through RCT and a unique supramolecule-
mediated approach. The RCT generated tandem and repeated
sequences containing the aptamer of EpCAM for targeted
delivery and plenty of siRNA for gene silencing of EpCAM. Wang
et al® designed RCA-based DNA nano-assembly with multi-
valent aptamers specifically targeting B16, achieving efficient
delivery of siRNA and Dox. With the continuous development of
new materials and technologies, aptamers can be further opti-
mized to improve target accuracy and reduce off-target effects,

This journal is © The Royal Society of Chemistry 2025

offering great potential for precision medicine and personalized
treatment.

4.2. Protein-mediated targeting

Protein-mediated cell targeting is a powerful strategy that
utilizes specific protein interactions to direct therapeutic
agents, imaging probes, or drug delivery systems to particular
cells or tissues.”” This approach leverages naturally occurring
protein-ligand interactions, such as antibody-antigen binding,
receptor-ligand recognition, or engineered protein scaffolds,
to achieve precise cellular localization. Key examples include
monoclonal antibodies targeting cancer cell surface markers
(e.g., HER2 or CD20) and viral vector proteins engineered for
tissue-specific tropism.°® Advances in protein engineering,
such as the development of bispecific antibodies or nano-
bodies, have further enhanced targeting accuracy and efficiency.
By minimizing off-target effects and improving therapeutic
efficacy, protein-mediated targeting holds great promise for
precision medicine, immunotherapy, and advanced drug deliv-
ery systems.”” Antibody-drug conjugates (ADCs), enabled by
breakthroughs in linker technology, revolutionize cancer treat-
ment by precisely delivering cytotoxic payloads to malignant
cells.”® Roh et al.¥” constructed a new polymeric siRNA nano-
particle based on RCT, which is functionalized with chemical
conjugation of the HER2 antibody for specifically receptor-
mediated delivery to cancer cells. Roh et al.®® constructed a
novel polymeric siRNA nanoparticle by RCT, which had two
targeting ligands, namely, the anti-CD19 antibody and the anti-
CD20 antibody, the RCT nanocarrier could be targeted into
“hard-to-transfect” hematologic cancer cells.

Electrostatic interactions, coordination interactions and
chemical bonds provide the possibility for the binding of
antibodies and nucleic acid strands. These antibody engineering
strategies provide methods for the development of targeted nano-
carrier systems based on RCA/RCT. Therefore, through rational
design of nucleic acid carriers, researchers can strategically
incorporate functional proteins/peptides with programmable
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binding modalities and spatial configurations. This versatility
enables precise control over nucleic acid drug delivery, allowing
for tissue-specific targeting while minimizing off-target effects.

4.3. Polymer-mediated targeting

Polymers, with their tunable architectures and multifunctional
capabilities, are emerging as versatile aptamer-like platforms
for precision targeting in biomedical and materials sciences.
Polymer-mediated cell targeting represents an effective strategy
in biomedicine, leveraging functionalized polymers to deliver
therapeutic agents with high specificity to desired cells
or tissues. A notable example is the use of hyaluronic acid
(HA)-coated nanocarriers to target CD44-overexpressing cancer
cells.’® By using RCA technology, Kim et al.'®" synthesized
DNA nanoballs with ASO-complementary sequences for the
delivery of dual ASOs. The dual ASO-loaded DNA nanoballs
were then condensed with cationic peptides and coated with
HA to achieve CD44 receptor-mediated cell specific delivery for
gene target therapy. Roh et al.”® constructed a novel polymeric
siRNA nanoparticle by RCT for specific receptor-mediated
delivery of cancer cells. By coating polymeric siRNA spheres
with HA, the RCT nanocarrier could be targeted into ‘hard-to-
transfect” hematologic cancer cells.

In addition, Lee et al.'®® proposed a newly designed RCT
method for synthesis of polymeric siRNA nanoflowers, referred
to as RCT and annealing-generated polymeric siRNA (RAPSI).
RAPSI was further complexed with thiol-modified glycol chitosan
(tGC), which showed enhanced tumor-homing efficacy. The resul-
tant RAPSI/tGC nanopatrticles specifically localized in tumor tissue.
Gu et al”* constructed a DNA nanoclew-based carrier by RCA for
delivery of Cas12a/crRNA RNPs to regulate serum cholesterol levels.
By modifying the polyethyleneimine (PEI) layer with galactose (Gal)
and 2,3-dimethylmaleic anhydride (DM), the polymer Gal-PEI-DM
was obtained, which could deliver nanoparticles into hepatocytes
by binding to sialic acid glycoprotein receptors specifically
expressed on the surface of hepatocytes.

