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a b s t r a c t

Ocular posterior segment diseases (OPSDs), including uveitis, glaucoma, retinitis pigmentosa (RP), fundus

neovascular diseases (FNDs), and age-related macular degeneration (AMD), are major causes of global

blindness. The eye’s biological barriers often prevent conventional drugs from reaching the posterior

segment effectively, while potentially causing adverse effects. Nanocarrier-based drug delivery systems

(DDS) offer promising solutions, with their small size, tunable properties, and high biocompatibility en-

hancing drug permeability, stability, and targeted delivery. These systems may reduce administration fre-

quency, prolong therapeutic effects, minimize side effects, and improve patient compliance. Unlike pre-

vious reviews, this article comprehensively examines novel nanocarriers for OPSD treatment. We first

analyze small molecules, their nanocarriers, and administration methods based on recent two-decade re-

search. Next, we compare nanocarrier stability, biocompatibility, ocular penetration, drug release kinetics,

and formulation ease, emphasizing recent advances in design, preparation, and functional modification.

Finally, by evaluating clinical applications and challenges, we discuss translational hurdles and future

prospects for OPSD nanotherapeutics. Greater research efforts are needed to realize nanocarriers’ full po-

tential in OPSD treatment.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Globally, about 206 million people have moderate to severe

vision impairment, including 33million with blindness [1]. Ocu-

lar posterior segment diseases (OPSDs), like glaucoma, diabetic

retinopathy (DR), and age-related macular degeneration (AMD),

severely threaten vision. Their increasing global prevalence im-

poses significant individual and societal burdens, necessitating ur-

gent efforts in prevention, early detection, and novel therapies.

The human eye comprises an anterior segment (cornea, iris,

lens) and a posterior segment (retina, choroid, vitreous humor)
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[2]. Located outside the cranium, the eyes allow diverse drug ad-

ministration routes. Traditional ocular drug delivery includes non-

invasive methods (eye drops, hydrogels) and invasive approaches

(intravitreal (IVT) injections, implants) [3]. However, physiological

barriers, such as tear drainage, lipid layers, and the blood-aqueous

barrier (BAB) in the anterior segment, hinder posterior segment

drug delivery. In the posterior segment, vitreous viscosity, aque-

ous humor flow, and the inner limiting membrane (ILM) further

impede drug penetration [4]. Conventional methods (eye drops, in-

jections, implants) suffer from poor bioavailability and risks like

hemorrhage and fibrosis [5]. To overcome these challenges, inno-

vative nanotherapeutics using nanocarriers have been developed.

Nanotherapeutics provide small size, high surface area, tunable

properties, and biocompatibility, improving drug permeability,

stability, and targeted ocular delivery. Major nanocarriers include

polymeric nanoparticles (NPs), lipid NPs (LNPs), inorganic NPs, and

https://doi.org/10.1016/j.cclet.2025.111392
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Scheme 1. Schematic summary of versatile nanocarriers for drug delivery to OPS.

cell-derived biomimetic systems. In vision science, they enable:

(1) Targeted fundus therapy via surface functionalization, (2)

prolonged ocular/vitreous retention, (3) reduced administration

frequency/dosage, and (4) enhanced penetration across ocular

barriers [6].

This review explores novel nanomaterials for ocular posterior

segment (OPS) drug delivery (Scheme 1). It covers: (1) Posterior

ocular diseases, their pathogenesis and treatments; (2) conven-

tional drug delivery challenges; (3) nanomaterial characteristics

and applications; and (4) clinical translation limitations and future

prospects. The review provides insights for next-generation ocular

drug delivery systems (DDS) design.

2. Main OPSDs

2.1. Glaucoma

Glaucoma, a chronic disease characterized by retinal ganglion

cell degeneration and optic nerve atrophy, causes irreversible vi-

sion loss. Affecting 70 million people globally in 2020, cases may

surpass 1 billion by 2040. The primary risk factor is elevated in-

traocular pressure (IOP) due to impaired aqueous humor drainage.

Untreated acute glaucoma can cause permanent blindness within

days. Current treatments focus on IOP control through medications

(prostaglandin analogs, β-blockers, cholinergic/α-adrenergic ago-

nists), laser therapy, or surgery [7]. While topical medications re-

main the mainstay, long-term use can cause ocular side effects in-

cluding dry eye, allergic conjunctivitis, and meibomian gland dys-

function [8].

2.2. Uveitis

Uveitis, an inflammatory condition of the highly vascular uvea,

is classified into four types (anterior, intermediate, posterior, panu-

veitis) [9]. Ocular inflammation typically progresses from anterior

to posterior segments, potentially involving the entire uvea and

surrounding tissues. Consequently, uveitis management primar-

ily focuses on controlling intraocular inflammation. Treatment

strategies combine local and systemic approaches, particularly cor-

ticosteroids and immunosuppressants [10]. Local delivery methods

include IVT injections (triamcinolone acetonide, dexamethasone)

and implants (fluocinolone acetonide, suprachoroidal triamci-

nolone) [11,12]. While these interventions have been clinically

established over 50 years, their repeated or prolonged use may

lead to complications such as cataracts and elevated IOP [13],

potentially compromising retinal protection [14].

