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Abstract: Affecting over 2.2 billion people globally, ocular diseases represent a profound public health challenge, with vision loss 
projected to increase by 55% by 2050. Ocular drug delivery is fundamentally constrained by the eye’s anatomical and physiological 
barriers, limiting bioavailability and necessitating repeated invasive administration. Hydrogel-based drug delivery systems (DDSs) 
have emerged as transformative platforms offering controlled drug release, mucoadhesive precorneal retention, and stimulus- 
responsive phase transitions for anterior and posterior segment diseases. Formulated from natural biopolymers (e.g., hyaluronic 
acid, chitosan, gelatin, and alginate) and synthetic platforms (e.g., thermosensitive poloxamers, pH-responsive carbomers, and photo- 
crosslinked polyethylene glycol systems), these networks sustain therapeutic concentrations while reducing the burden of invasive 
procedures. Despite these advances, clinical translation remains critically impeded by the limited predictive capacity of conventional 
two-dimensional cell cultures and animal models, which fail to replicate human ocular tissue architecture, barrier integrity, and disease 
pathophysiology. Three-dimensional (3D) ocular organoids (e.g., corneal epithelial, lens, lacrimal gland, and retinal constructs derived 
from patient-specific induced pluripotent stem cells) alongside eye-on-a-chip microfluidic platforms provide human-relevant micro
physiological systems for evaluating hydrogel performance, drug transport, efficacy, and biocompatibility under normal conditions. 
Critically, the integration of hydrogel-based DDSs with advanced 3D tissue models offers a transformative strategy to bridge the 
persistent preclinical-to-clinical translation gap in ocular therapeutics. Herein, we critically appraise the current landscape of hydrogel- 
based ocular DDSs and their integration with 3D organoid and organ-on-chip platforms, identifying key opportunities and barriers 
along the translational pathway toward next-generation therapeutics for vision-threatening ocular diseases. 
Keywords: ocular hydrogel drug delivery, ocular organoids, eye-on-a-chip, sustained release systems, microphysiological platforms, 
patient-derived models

Introduction
Ocular diseases impose an extraordinary global health burden, affecting approximately 2.2 billion people worldwide with near 
or distance vision impairment (including 1.1 billion with distance vision loss), of whom at least 1 billion cases could have been 
prevented or remain unaddressed (Figure 1A).1,2 In 2020, an estimated 43.3 million people were blind, and 295 million 
experienced moderate to severe vision impairment globally. The economic impact is staggering, with the annual global cost of 
productivity losses attributed to vision impairment estimated at US$411 billion.3–5 This escalating burden underscores the 
urgent need for advanced drug delivery technologies, including hydrogel-based systems capable of overcoming the eye’s 
formidable anatomical and physiological barriers. Both anterior and posterior segment diseases contribute substantially to this 
burden. Among the leading causes of preventable blindness, cataract accounts for 17.0 million (39.6%) cases and 83.5 million 
(28.3%) cases of moderate to severe vision impairment, followed by uncorrected refractive error affecting 88.4 million people, 
age-related macular degeneration impacting 8 million individuals, glaucoma affecting 7.7 million people, and diabetic 
retinopathy contributing to vision loss in 3.9 million individuals (Figure 1B).1,3–8 Notably, diabetic retinopathy was the 
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only major cause of blindness to show an increase in global prevalence from 1990 to 2020, with an estimated 103.12 million 
adults worldwide affected, representing 22.27% of all adults with diabetes.6 This escalating burden is projected to worsen 
substantially, with vision loss predicted to increase by 55% by 2050, potentially affecting 1.8 billion people globally 
(Figure 1C).8 Ocular diseases represent a significant global health burden, with conditions affecting both the anterior and 
posterior segments of the eye, constituting major causes of vision impairment and irreversible blindness worldwide. For 
instance, presbyopia, as an age-related loss of the eye’s ability to focus on nearby objects, occurs naturally as part of the aging 
process, typically becoming noticeable after age 40, when the lens of the eye becomes less flexible, and the muscles 
controlling lens shape weaken. This makes it difficult to see things up close, such as reading small print, using 
a smartphone, or doing detailed work. Presbyopia affects nearly everyone as they age and is corrected with reading glasses, 
bifocals, multifocal contact lenses, or progressive lenses. Figure 1 represents global vision loss and the magnitude and 
contributing factors.

Figure 1 Schematic illustration of the global vision loss and the magnitude and contributing factors. (A) People living with vision loss. The global burden of vision loss, 
affecting 1.1 billion people worldwide, in which the leading causes are predominantly treatable. (B) Leading causes of vision loss. Cataract represents the greatest impact on 
vision loss worldwide. (C) Projected growth of vision loss by 2050. Without adequate intervention and improved access to eye care services, the burden is projected to 
increase by 55%. For detailed information, readers are directed to Vision Atlas.8 

Abbreviations: MSVI, Moderate to severe visual impairment; VI, Visual impairment; AMD, Age-related macular degeneration; DR, Diabetic retinopathy; VA, Visual Acuity 
(used in the infographic to denote vision measurements).
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The eye possesses one of the most sophisticated and complex physiological defense systems in the human body, 
comprising multiple anatomical barriers that, while essential for protecting delicate ocular tissues, simultaneously present 
formidable challenges for effective therapeutic intervention.9,10 These barriers include the corneal epithelium, blood-aqueous 
barrier (BAB), blood-retinal barrier (BRB), and various tight junction complexes that collectively restrict drug penetration and 
limit bioavailability of therapeutic agents.10 Consequently, the development of effective ocular drug delivery systems (DDSs) 
remains one of the most challenging endeavors in pharmaceutical sciences, with conventional approaches often failing to 
achieve adequate therapeutic concentrations at target sites while minimizing systemic exposure and adverse effects.11

Traditional ocular drug delivery modalities, including topical administration through eye drops and ointments, 
intravitreal injections, and systemic routes, each present distinct limitations that compromise therapeutic efficacy and 
patient compliance. Topical formulations, while non-invasive and convenient, suffer from extremely low bioavailability; 
typically, less than 5% of the administered dose reaches intraocular tissues due to rapid precorneal clearance, nasolacri
mal drainage, and limited corneal permeability.9,10,12 Intravitreal injections, though effective for posterior segment 
diseases, require repeated invasive procedures that carry risks of endophthalmitis, retinal detachment, and patient 
discomfort. Furthermore, the difficulty in monitoring antibiotic dosage and duration of therapy in topical preparations, 
combined with the potential for disrupting normal ocular microflora, raises concerns about antimicrobial resistance and 
therapeutic outcomes.13–16 These limitations underscore an urgent need for innovative drug delivery platforms that can 
overcome anatomical barriers, provide sustained therapeutic concentrations, and improve patient adherence.11

Hydrogel-based DDSs have emerged as promising candidates to address these challenges, offering unique advantages 
derived from their biocompatibility, tunable mechanical properties, and capacity for controlled drug release of multiple 
drugs.17–19 Polysaccharide-based hydrogels, in particular, have gained considerable attention due to their outstanding 
biodegradability and versatility in fabrication.20,21 These materials can be engineered as injectable in situ gelling systems, 
which become gel within seconds to minutes following administration, with storage moduli ranging from 102 to 104 Pa, 
indicating excellent injectability and adjustable mechanical strength suitable for various ocular applications.20 Stimulus- 
responsive cellulose hydrogels represent a particularly sophisticated approach, capable of responding to environmental stimuli 
(e.g., pH variations, temperature fluctuations, and light exposure), thereby enabling targeted drug release and resulting in an 
optimized treatment outcome.22 These systems have been optimized for ocular administration, demonstrating enhanced 
corneal permeability, prolonged retention time, and sustained release profiles that address the pharmacokinetic limitations 
observed with conventional formulations, as reported for curcumin formulations.23 The integration of nanocarrier technolo
gies with hydrogel platforms further enhances their potential, offering low toxicity, high efficiency, and superior stability for 
targeted delivery to both anterior and posterior eye segments.24 Despite these advances, a critical bottleneck remains in 
translating preclinical findings into successful clinical outcomes. High attrition rates in ocular drug development reflect the 
limitations of conventional preclinical models. Two-dimentional (2D) cell models fail to replicate the architecture and 
microenvironment of native ocular tissues, while animal models are constrained by interspecies differences in anatomy and 
drug disposition. This translational gap drives substantial resource waste on candidates that fail in clinical trials, underscoring 
the need for more predictive, human-relevant platforms. Three-dimensional (3D) tissue models and organoids have emerged 
as transformative tools to bridge this divide.25 These advanced in vitro systems recapitulate key structural and functional 
characteristics of native ocular tissues, including cellular organization, extracellular matrix composition, barrier properties, 
and disease-relevant pathophysiology.26 When integrated with hydrogel-based drug delivery platforms, 3D tissue models offer 
physiologically relevant environments for evaluating drug penetration, efficacy, and toxicity, enabling mechanistic insights, 
formulation optimization, and improved clinical outcome prediction. However, translating these systems faces key challenges, 
including manufacturing scalability, characterization limitations, in vivo instability, safety concerns, and incomplete under
standing of nanoformulation biophysical and chemical interactions.27 For stimuli-responsive hydrogels specifically, chal
lenges related to immune compatibility, long-term stability, and scalability in production remain significant barriers to clinical 
translation.22,28–30 Standardization and validation of 3D models, maintenance of long-term cultures, incorporation of 
vascularization and innervation, and establishment of regulatory pathways for these novel testing platforms represent 
additional hurdles. Quality-by-design (QbD) approaches, process analytical methods, and microfluidics offer promising 
solutions to accelerate translation, though these technologies require further development and regulatory guidance.27 This 
review critically examines hydrogel-based DDSs and 3D tissue models as synergistic platforms for overcoming translational 
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barriers in ocular therapeutics. By evaluating recent advances, integration strategies, and key knowledge gaps, it offers 
a framework for designing next-generation ocular systems that bridge preclinical innovation and clinical impact.

A Glance at Diseases, Microanatomy, and Physiological Barriers of the Eye
Ocular diseases encompass a broad spectrum of conditions affecting both the anterior and posterior segments of the 
eye,31 each presenting distinct pathophysiological mechanisms, target tissues, and therapeutic challenges that collectively 
demand innovative drug delivery solutions. Anterior segment disorders, including dry eye disease (DED), infectious 
keratitis, and cataract, primarily compromise the corneal and conjunctival surfaces, the lacrimal apparatus, and the 
crystalline lens, whereas posterior segment pathologies such as age-related macular degeneration, diabetic retinopathy, 
and retinitis pigmentosa threaten the structural and functional integrity of the retina, choroid, and optic nerve. Conditions 
such as glaucoma and uveitis span multiple anatomical compartments, further compounding therapeutic complexity. 
Despite significant advances in pharmacological and surgical management, the majority of these conditions remain 
inadequately controlled by conventional treatment modalities, largely due to the eye’s formidable anatomical barriers, the 
chronic and progressive nature of most ocular diseases, and the absence of disease-modifying therapies for several major 
indications. Table 1 summarizes the key pathophysiological features, primary target tissues, and unmet therapeutic needs 
across the major ocular diseases discussed throughout this review.

The eye represents an extraordinarily complex organ whose visual function depends on the intricate coordination 
between specialized cellular components and optically transparent tissues. Central to maintaining ocular homeostasis is 
a sophisticated network of biological barriers that regulate the movement of molecules between systemic circulation and 
intraocular compartments.10 These barriers, while essential for preserving visual integrity and protecting delicate ocular 
structures, simultaneously present formidable obstacles to therapeutic agent penetration, which is a challenge that 
necessitates innovative drug delivery strategies for effective pharmacological intervention.53

As shown in Figure 2, ocular homeostasis is maintained through a multi-component barrier system, comprising the BAB 
and the BRB, which collectively govern molecular trafficking between the vasculature and intraocular tissues.9–12 Such barrier 
architectures serve multiple critical functions by (i) preserving the unique biochemical composition of ocular fluids through 
specific/selective molecular trafficking, (ii) maintaining appropriate intraocular pressure via regulated aqueous humor 
dynamics, and (iii) shielding sensitive neural tissues from potentially harmful blood-borne substances. For systemically or 
topically administered therapeutics to reach target sites within the posterior segment, they must successfully navigate these 
highly selective barriers, which significantly limits bioavailability and therapeutic efficacy of conventional formulations. 
Locally, in addition to the tear film, the corneal epithelial barrier is the outermost barrier (Figure 2Ai). In the following 
sections, we highlight the most important biological structure of the ocular barrier from a drug delivery and targeting 
standpoint.

