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Abstract: RNA therapeutics represent a transformative class of treatments capable of correcting
genetic errors, modulating gene expression, and enabling targeted intervention across a wide range
of diseases. These platforms—including antisense oligonucleotides (ASOs), small interfering RNAs
(siRNAs), messenger RNAs (nRNAs), and microRNAs (miRNAs)—have progressed from proof-of-
concept to clinical reality, with multiple FDA-approved drugs for conditions such as transthyretin
amyloidosis, spinal muscular atrophy, and COVID-19. This review highlights the mechanisms,
clinical milestones, and delivery innovations that have propelled RNA-based therapies forward. This
article examines emerging carriers —including lipid nanoparticles, aptamer conjugates, peptides, and
exosomes—that address critical challenges such as RNA instability, off-target effects, and organ-
specific delivery. Advances in RNA editing, Al-guided sequence design, and self-amplifying RNA
platforms are poised to further expand RNA’s therapeutic scope. The review also discusses
applications across cardiovascular, neurological, oncological, and infectious diseases, as well as
opportunities in regenerative and personalized medicine. While barriers in delivery, scalability, and
regulatory adaptation remain, ongoing innovations are rapidly closing the gap between potential and
practice. RNA therapeutics are no longer experimental —they are reshaping the future of medicine.

Keywords: RNA therapeutics; antisense oligonucleotides (ASOs); small interfering RNA (siRNA);
lipid nanoparticles (LNPs); RNA delivery systems

Introduction

In the era of precision medicine, RNA therapeutics have emerged as a powerful approach to
correct genetic errors, modulate gene expression, and influence cellular pathways with high
specificity. Since the discovery of small nuclear RNAs in the 1960s (Hadjiolov et al., 1966) and RNA
interference (RNAi) in 1998 RNA has evolved from a passive messenger to a key regulatory molecule.
The success of mRNA vaccines against COVID-19 highlighted RNA's clinical scalability and safety,
positioning it as a versatile therapeutic platform. Once considered unstable, RNA is now valued for
its regulatory and catalytic roles, enabling interventions across diverse diseases (Jones et al., 2024).
Advances in mRNA vaccines, RNAi, antisense oligonucleotides (ASOs), ribozymes, and small
activating RNAs (saRNAs) have made RNA-based interventions clinically viable (Sparmann and
Vogel, 2023). RNA therapies are now being developed for genetic, oncological, neurodegenerative,
and rare metabolic diseases, especially where traditional small molecules and biologics fall short
(Niazi, 2023). These breakthroughs have energized the global pursuit of RNA medicine.

Several RNA modalities—ASOs, siRNAs, miRNAs, mRNAs, and aptamers—target gene
expression through distinct mechanisms. Yet challenges remain in the form of RNA instability,
immune activation, delivery specificity, and manufacturing complexity (Paunovska et al., 2022).
Innovations in nanoparticle carriers, chemical modification, and Al-assisted design are now driving
progress (Sun et al., 2024). As technology converges with clinical need, RNA therapeutics are shaping
the future of personalized medicine. This review explores key RNA platforms, delivery strategies,
clinical progress, and future directions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Classes of RNA Therapeutics

RNA therapies offer precise, gene-level interventions for a broad range of diseases. Unlike
traditional drugs that modulate protein function, RNA-based therapeutics act upstream—either
silencing harmful genes or enabling therapeutic protein production (Chery, 2016). These can be
classified by structure and mechanism into antisense oligonucleotides (ASOs), small interfering
RNAs (siRNAs), microRNAs (miRNAs), messenger RNAs (mRNAs), aptamers, and RNA-targeting
small molecules. While their mechanisms vary —from gene silencing to protein replacement—all
exploit RNA’s central role in gene regulation. Below outlined are the major classes, highlighting their
therapeutic applications and limitations.

Antisense Oligonucleotides (ASOs)

ASOs are short synthetic single-stranded DNA or RNA molecules that bind target mRNA via
complementary base pairing, modulating gene expression through mechanisms such as RNase H-
mediated degradation or steric blockade (Figure 1a). The most common strategy uses RNase H1, an
endogenous enzyme that cleaves the RNA strand of an RNA-DNA hybrid, leading to mRNA
degradation and protein silencing (Vickers and Crooke, 2014). This is particularly effective in
conditions involving toxic gain-of-function mutations or protein overexpression (Crooke et al., 2018).
Alternatively, steric-blocking ASOs bind to mRNA regions—like splice junctions or translation start
sites—to alter splicing or inhibit translation without degradation. This approach is used in spinal
muscular atrophy, where correcting aberrant splicing restores functional protein expression. (Bennett
et al., 2021; Chen et al., 2024; Rigo et al., 2014)

ASOs offer high sequence specificity and modularity with relatively low off-target risk (Roberts
et al.,, 2020). However, delivery remains a barrier —especially beyond the liver and CNS. Immune
activation and patient-to-patient variability also limit broad utility Notable examples include-
Eplontersen, in development for hereditary transthyretin-mediated amyloidosis (hATTR), a disorder
involving misfolded proteins that damage nerves and the heart (Brannagan et al., 2022), and
Vutrisiran (Amvuttra), an FDA-approved ASO for hATTR with reduced dosing frequency and
sustained efficacy (Planté-Bordeneuve and and Perrain, 2024). These demonstrate ASOs' potential in
genetic and neurodegenerative conditions, though long-term safety and accessibility remain under
evaluation.

