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Abstract

Cancer has emerged as a significant threat to human health. Nucleic acid therapeutics regulate the gene expression pro-
cess by introducing exogenous nucleic acid fragments, offering new possibilities for tumor remission and even cure. Their
mechanism of action and high specificity demonstrate great potential in cancer treatment. However, nucleic acid drugs face
challenges such as low stability and limited ability to cross physiological barriers in vivo. To address these issues, various
nucleic acid delivery vectors have been developed to enhance the stability and facilitate precise targeted delivery of nucleic
acid drugs within the body. In this review article, we primarily introduce the structures and principles of nucleic acid drugs
commonly used in cancer therapy, as well as their cellular uptake and intracellular transportation processes. We focus on the
various vectors commonly employed in nucleic acid drug delivery, highlighting their research progress and applications in
recent years. Furthermore, we propose potential trends and prospects of nucleic acid drugs and their carriers in the future.
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Abbreviations

ASO Antisense oligonucleotide

RNAi RNA interference

DC Dendritic cell

RISC RNA-induced silencing complex

AGO2 Argonaute-2

TRBP Transactivation response element RNA-
binding protein

dsRNA Double-stranded RNA

ssRNA Single-stranded RNA

pri-microRNA  Primary microRNA
pre-microRNA  Precursor microRNA
3" UTR 3’ Untranslated region
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TAA
TSA
CAR-T

CAR
gRNA
CPP
AAV
rAAV
Nabs
TLR
EPR

LNP

SLN

NLC

LP

DSPC
DOPE
siJnk2LLNP

ApoE

LDLR
CLPP

PLA

Tumor-associated antigen
Tumor-specific antigen

Chimeric antigen receptor T-cell
immunotherapy

Chimeric antigen receptor

Guide RNA

Cell-penetrating peptide
Adeno-associated virus
Recombinant adeno-associated virus
Neutralizing antibodies

Toll-like receptor

Enhanced permeability and retention
effect

Lipid nanoparticle

Solid lipid nanoparticle
Nanostructured lipid carrier
Lipoplex

Distearoyl phosphorcholine

Dioleoyl phosphatidyl ethanolamine
The LNP formulated with cationic amino
lipids for the targeted delivery of siRNA
against Jnk2

Apolipoprotein E

Low-density lipoprotein receptor
Liposome-protamine lipoplex
Polylactic acid
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PLGA Poly(lactic-co-glycolic acid)

PEI Polyethylenimine

PEG Polyethylene glycol

PIC Polyelectrolyte complex

PEI-SS Disulfide cross-linked polyethylenimine
UM Uveal melanoma

HIF-1a Hypoxia-inducible factor la
VEGF Vascular endothelial growth factor
PAMAM Polyamidoamine

SPR Surface plasmon resonance

NIR Near-infrared

MOF Metal-organic framework

CBN Carbon-based nanostructure

CNT Carbon nanotube

SWCNT Single-walled carbon nanotube
MWCNT Multi-walled carbon nanotube

EV Extracellular vesicle

MVB Multi-vesicular body
ASGPR Asialoglycoprotein receptor
GalNAc N-acetylgalactosamine
Introduction

Cancer has become one of the primary causes of death
worldwide, posing a grave threat to human health [1]. Tra-
ditional cancer treatment methods primarily include surgery,
chemotherapy, radiotherapy, and molecular targeted drugs.
However, due to the heterogeneity, metastasis, and recur-
rence of cancer cells, traditional cancer treatment methods
have become ineffective for many malignant tumors. Taking
chemotherapy as an example, many commonly used chemo-
therapeutic drugs have low efficacy and induce drug resist-
ance, leading to incomplete tumor regression in most cases.
Furthermore, numerous studies have reported that traditional
chemotherapeutic drugs lack specificity and exhibit limita-
tions in non-specific distribution. This not only results in
poor bioavailability but also causes significant side effects
when non-specifically delivered to healthy tissues, thereby
reducing patient tolerance [2, 3]. Therefore, novel treatment
methods are urgently needed to address these challenges.
With the advancements and progress in bioinformatics
and genomics, nucleic acid therapeutics have provided a new
avenue for cancer treatment [4, 5]. The nucleic acid thera-
peutics discussed in this article primarily refer to the use
of nucleic acid drugs, including siRNA drugs, microRNA
drugs, antisense oligonucleotide (ASO) drugs, mRNA drugs,
for cancer treatment. These drugs are introduced exog-
enously to regulate the genetic system of cells in the body,
thereby silencing or upregulating the expression of target
proteins and intervening in the occurrence and development
of diseases. This therapeutic approach primarily focuses on
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the RNA level and does not involve alterations in the under-
lying DNA sequence [6].

However, the inherent instability, high immunogenicity,
and presence of various physiological barriers within the
body limit the delivery efficiency and therapeutic efficacy
of RNA-based therapies. Safe and effective gene delivery
is the foundation and key factor for the success of nucleic
acid therapeutics. Gene carriers can act as Trojan horses,
protecting RNA from degradation by nucleases and facilitat-
ing targeted delivery to the desired site of action. Numerous
gene carriers have been extensively studied, including viral
vectors and non-viral vectors. Common non-viral vectors
include lipid-based nanoparticles, polymer nanoparticles,
inorganic nanoparticles, extracellular vesicles (such as
exosomes), and nucleic acid conjugates.

We conducted a comprehensive search across multiple
databases, including PubMed, Medline, and Web of Science,
encompassing the literature published within the last decade
(2014-2024). Our search strategy included medical termi-
nology associated with “nucleic acids therapy” or “genetic
therapy,” “neoplasm,” “genetic vectors,” “drug delivery,”
and other appropriate terms and combinations. Addition-
ally, we performed a search through the references cited in
related studies to acquire further information. In this article,
we present an overview of the structures and principles of
commonly used nucleic acid drugs and provide a brief intro-
duction to the processes of cellular uptake and intracellular
transport of these drugs. We focus on the research advance-
ments and applications of carriers in nucleic acid drug deliv-
ery, and discuss the potential future trends and prospects for
nucleic acid drugs and their carriers.

99 <

Concept of nucleic acid therapeutics

Over the past two decades, nucleic acid-based therapeutic
approaches have shown tremendous potential in the treat-
ment and prevention of various diseases, including cancer,
diabetes, and neurodegenerative disorders [7, 8]. Nucleic
acid drugs can be broadly categorized into two main types:
small nucleic acid drugs and mRNA drugs. Small nucleic
acid drugs, known as oligonucleotide drugs, encompass a
range of molecules such as siRNA, microRNA, and ASOs.
These small nucleic acid drugs are designed to target spe-
cific genes and modulate their expression or activity. mRNA
products can be further divided into mRNA therapeutics and
mRNA vaccines.

In living organisms, the transfer of genetic information
follows the central dogma. In eukaryotic cells, during the
process of protein synthesis and function, the DNA is first
transcribed into mRNA precursors. The mRNA precur-
sors undergo splicing to form mature mRNA, which is then
translated to synthesize proteins. Throughout this process,
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there are various levels of gene modifications and regula-
tions, including transcriptional, posttranscriptional, and
translational levels, which tightly and precisely control the
production of functional proteins to maintain them at a con-
stant level and preserve cellular homeostasis. Due to genetic
mutations or defects, patients may experience critical defi-
ciencies in essential functional proteins, imbalances in pro-
tein levels, or the production of pathogenic proteins. These
conditions can disrupt the internal homeostasis of tissues,
impair metabolism, and in severe cases, even pose a threat to
life. Addressing these conditions, the restoration or adjust-
ment of the desired protein levels becomes a viable strategy.

Nucleic acid therapeutics involve the exogenous introduc-
tion of nucleic acid fragments into cells for the treatment
of diseases. Certain nucleic acid drugs, such as short-chain
nucleotide sequences (siRNA or ASOs), efficiently regulate
gene expression by targeting specific genes based on the
principle of complementary base pairing. Additionally, if
a gene product is known to have therapeutic effects for a
specific disease, the mRNA of the corresponding target gene
can be directly introduced into cells. Through the processes
of transcription and translation, the mRNA is utilized to syn-
thesize the gene product, thereby enabling precise treatment
of the disease. Ultimately, nucleic acid therapeutics aim to
modulate the level of DNA transcription product mRNA
or regulate the process of mRNA translation into proteins.
This leads to a decrease in pathogenic protein levels or sup-
plementation of essential functional proteins (Fig. 1). As
a result, cellular and tissue metabolism and physiological
functions are restored, ultimately achieving the therapeutic
goal of treating the disease [9, 10].