Blood-Aqueous Barrier
The BAB comprises two primary cellular components, which work synergistically to regulate molecular trafficking 
between systemic circulation and the anterior chamber (Figure 2Aii).54,55 The epithelial component consists of non- 
pigmented ciliary epithelial cells located in the ciliary body, which are interconnected by tight junctions (zonulae 
occludens) and actively participate in aqueous humor production while restricting paracellular diffusion. The vascular 
component is formed by the continuous, non-fenestrated endothelium of iris blood vessels, which exhibits tight junction 
complexes and demonstrates greater restrictiveness to molecular passage compared to ciliary body vasculature. 
Additional barrier-contributing structures include the posterior iris epithelium, a pigmented epithelial layer that reinforces 
barrier function in the iris region, and the inner wall endothelium of Schlemm’s canal, which forms part of the aqueous 
outflow pathway and regulates fluid egress from the anterior chamber. This multi-layered architectural arrangement 
ensures precise control of aqueous humor composition, maintains optical transparency, and protects the anterior segment 
from blood-borne pathogens and potentially harmful molecules. Located in the anterior eye, the BAB effectively restricts 
paracellular diffusion of hydrophilic molecules while maintaining the optical clarity and ionic homeostasis of aqueous 
humor. Notably, the permeability characteristics of these components differ substantially, in which iris vasculature 
excludes macromolecules exceeding 40 kDa, and ciliary body capillaries exhibit fenestrations that facilitate solute efflux 
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Table 1 Major Ocular Diseases: Pathophysiology, Primary Target Tissues, Key Molecular Targets, and Current Therapeutic Challenges

Disease Pathophysiology Summary Primary Target 
Tissue

Key Molecular Targets Current Therapeutic Challenges Ref.

Glaucoma Progressive optic neuropathy driven by elevated IOP, 
retinal ganglion cell apoptosis, and axonal degeneration; 
multifactorial etiology encompassing aqueous humor 
outflow obstruction and vascular dysregulation

Optic nerve head; 
retinal ganglion 
cells; trabecular 
meshwork

Prostaglandin FP receptor (latanoprost); β-adrenergic 
receptor (timolol); carbonic anhydrase (dorzolamide); 
Rho kinase (ROCK inhibitors); BDNF/TrkB 
(neuroprotection)

Lifelong topical therapy with poor adherence; 
IOP reduction does not halt progression in all 
patients; lack of approved neuroprotective 
agents; surgical options carry risk of bleb failure

[2,7,9,10,32,33]

Age-related 
macular 
degeneration 
(AMD)

Degeneration of RPE and photoreceptors in the 
macula; dry AMD involves drusen accumulation and 
geographic atrophy; wet AMD features pathological 
choroidal neovascularization driven by VEGF 
overexpression

Macula; retinal 
pigment 
epithelium; 
choroid

VEGF-A (bevacizumab, ranibizumab, aflibercept); 
complement pathway (C3, C5; pegcetacoplan); PDGF; 
angiopoietin-2; oxidative stress pathways (Nrf2)

Frequent intravitreal anti-VEGF injections with 
high patient burden; ~30% non-responders; no 
approved disease-modifying therapy for dry AMD 
geographic atrophy

[7,24,34,36]

Diabetic 
retinopathy 
(DR)

Microvascular complication of diabetes mellitus 
involving pericyte loss, basement membrane thickening, 
retinal neovascularization, and macular edema 
secondary to chronic hyperglycemia and oxidative 
stress

Retinal 
microvasculature; 
macula; vitreous

VEGF-A; PKC-β (ruboxistaurin); AGE/RAGE axis; HIF- 
1α; renin-angiotensin-aldosterone system (RAAS; 
spironolactone); TNF-α; oxidative stress (SOD, 
catalase)

Late-stage diagnosis; repeated intravitreal 
injections; anti-VEGF non-response in a subset of 
patients; systemic glycemic control insufficient to 
prevent progression

[6,7,24,37]

Dry Eye 
disease 
(DED)

Multifactorial disorder of tear film homeostasis 
characterized by hyperosmolarity, ocular surface 
inflammation, epithelial barrier disruption, and 
neurosensory abnormalities; aqueous-deficient or 
evaporative subtypes

Corneal and 
conjunctival 
epithelium; 
lacrimal gland; 
meibomian glands

Calcineurin/NFAT (cyclosporine); LFA-1/ICAM-1 
(lifitegrast); IL-1β; IL-6; TNF-α; MUC5AC (mucin 
restoration); muscarinic receptors M3 (lacrimal 
secretion)

Chronic lifelong management; limited efficacy of 
immunomodulatory agents; patient non- 
adherence; absence of disease-modifying 
therapies targeting lacrimal gland restoration

[38–41]

Infectious 
keratitis

Microbial invasion of the corneal stroma by bacteria, 
fungi, viruses, or Acanthamoeba following epithelial 
disruption; triggers inflammatory cascade leading to 
stromal melting, ulceration, and potential perforation

Corneal 
epithelium and 
stroma

Bacterial cell wall synthesis (fluoroquinolones, 
aminoglycosides); fungal ergosterol biosynthesis 
(voriconazole, natamycin); viral thymidine kinase 
(acyclovir); toll-like receptors (TLR2, TLR4); MMP-9 
(stromal degradation)

Poor corneal penetration of antifungal agents; 
antimicrobial resistance; disruption of normal 
ocular microflora; limited options for 
Acanthamoeba and multi-drug-resistant 
organisms

[42,43]

Uveitis Intraocular inflammation affecting the uveal tract with 
anterior, intermediate, posterior, or panuveitic 
distribution; autoimmune, infectious, or idiopathic 
origin; chronic cases lead to cataract, glaucoma, and 
macular edema

Uveal tract; 
retina; vitreous

TNF-α (adalimumab, infliximab); IL-6 receptor 
(tocilizumab); alkaline phosphatase (triggered release); 
glucocorticoid receptor (dexamethasone); NF-κB 
signaling; T-cell co-stimulation (abatacept)

Systemic corticosteroid side effects; 
immunosuppressive therapy risks; repeated 
intravitreal injections for posterior uveitis; 
monitoring of therapy duration

[44–46]

Cataract Opacification of the crystalline lens due to protein 
aggregation (crystallin denaturation), oxidative damage, 
or metabolic dysregulation; leading cause of reversible 
blindness globally

Crystalline lens; 
lens epithelium

Crystallin proteins (αA, αB); oxidative stress pathways 
(GSH, Nrf2); aldose reductase (sorbitol pathway in 
diabetic cataract); TGF-β (posterior capsule 
opacification); Pax6/Prox1 (lens development 
regulators)

Surgery remains only definitive treatment; no 
approved pharmacological anti-cataractogenic 
agents; high surgical burden in low-resource 
settings; posterior capsule opacification post- 
surgery

[4,47–49]

Retinitis 
pigmentosa 
(RP)

Inherited photoreceptor degeneration caused by 
mutations in over 100 genes affecting rod and cone 
function; progressive peripheral vision loss advancing to 
tunnel vision and eventual blindness

Photoreceptors 
(rods and cones); 
retinal pigment 
epithelium

RPE65 (voretigene neparvovec); rhodopsin (RHO 
mutations); PDE6 subunits; CELF1 (RNA-binding 
protein); neurotrophic factors (CNTF, BDNF); cGMP- 
gated channels; antisense oligonucleotide splicing 
targets

Genetic heterogeneity limits universal 
therapeutic approaches; gene therapy restricted 
to specific mutation subtypes; no approved 
neuroprotective agent; high cost and limited 
availability of vectors

[50–52]

Abbreviations: AMD, age-related macular degeneration; BDNF, brain-derived neurotrophic factor; CNTF, ciliary neurotrophic factor; DR, diabetic retinopathy; DED, dry eye disease; GSH, glutathione; HIF, hypoxia-inducible factor; 
ICAM, intercellular adhesion molecule; IOP, intraocular pressure; LFA, lymphocyte function-associated antigen; MMP, matrix metalloproteinase; NF-κB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-related factor 2; PDGF, 
platelet-derived growth factor; PKC, protein kinase C; RAAS, renin-angiotensin-aldosterone system; ROCK, Rho-associated protein kinase; RPE, retinal pigment epithelium; TGF-β, transforming growth factor-beta; TLR, toll-like 
receptor; VEGF, vascular endothelial growth factor.
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Figure 2 Anatomical illustration of ocular biological membranes and barrier systems. (A) Barriers of the eye, including (i) the corneal epithelial barrier (CEB), (ii) the blood- 
aqueous barrier (BAB), (iii) the retinal biological architecture, and (iv) the blood-retinal barrier (BRB) comprising both the inner endothelial and outer pigmented epithelial 
components. Multiple static and dynamic barriers orchestrate the maintenance of ocular homeostasis through coordinated regulatory functions. Various mechanisms are 
involved in the maintenance of vision function. (0) The precorneal tear layer constitutes the initial physiological barrier encountered by topically administered pharmaceutical 
formulations. (1) The stratified corneal structure presents a formidable obstacle that restricts penetration of topically applied therapeutics into the anterior chamber. (2) The 
conjunctival-scleral pathway offers the most permeable route for hydrophilic compounds and large molecular weight substances to bypass corneal barriers. (3) Following 
systemic administration, small molecular weight agents can traverse the fenestrated iris vasculature to access the anterior chamber compartment. (4) Pharmaceutical agents 
entering the anterior chamber undergo continuous elimination via aqueous humor drainage pathways. (5) Compounds present in the anterior chamber may be cleared into 
systemic venous circulation through diffusion across the iris surface – a function mediated by the blood-aqueous barrier. (6) Systemically delivered therapeutics must 
successfully penetrate dual blood-retinal barrier components: the outer barrier formed by retinal pigment epithelium (RPE) and the inner barrier constituted by retinal 
capillary endothelium (RCE). (7) Direct intravitreal injection enables pharmaceutical delivery directly into the vitreous cavity, bypassing anterior barriers. (8) Clearance of 
intravitreally administered agents occurs through uptake into retinal microvascular circulation. (9) Vitreal drug diffusion toward the anterior chamber represents an 
additional elimination pathway from the posterior segment. (B) The main routes for the administration of ophthalmologic drugs. Adapted with permission from.11

https://doi.org/10.2147/IJN.S555555                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 6

Barar et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



toward systemic circulation. This asymmetry in permeability influences drug pharmacokinetics, with small lipophilic 
compounds experiencing rapid clearance (pilocarpine clearance: 13.0 µL/min in rabbit models) compared to larger 
hydrophilic molecules whose elimination approximates aqueous humor turnover rates (3.0–4.7 µL/min).55–58

Blood-Retinal Barrier
The posterior segment is protected by an even more restrictive barrier composed of inner and outer components 
(Figure 2 Aiii-Aiv). The inner BRB is formed by retinal capillary endothelial cells joined by continuous tight junctions 
with high transendothelial electrical resistance, functionally analogous to blood-brain barrier architecture. The outer 
barrier comprises retinal pigment epithelial cells with apical tight junctions that seal the subretinal space. Together, 
these barriers create a formidable impediment to drug penetration, evidenced by the substantially lower drug 
concentrations achieved in vitreous humor compared to aqueous humor following systemic administration.10,59–61 

This differential permeability reflects the critical protective function of the BRB in preserving the metabolic sanctuary 
required for photoreceptor function yet simultaneously represents the primary bottleneck in posterior segment drug 
delivery (Figure 2B).

Multi-Layered Defense Through Active Barrier Mechanisms
The challenge of achieving therapeutic drug concentrations in target ocular tissues extends beyond anatomical barriers to 
encompass three integrated levels of protection. Static barriers include the stratified cellular architecture of cornea, sclera, 
conjunctiva, and the barrier-forming epithelia and endothelia described above. Each tissue layer presents distinct physico
chemical properties; the corneal epithelium favors lipophilic penetration, while the underlying stroma permits hydrophilic 
diffusion, creating a biphasic permeability requirement that few molecules satisfy. Dynamic barriers continuously reduce drug 
bioavailability through physiological clearance mechanisms. Tear film turnover (16–20% per minute), conjunctival lymphatic 
drainage, nasolacrimal duct clearance, and high choroidal blood flow (the highest perfusion rate per tissue mass in the body) 
collectively eliminate the majority of topically applied drugs within minutes, limiting precorneal residence time and reducing 
absorption to typically less than 5% of the administered dose.9,10,62 Active efflux systems further restrict drug accumulation 
through ATP-binding cassette transporters, particularly P-glycoprotein and multidrug resistance-associated proteins, which 
are abundantly expressed in corneal and retinal epithelia, ciliary body, and vascular endothelia.63 These efflux pumps actively 
export a broad spectrum of therapeutic compounds, including many chemotherapeutics, antivirals, and corticosteroids, back 
into the tear film or systemic circulation. This multilayered barrier architecture, while varying in restrictiveness across ocular 
regions, collectively presents an enormous challenge to drug delivery that conventional formulations cannot adequately 
overcome (Figure 2B).