4.4. Small molecule ligand-mediated targeting

Small molecules (<1 kDa) offer advantages such as excellent
chemical stability, controllable synthesis, and superior tissue
penetration capabilities. By leveraging high-affinity, small
molecule ligands that selectively bind to cell-surface bio-
markers (e.g., receptors or transporters), small molecule
ligand-mediated targeting enables the directed accumulation
of therapeutic or imaging agents at diseased sites while mini-
mizing off-target effects.'®*'°° Folate receptor (FR) is a glycosyl-
phosphatidylinositol-linked membrane glycoprotein mediating
endocytosis of folate and its derivatives.'*'°” Folic acid (FA)
is a classic ligand for targeting FR-positive cancers."%%'*
Zhang et al.*® developed a co-drug delivery system for targeting
cancer therapy based on magnetic RNA nanoflowers (RNA NF).
FA modified MNP/RNA NF was used as a targeting nanocarrier
with excellent biocompatibility to overcome the non-selectivity
of MNP/RNA NF. Ahn et al.'® reported an RNA/DNA hybrid
with precise targeting capability, which was composed of
RNAs containing multiple tandem copies of hairpins via RCT,
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DNA-cholesterol (DNA-Chol) and folate-DNA (FA-DNA) with
targeted function conjugates. Ju et al.''' constructed a DNA
nanomachine (DNM) by alternately hybridizing two pairs of
DNA/RNA hybrids to a DNA scaffold generated by RCA for
highly efficient in situ siRNA assembly in living cells. The
negatively charged DNM could form a stable nanocomposite
with cationic FA modified polyethylenimine to facilitate target
cell-specific delivery and assist the endosomal escape of DNM
into the cytoplasm. By leveraging structural optimization and
combinatorial screening, small-molecule aptamers can selec-
tively recognize diverse targets, including proteins, nucleic
acids, and cellular metabolites, enabling applications in drug
delivery, diagnostics, and therapeutics. Their ability to mimic
natural interactions while minimizing off-target effects under-
scores their potential as next-generation targeting tools in
precision medicine.

5. Controlled release strategies for
nucleic acid drugs

Controlled release of nucleic acid drugs plays a pivotal role in
enhancing therapeutic efficacy while minimizing adverse
effects. Notably, tumor cells exhibit a distinct biochemical
landscape characterized by microenvironmental hallmarks
such as acidic pH, elevated reactive oxygen species (ROS),
dysregulated glutathione (GSH) homeostasis, and enzyme
overexpression.''* Nanocarriers constructed via RCA/RCT tech-
nology can be designed as dynamically responsive platforms
that sense tumor-specific biochemical cues, initiating spatio-
temporally controlled release of therapeutic nucleic acids.
In this section, we systematically discuss stimulus-responsive
nanocarriers tailored to three key triggers: endogenous
enzymes, the intracellular microenvironment, and exogenous
enzymes (Fig. 5).*"7

5.1. Endogenous enzyme-responsive release

Endogenous enzymes overexpressed in diseased tissues can
cleave specific substrates on nanocarriers, enabling enzyme-
triggered nucleic acid drug release.'® Hammond et al>”
synthesized RCT-derived RNA microsponge aggregates as deliv-
ery vehicles for siRNA. After being internalized by cells, these
microsponges were cleaved into siRNA with a length of about
21 nt by the ribonuclease Dicer (a multidomain ribonuclease
III). Moreover, RNase H is a sequence-nonspecific endonu-
clease that cleaves RNA strands in RNA/DNA hybrids, which
is highly expressed in tumor cells."** Song et al.* reported an
RCA-based multifunctional DNA/UCNP complex that enables
the co-delivery of Cas9 RNPs, hemin, and protoporphyrin (PP)
for synergistic photodynamic therapy. Upon the cellular uptake
of the nanoparticle complex, RNase H digested the RNA com-
ponent of the DNA-RNA complex, releasing Cas9 RNPs for gene
editing. Thermostable flap endonuclease 1 (FEN1) enzyme is a
structurally responsive nuclease that is highly expressed in
tumor cells."* Singh et al."*® found that FEN1 expression was
significantly elevated in breast cancer, uterine cancer, kidney
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cancer, ovarian cancer, and colon cancer tissues, and the
protein level of FEN1 was almost always increased in all
tumors. FEN1 enzyme possesses 5’ flap endonuclease activity,
gap-dependent endonuclease activity, and 5’ exonuclease activity.
The structures of FEN1 responsiveness mainly include Y-shaped
DNA structures, bubble structures, nick structures, gap structures,
blunt-ended double-stranded DNA, and Holliday junctions."'”'*®
Therefore, during RCA/RCT, these structures can be con-
structed by designing corresponding sequences in the circular
DNA templates, enabling the successful construction of FEN1-
responsive nanocarriers.