RNAi (siRNA and microRNA)

RNA interference (RNAI) is a fundamental cellular regula-
tory mechanism that can specifically block the expression
of target genes at the transcriptional and translational levels
through various pathways [11].

Tumor cells employ various strategies to promote immune
evasion and drive immune-suppressive microenvironments.
These strategies include reducing antigen expression, inhib-
iting antigen presentation capacity of dendritic cells (DCs),
suppressing infiltration of cytotoxic T cells, and upregulating
the expression of immune checkpoint proteins or “don’t eat
me” signals [12—-14]. Based on these mechanisms, RNAi can
effectively induce antitumor immune responses by silencing
key factors of tumor progression in cancer cells or immuno-
suppressive genes in tumor-associated immune cells [15].

The core of the RNAi mechanism is the RNA-induced
silencing complex (RISC), which is a multi-protein com-
plex consisting of Argonaute-2 (AGO2), Dicer, and trans-
activation response element RNA-binding protein (TRBP).
RISC unwinds the double-stranded RNA (dsRNA) into

two single-stranded RNA (ssRNA) molecules. The passen-
ger strand is degraded, while the guide strand serves as a
template to recognize and bind to complementary mRNA.
This interaction activates the endonuclease activity of
AGO2, resulting in sequence-specific cleavage. Ultimately,
this leads to mRNA degradation, thereby regulating gene
expression [16].

siRNA refers to a group of exogenous short dsSRNA
molecules that are processed by the enzyme Dicer from
longer fragments of dsRNA. Usually, siRNA molecules
consist of approximately 19 to 25 nucleotides. siRNA
molecules are highly specific in binding to target mRNA
sequences and commonly silence a single gene [17]. The
RISC complex containing siRNA can recycle and reuse
itself, resulting in a cascade amplification effect. Through
multiple iterations of this process, the overall level of the
corresponding target mRNA is reduced, thereby inhibiting
protein production.

microRNAs are another common class of endogenous
noncoding RNAs, typically around 18 to 22 nucleotides in
length [18]. A single microRNA can recognize multiple
mRNA targets, and a single mRNA target can be recog-
nized and regulated by multiple microRNAs. Therefore,
microRNAs can simultaneously regulate multiple cellu-
lar signaling pathways, exerting a pivotal role in various
cellular processes including proliferation, differentiation,
metabolism, migration, and apoptosis [19, 20]. An increas-
ing number of studies have demonstrated that the occur-
rence and progression of many diseases are associated
with the abnormal expression of specific microRNAs. In
many cancers, microRNAs play key roles by negatively
regulating tumor suppressor genes or oncogenes [21-25].
Based on this, microRNA mimics and microRNA antago-
nists have become attractive tools and targets for novel
therapeutic approaches.

microRNAs are initially transcribed by RNA polymer-
ase II from noncoding DNA sequences in the nucleus,
forming primary microRNAs (pri-microRNAs) with
characteristic hairpin structures. Subsequently, they are
recognized and processed into precursor microRNAs
(pre-microRNAs) by the Drosha-DGCRS8 complex. The
generated pre-microRNAs are exported out of the nucleus
through Exportin-5/Ran-GTP and further cleaved by the
Dicer RNase, resulting in the formation of mature micro-
RNAs, dsRNA fragments of about 20 base pairs in length,
which can participate in the formation of the RISC and
engage in the RNAi pathway [26]. Mature microRNAs are
eventually integrated into the RISC, and they induce the
cleavage or translation inhibition of the target mRNA by
binding to complementary sequences in the 3’ untranslated
region (3’ UTR) of the target mRNA, thereby blocking the
expression of the target gene [27].
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Fig. 1 Mechanisms of siRNA, microRNA, ASO, and mRNA in nucleic acid therapeutics
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ASOs

ASOs are artificially synthesized short DNA or RNA mol-
ecules, typically consisting of 12 to 24 nucleotides. They
engage in Watson—Crick base pairing with selected RNA
sequences, forming hybrid complexes. By adopting differ-
ent hybridization patterns with the target RNA, they trigger
distinct mechanisms to regulate gene expression, ultimately
leading to diverse functional outcomes.

Classic single-stranded ASOs primarily mediate endoge-
nous RNA degradation through the dependence on RNase H.
ASOs are predominantly synthetic DNA single strands that
form DNA-RNA hybrids with the target RNA. Subsequently,
the RNase H1 enzyme cleaves the RNA portion within the
hybrid complex, resulting in RNA degradation [28].

In addition, ASOs can bind to various sites, including
mRNA precursors, mature mRNA, microRNAs that regu-
late target mRNA, and regions on RNA that inhibit protein
translation. This binding occurs through a steric hindrance
mechanism known as spatial blocking, leading to diverse
outcomes such as modification of pre-mRNA processing and
splicing, alteration of mRNA sequences, and downregulation
or upregulation of functional proteins [29, 30]. Chemical
modifications of ASO nucleotides, bases, and backbone can
improve pharmacokinetics and pharmacodynamics while
reducing immunogenicity [31, 32].

mRNA

mRNA is a natural biological molecule that serves as a
messenger in the translation of genetic information from
genes into functional proteins. As a nucleic acid-based
drug, mRNA exhibits diverse mechanisms of action. Firstly,
mRNA can be translated into functional proteins, making it
a promising alternative therapeutic approach in cancer treat-
ment. mRNA delivery aims to upregulate the expression of
target proteins, which can serve to supplement the absence
or dysfunction of specific proteins or provide therapeutic
proteins. This application is particularly common in genetic
diseases or rare diseases.

Additionally, mRNA has emerged as a promising alterna-
tive to traditional vaccines due to its superior safety profile,
high immunogenicity, relatively simple production process,
and the potential for personalized medicine. When intro-
duced into the body, mRNA can encode specific antigens,
including tumor-associated antigens (TAAs) and tumor-spe-
cific antigens (TSAs) generated by cancer cell gene muta-
tions. These antigens, once recognized by the immune sys-
tem, elicit protective immune responses, efficiently inducing
both humoral and cellular immune reactions and reducing
the likelihood of tumor escape [33]. mRNA has the capacity
to deliver multiple antigens and immunomodulatory agents
simultaneously. This versatility allows for the development

of multi-epitope vaccines that can target multiple antigens,
enhancing the immune response and broadening the range
of targeted diseases.

mRNA can also be utilized for cell therapy, where the
conventional approach involves introducing exogenous
mRNA into cells in vitro to modify their cellular character-
istics or functions. The cells with the desired modifications
are then reintroduced into the patient’s body to exert their
therapeutic effects. In recent years, research has highlighted
the development of mRNA-based transient chimeric anti-
gen receptor T-cell immunotherapy (CAR-T). CAR-T is an
immunotherapy that utilizes genetically modified T cells
to express chimeric antigen receptors (CARs), enhancing
their ability to recognize and attack cancer cells. Traditional
CAR-T therapy involves extracting T cells from the patient’s
body for genetic reprogramming, cultivating CAR-T cells,
and subsequently reinfusing them into the patient’s body
to exert their therapeutic effects. In contrast, mRNA-based
transient CAR-T cell technology enables the direct delivery
of modified mRNA encoding CARs into specific T cells,
inducing cellular therapy within the body. Due to the tran-
sient nature of mRNA, this technology offers higher control-
lability and safety compared to traditional CAR-T therapy
[34].

Furthermore, CRISPR-Cas9 mRNA provides a novel
strategy for cancer gene therapy. In the traditional CRISPR-
Cas system, guide RNA (gRNA) is employed to direct
Cas proteins to specific genomic locations for editing. In
CRISPR-Cas mRNA, gRNA and repair templates are inte-
grated into the mRNA sequence, forming a gRNA-mRNA
complex. This complex can be delivered into cancer cells to
facilitate precise editing and repair of specific genes [35, 36].