Current Landscape of Ocular Drug Delivery
The therapeutic management of ocular diseases relies predominantly on the established delivery routes, each with distinct 
advantages and limitations (Table 2). Topical administration through eye drops, ointments, and emulsions represents the most 
common approach due to its non-invasive nature, ease of self-administration, and patient acceptance.9,10 However, topical 
formulations face severe bioavailability challenges, with less than 5% of the administered dose penetrating intraocular tissues 
due to rapid precorneal clearance, nasolacrimal drainage, tear turnover, and the formidable barrier properties of the human 
corneal epithelium with relatively high transepithelial electrical resistance (TEER) value of ~300–500 Ω·cm2, and 
a permeability coefficient of ~1–5 × 10−6 cm/s for hydrophilic compounds.9,10 Intravitreal injections have become the gold 
standard for treating posterior segment diseases, particularly diabetic retinopathy and age-related macular degeneration, 
enabling direct delivery of therapeutic agents to the vitreous cavity and bypassing anterior barriers.24 Despite their efficacy, 
repeated intravitreal administrations carry significant risks, including endophthalmitis, retinal detachment, vitreous hemor
rhage, and substantial patient burden. Systemic approaches through oral or intravenous routes offer convenience but 
necessitate high systemic doses to achieve therapeutic intraocular concentrations, leading to poor ocular bioavailability, 
potential systemic toxicity, and off-target effects. Additionally, intraocular implants and contact lens-based DDSs have been 
explored as alternative strategies, though each presents implementation challenges related to invasiveness, foreign body 
sensation, or limited drug loading capacity.11,64–66 The inadequacy of conventional delivery modalities has created substantial 
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unmet clinical needs in ocular therapeutics. Critical limitations include inefficient drug delivery to posterior ocular segments, 
poor patient compliance with frequent dosing regimens, drug-related cytotoxicity to sensitive ocular tissues, and inability to 
maintain sustained therapeutic concentrations. The difficulty in monitoring dosage and therapy duration with topical 
preparations, combined with the potential disruption of resident ocular microflora, raises concerns about antimicrobial 
resistance development and treatment outcomes.67

Many promising therapeutic agents, such as curcumin and other natural compounds with anti-inflammatory, antioxidant, and 
neuroprotective properties, remain clinically underutilized due to poor aqueous solubility, limited bioavailability, and rapid 
systemic elimination.23 These challenges necessitate innovative delivery platforms capable of overcoming anatomical barriers, 
providing controlled and sustained release, minimizing invasive procedures, and improving therapeutic outcomes across diverse 
ocular pathologies. Recent advances in biomaterial science and nanotechnology have catalyzed the development of next- 
generation ocular DDSs designed to address conventional limitations. Nanocarrier-based platforms (e.g., nanoparticles (NPs), 
nanosuspensions, nanofibers, nanogels, liposomes, micelles, and dendrimers) offer enhanced drug solubility, improved ocular 
penetration, and controlled release kinetics. Of these advancements, hydrogel systems have emerged as particularly promising 
candidates, with polysaccharide-based injectable hydrogels demonstrating excellent biocompatibility, tunable mechanical 
properties, and capacity for ocular barrier penetration.20 Remarkably, stimulus-responsive cellulose hydrogels represent 
a sophisticated evolution, capable of responding to environmental cues such as pH, temperature, and light to enable targeted 
drug release and tissue regeneration.22 These systems have been optimized for oral, nasal, and ocular administration, with 
emerging applications in advanced disease-specific therapies. Hybrid platforms combining nanocarriers with mucoadhesive 
hydrogels, cyclodextrin complexes, and biodegradable matrices enable sustained release and enhanced retention, supporting 

Table 2 Comparative Overview of Conventional Ocular Drug Delivery Routes: Advantages, Limitations, and Key Pharmacokinetic 
Parameters

Delivery 
Route

Representative 
Examples

Target 
Segment

Bioavailability/ 
Key Metric

Advantages Limitations Ref

Topical Timolol, latanoprost, 
ciprofloxacin eye drops; 
lubricant gels, emulsions, 
ointments

Anterior <5% intraocular 
bioavailability; 
precorneal 
residence <30 s

Non-invasive; patient 
self-administration; low 
cost; widely accepted

Rapid precorneal clearance; 
nasolacrimal drainage; poor corneal 
penetration; frequent dosing required; 
risk of systemic absorption via 
nasolacrimal duct

[9,10,68,69]

Intravitreal 
injection

Ranibizumab (Lucentis®), 
aflibercept (Eylea®), 
bevacizumab (Avastin®), 
triamcinolone acetonide

Posterior Direct vitreous 
delivery; half-life 
~9 days for anti- 
VEGF biologics

High local drug 
concentrations; 
bypasses anterior 
barriers; gold standard 
for posterior segment 
diseases

Invasive; repeated injections required 
(monthly to bimonthly); risks of 
endophthalmitis, retinal detachment, 
vitreous hemorrhage; patient burden

[13–16,24]

Systemic 
(oral, IV)

Acetazolamide (oral); 
corticosteroids (IV); 
valganciclovir (oral)

Anterior 
and/or 
posterior

<2% ocular 
bioavailability 
from systemic 
circulation

Convenient for 
bilateral disease; 
suitable for uveitis and 
orbital conditions

Poor ocular bioavailability; high 
systemic doses required; risk of 
systemic toxicity and off-target effects; 
limited posterior segment penetration

[10,11,61]

Intraocular 
implants

Dexamethasone 
intracanalicular insert; 
Ozurdex® (dexamethasone 
biodegradable implant); 
Iluvien® (fluocinolone 
acetonide)

Anterior 
and/or 
posterior

Sustained 
release up to 36 
months

Prolonged sustained 
release; reduced dosing 
frequency; consistent 
drug levels

Surgical insertion required; foreign 
body sensation; risk of implant 
migration; high manufacturing cost; 
limited drug loading capacity

[11,64,69]

Contact 
lens-based 
delivery

Drug-soaked pHEMA lenses; 
vitamin E-loaded silicone 
hydrogel lenses; molecularly 
imprinted lenses

Anterior 
(corneal 
surface)

Extended 
precorneal 
residence vs. 
eye drops; drug 
release up to 
7–30 days

Sustained corneal drug 
contact; combines 
vision correction with 
therapy; eliminates 
nasolacrimal loss

Limited drug loading; potential lens 
discomfort; oxygen permeability 
concerns; restricted to the anterior 
segment; regulatory complexity as 
a drug-device combination

[70–73]
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treatment of both anterior conditions like keratitis and dry eye syndrome, and posterior diseases including diabetic retinopathy 
and macular degeneration.

Hydrogel-Based Ocular DDSs
The development of effective ocular DDSs represents a persistent challenge in pharmaceutical sciences, primarily due to the 
eye’s sophisticated protective mechanisms and unique anatomical features. Conventional topical formulations, particularly 
eye drops, demonstrate remarkably poor bioavailability, typically below 5% of the administered dose, attributable to rapid 
precorneal clearance, tear film dilution, and nasolacrimal drainage. To overcome these limitations, a broad spectrum of 
nanotechnology-based platforms has been investigated, including liposomes, polymeric nanoparticles,NPs nanoemulsions, 
micelles, and dendrimers.66,68,74–78 While liposomes offer favorable biocompatibility and the capacity to encapsulate both 
hydrophilic and lipophilic drugs, they are limited by physical instability, drug leakage, and short precorneal residence time. 
Polymeric NPs, particularly poly(lactic-co-glycolic acid) (PLGA)-based systems, provide tunable and sustained drug release 
with excellent biodegradability, yet their small size, while advantageous for tissue penetration, limits bulk drug loading and 
extends manufacturing complexity.79,80 Nanoemulsions enhance corneal permeability through improved wettability and 
spreading but offer limited control over release kinetics.81–83 Dendrimers, despite their precise architecture and surface- 
functionalization potential, raise cytotoxicity concerns at higher generations that restrict clinical translation. In this context, 
hydrogel-based DDSs have emerged as particularly compelling platforms, uniquely combining mucoadhesive precorneal 
retention, stimuli-responsive in situ gelation, and the capacity to serve as macroscale depots for nanocarrier incorporation — 
advantages that individually available nanosystems cannot fully recapitulate. This synergistic versatility positions hydrogels 
not as replacements for nanocarrier technologies, but as integrative matrices that amplify their therapeutic potential within the 
demanding ocular microenvironment.68,69 These limitations necessitate frequent administration schedules, potentially com
promising patient adherence and therapeutic outcomes. Hydrogels have emerged as transformative platforms for ocular 
therapeutics, offering distinctive advantages through their 3D crosslinked polymeric networks capable of retaining substantial 
quantities of water or biological fluids while maintaining structural integrity.84 Remarkably, the fundamental appeal of 
hydrogels in ophthalmic applications stems from their capacity to address multiple challenges simultaneously. These systems 
provide extended precorneal residence time through mucoadhesive interactions, enable controlled and sustained drug release 
kinetics, protect encapsulated therapeutic agents from degradation, and demonstrate excellent biocompatibility with ocular 
tissues.85 Furthermore, hydrogels can be engineered to respond to physiological stimuli, transforming from liquid to gel states 
upon exposure to specific triggers such as temperature, pH, or ionic strength changes, thereby facilitating ease of adminis
tration while ensuring prolonged retention at the target site.21 Figure 3 schematically illustrates composite hydrogels and 
gelation mechanisms.

Classification and Design Strategies
Hydrogel-based ocular DDSs can be categorized according to several criteria, including polymer composition, crosslinking 
methodology, and responsiveness to environmental stimuli (Figure 3A). Table 3 represents selective polymers/biomaterials 
used in the formulation of ocular hydrogels. Natural polymer-based hydrogels, derived from materials such as chitosan, 
hyaluronic acid, alginate, gelatin, and cellulose, offer inherent biocompatibility, biodegradability, and minimal immunogenic 
potential.84,86 Chitosan-based formulations have garnered particular attention due to their cationic nature, which facilitates 
electrostatic interactions with negatively charged mucin layers, thereby enhancing corneal adhesion and penetration 
(Figure 3B).87,88 Hyaluronic acid, a naturally occurring component of ocular tissues, provides exceptional viscoelastic 
properties and promotes wound healing, making it particularly suitable for anterior segment applications.89 Synthetic polymer- 
based hydrogels, including those derived from poly(N-isopropylacrylamide), polyethylene glycol (PEG), poly(2-hydroxyethyl 
methacrylate) (pHEMA), and poloxamer formulations, offer advantages in terms of reproducible synthesis, tunable physico
chemical properties, and predictable degradation profiles (Figure 3B).70,90 Thermosensitive hydrogels, particularly those based 
on Pluronic F-127 (poloxamer 407), demonstrate sol-gel phase transitions at physiologically relevant temperatures, existing as 
free-flowing solutions at ambient conditions while forming semi-solid gels at ocular surface temperatures.91,92 This tempera
ture-responsive behavior facilitates straightforward instillation as liquid drops that subsequently gel in situ, significantly 
extending drug residence time without causing application discomfort. Collectively, natural hydrogels offer superior 
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Figure 3 Composite hydrogels and gelation mechanisms. (A) Main categories of hydrogels, including (i) simple hydrogel with direct drug dispersion and rapid burst release, 
and composite systems comprising (ii) nanoparticle (NP)-loaded hydrogel with dual-barrier extended release, and (iii) nanostructured lipid carrier (NLC)-hydrogel with pH/ 
thermo-responsive behavior, alongside comparative cumulative drug release profiles (iv). (B) Physical gelation mechanisms: 1. Ionic crosslinking, where polyanions (−) and 
polycations (+) interact electrostatically to form polyelectrolyte complexes; 2. Hydrogen bonding, where donors (red) and acceptors (blue) associate via H-bonds (dashed 
Orange lines), as seen in PVA, gelatin, and cellulose derivatives — both mechanisms being reversible. (C) Chemical gelation mechanisms: 1. Condensation/addition reactions, 
where distinguished reactive groups and bifunctional crosslinkers form permanent covalent networks via EDC/NHS coupling, Michael addition, or Schiff base formation; 2. 
Photopolymerization or enzymatic crosslinking, achieved through UV/Vis light activation or enzyme-mediated reactions at specific polymer sites, both yield irreversible, 
covalently crosslinked hydrogel networks.
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biocompatibility, biodegradability, and cell-interactive properties. They also might have some limitations, including batch-to- 
batch variability, limited mechanical tunability, and potential immunogenicity from animal-derived sources. Synthetic hydro
gels offer reproducible synthesis, precise tuning of crosslinking density and degradation, while their limitations include 
potential cytotoxicity of monomers, non-degradability of some variants, and lack of intrinsic bioactivity.

