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Abstract

Ocular diseases remain a major global health challenge with substantial unmet therapeutic
needs. Small nucleic acid therapeutics offer a precise strategy to regulate disease-related
mRNAs or noncoding RNAs through base pairing, thereby modulating protein expression
at the RNA level. Major modalities include antisense oligonucleotides, small interfering
RNAs, microRNA-based therapeutics, small activating RNAs, and nucleic acid aptamers,
which act through RNA degradation, RNA interference, splicing modulation, microRNA
regulation, transcriptional activation, or structure-dependent target binding. These prop-
erties make them attractive for ocular diseases involving genetic defects, pathological
angiogenesis, inflammation, fibrosis, or neurodegeneration. However, their clinical trans-
lation in ophthalmology remains limited by poor molecular stability, insufficient tissue
retention, immune activation, off-target effects, and inefficient delivery to target ocular
tissues. Rational oligonucleotide design, appropriate local administration routes, and
optimized delivery platforms are therefore essential for improving stability, tissue pen-
etration, cellular uptake, and therapeutic durability. This review summarizes the major
classes, mechanisms, chemical modification strategies, ocular delivery systems, and thera-
peutic applications of small nucleic acid drugs in ophthalmology. We also discuss lessons
from clinical successes and failures and propose future directions for safe, durable, and
individualized ocular therapy.

Keywords: small nucleic acid therapeutics; ocular diseases; drug delivery; gene therapy

1. Introduction
Visual impairment is a major and growing global health burden. According to the

World Health Organization (WHO) World Report on Vision, at least 2.2 billion people
worldwide live with a vision impairment, of whom at least 1 billion have a condition that
could have been prevented or has yet to be addressed [1]. Most cases are attributable to age-
related macular degeneration (AMD), diabetic retinopathy (DR), glaucoma, or inherited
retinal disorders such as Leber congenital amaurosis. Each of these diseases progresses
through a complex interplay of pathological angiogenesis, neurodegeneration, chronic
inflammation, and genetic lesions.
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Current treatments, including intravitreal anti-VEGF injections, laser photocoagula-
tion, and vitreoretinal surgery, slow disease progression but rarely address the underlying
pathology. Protein and antibody-based drugs have limited intraocular half-lives and there-
fore require repeated intravitreal injections, which increase the risk of procedure-related
complications such as endophthalmitis and add to the overall treatment burden [2–5]. Con-
ventional therapies also cannot correct genetic defects or meaningfully coordinate multiple
disease-relevant pathways. Moreover, ocular barriers, especially the blood–retinal barrier,
substantially limit drug penetration into posterior segment tissues and reduce therapeutic
access to target cells [6]. Small nucleic acid therapeutics offer an alternative route. They
belong to the third wave of biotherapeutics, following small molecules and monoclonal
antibodies. Rather than modulating proteins directly, they act at the RNA level through
RNA interference (RNAi), antisense-mediated silencing, or CRISPR-Cas9 editing. This
approach provides high target specificity, access to previously undruggable targets, durable
effects, and the capacity to engage multiple pathways simultaneously [7]. For refractory
and inherited eye diseases, these features make nucleic acid drugs particularly attractive.

The field has developed rapidly. In the 1970s, complementary oligonucleotides were
first shown to block viral replication, providing an early demonstration of antisense
technology [8]. Fomivirsen, the first approved ASO, reached the market in 1998 [9]. The
discovery of microRNAs and the elucidation of RNA interference machinery subsequently
enabled targeted gene silencing [10]. In 2018, Onpattro became the first siRNA therapeutic
delivered by a non-viral platform to receive regulatory approval [11]. Since then, advances
in molecular biology, bioinformatics, and nanotechnology have accelerated progress. By the
end of 2023, several small nucleic acid therapeutics, including ASOs, siRNAs, and aptamers,
had received regulatory approval from the FDA or EMA for rare genetic diseases, chronic
disorders, and selected ophthalmic indications [12]. These approvals support the clinical
feasibility of small nucleic acid therapeutics, but broader application in ophthalmology
still depends on effective ocular delivery. Small nucleic acids must be protected from
degradation, retained within target tissues, and delivered to the appropriate ocular cell
types. Lipid nanoparticles, polymeric nanocarriers, and extracellular vesicle-based systems
have therefore attracted increasing attention, as they may improve molecular protection,
tissue retention, and cellular uptake. These advances are accelerating clinical translation
and expanding the range of potential ophthalmic applications [13].

This review covers the classification, mechanisms, chemical modifications, and de-
livery strategies for small nucleic acid therapeutics, with an emphasis on recent clin-
ical progress, therapeutic applications, and the hurdles that continue to limit transla-
tion. Because several recent reviews have covered closely related territory—including the
RNA-based ocular therapeutic and delivery landscape [14], ocular RNA nanomedicine
platforms [15], the general small nucleic acid drug pipeline [16], and inherited retinal
disease-focused nucleic acid approaches [17]—we explicitly distinguish our contribution
along three axes. First, we provide a modality-level analysis of clinical successes and
failures, tiering each therapeutic by regulatory and developmental status rather than pre-
senting all agents at the same evidentiary level. Second, we dedicate full coverage to
chemical modification chemistry (backbone, base, and ribose modifications) and to small
activating RNAs, which are largely absent from prior ocular reviews. Third, we pair
posterior-segment indications with ocular surface disease (dry eye disease) and add a
comparative analysis of topical, intravitreal, subretinal, and suprachoroidal delivery routes,
which the overlapping reviews address only briefly. Our aim is to provide a practical
foundation for precision medicine in the eye.
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2. Types and Mechanisms of Action of Small Nucleic Acid Therapeutics
2.1. Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) are single-stranded nucleic acid sequences of
15–22 nucleotides that bind to specific target mRNA sequences through Watson–Crick
base pairing, thereby regulating protein expression (Figure 1). The principal mechanisms of
ASOs include: (1) induction of gene silencing, in which ASOs hybridize with target RNA to
form duplex structures that activate endogenous RNase H, promoting selective degradation
of the target mRNA; (2) inhibition of mRNA translation, achieved by binding to ribosome
recognition regions such as the 5′ untranslated region (5′-UTR), generating steric hindrance
that prevents ribosomal assembly; and (3) modulation of alternative splicing, in which
ASOs targeting exon-intron junctions in pre-mRNA obstruct splice-site recognition, leading
to exon skipping and altered gene expression patterns [18–20].

Figure 1. Mechanisms of action of small nucleic acid therapeutics. Created in BioRender. Zhang, H.
(2026) https://app.biorender.com/citation/6aa9f3ca5bc9626b52ae3a3e (accessed on 25 August 2026).

Fomivirsen, an intravitreally administered ASO for cytomegalovirus retinitis, was
the first approved ASO and remains historically important in ophthalmology [9]. With
continued advances in oligonucleotide engineering and delivery technologies, multiple
ASO-based therapeutics have since been developed for inherited retinal disorders, offering
diverse strategies for clinical intervention [12]. Nevertheless, the clinical translation of ASOs
remains substantially constrained by their susceptibility to nuclease-mediated degradation,
rapid renal clearance, and potential for eliciting undesirable immune responses. Extensive
efforts have therefore focused on developing chemical modification strategies and advanced
delivery systems to prolong ASO half-life, enhance target-binding affinity, and improve
overall therapeutic efficacy.

ASOs act via RNase H-mediated mRNA degradation, translational steric blockade,
or alternative splicing modulation. RNAi molecules include siRNA (RISC-driven mRNA
cleavage), miRNA (partial complementary binding to repress translation), and saRNA
(promoter-targeted gene activation). Nucleic acid aptamers use three-dimensional struc-
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tures to bind target proteins or ligands, enabling inhibition, agonism, or targeted delivery.
The above image was created in BioRender. Zhang, H. (2026) https://app.biorender.com/
citation/6aa9f3ca5bc9626b52ae3a3e (accessed on 25 August 2026).

2.2. RNA Interference

RNA interference (RNAi) is a post-transcriptional gene-silencing mechanism that
selectively degrades target mRNA through the introduction of double-stranded RNA
(dsRNA), thereby suppressing the expression of corresponding genes [21]. The principal
classes of RNAi-related molecules include small interfering RNA (siRNA), microRNA
(miRNA), and small activating RNA (saRNA) [22].

2.2.1. siRNA

Small interfering RNAs (siRNAs) are double-stranded RNA molecules approximately
20–25 base pairs in length that mediate sequence-specific gene silencing [23]. Upon cellular
entry, siRNAs associate with Argonaute (AGO) proteins to form the RNA-induced silencing
complex (RISC). Within the RISC, the siRNA duplex undergoes unwinding, during which
the passenger (sense) strand is degraded, while the guide (antisense) strand is retained
to activate the complex. The activated RISC subsequently directs the antisense strand to
specifically recognize complementary target mRNA, resulting in precise mRNA cleavage
and degradation, thereby inhibiting translation of the corresponding gene [24]. Owing
to its remarkable specificity and silencing efficiency, siRNA-mediated RNA interference
enables precise post-transcriptional regulation of gene expression and has emerged as a
promising therapeutic strategy for a wide range of diseases.

2.2.2. miRNA

Similarly to siRNA, miRNA functions through the regulation of gene expression via
partial complementary binding to target mRNAs. miRNAs are generally composed of
21–23 nucleotides and exert their regulatory effects at the post-transcriptional level [25]. The
transcription of miRNAs generates primary miRNAs characterized by hairpin structures,
which are subsequently cleaved by the Drosha enzyme to produce precursor miRNAs (pre-
miRNAs). In the cytoplasm, pre-miRNAs undergo further processing by Dicer, resulting in
the formation of mature miRNAs that are subsequently incorporated into the RNA-induced
silencing complex (RISC). The principal distinction between miRNA and siRNA lies in the
degree of complementarity with their target mRNAs. miRNAs typically recognize and
regulate multiple target mRNAs through partial complementary base pairing, whereas
siRNAs require near-perfect complementarity with target mRNAs to mediate efficient
cleavage and degradation [24,26].

The development of miRNA-based therapeutics primarily encompasses two major
categories: miRNA mimics and miRNA inhibitors [27]. miRNA mimics are synthetic
double-stranded RNA (dsRNA) molecules designed to emulate the function of endogenous
miRNAs, whereas miRNA inhibitors are single-stranded RNAs complementary to endoge-
nous miRNAs that enhance target gene expression through specific suppression of miRNA
activity. Compared with other small nucleic acid therapeutics, the development of miRNA-
based drugs has progressed relatively slowly. Nevertheless, their remarkable efficacy in the
treatment of cancer, heart failure, and diabetes highlights their considerable potential for
clinical application, as exemplified by MRG-106, which targets miR-155 to inhibit tumor
progression [28], and MRG-110, which targets miR-92 to promote angiogenesis [29]. Sev-
eral ocular miRNAs are biologically compelling. miR-204 has been linked to ocular surface
homeostasis and anti-inflammatory effects, including exosome-mediated dry eye therapy.
miR-205 can simultaneously regulate VEGFA and ANGPT2 and is therefore relevant to
pathological neovascularization, a principle consistent with the broader role of miRNA
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networks in regulating angiogenic signaling [30]. And miR-29 regulates extracellular ma-
trix remodeling. In future clinical development, miRNA therapeutics will require careful
disease context selection, robust safety profiling, and delivery systems that restrict activity
to intended ocular cell populations.

2.2.3. saRNA

Beyond the classical mechanism of gene silencing, the discovery of RNA activation
has provided a novel perspective on gene regulation. Small activating RNAs (saRNAs) are
a class of double-stranded RNA molecules that activate gene transcription by binding to
complementary sequences within the promoter regions of target genes. This interaction
facilitates the recruitment of AGO2 proteins and chromatin-modifying complexes, such as
histone acetyltransferases, thereby inducing local chromatin remodeling and promoting
the recruitment of RNA polymerase II [31,32]. Owing to this unique epigenetic regula-
tory mechanism, saRNAs offer distinct advantages in upregulating genes with low basal
expression. MTL-CEBPA, developed by MiNA Therapeutics, is an saRNA therapeutic
designed to target and enhance the expression of CCAAT/enhancer-binding protein alpha
(CEBPA). Results from a Phase I clinical trial (NCT05097911) demonstrated that MTL-
CEBPA exhibited a favorable safety profile in the treatment of hepatocellular carcinoma
and may enhance the therapeutic efficacy of tyrosine kinase inhibitors through modulation
of immunosuppressive pathways. In addition, several other saRNA-based therapeutic
candidates are currently undergoing preclinical development for the treatment of cancer,
metabolic disorders, and genetic diseases.