Cellular uptake and intracellular transport
of nucleic acid drugs

Small nucleic acid drugs face two main challenges when
entering cells. Firstly, they have low stability within the
body. Naked nucleic acids are susceptible to degradation
by nucleases, can bind to serum proteins, can be engulfed
by phagocytic cells, and can be cleared by the reticuloen-
dothelial system [37, 38]. Secondly, the inherent nega-
tive charges, high molecular weight, and hydrophilicity of
nucleic acids make it difficult for them to cross the plasma
membrane by passive diffusion. Additionally, physiologi-
cal barriers such as the vascular barrier, endothelial bar-
rier, extracellular barrier, and cellular barrier impede the
clinical application of nucleic acid drugs in cancer treatment
[39]. Researchers have implemented various strategies and
methods to overcome these challenges in nucleic acid deliv-
ery. One approach involves chemical modifications, such as
phosphorothioation, 2’-O-methylation, and glycosylation,
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which enhance the stability of nucleic acids and reduce their
degradation by nucleases. Another strategy utilizes cell-pen-
etrating peptides (CPPs) that can either bind to nucleic acids
or coat them onto nucleic acid carriers. This helps overcome
the repulsion between negatively charged nucleic acids and
cell membranes, ultimately improving the intracellular per-
meability of nucleic acid drugs and facilitating their uptake
by cells. Additionally, targeted drug delivery systems have
been developed to achieve precise delivery of nucleic acid
drugs by specifically recognizing receptors or molecular
markers on the surface of target cells [40].

Upon reaching the cell surface, nucleic acid drugs are pri-
marily internalized through endocytic processes, including
non-specific internalization and receptor-mediated specific
internalization. They are then transported through various
membrane-bound compartments. Internalized nucleic acid
drugs are initially transported to early/recycling endosomes,
which serve as sorting centers for distributing the cargo to
various destinations within the cell. They can be either
diverted to late endosomes and lysosomes for degradation or
recycled back to the plasma membrane. Many ligand-recep-
tor complexes undergo dissociation in the early endosome,
with the cargo remaining in the central lumen to be ulti-
mately transported for lysosomal degradation, while the
freed receptors migrate to tubular regions and are eventually

Fig.2 Cellular uptake and
intracellular transport of nucleic
acid drugs

N
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recycled back to the cell surface through small shuttle vesi-
cles (Fig. 2) [41-43].

Therefore, nucleic acid drugs must cross the membrane
barriers and escape from the endosomes to have the opportu-
nity to reach the cytoplasm or further penetrate into the cell
nucleus to exert their effects [44]. Enhancing the accumula-
tion and expression of nucleic acid drugs in target tissues is
one of the key factors for the success of nucleic acid thera-
peutics following systemic administration. Consequently, the
concept of endosomal escape has gained prominence and
is considered a restrictive step in achieving effective gene
therapy. Nucleic acids within the endosomal compartments
are considered pharmacologically inert, with only a small
fraction of internalized nucleic acids being able to spon-
taneously escape into the cytoplasm and cell nucleus [45].
Intracellular transport of nucleic acid drugs involves a large
amount of membrane fusion and fission, and locally gener-
ated membrane stress can lead to the formation of highly
permeable non-bilayer lipid domains that allow the release
of nucleic acids into the cytoplasm [46]. In addition to the
endogenous escape of nucleic acids from endosomes, recent
attempts in RNA delivery have actively promoted endosomal
escape and efficient nucleic acid delivery by exploiting the
acidic environment of endosomes and lysosomes or using
external stimuli to alter or disrupt the endosomal barriers.
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Nucleic acid delivery vectors

The ideal nucleic acid delivery system should be safe and
well-tolerated, capable of overcoming extracellular and
intracellular barriers, resistant to nucleases in the blood-
stream, possess specific tumor-targeting ability with low
off-target effects, have broad gene insertion capacity and
high transfection efficiency, allow sustained gene expression,
and promote endosomal escape of nucleic acid drugs upon
entry into cells [47, 48].

The development of delivery vectors and related delivery
technologies is a crucial foundation for the clinical applica-
tion of nucleic acid therapeutics. Nucleic acid vectors can
generally be classified into two main categories: viral vectors
and non-viral vectors (Table 1).

Viral vectors
Virus-based gene delivery systems are the earliest researched

and utilized carriers, and they are currently the most com-
monly used carriers for nucleic acid therapy projects [49].

Table 1 Nucleic acid delivery vectors

Viral vectors take advantage of the innate ability of wild-
type viruses to efficiently load nucleic acids and transfer
their genetic material to target host cells by inserting the
viral genome in accordance with the natural mechanisms of
viral infection and replication [50]. Numerous studies and
experiments have shown that viral vectors exhibit higher
transduction rates, delivery efficiency, as well as more stable
and durable gene expression than non-viral delivery sys-
tems [51]. Common viral vectors include adenovirus, adeno-
associated virus (AAV), lentivirus, retrovirus, and herpes
simplex virus.

However, virus-based gene delivery systems have limited
cargo capacity and require complex manufacturing proce-
dures and expensive production costs. And more impor-
tantly, the high immunogenicity, insertional mutagenesis
risk, potential toxicity, and carcinogenicity of viral vectors
impose safety concerns that restrict their widespread use
[52, 53].

Taking AAV as an example, the history of AAV being uti-
lized for gene delivery can be traced back to the 1980s. AAV
is an unenveloped, replication-defective single-stranded
DNA virus that belongs to the family Parvoviridae [54].

Delivery system Classification Advantages Disadvantages

Viral vectors Adenovirus High transduction efficiency Limited loading space
Adeno-associated virus, lentivirus High tolerance High immunogenicity
Retrovirus Standardized transduction proce-  Risk of insertional mutagenesis,

Herpes simplex viruses

Lipid-based nanoparticles Liposomes
Lipid nanoparticles
Solid lipid nanoparticles

Nanostructured lipid carriers

Polymer nanoparticles Chitosan nanoparticles
PLGA nanoparticles,

Dendrimers

Inorganic nanoparticles Metal nanoparticles
Iron-based nanoparticles
Bimetallic nanoparticles
Carbon-based nanostructures
Selenium nanoparticles
Silica nanoparticles

Quantum dots
Exosomes
Microvesicles
Apoptotic bodies

Extracellular vesicles and
exosomes

GalNAc molecular conjugation
Aptamer

Nucleic acid conjugates

dures Potential carcinogenicity
Long-term and stable gene expres-

sion
Good biocompatibility Toxicity and immunogenicity

Easy preparation
Large drug encapsulation space

Good biocompatibility and bio-
degradability

Ability to target specific cells

Easy functionalization

Controlled drug release

Easy surface modification

High loading capacity and fast
release rates

Noninvasive imaging

Good biocompatibility and bio-
degradability

High permeability

Low immunogenicity

Long half-life

High delivery efficiency

Low immunogenicity

Ability to target specific cells

Long-term and gene expression

Limited stability

Toxicity
Non-degradability for some chi-
tosan nanoparticles

Potential toxicity
Non-degradability

Uncontrollable genomic or protein
components

Potential toxicity

High cost

Low stability
Potential toxicity
Limited targets
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Many studies have employed recombinant adeno-associated
virus (rAAV), which are created by modifying the genome of
non-pathogenic wild-type AAV to accommodate the inser-
tion of therapeutic genes or other genetic material [55, 56].

rAAV is regarded as one of the most promising viral vec-
tors for cancer therapy due to its high safety, good toler-
ability, long-term gene expression, diverse serotypes, and
tissue specificity, and lower immunogenicity compared to
other viral vectors [53]. Despite its low immunogenicity,
rAAV can still induce immune responses due to its inherent
characteristics. For instance, preexisting neutralizing anti-
bodies (NAbs) in the body can neutralize and precipitate
AAV virus, activation of Toll-like receptors (TLRs) can trig-
ger innate immunity, and AAV capsid proteins or nucleic
acids can stimulate the production of antibodies against
themselves. Several studies have focused on engineering
the AAV vector to mitigate immune responses and optimize
drug safety and efficacy. This includes modifying the AAV
capsid proteins, conjugating molecules on the virus surface,
or encapsulating the viral particles [57-60].