Preparation and Fabrication Techniques
Ionic Crosslinking
Ionic crosslinking is among the most widely employed and scalable strategies for fabricating ocular hydrogels, exploiting 
electrostatic interactions between oppositely charged polymer chains or between polyanionic polymers and multivalent 
cations to form physically crosslinked networks without cytotoxic chemical agents. Alginate hydrogels are prototypically 
prepared through exposure to divalent calcium ions (Ca2+), which coordinate with guluronate blocks to yield stable gel 
matrices suitable for vitreous substitution and sustained drug release.98,118 Gellan gum undergoes in situ ionic gelation 
upon contact with cations naturally present in tear fluid (Na+, K+, Ca2+, Mg2+), enabling seamless sol-to-gel transition on 
the ocular surface following instillation.98 Chitosan-based systems are similarly crosslinked using tripolyphosphate (TPP) 
or through polyelectrolyte complexation with anionic polymers such as hyaluronic acid, yielding NPs or hydrogel 
matrices with favorable mucoadhesive and permeation-enhancing properties relevant to anterior segment drug delivery.88

Table 3 Physicochemical Properties and Ocular Applications of Selected Polymers and Biomaterials Used in Hydrogel Development

Polymer/ 
Biomaterial

Origin/type Gelation/Crosslinking 
Mechanism

Key Properties Ocular Applications Ref

Hyaluronic acid 
(HA)

Natural (ECM 
glycosaminoglycan) 
polysaccharide

Physical entanglement; 
chemical crosslinking 
strategies

Highly biocompatible, viscoelastic, 
mucoadhesive, lubricating

Artificial tears, corneal 
wound healing, drug 
delivery

[89,93,94]

Chitosan Natural (chitin derivative) 
polysaccharide

Ionic gelation (e.g., TPP), 
pH-sensitive

Mucoadhesive, biodegradable, 
permeation-enhancing, 
antimicrobial

Drug delivery, contact lens 
hydrogels

[19,95,96]

Alginate Natural (brown algae) 
polysaccharide

Ionic crosslinking with 
divalent cations (Ca2+)

Ion-responsive gelation, 
biocompatible

In situ gelling systems, 
sustained drug release

[97–100]

Gelatin Natural (collagen 
derivative) protein

Thermal gelation; chemical 
crosslinkers

Biodegradable, cell-interactive Tissue engineering, ocular 
wound healing

[101,102]

Collagen Natural (animal ECM) 
protein

Physical fibrillogenesis High biocompatibility, supports cell 
adhesion

Corneal repair, scaffolds [103,104]

Dextran Natural (microbial 
polysaccharide)

Chemical modifications (e. 
g., methacrylation)

Hydrophilic, biocompatible Drug carriers, corneal 
protection

[101,105,106]

Methylcellulose/ 
HPMC

Semi-synthetic (cellulose 
derivative) polysaccharide

Viscosity/physical Viscosity enhancer, lubricating Artificial tears, ocular 
lubricants

[107,108]

Carbopol 
(Polyacrylic 
acid)

Synthetic polymer pH-triggered swelling High swelling, pH-sensitive, 
mucoadhesive

In situ gelling ophthalmic 
formulations

[109,110]

Poly(vinyl 
alcohol) (PVA)

Synthetic polymer Freeze–thaw, chemical Transparent, flexible, 
biocompatible

Contact lenses, drug- 
loaded hydrogels

[111]

Poly(ethylene 
glycol) (PEG)

Synthetic polymer Chemical crosslinking Hydrophilic, non-immunogenic, 
tunable

Drug delivery, crosslinking 
agent

[112,113]

Pluronic® 

(Poloxamers)
Synthetic triblock 
copolymer

Thermoresponsive Thermosensitive gelation, 
injectable

In situ gelling ocular 
formulations

[114]

Silk fibroin Natural (silk protein) Physical β-sheet formation High mechanical strength, 
biocompatible

Corneal regeneration, 
sustained delivery

[115–117]
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Photopolymerization
Photopolymerization enables rapid, spatially controlled covalent crosslinking of functionalized polymer precursors upon UV 
or visible light exposure, producing hydrogels with precisely tunable mechanical properties and network density for in vitro 
and in vivo applications.71,119 Methacrylated derivatives of hyaluronic acid and polyethylene glycol diacrylate (PEGDA) are 
the most frequently employed precursors, forming crosslinked networks within seconds to minutes in the presence of 
photoinitiators such as lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).120,121 For intravitreal applications, this 
approach enables in situ depot formation following injection of a liquid precursor, with subsequent UV-triggered crosslinking 
producing mechanically stable systems capable of releasing therapeutic agents over periods exceeding 90 days.121 Critical 
formulation considerations include photoinitiator cytotoxicity, light penetration depth through ocular tissues, and the degree of 
polymer functionalization, which collectively govern crosslink density, equilibrium swelling, and drug diffusion kinetics.120

Thermosensitive Sol-Gel Methods
Thermosensitive hydrogel systems exploit the lower critical solution temperature (LCST) behavior of specific polymers to 
undergo reversible sol-to-gel transitions driven by the temperature differential between ambient conditions (~25°C) and the 
ocular surface (32–35°C). Poloxamer 407 is the archetypal thermogelling polymer for ophthalmic formulation, forming 
packed micellar networks at concentrations of 15–25% w/v as the temperature exceeds its critical micelle temperature.92 To 
mitigate the ocular irritation associated with high poloxamer concentrations, combinatorial systems incorporating hydro
xypropyl methylcellulose (HPMC) or Carbopol 940 as viscosity-enhancing co-polymers have been developed to reduce 
individual component concentrations while preserving gelation performance. 92 Biodegradable triblock systems such as 
PLGA-PEG-PLGA undergo thermally driven gelation at physiological temperatures, with the added benefit of hydrolytic 
erosion contributing to sustained drug release profiles over days to weeks.91 Chitosan-based thermosensitive formulations 
incorporating β-glycerophosphate as a gelation mediator achieve sol-gel transitions at near-neutral physiological pH, over
coming the acid-solubility limitation of native chitosan and enabling sustained drug release profiles extending beyond 120 
hours.87

Electrospinning for Nanofiber Hydrogels
Electrospinning generates ultrafine polymer fibers with diameters ranging from tens of nanometers to several micrometers 
through the application of high-voltage electric fields to polymer solutions, producing fibrous scaffolds with high surface area- 
to-volume ratios, interconnected porosity, and structural resemblance to native extracellular matrix. In ocular drug delivery, 
electrospun matrices fabricated from biocompatible polymers (e.g., PLGA, poly(ε-caprolactone) (PCL), gelatin, and silk 
fibroin) have been investigated as sustained-release platforms for corneal wound healing, conjunctival delivery, and sub
conjunctival implantation.68 Upon hydration, these fibrous scaffolds transition into hydrogel-like states with tunable swelling 
and drug release characteristics governed by fiber diameter, polymer molecular weight, and drug-polymer miscibility. Co- 
axial electrospinning, which produces core-shell fiber architectures, enables independent optimization of drug loading in the 
core and release-modulating shell composition, providing an additional degree of formulation control critical for achieving 
desired ocular pharmacokinetic profiles.122 Key process parameters, including applied voltage, polymer flow rate, needle-to- 
collector distance, and solution concentration, must be rigorously optimized to ensure reproducible fiber morphology and 
homogeneous drug distribution.

Microfluidic-Assisted Preparation of Nanocomposite Systems
Microfluidic platforms have emerged as powerful tools for preparing drug-loaded nanocarriers and nanocomposite 
hydrogel systems with superior size uniformity, reproducibility, and scalability compared to conventional bulk nanopre
cipitation or emulsification methods.123,124 By precisely controlling fluid flow through engineered microscale channels, 
these devices enable continuous, high-throughput production of lipidic and polymeric NPs, and liposomes with narrow 
polydispersity indices (PDI < 0.15) and reproducible surface charge profiles, which are parameters directly influencing 
ocular permeability and precorneal retention.20 Droplet-based microfluidic systems employing immiscible fluid streams 
generate monodisperse emulsion droplets that serve as templates for microsphere fabrication, which are subsequently 
embedded within thermosensitive or photopolymerizable hydrogel matrices to produce nanocomposite intravitreal depot 
systems with precisely controlled initial burst and sustained release phases.125 The integration of inline process analytical 
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technology (PAT) within microfluidic workflows, including real-time dynamic light scattering (DLS) and UV absorbance 
monitoring, enables continuous quality verification consistent with QbD principles, supporting regulatory compliance 
and future scale-up translation.27

Characterization Techniques for Ocular Hydrogel Drug Delivery Systems
Physicochemical and Colloidal Characterization
Comprehensive physicochemical characterization of ocular hydrogel DDSs and their incorporated nanocarriers is funda
mental to establishing structure–property–performance relationships that govern clinical outcomes. Particle size, size dis
tribution, and polydispersity index (PDI) are routinely determined by DLS, with nanocarriers intended for corneal penetration 
generally requiring mean hydrodynamic diameters below 200 nm and PDI values below 0.2 to ensure homogeneous tissue 
distribution and avoid aggregation-mediated clearance.125 Zeta potential measurement, likewise performed by laser Doppler 
electrophoresis, provides critical information regarding colloidal stability and mucoadhesive potential; cationic surfaces 
(typically +15 to +30 mV) promote electrostatic interaction with negatively charged mucin glycoproteins, enhancing 
precorneal retention.88 Drug encapsulation efficiency and loading capacity are quantified by indirect methods following 
nanocarrier separation via ultracentrifugation or ultrafiltration, using UV–Vis spectrophotometry or high-performance liquid 
chromatography (HPLC) as appropriate to the physicochemical properties of the encapsulated agent.68

Rheological Characterization
Rheological assessment is indispensable for thermosensitive and in situ gelling systems, as it directly determines injectability, 
gelation kinetics, and mechanical durability under physiological conditions. Oscillatory amplitude and frequency sweep 
experiments yield the storage modulus (G′) and loss modulus (G″), with the sol-to-gel transition temperature identified at the G 
′/G″ crossover point; ocular hydrogels typically require G′ values in the range of 102 to 104 Pa following gelation to resist 
precorneal clearance while maintaining tissue compliance.126 Viscosity profiling under increasing shear rates characterizes 
shear-thinning behavior, a property essential for formulations requiring passage through fine-gauge needles (27–30 G) during 
intravitreal administration without mechanical disruption of the gel network.127 Temperature ramp experiments conducted 
between 20°C and 37°C at a fixed oscillatory frequency confirm appropriate sol-gel transition windows relative to ambient 
instillation and ocular surface temperatures.92

Morphological and Optical Characterization
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) provide direct visualization of hydrogel 
microarchitecture, pore size distribution, nanoparticle morphology, and homogeneity of nanocarrier dispersion within the 
hydrogel matrix — parameters that collectively govern drug diffusion pathways and release kinetics.126 Atomic force 
microscopy complements electron microscopy by quantifying surface topography and nanomechanical properties under 
hydrated conditions, more accurately reflecting the in situ state of the hydrogel. For formulations intended for anterior segment 
application, optical transparency is an essential functional parameter assessed by UV–Vis transmittance spectroscopy at 
wavelengths spanning the visible spectrum (400–700 nm), with clinically acceptable systems typically demonstrating 
transmittance exceeding 90%.19,66 Refractive index measurements using Abbe refractometry further confirm that incorporated 
nanocarriers and polymer matrices do not introduce optical distortions incompatible with corneal or contact lens applications.

Drug Release, Permeation, and in vivo Evaluation
In vitro drug release studies employing simulated tear fluid (STF, pH 7.4, 37°C) or phosphate-buffered saline in dialysis 
membrane assemblies or Franz diffusion cells provide foundational pharmacokinetic data, with release profiles fitted to 
mathematical models (e.g., zero-order, Higuchi, and Korsmeyer–Peppas equations) to elucidate dominant release mechanisms 
such as diffusion, erosion, or anomalous transport.34 Ex vivo transcorneal permeation studies using freshly excised porcine or 
bovine corneas mounted in modified Franz diffusion cells yield apparent permeability coefficients (Papp) that more accurately 
reflect the barrier properties of native tissue compared to membrane-based assays, enabling direct formulation comparison 
under physiologically relevant conditions.128 Cytotoxicity assessment employing MTT (3-(4,5-Dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium Bromide) cell viability, live/dead, and annexin V/propidium iodide assays on human corneal 
epithelial cell lines (HCE-T), human umbilical vein endothelial cells (HUVECs), or retinal pigment epithelial cells (ARPE- 

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S555555                                                                                                                                                                                                                                                                                                                                                                                                      13

Barar et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



19) confirms the tolerability of hydrogel components and degradation products at clinically anticipated concentrations.18 In 
vivo pharmacokinetic evaluation in rabbit models, the regulatory standard for ocular formulation assessment, involves serial 
sampling of aqueous humor and vitreous humor at predetermined intervals following topical or intravitreal administration, 
with drug quantification by LC-MS/MS enabling determination of area under the curve (AUC), maximum concentration 
(Cmax), and ocular half-life (t½) parameters essential for clinical dose projection.129

Thermosensitive in situ Gelling Systems
Thermosensitive hydrogels represent one of the most extensively investigated platforms for ophthalmic delivery, with 
poloxamer-based formulations demonstrating particular clinical promise. However, the high polymer concentrations 
(20–25% w/v) traditionally required for adequate gelation can induce ocular irritation. Consequently, researchers have 
developed combinatorial approaches incorporating poloxamer with complementary polymers to reduce individual 
component concentrations while maintaining or enhancing gelling capacity.92 For instance, the integration of hydro
xypropyl methylcellulose (HPMC) as a viscosity-enhancing agent, or pH-sensitive polymers such as Carbopol 940, 
enables formulation optimization with reduced side effect profiles.32

Chitosan-based thermosensitive systems, particularly those incorporating β-glycerophosphate or disodium α- 
D-glucose 1-phosphate as gelation mediators, have demonstrated remarkable efficacy in preclinical evaluations. Chen 
et al (2012) reported that chitosan/disodium α-D-glucose 1-phosphate hydrogels exhibited appropriate sol-gel transition 
temperatures, maintained physiological pH ranges, and achieved sustained release profiles extending beyond 120 hours.87 

These formulations demonstrated significantly prolonged ocular residence times and enhanced corneal penetration of 
model drugs compared to conventional aqueous solutions. For glaucoma management, chitosan-based thermosensitive 
hydrogels loaded with latanoprost maintained therapeutic intraocular pressure reduction for up to 21 days following 
a single topical application in triamcinolone-induced ocular hypertension models.129

