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Ocular drug delivery remains a formidable challenge in pharmaceutical sciences
owing to the unique anatomical and physiological barriers of the eye, including the

ISSN (online): 3107-393X tear film, corneal epithelium, and blood-retinal barrier, which collectively limit the
Volume: 02 bioavailability of conventionally administered ophthalmic formulations. The aim of
Issue: 02 this review is to consolidate current advances in ocular drug delivery systems with
March-April 2025 emphasis on nanotechnology-based carriers, controlled-release platforms, and

. emerging therapeutic modalities. Conventional systems such as eye drops, ointments,
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Accepted: 27-03-2025 necessitating the development of sophisticated delivery platforms. Modern strategies
Published: 21-04-2025 encompassing polymeric nanoparticles, liposomes, solid lipid nanoparticles (SLN),
Page No: 16-21 nanomicelles, dendrimers, and nanostructured lipid carriers (NLC) have demonstrated

markedly enhanced corneal permeation and sustained drug release profiles in
preclinical and clinical studies. Advanced platforms including ocular implants, in situ
gelling systems, microneedles, and drug-loaded contact lenses represent
transformative approaches that minimize dosing frequency while maximizing
posterior segment targeting. Mechanisms underpinning controlled release such as
mucoadhesion, penetration enhancement, and stimulus-responsive gelation are
discussed in the context of glaucoma, posterior segment diseases, and
infectious/inflammatory disorders. Despite significant technological advances,
challenges related to regulatory compliance, scale-up manufacturing, ocular
biocompatibility, and clinical translation continue to limit widespread adoption. This
review highlights the critical importance of nanotechnology and advanced drug
delivery engineering in reshaping the future landscape of ophthalmic therapeutics.
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1. Introduction

1.1. Overview of Ocular Drug Delivery

The eye is a highly specialized sensory organ with distinct physiological compartments that pose unique challenges to
pharmacological intervention. Ophthalmic drug delivery encompasses strategies to deliver therapeutic agents to the anterior
segment (cornea, iris, ciliary body, lens) and the posterior segment (vitreous, retina, choroid). Despite the global burden of ocular
diseases—including glaucoma, age-related macular degeneration (AMD), diabetic retinopathy, and infectious keratitis—
effective drug delivery to ocular tissues remains a persistent unmet need in clinical ophthalmology. [
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1.2. Anatomical and Physiological Barriers

The eye is protected by multiple formidable barriers that
restrict drug penetration and reduce bioavailability (Figure
1). The pre-corneal barrier, constituted by the tear film, rapid
nasolachrymal drainage, and blinking reflexes, eliminates
over 95% of topically instilled drugs within minutes. 4L The
corneal epithelium, with its tight junctions, acts as a selective
membrane limiting paracellular transport, while the blood-
aqueous and blood-retinal barriers (BRB) restrict systemic
drug delivery to intraocular targets. > € These barriers
collectively necessitate high dosing frequencies and large
volumes of conventional formulations, often with limited
therapeutic outcomes.

1.3. Need for Improved Ophthalmic Delivery Systems
The therapeutic inadequacies of conventional formulations—
primarily driven by poor biocavailability and suboptimal
precorneal retention—have catalyzed extensive research into
novel drug delivery platforms. [": 8 Patient non-compliance,
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arising from the inconvenience of frequent dosing and
adverse local reactions, further underscores the urgency of
developing sustained-release, patient-friendly drug delivery
systems. 1 Advanced formulations employing nanoscale
carriers and novel biomaterials are increasingly recognized as
pivotal solutions to these challenges. (%

2. Conventional Ocular Drug Delivery Systems

2.1. Eye Drops, Ointments, and Suspensions

Eye drops remain the most widely prescribed ophthalmic
dosage form due to their ease of administration and patient
familiarity; however, they achieve less than 5% corneal
bioavailability owing to rapid precorneal drainage and the
nasolachrymal reflex. ™1 Ophthalmic ointments extend
contact time but cause blurred vision and are poorly tolerated
during waking hours. Suspensions offer a means of delivering
insoluble drugs but suffer from non-uniform dosing, particle
sedimentation, and ocular irritation. [*2 These limitations are
summarized in Table 1.