Non-viral vectors

In comparison with viral vectors, non-viral vectors have
higher safety profiles and specificity, but they often exhibit
lower transfection efficiency and weaker transgene expres-
sion capabilities. However, with the continuous improve-
ment of transfection efficiency and gene expression capa-
bilities of various non-viral gene delivery systems in recent
years, the number of non-viral vectors employed in clinical
trials has gradually increased. Additionally, their structural
characteristics provide high payload capacity, allowing for
the delivery of large-sized genes, which is not achievable
with viral vectors [61-63].

Lipid-based nanoparticles, polymer nanoparticles, and
inorganic nanoparticles are the three most common types
of non-viral nanoparticles. The enhanced permeability and
retention (EPR) effect is generally considered the primary
mechanism for the passive tumor targeting of nanoparticles.
In tumor tissue, there is a significant increase in the density
of capillaries, and the endothelial cell layer of blood ves-
sels exhibits defects and fenestrations. These characteristics
contribute to an enhanced permeability of blood vessels to
larger particles and molecules. Additionally, the lymphatic
drainage system in tumor tissues is often compromised,
reducing drug clearance and allowing for enhanced nano-
particle retention in the tumor tissue. These inherent char-
acteristics of tumor tissues are major factors contributing
to the formation of EPR effect, enabling long-circulating
nanoparticles with suitable diameters to extravasate from
blood vessels and accumulate within tumor tissues [64, 65].
However, the results of both preclinical and clinical stud-
ies show that the delivery efficiency of nanomedicine to
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tumors is still unsatisfactory [66]. Recent studies by Wang
et al. have demonstrated the presence of a dense basement
membrane structure on the extravascular side of tumor blood
vessels, severely hindering the ability of nanoparticles to
penetrate across tumor vasculature. This results in the forma-
tion of “blood-pool” accumulation of nanoparticles outside
tumor blood vessels and highlights the potential of inducing
acute inflammation to enhance the extravasation of nano-
particles into tumor blood vessels [67]. On the other hand,
active targeting involves the modification of nanoparticles
with specific ligands that can actively recognize and bind
to overexpressed receptors on the surface of tumor cells.
Nanoparticles are often modified with sugars, peptides, anti-
bodies, or aptamers to enable active targeting toward tumor
cells [68].

Additionally, common non-viral carriers also include
extracellular vesicles, exosomes, and nucleic acid conju-
gates, which will be further discussed later in the text.

Lipid-based nanoparticles

Lipid-based nanoparticles are among the most commonly
utilized non-viral nucleic acid vectors in scientific research
and clinical trials (Fig. 3) [69]. Lipids are amphiphilic mol-
ecules, meaning they possess both hydrophilic (water-lov-
ing) and hydrophobic (water-hating) properties. Structurally,
lipids typically consist of a polar head group, a hydrophobic
tail, and a linker connecting the two regions. The most com-
mon cationic headgroups are various amine groups, while
the hydrophobic tails are typically composed of fatty chains
or cholesterol. These two components are connected by
chemical bonds such as ester bonds and ether bonds [70].

The concept of liposomes was introduced in 1965,
describing structures with a typical spherical shape com-
posed of a bilayer of amphiphilic phospholipids and an
aqueous core. In contrast, the concept of “lipid nanoparti-
cles (LNPs)” emerged in the early 1990s with the advent of
nanotechnology. Therefore, liposomes are considered as the
earliest form of LNPs.

Liposomes are composed of one or multiple lipid bilay-
ers, and their core—shell nanostructure enables them to
effectively encapsulate both hydrophobic and hydrophilic
molecules. Hydrophilic drugs can be entrapped within the
aqueous core, while hydrophobic drugs are enclosed within
the lipophilic bilayer shell. Due to the fundamental role of
lipids and phospholipids in cell membranes, liposomes share
a similar structure to biological cells, resulting in excellent
biocompatibility and facilitating cellular uptake of RNA [71,
72].

Subsequently, various types of lipids, such as cationic
lipids, ionizable lipids, solid lipid nanoparticles (SLNs), and
nanostructured lipid carriers (NLCs), have been extensively
employed in the development of LNPs.
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Fig.3 Schematic diagram of the structures and composition of various lipid-based nanoparticles

The head groups of cationic lipids possess permanent
positive charges, which facilitate their interaction with the
negatively charged phosphate groups on the sugar—phos-
phate backbone of nucleic acids. Through electrostatic
adsorption and self-assembly, cationic lipids can further
form lipoplexes (LPs) with nucleic acids, protecting nucleic
acids from enzymatic degradation and enhancing their sta-
bility [73]. Additionally, the excess positive charges on the
surface of LPs make it more readily approach and bind to
negatively charged cell membranes, promoting cellular
uptake. However, previous studies have demonstrated that
the positive charges on the surface of nanoparticles have
significant cytotoxicity [74-76].

Ionizable lipids can maintain neutrality at physiological
pH, while in acidic environments, the amino groups in the
head group of ionizable lipids become protonated and carry
positive charges. The pH responsiveness of ionizable lipids
reduces their interactions with anionic cell membranes and
anionic serum proteins (such as albumin), thereby enhanc-
ing the biocompatibility of LNPs and reducing non-specific
cytotoxicity and immunogenicity [77]. Upon administra-
tion into the body through intravenous injection or other

routes, ionizable LNPs can seep out of blood vessels t and
reach target tissues. LNPs adhere to the cell surface and are
subsequently internalized through endocytosis. Within the
endosomal environment, which is acidic, ionizable lipids
that are trapped undergo protonation and carry positive
charges, interacting with the negatively charged endosomal
membrane, leading to membrane disruption and the release
of nucleic acid drugs into the cytoplasm [78].

Apart from cationic and ionizable lipids, LNPs often
incorporate other lipid components such as neutral helper
lipids (e.g., distearoyl phosphorcholine, DSPC, and diole-
oyl phosphatidyl ethanolamine, DOPE), cholesterol, and
PEGylated lipids [79, 80]. These components can improve
the stability, delivery efficiency, tolerability, and in vivo dis-
tribution of LNPs while assisting in the intracellular escape
of nucleic acid molecules.

Helper lipids in LNPs play a structural role, which helps
improve the stability of LNPs and enhance their delivery
efficiency. Helper lipids with cylindrical geometry, such as
DSPC, facilitate the formation of lamellar phases and sta-
bilize the structure of lipid nanoparticles, thereby extend-
ing the half-life of the LNPs in circulation. Helper lipids
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with conical geometry, like DOPE, promote the transition
from lamellar to hexagonal phases, disrupting the stability
of endosomal membranes and allowing efficient escape of
LNPs from endosomal vesicles [81]. Cholesterol exhibits
strong membrane fusion properties, and its association with
lipids improves stability, enhances transfection efficiency,
and enhances the overall effect. Lipid formulations with
higher cholesterol content have lower transition tempera-
tures, favoring the lamellar-to-hexagonal phase transition,
which promotes nucleic acid internalization and entry into
the cytoplasm [82]. PEGylated lipids are used for immune
evasion and increased stability. PEG lipids, as biocompatible
and inert polymers, preferentially accumulate on the surface
of LNPs, forming a steric hindrance barrier. This mecha-
nism enhances the colloidal stability of LNPs, reduces non-
specific binding with plasma proteins, thereby preventing
uptake by macrophages and prolonging the circulation time
of LNPs in the bloodstream. PEG-lipids can also be utilized
to attach specific ligands onto the surface of nanoparticles
for targeted delivery [83, 84].