Triblock copolymer systems, particularly those incorporating biodegradable segments, offer additional advantages for 
sustained intraocular delivery. PEG-polycaprolactone-PEG (PECE) thermosensitive hydrogels demonstrate sol-gel transitions 
near physiological temperatures while providing extended drug release profiles. Luo et al (2016) demonstrated that 30% (w/v) 
PECE hydrogels containing diclofenac sodium achieved sustained release over seven days, with pharmacokinetic studies 
revealing 1.6-fold enhancement in area under the curve compared to commercial eye drops.130 More sophisticated designs 
incorporating poly(trimethylene carbonate) segments have achieved even longer degradation times exceeding two weeks, 
making them particularly suitable for post-surgical applications such as glaucoma filtration surgery where controlled release of 
mitomycin C can prevent excessive scarring.131

Contact Lens-Based Drug Delivery Platforms
Therapeutic contact lenses represent an innovative approach to ocular drug delivery, combining vision correction functionality 
with sustained pharmaceutical release capabilities. Both conventional hydrogel and silicone hydrogel contact lenses have been 
investigated as drug delivery vehicles, with various strategies employed to enhance drug loading capacity and extend release 
duration. Silicone hydrogel lenses, composed of materials such as bitelechelic methacrylated polydimethylsiloxanes and N, 
N-dimethylacrylamide (i.e., with reactive functional groups at both chain ends), offer superior oxygen permeability compared 
to conventional hydrogels, an essential consideration for maintaining corneal health during extended wear.71 Drug loading 
methodologies for contact lens systems include soaking lenses in drug solutions, incorporating drug-loaded NPs within the 
lens matrix, or chemical modification of lens materials to enhance drug-matrix interactions. Lee et al (2016) demonstrated that 
co-loading lipophilic vitamins, specifically vitamin E, into pHEMA-hydrogel contact lenses significantly increased loading 
capacity for hydrophilic drugs such as timolol and brimonidine by 19.1% and 18.7%, respectively.72 This enhancement stems 
from the creation of additional hydrophobic domains within the hydrogel matrix that can sequester hydrophilic drugs through 
altered partition coefficients. More sophisticated approaches incorporate drug-loaded nanocarriers within contact lens 
matrices, creating composite systems that provide enhanced control over release kinetics. Lu et al (2013) developed pHEMA- 
based hydrogels containing silica shell cross-linked micelles loaded with dexamethasone acetate, achieving sustained release 
extending up to 30 days while maintaining optical transparency suitable for vision applications.70 The rod-like morphology of 
the silica shell cross-linked micelles contributed to prolonged release by creating tortuous diffusion pathways within the 
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hydrogel network. Molecular imprinting techniques have also been employed to create binding sites with specific affinity for 
target drugs, as demonstrated by Varela-Garcia et al (2020) who developed cytosine-functionalized hydrogels for controlled 
release of transferulic acid, an antioxidant compound with therapeutic potential for age-related ocular diseases.73

Nanocomposite Hydrogel Systems
The integration of drug-loaded NPs within hydrogel matrices represents an advanced strategy that combines the advantages of 
both nanoscale and macroscale DDSs (Figure 3). Nanocarrier design parameters critically govern ocular permeability and 
therapeutic performance within composite hydrogel systems. Particle size is a primary determinant of corneal penetration, with 
sub-200 nm NPs demonstrating favorable transcorneal transport, while particles exceeding 500 nm are largely restricted by tight 
junction complexes of the corneal epithelium.10,125 Surface charge similarly influences tissue interactions, as cationic NPs 
bearing positive zeta potentials interact electrostatically with negatively charged mucin glycoproteins, enhancing mucoadhesion 
and prolonging precorneal retention;87,88 for instance, the dexamethasonloaded chitosan NPs (DEX-CSNPs) incorporated in our 
poloxamer 407/gellan gum hydrogel system exhibited a zeta potential of +20.3 mV, supporting favorable corneal adhesion.18 

Anionic NPs, by contrast, may exploit alternative transcorneal transport pathways, including transcytosis and lipid membrane 
interactions.88,95 Drug loading parameters, specifically encapsulation efficiency and loading capacity, directly determine the 
therapeutic dose achievable per administration and the magnitude of initial burst release; the DEX-CSNPs reported in our 
formulation achieved an EE of 29.4% and LC of 6.5%, values that governed the biphasic release profile observed within the 
hydrogel matrix.18,34 Collectively, rational optimization of these physicochemical parameters is essential for designing nano
composite hydrogels that balance sustained drug release with adequate ocular bioavailability.125

These nanocomposite platforms provide dual control over drug release, with nanoparticle encapsulation protecting 
drugs from premature degradation while the hydrogel matrix extends precorneal retention and provides an additional 
diffusion barrier.125 PLGA NPs have been extensively employed due to their FDA-approved status, tunable degradation 
profiles, and capacity for sustained drug release. Several research groups have demonstrated the efficacy of microsphere- 
hydrogel composite systems for treating posterior segment diseases. Osswald et al (2017) developed an injectable system 
combining ranibizumab-loaded PLGA microspheres within a poly(N-isopropylacrylamide)-based thermosensitive hydro
gel, achieving bioactive drug release for approximately 200 days in vitro.132 In a laser-induced choroidal neovascular
ization model, this system reduced lesion areas by 60% compared to non-treated controls, achieving superior therapeutic 
efficacy with drug quantities one order of magnitude lower than required for bolus injections. The controlled release 
profile minimized peak drug concentrations while maintaining therapeutic levels throughout the treatment period, 
potentially reducing toxicity concerns associated with high-dose bolus administrations.133 Biodegradable hydrogel 
designs incorporating degradable crosslinkers further enhance the sustainability of drug release. Liu et al (2019b) 
synthesized poly(ethylene glycol)-co-(L-lactic acid) diacrylate/N-isopropylacrylamide hydrogels with varying crosslinker 
concentrations, demonstrating that systems with 3 mM crosslinker concentration achieved optimal balance between 
injectability through 28-gauge needles, appropriate mechanical properties, and degradation-mediated drug release 
(Figure 3C, mechanism 1).127 These formulations released bioactive aflibercept in a controlled manner over six months, 
with in vitro assays confirming maintenance of anti-VEGF activity throughout the release period. Hybrid systems 
incorporating both nanostructured lipid carriers and stimuli-responsive hydrogels have demonstrated synergistic benefits 
for anterior segment applications. In this line, photopolymerization and enzymatic crosslinking (Figure 3C, mechanism 2) 
represent two distinct yet complementary strategies for generating permanent covalent hydrogel networks, achieved 
respectively through UV/Vis light-induced radical initiation at photoactive polymer sites and enzyme-catalyzed bond 
formation under physiologically mild conditions. Yu et al (2019, 2020) developed genipin-crosslinked carboxymethyl 
chitosan/poloxamer 407 hydrogels containing baicalin-loaded nanostructured lipid carriers, achieving both pH and 
temperature responsiveness.128,134 The dual-sensitive nature enabled triggered release in response to inflammatory 
conditions while maintaining prolonged precorneal retention. Ex vivo permeation studies revealed 4.46-fold enhance
ment in apparent permeability coefficient compared to conventional eye drops, attributed to the combined effects of 
nanocarrier-mediated transcorneal penetration and hydrogel-mediated residence time extension.128
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Supramolecular and Cyclodextrin-Based Hydrogels
Supramolecular hydrogels, formed through non-covalent interactions such as host-guest inclusion complexes, hydrogen 
bonding, or π-π stacking, offer unique advantages including reversibility, self-healing properties, and injectability without 
requiring chemical crosslinking agents. Zhang et al (2016) fabricated micellar supramolecular hydrogels composed of low- 
molecular-weight methoxy polyethylene glycol block polymers and α-cyclodextrin, achieving gelation through host-guest 
inclusion of polymer chains within cyclodextrin cavities.122 These systems exhibited thixotropic behavior, enabling them to 
flow under shear stress during instillation while recovering gel structure upon rest, thereby extending corneal surface retention. 
In vivo pharmacokinetic studies demonstrated significant improvements in ocular bioavailability compared to micellar 
formulations without the hydrogel component. Cyclodextrin-based hydrogels offer additional functionality through their 
capacity to form inclusion complexes with hydrophobic drugs, enhancing solubility and stability. Glisoni et al (2013) 
developed β-cyclodextrin-conjugated pHEMA soft contact lenses for delivery of antimicrobial thiosemicarbazones, demon
strating controlled release extending over two weeks with drug concentrations maintained within the therapeutic window.135 

The inclusion complex formation protected the drug from degradation while modulating release kinetics. Super-hydrophilic 
hydrogels composed of directly crosslinked hydroxypropyl-β-cyclodextrin provided even higher drug loading capacities, 
though with more rapid release profiles due to their enhanced swelling behavior. Prodrug supramolecular hydrogels represent 
an innovative approach where the drug molecule itself participates in hydrogel network formation. Zhang et al (2018) 
synthesized succinated dexamethasone derivatives capable of self-assembling into nanofibrous supramolecular hydrogels 
through π-π stacking and hydrophobic interactions.136 These systems provided dual release of both the prodrug and the active 
dexamethasone generated through hydrolytic cleavage of the succinate ester. The pH-dependent hydrolysis rate enabled 
modulation of the ratio between prodrug and active drug released, with initial pH values significantly influencing release 
profiles. This “self-delivery” approach eliminated the need for carrier polymers, potentially reducing manufacturing complex
ity and regulatory requirements.

Characterization and Performance Evaluation
Comprehensive characterization of hydrogel-based ocular DDSs encompasses multiple parameters essential for pre
dicting clinical performance (Figure 4). Rheological characterization, including determination of sol-gel transition 
temperatures, gelation kinetics, storage and loss moduli, and shear-thinning behavior, provides critical insights into 
injectability and in situ gel formation capacity (Figure 4A).126 Thermosensitive hydrogels must exhibit appropriate 
viscosity at room temperature for ease of instillation while achieving sufficient gel strength at ocular temperatures 
(32–35°C) to resist clearance mechanisms. Morphological characterization through scanning electron microscopy 
reveals hydrogel microstructure, including pore size distribution, network architecture, and distribution of incorporated 
nanocarriers (Figure 4B). Pore size significantly influences drug diffusion coefficients and release kinetics, with larger 
pores generally facilitating more rapid release.90 Optical properties, particularly transparency and refractive index, are 
critical for formulations intended for application on optically active surfaces such as the cornea or integration into 
contact lenses (Figure 4B). Mechanical testing, including compressive strength and elastic modulus measurements, 
ensures formulations can withstand physiological stresses without mechanical failure. Swelling studies quantify 
hydrogel hydration capacity and dimensional changes in response to aqueous environments, parameters that directly 
impact drug loading capacity and release mechanisms (Figure 4C). Drug release characterization typically employs 
in vitro dissolution studies using simulated tear fluid or phosphate-buffered saline, with sampling at predetermined 
intervals to construct release profiles. Mathematical modeling of release data using equations such as the Higuchi 
model, Korsmeyer-Peppas model, or zero-order kinetics provides mechanistic insights into release mechanisms, 
distinguishing between diffusion-controlled, erosion-controlled, or combined release patterns (Figure 4D).34 Ex vivo 
transcorneal permeation studies using excised animal corneas mounted in Franz diffusion cells provide more physio
logically relevant data regarding drug penetration through ocular barriers (Figure 4D). Most importantly, bioactivity 
assays confirm that released therapeutics retain pharmacological potency following encapsulation and release from the 
hydrogel matrix, a critical requirement particularly for protein-based agents (e.g., anti-VEGF biologics and corticos
teroids) vulnerable to conformational destabilization or aggregation during fabrication and storage. Functional valida
tion employs cell-based proliferation inhibition assays, receptor-binding affinity measurements, and immunoreactivity 
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quantification to confirm preserved molecular integrity throughout the release period (Figure 4E). Complementing 
these in vitro assessments, preclinical in vivo studies in rabbit and rodent models utilize serial aqueous and vitreous 
humor sampling to construct pharmacokinetic profiles, benchmarking hydrogel formulations against conventional 
approaches (Figure 4F). Ocular safety is evaluated through slit-lamp biomicroscopy, intraocular pressure monitoring, 
electroretinography, and optical coherence tomography, identifying potential inflammatory or structural sequelae 
arising from polymer constituents or degradation byproducts. Disease-specific efficacy is substantiated through 
quantifiable endpoints, including intraocular pressure reduction in glaucoma models, neovascular lesion suppression 
in choroidal neovascularization paradigms, and retinal architecture preservation in diabetic retinopathy models, 
collectively establishing the preclinical evidentiary foundation necessary to advance these platforms toward clinical 
translation.137

Hydrogel Applications in Ocular Diseases
The distinctive 3D, highly hydrated polymeric network of hydrogels, combined with their inherent biocompatibility, tunable 
mechanical properties, and capacity to mimic the viscoelastic nature of native ocular tissues, has positioned them as versatile 
platforms for ophthalmic applications. Accordingly, a broad spectrum of natural, synthetic, and hybrid hydrogel formulations 
has been investigated both as DDSs, enabling controlled and sustained release of therapeutic agents to anterior and posterior 
ocular compartments, and as biomatrices for ocular tissue engineering, where they provide a structurally supportive 

Figure 4 Characterization and evaluation methods for ocular hydrogels. (A) Physicochemical characterization. (B) Morphological and optical characterization (arrow 
indicates light absorption/transmission). (C) Mechanical and swelling properties. (D) Drug release and permeation analyses. (E) Biocompatibility and safety evaluation. (F) In 
vivo evaluation.
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microenvironment conducive to the adhesion, proliferation, and differentiation of corneal, trabecular, and retinal cell 
populations. In this line, to analyze the impacts of ophthalmic DDSs, various 3D models have been developed (Table 4).