2.3. Retinitis pigmentosa (RP)

Inherited retinal diseases (IRDs) are genetically diverse disor-

ders, with RP being the most common—affecting 1.5 million peo-

ple worldwide and involving mutations in over 60 genes [15]. RP

causes progressive retinal degeneration, beginning with rod pho-

toreceptor loss and night blindness, followed by peripheral vi-

sion impairment, and ultimately central vision loss and blind-

ness [16]. Previously considered incurable, emerging therapies—

including neuroprotective drugs [17], gene therapy [18], cell ther-

apy [19], and laser treatment—now offer potential to slow photore-

ceptor degeneration and partially restore vision. Nanotherapeutics

for ocular posterior segment diseases therapy are summarized in

Table S1 (Supporting information) [20-114].

2.4. Retinoblastoma (RB)

RB is the most common primary intraocular malignancy in

children and second overall after uveal melanoma [115]. About

90% of cases occur before age three. Hereditary RB involves RB1

gene mutations in somatic cells, with secondary mutations po-

tentially triggering malignancy due to environmental factors [116].

This form often presents as bilateral, multifocal tumors with in-

creased risk of secondary cancers. Current treatments (enucleation,

laser/cryotherapy, radiotherapy, chemotherapy) may cause systemic

toxicity and vascular complications [117].

2.5. AMD

AMD is a progressive degenerative disease. Its main characteris-

tic is the chronic degenerative changes in the macula. AMD is the

leading cause of vision loss, impacting over 30 million individuals

globally. It is estimated that by 2050, AMD will affect more than 5

million Americans [118]. The disease is divided into two types: dry

AMD (dAMD) and wet AMD (wAMD). dAMD pathogenesis centers

on oxidative stress, where metabolic ROS damage retinal pigment

epithelial (RPE) cells, disrupting lipid metabolism, altering extra-

cellular matrix, and recruiting macrophages. These changes pro-

mote pigmentation, RPE atrophy, and irreversible neovasculariza-

tion [119]. dAMD is managed with antioxidant supplements (vita-

mins, zinc, lutein/zeaxanthin). While wAMD represents only 10% of

cases, it causes 90% of severe vision loss. Current standard care for

wAMD relies exclusively on anti-vascular endothelial growth factor

(VEGF) therapies (e.g., ranibizumab, bevacizumab).

2.6. Fundus neovascularization diseases (FNDs)

Pathological angiogenesis in FNDs appears as choroidal neovas-

cularization (CNV) or retinal neovascularization (RNV), both caused

by vascular endothelial growth factor A (VEGFA) overexpression

[120]. RNV mainly stems from retinopathy of prematurity (ROP),

DR, and retinal vein occlusion, while CNV primarily occurs in

wAMD and high myopia [121]. Notably, DR affects 463 million dia-

betics worldwide and is the leading cause of blindness in working-

age adults [122]. DR has two main stages: non-proliferative stage

(early phase) featuring basement membrane thickening, cellular

connectivity loss, and blood-retina barrier (BRB) impairment, caus-

ing microaneurysms, hemorrhages, and cotton wool spots; and

proliferative stage, where progressive hypoxia upregulates VEGF,

leading to neovascularization, vitreous hemorrhage, fibrous pro-

liferation, and eventual retinal detachment/vision loss [123]. Al-

though anti-VEGF therapy is first-line for early DR [124], many pa-

tients respond poorly, and repeated IVT injections may cause com-

plications like hemorrhage and fibrosis [5].

3. The challenges of OPS drug delivery

Currently, drug delivery to OPS mainly includes three routes:

topical administration, periocular injection, and intraocular injec-
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tion (Fig. S1 in Supporting information). More specifically, the ad-

ministration routes can be broadly categorized as non-invasive ad-

ministration and invasive administration. Although great advance-

ments have been achieved in OPS drug delivery, many challenges

still remain.

3.1. Challenges encountered by non-invasive drug delivery to OPS

Local ocular drug delivery to the posterior segment occurs via

two primary pathways: (1) The corneal route (vitreous/uveoscleral

pathways) and (2) the periocular route (conjunctival-scleral diffu-

sion) [125]. However, multiple barriers limit efficacy: the lipid-rich

corneal epithelium with tight junctions blocks hydrophilic drugs;

the trilayered tear film (lipid/aqueous/mucin) creates a static bar-

rier, while tear reflux and nasolacrimal drainage form dynamic

clearance [126]. Although the conjunctiva is 15×more permeable

than the cornea, its vasculature causes significant drug loss [127].

Additionally, the blood-aqueous barrier (BAB) restricts large and

hydrophilic drugs via tight junctions [128], further hindering pos-

terior delivery.

Functionalized NPs improve ocular permeability more effec-

tively than conventional drugs. Sub-100nm particles can directly

penetrate corneal tight junctions, while larger ones require sur-

face modifications. Current modification strategies involve three

principal approaches: (1) Cationic coatings (e.g., chitosan) bind

negatively charged mucin via electrostatic interactions, prolonging

corneal contact [26]. (2) Polyethylene glycol (PEG) conjugation im-

proves bioavailability through mucin hydrogen bonding and en-

hanced solubility [36]. (3) Targeted systems (peptides/antibodies)

enable tissue-specific delivery for optimized drug utilization

[42].