SLNs emerged in 1991 with the aim of providing bio-
compatibility, storage stability, and prevention of drug deg-
radation. The core of SLNs consists of a solid lipid matrix,
while the outer layer is enveloped by a bilayer membrane
composed of surfactant molecules. SLNs have two notable
drawbacks. Firstly, the compact lipid matrix network of
SLNSs results in limited drug encapsulation space, so that
SLNSs can only accommodate relatively small amounts of
drugs. Secondly, the lipid matrix of SLNs undergoes poly-
morphic transformations during storage, causing the lipid
crystals to rearrange into a more organized lattice and gradu-
ally expel the encapsulated drug. As a result, SLNs exhibit
poor long-term drug retention. To overcome the limitations
of low drug loading and drug expulsion in SLNs, research-
ers replaced a portion of the solid lipids in SLNs with liquid
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Fig.4 Illustration of commonly used polymer nanoparticles
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lipids, resulting in the development of NLCs. NLCs offer
larger drug encapsulation space and longer drug retention
time.

LNPs can be employed for the delivery of various nucleic
acid therapeutics, primarily siRNA or mRNA. Woitok et al.
utilized LNPs formulated with cationic amino lipids for the
targeted delivery of siRNA against Jnk2 (siJnk2LNP). The
loaded siRNA LNPs can adsorb apolipoprotein E (ApoE)
on their surface, which is an endogenous ligand for the
low-density lipoprotein receptor (LDLR) expressed on the
outer membrane of hepatocytes. As a result, the formula-
tion effectively accumulates in hepatic tissues and silences
Jnk2 in liver cells, and ultimately reduces carcinogenesis in
late-stage liver cancer models [85]. Zhang et al. employed a
liposome-protamine lipoplex (CLPP) as a carrier to delivery
mRNA encoding survivin-T34A. In these liposomes, pro-
tamine condenses the mRNA into a solid core while the
liposomes provide a lipid bilayer shell, forming a core—shell
structure. The nanoscale CLPP/mRNA formulation exhib-
ited significant therapeutic effects in various colon cancer
models [86].

Polymer nanoparticles

Polymer-based nanomaterials can be categorized into two
main groups based on their source: natural polymers and
synthetic polymers (Fig. 4). Natural polymers, such as dex-
tran, chitosan, cyclodextrins, poly-l-lysine, and gelatin, are
extracted or modified from natural sources. They exhibit
excellent biocompatibility, biodegradability, and low pro-
duction costs, making them widely utilized in the field of
biomedical research. Among synthetic polymers, polylactic
acid (PLA), poly(lactic-co-glycolic acid) (PLGA), polyeth-
ylenimine (PEI), and polyethylene glycol (PEG) are exten-
sively employed as delivery vehicles for RNA due to their

Dendrimers
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good biocompatibility, biodegradability and high stability.
Furthermore, it is noteworthy that synthetic polymers can
be easily functionalized with ligands for targeted delivery.
Additionally, these polymers have responsive units capable
of responding to chemical, biological, and physical stimuli,
enabling the controlled release of cargo [87-89].

Cationic polymers possess a high density of positive
charges, allowing them to interact electrostatically with
negatively charged nucleic acid molecules, forming compact
and tightly packed polyelectrolyte complexes (PICs). These
complexes effectively prevent the entry of nucleases [90].
Additionally, due to the nitrogen-containing structure of the
polymers, cationic polymers can offer strong pH buffering
capacity, which facilitates the escape of complexes from the
endosome [91, 92]. However, certain synthetic polymers,
such as PLGA, lack cationic units and exhibit low electro-
static interaction with RNA, making them unsuitable for
direct nucleic acid delivery. To overcome this challenge,
cationic modification can be performed on these polymers,
or they can be co-assembled with cationic polymers to form
nanostructures.

It should be noted that some commonly used cationic
polymers such as PEI, PDMAEMA, and PLL are non-degra-
dable and exhibit significant cytotoxicity. The cytotoxicity
of cationic polymers is generally considered to be associated
with their molecular size and positive charge density, that
is, the transfection efficiency and cytotoxicity of cationic
polymers increase with higher molecular weight. Therefore,
achieving a balance between toxicity and transfection effi-
ciency is a major challenge in the design of cationic poly-
mers. To address this issue, conjugation of low molecular
weight cationic polymers with chemical bonds such as ester
bonds, amide bonds, or disulfide bonds can be utilized to
develop highly efficient and low-toxicity biodegradable
cationic polymers [93]. For instance, Dai et al. synthesized
disulfide cross-linked polyethylenimine (PEI-SS) through
oxidation and thiolation of low molecular weight PEI. PEI-
SS serves as an efficient and low-toxicity non-viral vector
for DNA/siRNA delivery. In cancer cells, the multimer is
degraded by glutathione, releasing anti-miR-155 to effec-
tively inhibit the progress of breast cancer [94].

Another strategy is to use biodegradable polymers, par-
ticularly proteins or polysaccharides derived from natural
sources, such as albumin, chitosan, hyaluronic acid, and
B-cyclodextrin. These biodegradable polymers have advan-
tages in terms of biocompatibility and also possess natural
affinity to specific tissues or cells. For example, tumor cells
often overexpress hyaluronic acid receptors, while liver cells
exhibit high expression of sialic acid glycoprotein receptors,
allowing for targeted delivery [95, 96]. Xie et al. developed a
novel therapeutic approach for the treatment of uveal mela-
noma (UM), a type of ocular melanoma, by developing a
tricomplex consisting of hyaluronic acid-coated chitosan/

siRNA. This tricomplex targeted the hypoxia-inducible fac-
tor lao (HIF-1a) pathway. The HA-coated Chi/siRNA tri-
complex demonstrated improved cellular uptake and endo-
somal escape capabilities due to the combined effects of
hyaluronic acid and chitosan, while exhibiting low cytotox-
icity. Furthermore, the tricomplex successfully inhibited the
expression of HIF-1a mRNA and protein levels, leading to
downregulation of ascular endothelial growth factor (VEGF)
protein expression and effectively suppressing the progres-
sion and invasion of UM [97].

Dendrimers are a highly promising class of polymer nan-
oparticles. They are three-dimensional spherical molecules
with a highly branched structure and nanoscale dimensions,
formed by repetitive branching units connected to a core
molecule. Their three-dimensional structure and chemical
composition give them unique physical and chemical proper-
ties [98, 99]. Firstly, dendrimers typically consist of a core,
inner branching units, and outer functional groups. Precise
design of the dendrimer’s structure, shape, size, and func-
tional groups can be achieved by controlling the polymeri-
zation of monomers. Secondly, dendrimers have a spacious
internal cavity structure that can be utilized for drug encap-
sulation. This encapsulation method reduces potential drug
toxicity, enhances stability, and facilitates targeted delivery
and controlled release. Moreover, their shape and chemical
composition allow for numerous functional groups on the
surface, providing a variety of possibilities for modifica-
tions. By selecting highly reactive branching units or intro-
ducing specific functional groups at the core and terminal
ends of the polymer, the dendrimer’s surface can be densely
functionalized, resulting in excellent water solubility, high
biocompatibility, and non-immunogenicity. Additionally,
this offers opportunities for attachment of drugs, antibod-
ies, genetic materials, and signaling molecules to the den-
drimer’s surface [100].

Polyamidoamine (PAMAM) dendrimers are three-dimen-
sional molecules composed of repeating branched chains of
amide and amine groups. They are one of the earliest fully
characterized, synthesized, and commercialized families of
dendrimers. Similar to liposomal complexes, PAMAM den-
drimers, carrying cationic groups, have a defined number
of positively charged amine groups that allow for the con-
nection to nucleic acids through ion interactions. Therefore,
PAMAM dendrimers are capable of promoting internaliza-
tion through adsorption-mediated endocytosis, effectively
condensing nucleic acids using surface amino groups to
protect them from enzymatic degradation, and utilizing a
large number of tertiary amine groups in the core to pro-
vide pH buffering capacity. The ability of PAMAM den-
drimers and similar carriers to deliver nucleic acids into
tumor cells and produce specific therapeutic effects has been
validated in multiple studies [101, 102]. Palombarini et al.
constructed a hybrid nanocomplex called HumFt-PAMAM,
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using positively charged dendrimers that interacted elec-
trostatically with the inner surface of hybrid ferritin. This
complex delivered pre-microRNA into cells expressing the
CD71 receptor, releasing it into the cytoplasm, where it was
processed into mature microRNA, thereby inducing a phe-
notype resembling early differentiation in NB4 leukemia
cells [103].