Small Interfering RNA (siRNA) Therapies

Unlike ASOs, siRNAs are double-stranded RNA molecules (~21-23 nucleotides) that induce
post-transcriptional gene silencing via the RNA interference (RNAi) pathway. Once delivered into
cells, siRNAs are incorporated into the RNA-induced silencing complex (RISC), which uses one
strand to target and degrade complementary mRNA (Figure 1b). After cellular uptake, synthetic
siRNAs are released into the cytoplasm, where RISC discards the passenger strand and retains the
guide strand as a molecular GPS. Upon binding its target, the Argonaute 2 (Ago2) protein cleaves the
mRNA, preventing translation and silencing the encoded protein(Alshaer et al., 2021). This allows
siRNAs to act upstream of protein synthesis, targeting even “undruggable” genes. However, they are
vulnerable to nuclease degradation and can activate innate immune responses. Chemical
modifications (e.g., PEGylation, GalNAc conjugation) have improved stability and targeting, but
concerns remain around off-target effects and dose-related toxicity (Choi et al., 2025). Compared to
ASOs, siRNAs are more potent in hepatocytes, but less effective in extra-hepatic tissues.

Despite these caveats, siRNA therapeutics have progressed significantly in clinical translation.
Lepodisiran, developed by Eli Lilly, reduces lipoprotein(a) [Lp(a)] levels—a key cardiovascular risk
factor—by 93.9% Similarly, Nedosiran (Rivfloza) has been approved for primary hyperoxaluria, a
rare metabolic disorder caused by excessive oxalate production (Syed, 2023). Another investigational
drug, Zerlasiran, has achieved up to 99% reduction in Lp(a) levels in early trials (Nissen et al., 2024).
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These results are promising, but the long-term clinical benefits of extreme biomarker reduction still
need validation in diverse patient populations.

Messenger RNA (mRNA) Therapies

mRNA therapies differ from ASOs and siRNAs by introducing synthetic genetic instructions
that enable cells to produce therapeutic proteins, rather than silencing gene expression. This
approach gained global attention during the COVID-19 pandemic, when mRNA vaccines from
Moderna and Pfizer/BioNTech demonstrated rapid, effective protection (Tenforde et al., 2021).

Synthetic mRNA is typically delivered into the cytoplasm via lipid nanoparticles (LNPs), where
it is translated by ribosomes into proteins (Figure 1c). These proteins can serve as antigens (in
vaccines), or exert direct therapeutic effects (Hassett et al., 2024) or replace missing or defective
proteins (Vavilis et al., 2023). Unlike DNA-based or genome-editing approaches, mRNA does not
enter the nucleus or alter the genome, making it transient, controllable, and safer. Once its function
is complete, it is naturally degraded, minimizing long-term risks. Recent innovations have enhanced
the stability and translational efficiency of mRNA, such as the incorporation of modified nucleotides
(e.g., N1-methyl-pseudouridine) (Svitkin et al., 2017), optimized codon usage (Presnyak et al., 2015),
and untranslated region (UTR) engineering (Reshetnikov et al., 2024). These modifications reduce
innate immune responses while increasing protein yield and duration of expression. In vaccine
applications, for instance, these mechanisms enable the body to recognize and mount an immune
response to a pathogen's antigen, thereby "training" the immune system without using a live virus
(Cao et al., 2024).

Beyond vaccines, mRNA is now being explored for a wide range of diseases. One particularly
exciting area is cancer treatment, where personalized mRNA vaccines are being developed to help
the immune system recognize and attack tumor cells (Heine et al., 2021). Clinical trials in Europe are
testing this approach, known as Individualized Neoantigen Therapy (Weber et al., 2024). Another
promising mRNA therapy, ARCT-032, is designed as an inhalable treatment for cystic fibrosis. It
delivers mRNA directly to lung cells, instructing them to produce the missing CFTR protein, which
is essential for normal lung function (Geller et al., 2024; Rowe et al., 2023). As delivery systems
improve, organ-targeted mRNA platforms could transform treatment of genetic and chronic diseases,
expanding mRNA's therapeutic reach.