Anterior Segment Diseases
Hydrogel-based delivery systems have demonstrated particular efficacy for treating anterior segment conditions, includ
ing glaucoma, DED, bacterial and fungal infections, and inflammatory disorders. For glaucoma management, sustained 

Table 4 Summary of Transformative 3d Ocular Tissue Models for Drug Delivery Research

System Type Composition Key Advantages Limitations Ref.

Corneal 
epithelial 
organoids

Limbal stem cell-derived stratified 
epithelial structures; express 
cytokeratins K3/K12 and mucin 1; 
cultured with FGF10 to maintain 
stemness

Recapitulates stratified corneal 
architecture and tight junction barrier; 
models dry eye disease under 
hyperosmolar stress; amenable to long- 
term culture (>6 months); enables 
patient-specific formulation screening

Lacks stromal and endothelial layers; 
absent innervation and vascularization; 
does not fully replicate in vivo tear film 
dynamics

[138]

Retinal 
organoids

iPSC- or ESC-derived self-organizing 
structures containing photoreceptors, 
retinal ganglion cells, RPE, and Müller glia 
in laminar architecture

Generates all major retinal cell types 
with functional outer segments; enables 
patient-specific disease modeling (RP, 
AMD, Stargardt); supports longitudinal 
pharmacokinetic–pharmacodynamic 
assessment; applicable to gene therapy 
and antisense oligonucleotide evaluation

Absence of functional vasculature and 
immune cells; incomplete outer segment 
maturation; long differentiation timelines 
(3–6 months); limited reproducibility 
across iPSC lines

[139,140]

Lacrimal 
gland 
organoids

Murine or porcine primary acinar cells 
assembled via magnetic 3D bioprinting 
using magnetic nanoparticles; express 
aquaporin-5, lactoferrin, and lysozyme

Functional secretory response to 
cholinergic stimulation; scalable to 96- 
and 384-well formats for high-throughput 
screening; anatomically relevant to 
human lacrimal tissue (porcine model); 
reproducible fabrication

Rodent models differ substantially from 
human lacrimal physiology; limited 
innervation; absence of systemic immune 
and hormonal regulation affecting 
secretory function

[141]

Lens 
Organoids

Lens epithelial cells cultured under 3D 
conditions with ascorbic acid, insulin, and 
defined growth factors; express Pax6, 
Prox1, Hsf4, and crystallins (Cryaa, 
Cryab, Crygs)

Optically transparent; spatiotemporal 
gene expression mirrors native lens; 
amenable to opacity induction via 
oxidative stress or genetic perturbation; 
rapid production timeline (2–3 weeks); 
scalable for compound library screening

Lacks capsular architecture and zonular 
support; does not replicate 
accommodative mechanics; limited 
modeling of age-related nuclear cataract 
subtypes

[142,143]

Eye-on-a-chip 
(corneal/ 
anterior 
segment)

PDMS or poly(methylmethacrylate) 
microfluidic channels incorporating 
corneal epithelial or endothelial cell 
monolayers; physiological flow rates 
replicating tear turnover

Real-time monitoring of drug transport 
and barrier integrity under dynamic flow; 
precise control of drug concentration, 
shear stress, and oxygen tension; 
compatible with high-resolution confocal 
imaging

Fabrication complexity; limited cell type 
diversity compared to native tissue; 
PDMS may absorb hydrophobic drugs; 
absence of immune cell populations

[35,144]

Wet-AMD-on 
-a-chip

Polarized RPE monolayer on porous 
membrane adjacent to perfusable 3D 
microfluidic vascular networks lined with 
HUVECs or choroidal endothelial cells; 
incorporates Bruch’s membrane analog

Recapitulates outer BRB architecture 
with measurable TEER and restricted 
paracellular permeability; models 
choroidal neovascularization 
morphogenesis under VEGF stimulation; 
validated pharmacological response to 
bevacizumab

Complex fabrication requiring co-culture 
optimization; limited throughput; 
absence of photoreceptor and full retinal 
laminar architecture; short culture 
viability window

[145]

Silicone oil 
emulsification 
chip

Poly(methylmethacrylate) chips 
replicating posterior chamber cross- 
sectional geometry; retinal ganglion cell 
lines on internal surfaces; stepper-motor- 
driven saccadic movement simulation

Quantifies emulsification kinetics and 
droplet size distributions under 
physiologically relevant mechanical 
stimulation; enables formulation stability 
testing without animal models; applicable 
to amphiphilic drug–tamponade 
interactions

Simplified geometry relative to the full 
vitreous cavity; cell lines do not fully 
represent native retinal tissue 
complexity; limited to posterior chamber 
fluid dynamics

[35,146,147]

Abbreviations: RPE, retinal pigment epithelium; HUVEC, human umbilical vein endothelial cell; BRB, blood-retinal barrier; TEER, transepithelial electrical resistance; CNV, 
choroidal neovascularization; PDMS, polydimethylsiloxane; iPSC, induced pluripotent stem cell; AMD, age-related macular degeneration; RP, retinitis pigmentosa.
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delivery of intraocular pressure-lowering medications such as latanoprost, timolol, and brimonidine have been achieved 
through various hydrogel formulations. Pakzad et al (2020) developed quaternized chitosan-based thermosensitive 
hydrogels for timolol maleate delivery, addressing common limitations of chitosan systems, including opacity and 
prolonged gelation times.19 The quaternization process enhanced chitosan solubility and transparency while maintaining 
thermosensitive properties, with the addition of sodium hydrogen carbonate synergistically enhancing gelation kinetics. 
In vitro release studies demonstrated initial burst release followed by steady, sustained release over one week, with 
cytotoxicity assays confirming excellent biocompatibility. For infectious keratitis, hydrogel formulations containing 
antimicrobial agents provide advantages over conventional eye drops through prolonged corneal contact time and 
sustained drug concentrations. Wang et al (2021) fabricated natural hybrid hydrogels comprising decellularized porcine 
cornea, gelatin, and voriconazole-loaded microspheres for antifungal applications. This system demonstrated excellent 
antifungal activity against Fusarium solani and Aspergillus fumigatus while simultaneously providing a scaffold for 
corneal stromal regeneration in defect models.37 Ex vivo studies using rabbit corneas infected with fungal pathogens 
showed significant reductions in colony-forming units after 24 hours of treatment with the antifungal hydrogel compared 
to non-treated or drug-free controls.37

Combinatorial approaches delivering both antibiotics and corticosteroids address the dual therapeutic needs in many 
anterior segment inflammatory and infectious conditions. As shown in Figure 5, we previously developed poloxamer 407 
(PM)/gellan gum (GG)-based in situ hydrogels containing dexamethasone-loaded chitosan NPs alongside neomycin sulfate 
and polymyxin B sulfate, achieving localized co-delivery with prolonged release profiles.18 In this study, a novel 
ophthalmic drug delivery platform was created using a dual-polymer hydrogel matrix (PM-GG) to simultaneously 
administer anti-inflammatory and antimicrobial agents for eye infections (Figure 5A). The CS nanocarriers encapsulating 
dexamethasone demonstrated dimensions of 286 nm, positive surface charge of 20.3 mV, drug capture rate of 29.4%, and 
payload capacity of 6.5%. Formulation optimization revealed that combining 0.1% GG with 16.5% PM substantially 
enhanced the system’s thickness relative to using 16.5% PM as a single component. Microscopic examination via SEM 
showed that incorporating GG reduced the cavity dimensions within the gel structure (Figure 5B–D), while the PM-GG 
composite formulation exhibited diminished water uptake compared to the PM-only version due to its enhanced rheological 
properties. The therapeutic agents (NMS, PMB, and DEX) were released gradually over time while maintaining bacter
icidal activity (Figure 5E). Cytotoxicity evaluation using HUVECs confirmed the formulation’s safety profile, showing no 
detrimental cellular effects, thereby supporting its potential as an innovative ophthalmic treatment system for bacterial 
infections accompanied by inflammation.

The nanoparticle encapsulation of dexamethasone provided protection and controlled release, while the antibiotics 
remained dispersed within the hydrogel matrix for immediate antimicrobial action. Cell viability assays confirmed the 
formulation’s tolerability, positioning such hybrid systems as promising alternatives to multiple separate formulations 
currently required for managing complex ocular conditions.

Posterior Segment Diseases
Intravitreal injection of hydrogel-based delivery systems offers significant potential for managing posterior segment diseases, 
particularly age-related macular degeneration and diabetic retinopathy, which currently require frequent anti-VEGF injections. 
The primary advantage of hydrogel depots lies in their capacity to maintain therapeutic drug concentrations over extended 
periods, potentially reducing injection frequency from monthly to quarterly or even less frequent intervals. Kabiri et al (2018) 
developed stimulus-responsive hyaluronic acid/methylcellulose hydrogels laden with poly(ethylene oxide)-poly(lactic acid) 
NPs loaded with cannabigerolic acid, demonstrating over 300% enhancement in transcorneal penetration compared to control 
formulations in whole-eye experiments.30 Biodegradable microsphere-hydrogel systems specifically designed for intravitreal 
administration have demonstrated particularly promising results. Liu et al (2019a) characterized ranibizumab-loaded PLGA 
microsphere-hydrogel systems fabricated using PEG-PLLA-DA/NIPAAm hydrogels, systematically evaluating thermal 
responsive behavior, swelling ratios, mechanical properties, and degradation kinetics.127 These systems maintained inject
ability through 28-gauge needles while providing volume phase transition temperatures appropriate for ocular application. The 
aflibercept-loaded microsphere-hydrogel system achieved 6-month sustained release (0.07–0.15 μg/day) of bioactive drug 
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with tunable initial burst release (37.35–74.56 μg), potentially reducing treatment from 12 monthly injections to 1 single 
injection over 6 months while maintaining therapeutic efficacy and demonstrating no cytotoxicity. Similar approaches have 
been successfully applied to aflibercept delivery, with bioactivity assays confirming that the released drug maintained 
therapeutic efficacy throughout the release period.133 Light-responsive hydrogel systems offer additional control over gelation 

Figure 5 Poloxamer 407/gellan gum-based in situ hydrogels for ocular co-delivery of antibiotics and corticosteroids. (A) Proposed hydrogel formulation and application. (B) 
SEM micrograph of PM. (C) SEM micrograph of PM-GG. (D) SEM micrograph of DEX-CSNPs loaded PM-GG in situ hydrogels. (E) Cumulative profile of in vitro drug release 
from in situ hydrogels containing DEX, DEX-CSNPs, and PMB in STF at 37 °C. Data adapted with permission from.18

https://doi.org/10.2147/IJN.S555555                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 20

Barar et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



timing and degradation. Cheruvu et al (2025) synthesized methacrylated hyaluronic acid hydrogels for spironolactone delivery 
targeting the renin-angiotensin-aldosterone system in diabetic retinopathy.121 Upon UV crosslinking following intravitreal 
injection, these systems formed stable depots releasing drug over 90 days in vitro, with in vivo ocular residence studies 
confirming depot retention exceeding 60 days. The targeting of non-VEGF pathways addresses the growing challenge of anti- 
VEGF non-responder populations, potentially providing alternative therapeutic mechanisms for managing refractory cases. 
Alkaline phosphatase-responsive hydrogels represent an innovative approach leveraging disease-specific biomarkers for 
triggered drug release. Li et al (2025) developed dexamethasone sodium phosphate hydrogels for autoimmune uveitis 
management, capitalizing on elevated alkaline phosphatase levels in inflamed intraocular tissues.148 The ionic crosslinking 
approach enabled incorporation of adalimumab, creating a synergistic combination therapy within a single injectable 
formulation. In experimental autoimmune uveitis models, single intravitreal injections significantly attenuated inflammatory 
cell infiltration, suppressed pro-inflammatory cytokines, and preserved BRB integrity while demonstrating excellent 
biocompatibility.