Inorganic nanoparticles

Inorganic nanoparticles exhibit a diverse range of spe-
cies and possess distinct physical and chemical properties
(Table 2) [104-106]. Inorganic nanoparticles can be easily
surface-modified, allowing optimization of their degrada-
tion, biocompatibility, immunogenicity, nucleic acid loading
capacity, pharmacokinetics, and biodistribution. In addition
to their ability to load nucleic acid molecules, inorganic nan-
oparticles often possess unique functionalities, making them
an attractive strategy for gene delivery [107—110]. Therefore,
inorganic nanoparticles hold significant promise in the realm
of medical applications, particularly in cancer therapy.
Metal nanoparticles, particularly gold nanoparticles and
silver nanoparticles, exhibit unique optical properties and
photothermal conversion effects. The photothermal effect
generated by their surface plasmon resonance (SPR) can be

tuned to the near-infrared (NIR) region, which matches the
transparent window of biological tissues. This enables metal
nanoparticles to efficiently absorb NIR light and convert it
into heat, leading to localized hyperthermia and the destruc-
tion of cancer cells. This characteristic offers the potential
for synergistic and combined approaches of gene therapy and
photothermal therapy [111-113]. To alleviate the potential
cytotoxicity of metal nanoparticles, a core—shell nanostruc-
ture can be formed by coating the metal core with a shell
made of different materials. This approach aims to prevent
the aggregation of metal nanoparticles, enhance their stabil-
ity, and enable further customization and functionalization.
Noble metals like gold or silver, as well as metal oxides,
are commonly employed as core materials. The selection
of shell composition depends on the specific application,
spanning from organic polymers to inorganic compounds
[114, 115].

In addition to optical properties and photothermal conver-
sion effects, iron-based nanomaterials also exhibit super-
paramagnetism and magnetocaloric conversion effects.
When subjected to an external magnetic field, the interac-
tion between electromagnetic radiation and the inorganic
atoms in the core of the nanoparticles enables efficient tar-
geting and entry of iron-based nanoparticles carrying genes
into specific cells or tissues. They can convert the applied

Table 2 Advantages and disadvantages of different types of inorganic nanoparticles for drug delivery

Delivery system Examples Advantages Disadvantages
Metal NPs Gold NPs Unique optical properties and photothermal High cost
Silver NPs conversion effects Poor stability

Photothermal therapy
Versatility of shape design

Iron-based NPs Iron-based nanocrystals (iron
oxide NPs, iron-based
alloys)

Iron-based

conversion effects

Superparamagnetism and magnetocaloric

Noninvasive imaging
Magnetothermal therapy

Easy aggregation

Potential toxicity

Poor stability

Potential toxicity

The need for surface modification

nanocomposites(amorphous Synergistic therapy in conjunction with fer-

iron NPs, MOFs)
Au-Ag bimetallic NPs
Au-Pt bimetallic NPs
Fe—Pt bimetallic NPs

roptosis
Bimetallic NPs
functions

Pt—Pd bimetallic NPs sites
CBNs Graphene and its oxide Low immunotoxicity
Graphdiyne High load capacity and adsorption capacity
Fullerene and its derivatives ~ Adjustable optical properties
CNTs

Carbon quantum dots

Selenium NPs
Antitumor effect

Integration of multiple characteristics and

Excellent antioxidant capacity

Complex preparation process
Metal interactions and interface effects

Larger specific surface area and more active

Potential biotoxicity
Poor water solubility
Low biodegradability

Complex preparation process
Poor stability
Potential toxicity

Silica NPs Adjustable pore size Complex preparation process
Easy modification and functionalization Potential toxicity
Good biocompatibility

QDs Good Optical and electronic properties Complex preparation process

Some quantum dots contain toxic heavy metals
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alternating magnetic field into heat, leading to localized
heating of the surrounding tissue or cells. This localized
heating can be utilized for the destruction of cancer cells,
inhibition of tumor growth, and facilitation of drug release,
known as magnetothermal therapy [116]. By employing
these techniques, metal nanoparticles can be tracked and
precisely located within the body, allowing for accurate
targeting, simultaneous diagnosis, and monitoring of thera-
peutic functionalities in diseased tissues [117, 118]. Most of
these delivery systems rely on surface-engineered cationic
iron oxide nanoparticles, which are coupled with nucleic
acid drugs through electrostatic interactions. Additionally,
the small size and uniformity of iron oxide nanoparticles
allow for better distribution throughout the entire tumor net-
work, making them particularly suitable for the treatment
of metastatic cancers [119]. Metal-organic frameworks
(MOFs) are a type of organic—inorganic hybrid material.
They are composed of metal ions or metal clusters at their
cores, linked to organic ligands through coordination bonds.
MOFs containing iron elements can induce ferroptosis by
releasing ferrous/iron ions at the tumor site, triggering oxi-
dative stress and lipid peroxidation, ultimately resulting in
tumor cell death. Therefore, iron-containing MOFs possess
unique advantages in synergistic therapy in conjunction with
ferroptosis [120, 121].

Bimetallic nanoparticles are composed of two different
metal elements, capable of forming various structures such
as core—shell, alloy, or segregated structures. Bimetallic nan-
oparticles often demonstrate superior properties compared to
monometallic nanoparticles. Firstly, they combine the char-
acteristics of two different metals, facilitating the integration
of multiple functionalities. Secondly, bimetallic nanoparti-
cles possess a larger specific surface area. Moreover, their
irregular arrangement and the formation of metal—polarity
bonds create additional active sites, thereby further enhanc-
ing their catalytic and adsorption capabilities for efficient
nucleic acid delivery [122]. Furthermore, the surface charge,
optical properties, and biocompatibility of these nanoparti-
cles can be finely tuned by adjusting the metal composition,
structure, and surface modifications, providing greater ver-
satility for their applications, providing greater versatility
for their applications [123].

Carbon-based nanostructures (CBNs) originate from
various isomers of carbon. The nanoscale size and porous
structure of carbon-based nanoparticles endow them with
a high specific surface area, providing abundant surface
reaction sites. The presence of supramolecular n-n stack-
ing characteristics effectively enhances the interaction
between carbon nanoparticles and various biomolecules or
substances [124, 125]. Furthermore, carbon-based nano-
particles exhibit excellent optical properties, including flu-
orescence, photothermal conversion, and light absorption
capabilities, making them ideal materials for biological

imaging and fluorescent probes. Carbon nanotubes (CNTs)
are tubular structures formed by the rolling of graphene lay-
ers. Depending on the number of layers, carbon nanotubes
can be classified into single-walled carbon nanotubes (SWC-
NTs) and multi-walled carbon nanotubes (MWCNTS). The
unique structure of carbon nanotubes provides them with
small volume, high specific surface area, and high aspect
ratio (length/diameter), making them capable of accommo-
dating various chemical substances and offering multiple
sites for modification, such as for different drugs, targeting
moieties, and imaging agents [126]. Fullerenes are another
class of CBNs. They exist in hollow spherical or tubular
structures, comprised of hexagonal and pentagonal carbon
rings. The vesicle-like structure and their lipid-like nonpolar
properties enable fullerenes to penetrate cell membranes. It
is worth noting that research indicates the potential of fuller-
enes as drug carriers for delivering medications to the brain,
despite the intricate and challenging process of crossing the
blood-brain barrier due to their distorted structure [127].
Nevertheless, they hold promise as a therapeutic agent for
facilitating brain tumor treatment. However, CBNs exhibit
chemical stability and are difficult to degrade in the body
due to the absence of specific metabolic enzymes. Adminis-
tration of high doses of CBNs can potentially trigger adverse
inflammatory responses and systemic toxicity [128]. There-
fore, further research is needed to determine the toxicity and
pharmacokinetics of various CBNs.