MicroRNA Based Therapies

MicroRNAs (miRNAs) are endogenous small non-coding RNAs (~20-24 nucleotides) that
regulate gene expression post-transcriptionally by binding to the 3’ untranslated regions (UTRs) of
target mRNAs, leading to mRNA degradation or translational repression (Bartel, 2018). Unlike
siRNAs, which bind with perfect complementarity, miRNAs typically have partial complementarity,
allowing them to regulate multiple mRNAs and affect entire gene networks. This makes them
attractive for complex, multifactorial diseases such as cancer, cardiovascular, and neurodegenerative
disorders (Calin and Croce, 2006; Rupaimoole and Slack, 2017). For example, miR-34a, a well-known
tumor-suppressive miRNA, targets multiple oncogenes and has been shown to induce apoptosis and
cell cycle arrest in various cancers (Trang et al., 2011). Conversely, oncogenic miRNAs (oncomiRs)
like miR-21 are upregulated in several malignancies and contribute to chemoresistance, proliferation,
and metastasis by suppressing tumor suppressor genes (Rhim et al., 2022). These insights have led to
the development of miRNA mimics and antagomiRs—chemically modified oligonucleotides that
restore or inhibit specific miRNA functions, respectively.

However, broad target reach poses translational challenges. A single miRNA can affect
hundreds of genes, raising concerns about off-target effects and toxicity (van Rooij and Kauppinen,
2014). Also, miRNA expression is highly tissue- and context-specific, complicating delivery. Unlike
ASOs or siRNAs—where targeting is more predictable—miRNA therapies require precise validation
and controlled delivery. Despite these complexities, early clinical trials have offered cautious
optimism. MRX34, a liposomal miR-34a mimic, was the first miRNA-based therapy to enter clinical
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testing for solid tumors. Although it showed signs of tumor suppression, the trial was terminated
due to immune-related adverse events (Beg et al., 2017). More recently, anti-miR-132 therapy
demonstrated improvement in heart failure models by modulating pathological cardiac remodeling
(Foinquinos et al., 2020). Additionally, miRNA signatures are being actively explored as diagnostic
and prognostic biomarkers due to their stability in circulation and disease-specific expression
patterns. Despite limited approvals, miRNA therapeutics may excel in diseases driven by
dysregulated networks rather than single mutations. Progress in delivery systems and target
profiling will be key to their success.

RNA Editing Technologies

RNA editing is an emerging approach that allows precise, reversible modification of RNA
sequences, enabling therapeutic correction of mutations without altering DNA (Booth et al., 2023).
This offers a safer alternative to permanent genome editing tools like CRISPR.

The most studied method involves adenosine-to-inosine (A-to-I) editing, catalyzed by ADAR
enzymes. Inosine is interpreted as guanosine during translation, potentially restoring normal protein
function (Jimeno et al., 2021; Yang et al., 2021). Therapeutic strategies recruit endogenous ADAR
using engineered guide RNAs or antisense oligonucleotides, which bind target RNA to create double-
stranded structures recognized by ADAR, enabling site-specific editing (Sun et al., 2025).

Key developments include Wave Life Sciences using RNA editing to restore alpha-1 antitrypsin
(AAT) production in patients with AAT deficiency (Philippidis, 2025), and development of Korro
Bio’s OPERA™ platform in collaboration with Novo Nordisk to target heart and metabolic diseases
using RNA editing (Grinstein, 2024). These platforms highlight growing momentum around RNA
editing as a scalable, tissue-specific therapeutic strategy.
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Figure 1. Mechanisms of Action of RNA-Based Therapies. This figure illustrates the distinct molecular
mechanisms of four RNA therapeutic modalities. (a.) Antisense oligonucleotides (ASOs) bind RNA transcripts
to modulate splicing, block translation, or induce RNase H-mediated degradation (b.) siRNAs are incorporated
into RISC, guiding mRNA cleavage and degradation. (c.) mRNA therapy delivers synthetic RNA into cells for
protein translation, enabling transient expression without genomic integration. (d.) miRNA therapy uses
endogenous or synthetic microRNAs that bind partially complementary mRNA targets to repress translation or

promote decay.

Alternative Approaches to RNA Targeting

Beyond editing, several non-coding RNA-targeting strategies have emerged, including
aptamers, RNA-binding small molecules, and riboswitches. Each leverages RNA structure and
function for selective modulation, expanding therapeutic possibilities.

Aptamers: These are short single-stranded DNA or RNA molecules that fold into unique 3D
structures, enabling high-affinity binding to proteins, small molecules, or RNAs. Selected via SELEX
(Systematic Evolution of Ligands by Exponential Enrichment), they offer antibody-like specificity
with advantages in size, synthesis, and immunogenicity (Zhou and Rossi, 2017).

A notable therapeutic example is Pegaptanib (Macugen), an RNA aptamer approved for age-
related macular degeneration (AMD), binds and inhibits VEGF165 to prevent retinal
neovascularization (Ng et al., 2006). Aptamers are also being explored as delivery vehicles. For
instance, aptamers targeting PSMA (prostate-specific membrane antigen) have been conjugated to
siRNAs, achieving tumor-specific delivery and gene silencing (McNamara et al., 2006).