Notably, chitosan- or PEG-modified nanocarriers and liposomes

show high efficacy in posterior drug delivery, enabling sustained

drug release (3–6 months) for chronic conditions like AMD and

macular edema. These systems overcome key ocular barriers, in-

cluding rapid clearance and restricted penetration.

3.2. Challenges encountered by invasive drug delivery to ocular

posterior segment

IVT and implants, while common for posterior drug delivery,

carry risks of complications such as leakage, bleeding, and fibro-

sis [5]. The vitreous humor’s viscosity impedes large molecule dif-

fusion (e.g., proteins), with drug clearance occurring via anterior

diffusion into aqueous humor or posterior permeation into retinal

vessels [129]. Additionally, the ILM, a fibrous Müller cell network,

further restricts retinal drug penetration (Fig. S2 in Supporting in-

formation) [130,131].

Nanomaterial-based ocular delivery exhibits size-dependent

penetration: Sub-200nm particles passively diffuse through vit-

reous collagen to reach retinal/choroidal tissues [100], while

larger particles require surface modification for BRB crossing. The

negatively charged hyaluronic acid-collagen mesh in vitreous gel

impedes cationic drug diffusion [132]. Anion-coated NPs resist

hydrodynamic clearance, prolonging OPS retention. For retinal

targeting, cell-penetrating peptides (CPPs) or anti-VEGF peptides

enable receptor-mediated transcytosis across retinal barriers,

enhancing accumulation and extending therapeutic effects via

optimized intracellular trafficking.

Notably, currently marketed nanomedicines are still mainly

based on liposomes, micelles and PLGA as carriers, suggesting that

although all nanocarriers can be modified via special process, the

specific effectiveness for treating OPSD deserves more basic re-

searches and clinical trials.

4. Classifications and characteristics of nanocarriers for OPS

drug delivery

4.1. Polymeric NPs

Polymer NPs are prepared by polymerizing monomers or dis-

persing natural macromolecules. Drugs can be either adsorbed on

the surface of NPs or dispersed within the core of the NPs. Com-

monly utilized polymers for creating these NPs include polylac-

tic acid (PLA), polylactic-co-glycolic acid (PLGA), micelles, and den-

drimers (Table S2 in Supporting information) [133].

4.1.1. PLA

PLA, a lactic acid-based polymer derived from renewable

sources like wheat, straw, and agricultural waste (e.g., bagasse,

olive pits) [134], is biodegradable—breaking down into lactic acid,

then carbon dioxide and water via metabolic pathways [135]. Its

biocompatibility makes it ideal for ocular drug delivery. Sakai et al.

developed PLA NPs loaded with betamethasone phosphate (BP) us-

ing an oil-in-water solvent diffusion method, showing rapid and

sustained anti-inflammatory effects in treating autoimmune uveo-

retinitis (EAU) [136]. These NPs achieved efficacy equivalent to a

fivefold BP dose and effectively suppressed glial activation, even

post-EAU onset.

Previous studies have shown that PLA NPs can be internalized

by phagocytes [137] and intestinal epithelial cells [138]. Bourges

et al. injected PLA NPs loaded with Rh-6G and Nile Red into

the vitreous body, tracking their intraocular distribution via mi-

croscopy [139]. Rh-6G diffused from the NPs, staining retina and

RPE cells, while NPs persisted in RPE for four months, demonstrat-

ing sustained drug delivery potential.

4.1.2. PLGA

PLGA, an amphiphilic biodegradable polymer with ester link-

ages, combines hydrophilic glycolic acid for enhanced drug absorp-

tion and hydrophobic lactic acid for prolonged degradation, mak-

ing its NPs ideal carriers for ocular posterior segment drug delivery

[140].

PLGA NPs effectively deliver anti-angiogenic drugs for treat-

ing FNDs. Chang et al. [141] developed PLGA@AST/AXI NPs, co-

loaded with astaxanthin (AST) and axitinib (AXI), which demon-

strated sustained two-month release after conjunctival injection.

These NPs exhibited dual antioxidant and anti-angiogenic effects,

reducing Bruch’s membrane edema, CNV, and retinal damage in

wAMD models (Fig. 1A). Yao et al. [142] further enhanced target-

ing by developing CD105-specific PLGA NPs (AAP NPs) for Ang1

delivery, which selectively accumulated in neovascular areas, sup-

pressing CNV progression and modulating inflammation (Fig. 1B).

Beyond small molecules, PLGA also shows promise for delivering

exosomes (Exos), offering a "pseudo-cellular" therapeutic approach

for posterior segment ocular diseases.

PLA/PLGA, a Food and Drug Administration (FDA)-approved

biodegradable polymer, safely metabolizes into lactic acid (pro-

cessed via the tricarboxylic acid cycle) and renally excreted gly-

colic acid. While over a dozen IVT drugs exist, only two PLGA-

based formulations are currently approved for OPSD: Ozurdex R©
(dexamethasone-PLGA) for 3–6 months treatment of retinal vein

occlusions and diabetic macular edema, and GB-102 (sunitinib-

PLGA/mPEG-PLGA) providing 4–6 months IOP control in glaucoma.

Ongoing clinical trials continue to demonstrate PLGA’s potential as

an effective sustained-release carrier for OPSD therapies (Table S3

in Supporting information).