Selenium is an essential micronutrient for the human
body. It exists in the form of selenoproteins. Selenium
enzymes, such as peroxidases and reductases, rely on sele-
nium as a catalytic site for their activity and function. There-
fore, selenium nanoparticles possess excellent antioxidant
properties, acting as potent scavengers of free radicals, pro-
tecting nucleic acid molecules from oxidative damage, and
helping to reduce oxidative stress and cellular/tissue injury
caused by reactive oxygen species [129, 130]. Additionally,
several studies have indicated that selenium nanoparticles
can inhibit tumor growth and proliferation through various
mechanisms, including inducing cell apoptosis, inhibiting
angiogenesis, and modulating signaling pathways [131].

Silica nanoparticles possess tunable nanopores and a
hydrophilic surface that can be functionalized. For silica
nanoparticles with smaller pore sizes, the pore dimensions
are in close proximity to the size of nucleic acids, allowing
for more precise and adjustable control over the release rate
of nucleic acids. Conversely, larger-sized silica nanoparti-
cles possess greater spatial capacity and faster release rates.
The negatively charged surface of silica nanoparticles can
be functionalized by incorporating various types of cationic
macromolecules, such as PEI, dendrimers, and lipids. These
functional modifications greatly influence drug loading,
release rates, and biodistribution while reducing systemic
toxicity.
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Quantum dots are extremely small semiconductor parti-
cles that possess unique optical and electronic properties.
In addition to their role in nucleic acid delivery, they can
serve as highly efficient fluorescent probes, allowing real-
time tracking of nucleic acid labeling and in vivo dynamic
distribution [132].

However, the degradability of all inorganic materials has
not been fully established, and potential toxicity remains
a concern. Therefore, further extensive in vivo studies are
necessary to address these issues.

Extracellular vesicles and exosomes

Extracellular vesicles (EVs) are double-layered lipid mem-
brane particles naturally released from various types of
cells, with diameters ranging from 20 to 30 nm to 10 um
[133, 134]. EVs can be classified into different types based
on their size and biogenesis pathways, including exosomes
(30-120 nm), microvesicles (100-1000 nm), and apoptotic
bodies (> 1000 nm) [135]. These membrane-bound particles
serve as natural mediators of intercellular communication,
allowing the transfer of biologically active substances such
as mRNA, microRNA, proteins, or antigens to target cells
to transmit information and exert functional effects [136].
Currently, there is extensive research focusing on
exosomes, which are promising carriers for delivering
microRNAs and siRNAs [137]. This literature will primar-
ily focus on exosomes (Fig. 5). Exosomes are postulated to
be small vesicles formed through the inward budding of the
multi-vesicular body (MVB) membrane. As mature MVBs
fuse with the cell membrane, exosomes are released into
the extracellular matrix [138]. Due to the size limitations of
MVBs, exosomes typically have diameters ranging from 30

to 200 nm. Exosomes have a lipid bilayer membrane struc-
ture and contain various compounds, including proteins,
lipids, nucleic acids, and sometimes organelles from their
parental cells. The composition of these cellular compo-
nents within exosomes is closely related to the physiologi-
cal state of the producing cells, making them potential tools
for disease diagnostics, such as early cancer screening. It is
worth noting that the structure, function, and distribution of
exosomes can be highly variable. Uncontrolled genomic or
proteomic composition on their surface may induce unde-
sired activities. Therefore, they can be a double-edged sword
in the development and spread of cancer cell metastasis or in
the diagnosis and treatment of tumor cells. Identifying the
cellular source of exosomes used is key to reducing unnec-
essary risks.

Compared to artificial carriers, exosomes, as natural
vesicles, possess morphological and surface characteristics
similar to native cells. They possess excellent biocompat-
ibility, biodegradability, and the ability to penetrate biologi-
cal barriers [139]. Exosomes can interact with macrophages
through specific receptors, thereby avoiding phagocytosis
and prolonging the half-life of drugs [140]. Consequently,
exosomes significantly enhance drug delivery efficiency
and therapeutic effectiveness [141]. Taken together, these
outstanding features make exosomes an ideal drug delivery
system with potential clinical applications.

Nucleic acid conjugates

As early as the 1960s and 1970s, research discovered that
lactose can bind to the receptor on the surface of the liver
and undergo internalization. Scientists have utilized this
property to deliver substances such as proteins, peptides, and
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small molecules into cells. The asialoglycoprotein receptor
(ASGPR) is a glycoprotein receptor composed of multiple
subunits with carbohydrate recognition domains, primarily
expressed on the plasma membrane of liver cells. ASGPR
is responsible for the clearance of targeted glycoproteins
from the circulation. Both glycoproteins and glycoprotein
mimetics can serve as ASGPR ligands, with N-acetylgalac-
tosamine (GalNAc) being the strongest affinity ligand among
them (Fig. 6) [142]. GalNAc, a lactose analog, can be cova-
lently linked to the 3” end of nucleic acids in a trivalent state,
and it efficiently mediates endocytosis through binding with
ASGPR. Nucleic acid molecules in nucleic acid conjugates
often lack necessary protections. However, their stability can
be significantly improved by chemical modifications at the
2’ position of nucleotides, as well as by replacing phospho-
diester bonds with thiophosphoramidate linkages. Addition-
ally, the design and modification positions of the molecular
linkers are also crucial factors to consider [143].
GalNAc-conjugated nucleic acid therapeutics primar-
ily include GalNAc-ASO and GalNAc-siRNA. ASOs can
be easily chemically modified to resist degradation by
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nucleases, and in the case of phosphorothioate modifica-
tions, they have a long-circulating half-life and are read-
ily taken up by cells, making delivery carriers unnecessary.
Moreover, to maintain their efficiency in entering the cell
nucleus, they are generally not conjugated with GalNAc
[144]. On the other hand, siRNAs are prone to degradation,
so they often require carrier-mediated delivery techniques.
Therefore, the common GalNAc-conjugated drugs are Gal-
NAc-siRNAs. After subcutaneous injection, GalNAc-siRNA
can efficiently enter the liver through the circulatory sys-
tem. Subsequently, they are rapidly taken up by hepatocytes
via the ASGPR on the cell surface. The ASGPR facilitates
their entry into clathrin-coated vesicles, which are then
transported to the endosomal compartment. As the pH in
these compartments decreases, GaINAc-siRNA dissociates
from ASGPR, allowing the receptor to recycle back to the
cell membrane for reuse [145, 146]. The link between Gal-
NAc and siRNA is also rapidly degraded and dissociated
in the lumen. The siRNA accumulates in acidic intracel-
lular compartments, slowly releases into the cytoplasm, and
continuously loads onto the RISC, resulting in long-lasting
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inhibitory effects that can persist for months in preclinical
species and humans [147]. Thus, GalNAc conjugation is an
effective approach to increase siRNA accumulation in target
organs and facilitate cellular uptake, significantly reducing
the dosage required. Strong and sustained gene suppression
can be achieved with small subcutaneous doses of the drug
[148]. Compared to carrier systems such as lipid and poly-
meric complexes, nucleic acid conjugates have the advan-
tages of smaller size, lower immunogenicity, and reduced
clearance by the body. Brown et al. demonstrated that the
same siRNA delivered in the form of lipid nanoparticles
or GalNAc conjugates showed prolonged activity only with
GalNAc-siRNA [149]. Despite the aforementioned advan-
tages, GalNAc targeting is currently limited to liver cells,

Table 3 Compilation of approved nucleic acid drugs

restricting the action of nucleic acid drugs to the liver, which
represents a limitation in their application.