RNA-targeting small molecules: These agents bind RNA structural motifs (bulges, loops, G-
quadruplexes) to modulate stability, splicing, or translation. Historically challenging due to RNA's
dynamic structure, recent advances in high-throughput screening and structural modeling are
accelerating discovery (Childs-Disney et al., 2022).

One promising case is Risdiplam (Evrysdi), a small molecule approved for the treatment of
spinal muscular atrophy (SMA). Risdiplam modulates alternative splicing of the SMN2 pre-mRNA,
promoting the production of functional SMN protein—a strategy that circumvents the need for direct
gene replacement or RNAi (Ratni et al.,, 2018). Risdiplam has shown both clinical efficacy and oral
bioavailability, underscoring the therapeutic potential of RNA-targeting small molecules. Similarly,
the small molecule branaplam, also developed for SMA, demonstrated potent RNA splicing
modulation, although its development was paused due to concerns around long-term toxicity
(Novartis, 2022.).

Riboswitches: Naturally occurring in bacterial mRNAs, riboswitches regulate gene expression
by binding small ligands that trigger conformational changes, affecting transcription, translation, or
RNA stability (Breaker, 2012). Inspired by this natural mechanism, synthetic biologists have
engineered synthetic riboswitches or aptazymes that respond to small molecules like theophylline or
tetracycline to control gene expression in eukaryotic cells (Bowlby, 2023). In a study, a theophylline-
responsive riboswitch was engineered into mammalian cells to conditionally regulate transgene
expression, demonstrating a potential tool for gene therapy where spatial or temporal control is
required (Win and Smolke, 2007). Although no riboswitch-based therapeutics are currently
approved, their inherent ligand-responsiveness and modularity make them attractive candidates for
programmable and self-regulating RNA devices in synthetic biology and future therapeutic
applications.

Table 1 summarizes the key properties, mechanisms, and clinical relevance of major RNA
therapeutic classes discussed above. Together, all these strategies illustrate the expanding toolkit for
targeting RNA with methods including traditional base-pairing and beyond. By exploiting structural
features and conformational plasticity, they pave the way for novel modes of action in RNA-based
therapeutics. While each modality operates through a unique mechanism, they share a common goal:
to precisely modulate gene expression and restore normal biological function.
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Table 1. Comparison of major RNA therapeutic modalities, including their size, intracellular targets, mechanisms of action, stability profiles, and representative approved drugs.

Type Size Target Mechanism of Action Stability Approved Drugs References
(nt)
mRNA >1,000 Cytoplasm Protein translation Low to Comirnaty (Pfizer-BioNTech, = (Lamb, 2021a)
moderate Spikevax (Moderna) (Baden et al., 2021)
siRNA ~21-23 mRNA mRNA cleavage and degradation Moderate Onpattro (patisiran), (Adams et al., 2018)
Leqvio (Lamb, 2021b)
ASO ~15-25 pre-mRNA/mRNA Splicing modulation or translation ~ High Spinraza (nusinersen), Tegsedi (Finkel et al., 2017)
inhibition (Benson et al., 2018)
miRNA mimic ~22 mRNA Translational repression or silencing Low to moderate Experimental (no major (Rupaimoole and Slack, 2017)
approvals yet)
CRISPR/Cas9  sgRNA +Cas9 DNA (genome) Site-specific gene editing (DSB + Variable In clinical trials
repair)

(Frangoul et al., 2021)
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Clinical Applications and Recent Advances in RNA Therapeutics

RNA therapeutics are reshaping treatment across diverse diseases, offering precision strategies
for conditions previously deemed untreatable. This section highlights key clinical advances and the
expanding impact of RNA technologies.

Cardiovascular Diseases

As the leading global cause of mortality, cardiovascular disease is a key target for RNA
therapeutics. siRNAs and ASOs are being used to modulate lipid metabolism and reduce
cardiovascular risk at the genetic level (Liao et al., 2024.; Katzmann et al., 2020). Inclisiran, an siRNA
targeting PCSK9, lowers LDL cholesterol with twice-yearly dosing, improving adherence over daily
statins and has already been approved for use (Luo et al., 2023). Lepodisiran and Zerlasiran
significantly reduce lipoprotein(a) [Lp(a)], a key risk factor. Effects persist for months post-injection
(Nissen et al., 2023, 2024). These therapies signal a paradigm shift—moving beyond symptom
management toward durable, gene-targeted interventions.