2.3. Nucleic Acid Aptamers

Nucleic acid aptamers are a class of functional nucleic acids, typically consisting of
15–60 nucleotides, that are identified through the Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) technique [33]. These molecules possess the ability to
specifically recognize and bind target molecules. Unlike other nucleic acid therapeutics,
the mechanism of action of aptamers primarily depends on the interaction between their
unique three-dimensional structures and target ligands, rather than on complementary
base pairing [34]. Nucleic acid aptamers can function as inhibitors by blocking disease-
associated targets, as agonists by activating target receptors, or as targeted molecular
carriers for delivering therapeutic agents to specific cells or tissues. Aptamers are capable
of interacting with a wide range of targets, including metal ions, small-molecule com-
pounds, peptides, proteins, cell-surface receptors, and viruses. They also exhibit several
advantageous properties, such as low immunogenicity and high stability, and can be
conjugated with various drugs and delivery vehicles to construct targeted drug delivery
systems for cancer therapy [35]. Furthermore, researchers have introduced chemical modi-
fications to nucleotide bases in order to confer greater structural diversity and enhanced
target-binding affinity to aptamers [36].

Unlike other nucleic acid therapeutics that rely on base pairing, aptamers function
through three-dimensional structure-mediated protein binding, offering extracellular action
and synthetic antibody-like properties. As shown in Table 1, this class has achieved notable
ocular success with pegaptanib and avacincaptad pegol, though it must compete with
highly potent antibodies in clinical practice.
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Table 1. Small nucleic acid therapeutic classes relevant to ophthalmology.

Class Primary Mechanism Main Advantages Key Limitations
Representative Ocular

Examples (Development
Status)

ASO

RNase H-mediated
RNA degradation or
steric blocking/splice

modulation

Single-stranded; can
target nuclear

pre-mRNA; strong
chemical stability

Dose-related toxicity,
immune activation,

sequence-dependent
off-targets effects

Fomivirsen (approved
1998, withdrawn);

Sepofarsen/QR-110 (Phase
II/III, primary endpoint

not met); ISTH0036 (Phase
II); Ultevursen/QR-421a

(Phase IIb)

siRNA RISC-mediated mRNA
cleavage

High potency and
durable silencing with
modern modifications

Requires efficient
cytoplasmic delivery

and endosomal escape;
limited durability in

early programs

Bevasiranib and Sirna-027
(discontinued); Tivanisiran

(Phase III completed);
OLX10212 (Phase I

completed); QPI-1007
(Phase II/III completed)

miRNA
mimic/inhibitor

Post-transcriptional
regulation of multiple

target genes

Network-level
regulation

angiogenesis,
inflammation, fibrosis,

and survival

Limited target-specific;
complex safety

evaluation

No approved ocular
miRNA mimic/inhibitor
therapies to date; ocular

applications remain
primarily at the preclinical

stage

Aptamer Structure-dependent
protein binding

Extracellular action;
antibody-like targeting

properties; synthetic
production

Competition with
highly effective

biologics; structural
stability requirements

Pegaptanib; avacincaptad
pegol; corneal-targeting

aptamers; RBM-007 (Phase
II completed)

saRNA
Promoter-targeted

transcriptional
activation

Activates endogenous
protective genes;

potential long-lasting
effects

Early developmental
stage; unresolved

delivery and chromatin
specificity issues

MTL-CEBPA (Phase I,
HCC); ocular applications

remain preclinical

3. Chemical Modifications and Delivery Platforms
Unmodified small nucleic acids exhibit short half-lives in circulation and are highly

susceptible to degradation by nucleases. Their anionic nature further hinders efficient
translocation across the cell membrane, thereby limiting intracellular delivery. In addition,
unmodified small nucleic acids may elicit undesirable immune responses in therapeutic
applications. Consequently, it is necessary to develop chemical modification strategies and
delivery systems for small nucleic acid therapeutics to enhance resistance to enzymatic
degradation, ensure sequence stability, and reduce immunogenicity [32].

3.1. Backbone and Sugar Modifications
3.1.1. Phosphate Group Modification

Phosphate backbone modification is one of the most fundamental chemical modifica-
tions. It typically involves replacing the non-bridging oxygen atoms within the phosphate
backbone with alternative functional groups, such as phosphorothioate (PS), methyl phos-
phonate, and boranophosphate analogs [37]. PS modification is the most widely employed
backbone modification strategy. By substituting oxygen atoms with sulfur atoms, it en-
hances the resistance of nucleic acids to nucleases, which in turn improves their stability
in the bloodstream. This modification also reduces renal clearance, ultimately extending
the systemic circulation time of the therapeutic agent in vivo [38]. However, although PS
modification improves stability, it may also induce inflammatory responses and hepato-
toxicity. For instance, Fomivirsen, a representative PS-modified drug [39], was withdrawn
from the market; although its PS chemistry was associated with inflammatory effects, the
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withdrawal was driven primarily by the sharp decline in the incidence of cytomegalovirus
retinitis following the introduction of effective antiretroviral therapy, which markedly
reduced clinical demand. This has prompted the exploration of alternative modification
strategies aimed at mitigating the adverse effects associated with PS chemistry [14]. No-
tably, combining phosphorothioate linkage with 2′ sugar modifications has enabled siRNAs
to achieve robust gene-silencing activity with prolonged functional duration in vivo [40].

3.1.2. Base Modification

Nucleobases are essential components of nucleic acids, and alterations to their struc-
ture can significantly affect stability, biological activity, and immunogenicity. By modifying
specific sites on nucleobases, the stability and binding affinity of nucleic acids can be sub-
stantially enhanced [41,42]. Common nucleobase modifications include 5-methylcytidine
(m5C), 5-fluorouracil (5-FU), N7-methylguanosine (m7G), pseudouridine, and 2′-deoxy-2′-
fluorouridine (2′-FU), among others [43,44]. Yoshida et al. demonstrated that nucleobase
modifications can markedly reduce the hepatotoxicity of ASOs. In addition, modifications
such as m5C and pseudouridine (Ψ) enable mRNA to evade immune system recogni-
tion. Therefore, chemical modifications at these specific positions can enhance the binding
affinity of nucleic acid therapeutics.

3.1.3. Ribose Modification

Ribose modification represents another widely adopted strategy for optimizing
oligonucleotide therapeutics through chemical modification at the 2′ position of the ribose
sugar. Representative modifications include 2′-fluoro (2′-F), 2′-O-methoxyethyl (2′-MOE),
and 2′-O-methyl (2′-OMe) [44–47]. These modifications improve nuclease resistance, pro-
long systemic circulation, and effectively reduce PS-related inflammatory responses, yield-
ing improved safety and biological activity. Additional modifications involve simultaneous
chemical alterations at the 2′ position and other ribose sites, including locked nucleic acids
(LNAs) and phosphorodiamidate morpholino oligomers (PMOs). LNAs enhance oligonu-
cleotide affinity for target sequences and increase nuclease resistance by introducing a
C3′-endo conformational constraint; however, their reliance on short-sequence design can
produce off-target effects and cytotoxicity. Alternative strategies have therefore been pro-
gressively adopted, including unlocked nucleic acids (UNAs), constrained ethyl-bridged
nucleic acids (cEt-BNA), tricyclo-DNA (tcDNA), and glycol nucleic acids (GNAs). PMOs
and peptide nucleic acids (PNAs) achieve backbone re-engineering independent of the
ribose scaffold, preserving base-pairing capability while markedly improving molecular
stability and target specificity. PMO-based ASOs have demonstrated clinical efficacy, most
notably eteplirsen for Duchenne muscular dystrophy, validating this backbone chemistry
in patients [48].

3.2. Delivery Systems for Oligonucleotide Therapeutics

Chemical modifications can improve the stability, target-binding affinity, and deliv-
ery properties of nucleic acid molecules. However, the inherent negative charge and
hydrophilicity of nucleic acid therapeutics result in poor cellular permeability, making it
difficult for them to cross biological membranes and exert their biological effects. Therefore,
the selection of appropriate delivery vectors and the development of efficient delivery
technologies are critical for nucleic acid-based therapies. In recent years, researchers have
employed lipid-based systems, polymeric carriers, inorganic nanomaterials, and exosomes
as delivery vehicles for nucleic acid therapeutics, thereby enhancing drug stability and
biocompatibility [49].
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3.2.1. Lipid Nanoparticles

Lipid nanoparticles (LNPs) are spherical, solid nanoparticles composed of four key
lipid components: ionizable cationic phospholipids, neutral helper phospholipids, choles-
terol, and polyethylene glycol (PEG)-modified phospholipids. Nucleic acid therapeutics
encapsulated within LNPs are protected from nuclease-mediated degradation and effi-
ciently delivered to target tissues. The lipophilic nature of LNPs facilitates fusion with
cellular membranes, promoting intracellular cargo delivery. LNPs also reduce recognition
by Toll-like receptors, thereby minimizing innate immune overactivation. Patisiran, an
siRNA therapeutic delivered via an LNP system, received approval in 2018, representing
the first clinical application of LNP technology and the first marketed non-viral gene deliv-
ery system [50]. More recently, siRNA-LNP systems targeting highly conserved regions of
the SARS-CoV-2 genome have achieved viral inhibition rates exceeding 90%, demonstrat-
ing strong antiviral potential as adjuncts to vaccination strategies [51]. In ophthalmology,
LNPs form stable interactions with corneal and conjunctival surfaces, enhancing ocular
drug absorption. LNP formulations have successfully delivered mRNA to retinal pigment
epithelial cells and Müller glial cells, significantly improving therapeutic outcomes while
enabling controlled drug release.

3.2.2. N-Acetylgalactosamine (GalNAc)

GalNAc-modified RNA systems represent an efficient, liver-targeted delivery tech-
nology that has become one of the most widely used nucleic acid delivery platforms [52].
GalNAc serves as a high-affinity ligand for the asialoglycoprotein receptor (ASGPR), which
is highly and selectively expressed on hepatocyte surfaces. ASGPR-mediated, clathrin-
dependent endocytosis efficiently transports GalNAc conjugates from the cell surface into
the cytoplasm. Following subcutaneous administration, GalNAc-conjugated therapeutics
rapidly accumulate in the liver, are internalized by hepatocytes through ASGPR-mediated
uptake, and are gradually released from endosomes, enabling sustained gene-silencing
effects [53,54]. This platform has achieved substantial clinical success in treating liver dis-
eases, with representative agents including Alnylam’s Givlaari (acute hepatic porphyria),
inclisiran (hypercholesterolemia), and lumasiran (primary hyperoxaluria) [55]. Researchers
have also developed GalNAc analogs, such as chemically modified mannose conjugates,
to enable siRNA delivery to macrophages and dendritic cells via CD206 binding, opening
new avenues for extrahepatic applications of GalNAc-based delivery [56]. Because ASGPR
expression is essentially confined to hepatocytes, unmodified GalNAc conjugates have little
relevance for ocular tissues; ocular applications of sugar-based targeting therefore depend
on alternative receptors or on local intraocular administration, where ligand-mediated
uptake is not required.