5.2. Intracellular microenvironment-responsive release

Tumor microenvironment (TME)-responsive release leverages
the unique pathological features of the TME—such as acidic
pH, GSH, and ATP—to enable smart, stimuli-responsive drug
delivery systems.''® The pH gradient serves as a critical bio-
chemical hallmark in oncology, with tumor cores (~ 6.5-6.8)
and endosomal/lysosomal compartments ( ~4.3-6.8) exhibiting
significantly lower pH values compared to normal physiological
environments (pH 7.4)."?®'?' This intrinsic pH differential
serves as an exploitable trigger for engineering stimuli-responsive
nanocarriers such as conformational switching through i-motif
quadruplex structural transitions for controlled release of
drugs.” Du et al.">* developed drug-loaded targeted DNA nano-
flowers via RCA, co-encapsulating a chemotherapeutic agent and
an oxygen-generating drug to enhance chemo-sonodynamic
therapy for lung cancer. The acidic microenvironment of the
tumor can disintegrate the magnesium pyrophosphate skeleton
of the DNA nanoflowers to achieve effective controlled release
of the drug, enhancing the therapeutic effect of chemotherapy
synergistic with sonodynamic therapy. Li et al'** developed
pH-responsive multifunctional DNA nanomicelles as delivery
vehicles for the chemo-gene combination therapy of anaplastic
large cell lymphoma (ALCL). Due to the pH-responsive mecha-
nism dependent on the Hoogsteen interactions for triplex-helix
molecular switch, the release of Dox and siRNA was facilitated to

This journal is © The Royal Society of Chemistry 2025

enhance chemosensitivity in ALCL K299 cells. Zhang et al.®?
designed an RCA-based DNA nanosponge (DNS) structure, which
collapsed under acidic conditions to trigger the release of Dox
for chemotherapy due to the dissolution of co-assembled mag-
nesium pyrophosphate after endocytosis.

The elevated intracellular GSH levels in cancer cells provide
a unique opportunity for targeted drug delivery.'*® By designing
drug carriers or prodrugs that undergo GSH-triggered activa-
tion or degradation, therapeutic agents can be selectively
released within tumor microenvironments. Yao et al.®® reported
a DNA nanocomplex (DNC-ZMF) synthesized through RCA,
containing cascade DNAzymes and promoter-like Zn-Mn-
ferrite (ZMF) for combined gene/chemo-dynamic treatment of
cancers. The promoter-like ZMF decomposed by consuming
intertumoral H" and GSH, then released metal ions to initiate
the subsequent circuits of combination therapy. Furthermore,
the elevated production of hydrogen peroxide (H,0,) in cancer
cells serves as a distinctive biochemical marker for designing
tumor-specific drug delivery systems."®® Tan et al.*® reported
self-degradable, cancer-targeted DNA nanoflowers synthesized
by adding metal-containing artificial analogues (ferrocene, Fc)
to RCA-based DNA strands. Through the Fenton reaction, the
introduced Fc facilitates the self-degradation of DNA nano-
flowers in the presence of H,0,, facilitating the release of
drugs. Moreover, controlled release of nucleic acid drugs can
be achieved by utilizing high concentrations of ATP in cells.
Lv et al."*’ constructed a smart DNA-based nanosystem contain-
ing ATP aptamer that was able to respond to ATP for realizing
efficient mRNA transfection in macrophages. We envisioned
that the ATP aptamer can be designed on the template of
RCA/RCT, conferring ATP responsiveness to RCA/RCT-based nano-
carriers.