Genetic Disorders

RNA therapeutics are transforming treatment for rare genetic diseases by directly targeting
pathogenic mutations. Platforms include ASOs, siRNAs, and emerging RNA editing technologies.
Vutrisiran (Amvuttra), an FDA-approved siRNA for hereditary transthyretin amyloidosis (hATTR),
silences mutant TTR expression, slowing disease progression (Planté-Bordeneuve and and Perrain,
2024). Eplontersen, an ASO in late-stage trials for the same condition, offers a complementary
approach (Coelho et al., 2023). Nedosiran (Rivfloza), approved for primary hyperoxaluria, inhibits a
key enzyme in oxalate overproduction, offering a novel therapeutic route (Goldfarb et al., 2023).

Emerging RNA editing technologies are also gaining momentum. Wave Life Sciences” ADAR
platform shows promise for alpha-1 antitrypsin deficiency, enabling reversible, transcript-level
correction without altering DNA (Erion et al., 2025). These advances demonstrate the clinical reach
and flexibility of RNA-based interventions in monogenic disorders.

Oncology: RNA-Based Cancer Therapies

RNA therapeutics are reshaping cancer treatment through mRNA vaccines, RNA interference,
and antisense strategies. Among the most promising are individualized neoantigen vaccines, which
use patient-specific tumor mutations to train the immune system to recognize and attack cancer cells
(Weber et al., 2024).

Beyond vaccines, RNAi therapies silence oncogenic drivers, suppressing tumor growth (Sousa
and Videira, 2025), ASOs correct aberrant splicing and restore normal gene expression (Leclair et al.,
2025). Biotech leaders such as Alnylam and Moderna are advancing RNA-based cancer therapeutics,
with early-phase trials showing encouraging efficacy and safety.

Neurological Disorders

Treating neurological diseases is challenging due to the complexity of the brain and the blood-
brain barrier (BBB). Yet, ASOs have shown progress in neurodegenerative conditions, offering
targeted silencing of disease-causing genes. For instance, Tofersen, an ASO for ALS with SOD1
mutations, slows neurodegeneration and improves function (Miller et al., 2022). ASOs have also
shown efficacy in Huntington’s disease and spinocerebellar ataxia, reducing toxic protein production
(McLoughlin et al., 2018; Southwell et al., 2018). Advancements in intrathecal delivery have improved
CNS targeting Looking ahead, exosome-based RNA carriers could enable non-invasive, brain-
specific delivery, expanding therapeutic reach.
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Infectious Diseases

The most high-profile success of RNA therapeutics is the rapid development of mRNA vaccines
for COVID-19. Vaccines from Pfizer-BioNTech and Moderna demonstrated the platform’s speed,
safety, and immune efficacy (Tenforde et al., 2021). These vaccines not only highlighted the speed
and flexibility of mRNA technology but also demonstrated its capacity to elicit strong, durable
immune responses. Building on this success, companies like Moderna and BioNTech are now
leveraging mRNA platforms to develop vaccines for other infectious threats, including influenza,
HIV, and respiratory syncytial virus (RSV) (Matarazzo and Bettencourt, 2023). Next-generation
approaches feature self-amplifying RNA (saRNA), which enhances vaccine potency while lowering
the required dosage (Silva-Pilipich et al., 2024). In parallel, inhalable mRNA formulations are
emerging as game-changers for respiratory infections. Notably, ARCT-032—an inhalable mRNA
therapy for cystic fibrosis—is in clinical trials and could mark a significant breakthrough in treating
chronic pulmonary diseases (Geller et al., 2024). These developments show the adaptability of mRNA
for both preventive and therapeutic infectious disease applications.

Expanding the Scope of RNA Therapeutics

Beyond their proven efficacy in genetic, oncological, neurological, and infectious diseases, RNA
therapeutics are now being explored in a growing range of clinical areas. In autoimmune conditions
such as inflammatory bowel disease (IBD) (Guo et al., 2016) and rheumatoid arthritis (Rai et al., 2019),
RNA-based therapies may offer more targeted immunomodulation compared to traditional
biologics, minimizing systemic side effects. In regenerative medicine, mRNA is being investigated
for its ability to stimulate tissue repair and wound healing (Antony et al., 2023), Studies show that
mRNA encoding growth factors may accelerate bone and cartilage regeneration (Tejedor et al., 2024),
opening up new possibilities for orthopedic and trauma-related treatments.

These novel applications highlight RNA’s versatility across medical domains, extending its
reach far beyond rare diseases or vaccines. However, delivery remains the primary bottleneck to
broader adoption—particularly for targeting non-liver tissues, crossing barriers, and avoiding
immune responses.

Challenges in RNA Delivery

Despite their potential, RNA therapeutics face significant delivery barriers that impact clinical
success. Key challenges include:

RNA stability and degradation: RNA molecules—especially mRNA and siRNA —are highly
unstable in physiological conditions due to rapid nuclease degradation. Naked RNA has a short half-

life in circulation. Chemical modifications (e.g., 2-O-methylation, phosphorothioate linkages)
improve stability, but further innovations are needed to ensure sustained delivery and therapeutic
efficacy (Fabrega et al., 2022).