3.2.3. Polymeric Nanocarriers

Polymeric nanoparticles are fabricated from natural polymers such as dextran, chi-
tosan, and cyclodextrin, or from synthetic polymers, enabling nanomaterials with di-
verse compositions and architectures [57]. Common forms include nanocapsules and
nanospheres, further categorized into polymers, polymeric assemblies, and dendrimers.
Polymeric nanoparticles offer straightforward synthesis, structural diversity, scalable pro-
duction, high transfection efficiency, low immunogenicity, and good biocompatibility,
making them among the most promising nanocarriers for nucleic acid delivery. PEGy-
lated lipid–protein–hyaluronic acid nanoparticles (PEG-LPH-NP-S) have been shown to
effectively reduce CNV in a mouse model [58]. In addition, octopus-like multivalent
cell-penetrating peptides modified with polyethylene glycol have demonstrated efficient
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delivery of therapeutic siRNA, highlighting strong potential for non-invasive intraocular
gene delivery [59].

3.2.4. Inorganic Nanocarriers

Inorganic nanomaterials, including gold nanoparticles (AuNPs), silicon dioxide
nanoparticles (SiO2 NPs), and iron oxide nanoparticles (Fe3O4 NPs), have attracted exten-
sive attention as carriers for nucleic acid delivery and bioimaging [60]. These nanoparticles
can be engineered with precise control over size, structure, and geometry. Gold and iron ox-
ide nanoparticles are generally considered relatively non-toxic. Hybrid inorganic–organic
nanocarriers have demonstrated strong potential for targeted delivery and multifunc-
tional applications [61]. Stimulus-responsive silica nanoparticles have been developed
to efficiently deliver plasmid DNA, mRNA, and CRISPR-Cas9 gene-editing components
into retinal pigment epithelial (RPE) cells and hepatocytes in mice, enabling effective
genome modification [62,63]. For retinoblastoma treatment, polyethyleneimine-modified
gold nanoparticles conjugated with epithelial cell adhesion molecule (EpCAM) antibod-
ies achieve active EpCAM-mediated targeting, delivering siRNA into tumor cells and
significantly inhibiting tumor proliferation [64]. These hybrid nanocarriers, by virtue of
their unique electrical, magnetic, and optical properties, further expand the scope of RNA
delivery applications.

3.2.5. Exosomes

Exosomes are nanoscale vesicles (approximately 30–150 nm in diameter) actively
secreted by cells into the extracellular space [65–67]. They carry a rich repertoire of bioac-
tive molecules, including proteins, nucleic acids (mRNA, miRNA, lncRNA), lipids, and
metabolites, which are delivered to target cells via paracrine signaling or the circulatory
system, thereby regulating physiological and pathological processes in recipient cells. As
natural nanocarriers, exosomes have emerged as a promising platform for nucleic acid
drug delivery, capable of encapsulating small molecules, nucleic acid drugs, recombinant
proteins, and CRISPR/Cas9 systems [68–70]. Exosomal membranes express specific lig-
ands and adhesion molecules that mediate interactions with recipient cell membranes or
facilitate cellular uptake, enabling intracellular release of therapeutic payloads. Compared
with liposomes and other polymer-based nanocarriers, exosomes contain transmembrane
and membrane-anchored proteins that enhance endocytosis and promote more efficient
drug delivery [71]. Tumor-derived exosomes express CD47 on their surface, which binds to
signal regulatory protein alpha (SIRPα) on macrophages, enabling immune evasion and
improving stability in the biological milieu [72]. Exosomes from different cellular sources
exhibit distinct functional properties: HEK293-derived exosomes are immunologically inert;
cancer cell-derived exosomes overexpressing Rab27a and Rab27b inherit functional char-
acteristics of their parental cells; and exosomes secreted by monocytes and macrophages
possess the ability to evade phagocytic clearance [73].

Numerous studies have explored exosome-mediated nucleic acid delivery. Exosomes
can effectively deliver ASOs, siRNAs, and miRNAs with promising anti-tumor efficacy.
One group developed a mesenchymal stem cell-derived exosome-based eye drop (MSC-
exo) loaded with miR-204, providing a safe, non-invasive therapeutic strategy for dry
eye disease [74]. In another study, a DNA zipper-mediated membrane fusion approach
was used to construct hybrid exosome vectors (HEVs), in which liposomes encapsulating
anti-NFKBIZ siRNA were fused with corneal epithelial cell-derived exosomes to gener-
ate HEVs for dry eye treatment. Owing to the homing properties inherited from their
parent exosomes, siRNA-loaded HEVs specifically target corneal tissues and efficiently
deliver their cargo, reshaping the ocular surface inflammatory microenvironment toward a
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physiological state [75]. With the rapid development of CRISPR gene-editing technologies,
exosomes have also been used to deliver CRISPR/Cas9 systems for therapeutic genome
editing. Dozens of companies worldwide have now developed exosome-based therapeutic
platforms. Exosomes hold broad prospects as both diagnostic tools and nucleic acid deliv-
ery vehicles; however, compared with LNPs, exosome-based products still face unresolved
challenges in scalable GMP manufacturing, batch-to-batch reproducibility, and defined
formulation control, which currently place them at an earlier translational stage than LNP
platforms (Figure 2).

Figure 2. Chemical modifications and delivery systems for small nucleic acid therapeutics.

Upper panel: Backbone modifications, base modifications, and ribose modifications
(e.g., 2′-F, 2′-MOE, 2′-OMe, LNA, PMO, PNA). Lower panel: Delivery systems includ-
ing lipid nanoparticles (LNPs), GalNAc conjugates, polymeric nanocarriers, inorganic
nanocarriers, and exosomes. The above image was created in BioRender. Zhang, H. (2026)
https://app.biorender.com/citation/6a8c263e00a9828936fc1df8 (accessed on 25 August 2026).

3.2.6. Delivery Routes for Ocular Nucleic Acid Therapeutics

Beyond the choice of carrier, the route of administration determines which ocular
tissues can be reached and which modalities are feasible. Topical instillation is non-invasive,
but the tear film, corneal epithelium, and conjunctival clearance restrict access to the
ocular surface and anterior segment, and only a small fraction of an instilled dose reaches
intraocular tissues; it is therefore suitable mainly for surface disease, as exemplified by
tivanisiran. Intravitreal injection delivers high vitreous concentrations to the inner retina
and RPE, making it the standard route for ASOs, siRNAs, and aptamers in retinal disease,
at the cost of repeated invasive procedures and their risks. Subretinal injection provides
direct access to photoreceptors and RPE and is the route of choice for gene-replacement
vectors in IRD, but it requires vitrectomy and treats a limited retinal area. Suprachoroidal
injection, typically via microneedle, targets the choroid and outer retina with minimal
surgical trauma, and has recently re-emerged as a promising route for nucleic acid and
gene therapies, although clinical experience remains limited. Table 2 summarizes these
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routes in terms of accessible tissues, suitable modalities, durability, invasiveness, and key
safety considerations.

Table 2. Comparison of ocular delivery routes for nucleic acid therapeutics.

Delivery Route Accessible
Tissues/Cells

Suitable
Modalities Durability Invasiveness Key Safety

Concerns

Topical

Cornea,
conjunctiva, tear

film; limited
anterior segment

siRNAs, ASOs,
modified

oligonucleotides

Hours; rapid
clearance Non-invasive

Surface toxicity;
poor posterior

delivery

Intravitreal Vitreous, inner
retina, partial RPE

ASOs, siRNAs,
aptamers,

sustained-release
systems

Weeks; repeated
dosing often

needed
Minimally invasive

Endophthalmitis,
retinal injury, IOP

elevation

Subretinal Photoreceptors,
RPE

AAV therapy,
nucleic acids for

IRDs

Months–years
(mainly gene

therapy)
Surgical

Retinal
detachment,

limited coverage

Suprachoroidal Choroid, outer
retina, RPE

Nucleic acids,
small molecules,

viral vectors

Intermediate;
formulation-
dependent

Minimally invasive
Choroidal effu-

sion/hemorrhage;
limited experience

4. Therapeutic Applications in Ocular Diseases
4.1. Age-Related Macular Degeneration

AMD is a leading cause of irreversible vision loss in the elderly, classified into dry
AMD (dAMD) and wet AMD (wAMD). Dry AMD, the more common form, is characterized
in its early and intermediate stages by drusen accumulation, RPE abnormalities, and Bruch’s
membrane thickening. Advanced stages involve focal RPE degeneration and photoreceptor
loss, a condition termed geographic atrophy (GA). Some cases progress further to choroidal
neovascularization (CNV), culminating in irreversible vision impairment. Therapeutic
options for dry AMD remain limited [76]. Recently, Iveric Bio (acquired by Astellas Pharma
in 2023) developed an intravitreally administered RNA aptamer targeting complement
component C5, addressing one of the key pathogenic mechanisms of dAMD involving the
complement system. Avacincaptad pegol (ACP), a C5-targeting aptamer, received U.S. FDA
approval in 2023 for the treatment of geographic atrophy secondary to AMD [77]. The key
innovation of ACP lies in its RNA aptamer structure, which enables high-affinity, highly
specific C5 binding, blocking cleavage into C5a and C5b-9 and thereby inhibiting terminal
complement pathway overactivation [78]. As the first approved RNA aptamer therapy
for dAMD-associated GA, ACP represents a significant therapeutic advance [79]. Future
efforts should focus on non-invasive delivery routes and long-acting delivery systems to
provide safer, more durable treatment.

Wet AMD is characterized primarily by CNV formation, largely driven by excessive
activation of VEGF and related signaling pathways. Therapeutics targeting VEGF have
therefore become the mainstay of wAMD treatment. Oligonucleotide therapeutics, by
virtue of their ability to precisely regulate gene expression, have shown unique potential
in this space. Bevasiranib and Sirna-027 are siRNA therapeutics targeting VEGF-A and
VEGFR1, respectively. Both showed signs of biological activity in early-phase testing [80],
but neither translated into durable clinical benefit: bevasiranib’s Phase III program was ter-
minated for futility, and the Phase II study of Sirna-027 (AGN-745) failed to meet its primary
endpoint [81]. These outcomes are generally attributed to inadequate intracellular delivery,
rapid intravitreal clearance, and pharmacodynamic durability too short to compete with
anti-VEGF biologics. To overcome these limitations, OliX Pharmaceuticals developed a
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novel RNAi-based gene silencing platform known as asymmetric siRNA (asiRNA) [82].
OLX10212, a cell-penetrating asiRNA targeting MyD88, a central adaptor protein upstream
of inflammasome-driven angiogenesis, inhibits neovascularization (NCT05643118). Com-
pared with conventional siRNA, asiRNA not only provides comparable gene-silencing
efficiency but also significantly reduces siRNA-associated adverse effects such as off-target
gene silencing and immune stimulation. Phase I testing (NCT05643118) demonstrated
favorable safety and preliminary improvements in best-corrected visual acuity (BCVA),
and a Phase IIa study in geographic atrophy is in preparation. Historically, pegaptanib
(Macugen), a VEGF165-targeting RNA aptamer, was the first ocular aptamer approved
(2004) for neovascular AMD. Although later displaced by pan-VEGF biologics, it remains a
landmark proof of concept for RNA-based therapies in the retina (Table 3). Beyond VEGF-
targeted therapies, the RNA aptamer RBM-007 targets fibroblast growth factor 2 (FGF2) and
exhibits dual anti-angiogenic and anti-fibrotic activity; its Phase II trials (TOFU/SUSHI)
have been completed with published results [83]; no Phase III program has been initiated
to date. ASOs targeting transforming growth factor-β2 (TGF-β2) have also been developed
to inhibit both neovascularization and retinal fibrosis [84]. Collectively, these agents hold
promise as adjunctive or alternative therapies to anti-VEGF treatment in neovascular AMD.

Table 3. Selected clinical or translational small nucleic acid therapeutics in ophthalmology.

