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ARTICLE INFO ABSTRACT

Keywords: Ocular fibrosis, a common pathological outcome of injury and surgery, is a leading cause of irreversible vision
Ocular ﬁb_r?m impairment. Existing therapies, such as antimetabolites, often lack precision and pose risks of inflammation,
Nanomedicine tissue damage, and poor long-term outcomes. This review explores how nanomedicine-based interventions are
Cornea . . . . . . .

Conuncti reshaping the therapeutic landscape by overcoming ocular drug delivery barriers and enabling sustained, tar-

onjunctiva . . . . . .

Leni geted, and cell-specific delivery. We provide a comprehensive overview of recent nanotherapeutic advances for
Retina treating corneal, conjunctival, capsular, and posterior segment fibrosis. Additionally, we introduce a mechanistic

framework where nanomedicines modulate key pro-fibrotic signaling pathways including TGF-p, Wnt/p-catenin,
NF-kB, MRTF/SRF, HIF-a, oxidative stress, cell division, and metabolic networks. We also discuss the trans-
lational challenges and opportunities in bringing these therapies from bench to bedside. This review aims to
serve as a critical reference for designing next-generation anti-fibrotic nanomedicines tailored for ocular

Drug delivery

applications.

1. Introduction

Ocular fibrosis is a multifaceted biological process that contributes to
several clinical conditions, such as corneal fibrosis, conjunctival scarring
following glaucoma surgery, capsular fibrosis after cataract surgery,
subretinal fibrosis associated with age-related macular degeneration
(AMD), fibrovascular proliferation in diabetic retinopathy (DR), and
proliferative vitreoretinopathy (PVR), which can cause failure in retinal
detachment surgeries [1,2]. This pathological process involves inflam-
mation, activation of fibroblasts, and the transition of epithelial, endo-
thelial, or glial cells into a mesenchymal phenotype. It also includes the
accumulation of cellular and extracellular matrix (ECM) components,
which are essential for maintaining proper visual function, followed by
tissue contraction [1,3]. Fibrosis in ocular tissues can lead to adverse
effects by mechanically obstructing the visual axis or altering the fragile
tissue microenvironment, ultimately impairing visual acuity [3].

Current strategies to prevent or manage ocular fibrosis largely rely
on the topical use of antimetabolites, such as mitomycin-C and 5-fluoro-
uracil, corticosteroids like prednisolone acetate, triamcinolone aceto-
nide, and dexamethasone, and immunosuppressive agents, including
azathioprine,  cyclosporine,  cyclophosphamide,  methotrexate,

mycophenolate mofetil, sirolimus, tacrolimus, and alongside mono-
clonal antibodies. However, the effectiveness of these treatments can be
limited by the drug properties and their ocular delivery methods. For
example, while antimetabolites are effective in addressing ocular
fibrosis, they may cause serious side effects such as hypotony, bleb
leakage, blebitis, endophthalmitis, and even vision loss [2]. Further-
more, prolonged use of topical steroids can result in elevated intraocular
pressure [4,5].

Although immunosuppressive agents are effective in controlling
inflammation linked to fibrovascular complications and generally pre-
sent a safer profile compared to steroids, their overall safety still requires
further investigation, as they have been associated with risks such as
hypertension, increased susceptibility to infections, cancer, and mor-
tality in various conditions [6]. Antibodies, on the other hand, have
short half-lives and are prone to enzymatic degradation. Additionally,
drugs administered to the eye face multiple barriers depending on the
delivery method. While topical eye drops are favored for their high
patient compliance, they are limited by ocular clearance mechanisms
like lacrimation, blinking, reflex tearing, and nasolacrimal drainage.
These processes rapidly expel the drug from the ocular surface, leading
to poor administration efficiency and low bioavailability [7-10].
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Indeed, recent studies have explored topical nanomedicine approaches
to overcome ocular clearance and enhance drug retention. For instance,
a thiolated gelatin-capped nanoceria system delivering gabapentin
significantly improved mucin binding, bioavailability, and therapeutic
outcomes in dry eye models, while a structurally engineered gold
nano-urchin formulation achieved prolonged ocular retention and
potent multi-targeted therapeutic effects including tear stimulation,
anti-inflammation, anti-angiogenesis, and nerve regeneration [11,12].

Systemic drug administration is often considered minimally invasive
and more convenient; however, it presents challenges related to low
bioavailability. This is primarily due to the eye’s limited vascularization,
which restricts efficient drug delivery. Additionally, systemic delivery
can raise concerns about potential toxicity in certain cases [8,13].
Another method, intraocular injections, is more invasive and carries the
risk of compromising ocular function [8,14]. Nanomedicine is emerging
as a promising alternative to address the limitations of traditional
anti-fibrotic drugs and overcome the barriers associated with ocular
drug delivery (Table-1) [15-18].

