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Abstract: Ocular diseases affect over 2.2 billion people globally, imposing a significant socioeconomic burden, with annual
productivity losses estimated at US$411 billion. Conventional drug delivery methods—topical, local injection, and systemic admin-
istration—face challenges such as low bioavailability (<5%), rapid clearance, and physiological barriers like the cornea and blood-
retinal barrier (BRB). Nanomedicine offers promising solutions by enhancing drug bioavailability, prolonging release, and enabling
targeted delivery. This review explores nanomedicine-based ophthalmic drug delivery systems, including organic nanomaterials (eg,
liposomes, polymer micelles, dendrimers), inorganic nanomaterials (eg, metal nanoparticles, quantum dots), and biological compo-
nents (eg, exosomes). These systems improve drug penetration, reduce administration frequency, and minimize toxicity, addressing
conditions like dry eye disease, keratitis, glaucoma, uveitis, age-related macular degeneration (AMD), diabetic retinopathy (DR), and
retinal vascular occlusion (RVO). For instance, Ocular Therapeutix (OTX)-TP, a sustained-release intracanalicular implant combining
poly (ethylene glycol)-based hydrogel with travoprost-loaded poly (lactic acid) microspheres, has shown therapeutic efficacy lasting up
to three months in the management of glaucoma and ocular hypertension in Phase III clinical trial. Additionally, a liposomal
formulation of verteporfin, approved for the treatment of neovascular AMD, administered intravenously and activated by laser
photodynamic therapy, demonstrates a durable response, with a marked reduction in treatment frequency from an average of 3.5
sessions in the first year to only 0.1 by the fifth year post-diagnosis. Despite these advantages, challenges such as manufacturing costs,
potential toxicity, and limited clinical translation persist. Future advancements in nanomedicine hold potential for personalized, non-
invasive ocular therapies, revolutionizing ophthalmology.
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Introduction

According to the World Health Organization (WHO), over 2.2 billion individuals worldwide suffer from significant
visual impairment and ocular diseases, ranking vision loss as the third leading cause of reduced quality of life after
cancer and cardiovascular diseases. The global financial burden is staggering, with annual productivity losses estimated
at US$411 billion." This economic impact is compounded by direct healthcare costs and intangible losses in patient well-
being. In 2020, approximately 43.3 million people were blind, and 295.09 million experienced moderate-to-severe vision
impairment. Projections indicate a worsening trend: by 2050, due to population aging, growth, and urbanization, an
estimated 61.0 million will be blind, and 474 million will suffer from moderate-to-severe vision impairment.” These
statistics underscore the urgent need for innovative therapeutic strategies. Ocular diseases span a wide range, including
anterior segment conditions like dry eye disease (DED) and keratitis, and posterior segment disorders such as glaucoma,
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age-related macular degeneration (AMD), diabetic retinopathy (DR), retinal vascular occlusion (RVO), and retinopathy
of prematurity (ROP). Traditional treatments often fail to deliver drugs effectively due to the eye’s complex anatomical
and physiological barriers, necessitating advanced delivery systems like nanomedicine to improve outcomes. This review
therefore provides a comprehensive evaluation of nanomedicine-based strategies designed to overcome the ocular
anatomical and physiological barriers for enhanced therapeutic efficacy. Through systematic analysis of cutting-edge
nanocarrier innovations and their clinical translation, we place particular emphasis on quantifying clinically relevant
outcomes, including treatment frequency reduction and sustained-release duration, a distinct departure from conventional
reviews limited to preclinical findings. Furthermore, we present timely updates on both FDA-approved nanoformulations
and emerging technologies to provide better treatments and even fundamentally change the treatment way in ocular
diseases.

Conventional Ophthalmic Drug Delivery Systems

Ocular drug delivery is primarily achieved through topical application, local injection, and systemic administration
(Figure 1). Each method encounters significant obstacles that limit therapeutic efficacy, driving the need for nanotech-
nology-based alternatives (Figure 2).

Topical Drug Delivery

Topical administration, such as eye drops, is the preferred method for anterior segment diseases due to its non-invasive
nature and high patient compliance.> However, ocular bioavailability remains low (<5%) due to multiple barriers. These
barriers include conjunctiva barrier, tear film barrier, corneal barrier, blood-aqueous barrier, vitreal barrier, blood-retinal
barrier, from anterior to posterior segments. The conjunctival barrier exhibits significant permeability due to its
capillaries and lymphatic vessels. This structural characteristic facilitates substantial drug diffusion into systemic
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Intravitreal
injections

Topical
administration

Intracameral
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Figure | Routes of ocular administration for drug delivery systems, including the topical application, local injection (subconjunctival injection, intracameral injection,
intravitreal injection), and systemic administration. By Figdraw.
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Figure 2 Drugs can face several challenges during delivery, including the tear film barrier, the conjunctiva barrier, the corneal barrier, the vitreal barrier, the blood-aqueous
barrier (BAB), and the blood-retinal barrier (BRB). By Figdraw.

circulation, consequently reducing ocular bioavailability.* The tear film barrier, tear film turnover (tears secretion rate of
1~3ul/min), blinking (reducing drug residence time to <l min) and metabolic enzymatic (present on the tear film
degrade the drug).’® The corneal barrier, the cornea’s multilayered epithelium (3—6 layers of tightly connected cells),
blocks hydrophilic drugs, while the stroma (90% of corneal thickness, rich in collagen) impedes lipophilic drugs, in
addition efflux transporters like P-glycoprotein, breast cancer-associated protein and multidrug resistance proteins on the
cornea actively expel drugs, reducing uptake.” Drugs that enter the anterior chamber through the cornea are further
rapidly eliminated by the distribution of intraocular tissues and fluid to non-target tissues, further into the posterior
chamber is blocked by the annular iris and aqueous humor flow (aqueous humor secretion rate of 2.4 + 0.6uL/min).* The
blood-aqueous barrier (BAB)—formed by tight junctions in ciliary epithelium and iris vascular endothelium—restricts
bidirectional hydrophilic compound movement, blocking both blood-to-aqueous influx and aqueous-to-blood efflux;
concurrently, active efflux transporters expressed in the ciliary body and iris epithelium mediate drug expulsion,
collectively limiting therapeutic permeation.” The vitreal barrier, the viscosity of vitreous fluid impedes the diffusion
of more extensive and heavier therapeutic cargoes (eg, proteins), and positively charged molecules binding with the
vitreous proteoglycans (negatively charged) appear to be permeate-hindered.'®'" The blood-retinal barrier (BRB) restrict
access to deeper tissues. BRB consists of two functionally coupled layers—the outer retinal pigment epithelium (RPE)
with tight junction complexes and the inner retinal vascular endothelium.'>'? This dual architecture restricts paracellular
transport through both interfaces: RPE junctions block choroidal-to-retinal hydrophilic substance movement, while
retinal endothelial tight junctions impede systemic drug penetration. Their coordinated action creates bidirectional
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obstruction of aqueous-phase compound exchange between blood and vitreous compartments. Successful BRB permea-
tion necessitates either optimal drug lipophilicity for transcellular diffusion or specific affinity for active transport

systems expressed at RPE/endothelial interfaces.'*'’

Local Injections

Local injections, including subconjunctival, intracameral, and intravitreal routes, are the mainstay for posterior segment
diseases, delivering drugs directly to target sites.'® However, macromolecules like anti-vascular endothelial growth factor
(VEGF) agents, proteins, and peptides exhibit poor stability and short half-lives.'*" For instance, intravitreal dexa-
methasone (400 pg) in primates, which is commonly used as an anti-inflammatory therapy, showed negligible choroid/
retinal retention (<100 ng/g, <0.002%) at 48 hours.”*** Anti-VEGF agents are the first-line drug macromolecules for
ocular neovascularization. There are currently 5 drugs on the market, Bevacizumab (Avastin®), Ranibizumab
(Lucentis™), Aflibercept (Eylea®™), Pegaptanib sodium(Macugen®), Brolucizumab (Beovu®), and the half-lives of the
five drugs are 4.9 days, 9 days, 7.1 days, 10 days, and 2.4 days, respectively—demonstrate half-lives under 10 days, with
retention as low as 0.04% for Aflibercept at 48 hours.** 2" So local injections often need to be given repeatedly, resulting
in low patient satisfaction and an increased risk of numerous complications. Short-term complications, including eye
pain, redness, swelling, and inflammation. In rare cases, it can lead to serious and lasting complications such as macular
dysfunction, retinal detachment, and endophthalmitis.”®*° Systemic risks also arise, as VEGF suppression may elevate
cerebrovascular and cardiovascular event rates.>” These limitations necessitate delivery systems that prolong drug action
and reduce injection frequency.