4.1.3. Micelles

Micelles (10–100nm) are self-assembled amphiphilic structures

(e.g., surfactants, polymers) that form above a critical concentra-
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Fig. 1. (A) Diagram of PLGA@AST/AXI reducing CNV leakage and neovascularization

via antioxidant, anti-inflammatory, and anti-angiogenic effects. Reproduced with

permission [141]. Copyright 2024, American Chemical Society. (B) Diagram showing

the AAP NPs preparation and the process of treating CNV. Reproduced with permis-

sion [142]. Copyright 2023, Elsevier.

tion. In water, they arrange into hydrophobic-core/hydrophilic-shell

monolayers, encapsulating proteins to mask surface charge and en-

hance hydrophobicity, facilitating cell membrane penetration [143–

147].

By adjusting the different combinations and ratios of the

hydrophobic/hydrophilic components, the micelles can be cus-

tomized to act as carriers for drug delivery [148]. Guo et al.

[149] designed pH-responsive PACD micellar polymers (PEG

(A)/siRNA-binding (B)/pH-sensitive blocks (C)) for siRNA deliv-

ery in RNV. At 100nmol/L, PACD micelles (∼100nm) opti-

mally inhibited angiogenesis in human umbilical vein endothe-

lial cells (HUVECs) and achieved broad retinal distribution via hy-

drophilic/compact/cationic properties, suppressing RNV in oxygen-

induced retinopathy (OIR) models (Fig. 2A). Cationic LNPs (lipid

nanoparticles, <100nm) also enabled non-invasive eyedrop de-

livery for OPSD by transiently opening corneal tight junctions.

Yang et al. [150] created 11nm micelles for bevacizumab deliv-

ery via eye drops, achieving 23× greater posterior segment pene-

tration than free drug through dual corneal/conjunctival-choroidal

routes. In OIR models, they effectively suppressed neovasculariza-

tion and choroidal sprouting while preserving anti-angiogenic ef-

ficacy (Fig. 2B). Wei et al. [151] developed zwitterionic micelles

(OPDEA-PCL) for brinzolamide (BRZ) eye drops, improving ocular

retention and corneal penetration via adsorption-mediated tran-

scytosis. The formulation enhanced intraocular BRZ delivery and

showed efficacy in glaucoma models (Fig. 2C).

Only two FDA-approved micellar ophthalmic drugs exist:

Cequa R© (dry eye) and Xelpros R© (glaucoma). Micelle research lags

behind other nanocarriers, with clinical trials mainly targeting ocu-

lar surface diseases, underscoring the need for more posterior seg-

ment studies.

4.1.4. Dendrimers

Dendrimers are precisely structured, branched polymers with

core-backbone-branch architecture, enabling uniform molecu-

lar distribution. Over 200 types exist, including widely used

polyamidoamine (PAMAM), poly(l-lysine), polyethyleneimine (PEI),

and polypropyleneimine (PPI) [152,153]. Their hollow interiors

and amine/hydroxyl/carboxyl-rich surfaces [154] allow versatile

Fig. 2. (A) Diagram showing the preparation of PACD polymeric micelles and their delivery pathway for treating OIR mice. Reproduced with permission [149]. Copyright

2024, Elsevier. (B) Diagram of P@Beva eye drop preparation for OIR treatment via corneal/conjunctival-choroidal delivery. Reproduced with permission [150]. Copyright 2024,

Wiley-VCH GmbH. (C) Diagram of OPDEA-PCL/BRZ eye drops enhancing ocular retention, corneal transport, and intraocular drug accumulation. Reproduced with permission

[151]. Copyright 2024, Elsevier B.V. (D) Diagram showing the D-NAC can target ON cells, realize sustained drug release, and protect RGCs. Reproduced with permission [152].

Copyright 2023, American Chemical Society.
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drug/targeting/imaging agent loading while maintaining biocom-

patibility [155].

Hydroxylated PAMAM dendrimers selectively target reti-

nal/optic nerve microglia via endocytosis in NAION, DR, AMD, and

glaucoma models, enabling localized therapy with rapid clearance

[156]. Pitha et al.’s fluorochrome-labeled PAMAM-NAC conju-

gates (D-NAC) achieved sustained retinal release (>28 days) after

IVT/systemic administration, reducing inflammation, suppressing

A1 astrocyte activation, and promoting retinal ganglion cell (RGC)

survival (Fig. 2D) [152]. Current dendrimer modifications (gly-

cosylation, acetylation, PEGylation, peptides) reduce cytotoxicity

via cation neutralization or enhance biodegradability [157]. Zhao

et al.’s PAMAM-PVL-PEG unimNPs feature a hydrophobic drug core

and PEG shell, showed 14-day RGC retention and neuroprotection

post-IVT when conjugated with CTB/Cy5.5 [37].

While FDA-approved dendrimers carry small-molecule drugs,

only one micellar polymer (Restasis R© for dry eye) is used oph-

thalmologically. Dendrimer research lags behind other nanocarri-

ers, with trials mainly focused on dry eye, necessitating more stud-

ies for OPSD applications.

4.2. LNPs

LNPs consist of phospholipid bilayers forming spherical vesi-

cles with uniform lipid cores [158], including solid LNPs (SLNs),

nanostructured lipid carriers, lipid-drug conjugates, and polymer-

lipid hybrid NPs [159].