Clinical Translation, Emerging Technologies, and Market Perspectives
Despite extensive preclinical development, relatively few hydrogel-based ocular delivery systems have achieved clinical 
approval and commercialization. Notable exceptions include DEXTENZA®, a dexamethasone-loaded intracanalicular insert 
utilizing hydrogel technology for sustained corticosteroid delivery following ophthalmic surgery, and ReSure® Sealant, 
a PEG-based hydrogel for sealing clear corneal incisions.69 Clinical translation of hydrogel-based delivery systems faces 
multiple hurdles. Regulatory pathways depend on intended use, duration of application, and drug-device classification, with 
intraocular systems subject to more rigorous scrutiny than topical formulations. Sterilization poses a distinct challenge, as 
terminal methods such as autoclaving may compromise gelation behavior, mechanical integrity, or drug stability, while aseptic 
manufacturing, though a viable alternative, adds cost and complexity. Economically, the higher manufacturing costs of 
hydrogel systems must be offset by demonstrable clinical benefits, including improved efficacy, reduced adverse effects, better 
patient compliance, or fewer clinic visits. Patient acceptance of novel delivery modalities also remains a barrier. Future 
directions center on stimuli-responsive “smart” hydrogels with integrated biosensing for closed-loop drug delivery, such as 
glucose-responsive systems for diabetic retinopathy or inflammation-triggered release for uveitis management.149 The 
development of such intelligent systems requires sophisticated molecular design integrating sensing elements with responsive 
drug release mechanisms while maintaining biocompatibility and manufacturing feasibility. Remarkably, 3D bioprinting 
technologies offer potential for creating patient-specific hydrogel constructs with precisely controlled geometries, internal 
architectures, and drug distribution patterns.150 This approach could enable personalized medicine strategies, tailoring 
delivery systems to individual patient anatomy and disease characteristics. Integration of multiple drugs within spatially 
distinct hydrogel regions could provide sequential or simultaneous delivery of complementary therapeutics, addressing 
complex multifactorial diseases through coordinated pharmacological interventions. Further, nanotechnology integration 
continues to advance with the development of multifunctional nanocarriers incorporating imaging agents, targeting ligands, 
and therapeutic payloads within hydrogel matrices.82 Such theranostic platforms could enable real-time monitoring of drug 
distribution and therapeutic responses, facilitating treatment optimization. The incorporation of cell-based therapies within 
hydrogel scaffolds represents another frontier, with applications in retinal regeneration and stem cell delivery showing 
promise for treating currently intractable degenerative conditions.151 However, these advanced approaches must overcome 
substantial technical, regulatory, and economic hurdles before achieving clinical realization.

Transformative 3D Ocular Organoids and Eye-on-a-Chip Platforms
The development of effective ocular therapeutics remains exceptionally challenging, in large part due to the eye’s unique 
anatomical barriers, specialized cellular microenvironments, and complex physiological processes. Traditional preclinical drug 
development paradigms, which predominantly rely on 2D cell cultures and animal models, have demonstrated 
inadequate predictive capacity for human therapeutic responses, contributing to attrition rates exceeding 90% during clinical 
trials. Two-dimensional culture systems fundamentally fail to recapitulate the 3D architecture, intercellular 
communication networks, extracellular matrix composition, and biomechanical cues that govern cellular behavior in native 
ocular tissues.25 While animal models provide whole-organism contexts, substantial interspecies differences in ocular anatomy, 
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physiology, drug metabolism, and immune responses frequently result in poor translation of preclinical findings to clinical 
outcomes. This persistent translational gap has catalyzed intensive efforts to develop physiologically relevant experimental 
platforms that authentically replicate human ocular biology at multiple scales of organization. The convergence of induced 
pluripotent stem cell technology, advanced tissue engineering, microfluidics, biomaterials science, and 3D bioprinting has 
enabled unprecedented innovations in modeling ocular tissues ex vivo.144,152 Ocular 3D organoid cultures and organ-on-a-chip 
systems are two complementary technological approaches that have emerged as particularly transformative. For instance, Hau 
et al evaluated antisense oligonucleotide splicing modulation using patient-derived retinal organoids, confirming gene-corrected 
photoreceptor rescue, demonstrating direct therapeutic efficacy assessment in a human-relevant model.139 For mechanistic drug 
delivery investigation, remarkably, 3D organoid cultures self-organize into complex tissue structures and microfluidic organ-on 
-a-chip systems recreate functional tissue units within precisely controlled microenvironments. Wan et al (2024) study more 
explicitly, noting quantitative outcomes: elevated IL-6/IL-8/TNF-α under hyperosmolar stress, reduced colony-forming effi
ciency, and pharmacological responses to dexamethasone and cyclosporine as validated efficacy readouts.138 These platforms 
offer opportunities to investigate drug delivery mechanisms, evaluate therapeutic efficacy, model disease pathogenesis, and 
predict safety profiles with fidelity approaching native human tissues while maintaining experimental control impossible to 
achieve in vivo. Recognizing the revolutionary potential of these technologies, the National Eye Institute and National Center for 
Advancing Translational Science have established strategic initiatives specifically targeting the advancement of 3D ocular 
organoid and microphysiological systems.144 These coordinated efforts aim to provide vision researchers with sophisticated tools 
that augment traditional experimental approaches, enabling investigations of developmental processes, disease mechanisms, and 
therapeutic interventions previously impossible to conduct systematically. Beyond fundamental biology, these platforms promise 
to transform pharmaceutical screening by facilitating high-throughput evaluation of thousands of therapeutic candidates in 
human-relevant contexts, potentially reducing drug development timelines from over a decade to just a few years while 
simultaneously improving clinical success rates.

3D Ocular Organoids as Advanced Platforms for Drug Delivery Research
Unlike flat monolayer cultures that fail to recapitulate the complex cellular interactions, spatial organization, and 
extracellular matrix composition of actual tissues, organoid systems self-assemble into multilayered structures exhibiting 
appropriate cell type diversity, polarity, and functional characteristics essential for evaluating drug penetration, distribu
tion, and therapeutic efficacy.26

Anterior segment organoid models address distinct challenges in topical drug delivery, where rapid clearance through 
nasolacrimal drainage and limited corneal penetration severely restrict bioavailability. Human corneal epithelial organoids 
recapitulate the stratified architecture and barrier properties of native cornea, maintaining hierarchical cell lineages with basal 
stem cells, transit-amplifying populations, and differentiated superficial cells expressing appropriate cytokeratins and 
mucins.138 These organoids enable evaluation of topical formulations, including nanosuspensions, mucoadhesive polymers, 
and contact lens-based delivery systems under physiologically relevant conditions. Hyperosmolar stress-induced DED models 
demonstrate inflammatory responses, stem cell dysfunction, and mucin reduction characteristic of clinical pathology, 
validating their utility for screening anti-inflammatory therapeutics and tear supplements.138 The ability to generate patient- 
specific organoids facilitates personalized therapeutic selection, particularly valuable given the heterogeneous etiology of 
ocular surface disorders. Human corneal epithelial organoids established from limbal stem cells demonstrate remarkable 
structural and functional fidelity to native corneal epithelium, recapitulating hierarchical cell lineage organization with basal 
progenitor cells, transit-amplifying cells, and differentiated superficial cells expressing appropriate cytokeratins (K3, K12) and 
mucin-1.138 These 3D structures can be maintained in long-term culture exceeding six months while retaining proliferative 
capacity and differentiation potential, with addition of FGF10 specifically inhibiting premature differentiation and maintaining 
stemness. The organoids successfully model dry eye disease when subjected to hyperosmolar stress (450–500 mOsm), 
inducing pathophysiologically relevant responses (e.g., elevated inflammatory cytokine secretion (IL-6, IL-8, TNF-α), 
compromised stem cell function with reduced colony-forming efficiency, and diminished mucin-1 expression), which are 
the clinical hallmark features of this disease. Importantly, organoids demonstrate appropriate pharmacological responses to 
dexamethasone and cyclosporine, validating their utility as ex vivo drug testing platforms that may predict clinical efficacy 
more accurately than animal models suffering from anatomical and immunological differences. Corneal epithelial organoids 
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enable systematic evaluation of topical drug delivery formulations, including nanosuspensions, liposomal preparations, 
mucoadhesive polymeric systems, and contact lens-based delivery under physiologically relevant 3D conditions maintaining 
tissue architecture and cellular differentiation.138 Assessment of drug penetration through stratified epithelium using confocal 
microscopy, effects on tight junction integrity measured by impedance spectroscopy, impacts on mucin production quantified 
by immunofluorescence, and modulation of inflammatory responses evaluated by multiplex cytokine assays provide com
prehensive information critical for formulation optimization. The capacity to generate organoids from individual patients 
enables personalized therapeutic screening particularly relevant for heterogeneous conditions like dry eye disease, where 
different etiological subtypes (aqueous deficient versus evaporative, inflammatory versus neuropathic) may respond differ
ently to available therapeutics.

Lens organoids provide unique platforms for cataract research, displaying optical transparency and spatiotem
poral gene expression patterns matching native lens tissue.142 High-throughput RNA sequencing confirms appro
priate expression of developmental regulators and crystallin proteins, while functional assays demonstrate 
susceptibility to opacity induction. The rapid production timeline and scalability position these organoids for 
systematic screening of anti-cataractogenic compounds, potentially identifying pharmacological alternatives to 
surgical intervention. Lacrimal gland organoids address critical needs for modeling aqueous-deficient DED, with 
magnetic 3D bioprinting technology enabling reproducible fabrication of functional secretory structures.141 Porcine 
models offer anatomical and physiological similarities to human lacrimal tissue, providing relevant platforms for 
identifying therapeutics that restore tear production or protect against glandular dysfunction. Lens organoids 
represent another frontier in anterior segment modeling, offering opportunities to study cataract formation mechan
isms and evaluate anti-cataractogenic compounds.142,143 Generated by culturing lens epithelial cells under defined 
3D conditions with ascorbic acid, insulin, and appropriate growth factors, these organoids display optical transpar
ency and spatiotemporal gene expression patterns characteristic of native lens tissue. High-throughput RNA 
sequencing of laser-capture-microdissected organoid regions confirms appropriate expression of key lens develop
mental regulators (Pax6, Prox1) and differentiation markers (Hsf4, crystallins including Cryaa, Cryab, Crygs) with 
spatial gradients matching in vivo patterns. The organoids are amenable to opacity induction through oxidative 
stress, calcium dysregulation, or genetic perturbation, providing functional readouts for screening anti-cataractogenic 
compounds. Knockdown of Celf1, encoding an RNA-binding protein implicated in cataract pathogenesis, success
fully induces opacities validating the platform’s utility for identifying genes and therapeutic targets relevant to lens 
biology. The rapid production timeline (2–3 weeks) and scalability of these organoids position them as viable 
platforms for high-throughput screening of chemical libraries to identify compounds preventing or reversing lens 
opacity.

Lacrimal gland organoids address the critical unmet need for models of tear production and aqueous-deficient DED, 
affecting millions worldwide.141 Using magnetic 3D bioprinting technology that employs magnetic NPs to assemble cells 
into spheroids, investigators have successfully generated functional lacrimal gland organoids from murine and porcine 
primary cells. The porcine model offers particular advantages due to greater anatomical and physiological similarities to 
human lacrimal glands compared to rodent models, including acinar cell organization, innervation patterns, and secretory 
protein profiles. These organoids express appropriate markers including aquaporin-5, lactoferrin, and lysozyme, and 
maintain secretory function in response to cholinergic stimulation. The magnetic bioprinting platform provides scalability 
and reproducibility essential for high-throughput drug screening applications, enabling consistent fabrication of large 
organoid arrays (96-well or 384-well formats) suitable for systematic compound evaluation to identify therapies that 
restore tear production, protect against oxidative damage, or modulate inflammatory responses in lacrimal insufficiency.

The utility of organoid platforms for pharmaceutical development is substantially enhanced through integration with 
sophisticated imaging technologies and computational analysis methods addressing inherent challenges of 3D tissue 
visualization and quantification. Notably, 3D tissues pose significant optical challenges due to light scattering, absorption 
by chromophores, and refractive index mismatches that limit penetration depth in conventional microscopy. Tissue 
clearing techniques employing organic solvents (3DISCO, iDISCO), aqueous media (CLARITY, CUBIC), or hydrogel 
embedding (PACT, ExM) render tissues optically transparent by matching refractive indices among tissue components, 
enabling deep imaging of intact organoids with subcellular resolution.25 Combined with advanced microscopy modalities 
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including light-sheet fluorescence microscopy, which illuminates samples from the side while detecting orthogonally to 
minimize photobleaching and phototoxicity, and multiphoton microscopy utilizing near-infrared excitation for deep tissue 
penetration, these approaches allow comprehensive 3D visualization of drug distribution, cellular responses, and tissue 
architecture throughout entire organoids.

Retinal organoids have emerged as particularly valuable tools for investigating therapeutic strategies targeting posterior 
segment diseases including age-related macular degeneration, diabetic retinopathy, retinitis pigmentosa, and Stargardt 
disease.26,140 These self-organizing structures recapitulate the spatiotemporal differentiation sequence of retinogenesis, 
generating all major retinal cell types arranged in laminar architecture with functional photoreceptors possessing rudimentary 
outer segments. The 3D organization enables authentic assessment of how therapeutic agents penetrate through multiple 
retinal layers, a critical consideration for optimizing intravitreal drug delivery formulations including sustained-release 
implants, biodegradable microspheres, and nanoparticle systems. Patient-derived induced pluripotent stem cell lines allow 
generation of disease-specific organoids carrying pathogenic mutations, providing ideal platforms for testing antisense 
oligonucleotides, gene therapy vectors, and personalized pharmacological interventions in the correct genomic and cellular 
context.139 The capacity to model disease progression and evaluate therapeutic responses longitudinally within the same 
organoid overcomes limitations of endpoint-only analyses, enabling pharmacokinetic-pharmacodynamic studies that reveal 
temporal drug action profiles.