Systemic Administration

Systemic administration targets the posterior segment via three pathways: diffusion through leaky ciliary body vessels
into the aqueous humor, crossing the BRB, or penetrating the vitreous from the posterior chamber.” However, ocular drug
concentrations remain low due to multiple factors. Drugs must remain stable in blood, evade systemic clearance, and
possess physicochemical properties to cross the BRB and BAB, which selectively filters plasma components.®'*? The
BRB’s tight junctions and the aqueous humor’s regulated composition further restrict access. High systemic doses are
often required, increasing off-target effects and reducing efficacy, making this route less viable for ocular therapy without
advanced delivery enhancements.

Nanomedicine Components in Ophthalmic Applications

Nanomedicine utilizes a diverse array of nanomaterials—organic (eg, liposomes, micelles, dendrimers), inorganic (eg,
metal nanoparticles, silica), and biological (eg, exosomes)—to address the shortcomings of conventional delivery
systems.>> For convenient reference and comparison, we have organized all described nanomedicines with their
respective properties in Table 1 (contains nanoformulations, cargos, diseases, administrations, efficacy, phase,
ClinicalTrials.gov Identifier and Reference).

Lipid-Based Nanoparticles

Lipid-based nanoparticles constitute a versatile drug delivery platform primarily categorized into three systems: con-
ventional liposomes (Figure 3A), solid lipid nanoparticles (SLNs) (Figure 3B), and nanostructured lipid carriers
(NLCs)*® (Figure 3C). Liposomes are spherical vesicles composed of phospholipids that self-assemble into concentric
bilayers surrounding an aqueous core.*® These amphiphilic structures typically exhibit a size distribution ranging from 30
nm to micrometer-scale dimensions, with individual phospholipid bilayers maintaining a characteristic thickness of 4-5
nm.?* As pharmaceutical carriers, liposomes demonstrate exceptional capabilities including: (1) protection of encapsu-
lated therapeutics against physiological degradation, (2) extended plasma circulation half-life through surface modifica-
tion, (3) controlled drug release kinetics, and (4) inherent biocompatibility with minimized systemic toxicity.*>** Their
targeting efficiency derives from both passive accumulation via the enhanced permeability and retention effect and active
targeting through surface-conjugated ligands, collectively enabling dose reduction while maximizing therapeutic efficacy
at disease sites."”*® SLNs consist of a physiological lipid that is solid at room temperature and body temperature,
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Table | Examples of Studies Performed with Nanomedicines. The Nanomedicine’s Components, Features and Information, Nanoformulations (Product), Cargos, Diseases,
Administrations, Efficacy, Phase, ClinicalTrials.gov Identifier; Reference

Nanoformulations(Product) Cargos Diseases Administrations Efficacy Phase ClinicalTrials. gov Reference
Identifier
Liposomes Sodium DED Eye drops Maintain ocular surface moisture while restoring the lipid layer - Cells (in vitro) [34]
hyaluronate Animals (in vivo)
Hydroxyl PAMAM dendrimers Dexamethasone DED Subconjunctival Prolong drug release to | month - Cells (in vitro) [35]
injection Animals (in vivo)
Methoxy PEG-PLA micelles Cyclosporine A DED Eye drops 4.5 times of 0.05% CsA emulsion - Cells (in vitro) [36]
Animals (in vivo)
Cationized HA-coated Cyclosporine A DED Eye drops Enhance ocular retention, improve corneal permeability, and increase tear - Cells (in vitro) [37]
spanlastics production Animals (in vivo)
Palladium-coated gold nanorods - DED Attached to the Minimizes the damage caused by preservatives in artificial tears - Animals (in vivo) [38]
hydrogels (GNRs@Pd) surface of lacrimal
gland
SLNs Natamycin Fungal Eye drops Prolong drug release (10 hours), improve corneal penetration (1.59-fold more - Goat corneas (ex vivo) [39]
keratitis than natamycin in Papp), increase antifungal activity (2.5-fold more than
econazole in MICs)
SLNs Econazole Fungal Eye drops Extend corneal residence time (1.58-fold more than econazole), good - Rabbit corneas [40]
keratitis bioavailability (2.64-fold more than econazole in Papp), enhanced antifungal (ex vivo)
activity (1.75 to 2.43-fold more than econazole in MICs) Animals (in vivo)
PBA-CS-VE Voriconazole Fungal Eye drops Extend corneal residence time, increasing voriconazole’s bioavailability (1.65- - Cells (in vitro) [41]
keratitis fold more than voriconazole in aqueous humor), increasing therapeutic efficacy Animals (in vivo)
(0.09-fold than voriconazole in CFU/g)
Cationic NLCs Voriconazole Fungal Eye drops Maintain effective drug concentrations for 30 minutes in corneal tissue, - Cells (in vitro) [42]
keratitis enhancing retention time
Liposomes Fluconazole Fungal Eye drops Extend corneal residence time (12 hours), a faster therapeutic effect - Cells (in vitro) [43]
keratitis Animals (in vivo)
Mucoinert nanosuspension Moxifloxacin Bacterial Eye drops Increases drug exposure and intraocular concentration (|.7-fold and 4.4-fold - Animals (in vivo) [44]
keratitis more than moxifloxacin, respectively), reduce dosing frequency (once daily)
Polymer micelles (PaGal50- - Bacterial Photodynamic Effectively killing Pseudomonas aeruginosa, improving recovery from keratitis - Animals (in vivo) [45]
b-PGRB20) keratitis therapy
Silver nanoparticles - Bacterial Eye drops Kill infectious pathogens, enhance eye wound healing - Cells (in vitro) [46]
keratitis
Hydrogels Timolol Maleate Glaucoma Eye drops Reduce dosing frequency (once daily) - FDA approved [47]
| ®
(Tiopex™)
(Continued)
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Table 1 (Continued).