Table 1: Conventional ocular drug delivery systems and their limitations.

Dosage Form Examples

Advantages

Limitations

Eye drops (solutions)| Timolol, Ciprofloxacin

Easy application, rapid onset

< 5% bioavailability, rapid drainage

Ophthalmic ointmentsErythromycin, Tetracycling

Prolonged contact time

Blurred vision, poor patient compliance

Suspensions Prednisolone acetate

Insoluble drug delivery

Non-uniform dosing, settling

Gels/Hydrogels Carbopol-based gels

Improved retention

Limited posterior penetration

Emulsions

Cyclosporine A (Restasis) [Enhanced drug solubilization

Instability, burning sensation

Each system is compared based on application method, representative examples, advantages, and key pharmaceutical limitations.

2.2. Limitations of Conventional Formulations

The fundamental limitation of conventional ocular
formulations lies in their inability to sustain therapeutic drug
concentrations at the site of action for an adequate duration.
[13] Static and dynamic ocular barriers, combined with the
small volume of the cul-de-sac (~7 L), result in rapid drug
elimination before meaningful absorption can occur.
Furthermore, conventional vehicles provide negligible
delivery to posterior segment structures, where vision-
threatening pathologies such as AMD and diabetic macular
edema predominantly manifest. (L[]

3. Nanotechnology-Based Ocular Drug Delivery

3.1. Polymeric Nanoparticles

Polymeric  nanoparticles  (PNPs)  fabricated  from
biodegradable materials such as PLGA (poly lactic-co-
glycolic acid), chitosan, and albumin have emerged as
versatile platforms for sustained ocular drug release. [**I Their
nanoscale dimensions facilitate mucoadhesion to the corneal
surface, prolonging precorneal residence and enhancing
transcorneal permeation. PLGA-based nanoparticles loaded
with cyclosporine A demonstrated sustained drug release

over 28 days in animal models of dry eye disease, with
significantly improved corneal concentrations compared to
conventional eye drops. [ [ Surface modification with
polyethylene glycol (PEG) or targeting ligands further
enhances cellular uptake and tissue specificity.

3.2. Lipid-Based Nanocarriers

Liposomes, SLNs, and NLCs represent a spectrum of lipid-
based drug delivery systems offering excellent
biocompatibility and versatility in encapsulating both
hydrophilic and lipophilic drugs. > 8 Liposomes enhance
the corneal uptake of drugs through membrane fusion and
endocytosis, and have been clinically applied for
cyclosporine A delivery in keratoconjunctivitis sicca. SLNs
composed of physiological lipids provide improved
physicochemical stability and controlled release, while
NLCs—incorporating liquid lipid fractions within a solid
matrix—offer greater drug loading capacity and minimize
drug expulsion during storage. 116 191 These systems are
summarized alongside other nanotechnology platforms in
Table 2.

Table 2: Nanotechnology-based ocular drug delivery systems.

Nanosystem Drug Examples Key Features Notable Studies
Polymeric nanoparticles |Cyclosporine A, PLGA-loaded drugs| Biodegradable, tunable release Sustained corneal permeation [4[
Liposomes Diclofenac, Amphotericin B Biocompatible, fusogenic Enhanced precorneal retention [
Solid I'plzjsrll_ﬂ?part'des Pilocarpine, Tobramycin Stable, ocular tolerability Improved IOP reduction [
Nanomicelles Rapamycin, Voclosporin High drug loading, small size Transparent formulation [*7]
Dendrimers Pilocarpine, Brimonidine Surface modification, Enhanced transcorneal transport [l
mucoadhesion
Nanostructured lipid carriers Fluconazole, Dexamethasone Liquid lipid matrix, flexible Improved fungaggl;eratltls therapy