5.3. Exogenous enzyme-responsive release

When endogenous enzyme expression in tumors and their
microenvironment proves insufficient to activate drug release,
externally controlled enzymes provide a precise solution for
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triggering nucleic acid drug delivery at the tumor site. Gu et al.®®
designed a bioinspired cocoon-like anticancer drug delivery
system, consisting of a deoxyribonuclease (DNase)-degradable
DNA nanoclew (NCI) synthesized by RCA that was embedded with
an acid-responsive DNase I nanocapsule (NCa). In an acidic
environment, the activity of DNase I was activated through the
acid-triggered shedding of the polymeric shell of the NCa, result-
ing in the self-degradation of the NCI and promoting the release
of Dox for treatment. Gu et al.'*® developed an RCA-based DNA
nanocarrier (DNC) containing repeating CpG sequences inter-
spersed with Hhal restriction enzyme cleavage sites, enabling
enzymatic digestion of the DNC. The Hhal enzyme was encapsu-
lated within triglycerol monostearate (TGMS) and conjugated to
the DNC. Under the inflammatory conditions present in the
wound site of a tumor resection incision, TGMS undergoes
enzymatic degradation, leading to the release of Hhal for the
cleavage of DNC to achieve successful release of drugs. Song
et al.*” reported a proton-activatable RCA-based DNA nanosystem
(denoted as H-DNC) to achieve the co-delivery of Cas9/sgRNA
RNPs and DNAzyme. The acid-degradable polymer-coated Hhal
enzyme was assembled on the surface of the nanocarrier. After the
H-DNC was internalized into cancer cells via a lysosome mediated
pathway, in the lysosomal acidic environment, the polymer
coating on Hhal was degraded, triggering the release of Hhal,
resulting in the release of Cas9/sgRNA RNPs and DNAzyme to
achieve combined gene therapy.

6. Applications

RCA/RCT-based nanocarriers have demonstrated remarkable
potential in nucleic acid drug delivery due to their exceptional
ability to encapsulate and protect therapeutic nucleic acids,
ensuring stable transport in vivo and precise targeting of
diseased cells."*”"*® These carriers, leveraging the program-
mable structural design and molecular recognition properties
of DNA/RNA, address critical challenges in conventional cancer
therapies—such as gene therapy, PDT, chemodynamic therapy,
and immunotherapy—including low delivery efficiency and
poor biocompatibility.’”*®'3'"'33 By enabling tailored drug
delivery systems and gene-editing tools, nucleic acid nanotech-
nology offers innovative solutions to overcome tumor resis-
tance and achieve synergistic multi-mechanism therapy. In this
section, we summarize the applications of RCR/RCT based
nanocarriers in the therapeutics field, including gene therapy,
immunotherapy and combination therapy.

6.1. Gene therapy

As a critical branch of precision medicine, the clinical transla-
tion of gene therapy has long been hindered by insufficient
targeting specificity of delivery systems, poor stability of nucleic
acid drugs, and the lack of multi-gene regulatory strategies.'**
Developing efficient and controllable multifunctional delivery
platforms to achieve synergistic tumor-specific gene silencing
and editing represents a promising therapeutic strategy.
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RCT enables the delivery of therapeutic RNA as an integrated
carrier-cargo system. Guo et al."*®> developed RNA nanospheres
via RCT to encapsulate millions of anti-miR21 sequences.
These nanospheres were functionalized with dehydroascorbic
acid (DHA) to target tumor cells overexpressing glucose trans-
porter 1 (GLUT1). In the high GSH tumor microenvironment,
the nanospheres disassembled, subsequently releasing anti-
miR21 sequences that were processed by Dicer (Fig. 6(A)).
This resulted in a 60% downregulation of oncogenic miR21
(Fig. 6(B)) and upregulation of tumor suppressors phosphatase
and tensin homolog deleted on chromosome ten (PTEN) and
programmed cell death protein 4 (PDCD4) at the protein level
(Fig. 6(C)). In a breast cancer model, the targeted nanoparticles
significantly inhibited tumor growth in 70% volume reduction
(Fig. 6(D)), induced apoptosis by elevated cleaved caspase-3,
and suppressed proliferation by reduced Ki67 expression.
While single-gene targeting strategies have shown progress,
the heterogeneity of malignant tumors and multi-pathway
activation demand more sophisticated interventions.