Nanoformulations(Product) Cargos Diseases Administrations Efficacy Phase ClinicalTrials. gov Reference
Identifier
Hydrogels Timolol maleate Glaucoma Eye drops Reduce dosing frequency (once daily) - FDA approved [48]
(Timoptic® GFS)
Hydrogels Timolol maleate Glaucoma Eye drops Reduce dosing frequency (once daily) - FDA approved [48]
(Timoptic-XE®)
Hydrogels Pilocarpine Glaucoma Eye drops Reduce dosing frequency (once daily) - FDA approved [49]
(Pilopine HS®)
PEG-based hydrogel (OTX-TP) Travoprost Glaucoma, Intracanalicular Prolong drug release to 3 months 1] NCT02914509 [50]
ocular punctal plug
hypertension
PEG-based hydrogel Travoprost Glaucoma, Intracameral Prolong drug release to 4-6 months | NCTO04360174 [50]
(OTX-TIC) ocular injections
hypertension
Liposomes Latanoprost Glaucoma, Subconjunctival Prolong drug release to 3 months I7n NCTO01987323 [51]
ocular injection
hypertension
Cubosomes Latanoprost Glaucoma Eye drops Increasing drug efficacy (maximum IOP reduction of 30% lasting for 9 days) - Cells (in vitro) [52]
Animals (in vivo)
Hollow PLA nanoparticles Pilocarpine Glaucoma Intracameral Prolong drug release to 56 days - Cells (in vitro) [53]
injections Animals (in vivo)
Lipid DNA Nanoparticles Brimonidine Glaucoma Eye drops Improved IOP lowering efficacy (IOP reduction of 74% and can reach - Animals (in vivo) [54]
7.8 mmHg after 5 weeks)
PAMAM dendrimers hydrogel Timolol maleate Glaucoma Eye drops Improved IOP lowering efficacy (3.35 mmHg and 4.32 mmHg at | hour and - Animals (in vivo) [55]
nanoparticles 24 hours post-treatment, respectively) Rabbit (ex vivo)
MSNs Sodium Glaucoma Eye drops Extend efficacy to 48 hours - Cells (in vitro) [56]
nitroprusside Animals (in vivo)
PLGA (Ozurdex®) Dexamethasone Non- Intravitreal Prolong drug release to 3 months - FDA approved [57]
infectious injections
uveitis, RVO,
DME
LCGH, HCGH Adalimumab Non- Eye drops Improved ocular drug retention time (2.8-fold and 2.1-fold, respectively) and - Cells (in vitro) [58]
infectious penetration into the anterior chamber (5.2-fold and |.4-fold, respectively) Animals (in vivo)
uveitis compared to Adalimumab
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Liposomes Infliximab Autoimmune Intravitreal Improved ocular drug retention time in vitreous humor and retina (more than - Animals (in vivo) [59]
uveoretinitis injections 28 days), and decrease in retinal damage and intraocular inflammation
compared to Infliximab
Liposomes (Visudyne®) Verteporfin nAMD Intravenous A progressive reduction in treatment frequency: from 3.5 annual sessions - FDA approved [60]
during the first year post-diagnosis to just 0.| by the fifth year
Hydroxyl dendrimers VEGF Tyrosine kinase nAMD, DME Subcutaneous The efficacy is equivalent to Aflibercept intravitreal injection /Al NCTO05105607 [6l]
receptor (D-4517.2) inhibitor NCT05387837
PEG-based hydrogel Axitinib nAMD Intravitreal Prolong drug release to 12 months | NCTO03630315 [62]
(OTX-TKI) injections
Natural Polymers Lycium Atrophic Eye drops A potential treatment avenue for atrophic AMD - Cells (in vitro) [63]
barbarum poly AMD
saccharides
LNCs Astragaloside-IV AMD Eye drops A potential treatment avenue for atrophic AMD - Cells (in vitro) [64]
Animals (in vivo)
Albuminated-PLGA Bevacizumab CNV Intravitreal Prolong drug release to months - Cells (in vitro) [65]
nanoparticles injections Animals (in vivo)
PLGA nanoparticles Angiopoietin-| CNV Intravenous Achieving non-invasive treatment of CNV with targeted, long-acting sustained- - Cells (in vitro) [66]
release drugs (28 days) Animals (in vivo)
Ultraviolet-sensitive polymer - CNV Intravitreal Stably retain in the vitreous for up to 30 weeks, non-invasive control of drug - Cells (in vitro) [67]
nanoparticles injections release timing under ultraviolet irradiation Animals (in vivo)
PLGA microspheres (RETAAC) Triamcinolone DME Intravitreal Prolong drug release to months I7n NCT00407849 [68]
acetonide injections
Cyclodextrin Dexamethasone DME Eye drops Achieving non-invasive treatment of DME 1/ NCTO01523314 [69]
nanoparticles
CS nanoparticles Bevacizumab DR Intravitreal Prolong drug release to 8 weeks - Animals (in vivo) [70]
injections
Gold nanoparticles Resveratrol DR Oral Protective effect of retina and amelioration of retinal inflammation - Animals (in vivo) [71]
CS nanoparticles Plasminogen DR, ROP Intravitreal Reduce retinal vascular leakage and decrease retinal leukostasis for at least - Animals (in vivo) [72]
kringle 5 injections 4 weeks
PLGA-PEG-PLGA hydrogel Insulin DR Subconjunctival Protecting retinal function up to 4 weeks - Animals (in vivo) [73]
injection
Hydrogels (Verisome®) Triamcinolone RVO Intravitreal Prolong drug release to 12 months I7n ACTRNI12608000603314 [74]
acetonide injections
(Continued)
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Table 1 (Continued).

Nanoformulations(Product) Cargos Diseases Administrations Efficacy Phase ClinicalTrials. gov Reference
Identifier
Liposomes (TLC399) Dexamethasone RVO Intravitreal Prolong drug release to 12 months 1l NCT02006147 [75]
sodium injections NCT03093701
phosphate
Hydroxyl PAMAM dendrimers Triamcinolone ROP, PDR, Intravitreal Improved efficacy (100-fold higher than free TA) - Cells (in vitro) [76]
acetonide RVO, nAMD injections Animals (in vivo)
Multivesicular Liposomes Bevacizumab nAMD, DR, Intravitreal Prolong drug release to 56 days - Cells (in vitro) [77]
RVO injections Animals (in vivo)
Annexin A5 Liposomes Bevacizumab nAMD, DR, Eye drops Achieving non-invasive treatment of nAMD, DR and RVO - Cells (in vitro) [78]
RVO Animals (in vivo)
MSNs Bevacizumab nAMD, DR, Intravitreal Prolong residence time (28 days), - Cells (in vitro) [79]
RVO injections Animals (in vivo)
Liposomes Bevacizumab nAMD, DR, Intravitreal Prolong drug release to 42 days and 2-fold more than free Bevacizumab on day - Animals (in vivo) [80]
RVO injections 28
Polyvinyl alcohol liposomes Diclofenac Macular Eye drops Improved efficacy (1.8-fold more than conventional diclofenac eye drops) - Animals (in vivo) [81]
edema
Gold nanoparticles - DR, nAMD, Intravitreal A potential treatment avenue for ROP - Cells (in vitro) [82]
ROP injections Animals (in vivo)
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Figure 3 Liposomes are spherical vesicles composed of phospholipids that self-assemble into concentric bilayers surrounding an aqueous core (A); Lipid nanoparticles
(SLN's) consist of a physiological lipid that is solid, a surfactant, and water (B); Nanostructured lipid carriers (NLCs) consist of a physiological lipid that are solid and liquid
lipid, a surfactant, and water (C). By Figdraw.

a surfactant, and water.*” ' These systems exhibit distinct advantages over liposomal formulations, including superior
physical stability during storage and enhanced drug encapsulation efficiency for both hydrophobic and hydrophilic active
pharmaceutical ingredients. The nanoscale dimensions combined with matrix lipid crystallinity enable sustained drug
release profiles while maintaining efficient physiological barrier penetration through lipid-mediated transport
mechanisms.”>”* NLCs constitute a third-generation optimization of SLNs technology, engineered through strategic
blending of solid and liquid lipid phases stabilized by surfactant co-emulsifiers.”*> This hybrid architecture creates an
imperfect crystalline matrix with amorphous domains, resolving key limitations of SLNs by: (1) increasing active
pharmaceutical ingredients loading capacity through lattice defect incorporation, (2) preventing drug expulsion during
storage via reduced crystallinity, and (3) enhancing biocompatibility through tailored lipid phase combinations.
Comparative studies confirm that NLCs exhibit greater drug payload capacity and improved long-term stability versus
SLNSs, establishing them as the current preferred choice among lipid nanoparticles systems for controlled delivery
applications.”

Polymer Micelles

Polymer micelles (Figure 4A), typically ranging from 10 to 100 nm in diameter, are nanocarriers formed through the
spontaneous self-assembly of amphiphilic block copolymers in aqueous media.”® These supramolecular structures exhibit
a core-shell architecture, where hydrophobic polymer segments aggregate into an inner core capable of solubilizing
poorly water-soluble therapeutic agents, while hydrophilic segments form an outer corona that stabilizes the colloidal
system and prevents micellar aggregation.”” The hydrophilic corona fulfills dual critical functions: (1) steric stabilization
against intermicellar coalescence through hydration repulsion forces, and (2) protection of encapsulated payloads from
enzymatic degradation and opsonization.”®*’ Conversely, the hydrophobic core enables high-capacity loading of
lipophilic drugs via non-covalent interactions, achieving solubilization efficiencies up to 1000-fold greater than aqueous
solubility limits.”® Convenient surface modification and targeted delivery improve the bioavailability of the drug, which
can enhance the permeability of the drug by prolonging the residence time of the drug on the ocular surface.>*