Agent Class Target Indication Administration Clinical Status
Outcome and
Translational
Significance

Fomivirsen ASO CMV IE2 mRNA CMV retinitis Intravitreal Approved 1998;
withdrawn

First approved ASO;
withdrawal mainly due

to reduced CMV
retinitis incidence after
antiretroviral therapy

Pegaptanib Aptamer VEGF165 nAMD Intravitreal Approved 2004;
discontinued

Reduced vision loss;
later displaced by

broader anti-VEGF
biologics

Avacincaptad
pegol/Izervay Aptamer Complement C5 Geographic

atrophy AMD Intravitreal Approved 2023

Slowed GA lesion
growth; developed by
Iveric Bio (acquired by

Astellas Pharma in
2023)

Bevasiranib siRNA VEGF-A nAMD Intravitreal Phase III
terminated

Failed due to
insufficient efficacy

compared with
established anti-VEGF

therapy

Sirna-027
(AGN-745) siRNA VEGFR1 CNV Intravitreal Phase II

terminated

Failed primary
endpoint; highlighted

durability and delivery
challenges

OLX10212 Cp-asiRNA MyD88 nAMD/GA Intravitreal Phase I
completed

Safety established;
designed to improve
uptake and reduce

off-target effects

ISTH0036 LNA-ASO TGF-beta2
Glaucoma

surgery/DME/
AMD

Intravitreal/
subconjunctival Phase II ongoing

FDA orphan
designation; clinical

development ongoing;
not an approved

therapy

SYL040012
(bamosiran) siRNA ADRB2 Glaucoma Topical Phase I/II

IOP reduction observed;
no late-phase

development reported
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Table 3. Cont.

Agent Class Target Indication Administration Clinical Status
Outcome and
Translational
Significance

QPI-1007
(cosdosiran) siRNA Caspase-2 NAION/

glaucoma Intravitreal Phase II/III
completed

Primary endpoint not
achieved; subgroup

signals observed

Sepofarsen
(QR-110) ASO CEP290

p.Cys998X LCA10 Intravitreal Phase II/III
completed

Primary endpoint not
met; early retinal

sensitivity
improvement;

continued development

ultevursen
(QR-421a) ASO USH2A exon 13 RP/Usher

syndrome Intravitreal
Phase II/III
terminated;

Phase IIb ongoing

Early retinal sensitivity
improvement;

development resumed
under Sepul Bio

Tivanisiran
(SYL1001) siRNA TRPV1 Dry eye disease Topical Phase III

completed

Overall endpoint not
met; subgroup signals

observed with favorable
safety

RBM-007 Aptamer FGF2 nAMD Intravitreal Phase II
completed

Anti-angiogenic/anti-
fibrotic proof of concept;

no Phase III initiated

ICO-007 ASO RAF1 dme Intravitreal Phase I
completed

Favorable safety profile;
no late-phase
development

4.2. Glaucoma

Glaucoma is characterized by irreversible optic nerve damage and visual field loss
resulting from pathological elevation of intraocular pressure (IOP). Current clinical man-
agement focuses on IOP reduction through pharmacological interventions and surgical
procedures such as trabeculectomy. However, the long-term success of filtering surgery
is limited by postoperative excessive fibrotic proliferation, which can lead to drainage
pathway closure and suboptimal IOP control [85,86]. Although existing therapies can delay
disease progression, they do not address core pathological mechanisms such as retinal
ganglion cell (RGC) apoptosis, optic nerve axonal injury, and neuroinflammation. There is
therefore a critical need for novel strategies targeting neuroprotection, extracellular matrix
remodeling, and fibrotic signaling pathways including TGF-β and Wnt/β-catenin.

QPI-1007 (cosdosiran) is a chemically modified siRNA that reduces RGC apoptosis by
targeting caspase-2 mRNA. It was evaluated in a Phase II study in glaucoma (NCT01965106),
and a large randomized, sham-controlled Phase II/III trial in acute non-arteritic anterior
ischemic optic neuropathy (NAION; NCT02341560) did not meet its primary endpoint at six
months; post hoc analyses nevertheless suggested that patients with more severe baseline
visual loss derived measurable benefit [87]. ISTH0036, an ASO selectively targeting human
TGF-β2, reduces tissue fibrosis and contributes to IOP lowering; it has received orphan drug
designation from the U.S. FDA for this indication and is in clinical development, but it is not
an approved marketed therapy. A first-in-human Phase I study confirmed a favorable safety
profile and early anti-fibrotic signals: among the 12 post-surgical glaucoma patients treated
with ISTH0036, 75% achieved the pre-specified IOP criterion at 3 months [88]. Although
encouraging, these findings derive from a very small, open-label sample (n = 12) and require
confirmation in larger controlled trials. SYL040012, an siRNA targeting the β2-adrenergic
receptor (ADRB2) pathway, demonstrated IOP-lowering effects in Phase I trials with a
favorable local safety profile and without the systemic β-blockade effects associated with
timolol [89]; no active late-phase development has been reported. These studies collectively
demonstrate the unique advantages of oligonucleotide therapeutics in glaucoma. Future
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efforts should focus on optimizing delivery systems such as nanocarriers or cell-penetrating
peptide modifications to enhance intraocular targeting and bioavailability, and on exploring
combination strategies such as ASO therapy with neurotrophic factors to synergistically
promote RGC survival and visual function recovery.

4.3. Diabetic Retinopathy

DR is among the most prevalent microvascular complications of diabetes, charac-
terized by blood–retinal barrier disruption, inflammatory mediator release, pathological
neovascularization, and glial cell activation, ultimately culminating in irreversible visual
impairment [90–92]. Current pharmacological management relies predominantly on anti-
VEGF antibody-based therapies. Although these agents have demonstrated considerable
efficacy, their clinical utility is constrained by the need for frequent intravitreal injections.
In addition, there is a propensity for resistance arising from their single-target mechanisms
of action [93].

ISTH0036, an ASO targeting TGF-β2 through a non-VEGF pathway, has shown effi-
cacy in DR beyond its potential in neovascular AMD and glaucoma. Preliminary results
of the Phase II BETTER trial indicate that intravitreal ISTH0036 reduced central retinal
thickness and hyperreflective foci in diabetic macular edema (DME) by suppressing fibro-
sis and angiogenesis; notably, 71% of DME patients reduced the frequency of anti-VEGF
treatments [84]. These findings require confirmation in larger, longer studies. ICO-007 is a
second-generation ASO that targets c-Raf kinase, a shared downstream signaling node of
multiple pro-angiogenic and permeability-inducing growth factors, including VEGF, IGF,
bFGF, EPO, and HGF. By inhibiting pathological angiogenesis and preventing blood–retinal
barrier disruption, ICO-007 may overcome the limitations of single-target interventions [94].
Phase I testing in DME patients demonstrated a favorable safety profile; however, no active
late-phase development has been reported. Future investigations should focus on validat-
ing long-term safety and therapeutic superiority through Phase II/III trials. In addition,
they should explore the synergistic potential of advanced delivery systems and multimodal
therapeutic approaches, moving DR treatment toward a paradigm of “single injection,
multifaceted therapeutic benefit.”

4.4. Inherited Retinal Diseases

Inherited retinal diseases (IRDs) comprise a heterogeneous group of retinal dysfunc-
tion disorders caused by monogenic or polygenic mutations [95]. IRDs can be broadly
categorized into disorders primarily characterized by functional abnormalities of pho-
toreceptors or bipolar cells without significant cellular degeneration. They also include
disorders marked by progressive photoreceptor apoptosis and structural retinal abnormali-
ties, ultimately resulting in irreversible vision loss [95]. The global prevalence is estimated
at approximately 1 in 2000 individuals. Owing to their high propensity for blindness and
frequent onset in younger populations, IRDs represent a major challenge in visual health.

Several siRNA- and ASO-based therapeutics for IRDs are undergoing clinical eval-
uation with encouraging outcomes. Sepofarsen (QR-110) is an ASO developed for the
treatment of Leber congenital amaurosis type 10 (LCA10) caused by the p.Cys998X mu-
tation in the centrosomal protein 290 (CEP290) gene. In a Phase II/III ILLUMINATE trial
(NCT03140969), sepofarsen did not meet its primary endpoint (best-corrected visual acuity
at 12 months); nevertheless, early-phase results demonstrated improved retinal sensitivity
(full-field stimulus testing) in most treated eyes [96], and durable vision improvement has
been documented in individual patients [97]. The program was subsequently acquired
by Laboratoires Théa and continues in clinical development under Sepul Bio. The ASO
QR-421a (ultevursen), which induces skipping of exon 13 of USH2A, improved retinal
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sensitivity in early-phase studies in retinitis pigmentosa and Usher syndrome patients [98].
Its Phase II/III SIRIUS trial was terminated by the original sponsor, and development has
since been resumed under Sepul Bio (Laboratoires Théa), with a Phase IIb trial (LUNA) now
underway. Researchers have also developed ASOs targeting the 5′ uORF, exon 3, exon 11,
and exon 14 regions of PRPF31 pre-mRNA, effectively enhancing PRPF31 gene expression
and providing a novel therapeutic strategy for retinitis pigmentosa [99,100]. Collectively,
these advances substantiate the feasibility of small nucleic acid drugs in ophthalmic gene
therapy. The design of mutation-specific therapeutics tailored to distinct genetic abnor-
malities such as splicing defects and nonsense mutations holds substantial promise for
advancing precision and personalized treatment of IRDs.

4.5. Dry Eye Disease

Dry eye disease (DED) is a prevalent ocular disorder characterized by tear film insta-
bility, ocular inflammation, and neurosensory abnormalities. Clinically, DED is broadly
classified into aqueous-deficient and evaporative subtypes. Current treatment for mild-
to-moderate DED relies primarily on artificial tears for ocular surface lubrication and
symptom relief, whereas severe cases often require autologous serum eye drops or anti-
inflammatory medications [101]. Existing treatment modalities remain limited, particularly
for moderate-to-severe disease. There is an urgent need for innovative approaches capable
of both relieving symptoms and modifying disease progression across diverse etiological
subgroups. Because tear turnover clears topical agents within minutes, the short ocular
surface residence time that limits topical nucleic acid delivery is shared by all topical
DED therapies; non-nucleic-acid strategies that address the same barrier illustrate alter-
native formulation routes. For example, an injectable in situ-forming copolymer that
continuously releases a lubricating component on the ocular surface effectively relieved
signs and symptoms of DED in preclinical models, highlighting the value of residence-
time engineering [102]. Nucleic acid-based DED therapies will need to solve the same
problem, for instance through mucoadhesive formulations, sustained-release matrices, or
exosome-mediated carriers.

Tivanisiran (SYL1001) is an siRNA-based ophthalmic formulation designed to silence
transient receptor potential vanilloid 1 (TRPV1) mRNA, thereby alleviating ocular dis-
comfort and pain [103,104]. In the Phase III HELIX trial (NCT03108664), tivanisiran did
not meet its co-primary endpoints (ocular pain and total corneal staining) versus artifi-
cial tears in the overall population, but significantly reduced central corneal staining and
showed consistent signals of benefit in the Sjögren’s syndrome subgroup, with a favorable
safety profile.

5. Discussion and Perspectives
Small nucleic acid therapeutics have become an important strategy in ophthalmic

precision medicine. Their significance lies not only in providing a new drug class, but also
in shifting therapeutic intervention upstream to the RNA level. Through base pairing or
structure-dependent recognition, these agents can degrade pathogenic transcripts, alter
splicing, restore regulatory RNA activity, activate selected genes, or block extracellular
targets through aptamer binding [14,105]. This mode of action expands the therapeutic
space for ocular diseases that are difficult to manage with conventional small-molecule
drugs or protein-based therapies. It is particularly relevant across a wide spectrum of
ocular diseases, from inherited retinal dystrophies to acquired vascular, inflammatory, and
degenerative conditions [16].

This therapeutic potential is closely linked to the molecular complexity of ocular
diseases, but its clinical value differs across disease settings. In neovascular AMD, DR,
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and DME, disease progression involves more than VEGF signaling alone. Inflammation,
vascular leakage, fibrosis, extracellular matrix remodeling, ischemia, and neuronal injury
also contribute to disease heterogeneity and incomplete treatment response. Small nucleic
acid therapeutics may therefore provide opportunities to regulate pathways beyond VEGF
or to modulate several disease-related mechanisms at the same time. In IRD, the rationale
is more genotype-directed. Many of these disorders arise from defined mutations, which
makes transcript-directed treatment biologically attractive. ASOs, siRNAs, and related ap-
proaches can be designed to correct aberrant splicing, reduce toxic transcripts, or modulate
mutation-associated RNA effects [17,106]. ASO-based clinical programs targeting genes
such as CEP290 (sepofarsen/QR-110) and USH2A (QR-421a) have shown the feasibility of
sequence-guided intervention in retinal tissue, with measurable biological or functional
effects reported in selected patients [107,108]. Together, vascular conditions and IRD illus-
trate the same translational principle: molecular precision must be converted into durable,
anatomically relevant, and clinically meaningful benefit.