Concluding remarks and future perspectives

In summary, nucleic acid therapeutics are supported by a
solid theoretical basis. It involves the exogenous introduction
of nucleic acid fragments to directly intervene in the gene
expression process, leading to the silencing or upregulation
of target protein expression, thereby achieving the goal of
alleviating or even treating diseases. Moreover, the design
of drugs based on disease target genes has greatly expanded
the applications of nucleic acid therapeutics. The mechanism

Drugs Indication Drug class Delivery system Manufacturer Approval year

Vitravene (Fomivirsen) Cytomegalovirus retinitis ASO / Novartis 1998

Pegaptanib (Macugen) Neovascular age-related Aptamer / Pfizer, EyePoint Pharmaceu- 2004
macular degeneration ticals

Kynamro (Mipomersen) Homozygous familial hyper- ASO / Ionis Pharmaceuticals 2013
cholesterolemia

Defibrotide (Defitelio) Hepatic veno-occlusive ASO / Jazz Pharmaceuticals 2016
disease

Exondys 51 (Eteplirsen) Duchenne muscular dystro- ~ ASO / Sarepta Therapeutics 2016
phy

Spinraza (Nusinersen) Spinal muscular atrophy ASO / Biogen, Ionis Pharmaceu- 2016

ticals

Tegsedi (Inotersen) Hereditary transthyretin ASO / Akcea Therapeutics, Ionis 2018
amyloidosis Pharmaceuticals

Onpattro (Patisiran) Hereditary transthyretin siRNA LNP Alnylam Pharmaceuticals 2018
amyloidosis

Waylivra (Volanesorsen) Familial chylomicronemia ASO / Akcea Therapeutics, lonis 2019
syndrome Pharmaceuticals

Givlaari (Givosiran) Acute intermittent porphyria  siRNA GalNAc Alnylam Pharmaceuticals 2019

Vyondys 53 (Golodirsen) Duchenne muscular dystro- ~ ASO / Sarepta Therapeutics 2019
phy

Viltepso (Viltolarsen) Duchenne muscular dystro- ~ ASO / NS Pharma 2020
phy

Oxlumo (Lumasiran) Primary hyperoxaluria type 1 siRNA GalNAc Alnylam Pharmaceuticals 2020

Leqvio (Inclisiran) Primary hypercholester- siRNA GalNAc Alnylam Pharmaceuticals, 2020
olemia Novartis

Spikevax Coronavirus disease 2019 mRNA vaccines LNP Moderna 2020

Comiranty Coronavirus disease 2019 mRNA vaccines LNP Pfizer, BioNTech 2020

Amondys 45 (Casimersen) Duchenne muscular dystro- ~ ASO / Sarepta Therapeutics 2021
phy

Amvuttra (Vutrisiran) Hereditary transthyretin siRNA GalNAc Alnylam Pharmaceuticals 2022
amyloidosis

Tofersen (Qalsody) Amyotrophic lateral sclerosis ASO / Biogen, Ionis Pharmaceu- 2023
type 1 ticals

Nedosiran (Rivfloza) Primary hyperoxaluria type 1 siRNA GalNAc Novo Nordisk 2023

Avacincaptad pegol (Izervay) Age-related macular degen-  Aptamer / Ocular Therapeutix 2023

eration, geographic atrophy
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of action and high specificity of nucleic acids demonstrate
significant potential in cancer treatment.

However, nucleic acid drugs have inherent limitations
such as low stability in the body, susceptibility to degrada-
tion by endogenous nucleases, and challenges in crossing
various drug delivery barriers. In recent years, extensive
research and rapid development of nucleic acid delivery
systems have offered potential solutions to overcome these
obstacles. These delivery systems can improve the stability
of nucleic acid drugs, facilitate targeted cellular uptake of
nucleic acid molecules, and assist their intracellular escape,
thus expanding the applications of nucleic acid therapeutics.

It is unrealistic to expect a single “universal” carrier
to address all nucleic acid delivery challenges due to the
diverse types of nucleic acid drugs with different mecha-
nisms of action and molecular sizes. Among the nucleic acid
drugs mentioned in this article, ASOs can enhance their own
stability through chemical modifications and do not strongly
rely on carriers, while siRNA molecules are highly depend-
ent on carriers. Small nucleic acid drugs such as microRNA
and siRNA can be delivered using directly conjugated sim-
ple formulations, while larger nucleic acid drugs like mRNA
require compression and encapsulation by carriers. Small
nucleic acid molecules require carriers with high positive
charge densities to form stable complexes, whereas large
nucleic acid drugs have lower requirements for carrier
charge densities. Although non-viral carriers have signifi-
cantly improved their transfection abilities and performance,
they still have a significant gap compared to viral carriers at

the current stage. However, non-viral carriers have their irre-
placeable advantages, such as safety, low immunogenicity,
and the ability to carry large-sized nucleic acid drugs. With
the development of novel nucleic acid drugs and advance-
ments in delivery technologies, we can expect the future
development of non-viral carriers.

Currently, several nucleic acid drugs have been approved
and marketed worldwide, including ASOs, siRNAs, mRNA
vaccines, and aptamers (Table 3). These drugs primarily
address genetic disorders, metabolic diseases, and rare dis-
eases. Mature delivery systems such as lipid-based nanopar-
ticles and nucleic acid conjugates like GalNAc have been
successfully applied in clinical nucleic acid drug delivery.
As of the completion of this manuscript, no tumor-related
indications have been approved. However, it is encouraging
that some products have entered clinical trial phases and
achieved preliminary results (Table 4). Lipid-based nanopar-
ticles remain the main delivery system in ongoing clinical
trials, possibly due to the yet-to-be-determined efficacy of
novel nucleic acid drugs, necessitating established carriers
to mitigate risks and variables.

Nonetheless, the continuous advancements in delivery
technology are truly exciting. Leveraging the physical,
chemical, and biological properties of the materials them-
selves, such as optical characteristics, superparamagnetism,
and antioxidative abilities, delivery systems have developed
unique functionalities beyond mere nucleic acid carriers. For
example, noninvasive imaging techniques enable precise
localization of pathological tissues and real-time monitoring

Table 4 Some of ongoing clinical studies of nucleic acid therapeutics for cancer treatment

NCT number  Drugs Delivery System Indications Sponsor Phase

NCTO01591356 EphA2 siRNA Neutral liposome Advanced malignant solid neo- M.D. Anderson Cancer Center Phase 1
plasm

NCTO03819387 NBF-006 LNP Non-small cell lung, pancreatic, Nitto BioPharma, Inc Phase 1
or colorectal cancer

NCT04196257 BP1001-A Liposome Advanced or recurrent solid Bio-Path Holdings, Inc Phase 1
tumors

NCT05267899 WGI-0301 LNP Advanced hepatocellular carci- Zhejiang Haichang Biotech Co.,  Phase 2
noma Ltd

NCT05969041 MT-302 (A) LNP Advanced/Metastatic epithe- Myeloid therapeutics Phase 1
lial tumors

NCT05497453 OTX-2002 LNP Hepatocellular carcinoma and Omega Therapeutics Phase 1 and 2
other solid tumor types known
for association with the MYC
oncogene

NCT06389591 RNA-LP vaccine Lipid particles Recurrent glioblastoma University of Florida Phase 1

NCT04573140 RNA-LP vaccine Lipid particles Newly diagnosed pediatric University of Florida Phase 1
high-grade gliomas and adult
glioblastoma

NCT05660408 RNA-LP vaccine Lipid particles Pulmonary osteosarcoma University of Florida Phase 1 and 2

NCT03608631 KRAS G12D siRNA Exosome Metastatic pancreatic adenocar- M.D. Anderson Cancer Center Phase 1

cinoma
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of diagnostic and therapeutic functions. Photothermal ther-
apy, magnetic hyperthermia, and ferroptosis offer possibili-
ties for synergistic treatment with nucleic acid therapy. The
differences in various stages of in vivo delivery of nucleic
acid drugs and the complex tumor microenvironment sug-
gest that a single carrier cannot fully meet delivery require-
ments. Composite materials provide greater advantages by
offering more drug loading capacity and modification sites,
integrating multiple characteristics and functions to address
the complexity of the in vivo environment. Moving forward,
interdisciplinary collaborations will continue to propel the
progress of delivery technology as experts from diverse
fields such as physics, biology, chemistry, and engineering
work together, providing innovative ideas and solutions for
the development of nucleic acid drug delivery systems.

In conclusion, although nucleic acid drugs for tumor-
related indications have not been approved yet, we have
high expectations for the application of nucleic acid ther-
apy in cancer treatment through continuous improvement
of delivery systems and the utilization of various delivery
strategies. This will provide patients with more personalized
and effective treatment options and contribute to significant
breakthroughs and advancements in the field of oncology.
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