Dendrimers

Dendrimers represent a class of three-dimensional nanostructured polymers (2—10 nm) characterized by radially sym-
metric branching architectures and monodisperse molecular weight distributions.'*>'°" These hyperbranched macromo-
lecules are synthesized through iterative reaction sequences, predominantly via either divergent (core-to-periphery) or
convergent (periphery-to-core) methodologies, enabling precise control over generation-dependent physicochemical
properties.'®* The well-defined topology of dendrimers governs critical pharmaceutical parameters including: (1) aqueous
solubility through terminal group modification, (2) in vivo stability via steric shielding of labile bonds, and (3) bioactivity
modulation via multivalent ligand presentation.'®® In ocular therapeutics, dendrimers exhibit macrophage/microglia-
specific tropism through size-dependent passive targeting.'® Intravitreal administration of hydroxyl-terminated
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poly(amidoamine) (PAMAM) dendrimers (Figure 4B) in ischemic retinopathy models demonstrated selective accumula-
tion in activated microglia, with retinal retention extending beyond 21 days post-injection—a 7-fold increase compared
to healthy controls during the acute phase (Days 0-3).'*'°” This pathological targeting paradigm arises from two
synergistic mechanisms: (1) Enhanced Vascular Permeability: breakdown of the inner blood-retinal barrier during
ischemia increases paracellular transport, and (2) Cellular Uptake Optimization: the small size (4—6 nm) and neutral
hydroxyl termini enable rapid interstitial diffusion meanwhile minimize non-specific protein adsorption while enhancing

microglial phagocytosis.!*%1%

Polyester Nanoparticles

Polyester-based nanoparticles, particularly those fabricated from poly(lactide-co-glycolide) (PLGA) (Figure 4C), poly
(lactic acid) (PLA) (Figure 4D), and poly(e-caprolactone) (PCL) (Figure 4E), have established themselves as cornerstone
platforms in precision drug delivery and biomedical engineering due to their programmable degradation kinetics, tunable
surface chemistry, and proven biocompatibility.'' !> PLGA systems, with adjustable lactide:glycolide ratios (50:50 to
85:15), demonstrate superior pharmaceutical versatility—achieving >90% encapsulation efficiency for both hydrophobic
and hydrophilic agents through emulsion-based techniques while enabling sustained release over 7-60 days via hydro-
lytic chain scission mechanisms.''*"!” This degradation-profile programmability, coupled with surface functionalization
strategies enhanced cellular uptake, positions PLGA as the excellent way for intracellular targeted delivery.''® In
contrast, PLA and PCL leverage their distinct mechanical properties for structural biomedical applications: PLA’s high
tensile strength (50-70 MPa) and extended degradation timeline (12-24 months) suit tissue-engineered stents, while
PCL’s low glass transition temperature (—60°C) enables shape-memory vascular stents with 98% radial recovery.“g
Collectively, these polyester systems bridge therapeutic delivery and medical consumables applications through material-
specific property optimization, with PLGA dominating controlled drug release paradigms and PLA/PCL excelling in

medical consumables (eg, tissue-engineered stents, implantable medical devices and surgical meshes).'?°
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Natural Polymers

Natural polymers exhibit distinctive advantages as ocular drug delivery platforms due to their enzyme-responsive
biodegradation pathways, intrinsic bioactivity (eg, anti-inflammatory and angiogenic modulation), exceptional biocom-
patibility, and enhanced mucosal penetration through transient tight junction regulation.'' Among natural biopolymers
clinically deployed for ophthalmic applications, three dominant systems emerge:> (1) Hydrogel (Figure 5) networks—
hydrophilic crosslinked matrices (mesh size 10—100 nm) that immobilize therapeutics via physical entrapment and
controlled release mechanisms governed by Fickian diffusion and polymer relaxation kinetics, achieving times prolonged
corneal residence versus eye drops while enabling zero-order release over 7-14 days and synergistic multi-drug co-
delivery;>>'%27126 (2) Chitosan (CS) (Figure 6A)—a cationic linear polysaccharide composed of B-(1-4)-linked
D-glucosamine and N-acetyl-D-glucosamine units that mediates mucoadhesion through hydrogen bond formation with
functional groups (hydroxyl, carboxyl, and amino groups) which significantly prolong their retention time in ocular
tissues, and hinder drug clearance.'?”'* Meantime, CS has certain immunomodulation that enables it to be used for
wound healing, tissue regeneration, and vaccine rejuvenation.'*!"'3> Hyaluronic acid (HA) (Figure 6B)—a linear anionic
polysaccharide composed of repeating disaccharide units (D-glucuronic acid and N-acetyl-D-glucosamine) linked
through B-1,3 and B-1,4 glycosidic bonds, serves as a natural ligand for CD44 receptors on macrophages and demon-
strates exceptional drug diffusion and delivery capabilities, making it an outstanding therapeutic carrier for ocular disease
treatment.'**'** Emerging natural nano-sized pharmaceutical polymers, such as Lycium barbarum polysaccharides
(LBPS) (Figure 6C) and cyclodextrin, exemplify versatile therapeutic platforms: LBPS, a multifunctional nanomedicine
composed of polysaccharides, monosaccharides, uronic acid, acidic heteropolysaccharides, polypeptides, and proteins,
exhibits potent antioxidative activity, while cyclodextrin (Figure 6D)—oligosaccharides characterized by a hydrophilic
exterior and a lipophilic core—enhance nanomaterial adhesion, improve bioavailability, enable controlled ocular drug

release, and prolong ocular retention time through superior permeability.'*>~'3°

Inorganic Nanomaterials

Inorganic nanomaterials (eg, metal nanoparticles, quantum dots, silica nanoparticles) have emerged as transformative
platforms in ophthalmic applications due to their intrinsic physicochemical advantages, including high physiological
stability, tunable morphostructural properties, and versatile surface functionalization capabilities.'*® Metal nanoparticles
(MNPs) (Figure 7A), particularly silver (Ag) and gold (Au) variants, demonstrate potent antimicrobial efficacy through
multimodal mechanisms: (1) direct membrane disruption via surface charge interactions, (2) sustained ion release
profiles, and (3) Reactive oxygen species (ROS) generation, achieving reduction in bacterial load while enhancing
corneal permeability versus conventional antibiotics.'*'"'** Additionally, gold nanorods enhance the photoacoustic
signal-to-noise ratio, making them highly compatible with advanced imaging technique.'*® Quantum dots (QDs)
(Figure 7B), with size-tunable emission wavelengths (the radiation wavelength range of QDs depends not on their

~T"Hydrogel networks

--Drug

Hydrogel

Figure 5 Hydrogel creates networks (hydrophilic crosslinked matrices) to catch the drug. By Figdraw.

International Journal of Nanomedicine 2025:20 hetps: 9231



Lin et al

A CH3 B
~ OH OH
0]
OH OH o
NH, NH L. 0 0
0 o) HO )
HO 0 HO HO (@) --
0 o OH NH
HO 0 HO 0 )\
NH, NH, 0} /n
OH OH
Chitosan (CS) Hyaluronic acid (HA)

OH OH OH

HO,, OH HoL HO,

| OH

o 0
o HO Ho™"

OH OH

D-Glucose L-Arabinose D-Galactose D-Mannose D-Xylose L-Rhamnose
B-Cyclodextrin v-Cyclodextrin

o-Cyclodextrin

Figure 6 Chemical formula of chitosan (CS) (A), hyaluronic acid (HA) (B), Lycium barbarum polysaccharides (LBPS) mainly contain six monosaccharides (glucose, arabinose,
galactose, mannose, xylose, and rhamnose) (C), and cyclodextrin (o-cyclodextrin, B-cyclodextrin, and y-cyclodextrin) (D). By Figdraw.