Representative nanosystems with drug examples, key features, and notable preclinical/clinical findings
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3.3. Nanomicelles and Dendrimers
Nanomicelles—self-assembling  amphiphilic  copolymer
structures with hydrophobic cores—are particularly suited
for solubilizing poorly water-soluble ophthalmic drugs such
as rapamycin and voclosporin, which target posterior
segment inflammation. ' Their sub-20 nm diameter confers
transparency to the formulation, a critical attribute for
anterior segment delivery. Dendrimers are highly branched
macromolecular scaffolds that enhance mucoadhesion and
transcorneal permeation through multiple surface functional
groups amenable to drug conjugation or complexation. €]
Polyamidoamine (PAMAM) dendrimers have shown
superior corneal permeation of pilocarpine and brimonidine
compared to conventional drops in ex vivo and in vivo
models. (18]

4. Emerging Advanced Ocular Drug Delivery Platforms
4.1. In Situ Gelling Systems

In situ gelling formulations are instilled as low-viscosity
solutions that undergo gelation upon contact with the ocular
surface in response to physiological stimuli such as pH,
temperature, or ionic strength. % 271 Poloxamer 407,
Carbopol, and gellan gum-based systems have been
extensively evaluated and demonstrate markedly prolonged
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precorneal residence times, thereby reducing dosing
frequency for conditions including glaucoma and bacterial
keratitis. % 21 Timolol maleate formulated in
thermosensitive in situ gels achieved comparable intraocular
pressure (I0OP) reduction to conventional drops with twice-
daily rather than four-times-daily dosing schedules in clinical
evaluations. 2%

4.2. Ocular Inserts and Implants

Ocular drug-eluting implants represent the most advanced
platform for posterior segment sustained delivery.
Biodegradable implants such as Ozurdex (dexamethasone
intravitreal implant) provide controlled drug release over 3—
6 months following a single intravitreal injection,
significantly reducing treatment burden in uveitis and
macular edema. 4 [ Non-biodegradable systems such as
Retisert (fluocinolone acetonide) offer multi-year drug
delivery via reservoir-diffusion mechanisms, though
necessitating  surgical  implantation. [ Emerging
biodegradable PLGA and PLA rod-shaped and pellet
implants are under active investigation for expanding
posterior segment indications including geographic atrophy
and diabetic retinopathy. These technologies are catalogued
in Table 3 (Figure 2).

Table 3: Emerging advanced ocular delivery technologies.

Technology Drug/Indication Mechanism Clinical Status
Ocular implants (biodegradable) | Ozurdex (dexamethasone) Slow polymer erosion FDA-approved [
Ocular implants (non-biodegradable)|  Retisert (fluocinolone) Reservoir diffusion FDA-approved [2°]
Microneedles Bevacizumab, Triamcinolone Scleral microporation Preclinical/Phase | [?6]
In situ gelling systems Timolol, Ciprofloxacin pH/temperature gelation Clinical use 27
Contact lens drug delivery Latanoprost, Antibiotics Diffusion from polymer matrix Phase II/11] [28]
Nanosuspension drops Dexamethasone, Loteprednol|Nano-sized particles, enhanced corneal uptake Marketed [

Technologies are listed with representative drugs, delivery mechanism, and current regulatory/clinical status.

4.3. Microneedles and Contact Lens Drug Delivery
Microneedles (MNSs) applied to the sclera create micropores
enabling direct drug delivery to the suprachoroidal or
subretinal space with minimal invasiveness. %81 Hollow and
dissolving MN arrays loaded with bevacizumab and
triamcinolone are in active preclinical and Phase |
development for wet AMD and posterior uveitis,
demonstrating pharmacokinetic superiority over
conventional intravitreal injection in animal studies. 61 Drug-
eluting contact lenses utilize polymer matrices, molecular
imprinting, or nanoparticle incorporation to enable
continuous anterior segment drug delivery during normal lens
wear, making them particularly promising for glaucoma and
allergic conjunctivitis management. (2]