A rational target and a well-designed sequence are not sufficient on their own: the
candidate must reach the correct ocular compartment, enter the relevant cell type, remain
active for an adequate duration, and produce an effect that matters to patients [14,109].
Despite substantial advances in ocular nucleic acid therapeutics over the past two decades,
only a limited number of programs have successfully translated into approved therapies,
reflecting several persistent barriers to clinical development. These challenges include tar-
get validation, as several early VEGF-pathway siRNA programs, including bevasiranib and
Sirna-027, were directed against biologically plausible but functionally redundant nodes
within an axis already effectively targeted by antibody-based therapies [110]; delivery, as
native or minimally modified oligonucleotides are rapidly cleared from the vitreous and
exhibit limited uptake by retinal cells; pharmacodynamic durability, as transient target sup-
pression may not achieve a therapeutic window comparable to the sustained efficacy and
dosing intervals of contemporary anti-VEGF biologics; disease stage, as genotype-directed
therapies have often been evaluated in patients with advanced retinal degeneration, where
irreversible structural loss may restrict functional recovery despite successful molecular
correction [111]; and competition with established standards of care, as emerging therapies
must demonstrate meaningful clinical advantages over effective and widely adopted treat-
ments rather than merely biological activity. Addressing these translational barriers will
require coordinated advances in oligonucleotide chemistry, delivery technologies, clinical
endpoint selection, and trial design.

Even with well-designed endpoints, however, clinical benefit cannot be achieved
without adequate tissue exposure. Delivery remains the major barrier between molecular
design and clinical impact [112,113]. The eye is suitable for local treatment, but ocular
tissues are protected by several anatomical and physiological barriers. The tear film, corneal
epithelium, conjunctiva, vitreous, inner limiting membrane, retinal pigment epithelium,
and blood–retinal barrier all restrict drug distribution. These barriers preserve ocular home-
ostasis, but they also limit bioavailability and tissue access. Posterior segment diseases
are especially challenging, and many current approaches still depend on intravitreal injec-
tion. This route provides high intraocular exposure, but repeated injections increase the
risk of procedure-related complications such as endophthalmitis, retinal detachment, and
vitreous hemorrhage. They also increase the long-term treatment burden. New delivery
systems, including lipid nanoparticles, polymeric carriers, extracellular vesicles, hydrogels,
microneedles, and sustained release platforms, may improve molecular protection, tissue
retention, cellular uptake, or dosing interval. However, each platform introduces distinct
biocompatibility and toxicity profiles that must be carefully evaluated [114]. Moreover, no
single route or platform is suitable for all indications. Topical delivery is more appropriate
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for ocular surface and corneal diseases. Intravitreal injection remains practical for vascular
and inner retinal targets. Subretinal delivery provides direct access to photoreceptors and
retinal pigment epithelium [115], but it is more invasive. Suprachoroidal delivery may
offer access to the choroid and outer retina with less surgical trauma. Delivery design
must therefore be tailored to disease anatomy, target cell localization, payload properties,
required retention time, dosing interval, and safety profile.

Molecular design and safety evaluation must be developed in parallel with delivery
optimization. Native nucleic acids are rapidly degraded by nucleases and usually require
chemical modification to achieve sufficient stability in ocular tissues [116]. Phosphoroth-
ioate backbone modification, 2′-O methylation, 2′-fluoro substitution, and locked nucleic
acid incorporation can improve nuclease resistance, binding affinity, and pharmacokinetic
behavior [117]. These modifications may also alter hybridization, protein binding, tissue
distribution, immune recognition, and toxicity. The optimal design should balance stability,
potency, specificity, intracellular activity, and ocular safety. This balance is essential because
excessive modification may prolong half-life but reduce biological activity or increase
tissue-related adverse effects. Safety assessment should extend beyond conventional toxi-
city testing. Partial sequence complementarity may inadvertently suppress unintended
transcripts, leading to off-target effects that are difficult to predict, while certain nucleotide
motifs may activate innate immune pathways [118]. Carrier materials may also induce
adverse responses; for instance, certain lipid nanoparticles, particularly upon systemic
administration, can trigger complement activation-related pseudoallergy (CARPA), while
some polycationic carriers may cause retinal pigment epithelium stress or local inflam-
mation. Preclinical evaluation should therefore include target engagement, transcriptome
wide off-target analysis, innate immune activation, ocular biodistribution, tissue retention,
and local toxicity. Computational prediction and high-throughput sequencing can im-
prove early screening, but their results should be validated in relevant ocular cells, retinal
organoids, animal models, and clinical samples.

Overall, the future success of small nucleic acid therapeutics in ophthalmology will
depend on coordinated development rather than on a promising sequence alone. Target
selection, oligonucleotide chemistry, delivery route, formulation design, patient stratifica-
tion, and endpoint selection should be considered together from the earliest stages. Genetic
testing can define mutation status [119]. Transcriptomic and proteomic profiling can reveal
active disease pathways. Sensitive outcome measures, as discussed above, should be
incorporated alongside molecular diagnostics and biomarker profiling to define disease
stage, stratify patients, and monitor therapeutic response [111]. With continued progress
in nucleic acid chemistry, ocular delivery science, molecular diagnostics, and clinical trial
methodology, small nucleic acid therapeutics may provide durable and individualized
treatment options for a wide spectrum of inherited and acquired ocular diseases.

6. Conclusions
Small nucleic acid therapeutics have emerged as a promising strategy in ophthalmol-

ogy by virtue of their high target specificity and capacity to modulate disease-relevant
genes. Recent advances in siRNA- and ASO-based therapies have demonstrated consider-
able potential in retinal vascular diseases, inherited retinal disorders, and ocular surface
diseases, underscoring their value in precision medicine and personalized therapy [120].
Several challenges nevertheless continue to limit broader clinical application, including
insufficient ocular delivery efficiency, molecular instability, immunogenicity, off-target
effects, and long-term safety concerns. Manufacturing complexity and regulatory standard-
ization pose additional barriers to translation. Future research should prioritize optimized
sequence design, improved delivery systems, and the establishment of standardized safety
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and efficacy evaluation frameworks. With continued advances in nanotechnology, biomate-
rials, and gene regulation strategies, small nucleic acid therapeutics are poised to improve
the treatment of ocular diseases and provide more precise, effective, and individualized
therapeutic options for patients with vision-threatening disorders.

Author Contributions: Q.G. and H.Z. drafted the original manuscript. Z.W. and L.C. created the
figures. H.Z. edited the manuscript. Q.Z. and J.X. took part in the study management, provided
guidance and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Youth Program of the National Natural Science Foundation
of China (Grant No. 82501306 and Grant No. 82602148), the Nanjing Health Technology Development
Project for Young Talents (Grant No. QNX25114 and Grant No. QNX25113), the General Project
of the Basic Science Foundation (Natural science) of Jiangsu Province Ordinary Higher Education
Institutions (Grant No. 24KJB320008) and the Nanjing Medical University Science and Technology
Development Fund (NMUB20250128).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to express their gratitude to the Affiliated Eye Hospital
of Nanjing Medical University for funding this study.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. World Health Organization. World Report on Vision; World Health Organization: Geneva, Switzerland, 2019.
2. Mitry, D.; Awan, M.A.; Borooah, S.; Siddiqui, M.A.; Brogan, K.; Fleck, B.W.; Wright, A.; Campbell, H.; Singh, J.; Charteris, D.G.; et al.

Surgical outcome and risk stratification for primary retinal detachment repair: Results from the Scottish Retinal Detachment
study. Br. J. Ophthalmol. 2012, 96, 730–734. [CrossRef] [PubMed]

3. Lamminsalo, M.; Urtti, A.; Ranta, V.P. Quantitative pharmacokinetic analyses of anterior and posterior elimination routes of
intravitreal anti-VEGF macromolecules using published human and rabbit data. Exp. Eye Res. 2022, 222, 109162. [CrossRef]
[PubMed]

4. Ba, J.; Peng, R.S.; Xu, D.; Li, Y.H.; Shi, H.; Wang, Q.; Yu, J. Intravitreal anti-VEGF injections for treating wet age-related macular
degeneration: A systematic review and meta-analysis. Drug Des. Dev. Ther. 2015, 9, 5397–5405. [CrossRef] [PubMed]

5. Campochiaro, P.A.; Aiello, L.P.; Rosenfeld, P.J. Anti-Vascular Endothelial Growth Factor Agents in the Treatment of Retinal
Disease: From Bench to Bedside. Ophthalmology 2016, 123, S78–S88. [CrossRef] [PubMed]

6. Díaz-Coránguez, M.; Ramos, C.; Antonetti, D.A. The inner blood-retinal barrier: Cellular basis and development. Vis. Res. 2017,
139, 123–137. [CrossRef] [PubMed]

7. Kulkarni, J.A.; Witzigmann, D.; Thomson, S.B.; Chen, S.; Leavitt, B.R.; Cullis, P.R.; van der Meel, R. The current landscape of
nucleic acid therapeutics. Nat. Nanotechnol. 2021, 16, 630–643. [CrossRef] [PubMed]

8. Zamecnik, P.C.; Stephenson, M.L. Inhibition of Rous sarcoma virus replication and cell transformation by a specific oligodeoxynu-
cleotide. Proc. Natl. Acad. Sci. USA 1978, 75, 280–284. [CrossRef] [PubMed]

9. Geary, R.S.; Henry, S.P.; Grillone, L.R. Fomivirsen: Clinical pharmacology and potential drug interactions. Clin. Pharmacokinet.
2002, 41, 255–260. [PubMed]

10. Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806–811. [CrossRef] [PubMed]

11. Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.J.; Madden, T.D. The
Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nat. Nanotechnol. 2019, 14,
1084–1087. [CrossRef] [PubMed]

12. Belgrad, J.; Fakih, H.H.; Khvorova, A. Nucleic Acid Therapeutics: Successes, Milestones, and Upcoming Innovation. Nucleic Acid
Ther. 2024, 34, 52–72. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091189

https://doi.org/10.1136/bjophthalmol-2011-300581
https://www.ncbi.nlm.nih.gov/pubmed/22257789
https://doi.org/10.1016/j.exer.2022.109162
https://www.ncbi.nlm.nih.gov/pubmed/35760120
https://doi.org/10.2147/dddt.s86269
https://www.ncbi.nlm.nih.gov/pubmed/26451092
https://doi.org/10.1016/j.ophtha.2016.04.056
https://www.ncbi.nlm.nih.gov/pubmed/27664289
https://doi.org/10.1016/j.visres.2017.05.009
https://www.ncbi.nlm.nih.gov/pubmed/28619516
https://doi.org/10.1038/s41565-021-00898-0
https://www.ncbi.nlm.nih.gov/pubmed/34059811
https://doi.org/10.1073/pnas.75.1.280
https://www.ncbi.nlm.nih.gov/pubmed/75545
https://www.ncbi.nlm.nih.gov/pubmed/11978144
https://doi.org/10.1038/35888
https://www.ncbi.nlm.nih.gov/pubmed/9486653
https://doi.org/10.1038/s41565-019-0591-y
https://www.ncbi.nlm.nih.gov/pubmed/31802031
https://doi.org/10.1089/nat.2023.0068
https://www.ncbi.nlm.nih.gov/pubmed/38507678
https://doi.org/10.3390/pharmaceutics18091189