- Pore architectures

Metal nanoparticles (MNPs) Quantum dots Mesoporous silica nanoparticles (MSNs)

Figure 7 The structure of metal nanoparticles (MNPs) (A), quantum dots (QDs) (composed of core, shell, and reflected light) (B), and mesoporous silica nanoparticles
(MSN's) (pore architectures carry drugs) (C). By Figdraw.

constituent materials but on their structural properties; thus, accurately tuning their dimensions enables precise control
over the reflected light’s wavelength and color), serve as advanced ocular imaging modalities (eg, contrast agents, optical
coherence tomography, photoacoustic imaging) to provide better visualization of ocular structures and information.'#”~'°
Silica-based systems, particularly mesoporous silica nanoparticles (MSNs) (Figure 7C), combine exceptional biocompat-
ibility (the growth rates of cells exposed to MSNs are similar to those of cells grown without MSNs, and there are no
toxic side effects observed over a period of 42 days), tailorable pore architectures, and biodegradation kinetics, achieving

highly drug loading efficiency for sustained agent delivery over 28 days.'>''%®
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Biological Components

Exosomes (Figure 8A) are nanoscale (40—160 nm diameter) lipid bilayer-enclosed vesicles originating from multi-
vesicular bodies through inward budding of endosomal membranes, subsequently released into the extracellular matrix
via plasma membrane fusion.'>®'%* This endogenous biogenesis pathway endows exosomes with natural intercellular
communication capabilities, positioning them as promising drug delivery vectors with distinct advantages: (1) Enhanced

targeting efficiency through both passive and active mechanisms;'®®

164

(2) Innate biocompatibility with low immunogeni-
city in syngeneic models due to autologous membrane proteins; ~ (3) High payload capacity accommodating diverse
therapeutics (eg, nucleic acids, proteins, small molecules) through electroporation or sonication methods;'® (4)

Synergistic therapeutic effects via co-delivery;'®°

(5) Structural stability retaining high integrity with controlled multi-
drug release.'®” Complementing exosomal systems, lipid-deoxyribonucleic acid (DNA) nanoparticles (Figure 8B)—
hybrid nanostructures integrating programmable DNA frameworks with cationic lipid shells—demonstrate high loading

drugs efficiency and increasing bioavailability.>*'®

Applications of Nanomedicine in Ocular Diseases

Dry Eye Disease (DED)

DED is a multifactorial ocular surface disorder characterized by tear film instability, chronic inflammation of the ocular
surface, and a secondary immune response. Inflammation is central to the pathogenesis of DED.'® With the increasing
use of electronic devices and higher rates of contact lens wear, the incidence of DED has risen significantly.'’®!"!
Current treatments for DED, including artificial tears, topical secretagogues, glucocorticoids, and immunosuppressants,
have notable drawbacks. These include issues with patient compliance, eye discomfort, and side effects such as increased
intraocular pressure, cataracts, and glaucoma.'’” To address tear film instability, phosphatidylcholine-based liposomes

dispersed in sodium hyaluronate can help maintain ocular surface moisture while restoring the lipid layer of the tear film,
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Figure 8 Exosomes are nanoscale lipid bilayer-enclosed vesicles originating from multivesicular bodies through inward budding of endosomal membranes (endocytosis),
subsequently released to the extracellular matrix via plasma membrane fusion (exocytosis). Exosomes contain bilayer lipid (carry lipophilic drug hydrophilic drug), DNA, RNA,
proteins, and surface proteins (A); Lipid-deoxyribonucleic acid (DNA) nanoparticles are nanostructures integrating DNA frameworks with cationic lipid shells (B). By Figdraw.
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thus reducing dry eye symptoms.>*'”* Compared to traditional eye drops, these formulations not only alleviate symptoms
but also target the underlying causes. In studies involving a rabbit model of autoimmune dacryoadenitis related to DED,
subconjunctival injections of hydroxyl-terminated PAMAM dendrimers-dexamethasone conjugate nanoparticles have
demonstrated the ability to selectively localize in the inflammatory lacrimal gland and be taken up by infiltrating cells for
up to one month, resulting in enhanced therapeutic efficacy.>® For secondary immune responses, topical Cyclosporine
A (CsA) is the first drug approved by the Food and Drug Administration (FDA) to inhibit T cell-mediated immune
responses and improve tear production affected by ocular inflammation.'”* However, due to its hydrophobic structure,
poor solubility, and low permeability, surfactants or permeability enhancers are often required to improve the water
solubility and permeability of CsA, which can increase eye irritation.'”>'”” Currently, several CsA formulations have
received FDA approval, including RESTASIS™ (cyclosporine ophthalmic emulsion) 0.05%, CEQUA™ (cyclosporine
ophthalmic solution) 0.09%, Verkazia® (cyclosporine ophthalmic emulsion) 0.1%, and VEVYE (cyclosporine ophthal-
mic solution) 0.1%, all requiring a minimum dosing frequency of twice daily. CsA-loaded methoxy poly(ethylene
glycol)-PLA (mPEG-PLA) micelles have shown a maximum concentration in the rabbit cornea that is 4.5 times higher
than that of 0.05% CsA emulsion, with continuous release and significantly prolonged residence time on the ocular
surface.>®'”® Additionally, cationized HA-coated spanlastics are being utilized for the delivery of ocular CsA to enhance
ocular retention, improve corneal permeability, and increase tear production.’’ Furthermore, GNRs@Pd (palladium-
coated gold nanorods) hydrogel eye masks can sense various visible light irradiations and promote tear secretion through
heating. This approach not only improves DED treatment but also minimizes the damage caused by preservatives in

artificial tears and avoids interference from red light eye patches on normal eyes.*®!'”’

Keratitis

Keratitis is a vision-threatening corneal infection caused by bacteria, fungi, viruses, or amebae. If not properly treated, it
can lead to corneal opacity, perforation, and even eye atrophy.”’9 The first-line treatment options depend on the causative
agent and typically include eye drops containing antibacterial agents (eg, besifloxacin, moxifloxacin, and ofloxacin),
antifungal agents (eg, natamycin, econazole, voriconazole, and fluconazole), or antiviral drugs (such as acyclovir).'5¢"'84
However, the low bioavailability of these eye drops often hampers treatment efficacy. Innovative formulations have been
developed to enhance therapeutic outcomes. For instance, natamycin SLNs (NAT-SLNs) can prolong drug release
(10 hours), improve corneal penetration (1.59-fold more than natamycin in apparent permeability coefficient—Papp),
and increase antifungal activity (2.5-fold more than econazole in minimum inhibitory concentrations—MICs) without
causing cytotoxic effects on corneal tissue, achieving a lower minimum inhibitory concentration and enhanced absorption
in the deeper corneal layers.*® Similarly, econazole SLNs (E-SLNs) extend corneal residence time (1.58-fold more than
econazole) and demonstrate good bioavailability (2.64-fold more than econazole in Papp) and enhanced antifungal
activity (1.75 to 2.43-fold more than econazole in MICs).*° Voriconazole-loaded phenylboronic acid conjugated chitosan-
vitamin E (PBA-CS-VE) polymer micelles can prolong the drug’s residence time in the cornea, thereby increasing
voriconazole’s bioavailability (1.65-fold more than voriconazole in aqueous humor) and therapeutic efficacy against
fungal keratitis (0.09-fold than voriconazole in CFU/g).*' Cationic NLCs loaded with voriconazole maintain effective
drug concentrations in corneal tissue even after 30 minutes of in vitro application, enhancing retention time and
improving treatment for fungal keratitis.** Additionally, liposomal formulations of fluconazole provide a longer duration
of action (12 hours) and a faster therapeutic effect in a Candida albicans keratitis model compared to traditional
fluconazole.* An insoluble ion-paired complex of moxifloxacin (MOX) with pamoic acid (PAM), formulated into
a mucus-penetrating nanosuspension (MOX-PAM NS) eye drops, increases drug exposure and intraocular concentration
(1.7-fold and 4.4-fold more than moxifloxacin, respectively), proving to be as effective when administered once daily as
MOX given three times a day in cases of Staphylococcus aureus-infected keratitis.** Treating multidrug-resistant (MDR)
Pseudomonas aeruginosa is particularly challenging due to its natural resistance to antibiotics and ability to form stable
biofilms. Photodynamic therapy using photosensitizer-based germicidal nanoparticles (PaGal50-b-PGRB20) specifically
targets and produces ROS to damage DNA, ribonucleic acid (RNA), proteins, and biofilms, effectively killing
Pseudomonas aeruginosa and improving recovery from keratitis.*> Moreover, silver nanoparticles (Ag NPs) are
recognized as highly effective antibacterial agents, with mechanisms that include direct interaction with bacteria, the
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release of silver ions (Ag+), and the ability to kill infectious pathogens associated with bacterial keratitis. Additionally,