5. Mechanisms of Controlled and Sustained Ocular Drug
Release

5.1. Controlled Release Mechanisms

Ocular nanocarriers achieve controlled drug release through
diffusion from polymer matrices, surface erosion of
biodegradable  materials,  stimulus-responsive  phase
transitions, and ion-exchange mechanisms. (2! Biodegradable
polymers such as PLGA hydrolyze in aqueous ocular media
at predictable rates, enabling zero-order or near-zero-order
drug release profiles that maintain therapeutic drug levels
over days to months. [*4 [ Encapsulation efficiency, particle
size distribution, and polymer molecular

weight are critical parameters governing release kinetics and
must be optimized for each therapeutic application.

5.2. Mucoadhesion and Penetration Enhancement
Mucoadhesive polymers such as chitosan, hyaluronic acid,
and polyacrylic acid derivatives prolong the interaction of
drug-loaded carriers with the mucin layer of the tear film,
directly extending precorneal drug residence. 122 Penetration
enhancers, including cyclodextrins, bile salts, and tight
junction modulators, transiently and reversibly increase
paracellular permeability of the corneal epithelium,
amplifying drug flux to aqueous humor targets. 2% Efflux
pump inhibitors targeting P-glycoprotein at the blood-retinal
barrier represent an emerging strategy for improving drug
accumulation in posterior ocular tissues following systemic
administration. [ 23

5.3. Sustained Therapeutic Delivery

Achieving sustained drug release for posterior segment
diseases—the most prevalent vision-threatening
conditions—requires overcoming the BRB and vitreous
humor's diffusion limitations. % 24 [ Suprachoroidal injection,
enabled by purpose-designed microinjectors or microneedles,
delivers drug directly to the perichoroidal space, enabling
high local bioavailability with minimal systemic exposure. %!
The combination of nanotechnology (nanoparticle carriers)
with advanced delivery platforms (implants, microneedles)
represents a synergistic strategy for achieving durable
therapeutic windows in complex posterior diseases such as
AMD and diabetic macular edema. (24 [126]
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6. Therapeutic Applications

6.1. Glaucoma Treatment

Glaucoma, a progressive optic neuropathy driven by elevated
IOP, demands lifelong pharmacotherapy with high
compliance requirements. Nanoparticle-based formulations
of timolol, latanoprost, and bimatoprost have demonstrated
sustained IOP-lowering effects in preclinical models, with
prolonged therapeutic windows compared to conventional
drops. [% 31 Drug-eluting contact lenses loaded with
latanoprost maintained clinically meaningful IOP reduction
over 30 days in Phase Il trials, representing a paradigm shift
in glaucoma management. 1 In situ gelling systems and
nanosuspensions further contribute to improved patient

compliance and therapeutic consistency in this indication. 2
30]

6.2. Retinal and Posterior Segment Diseases

AMD, diabetic retinopathy, and retinal vein occlusion
collectively represent leading causes of irreversible vision
loss globally, with current anti-VEGF therapy requiring
frequent intravitreal injections that impose substantial patient
and societal burdens. (32 31 Sustained-release implants and
long-acting injectables are actively being developed to extend
dosing intervals. The Port Delivery System with ranibizumab
(Susvimo) received FDA approval and delivers drug
continuously for approximately six months via an indwelling
ocular reservoir, exemplifying the clinical translation
potential of sustained-release technologies. 3! Nanoparticle-
encapsulated nucleic acids and gene therapy vectors are
emerging as next-generation platforms for retinal
dystrophies. 4391
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6.3. Infectious and Inflammatory Ocular Disorders
Bacterial and fungal keratitis, as well as ocular surface
inflammation and uveitis, require effective anterior and
posterior drug delivery. Nanoparticle-based antifungal
systems employing NLCs and SLNs loaded with fluconazole
and amphotericin B have demonstrated markedly superior
corneal permeation and mycological cure rates compared to
conventional antifungal drops in experimental keratitis. [ %
Anti-inflammatory nanocarriers delivering corticosteroids
and NSAIDs with reduced systemic absorption are clinically
relevant alternatives to systemic immunosuppression in
uveitis, minimizing dose-related toxicity. 57 I