SLNs, as first-generation biodegradable lipid carriers, offer ex-

cellent biocompatibility, drug-loading capacity, and sustained re-

lease [160]. Although effective for OPSD gene delivery, their retinal

penetration is hindered by vitreoretinal and ILM barriers. Studies

show sub-50nm liposomes achieve superior retinal penetration, at-

tributed to structural similarities between vitreous/ILM and mucus

(a negatively charged polysaccharide network) [161]. PEG-modified

LNPs effectively overcome these barriers, enabling efficient retinal

distribution for small molecules and gene therapies [162]. Herrera-

Barrera et al. [163] developed peptide-modified LNPs (0.15% MH42)

for neuro-retinal mRNA delivery, using phage-derived targeting

peptides (MH42/MH50) to achieve Cre mRNA-induced GFP expres-

sion in photoreceptors, RPE, and Müller cells within 48 h in Ai9

mice (Fig. 3A).

Structurally, LNPs have multilayered cores with nucleic acid-

lipid complexes, whereas liposomes are bilayer vesicles carrying

both hydrophilic and hydrophobic drugs. Liposomes reduce

toxicity, enable sustained release, and enhance ocular drug

bioavailability by prolonging surface/posterior retention [164–

167], primarily via improved corneal/conjunctival permeability

for OPS delivery. Wang et al. [164] developed core-shell pDrops

NPs encapsulating hydrophilic ganciclovir (GCV) and hydrophobic

curcumin (CUR) in a liposomal core with cationic chitosan coating.

The chitosan enhanced mucin electrostatic interactions, opened

corneal/conjunctival tight junctions, prolonged retention, and

improved GCV/CUR delivery to OPS (Fig. 3B). Secondly, targeted

liposome modification enables precise retinal drug localization

and prolonged retention during invasive OPS administration.

Huang et al. [165] developed CD44-targeted liposomes loaded

with ginsenoside (Gg3) for retinal ischemia-reperfusion injury

(Fig. 3C). These liposomes efficiently localized in the RPE layer,

sustaining Gg3 release throughout the retina for 21 days. Third,

studies confirmed their ability to preserve retinal structure and

visual function by reducing oxidative stress and promoting M2

microglia/macrophage polarization. Shao et al. [166] developed

PS-modified liposomal NPs (PS@DMSN–C176) co-loaded with

STING inhibitor C176 and DMSNs for RNV treatment. The system

enabled: (1) Macrophage-targeted delivery via PS recognition,

(2) enhanced ocular stability (DMSNs), and (3) dual therapeutic

effects-romoting M2 polarization while inhibiting cGAS-STING

pathway. In OIR models, it reduced neovascularization, vascular

leakage, and retinal inflammation (Fig. 3D).

By integrating with imaging modalities such as photoacous-

tic (PA), ultrasound (US), magnetic resonance (MR), and radionu-

clide tumor imaging, liposomes have secured a distinct role in

the treatment of RB. Li et al. [74] created a FR-targeted liposo-

mal platform (FA-DOX-ICG-PFP@Lip) co-loading doxorubicin (DOX),

photothermal agent indocyanine green (ICG), and liquid perfluo-

ropentane (PFP) for combined tumor therapy. The system achieved

tumor-specific accumulation via enhanced permeability and reten-

tion effect (EPR) effects and folate receptor targeting, where near

infrared (NIR) laser irradiation induced PFP phase transition to en-

hance ultrasound imaging and trigger DOX release, resulting in

synergistic photothermal-chemotherapy with potent antitumor ef-

fects (Fig. 3E).

Liposomes, composed of natural phospholipids (e.g., phos-

phatides, cholesterol), offer excellent biocompatibility and

metabolic clearance, reducing toxicity risks. These properties

facilitate their clinical use as safe nanocarriers for small-molecule

drugs. Over 20 FDA/European Medicines Agency (EMA)-approved

liposomal drugs exist, mainly for fungal infections and cancer, with

Visudyne R© being the sole ophthalmic-approved product (for AMD,

pathologic myopia, and ocular histoplasmosis). However, POSD re-

search continues, showing promise with triamcinolone acetonide-

(TNT) [168–171], GCV- [172], and dorzolamide- [173] loaded lipo-

somes in clinical trials (Table S4 in Supporting information). Key

challenges include formulation purity, stability, characterization

methods, and pharmacokinetic profiling. Advanced analytics and

engineering approaches may drive future OPSD liposomal therapy

innovations.

4.3. Inorganic NPs

4.3.1. Metal NPs and metal oxides NPs

Metal NPs typically have a core/shell structure: the metal core

defines their properties, while the shell (metals/organic polymers)

shields the core and enables biomacromolecule conjugation [174].

Noble metal NPs (e.g., Au, Ag, Pt) outperform transition metals in

corrosion resistance, antioxidant capacity, and biocompatibility. Au

NPs are especially useful in ophthalmology due to easy thiol-based

surface modification. First, Au NPs effectively deliver bioactive

molecules (proteins, peptides, DNA, oligonucleotides) [175]. Du

et al. [176] engineered Au NPs functionalized with hexapeptides

to generate drug-free peptide-based nanohybrids (P12). These

nanohybrids exhibited pronounced anti-inflammatory activity in

HUVECs in vitro. Moreover, following intravitreal administration,

P12 efficiently reached the retina and markedly reduced vascular

leakage and pericyte loss in streptozotocin-induced diabetic mice.