Ag NP bandages can promote cell proliferation and enhance eye wound healing 1818

Glaucoma

Glaucoma is the leading cause of irreversible blindness worldwide, primarily due to damage to retinal ganglion cells,
which results in vision loss. The only proven modifiable risk factor for glaucoma is intraocular pressure (IOP).'87-188
Conventional treatments mainly focus on lowering IOP by either reducing the production of aqueous humor—using
medications such as B-blockers (eg, timolol maleate) and carbonic anhydrase inhibitors—or increasing the outflow of
aqueous humor through parasympathomimetics (eg, pilocarpine), prostaglandin analogues (eg, travoprost, latanoprost),
and a-agonists (eg, brimonidine).'*'** Topical intraocular antihypertensive drugs are a primary treatment for glaucoma;
however, the bioavailability of eye drop formulations is often less than 5% due to various physiological barriers in the
eye.'” Additionally, the chronic nature of glaucoma necessitates long-term, repeated medication, which can lead to
significant drug-related surface toxicity and decreased patient compliance.'®> Innovative delivery systems have been
developed to improve treatment adherence and efficacy. For instance, using hydrogels as carriers for timolol maleate has
reduced the frequency of administration from twice daily to once daily, as seen in products like Tiopex®, Timoptic® GFS,
and Timoptic-XE.*”**® Similarly, pilocarpine formulations can be administered once daily instead of four times a day,
exemplified by Pilopine HS.*” Ocular Therapeutix (OTX) has designed an intracanalicular punctal plug, OTX-TP, which
consists of a PEG-based hydrogel and travoprost-loaded PLA microspheres, allowing for drug delivery to the ocular
surface over a period of up to three months. The phase III clinical trial for this product (NCT02914509) has been
completed.’*'® Another product, OTX-TIC, is a bioresorbable intracameral implant containing travoprost, with a release
period of 4 to 6 months; its Phase I clinical trial (NCT04360174) has also been completed.’® Liposomes encapsulating
latanoprost have demonstrated a clinically significant antihypertensive effect through subconjunctival injection for at
least three months, with the phase I/II clinical trial (NCT01987323) completed.”' Nanosized cubic liquid crystals, known
as cubosomes, have been developed to carry latanoprost in eye drops, achieving a maximum IOP reduction of 30%
lasting for nine days—significantly better than commercial preparations of latanoprost 0.005% (Louten®™), which achieve
a 20% reduction lasting 24 hours.’> Hollow PLA nanoparticles can regulate the release of pilocarpine, with an optimal
shell thickness of 40 nm providing sustained IOP reduction for 56 days following a single intracameral injection.>
Additionally, lipid DNA nanoparticles carrying brimonidine applied to the ocular surface of mice showed an improved
IOP lowering efficacy, IOP reduction of 74% (brimonidine is 36%) and can reach 7.8 mmHg (brimonidine is 0.6 mmHg)
on a weekly basis (every 7 days) for 5 weeks.”* PAMAM dendrimer hydrogel nanoparticles carrying timolol maleate
demonstrated significant IOP reductions in an angiopoietin 1 gene knockout (A1cKO) glaucoma model, achieving
average reductions of 3.35 mmHg and 4.32 mmHg at 1 hour and 24 hours post-treatment, respectively, which were
markedly more effective than timolol maleate eye drops (0.72 mmHg and 1.85 mmHg).>> Nitric oxide (NO) is a key
signaling molecule that mediates various physiological responses and can reduce IOP by increasing aqueous humor
outflow through the trabecular meshwork (TM) and Schlemm’s canal (SC).'*”'*® Sodium nitroprusside (SNP), a NO
donor, has been incorporated into a SNP@MSNs delivery system, successfully developed as an eye drop that con-
tinuously reduces IOP by delivering SNP to the TM and SC, activating downstream signaling pathways and achieving
sustained IOP reduction for up to 48 hours.”®

Uveitis

Uveitis is an inflammation of the eye that affects the uvea, which includes the iris, ciliary body, and choroid. It is
primarily categorized into infectious and non-infectious uveitis, both of which can lead to vision loss in severe
cases.”*%*°! Appropriate treatment for infectious uveitis often involves antibacterial, antifungal, or antiparasitic medica-
tions, which typically resolve the inflammation.?°'?%? However, frequent eye drops are still necessary. Traditional
treatment for non-infectious uveitis has relied on systemic or topical steroid drugs and immunosuppressants.”’?
Unfortunately, these methods may be associated with significant side effects and limited intraocular distribution and
penetration. Dexamethasone implant (Ozurdex®™) is a biodegradable, rod-shaped implant containing 0.7 mg of dexa-

methasone, made from PLGA, and is FDA-approved for treating macular edema due to RVO, DME, and non-infectious
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uveitis.>” This implant allows for intravitreal injections followed by a slow, sustained release of dexamethasone over
three months. Tumor necrosis factor-alpha (TNF-a) is considered a key factor in the development of various inflamma-
tory eye diseases, including uveitis, scleritis, and ocular surface disease.’**>°” Adalimumab (HUMIRA®™), a TNF-a
inhibitor, is the only systemic non-corticosteroid drug approved by the FDA for the treatment of non-infectious uveitis.**®
It is administered via subcutaneous injection, but systemic therapy can lead to immunosuppression, increasing the risk of
infections and tumorigenesis.’*>*'° To enhance the delivery of Adalimumab for uveitis treatment, low-deacetylated
chitosan/p-glycerophosphate (B-GP) hydrogel (LCGH) and high-deacetylated chitosan/B-GP hydrogel (HCGH) have
been developed as carriers for eye drops. In studies using an endotoxin-induced uveitis (EIU) rabbit model, both LCGH
and HCGH improved ocular drug retention time (2.8-fold and 2.1-fold, respectively) and penetration into the anterior
chamber (5.2-fold and 1.4-fold, respectively) compared to Adalimumab solution.”® Furthermore, Adalimumab-loaded
LCGH and HCGH significantly reduced EIU symptoms (including anterior chamber cells, iris hyperemia, pupillary
adhesions, and exudate) and inflammatory cytokines (TNF-a and interleukin-6), with LCGH showing superior thera-
peutic effects compared to HCGH.>® Infliximab, another TNF-o. inhibitor, has proven effective in reducing chronic
uveitis.”!! Intravitreal injections of Infliximab-loaded liposomes in a rat model of autoimmune uveoretinitis resulted in
significant improved ocular drug retention time in vitreous humor and retina (more than 28 days), and decrease in retinal
damage and intraocular inflammation compared to conventional Infliximab treatments.”

Age-Related Macular Degeneration (AMD)