7. Challenges and Future Perspectives

7.1. Safety, Regulatory, and Manufacturing Challenges
Notwithstanding significant technological advances, the
clinical translation of novel ocular drug delivery systems
faces substantial hurdles. 3% %1 Safety assessment of novel
nanomaterials—including nanotoxicology, immunogenicity
evaluation, and long-term biocompatibility profiling—
represents a critical regulatory requirement. 3 Regulatory
agencies including the FDA and EMA require comprehensive
pharmacokinetic and toxicological dossiers for each novel
delivery platform and drug combination, significantly
extending development timelines and costs. [“% 41 Scale-up
manufacturing presents additional challenges: maintaining
nanoparticle uniformity, size distribution, and drug loading
across industrial-scale  production batches  remains
technically demanding for lipid and polymeric nanosystems.
2 A comparison of modern systems across key delivery
parameters is provided in Table 4.

Table 4: Advantages and limitations of modern ocular drug delivery approaches.

System Drug Penetration|Patient Compliance| Sustained Release [Manufacturing Challenge

Conventional eye drops|  Poor (<5%) High (ease of use) None Low

Polymeric nanoparticless Moderate—High Moderate Yes (days—weeks) Moderate

Liposomes Moderate Moderate Short-Moderate High (stability)

In situ gels Moderate High Moderate (hours) Moderate
Ocular implants High (posterior) |High (long-interval) [Yes (months—years) High

Microneedles High (scleral) Low—Moderate Yes (controlled) Very High
Contact lens delivery | Moderate—High Very High Moderate (days) High

Systems compared across drug penetration, patient compliance, sustained release capability, and manufacturing challenges.

7.2. Clinical Translation and Future Directions

The convergence of precision biomaterials, computational
drug release modeling, and patient-centric formulation
design is accelerating the clinical pipeline of advanced ocular
delivery systems. @3 4 [ Theranostic nanoplatforms
integrating therapeutic and diagnostic functionalities are
emerging, offering the potential for real-time drug release
monitoring in ocular tissues. ** [ Gene therapy-enabled
delivery using AAV vectors in conjunction with sustained-
release biomaterial scaffolds is being evaluated in clinical
trials for Leber congenital amaurosis and retinitis
pigmentosa. 5 41 Personalized ocular drug delivery—
tailoring formulation design to individual pharmacogenomic
profiles and disease severity—represents the next frontier in
ophthalmic pharmaceutical care. [43]

8. Conclusion
Advances in ocular drug delivery have been transformative,
transitioning the field from suboptimal topical solutions to

sophisticated nanotechnology-based and device-integrated
platforms that address both anterior and posterior segment
therapeutic needs. Polymeric nanoparticles, liposomes,
SLNs, nanomicelles, and dendrimers have collectively
demonstrated the capacity to enhance corneal bioavailability,
prolong drug residence, and enable posterior segment
targeting. Emerging platforms—including biodegradable
implants, microneedles, in situ gelling systems, and drug-
eluting contact lenses—are reshaping patient management
paradigms in glaucoma, AMD, diabetic retinopathy, and
ocular infections. Overcoming barriers of manufacturing
scalability, long-term ocular biocompatibility, and the
complex regulatory landscape will be essential for the
widespread clinical adoption of these technologies. Future
research must prioritize patient-centric design, combination
drug strategies, and the integration of gene and cell-based
therapies within advanced delivery scaffolds to fully realize
the potential of modern ophthalmic pharmaceutical science.
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Figures
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Fig 1: Barriers and anatomical challenges in ocular drug delivery.
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Fig 2: Advanced ocular drug delivery systems and their mechanisms of action.
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