Pharmaceutics 2026, 18, 1189 19 of 23

13. Miao, Y.; Fu, C.; Yu, Z.; Yu, L.; Tang, Y.; Wei, M. Current status and trends in small nucleic acid drug development: Leading the
future. Acta Pharm. Sin. B 2024, 14, 3802–3817. [CrossRef] [PubMed]

14. Hassan, M.S.A.; Zhong, C.; Hassan, F.; Li, S.K. Targeting the Eye: RNA-Based Therapies, Interferences, and Delivery Strategies.
Pharmaceutics 2025, 17, 1326. [CrossRef] [PubMed]

15. Zhang, Y.; Shi, Y.; Khan, M.M.; Xiao, F.; Chen, W.; Tao, W.; Yao, K.; Kong, N. Ocular RNA nanomedicine: Engineered delivery
nanoplatforms in treating eye diseases. Trends Biotechnol. 2024, 42, 1439–1452. [CrossRef] [PubMed]

16. Gómez-Escribano, A.P.; García-García, G.; Pérez-Santamarina, E.; Aller-Mañas, E.; Vázquez-Manrique, R.P.; Millán-Salvador, J.M.
Innovative therapies for inherited retinal dystrophies: Navigating DNA, RNA, and protein approaches. EBioMedicine 2025,
116, 105751. [CrossRef] [PubMed]

17. French, L.S.; Mellough, C.B.; Chen, F.K.; Carvalho, L.S. A Review of Gene, Drug and Cell-Based Therapies for Usher Syndrome.
Front. Cell. Neurosci. 2020, 14, 183. [CrossRef] [PubMed]

18. Kim, Y. Drug Discovery Perspectives of Antisense Oligonucleotides. Biomol. Ther. 2023, 31, 241–252. [CrossRef] [PubMed]
19. Kielpinski, L.J.; Hagedorn, P.H.; Lindow, M.; Vinther, J. RNase H sequence preferences influence antisense oligonucleotide

efficiency. Nucleic Acids Res. 2017, 45, 12932–12944. [CrossRef] [PubMed]
20. Crooke, S.T.; Baker, B.F.; Crooke, R.M.; Liang, X.H. Antisense technology: An overview and prospectus. Nat. Rev. Drug Discov.

2021, 20, 427–453. [CrossRef] [PubMed]
21. Verma, N.K.; Dey, C.S. RNA-mediated gene silencing: Mechanisms and its therapeutic applications. J. Clin. Pharm. Ther. 2004, 29,

395–404. [CrossRef] [PubMed]
22. Agrawal, N.; Dasaradhi, P.V.; Mohmmed, A.; Malhotra, P.; Bhatnagar, R.K.; Mukherjee, S.K. RNA interference: Biology,

mechanism, and applications. Microbiol. Mol. Biol. Rev. 2003, 67, 657–685. [CrossRef] [PubMed]
23. Alshaer, W.; Zureigat, H.; Al Karaki, A.; Al-Kadash, A.; Gharaibeh, L.; Hatmal, M.M.; Aljabali, A.A.A. Awidi A: SiRNA:

Mechanism of action, challenges, and therapeutic approaches. Eur. J. Pharmacol. 2021, 905, 174178. [CrossRef] [PubMed]
24. Carthew, R.W.; Sontheimer, E.J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642–655. [CrossRef] [PubMed]
25. Gebert, L.F.R.; MacRae, I.J. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019, 20, 21–37. [CrossRef]

[PubMed]
26. Dalmay, T. Mechanism of miRNA-mediated repression of mRNA translation. Essays Biochem. 2013, 54, 29–38. [CrossRef]

[PubMed]
27. Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.S. Therapeutic advances of miRNAs: A preclinical and clinical update. J. Adv.

Res. 2021, 28, 127–138. [CrossRef] [PubMed]
28. Seto, A.G.; Beatty, X.; Lynch, J.M.; Hermreck, M.; Tetzlaff, M.; Duvic, M.; Jackson, A.L. Cobomarsen, an oligonucleotide inhibitor

of miR-155, co-ordinately regulates multiple survival pathways to reduce cellular proliferation and survival in cutaneous T-cell
lymphoma. Br. J. Haematol. 2018, 183, 428–444. [CrossRef] [PubMed]

29. Gallant-Behm, C.L.; Piper, J.; Dickinson, B.A.; Dalby, C.M.; Pestano, L.A.; Jackson, A.L. A synthetic microRNA-92a inhibitor
(MRG-110) accelerates angiogenesis and wound healing in diabetic and nondiabetic wounds. Wound Repair Regen. 2018, 26,
311–323. [CrossRef] [PubMed]

30. Bao, M.H.; Li, G.Y.; Huang, X.S.; Tang, L.; Dong, L.P.; Li, J.M. Long Noncoding RNA LINC00657 Acting as a miR-590-3p Sponge
to Facilitate Low Concentration Oxidized Low-Density Lipoprotein-Induced Angiogenesis. Mol. Pharmacol. 2018, 93, 368–375.
[CrossRef] [PubMed]

31. Li, S.M.; Hu, J. Small Activating RNAs: Towards Development of New Therapeutic Agents and Clinical Treatments. Curr. Pharm.
Biotechnol. 2018, 19, 622–630. [CrossRef] [PubMed]

32. Meng, X.; Jiang, Q.; Chang, N.; Wang, X.; Liu, C.; Xiong, J.; Cao, H.; Liang, Z. Small activating RNA binds to the genomic target
site in a seed-region-dependent manner. Nucleic Acids Res. 2016, 44, 2274–2282. [CrossRef] [PubMed]

33. Burgstaller, P.; Jenne, A.; Blind, M. Aptamers and aptazymes: Accelerating small molecule drug discovery. Curr. Opin. Drug
Discov. Dev. 2002, 5, 690–700.

34. Zhang, Y.; Lai, B.S.; Juhas, M. Recent Advances in Aptamer Discovery and Applications. Molecules 2019, 24, 941. [CrossRef]
[PubMed]

35. Wu, Y.X.; Zhang, D.; Hu, X.; Peng, R.; Li, J.; Zhang, X.; Tan, W. Multicolor Two-Photon Nanosystem for Multiplexed Intracellular
Imaging and Targeted Cancer Therapy. Angew. Chem. Int. Ed. Engl. 2021, 60, 12569–12576. [CrossRef] [PubMed]

36. Vaught, J.D.; Bock, C.; Carter, J.; Fitzwater, T.; Otis, M.; Schneider, D.; Rolando, J.; Waugh, S.; Wilcox, S.K.; Eaton, B.E. Expanding
the chemistry of DNA for in vitro selection. J. Am. Chem. Soc. 2010, 132, 4141–4151. [CrossRef] [PubMed]

37. Bege, M.; Borbás, A. The Medicinal Chemistry of Artificial Nucleic Acids and Therapeutic Oligonucleotides. Pharmaceuticals 2022,
15, 909. [CrossRef] [PubMed]

38. Yu, R.Z.; Lemonidis, K.M.; Graham, M.J.; Matson, J.E.; Crooke, R.M.; Tribble, D.L.; Wedel, M.K.; Levin, A.A.; Geary, R.S. Cross-
species comparison of in vivo PK/PD relationships for second-generation antisense oligonucleotides targeting apolipoprotein
B-100. Biochem. Pharmacol. 2009, 77, 910–919. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091189

https://doi.org/10.1016/j.apsb.2024.05.008
https://www.ncbi.nlm.nih.gov/pubmed/39309508
https://doi.org/10.3390/pharmaceutics17101326
https://www.ncbi.nlm.nih.gov/pubmed/41155961
https://doi.org/10.1016/j.tibtech.2024.05.002
https://www.ncbi.nlm.nih.gov/pubmed/38821834
https://doi.org/10.1016/j.ebiom.2025.105751
https://www.ncbi.nlm.nih.gov/pubmed/40367639
https://doi.org/10.3389/fncel.2020.00183
https://www.ncbi.nlm.nih.gov/pubmed/32733204
https://doi.org/10.4062/biomolther.2023.001
https://www.ncbi.nlm.nih.gov/pubmed/36859811
https://doi.org/10.1093/nar/gkx1073
https://www.ncbi.nlm.nih.gov/pubmed/29126318
https://doi.org/10.1038/s41573-021-00162-z
https://www.ncbi.nlm.nih.gov/pubmed/33762737
https://doi.org/10.1111/j.1365-2710.2004.00579.x
https://www.ncbi.nlm.nih.gov/pubmed/15482382
https://doi.org/10.1128/mmbr.67.4.657-685.2003
https://www.ncbi.nlm.nih.gov/pubmed/14665679
https://doi.org/10.1016/j.ejphar.2021.174178
https://www.ncbi.nlm.nih.gov/pubmed/34044011
https://doi.org/10.1016/j.cell.2009.01.035
https://www.ncbi.nlm.nih.gov/pubmed/19239886
https://doi.org/10.1038/s41580-018-0045-7
https://www.ncbi.nlm.nih.gov/pubmed/30108335
https://doi.org/10.1042/bse0540029
https://www.ncbi.nlm.nih.gov/pubmed/23829525
https://doi.org/10.1016/j.jare.2020.08.012
https://www.ncbi.nlm.nih.gov/pubmed/33364050
https://doi.org/10.1111/bjh.15547
https://www.ncbi.nlm.nih.gov/pubmed/30125933
https://doi.org/10.1111/wrr.12660
https://www.ncbi.nlm.nih.gov/pubmed/30118158
https://doi.org/10.1124/mol.117.110650
https://www.ncbi.nlm.nih.gov/pubmed/29436491
https://doi.org/10.2174/1389201019666180802145134
https://www.ncbi.nlm.nih.gov/pubmed/30070178
https://doi.org/10.1093/nar/gkw076
https://www.ncbi.nlm.nih.gov/pubmed/26873922
https://doi.org/10.3390/molecules24050941
https://www.ncbi.nlm.nih.gov/pubmed/30866536
https://doi.org/10.1002/anie.202103027
https://www.ncbi.nlm.nih.gov/pubmed/33739576
https://doi.org/10.1021/ja908035g
https://www.ncbi.nlm.nih.gov/pubmed/20201573
https://doi.org/10.3390/ph15080909
https://www.ncbi.nlm.nih.gov/pubmed/35893733
https://doi.org/10.1016/j.bcp.2008.11.005
https://www.ncbi.nlm.nih.gov/pubmed/19056355
https://doi.org/10.3390/pharmaceutics18091189


Pharmaceutics 2026, 18, 1189 20 of 23

39. Perry, C.M.; Balfour, J.A. Fomivirsen. Drugs 1999, 57, 375–380; discussion 381. [CrossRef] [PubMed]
40. Friedrich, M.; Aigner, A. Therapeutic siRNA: State-of-the-Art and Future Perspectives. BioDrugs 2022, 36, 549–571. [CrossRef]

[PubMed]
41. Yoshida, T.; Morihiro, K.; Naito, Y.; Mikami, A.; Kasahara, Y.; Inoue, T.; Obika, S. Identification of nucleobase chemical

modifications that reduce the hepatotoxicity of gapmer antisense oligonucleotides. Nucleic Acids Res. 2022, 50, 7224–7234.
[CrossRef] [PubMed]

42. Svitkin, Y.V.; Cheng, Y.M.; Chakraborty, T.; Presnyak, V.; John, M.; Sonenberg, N. N1-methyl-pseudouridine in mRNA enhances
translation through eIF2α-dependent and independent mechanisms by increasing ribosome density. Nucleic Acids Res. 2017, 45,
6023–6036. [CrossRef] [PubMed]

43. Nelson, J.; Sorensen, E.W.; Mintri, S.; Rabideau, A.E.; Zheng, W.; Besin, G.; Khatwani, N.; Su, S.V.; Miracco, E.J.; Issa, W.J. Impact
of mRNA chemistry and manufacturing process on innate immune activation. Sci. Adv. 2020, 6, eaaz6893. [CrossRef] [PubMed]

44. Poeck, H.; Besch, R.; Maihoefer, C.; Renn, M.; Tormo, D.; Morskaya, S.S.; Kirschnek, S.; Gaffal, E.; Landsberg, J.; Hellmuth, J.
5′-Triphosphate-siRNA: Turning gene silencing and Rig-I activation against melanoma. Nat. Med. 2008, 14, 1256–1263. [CrossRef]
[PubMed]