Immune activation and off-target effects: Unmodified RNA can trigger innate immune
responses through Toll-like receptors (TLRs)—particularly TLR3, TLR7, and TLR8—leading to
cytokine storms and toxicity (Kariko et al., 2005). Modified nucleotides, such as pseudouridine, have

reduced this risk, as seen in COVID-19 vaccines.
Crossing biological barriers: Some RNA therapies, especially those targeting the brain, eyes, and

muscles, require delivery across highly selective barriers: a) The Blood-Brain Barrier (BBB) prevents
most molecules, including RNA, from entering the central nervous system (CNS). This limits the
effectiveness of RNA-based treatments for neurodegenerative diseases like Huntington’s and ALS.
b) The Blood-Retinal Barrier (BRB) hinders RN A-based interventions for ocular diseases. ¢) Muscle
Tissue Barriers of skeletal and cardiac muscles pose unique challenges due to their extracellular
matrix and limited RNA uptake. Emerging solutions include exosomes and focused ultrasound,
offering non-invasive penetration of these barriers (Ravichandiran et al., 2024).
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Endosomal escape: After endocytosis, many RNA payloads become trapped in endosomes and

degraded. This step is a major bottleneck. Current approaches to improve escape include the use of
pH-sensitive lipids, membrane-disruptive peptides, and responsive polymeric carriers (Chatterjee et
al., 2024).

Scalability and manufacturing constraints: RNA drug production requires stringent processes

and cold-chain logistics, raising costs and limiting access. Current research is exploring the
development of thermostable formulations, room-temperature-stable delivery platforms, and self-
amplifying RNA (saRNA) systems to address these limitations (Whitley et al., 2022).

Despite these formidable challenges, the field of RNA therapeutics is advancing at an
unprecedented pace. Researchers and industry leaders are actively working on innovative delivery
strategies to overcome these limitations. With continued breakthroughs in formulation science and
molecular engineering, the future of RNA delivery looks increasingly promising.

Prospects and Innovations in RNA Delivery

As RNA therapeutics advance, delivery strategies are evolving from basic protection and uptake
toward precision targeting, efficiency, and tissue selectivity.

Advanced Lipid Nanoparticles (LNPs): LNPs have become the clinical standard for RNA
delivery, proven during the COVID-19 vaccine rollout. Composed of ionizable lipids, they remain

neutral at physiological pH but become positively charged in endosomes, enhancing endosomal
escape and cytoplasmic release. Recent findings emphasize the importance of rational lipid design—
fine-tuning chemical structure for both safety and transfection efficiency (Xu et al., 2025).This
underscores the importance of rational lipid design—tailoring chemical structures to maximize both
safety and transfection efficiency.

However, conventional LNPs show preferential liver accumulation, limiting non-hepatic
applications. To address this constraint, researchers are now engineering organ-specific LNPs,
particularly for challenging targets like the central nervous system (CNS). Crossing the blood-brain
barrier (BBB) has been a long-standing obstacle for RNA delivery, but novel strategies are emerging.
For example developed peptide-functionalized LNPs capable of selectively targeting neurons and
endothelial cells while bypassing hepatic uptake—dramatically enhancing brain-specific mRNA
delivery (Han et al., 2025). Similarly, Bian et al. (2025) introduced a berberine-derived ionizable lipid
that facilitates BBB penetration via self-assembly and m—m interactions, achieving efficient RNA
transfection in neural tissues in vivo (Bian et al., 2025). These innovations move LNPs beyond the
liver, enabling spatial control and broader disease targeting.

Peptide-based carriers: Cell-penetrating peptides (CPPs) and tumor-homing peptides (THPs)

offer targeted, non-viral RNA delivery with lower immunogenicity. CPPs cross membranes and even
the blood-brain barrier, making them promising for neurodegenerative diseases (Pirhaghi et al.,
2024). In these contexts, CPP-mediated RNA delivery has been shown to mitigate pathogenic protein
expression and improve neuronal outcomes in preclinical models. THPs bind overexpressed markers
in tumors, enabling precise RNA or drug delivery (Bottens and Yamada, 2022). The iRGD peptide,
which binds integrins, is cleaved to expose a C-end Rule (CendR) motif, enhancing deep tissue
penetration and co-delivery(Milewska et al., 2024).

Challenges include serum stability, protease degradation, and receptor heterogeneity, but
advances like peptide cyclization and multifunctional conjugation are addressing these issues.

Extracellular vesicles (EVs) and exosomes for RNA transport: Exosomes—a subtype of

extracellular vesicles—have gained attention as natural RNA carriers, offering biocompatibility, low
immunogenicity, and the ability to cross biological barriers, including the blood-brain barrier (BBB).
Derived from endosomal pathways, exosomes carry RNAs, proteins, and lipids between cells,
mimicking natural intercellular communication. Their endogenous origin facilitates efficient uptake
and tolerogenic responses. In oncology, engineered exosomes have been successfully loaded with
therapeutic RNAs (e.g., siRNAs or miRNAs) to selectively target tumor cells, reducing systemic
toxicity and enhancing therapeutic efficacy (Huyan et al.,, 2020). Similar applications are being
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explored in cardiovascular diseases, where exosomes derived from stem cells have demonstrated the
capacity to deliver pro-angiogenic RNAs, promoting vascular repair and cardiac regeneration (Neves
et al., 2023).