Ag NPs also have a certain anti-angiogenic effect. They inhibit

angiogenesis via phosphatidylinositol-3-kinase (PI3K)/Akt pathway

activation and counteract advanced glycation end-products (AGEs)

effects [177], reducing vascular permeability. Additionally, Au NPs

serve dual roles as PA contrast agents and stimulus-activated

drug carriers for targeted retinal delivery, leveraging their tunable

electromagnetic/thermal properties. Daria et al. [178] developed

polymer microcapsule NPs (MC) co-loaded with resveratrol and

Au NPs. These enabled fluorescence-tracked RPE delivery and

laser-triggered drug release, showing DR therapeutic potential

(Fig. 4A). Younghoon et al. [179] optimized focused ultrasound

(US) parameters with size/shape-tuned Au NPs, enabling intra-

venous dextran/Au NPs to noninvasively cross the BRB for retinal

delivery, offering a targeted OPS drug delivery strategy (Fig. 4B).

Platinum (Pt), cerium, and fullerene NPs exhibit multi-enzyme

mimetic activity (peroxidase, catalase, and superoxide dismutase),

enabling catalytic decomposition of H2O2 and conversion of O2
−
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Fig. 3. (A) Preparation method of peptide-LNP conjugated NPs and Cre mouse model for two administration routes. Reproduced with permission [163]. Copyright 2023,

American Academy of Arts and Sciences. (B) Diagram of liposomal pDrops enhancing ocular retention/penetration for GCV and CUR delivery to OPS. Reproduced with

permission [164]. Copyright 2024, Wiley-VCH GmbH. (C) Schematic representation of Rg3@HA-Lips as a treatment for RIR. Reproduced with permission [165]. Copyright

2023, Elsevier. (D) Schematic of PS@DMSN–C176 synthesis and RNV treatment via M2 polarization and cGAS-STING inhibition. Reproduced with permission [166]. Copyright

2024, Elsevier. (E) Schematic of FA-DOX-ICG-PFP@Lip: RB-releasing nanoplatform combining photothermal-chemotherapy for enhanced antitumor efficacy. Reproduced with

permission [74]. Copyright 2022, Taylor & Francis.

to O2/H2O2 [180]. These nanozymes show therapeutic potential

against oxidative stress-induced photoreceptor degeneration. Su

et al. [58] demonstrated that IVT administered Pt NPs effectively

scavenged ROS in H2O2 and light-induced retinal damage models,

protecting retinal cells through metabolic reprogramming that re-

stored redox balance (Fig. 4C).

Cobalt, nickel, iron, and iron oxides are ideal for medical ap-

plications due to their superparamagnetism, enabling uses in cell

separation, therapy, drug delivery, and magnetic resonance imaging

(MRI) [181]. Bae et al. [182] developed PEG-coated Fe3O4 nanoflu-

ids for glaucoma treatment, using magnetic heating to upregulate

HSP72 while precisely controlling RGC survival via adjustable elec-

tromagnetic parameters.

The application of metal NPs and metal oxides NPs are mainly

focused on animal research, and the translation to the clinic is rela-

tively difficult. First, complex synthesis requires precise size/crystal

control and expensive equipment. Second, potential metal ion leak-

age causes ocular toxicity. Third, there are cumbersome surface

modifications with limited drug loading. Future solutions may in-

volve biodegradable carriers to reduce toxicity and multimodal

therapies (e.g., photothermal/US) to enhance delivery.

4.3.2. Carbon dots (CDs)

CDs are spherical nanomaterials (<10nm) with a carbon core

and functional groups (-OH, -COOH, -NH2), known for their bio-

compatibility, water solubility, and conjugation ability [183]. Their

small size (∼10nm) has drawn interest in ophthalmology. CDs in-

clude carbon quantum dots (CQDs), carbon nanodots (CNDs), and

polymer dots (PDs), with CQDs and graphene quantum dots (GQDs)

being widely used in this field.

PEI-functionalized CDs (CD-PEI) enable efficient CRISPR de-

livery through clathrin- and caveolae-mediated endocytosis,

enhancing gene transfer [184]. Wang et al. [185] developed

chitosan-rapamycin CDs (CRCD, 3.7 nm) that induce M2 microglial
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Fig. 4. (A) Au-BP-triggered MC imaging post-NIR irradiation and confocal microscopy images of MC localization in live RPE cells. Reproduced with permission [178]. Copyright

2022, Elsevier B.V. (B) Experimental setup for US-guided delivery of Au NPs in retina. Reproduced with permission [179]. Copyright 2024, Association for Research in Vision

and Ophthalmology. (C) Schematic illustration of IVT Pt NPs administration to reduce apoptosis, maintain retinal structure and preserve retinal function. Reproduced with

permission [58]. Copyright 2023, Elsevier. (D) Schematic diagram of Y-CQDs/PVA films as a therapeutic agent for blue LED light-induced photochemical damage. Reproduced

with permission [186]. Copyright 2022, Elsevier. (E) Schematic illustration of CS/PMSN/miR-223 NPs preparation and the main mechanism pathways of CS/PMSN/miR-223 to

inhibit the RNV. Reproduced with permission [190]. Copyright 2022, Elsevier.