AMD is the third leading cause of blindness globally and the primary cause of irreversible vision loss among older
populations in developed countries.?'> AMD can be classified into atrophic AMD and neovascular AMD (nAMD), with
10-15% of AMD cases progressing to nAMD due to choroidal neovascularization (CNV), which accounts for over 80%
of vision impairment in AMD patients.?'*> Currently, there are no regulatory-approved therapies to slow the progression
of AMD or the growth of geographic atrophy.>'* Treatments for nAMD primarily focus on anti-VEGF drugs, laser
photocoagulation, and corticosteroids, but the limited efficacy of laser photocoagulation and the potential risks of
glucocorticoids leading to cataracts and glaucoma restrict their clinical use.’'> Intravitreal VEGF antagonists are
gradually replacing these methods as the primary treatment strategy;*'® however, anti-VEGF therapy necessitates
repeated lifelong intravitreal injections, which can result in complications such as hemorrhage, retinal detachment, and
endophthalmitis. Moreover, long-term use of VEGF antagonists, the most effective drugs for treating neovascular
diseases, can lead to macular dysfunction, with only 25-40% of patients experiencing significant improvements in visual
acuity. Visudyne® is currently the only FDA-approved nanoparticle formulation that achieves targeted delivery to the eye
through systemic administration.'® This liposomal formulation containing Verteporfin is administered intravenously and
activated intraocularly using a diode laser, resulting in reactive oxygen species-mediated vascular thrombosis, and is
approved for treating CNV associated with AMD, thus avoiding the complications and surgical risks of vitreous injection
of anti-VEGF.®*?!7 Besides, clinical data reveal a progressive reduction in treatment frequency: from 3.5 annual sessions
during the first year post-diagnosis to just 0.1 by the fifth year, indicating durable therapeutic effects. The hydroxyl
dendrimer VEGF receptor tyrosine kinase inhibitor (D-4517.2) has shown effectiveness in nAMD and diabetic macular
edema (DME) treatments; a single subcutaneous injection of 40 ug of D-4517.2 was compared to an intravitreal injection
of Aflibercept over two weeks, demonstrating that the subcutaneous dendritic conjugate significantly reduced mean CNV
compared to the intravitreal Aflibercept group, with oral administration also proving effective and non-toxic.'®¢'-*!%
A Phase II clinical study (NCT05105607, NCT05387837) is currently underway.®' Axitinib, a multi-receptor tyrosine
kinase inhibitor (TKI), blocks VEGF-R and platelet-derived growth factor (PDGF)-B receptor signaling pathways.>'”
OTX-TKI, a dry PEG-based hydrogel containing dispersed small molecule Axitinib microcrystals, has completed a phase
I clinical trial (NCT03630315) in nAMD patients, showing efficacy lasting up to 12 months.®* LBPS inhibits NLRP3
inflammasome activation through its anti-amyloid 1-40 oligomerization properties in AMD models, exerting anti-
apoptotic effects and alleviating inflammation and cytopathological changes, thus providing a potential treatment avenue
for atrophic AMD.®® Astragaloside-IV (ASIV) exhibits anti-inflammatory and antioxidant properties, protecting RPE cell
lines and reducing neurodegenerative changes in RPE cells.***?** ASIV loaded into lipid nanocapsules (ASIV-LNCs)
can reduce the apoptosis rate from 5.12% to 0.533% and effectively protect retinal cells from apoptosis by delivering the
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drug to the retinal layer via topical eye drops in the NalO3-induced atrophic AMD mice.®* Albuminated-PLGA
nanoparticles encapsulating Bevacizumab for treating CNV utilize albumin to prevent inactivation and aggregation of
Bevacizumab protein, stabilizing its activity and maintaining concentrations above 500 ng/mL for over 8§ weeks, with
stable release for 4 months.®>*-*** Angiopoietin-1 (Angl) improves the internal environment of ischemic organs,
promotes the tightening of endothelial junctions, stabilizes blood vessels, and protects the vascular system from VEGF-
induced plasma leakage.””>**® CD105, a hypoxia-inducible protein associated with proliferation, is upregulated in
endothelial cells under hypoxic conditions, enhancing angiogenesis, particularly at the edges of
neovascularization.”>'**? Angiopoietin-1-anti-CD105-PLGA nanoparticles (AAP NPs) slowly release Angl and target
the CD105 marker on CNV, increasing drug accumulation and enhancing cadherin expression between vascular
endothelial cells, significantly reducing neovascularization and achieving non-invasive treatment of CNV with targeted,
long-acting sustained-release drugs (28 days).®***® Ultraviolet-sensitive polymer nanoparticles represent a brief, low-
power, far-ultraviolet light-responsive degradable system that enables on-demand delivery of anti-angiogenic molecules,
effectively inhibiting CNV in rats. This nanosystem can stably retain encapsulated molecules in the vitreous for up to
30 weeks post-injection, allowing for non-invasive control of drug release timing under 365 nm ultraviolet irradiation.®’

Diabetic Retinopathy (DR)

DR is a specific microvascular complication of diabetes mellitus and ranks among the leading causes of vision
impairment and preventable blindness worldwide, affecting both the adult working population and older adults.>** >’
DR is categorized into several stages: no DR, mild non-proliferative DR, moderate non-proliferative DR, severe non-
proliferative DR, and proliferative DR (PDR).>*® Current treatment options include laser photocoagulation, surgical
vitrectomy, and intravitreal drug therapy, which often employ various strategies to manage the disease; however, these
methods primarily serve to delay and alleviate some symptoms while carrying a significant risk of further vision loss.**
Evidence suggests that dexamethasone implant can inhibit peripheral retinal ischemia, potentially delaying the progres-
sion of DR and PDR while improving DR severity within 24 months.>**2** In patients with diffuse DME, intravitreal
injection of 1 mg triamcinolone acetonide (TA) loaded in PLGA microspheres (RETAAC system) resulted in decreased
macular center thickness and improved visual acuity after 6 and 12 months, with PLGA microspheres demonstrating
superior long-term pharmacological properties compared to 4 mg of free TA, which showed no functional or anatomical
improvement after the same period.®******> A phase I/Il clinical study (NCT00407849) is currently underway.®®
Dexamethasone-cyclodextrin nanoparticle eye drops at 1.5% have been evaluated in a clinical study (NCT01523314)
for diabetic macular edema, showing an average reduction of 20% in central macular thickness in 74% of eyes by week
4, along with improvements in visual acuity exceeding 0.1 logMAR, without serious adverse effects.” Compared to
Bevacizumab, intravitreal injection of Bevacizumab-loaded chitosan nanoparticles demonstrated a longer inhibitory
effect on diabetic retinal VEGF expression in rats (lasting over 8 weeks).”® Resveratrol exhibits antifibrotic, anti-
inflammatory, and antioxidant properties; in streptozotocin (STZ)-diabetic rats, oral administration of AU nanoparticles-
coated resveratrol promoted increased retinal expression of pigment epithelium-derived factor (PEDF) while decreasing
mRNA expression of VEGF-1, TNF-a, monocyte chemotactic protein-1 (MCP-1), intercellular adhesion molecule-1
(ICAM-1), interleukin-6 (IL-6), and interleukin-1p (IL-1f) by inhibiting retro-transcribed NF-xB and reducing diabetes-
induced retinal ERK1/2 activation, consequently reducing BRB permeability and retinal inflammation.”’ Plasminogen
kringle 5, a natural angiogenesis inhibitor, Chitosan nanoparticles containing the Plasminogen kringle 5 can reduce
retinal vascular leakage and decrease leukostasis in the retina for at least 4 weeks.”® Subconjunctival injection of insulin-
loaded chitosan nanoparticles/PLGA-PEG-PLGA thermosensitive hydrogel (ICNPH) mitigates retinal microstructural
and ultrastructural changes, reduces apoptosis, decreases glial fibrillary acidic protein (GFAP) and VEGF expression, and
enhances globin expression, thereby protecting retinal function in STZ-diabetic rats for up to 4 weeks.”

Retinal Vascular Occlusion (RVO)

Retinal vein occlusion (RVO) is one of the most common causes of sudden, painless unilateral blindness and ranks as
the second most prevalent retinal vascular disease after DR.>*® Vision loss typically results from macular edema caused
by increased permeability of retinal vessels due to hypoxia and inflammation following vascular occlusion, which
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stimulates retinal cells to release growth factors that promote neovascularization.>*” The current mainstay of treatment
involves intravitreal injections of anti-VEGF agents and dexamethasone implants, often requiring multiple vitreous
injections. Verisome® technology, a hydrogel-based drug delivery system, is currently undergoing a Phase I clinical trial
(ACTRN 126080006033 14) for the delivery of TA to treat macular edema associated with RVO.”* This technology allows
for injection through the vitreous cavity, where the released fluid forms a sphere, extending the sustained release time to
one year.”***® Additionally, dexamethasone sodium phosphate (DSP), a derivative of dexamethasone, is being investi-
gated in phase II clinical trials (NCT02006147, NCT03093701) using DSP-loaded liposomes (TLC399) for RVO
treatment, with the primary outcome measure being a best corrected visual acuity (BCVA) gain of at least 15 letters
from baseline after 12 months.””

Common Retinal Diseases (AMD, DR, RVO)

AMD, DR, and RVO are the most common retinal diseases and leading causes of permanent vision loss in developed
countries.”* Clinically, similar strategies are employed for treating neovascularization and macular edema associated
with these conditions. TA is FDA-approved for treating diabetic macular edema, macular edema due to RVO, PDR, and
uveitis, and is used off-label for certain forms of AMD.?% %3¢ Microglial cells play a crucial role in ambulatory immune
monitoring and maintaining normal retinal health.”>” However, under pathological conditions, these cells become
activated, leading to breakdown of the BRB, cytokine production, and stimulation of RPE cells, which are significant
contributors to VEGF production, ultimately resulting in neovascularization.”®?*° Hydroxyl PAMAM dendrimers
conjugated with TA (D-TA) have been shown to deliver TA effectively, inhibiting retinal microglial inflammation for
up to 72 hours while selectively targeting activated microglia, achieving concentrations in RPE cells that are 100-fold
higher than free TA.?®° D-TA significantly outperforms free TA in inhibiting retinal inflammatory cytokines, microglial
activation, retinopathy-related neovascularization, and protecting retinal nerve and visual function at equivalent doses.’®
Bevacizumab-loaded multivesicular liposomes (MVLs) allow for extended release in the vitreous and aqueous humor for
over 56 days, prolonging drug action and reducing injection frequency.”” Annexin A5, which interacts with cells and
biological membranes in a calcium-dependent manner, is conjugated with Bevacizumab in liposomes, enhancing corneal
permeability and resulting in significant Bevacizumab concentrations in the posterior segment.”® MSNs encapsulating
Bevacizumab prolong its residence time (28 days) in the vitreous and aqueous humor, maintaining long-lasting drug
concentrations. MSNs-encapsulated Bevacizumab nanoparticles are more effective than free Bevacizumab in inhibiting
endothelial growth factor-induced endothelial cell proliferation, migration, and neovascularization.” Bevacizumab-
loaded liposomes administered intravitreally in rabbit eyes can sustain drug release for over 42 days, with concentrations
on day 28 being double that of free Bevacizumab and five times higher on day 42.*° Additionally, diclofenac, a non-
steroidal anti-inflammatory drug, is effective for treating macular edema of various origins.®' Using a calcium acetate
gradient method to encapsulate diclofenac in liposomes achieves a 97% encapsulation efficiency, resulting in a 1.8-fold
increase in retinal-choroid drug concentration compared to conventional diclofenac eye drops.®’