In the neurological domain, exosomes offer a rare advantage shared by few platforms: the
natural ability to cross the BBB. This has fueled research into exosome-mediated RNA delivery for
neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases, where conventional
delivery vectors often fall short (Singh et al., 2024). Despite these advantages, the field faces
substantial challenges like scalable production, standardized purification protocols, and efficient
RNA loading techniques remain significant bottlenecks. Tissue specificity and off-target effects are
still being actively addressed through advanced engineering approaches—such as surface
modification with targeting ligands, exosomal membrane fusion with viral-like envelopes, and
endogenous exosome tropism modulation.

RNA nanostructures and self-assembling carriers: RNA nanostructures, including RNA

origami, represent a next-gen delivery platform. These engineered 3D assemblies leverage RNA's
programmability and structural versatility for controlled release, targeted delivery, and immune
stealth. For instance, RNA origami nanovaccines have induced strong antitumor immunity in vivo
(Yip et al., 2024). RNA-based nanorobots can perform stimulus-responsive drug release, adapting to
environmental cues like pH or enzymatic activity (Vallina et al., 2024). These nanodevices can be
tailored to respond to environmental triggers such as pH, temperature, or specific enzymatic activity,
enabling dynamic interaction with complex biological environments.

A comparative summary of key strategies currently explored to achieve RNA delivery is
presented in Table 2. Despite these advancements, key translational barriers persist. RNA
nanostructures are inherently susceptible to nuclease degradation and often face challenges in
systemic stability, in vivo tracking, and large-scale production. Moreover, regulatory pathways for
such novel RNA-based constructs remain underdeveloped, posing hurdles for clinical adoption. Still,
advances in chemical modification, scaffold stabilization, and modular design are accelerating their
translational potential.

Table 2. Delivery systems used for RNA therapeutics, along with their mechanisms, advantages, limitations,

and examples.

Delivery System Mechanism/Target Advantages Limitations Example(s)

Lipid Nanoparticles (LNPs) Endosomal uptake, High efficiency, usedin Limited tissue targeting, Comirnaty, Onpattro
liver targeting vaccines immune activation

GalNAc Conjugates ASGPR-mediated Precise liver delivery, low Limited to liver Givosiran, Inclisiran

hepatocyte targeting immunogenicity

Polymeric Nanoparticles Endosomal escape  Tunable release, Lower efficiency, Experimental
biocompatibility potential toxicity
Exosomes Natural vesicle- Low immunogenicity,  Scalability issues, Preclinical studies
mediated delivery  endogenous cargo heterogeneity
Viral Vectors Direct genome Efficient expression, long- Insertional mutagenesis, Used in CRISPR
delivery term effects immune response trials

Overcoming the blood-brain barrier (BBB): The blood-brain barrier (BBB) remains a major

obstacle for delivering RNA therapeutics to the central nervous system (CNS). While it protects the
brain from toxins, it also blocks most macromolecules, including RNA drugs.

To overcome this, researchers are developing non-invasive and receptor-mediated strategies.

a) Ligand-modified nanoparticles: Nanoparticles are functionalized with ligands (e.g.,
transferrin, antibodies) that exploit receptor-mediated transcytosis. These ligands bind to receptors
on BBB endothelial cells, allowing vesicular transport into the brain (Ulbrich et al., 2009). This
approach enables CNS delivery while minimizing systemic toxicity.
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b) Intranasal RNA delivery: Intranasal administration bypasses the BBB entirely via the olfactory
and trigeminal pathways, allowing direct CNS access without invasive procedures.

It has successfully delivered siRNAs and mRNAs in models of neurodegeneration and
inflammation (Hanson and Frey, 2008).

Figure 2 illustrates a comparative overview of RNA delivery routes, biological barriers, and
major delivery platforms used to achieve targeted therapeutic outcomes. While each approach has its
limitations—such as variability in nasal absorption or receptor saturation—ongoing optimization of
formulation chemistry and delivery routes is steadily improving their clinical viability.

Personalized RNA therapies using Al and machine learning: Artificial intelligence (AI) and

machine learning (ML) are accelerating the development of personalized RNA therapeutics, enabling
precise design based on individual genomic profiles Al platforms can predict optimal RNA
sequences, identify disease-specific targets, and tailor interventions to patient-specific mutations or
expression patterns. In oncology, Al helps uncover dysregulated gene networks, informing the
design of tumor-specific RNA drugs (Bhinder et al., 2021). For rare diseases—where data is limited —
ML models can detect hidden patterns to suggest viable RNA targets (Brasil et al, 2019).
Additionally, Al contributes to predictive modeling of treatment responses, enhancing the safety and
personalization of RNA therapeutics. These tools enhance both therapeutic specificity and
development speed.