Our group advanced the field by integrating gene editing
and silencing technologies, enhancing the precision and
synergy of delivery systems. Li et al.**> synthesized ultra-long
ssDNA scaffolds via RCA, incorporating sgRNA recognition
sequences, DNAzyme sequences, and Hhal enzyme cleavage
sites. Mn®>" was used to compress the DNA scaffolds into
nanoparticles (DNC), which were coated with acid-degradable
polymer (PGDA)-encapsulated Hhal enzymes (GHhal) to form a
proton-responsive system (H-DNC) (Fig. 6(E)). In the acidic
lysosomal environment, PGDA degradation triggered Hhal
release, cleaving the DNA scaffold to liberate Cas9/sgRNA
complexes and DNAzymes. These components synergistically
regulated polo-like kinase 1 (PLK1) and early growth responsive
gene-1 (EGR-1) genes (Fig. 6(F)). In vitro experiments demon-
strated a 75.26% apoptosis rate in MCF-7 cells (Fig. 6(H)), while
in vivo studies revealed efficient tumor targeting in breast
cancer models, achieving an 85% tumor suppression rate with-
out significant toxicity (Fig. 6(1)).

6.2. Immunotherapy

The combination between nucleic acid drug delivery and
immunotherapy lies in precise targeting and immune modula-
tion. Encoding antigens with mRNA, silencing immune-inhibiting
factors with siRNA, or enhancing immune-stimulating motifs
can directly boost the antitumor immune response. Meanwhile,
intelligent delivery systems, such as targeted nanoparticles and
stimuli-responsive carriers, ensure accurate drug delivery to
immune cells and spatiotemporally controlled release.
However, cancer immunotherapy remains constrained by
inefficient antigen presentation, immunosuppressive microen-
vironments, and limited activation of single signaling path-
ways. The following studies address these challenges through
multi-targeted delivery and integrated signaling pathway acti-
vation to remodel antitumor immunity. Zhu et al.”® developed
self-assembled DNA-RNA nanocapsules (iDR-NCs) co-loaded
with Adpgk (a neoantigen derived from MC38 tumor mutation,
ASMTNRELM — ASMTNMELM), Stat3 shRNA (targeting the
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miRNA21 pompon. (B) miR21 gene down-regulation in the MDA-MB-231 cell line. (C) Western blot analysis of PDCD4 and PTEN. (D) Tumor growth curve
over the course of 5 injections.**> Copyright 2019, Elsevier Ltd. All rights reserved. (E) Schematic illustration of the preparation for the co-delivery of Cas9/
sgRNA and DNAzyme by the RCA technique. (F) Schematic illustration of the cancer therapeutic process of proton-activatable nanocarriers. (G) Western
blotting analysis of PLK1 and EGR-1 proteins in MCF-7 cells with different treatments. H-DsCs: DNAzyme and sgRNA were replaced with scramble
sequences in H-DNC; H-DgCs: DNAzyme was designed for EGR-1 silencing, and sgRNA was replaced with scramble sequences; H-DsCg: DNAzyme was
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immunosuppressive STAT3 signaling pathway), and CpG ODN
(a TLR9 agonist), achieving triple synergistic therapeutic effects
(Fig. 7(A)). CpG ODNs activated TLR9 to enhance antigen
presentation by dendritic cells (DCs), improving the delivery
efficiency of Adpgk and activating antigen-presenting cells
(APCs). Stat3 shRNA alleviated immunosuppression in APCs
via RNA interference. In the MC38 colon adenocarcinoma

This journal is © The Royal Society of Chemistry 2025

with different drug formulations.*? Copyright 2022, Wiley-VCH GmbH.

model, iDR-NC/Adpgk-treated mice showed a 5-fold reduction
in lung metastasis weight compared to the CpG+ Adpgk group
(Fig. 7(C)). After 21 days, the Adpgk-specific CD8" T cell counts
increased 8-fold (Fig. 7(D) and (E)), and after 49 days,
the proportion of Adpgk-specific central memory T cells
(CD44'CD62L"8") rose significantly with upregulated PD-1

(Fig. 7(F)).
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(PBMCs). (E) Representative flow cytometry of DNPI~ CD8" T cells in PBMCs. (F) Upper: representative flow cytometry plots showing CD8* T cell
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via co-activating STING and TLR9 pathways. (I) Relative mRNA expression of the cGAS—-STING axis in cells treated with Mn-CpG for 24 h. (J) Survival curves
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of tumor-bearing mice after various post-surgical treatments.**® Copyright 2023, Elsevier Ltd. All rights reserved. (K) Schematic illustration of the
preparation procedure of DSN. (L) RT-gPCR analysis of the mRNA level of IFNB, TNFe, IL-6 and IL-1B in THP-1 cells treated with poly I: C or DSN for 24 h.
(M) ELISA gquantification of IFN in the supernatant after incubating bone marrow-derived dendritic cells (BMDCs) with DSN for 24 h. (N) Flow cytometric
analysis of CD206 expression on M2-like bone marrow-derived macrophages (BMDMs) after treatment with DSN for 24 h. (O) Flow cytometric analysis of
other immune cells, including the infiltration of CD8 T cells, NKs and Tregs in the tumors.”® Copyright 2024, Wiley-VCH GmbH.