Beyond genetic disorders, retinal organoids serve as platforms for screening compounds targeting complex multi
factorial diseases. Organoids subjected to disease-relevant stressors such as oxidative damage, inflammatory cytokines, or 
hyperglycemic conditions faithfully model pathological states, allowing systematic evaluation of neuroprotective agents, 
anti-inflammatory compounds, and antioxidant formulations.140 The integration of retinal organoids with brain tissue in 
optic vesicle-containing organoids further expands modeling capabilities, enabling investigation of visual pathway 
development and assessment of systemically administered drugs that must traverse the blood-brain barrier to reach 
ocular targets.153 These complex assembloids provide unprecedented opportunities to study interorgan communication 
relevant to neurological disorders with ocular manifestations.

Advanced organoid protocols incorporating retinal pigment epithelium and choroid-like vascular structures enable 
modeling of drusen formation, complement activation, and choroidal neovascularization (i.e., all critical features of AMD 
pathophysiology), providing more comprehensive disease models for therapeutic evaluation. Recent innovations have 
produced optic vesicle-containing brain organoids that integrate eye primordia with forebrain structures, recapitulating 
embryonic eye-brain connectivity.153 These complex assembloids are generated through carefully timed modulation of 
morphogen gradients (Wnt, BMP, FGF) that pattern anterior neural tissue into forebrain and optic vesicle domains. The 
resulting organoids contain bilateral eye structures with primitive corneal epithelium, lens-like structures, retinal pigment 
epithelia, and photoreceptor progenitors connected to brain tissue through axon-like projections, enabling investigation of 
visual pathway development and potentially facilitating studies of systemically administered drugs that must penetrate the 
blood-brain barrier before reaching retinal targets. These sophisticated models open possibilities for studying neurodevelop
mental disorders affecting both eye and brain, as well as neurodegenerative diseases with ocular manifestations.

Eye-on-a-Chip Microfluidic Platforms
Eye-on-a-chip technologies represent sophisticated microfluidic platforms that recreate specific ocular anatomical compart
ments, physiological processes, and pathological conditions within precisely engineered microenvironments fabricated using 
photolithography and soft lithography techniques. These microsystems utilize materials such as polydimethylsiloxane 
(PDMS), poly(methylmethacrylate), and other biocompatible polymers to create channels, chambers, and interfaces that 
mimic ocular structures at physiologically relevant length scales, typically ranging from tens of micrometers to several 
millimeters. The integration of living cells, tissue explants, or miniaturized organoids within these devices enables real-time 
monitoring of drug-tissue interactions, transport kinetics, barrier function integrity, and cellular responses under dynamic 
conditions that closely approximate in vivo scenarios while maintaining optical transparency for high-resolution imaging. 
A pioneering application of eye-on-a-chip methodology involved developing a microfluidic platform to investigate silicone oil 
emulsification following vitreoretinal surgery, where silicone oil serves as long-term intraocular tamponade.146 Further, 
poly(methylmethacrylate) chips replicating the posterior chamber cross-section, lined with retinal ganglion cells, were 
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subjected to stepper-motor-driven saccadic movements for four days to assess silicone oil emulsification across viscosities of 
5–5000 centistokes (cSt). Lower viscosity oils (5 cSt) emulsified significantly more than higher viscosity alternatives 
(500–5000 cSt), yielding quantitative data on droplet formation and size distribution. This work established microfluidic eye- 
on-a-chip platforms as tools for evaluating intraocular formulation stability under physiological mechanical stimulation, later 
extended to assess amphiphilic additives in silicone oil as sustained-release reservoirs for lipophilic agents requiring long-term 
intraocular delivery.35 Three silicone-oil-soluble surfactants (i.e., DC749, MQ1640, and FZ2233) served as model amphi
philic additives representing potential drug molecules. Systematic characterization revealed that amphiphilic substances 
substantially increased emulsification rates through mechanisms not directly correlated with interfacial tension or bulk 
viscosity changes. Remarkably, these additives promoted formation of water-in-oil droplets within the silicone oil phase in 
addition to conventional oil-in-water emulsions, a phenomenon entirely absent with unmodified silicone oil controls. These 
findings carry profound implications for developing silicone oil-based sustained-release drug delivery systems, as amphiphilic 
therapeutic agents, representing a substantial fraction of ophthalmic pharmaceuticals, might compromise formulation stability, 
alter pharmacokinetic release profiles, and reduce optical clarity causing visual disturbances. The capability to identify such 
complications ex vivo prior to clinical implementation exemplifies the value of microfluidic platforms in de-risking 
therapeutic development and optimizing formulation parameters before committing resources to expensive animal studies 
and clinical trials. The most sophisticated eye-on-a-chip application reported to date involves modeling the outer BRB and 
choroidal neovascularization, representing key pathophysiological features of wet age-related macular degeneration.145 This 
organotypic “wet-AMD-on-a-chip” platform reconstructs the RPE-choroid complex using a polarized RPE monolayer on 
a porous membrane adjacent to perfusable 3D microfluidic vascular networks lined with HUVECs or choroidal endothelial 
cells. The system maintains intact barrier function, confirmed by TEER measurements and restricted paracellular permeability, 
while preserving cellular polarization, tight junction protein expression (e.g., ZO-1, occludin, claudins), and basement 
membrane interactions. Critically, the platform recapitulates choroidal neovascularization when exposed to pro-angiogenic 
stimuli, demonstrating endothelial sprouting, VEGF-guided tip cell migration, and Bruch’s membrane penetration with RPE 
disruption. It also exhibits dose-dependent responsiveness to bevacizumab, validating its utility for anti-angiogenic drug 
screening. This capacity to model disease progression and quantitatively assess therapeutic interventions represents a major 
advancement in drug evaluation methodology, enabling mechanistic dissection of how anti-VEGF agents, corticosteroids, or 
novel therapeutics modulate pathological angiogenesis at cellular and molecular resolution. Furthermore, integration of 
transparent materials with real-time confocal or multiphoton imaging enables longitudinal tracking of drug molecules, NPs, 
or therapeutic proteins across tissue barriers and cellular compartments without destructive sampling.154 Microfluidic control 
enables precise manipulation of drug concentrations, exposure profiles, and washout kinetics while maintaining physiological 
shear stress, perfusion, and oxygen tension. These systems support systematic investigation of formulation parameters (e.g., 
viscosity, osmolarity, pH, and particulate characteristics) on drug bioavailability, permeation, and therapeutic outcomes. 
Integration of patient-derived induced pluripotent stem cells further enables precision medicine approaches, allowing 
prediction of individual therapeutic responses and adverse reactions prior to clinical administration.

Final Remarks and Conclusion
Hydrogel-based DDSs have fundamentally transformed ocular therapeutics by overcoming persistent challenges of 
inadequate bioavailability, rapid precorneal clearance, and insufficient therapeutic duration that have long compromised 
conventional treatment approaches. These sophisticated polymeric networks, encompassing natural biopolymers (e.g., 
hyaluronic acid, chitosan, gelatin, and alginate) alongside synthetic platforms (i.e., thermosensitive poloxamer copoly
mers, pH-responsive carbomer derivatives, and photo-crosslinked polyethylene glycol systems), facilitate sustained drug 
release profiles extending from several days to multiple months while maintaining therapeutic concentrations at target 
sites. The versatility of hydrogels to undergo phase transitions in response to physiological stimuli, establish intimate 
contact with ocular surfaces through mucoadhesive interactions, traverse anatomical barriers via enhanced penetration 
mechanisms, and function as controlled-release reservoirs for diverse therapeutic cargo (e.g., small molecules, biologics, 
and nucleic acid therapeutics) has established them as indispensable technologies for managing anterior segment 
disorders such as glaucoma, keratitis, and ocular surface disease, as well as posterior segment pathologies including age- 
related macular degeneration, diabetic retinopathy, and proliferative vitreoretinopathy.
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The emergence of 3D ocular organoids and eye-on-a-chip microphysiological platforms has fundamentally redefined 
the developmental trajectory for hydrogel-based DDSs, providing human-relevant testing environments that dramatically 
improve predictive accuracy for clinical translation. These platforms overcome inherent limitations of conventional 2D 
monolayer cultures and cross-species variability in animal models by authentically recreating human tissue architecture, 
multicellular complexity, physiological barrier properties, and disease-specific pathological features. Retinal organoids 
differentiated from patient-derived induced pluripotent stem cells offer unprecedented opportunities to evaluate intravi
treal hydrogel depot systems, biodegradable microsphere suspensions, and sustained-release implant technologies under 
conditions that replicate drug distribution through stratified neural retina, therapeutic interactions with photoreceptor 
subtypes and retinal pigment epithelium, and efficacy against patient-specific genetic mutations. Corneal epithelial 
organoids exhibiting authentic stratified architecture and tight junction barrier function enable systematic evaluation of 
thermosensitive in situ gelling formulations, mucoadhesive polymer modifications, and penetration enhancers that 
improve drug flux without inducing cytotoxicity. Eye-on-a-chip microfluidic devices recreating the outer blood-retinal 
barrier or corneal-aqueous interface facilitate mechanistic investigation of how hydrogel viscosity, polymer concentra
tion, and degradation kinetics influence drug residence time and permeation under dynamic flow conditions approximat
ing physiological tear turnover or aqueous humor circulation.

Despite these advances, several critical barriers continue to impede clinical translation of hydrogel-based ocular ther
apeutics. Reproducible manufacturing and scalable production remain primary bottlenecks, as the physicochemical properties 
of stimuli-responsive hydrogels are highly sensitive to minor variations in polymer molecular weight, crosslinking density, 
and processing conditions, necessitating robust QbD frameworks and process analytical technologies to ensure batch-to-batch 
consistency. Long-term in vivo stability presents a parallel challenge, particularly for intravitreally administered depot 
systems, where sustained mechanical integrity, predictable biodegradation, and preservation of drug bioactivity must be 
demonstrated without inducing chronic inflammatory responses or fibrotic encapsulation. Sterilization compatibility consti
tutes another underappreciated obstacle, as terminal sterilization methods such as autoclaving or gamma irradiation frequently 
alter hydrogel crosslink density and release kinetics, while aseptic manufacturing alternatives substantially increase produc
tion complexity and cost. Biocompatibility assessment in 3D tissue contexts, particularly for nanocomposite formulations 
incorporating metallic or lipid-based carriers, requires evaluation beyond conventional cytotoxicity assays to capture 
complement activation, macrophage polarization, and foreign body responses relevant to the immunoprivileged ocular 
environment. Regulatory pathway ambiguity for combination drug-device hydrogel products further complicates develop
ment timelines, as classification uncertainties require early and iterative engagement with regulatory agencies.

Against this backdrop, several future research directions hold particular promise for accelerating next-generation 
ocular hydrogel translation. First, closed-loop stimuli-responsive platforms integrating biosensing elements with pro
grammable drug release mechanisms (eg, glucose-responsive hydrogels for diabetic retinopathy or inflammation- 
triggered systems for uveitis) represent a transformative frontier aligning therapeutic output with real-time disease 
biomarkers, potentially eliminating fixed dosing schedules. Second, 3D bioprinting of patient-specific hydrogel con
structs with spatially controlled drug distribution and anatomically precise geometries offers a precision medicine 
paradigm simultaneously addressing formulation optimization and personalized therapeutic matching. Third, theranostic 
nanocomposite hydrogel platforms integrating imaging contrast agents, therapeutic payloads, and targeting ligands within 
unified polymeric matrices would enable concurrent treatment monitoring and dose adjustment. Fourth, AI-assisted high- 
throughput screening of hydrogel formulation parameters using organoid and organ-on-chip readouts, coupled with 
machine learning algorithms for pharmacokinetic-pharmacodynamic modeling, promises to compress optimization cycles 
from years to months. Fifth, cell-laden hydrogel scaffolds incorporating photoreceptor precursors, retinal pigment 
epithelial cells, or Müller glia derived from patient-specific induced pluripotent stem cells represent an emerging frontier 
for currently intractable conditions such as geographic atrophy and end-stage retinitis pigmentosa.

In conclusion, the convergence of advanced biomaterials science with tissue engineering and microphysiological modeling 
represents the future of ocular drug delivery. Realizing this potential will require coordinated, interdisciplinary efforts spanning 
polymer chemistry, stem cell biology, microfluidic engineering, computational pharmacology, and regulatory science. As 
standardization initiatives mature and these platforms become progressively accessible, their collective influence on ocular 
drug development pipelines will expand substantially, ultimately delivering more effective, longer-acting, and better-tolerated 
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therapeutic options to patients afflicted by vision-threatening diseases worldwide. Looking ahead, successful clinical translation 
demands coordinated resolution of persistent challenges: regulatory classification of hydrogel formulations as combination drug- 
device products under FDA 21 CFR Parts 3 and 820 imposes heightenedpremarket requirements, and the absence of standardized 
sterilization validation guidance remains a significant gap. Terminal sterilization methods such as autoclaving irreversibly alter 
gelation temperatures and drug release kinetics, making aseptic filtration the preferred alternative, albeit at greater manufacturing 
complexity, particularly for viscous nanocomposite systems prone to membrane fouling. At manufacturing scale, batch-to-batch 
reproducibility demands robust process analytical technology frameworks, while protein-loaded formulations require validated 
cold-chain infrastructure maintaining 2–8°C throughout production and distribution. Addressing these interconnected barriers 
through cross-disciplinary collaboration among academic institutions, industry partners, and regulatory bodies will be essential to 
realizing the full clinical potential of next-generation ocular hydrogel systems.
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