Scaling up and cost-effective manufacturing: To ensure global accessibility, RNA manufacturing

must be scalable, cost-effective, and logistically feasible. Notable advancements include the creation
of room-temperature-stable RNA formulations, which reduce the need for cold-chain logistics,
thereby facilitating distribution in resource-limited settings. Additionally, continuous-flow RNA
synthesis technologies are being optimized to enable high-throughput, automated production
processes that significantly cut down manufacturing time and cost (Ouranidis et al., 2021), Another
transformative innovation is the development of self-amplifying RNA (saRNA) platforms, which
require lower doses while achieving prolonged therapeutic effects, enhancing both cost-efficiency
and clinical efficacy (Bloom et al., 2021). While RNA therapeutics represent a paradigm shift in
modern medicine, their widespread clinical adoption hinges on overcoming several delivery and
stability-related barriers. Breakthroughs in nanotechnology, peptide engineering, and the use of
extracellular vesicles are expanding the toolkit for efficient RNA delivery, improving tissue targeting,
and reducing immunogenicity. Moreover, Al-driven drug design continues to play a vital role in
optimizing therapeutic RNA sequences and predicting outcomes, streamlining the development
pipeline.

Route of N & t 8 0

Administration Intrathecal

l l (Spilna|) IntraIaS?aI IntraIasa
Delivery Lipid_ AAV Polymeric Eo Peptide
Vehicles Nanoparticles vectors nanoparticles carriers
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Figure 2. RNA Delivery Pathways, Barriers, and Target Tissues. This schematic illustrates the journey of RNA
therapeutics from administration to target tissues, highlighting diverse delivery strategies and key biological
barriers. Routes such as intravenous (IV), intramuscular (IM), intrathecal, and intranasal feed into platforms like
lipid nanoparticles (LNPs), adeno-associated virus (AAV) vectors, polymeric nanoparticles, exosomes, peptide
carriers, and aptamers. These systems must overcome nuclease degradation, immune detection via Toll-like
receptors (TLRs), endosomal entrapment, and the blood-brain barrier (BBB). Successful delivery enables RNA
targeting to organs such as the liver, muscle, brain, and tumors. Arrows denote efficiency and specificity; dashed

lines represent emerging or suboptimal pathways.

Conclusion and Outlook

RNA therapeutics are no longer confined to theoretical promise—they're becoming tangible
solutions, with siRNA, ASO, and mRNA platforms gaining regulatory approval. The ability to
modulate gene expression with such precision feels like a turning point in how we understand and
treat disease. Still, significant hurdles remain — particularly in ensuring delivery to non-liver tissues,
mitigating immune responses, and making these therapies globally accessible. The road ahead is as
challenging as it is inspiring.

Looking ahead, innovations in circular RNAs and self-amplifying RNAs offer improved
stability, durability, and translational efficiency, reducing dosing frequency—particularly for
vaccines and chronic diseases (Bloom et al., 2021; Liu et al., 2022). A key priority is optimizing
delivery systems. While lipid nanoparticles remain dominant, the need for biodegradable, tissue-
targeted, and non-immunogenic vectors is growing. Advances in polymer-based carriers, exosome-
mediated delivery, and peptide-functionalized vectors show potential for enhancing
pharmacokinetics and reducing off-target effects. For example, exosomes offer high stability,
biocompatibility, and intrinsic targeting capabilitie (Lu et al., 2023)

Computational tools, including AI and machine learning, are now streamlining RNA design,
structural modeling, and off-target prediction, accelerating preclinical development. These platforms
are also driving progress in RNA-small molecule interaction modeling, opening new possibilities for
RNA-targeted drug discovery (Zhou and Chen, 2024). Importantly, RNA-based drugs can access
“undruggable” targets such as non-coding RNAs, transcription factors, and regulatory elements—
expanding therapeutic options in oncology and rare genetic disorders where conventional drugs fall
short.

However, long-term success will depend on both scientific and structural progress. Global
accessibility requires scalable, cost-effective manufacturing, robust supply chains, and adaptive
regulatory frameworks. Initiatives like the Gates Foundation’s mRNA production investment in
Africa highlight the urgency of localized RNA manufacturing to address health equity and pandemic
preparedness (AP News, 2023). Regulatory pathways must also adapt to accommodate platform-
based drug designs and novel RNA constructs.

In conclusion, RNA therapeutics are redefining the treatment landscape, enabling precision
interventions at the genetic level. The next decade will be shaped by advances in RNA chemistry,
delivery technologies, and computational biology, driving these therapies from bench to bedside at
global scale.
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