Despite progress in antigen targeting and T cell activation,
the limited breadth of innate immune responses remains a
barrier. Yu et al."*® integrated STING and TLR9 pathway activa-
tion through a biomineralization strategy, enabling dual-
engine activation of innate/adaptive immunity and synergizing
with immune checkpoint blockade to amplify systemic anti-
tumor immunity. They constructed a biomineralized DNA
sponge (Mn-CpG) via RCA, co-loading the STING agonist
Mn*" and TLR9 agonist CpG ODNs (Fig. 7(G)). Mn>* activated
the cGAS-STING pathway to induce type I interferon (IFN-I)
production, while CpG triggered TLR9 to facilitate APC matura-
tion and co-stimulatory molecule expression (Fig. 7(H)). Mn-
CpG treatment could significantly promote the IFN-f produc-
tion of immune cells (Fig. 7(I)). In a 4T1 breast cancer model,
Mn-CpG monotherapy inhibited primary tumor growth by
90.2% and suppressed lung metastasis. When combined with
anti-PD-1 checkpoint blockade, Mn-CpG completely eradicated
primary and distant tumors, significantly prolonging survival
(Fig. 7().

Xu et al.”® further advanced RNA self-assembly technology by
generating long-strand RNA via RCT to activate the RIG-I/MDA5
pathway, while integrating dual siRNA (targeting CD47 and
SIRPo) to block the “don’t eat me” signals (Fig. 7(K)). This
approach not only strongly activated RIG-I/MDAS5 signaling but
also effectively inhibited the CD47-SIRPa checkpoint, thereby
enhancing APC phagocytic activity. It also promoted the cross-
priming of effector T cells and activated anti-tumor immune
responses. In the study, the dual-functional RNA nanostructure
(DSN) activated the RIG-I/MDAS5 pathway, upregulated IRF3/NF-
kB phosphorylation, and increased IFN-f and IL-6 secretion 3-5
times compared to the control group (Fig. 7(L)). It also facili-
tated DC maturation and repolarized tumor-associated macro-
phages (TAMs) toward the antitumor M1 phenotype (Fig. 7(M)),
reducing CD206" macrophages from 43% to 6% (Fig. 7(N)). By
silencing CD47 and SIRPa through RNA interference, DSN
effectively suppressed the CD47-SIRPa immune checkpoint
and enhanced APC phagocytosis of tumor cells. In a bilateral
CT26 tumor model, DSN inhibited the growth of both primary
and distant tumors, reducing tumor volume by 60% compared
to controls. Additionally, it remodeled the immunosuppressive
tumor microenvironment (TIME), increasing CD8" T cell infil-
tration 2.4 times, reducing Treg cells by 37%, and boosting NK
cell proportion to 30.1% (Fig. 7(0)).

6.3. Combination therapy

In oncology, monotherapy often falls short due to the disease’s
complexity and heterogeneity.'*” Combining nucleic acid drugs
with other treatments like chemotherapy, phototherapy, or
immune checkpoint inhibitors has emerged as a promising
strategy. This combination not only enhances tumor cell

This journal is © The Royal Society of Chemistry 2025

destruction but also overcomes drug resistance and immune
evasion, significantly improving therapeutic outcomes."*®

RCT can transcribe large quantities of RNA molecules, such
as siRNA, miRNA, and mRNA, which are used to regulate gene
expression.'*® Yu et al®' used RCT to create an RNA nano-
sponge containing AS1411 aptamers and anti-miR-21 sequences,
loaded with Dox. The AS1411 aptamer targets colorectal cancer
cells, while anti-miR-21 inhibits oncogene expression and counter-
acts Dox-induced miR-21 upregulation. Dox intercalates into DNA
base pairs, causing damage and apoptosis (Fig. 8(A)). In contrast to
the 1.61% rate in the control group, the apoptosis rate considerably
increased to 3.39% and 8.03% in the Dox and FND groups,
respectively (Fig. 8(B)). The FND induced G2/M cell cycle arrest in
77.16% of cells (Fig. 8(C)).