polarization via autophagy, reducing oxidative stress and pre-

serving retinal function in glaucoma. Additionally, CDs exhibit

anti-angiogenic properties. Zhao et al. [106] demonstrated that

GQDs suppress abnormal vessel growth in an OIR model by down-

regulating p-STAT3 and periostin in neovascularized retinas. CQDs,

another key CD type, show promise for OPSD. White light-emitting

diodes (WLEDs) emit harmful blue light (400–480nm) that risks

retinal damage. CQDs (<5nm), with anti-aggregation properties,

enable blue light-blocking films. Guo et al. [186] synthesized

stable Y-CQDs via alkali-catalyzed fusion, embedding them in PVA

films to convert blue light to safer wavelengths while maintaining

visibility. In LED-exposed rats, Y-CQD/PVA films preserved retinal

structure by mitigating photochemical damage (Fig. 4D).

4.3.3. Mesoporous silica NPs

Mesoporous silica NPs (MSNs) feature high surface area

(>1000m2/g) and adjustable pores (2–50nm) [187], allowing

stable encapsulation of large therapeutics (proteins, nucleic

acids) with minimal leakage. Their high drug-loading capac-

ity and surface modifiability (e.g., chitosan, folic acid) enable

targeted delivery, enhancing bioavailability while reducing reti-

nal toxicity. ROS-responsive MSNs coated with TK-argon-mPEG

7
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demonstrated sustained retinal activity for over 7 days, effectively

treating retinopathy [188]. Additionally, large-pore MSNs pro-

tect nucleotides and modulate inflammation by suppressing M1

microglial polarization [189]. Huang et al. [190] developed folate-

chitosan coated MSNs delivering miR-223 that selectively target

activated microglia, promoting M2 polarization while reducing

pro-inflammatory cytokines (IL-6, TNF-α) and increasing anti-

inflammatory factors (IL-4, IL-10) in retinopathy models (Fig. 4E).

MSNs show promise for OPSD therapy due to high drug-loading

capacity, controlled release, and modifiability, but challenges re-

main: (1) Developing degradable formulations to enhance safety;

(2) improving targeting via multimodal strategies; (3) overcom-

ing clinical translation barriers through simplified production and

standardized quality control.

4.4. Cell-derived nanocarriers

Overcoming immune system clearance is a significant challenge

for NP drug delivery. Biomimetic nanocarriers from cell mem-

branes evade immune clearance, prolong drug retention, and lever-

age homing proteins for targeted delivery [191], overcoming key

limitations of conventional NPs.

4.4.1. Cell membrane vesicles (CMVs)

CMVs, derived from stem cells, erythrocytes, or engineered

cells, effectively deliver organic/inorganic NPs while preserving na-

tive membrane properties [192,193]. Their surface can be modified

to enhance stability, reduce tear washout and protein-induced ag-

gregation [194], and prolong intraocular retention. Although CMVs

degrade slowly via ocular enzymes, their IVT dosage requires op-

timization to avoid oxidative stress from metabolite accumulation

[195].

CMVs are prepared via gradient centrifugation, with co-

extrusion fusing membranes to drug carriers while preserving

targeting proteins, or engineered to boost targeting and lower im-

munogenicity [196]. However, their low drug-loading efficiency—

particularly for proteins/nucleic acids—requires gradient loading

or covalent coupling optimization. Li et al. created RBC-REC hy-

brid NPs by coating PLGA NPs with combined red blood cell

and retinal endothelial cell membranes for CNV treatment [197].

These NPs avoid macrophage clearance through self-recognition

while specifically targeting RECs to inhibit migration/proliferation

(Fig. 5A), showing reduced vascular leakage and lesion area in

CNV models. Similarly, Hu et al. [198] developed erythrocyte-based

nanocomplexes using AS1411 aptamer-conjugated MnO2 nano-

sponges to target RB cells, achieving dual fluorescence (FL)/MRI

while enhancing gene silencing and inducing apoptosis (Fig. 5B).

While CMVs show promise in ocular surface diseases (e.g., CNV

[199], dry eye [200]), their OPSD applications remain limited due

to large size and aggregation tendencies. Future studies should

focus on multimodal CMVs or gene editing for precise immune-

modulating therapy.

4.4.2. Extracellular vesicles (EVs)

EVs, such as Exos, microvesicles, and apoptotic bodies, are

nanoscale particles crucial for intercellular communication [201].

Among these, Exos are the most extensively studied due to their

therapeutic potential and unique biological properties [202]. For

OPSD therapy, Exos are derived from diverse sources, including

stem cells [203], immune cells [204], organoids [205], retinal [206],

and neural sources [207]. Packed with biomolecules like proteins,

lipids, and nucleic acids [208], they facilitate targeted therapy by

modulating cellular pathways, regulating gene expression, and in-

hibiting apoptosis. However, Exos production faces challenges, in-

cluding complex isolation methods (e.g., ultracentrifugation and

immunomagnetic beads), specialized equipment requirements, and

low yields.