45. Allerson, C.R.; Sioufi, N.; Jarres, R.; Prakash, T.P.; Naik, N.; Berdeja, A.; Wanders, L.; Griffey, R.H.; Swayze, E.E.; Bhat, B. Fully
2′-modified oligonucleotide duplexes with improved in vitro potency and stability compared to unmodified small interfering
RNA. J. Med. Chem. 2005, 48, 901–904. [CrossRef] [PubMed]

46. Janas, M.M.; Zlatev, I.; Liu, J.; Jiang, Y.; Barros, S.A.; Sutherland, J.E.; Davis, W.P.; Liu, J.; Brown, C.R.; Liu, X. Safety evaluation of
2′-deoxy-2′-fluoro nucleotides in GalNAc-siRNA conjugates. Nucleic Acids Res. 2019, 47, 3306–3320. [CrossRef] [PubMed]

47. Manoharan, M.; Akinc, A.; Pandey, R.K.; Qin, J.; Hadwiger, P.; John, M.; Mills, K.; Charisse, K.; Maier, M.A.; Nechev, L. Unique
gene-silencing and structural properties of 2′-fluoro-modified siRNAs. Angew. Chem. Int. Ed. Engl. 2011, 50, 2284–2288. [CrossRef]
[PubMed]

48. Moulton, H.M.; Moulton, J.D. Morpholinos and their peptide conjugates: Therapeutic promise and challenge for Duchenne
muscular dystrophy. Biochim. Biophys. Acta 2010, 1798, 2296–2303. [CrossRef] [PubMed]

49. Sung, Y.K.; Kim, S.W. Recent advances in the development of gene delivery systems. Biomater. Res. 2019, 23, 8. [CrossRef]
[PubMed]

50. Hoy, S.M. Patisiran: First Global Approval. Drugs 2018, 78, 1625–1631. [CrossRef] [PubMed]
51. Idris, A.; Davis, A.; Supramaniam, A.; Acharya, D.; Kelly, G.; Tayyar, Y.; West, N.; Zhang, P.; McMillan, C.L.D.; Soemardy, C. A

SARS-CoV-2 targeted siRNA-nanoparticle therapy for COVID-19. Mol. Ther. 2021, 29, 2219–2226. [CrossRef] [PubMed]
52. Huang, Y. Preclinical and Clinical Advances of GalNAc-Decorated Nucleic Acid Therapeutics. Mol. Ther. Nucleic Acids 2017, 6,

116–132. [CrossRef] [PubMed]
53. Cui, H.; Zhu, X.; Li, S.; Wang, P.; Fang, J. Liver-Targeted Delivery of Oligonucleotides with N-Acetylgalactosamine Conjugation.

ACS Omega 2021, 6, 16259–16265. [CrossRef] [PubMed]
54. Thangamani, L.; Balasubramanian, B.; Easwaran, M.; Natarajan, J.; Pushparaj, K.; Meyyazhagan, A.; Piramanayagam, S. GalNAc-

siRNA conjugates: Prospective tools on the frontier of anti-viral therapeutics. Pharmacol. Res. 2021, 173, 105864. [CrossRef]
[PubMed]

55. Debacker, A.J.; Voutila, J.; Catley, M.; Blakey, D.; Habib, N. Delivery of Oligonucleotides to the Liver with GalNAc: From Research
to Registered Therapeutic Drug. Mol. Ther. 2020, 28, 1759–1771. [CrossRef] [PubMed]

56. Uehara, K.; Harumoto, T.; Makino, A.; Koda, Y.; Iwano, J.; Suzuki, Y.; Tanigawa, M.; Iwai, H.; Asano, K.; Kurihara, K. Targeted
delivery to macrophages and dendritic cells by chemically modified mannose ligand-conjugated siRNA. Nucleic Acids Res. 2022,
50, 4840–4859. [CrossRef] [PubMed]

57. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]

58. Liu, H.A.; Liu, Y.L.; Ma, Z.Z.; Wang, J.C.; Zhang, Q. A lipid nanoparticle system improves siRNA efficacy in RPE cells and a
laser-induced murine CNV model. Investig. Ophthalmol. Vis. Sci. 2011, 52, 4789–4794. [CrossRef] [PubMed]

59. Jiang, K.; Hu, Y.; Gao, X.; Zhan, C.; Zhang, Y.; Yao, S.; Xie, C.; Wei, G.; Lu, W. Octopus-like Flexible Vector for Noninvasive
Intraocular Delivery of Short Interfering Nucleic Acids. Nano Lett. 2019, 19, 6410–6417. [CrossRef] [PubMed]

60. Luther, D.C.; Huang, R.; Jeon, T.; Zhang, X.; Lee, Y.W.; Nagaraj, H.; Rotello, V.M. Delivery of drugs, proteins, and nucleic acids
using inorganic nanoparticles. Adv. Drug Deliv. Rev. 2020, 156, 188–213. [CrossRef] [PubMed]

61. Dilliard, S.A.; Siegwart, D.J. Passive, active and endogenous organ-targeted lipid and polymer nanoparticles for delivery of
genetic drugs. Nat. Rev. Mater. 2023, 8, 282–300. [CrossRef] [PubMed]

62. Wang, Y.; Shahi, P.K.; Wang, X.; Xie, R.; Zhao, Y.; Wu, M.; Roge, S.; Pattnaik, B.R.; Gong, S. In vivo targeted delivery of nucleic
acids and CRISPR genome editors enabled by GSH-responsive silica nanoparticles. J. Control Release 2021, 336, 296–309. [CrossRef]
[PubMed]

https://doi.org/10.3390/pharmaceutics18091189

https://doi.org/10.2165/00003495-199957030-00010
https://www.ncbi.nlm.nih.gov/pubmed/10193689
https://doi.org/10.1007/s40259-022-00549-3
https://www.ncbi.nlm.nih.gov/pubmed/35997897
https://doi.org/10.1093/nar/gkac562
https://www.ncbi.nlm.nih.gov/pubmed/35801870
https://doi.org/10.1093/nar/gkx135
https://www.ncbi.nlm.nih.gov/pubmed/28334758
https://doi.org/10.1126/sciadv.aaz6893
https://www.ncbi.nlm.nih.gov/pubmed/32637598
https://doi.org/10.1038/nm.1887
https://www.ncbi.nlm.nih.gov/pubmed/18978796
https://doi.org/10.1021/jm049167j
https://www.ncbi.nlm.nih.gov/pubmed/15715458
https://doi.org/10.1093/nar/gkz140
https://www.ncbi.nlm.nih.gov/pubmed/30820542
https://doi.org/10.1002/anie.201006519
https://www.ncbi.nlm.nih.gov/pubmed/21351337
https://doi.org/10.1016/j.bbamem.2010.02.012
https://www.ncbi.nlm.nih.gov/pubmed/20170628
https://doi.org/10.1186/s40824-019-0156-z
https://www.ncbi.nlm.nih.gov/pubmed/30915230
https://doi.org/10.1007/s40265-018-0983-6
https://www.ncbi.nlm.nih.gov/pubmed/30251172
https://doi.org/10.1016/j.ymthe.2021.05.004
https://www.ncbi.nlm.nih.gov/pubmed/33992805
https://doi.org/10.1016/j.omtn.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/28325278
https://doi.org/10.1021/acsomega.1c01755
https://www.ncbi.nlm.nih.gov/pubmed/34235295
https://doi.org/10.1016/j.phrs.2021.105864
https://www.ncbi.nlm.nih.gov/pubmed/34474100
https://doi.org/10.1016/j.ymthe.2020.06.015
https://www.ncbi.nlm.nih.gov/pubmed/32592692
https://doi.org/10.1093/nar/gkac308
https://www.ncbi.nlm.nih.gov/pubmed/35524566
https://doi.org/10.1038/s41573-020-0090-8
https://www.ncbi.nlm.nih.gov/pubmed/33277608
https://doi.org/10.1167/iovs.10-5891
https://www.ncbi.nlm.nih.gov/pubmed/21519028
https://doi.org/10.1021/acs.nanolett.9b02596
https://www.ncbi.nlm.nih.gov/pubmed/31442373
https://doi.org/10.1016/j.addr.2020.06.020
https://www.ncbi.nlm.nih.gov/pubmed/32610061
https://doi.org/10.1038/s41578-022-00529-7
https://www.ncbi.nlm.nih.gov/pubmed/36691401
https://doi.org/10.1016/j.jconrel.2021.06.030
https://www.ncbi.nlm.nih.gov/pubmed/34174352
https://doi.org/10.3390/pharmaceutics18091189


Pharmaceutics 2026, 18, 1189 21 of 23

63. Fang, T.; Cao, X.; Ibnat, M.; Chen, G. Stimuli-responsive nanoformulations for CRISPR-Cas9 genome editing. J. Nanobiotechnol.
2022, 20, 354. [CrossRef] [PubMed]

64. Subramanian, N.; Kanwar, J.R.; Athalya, P.K.; Janakiraman, N.; Khetan, V.; Kanwar, R.K.; Eluchuri, S.; Krishnakumar, S. EpCAM
aptamer mediated cancer cell specific delivery of EpCAM siRNA using polymeric nanocomplex. J. BioMed. Sci. 2015, 22, 4.
[CrossRef] [PubMed]

65. Xu, H.; Liao, C.; Liang, S.; Ye, B.C. A Novel Peptide-Equipped Exosomes Platform for Delivery of Antisense Oligonucleotides.
ACS Appl. Mater. Interfaces 2021, 13, 10760–10767. [CrossRef] [PubMed]

66. Crescitelli, R.; Lässer, C.; Lötvall, J. Isolation and characterization of extracellular vesicle subpopulations from tissues. Nat. Protoc.
2021, 16, 1548–1580. [CrossRef] [PubMed]

67. Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]
[PubMed]

68. Zheng, H.; Ji, J.; Zhao, T.; Wang, E.; Zhang, A. Exosome-encapsulated miR-26a attenuates aldosterone-induced tubulointerstitial
fibrosis by inhibiting the CTGF/SMAD3 signaling pathway. Int. J. Mol. Med. 2023, 51, 11. [CrossRef] [PubMed]

69. Delorme-Axford, E.; Donker, R.B.; Mouillet, J.F.; Chu, T.; Bayer, A.; Ouyang, Y.; Wang, T.; Stolz, D.B.; Sarkar, S.N.; Morelli, A.E.
Human placental trophoblasts confer viral resistance to recipient cells. Proc. Natl. Acad. Sci. USA 2013, 110, 12048–12053.
[CrossRef] [PubMed]

70. Yang, T.; Martin, P.; Fogarty, B.; Brown, A.; Schurman, K.; Phipps, R.; Yin, V.P.; Lockman, P.; Bai, S. Exosome delivered anticancer
drugs across the blood-brain barrier for brain cancer therapy in Danio rerio. Pharm. Res. 2015, 32, 2003–2014. [CrossRef] [PubMed]

71. Farooqi, A.A.; Desai, N.N.; Qureshi, M.Z.; Librelotto, D.R.N.; Gasparri, M.L.; Bishayee, A.; Nabavi, S.M.; Curti, V.; Daglia, M.
Exosome biogenesis, bioactivities and functions as new delivery systems of natural compounds. Biotechnol. Adv. 2018, 36, 328–334.
[CrossRef] [PubMed]

72. Zhang, W.; Huang, Q.; Xiao, W.; Zhao, Y.; Pi, J.; Xu, H.; Zhao, H.; Xu, J.; Evans, C.E.; Jin, H. Advances in Anti-Tumor Treatments
Targeting the CD47/SIRPα Axis. Front. Immunol. 2020, 11, 18. [CrossRef] [PubMed]

73. Kim, S.M.; Yang, Y.; Oh, S.J.; Hong, Y.; Seo, M.; Jang, M. Cancer-derived exosomes as a delivery platform of CRISPR/Cas9 confer
cancer cell tropism-dependent targeting. J. Control Release 2017, 266, 8–16. [CrossRef] [PubMed]