Retinopathy of Prematurity (ROP)

ROP is one of the leading causes of severe vision impairment and blindness in children.?®? The typical developmental
process of retinal vascularization is disrupted in various ways at different stages.>*> ROP progresses through two distinct
pathological phases: The initial phase involves delayed physiological vascularization or even regression of developing
retinal vasculature. This is followed by a secondary phase marked by reactive pathological angiogenesis, characterized by
disorganized vascular proliferation that extends abnormally from the retinal surface into the vitreous cavity.?** Therefore,
both anti-VEGF and laser therapy have limited efficacy on ROP, and even have a negative effect. The oxygen-induced
retinopathy (OIR) mouse model effectively mimics the pathological mechanisms of ROP. In these models, AU NPs have
been shown to inhibit VEGF-induced endothelial cell proliferation and retinal neovascularization by blocking VEGFR-2
autophosphorylation and subsequent ERK1/2 activation.® Meanwhile, the AU NPs never affected to cellular viability of
retinal microvascular endothelial cells.** So, Au NPs demonstrate therapeutic benefits for Phase I ROP treatment while
avoiding adverse effects on Phase II pathological progression. And these mechanisms hold potential for application in the
treatment of DR and nAMD also.
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Advantages and Challenges of Nanomedicine-Based Systems

Nanomedicine-based ophthalmic drug delivery systems offer several advantages, including enhanced drug bioavailabil-
ity, prolonged release, targeted delivery, drug protection, improved ocular penetration, reduced administration frequency,
minimized toxicity, non-invasive delivery, combination therapy, and potential for personalized medicine. These benefits
are related to several factors: (1) Size: Nanoparticles with diameters of 100-200 nm are evenly distributed in the vitreous,
while those around 50 nm can cross the retinal barrier and accumulate in the retina. Smaller nanoparticles tend to be
excreted through lymphatic, choroidal blood, or systemic circulation, whereas larger particles (preferably >100 nm) can
avoid rapid clearance, prolonging circulation within ocular tissues. Drug-loaded nanoparticles sized between 50 and 400
nm are optimal for ocular delivery, providing efficient adhesion, high penetration of ocular barriers, and reduced
intraocular irritation.”*> Nanocarriers smaller than 200 nm are readily absorbed in the precorneal region via topical
administration.”°**” For the posterior segment, small particles (<350 nm) can reach the retina through intravitreal
268,269

injection. (2) Charge: At physiological pH, corneal epithelia are negatively charged, allowing positively charged

nanoparticles to electrostatically interact with corneal cells and surface mucins, enhancing adhesion and permeability.?”°
In contrast, neutral or anionic molecules diffuse more rapidly through the negatively charged lens capsule, while positive
ions face limited diffusion.””" Negatively charged nanocarriers can diffuse freely in the vitreous, whereas positive ions
experience restricted movement.>’* Cationic nanoparticles can enhance cellular internalization due to their interaction
with anionic cell surfaces, whereas negatively charged nanoparticles may promote tear retention by avoiding adhesion to
healthy ocular surfaces. (3) Hydrophilicity/Lipophilicity: Increasing the hydrophilicity of nanoparticle surfaces can
improve drug bioavailability on the ocular surface. The hydrophilic barrier formed by lens epithelial cells restricts the
penetration of hydrophilic molecules, while lipophilic molecules can achieve better penetration in the RPE due to their
ability to diffuse through intracellular pathways.*”*

Despite these advantages, nanomedicine-based ophthalmic drug delivery systems face challenges in specific applica-
tions. Clinical use of liposomes has been associated with blurred vision, inflammation during cationic liposome delivery,
and aggregation due to poor colloidal stability, along with high manufacturing costs.”’*?’> SLNs have limited biophar-
maceutical load and rapid elimination by mononuclear phagocytic systems.?’® Polymeric micelles face several limitations
in ocular drug delivery, including inadequate potential for gene delivery applications, inefficient entrapment of macro-
molecular agents, and challenges in scalable manufacturing processes.”® Dendrimers face toxicological issues, complex
synthesis, inadequate in vivo quality control, and high preparation costs, hindering their clinical advancement.?’’
Polyester nanoparticles exhibit biological inertness, limiting progress, while natural polymers present challenges in
chemical synthesis, purity, and structural identification.’’® Natural polymers present persistent challenges as ocular
nanocarriers, particularly regarding their complex synthesis, inconsistent purity levels, and insufficient structural identi-
fication. For examples, hydrogels have a higher viscosity, which may lead to (longer lasting) blurred vision and foreign
body sensation,>* and LBPS displays low absorption, poor bioavailability, and unstable chemical structures in ocular
tissues.'** Additionally, inorganics such as metal nanoparticles may pose toxic risks to the retina and overall eye
health.>” To biological components, the rapid removal in the body is still a problem that needs to be solved, including
exosomes and lipid DNA nanoparticles. To harness the full potential of nanomaterials in ophthalmology while mitigating
their associated risks, several approaches can be adopted: (1) Comprehensive understanding of nanomedicine physico-
chemical properties: As critical parameters including particle size distribution and morphological characteristics directly
govern their biodistribution and interactions with ocular tissues. These intrinsic material properties may precipitate
unanticipated biological consequences, particularly given the propensity of some nanomaterials to undergo aggregation in
physiological conditions—a phenomenon that can manifest clinically as microvascular occlusion or trigger inflammatory
cascades.”®® Optimizing size, shape, and surface properties: Precise control of nanoparticle size and morphology directly
enhances therapeutic efficacy by improving tissue penetration and biodistribution profiles. Furthermore, advanced surface
engineering approaches can significantly improve biocompatibility while mitigating potential toxicological concerns
through enhanced ocular tolerance and reduced non-specific interactions.”®' Preclinical assessment: Thorough preclinical
evaluation of nanomaterials in relevant animal models and in vitro assays is essential to identify and address potential

safety concerns before progressing to clinical trials.?**
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Conclusion

Nanomedicine-based ophthalmic drug delivery systems represent a transformative approach to treating ocular diseases,
addressing the limitations of conventional methods such as low bioavailability, rapid clearance, and physiological
barriers. By leveraging organic nanomaterials (eg, liposomes, polymer micelles, dendrimers), inorganic nanomaterials
(eg, metal nanoparticles, quantum dots), and biological components (eg, exosomes), these systems enhance drug
penetration, prolong therapeutic effects, and enable targeted delivery. Notable advancements include sustained-release
implants like OTX-TP for glaucoma and liposomal formulations such as Verteporfin for neovascular AMD, which
significantly reduce treatment frequency and improve patient outcomes.

Despite these promising developments, challenges remain, including manufacturing costs, potential toxicity, and the
need for further clinical validation. Future research should focus on optimizing nanoparticle properties (size, charge,
hydrophilicity/lipophilicity) to improve efficacy and safety, as well as exploring personalized and non-invasive delivery
methods. The integration of nanomedicine into ophthalmology holds the potential to revolutionize treatment paradigms,
offering more effective, patient-friendly solutions for a wide range of ocular diseases. Continued innovation and
collaboration across disciplines will be essential to overcome existing barriers and fully realize the therapeutic potential

of these advanced delivery systems.
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