Stem cell-derived Exos present a safer and more effective al-

ternative to stem cell therapy for eye diseases, offering advantages

like low immunogenicity, stability, and therapeutic efficacy [209].

First, stem cells-derived Exos can regulate signaling pathway to

protect retinal cells. Hwang et al. [210] found adipose stem cell

Exos activate Nrf2 signaling, reducing RPE cell apoptosis and oxida-

tive stress in RCS rats, attenuating RD and promoting retinal repair.

Additionally, Exos deliver therapeutic RNAs to regulate gene ex-

pression and inflammation. Bone marrow mesenchymal stem cells

(BMSCs)-derived Exos carrying miR-133b-3p inhibit angiogenesis

and oxidative stress in DR by targeting human fibrillin-1 (FBN1)

[211], while miR-22–3p-loaded Exos suppress NLRP3 inflamma-

some activation to mitigate retinal degeneration. Engineered Exos

demonstrate enhanced efficacy through targeted modifications-

cyclic arginylglycylaspartic acid (cRGD) peptide-functionalized Exos

delivering IL-1 receptor antagonists showed superior microglia tar-

geting and photoreceptor protection compared to natural Exos

(Fig. 6A) [212–215].

The retina’s ten-layer structure makes different layers/cells sus-

ceptible to various diseases. Retinal-derived Exos (from Müller

cells, RPE, and endothelial progenitors) possess target-specific

Fig. 5. (A) Schematic diagram of the RBC-REC NPs preparation and the process of treating CNV via intravenous injection. Reproduced with permission [197]. Copyright 2021,

American Chemical Society. (B) Schematic diagram of the Apt-EG@Dual/hMNs complex NPs preparation and the targeted treatment of RB. Reproduced with permission [198].

Copyright 2024, American Chemical Society.
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Fig. 6. (A) Schematic diagram of the cRGD-EVs formulation and its protective effect on RD through targeting hyperactivated microglia. Reproduced with permission [212].

Copyright 2023, Wiley-VCH GmbH. (B) Schematic diagram of the Exos derived from M1 microglia can stimulate resting microglia activation and amplify pro-angiogenic

effects in the retina via the Irf1/miR-155–5p/Socs1 pathway. Reproduced with permission [213]. Copyright 2023, Ivyspring International Publisher. (C) Schematic diagram

of the Exon@D-D formulation and its inhibitory effect on proliferative vitreoretinopathy (PVR) development. Reproduced with permission [214]. Copyright 2024, Oxford

University Press.

membrane proteins but face research challenges. Zhao et al.

[214] demonstrated RPE-derived Exos co-delivering dexametha-

sone sodium phosphate (DEX-SP) and daunorubicin hydrochloride

(DNR) effectively treated PVR-Exos@D-D inhibited RPE prolifera-

tion/migration and epithelial-mesenchymal transition (EMT) mark-

ers while preventing retinal detachment, unlike controls (Fig. 6B).

Studies emphasize the immune system’s key role in reti-

nal diseases [216]. Microglia, the retina’s primary immune cells,

regulate metabolite clearance [217] and exhibit dual activation

states: pro-inflammatory M1 and anti-inflammatory M2 pheno-

types [218]. Chen et al. [213] found that Exos released by M1

microglia can stimulate resting microglia activation and amplify

pro-angiogenic effects in the retina via the Irf1/miR-155–5p/Socs1

pathway (Fig. 6C).

Despite Exos’ therapeutic potential, clinical challenges remain.

Current mechanistic and safety data mainly come from animal

studies, highlighting the need for technological improvement and

clinical validation. Key hurdles include sourcing suitable cell lines

for precise therapy, high production costs, contamination risks, and

storage difficulties, underscoring the need for standardized Exos

production.

5. Summary and perspective

Nanotherapeutics show great promise for OPSD treatment, of-

fering advantages over traditional drugs through their small size,

stability, and multifunctional modifications that improve drug per-

meability and ocular retention. These nanomaterials include poly-

meric/lipid/inorganic NPs and cell-derived carriers, with certain

types (e.g., Pt/Au NPs, Exos) exhibiting inherent therapeutic prop-

erties.

While nanotherapeutics show promise for OPSD treatment, cur-

rent research remains largely preclinical. Marketed nanomedicines

primarily use polymeric NPs and liposomes (Table S5), with only

PLGA/PLA, micelles, and modified liposomes clinically applied for

OPSD. HA and dendrimers serve as corneal protectants but lack

OPSD validation. Inorganic NPs face synthesis challenges, toxic-

ity risks, and limited drug-loading capacity. Cell-derived carriers

(CMVs/Exos) encounter clinical hurdles including size limitations,

production costs, and storage issues-highlighting key areas for fu-

ture research advancement. Firstly, future research should focus on

elucidating nanotherapeutic delivery routes and metabolic behav-

ior in OPS through real-time NP imaging, while critically evaluating

long-term nanomaterial accumulation toxicity. Secondly, the diffi-

culties in quality control and storage of the nanotherapeutics are

other problems should be taken into consideration. Finally, the ad-

ministration routes and frequency of nanotherapeutics should be

rationally designed to improve patient compliance and reduce side

effects. We anticipate that nanotherapeutics will benefit more and

more patients with eye diseases in the future.
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