74. Zhou, T.; He, C.; Lai, P.; Yang, Z.; Liu, Y.; Xu, H.; Lin, X.; Ni, B.; Ju, R.; Yi, W. MiR-204-containing exosomes ameliorate
GVHD-associated dry eye disease. Sci. Adv. 2022, 8, eabj9617. [CrossRef] [PubMed]

75. Xie, M.; Wu, Y.; Zhang, Y.; Lu, R.; Zhai, Z.; Huang, Y.; Wang, F.; Xin, C.; Rong, G.; Zhao, C. Membrane Fusion-Mediated Loading
of Therapeutic siRNA into Exosome for Tissue-Specific Application. Adv. Mater. 2024, 36, e2403935. [CrossRef] [PubMed]

76. Girgis, S.; Lee, L.R. Treatment of dry age-related macular degeneration: A review. Clin. Exp. Ophthalmol. 2023, 51, 835–852.
[CrossRef] [PubMed]

77. Jaffe, G.J.; Westby, K.; Csaky, K.G.; Monés, J.; Pearlman, J.A.; Patel, S.S.; Joondeph, B.C.; Randolph, J.; Masonson, H.; Rezaei, K.A.
C5 Inhibitor Avacincaptad Pegol for Geographic Atrophy Due to Age-Related Macular Degeneration: A Randomized Pivotal
Phase 2/3 Trial. Ophthalmology 2021, 128, 576–586. [CrossRef] [PubMed]

78. Danzig, C.J.; Khanani, A.M.; Loewenstein, A. C5 inhibitor avacincaptad pegol treatment for geographic atrophy: A comprehensive
review. Immunotherapy 2024, 16, 779–790. [CrossRef] [PubMed]

79. Khanani, A.M.; Danzig, C.J.; Heier, J.S.; Jaffe, G.J.; Kaiser, P.K.; Lally, D.R.; Patel, S.S.; Vajzovic, L.; Weng, C.Y.; Patel, H.
Avacincaptad Pegol for Geographic Atrophy Secondary to Age-Related Macular Degeneration: Two-Year Efficacy and Safety
Results from the GATHER2 Phase 3 Trial. Ophthalmology 2026, 133, 451–465. [PubMed]

80. Chappelow, A.V.; Kaiser, P.K. Neovascular age-related macular degeneration: Potential therapies. Drugs 2008, 68, 1029–1036.
[PubMed]

81. Kim, J.; Min, S.; Yum, M.; Park, S.; Park, S.; Shin, D.; Park, S.W.; Park, S.Y.; Do, Y.J.; Park, J.H.; et al. Cell-penetrating asymmetric
siRNA targeting MyD88 suppresses inflammasome-driven ocular degeneration and angiogenesis. Mol. Ther. 2026, 34, 5319–5332.
[CrossRef] [PubMed]

82. Yuan, Z.; Wu, X.; Liu, C.; Xu, G.; Wu, Z. Asymmetric siRNA: New strategy to improve specificity and reduce off-target gene
expression. Hum. Gene Ther. 2012, 23, 521–532. [CrossRef] [PubMed]

83. Pereira, D.S.; Maturi, R.K.; Akita, K.; Mahesh, V.; Bhisitkul, R.B.; Nishihata, T.; Sakota, E.; Ali, Y.; Nakamura, E.; Bezwada, P.; et al.
Clinical proof of concept for anti-FGF2 therapy in exudative age-related macular degeneration (nAMD): Phase 2 trials in
treatment-naïve and anti-VEGF pretreated patients. Eye 2024, 38, 1140–1148. [CrossRef] [PubMed]

84. Munk, M.R.; Gupta, V.; Bolz, M.; Strauss, R.; Wedrich, A.; Brar, M.; Bhende, M.; Rückert, R. First results of the phase 2 BETTER
trial using intravitreal ISTH0036, a selective TGF-β2 blocking antisense in AMD and DME. Investig. Ophthalmol. Vis. Sci. 2024,
65, 3309.

85. Tham, Y.C.; Li, X.; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.Y. Global prevalence of glaucoma and projections of glaucoma
burden through 2040: A systematic review and meta-analysis. Ophthalmology 2014, 121, 2081–2090. [PubMed]

https://doi.org/10.3390/pharmaceutics18091189

https://doi.org/10.1186/s12951-022-01570-y
https://www.ncbi.nlm.nih.gov/pubmed/35918694
https://doi.org/10.1186/s12929-014-0108-9
https://www.ncbi.nlm.nih.gov/pubmed/25576037
https://doi.org/10.1021/acsami.1c00016
https://www.ncbi.nlm.nih.gov/pubmed/33621039
https://doi.org/10.1038/s41596-020-00466-1
https://www.ncbi.nlm.nih.gov/pubmed/33495626
https://doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.3892/ijmm.2022.5214
https://www.ncbi.nlm.nih.gov/pubmed/36524378
https://doi.org/10.1073/pnas.1304718110
https://www.ncbi.nlm.nih.gov/pubmed/23818581
https://doi.org/10.1007/s11095-014-1593-y
https://www.ncbi.nlm.nih.gov/pubmed/25609010
https://doi.org/10.1016/j.biotechadv.2017.12.010
https://www.ncbi.nlm.nih.gov/pubmed/29248680
https://doi.org/10.3389/fimmu.2020.00018
https://www.ncbi.nlm.nih.gov/pubmed/32082311
https://doi.org/10.1016/j.jconrel.2017.09.013
https://www.ncbi.nlm.nih.gov/pubmed/28916446
https://doi.org/10.1126/sciadv.abj9617
https://www.ncbi.nlm.nih.gov/pubmed/35020440
https://doi.org/10.1002/adma.202403935
https://www.ncbi.nlm.nih.gov/pubmed/38889294
https://doi.org/10.1111/ceo.14294
https://www.ncbi.nlm.nih.gov/pubmed/37737509
https://doi.org/10.1016/j.ophtha.2020.12.030
https://www.ncbi.nlm.nih.gov/pubmed/33551286
https://doi.org/10.1080/1750743x.2024.2368342
https://www.ncbi.nlm.nih.gov/pubmed/39073397
https://www.ncbi.nlm.nih.gov/pubmed/41407269
https://www.ncbi.nlm.nih.gov/pubmed/18484796
https://doi.org/10.1016/j.ymthe.2026.06.036
https://www.ncbi.nlm.nih.gov/pubmed/42363601
https://doi.org/10.1089/hum.2011.145
https://www.ncbi.nlm.nih.gov/pubmed/22229698
https://doi.org/10.1038/s41433-023-02848-7
https://www.ncbi.nlm.nih.gov/pubmed/38036609
https://www.ncbi.nlm.nih.gov/pubmed/24974815
https://doi.org/10.3390/pharmaceutics18091189


Pharmaceutics 2026, 18, 1189 22 of 23

86. Dave, B.; Patel, M.; Suresh, S.; Ginjupalli, M.; Surya, A.; Albdour, M.; Kooner, K.S. Wound Modulations in Glaucoma Surgery:
A Systematic Review. Bioengineering 2024, 11, 446. [CrossRef] [PubMed]

87. Levin, L.A.; Bhatti, M.T.; Klier, S.; Morgenstern, R.; Szanto, D.; Miller, N.R.; Kupersmith, M.J. A Randomized Sham-Controlled
Phase 2/3 Trial of QPI-1007 for Acute Nonarteritic Anterior Ischemic Optic Neuropathy. Ophthalmology 2026, 133, 62–74.
[CrossRef] [PubMed]

88. Pfeiffer, N.; Voykov, B.; Renieri, G.; Bell, K.; Richter, P.; Weigel, M.; Thieme, H.; Wilhelm, B.; Lorenz, K.; Feindor, M. First-in-human
phase I study of ISTH0036, an antisense oligonucleotide selectively targeting transforming growth factor beta 2 (TGF-β2), in
subjects with open-angle glaucoma undergoing glaucoma filtration surgery. PLoS ONE 2017, 12, e0188899. [CrossRef] [PubMed]

89. Moreno-Montañés, J.; Sádaba, B.; Ruz, V.; Gómez-Guiu, A.; Zarranz, J.; González, M.V.; Pañeda, C.; Jimenez, A.I. Phase I clinical
trial of SYL040012, a small interfering RNA targeting β-adrenergic receptor 2, for lowering intraocular pressure. Mol. Ther. 2014,
22, 226–232. [CrossRef] [PubMed]

90. Rudraraju, M.; Narayanan, S.P.; Somanath, P.R. Regulation of blood-retinal barrier cell-junctions in diabetic retinopathy. Pharmacol.
Res. 2020, 161, 105115. [CrossRef] [PubMed]

91. Sheng, X.; Zhang, C.; Zhao, J.; Xu, J.; Zhang, P.; Ding, Q.; Zhang, J. Microvascular destabilization and intricated network of the
cytokines in diabetic retinopathy: From the perspective of cellular and molecular components. Cell Biosci. 2024, 14, 85. [CrossRef]
[PubMed]

92. Yu, Y.; Chen, H.; Su, S.B. Neuroinflammatory responses in diabetic retinopathy. J. Neuroinflamm. 2015, 12, 141. [CrossRef]
[PubMed]

93. Vishwakarma, S.; Kaur, I. Molecular Mediators and Regulators of Retinal Angiogenesis. Semin. Ophthalmol. 2023, 38, 124–133.
[CrossRef] [PubMed]

94. Hnik, P.; Boyer, D.S.; Grillone, L.R.; Clement, J.G.; Henry, S.P.; Green, E.A. Antisense oligonucleotide therapy in diabetic
retinopathy. J. Diabetes Sci. Technol. 2009, 3, 924–930. [CrossRef] [PubMed]

95. Schneider, N.; Sundaresan, Y.; Gopalakrishnan, P.; Beryozkin, A.; Hanany, M.; Levanon, E.Y.; Banin, E.; Ben-Aroya, S.; Sharon, D.
Inherited retinal diseases: Linking genes, disease-causing variants, and relevant therapeutic modalities. Prog. Retin Eye Res. 2022,
89, 101029. [CrossRef] [PubMed]

96. Russell, S.R.; Drack, A.V.; Cideciyan, A.V.; Jacobson, S.G.; Leroy, B.P.; Van Cauwenbergh, C.; Ho, A.C.; Dumitrescu, A.V.; Han, I.C.;
Martin, M. Intravitreal antisense oligonucleotide sepofarsen in Leber congenital amaurosis type 10: A phase 1b/2 trial. Nat. Med.
2022, 28, 1014–1021. [CrossRef] [PubMed]

97. Cideciyan, A.V.; Jacobson, S.G.; Ho, A.C.; Swider, M.; Sumaroka, A.; Roman, A.J.; Wu, V.; Russell, R.C.; Viarbitskaya, I.;
Garafalo, A.V. Durable vision improvement after a single intravitreal treatment with antisense oligonucleotide in CEP290-LCA:
Replication in two eyes. Am. J. Ophthalmol. Case Rep. 2023, 32, 101873. [CrossRef] [PubMed]

98. Dulla, K.; Slijkerman, R.; van Diepen, H.C.; Albert, S.; Dona, M.; Beumer, W.; Turunen, J.J.; Chan, H.L.; Schulkens, I.A.; Vorthoren,
L. Antisense oligonucleotide-based treatment of retinitis pigmentosa caused by USH2A exon 13 mutations. Mol. Ther. 2021, 29,
2441–2455. [CrossRef] [PubMed]

99. Grainok, J.; Pitout, I.L.; Chen, F.K.; McLenachan, S.; Heath Jeffery, R.C.; Mitrpant, C.; Fletcher, S. A Precision Therapy Approach
for Retinitis Pigmentosa 11 Using Splice-Switching Antisense Oligonucleotides to Restore the Open Reading Frame of PRPF31.
Int. J. Mol. Sci. 2024, 25, 3391. [CrossRef] [PubMed]
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