DNAzyme-based gene therapy shows great promise but faces
challenges in delivery efficiency and conditional activation.™*®
Yao et al.®® used RCA to synthesize ultralong DNA strands with
AS1411 aptamers and cascade DNA enzymes, combined with
ZMF to release metal ions and generate ROS. DNAzymes
sequentially cleave DNA strands and EGR-1 mRNA, inhibiting
tumor proliferation. ZMF releases Zn>*, Mn>*, and Fe**, gen-
erating ROS via the Fenton reaction (Fig. 8(D)). Results showed
that DNC-ZMF downregulated EGR-1 protein expression by
66% and induced 54.6% late apoptosis in MCF-7 cells
(Fig. 8(E)). The fluorescence intensity of [Ru(dpp)s]**Cl,
decreased, suggesting O, generation in the DNC-ZMF treated
cells. The fluorescence intensity of 7-hydroxycoumarin
increased during the incubation period, suggesting that free
radicals were generated in the DNC-ZMF-treated tumor cells
and accumulated over the 6-h incubation period (Fig. 8(F)). In a
breast cancer model, DNC-ZMF achieved a 70.4% tumor sup-
pression rate without systemic toxicity. Similarly, Wang et al.***
used RCA to assemble DNAzyme nanocapsules with therapeutic
DNAzymes and self-cleaving DNAzymes for sustained tumor-
specific activation. ZnO nanoparticles released Zn** in the
acidic tumor environment, activating DNAzymes. The nanocap-
sule surface was modified with MUC-1 aptamers for specific
tumor cell recognition. The therapeutic DNAzyme silenced
survivin mRNA to relieve apoptosis inhibition, while pro-
apoptotic cytochrome ¢ protein (CC) activated the mitochon-
drial apoptosis pathway (Fig. 8(G)). In vitro, tDNAzyme signifi-
cantly reduced survivin mRNA and protein levels (Fig. 8(H)).
Nanocapsules induced caspase-3 activation and 29.4% apopto-
sis by Annexin V/PI staining (Fig. 8(J)). In MCF-7 xenograft
models, targeted nanocapsules markedly reduced tumor
growth by 5-fold.

While the chemodynamic and gene silencing combination is
effective, tumor hypoxia and ROS scavenging mechanisms
remain limitations. PDT, a non-invasive cancer treatment,
involves light-activated photosensitizers (PS) to generate ROS,
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NSs, () RCR (rMT)-CC-ZnO NSs, (g) RCR-ZnO NSs, and (h) RCR (tMT)-CC-ZnO NSs. Scale bar = 100 pm.*** Copyright 2021, Wiley-VCH GmbH.
(K) Schematic illustration of the molecular design and preparation of UCND. (L) Schematic illustration of the preparation of UCND and cellular uptake of
UNCE and the process of synergistic photodynamic therapy. (M) CLSM images of the ROS level in MCF-7 cells. (N) The average growth profiles of tumors

in different treatment groups.** Copyright 2023, Wiley-VCH GmbH.

causing oxidative damage and apoptosis in cancer cells. Song
et al.*' combined PDT with CRISPR gene editing to enhance
precision. They synthesized ultra-long ssDNA via RCA, incor-
porating sgRNA recognition sequences and G-quadruplexes,
combined with UCNPs and PP (Fig. 8(K)). UCNPs convert
980 nm near-infrared light to 409 nm visible light to activate
PP, generating singlet oxygen ('0,) for PDT. CRISPR-Cas9
knockout of the antioxidant regulator Nrf2 reduced the ROS
clearance capacity of cancer cells. G-quadruplex/hemin
mimicked the HRP enzyme, catalyzing H,O, to O, and alleviat-
ing tumor hypoxia (Fig. 8(L)). Results showed that UCND
groups had higher ROS levels than controls (Fig. 8(M)), with
Nrf2 protein expression downregulated by 54%. Gene editing
combined with PDT increased 'O, accumulation and reduced
mitochondrial membrane potential. In a breast cancer model,
UCND achieved 86.32% tumor inhibition without organ toxicity

(Fig. 8(N)).

7. Conclusion and outlook

In this review, we present an overview of two nucleic acid-based
nanotechnologies, namely RCA and RCT, for nucleic acid drug
delivery, which are powerful molecular techniques derived
from natural biological processes. On this basis, we first con-
clude four fundamental nanoization strategies for RCA/RCT-
derived carriers and then systematically summarize their three
core technological aspects, including nucleic acid drug loading
strategies, precision targeting strategies, and drug-controlled
release strategies, which are fundamental to achieving efficient
drug delivery. With appropriate molecular design and various
mechanisms of action, such as biomineralization, electrostatic
interactions, base complementary pairing, and hydrophobic
effects, RCA/RCT-based ultra-long ssDNA/ssRNA can be self-
assembled into diverse nanocarriers such as DNA/RNA nanos-
tructures, DNA/RNA nanoparticles, DNA/RNA nanocomplexes
and DNA-RNA nanocomposites. RCA/RCT-based nanotechnol-
ogy enables extensive integration of nucleic acid drugs into
DNA/RNA-based nanocarriers through three key strategies: by
designing them into RCA/RCT-derived ssDNA or ssRNA, func-
tional DNA/RNA ODNs—DNAzymes, ASOs, siRNA, and crRNA/
sgRNA—can be effectively incorporated; the functional DNA/
RNA ODNs above can also be integrated via complementary
base pairing; moreover, nucleic acid drugs encapsulated in a
positively charged shell can be integrated through electrostatic
interactions. An optimal drug carrier must possess precise
targeting capabilities. At present, RCA/RCT-based DNA/RNA
nanocarriers are commonly functionalized with nucleic acid
aptamers, proteins, polymers, and small molecule ligands
to achieve targeted delivery. Another excellent quality of a good
nucleic acid drug nanocarrier is that it can protect its cargo

This journal is © The Royal Society of Chemistry 2025

from degradation in a highly controlled manner until it is
triggered by certain signals. Endogenous enzymes, exogenous
enzymes and the intracellular microenvironment are all impor-
tant examples of stimuli for responsive RCA/RCT-based DNA/
RNA nanocarriers. Currently, RCA/RCT-derived nanocarriers
have been developed as advanced delivery platforms for nucleic
acid therapeutics, with applications in gene therapy, immu-
notherapy, and combination treatment strategies.

Despite the considerable promise of RCA/RCT-based nano-
technology for nucleic acid delivery, critical challenges remain
to be addressed to enable successful clinical translation: (1)
improving the in vivo stability — while these systems demon-
strate superior stability compared to free nucleic acids, they
remain vulnerable to nuclease degradation in biological envir-
onments, necessitating additional stabilization approaches
such as chemical modifications or protective coatings; (2)
prolonging the accumulation time in target tissues — achieving
specific delivery and long-term accumulation in target tissues
requires further optimization of targeting ligands and under-
standing of nanoparticle-biological interactions; (3) developing
more smart responsive systems - future designs may incorpo-
rate more sophisticated stimuli-responsive elements that
enable precise spatial and temporal control over drug release;
(4) improving immune compatibility. While RCA/RCT systems
are less immunogenic than viral vectors, their repetitive nucleic
acid structures may still activate innate immune pathways (e.g.,
TLR or STING signaling). Strategies to mitigate immune recog-
nition—such as incorporating immunosuppressive motifs or
stealth coatings—could broaden their therapeutic applicability.

In summary, RCA/RCT-based nanotechnology offers a versa-
tile and powerful platform for nucleic acid drug delivery,
uniquely combining the programmability of nucleic acids with
the precision of enzymatic synthesis. This approach has shown
remarkable potential in overcoming critical delivery challenges,
including payload capacity limitations, tissue-specific target-
ing, and spatiotemporal control of therapeutic release. With
continued advancements in DNA nanotechnology, RCA/RCT-
based delivery platforms are poised to expand their therapeutic
scope, enabling efficient delivery of diverse nucleic acid pay-
loads—including mRNA vaccines, plasmid DNA, and emerging
genomic medicines. Future developments in RCA/RCT-based
nanocarriers will focus on these directions: (1) innovative
nanocarrier design: developing dynamically responsive hybrid
vectors to enhance drug loading capacity and targeting preci-
sion; (2) intelligent delivery optimization: implementing logic-
gated release mechanisms and barrier-penetration strategies to
achieve spatiotemporally controlled drug delivery; (3) enhanced
safety: reducing off-target risks and long-term toxicity through
immunogenicity modulation and advanced toxicity control
technologies. This evolution will position RCA/RCT systems
as indispensable tools for advancing both nucleic acid therapeutics
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and precision medicine paradigms. Looking forward, integrat-
ing staple-strand assisted folding strategies—akin to DNA
origami—with RCA products could bridge this technological
gap, enabling programmable 3D architectures while maintain-
ing RCA’s advantages in scalable production. Such hybrid
approaches may substantially enhance the structural precision
and clinical potential of next-generation DNA nanocarriers.
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