Beyond improved delivery, nanomedicine also enables targeted
modulation of pro-fibrotic signaling pathways that are central to the
progression of ocular fibrosis. Recent research has focused on engi-
neering nanoscale drug carriers to selectively interfere with molecular
pathways such as transforming growth factor (TGF) 1, Wnt/p-catenin,
NF-kB, MRTF/SRF, HIF-a, oxidative stress-related cascades, specific
stages of cell division, and metabolic regulators. These signaling axes
drive fibroblast activation, ECM remodeling, and chronic inflammation
in various ocular compartments. By integrating pathway-specific in-
hibitors into nanocarriers, these therapeutic strategies aim to enhance
treatment efficacy, reduce off-target effects, and achieve sustained
intraocular bioavailability [20,31-35]. Herein, we discuss the patho-
physiology of ocular fibrosis and explore emerging nanomedicine-based
strategies, particularly those targeting key pro-fibrotic signaling

Table-1
Comparison of Nanomedicine vs Traditional Anti-Fibrotic Therapies for Ocular
Fibrosis.

Parameters Traditional Anti-Fibrotic Nanomedicine-Based
Therapies Therapies
Efficacy - Often limited by poor - Sustained drug release
tissue penetration and improves therapeutic
wash away by tear fluid outcomes [19].
[19]. - Enhanced efficacy due to
- Non-specific and may lead targeted delivery [20,21].
to toxicity [20].
Bioavailability - Low ocular bioavailability = - Improved ocular

(~1-5 %) due to barriers
like cornea, conjunctiva,
and tear turnover [14,17].

bioavailability through
nanoparticle penetration,
mucoadhesion, and
controlled release [14,17].
Safety Profile - Risk of off-target effects - Lower systemic exposure
(e.g., cataract, increased and off-target effects [22,
intraocular pressure with 25].

steroids) [4,22]. Reduced dosing frequency
Frequent dosing needed, can improve safety profile

increasing risks [23,24]. [23,24].
Administration - Topical (eye drops), - Versatile delivery: topical
Route periocular, intravitreal nanoformulations,
injections. minimally invasive.
- Often needs repeated - Prolonged retention time in

administration [24,26]. ocular tissues [24,26].

Pharmacokinetics - Rapid clearance from - Prolonged retention time in
ocular surfaces and short ocular tissues and tunable
half-life in ocular tissues pharmacokinetics via
[23,24]. nanoparticle engineering

[23,24,27].

Clinical - Well-established (e.g., - Mostly preclinical and
Translation antimetabolites, early-phase clinical trials
Stage corticosteroids, anti-VEGF [31].

agents) [28-30]. - Long-term safety and

- Known long-term out-
comes [28,29]

efficacy needed to be
evaluated [31].
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pathways to improve therapeutic outcomes.
2. Ocular fibrosis

Ocular fibrosis, a key contributor to vision loss, is characterized by
excessive ECM deposition and myofibroblast activation across different
ocular tissues [3,23,36-38]. While conjunctival, corneal, lens, and
retinal fibrosis share common profibrotic pathways such as TGF-p
signaling and persistent inflammation, the initiating insults and cellular
responses vary, conjunctival fibrosis often results from surgical trauma,
corneal fibrosis involves stromal keratocyte transformation, lens fibrosis
is driven by epithelial-to-mesenchymal transition (EMT) of lens
epithelial cells, and retinal fibrosis involves activation of Miiller glia and
retinal pigment epithelial (RPE) cells. The comparative pathological
events are tabulated in Table-2. Comparative insights into these distinct
yet overlapping mechanisms are crucial for designing targeted and
tissue-specific antifibrotic therapies.

2.1. Corneal fibrosis

The cornea is a highly specialized, transparent, and sensory avas-
cular connective tissue that plays a vital role in ocular function. It acts as
a mechanical barrier while contributing to nearly two-thirds of the eye’s
refractive power. Structurally, the cornea is composed of three distinct
layers: the outer epithelial cell layer, the central stroma, which makes up
90 % of the corneal thickness and the inner endothelial cell layer [56].
Following corneal injury, immune cells and fibrocytes migrate from
surrounding blood vessels to the damaged site to facilitate wound
healing and tissue regeneration [39,57]. In cases of minor injuries, such
as superficial epithelial abrasions, only limited keratocyte apoptosis is
observed. The epithelial or endothelial layers regenerate, the epithelial
basement membrane (EBM) and/or Descemet’s basement membrane
(DBM) are repaired, and myofibroblast precursors originating from
keratocytes or fibrocytes either undergo apoptosis or revert to their
original cell types. This healing process usually restores the cornea
without compromising its transparency [47]. However, deeper stromal
injuries initiate an abnormal wound-healing response, marked by
excessive deposition of collagen, a-SMA, and vimentin, culminating in
corneal fibrosis (Fig. 1) [23,56,58]. In more severe injuries, where sig-
nificant damage to the EBM and/or DBM occurs, the delayed regener-
ation of these basement membranes permits the continued influx of
pro-fibrotic cytokines, such as TGF-p, TGFp2, and platelet-derived
growth factor (PDGF). These cytokines stimulate the formation of
mature alpha smooth muscle actin (a-SMA) positive myofibroblasts,
which produce large quantities of disorganized ECM components, ulti-
mately leading to stromal scarring and fibrosis [47].

A variety of in vivo models for corneal fibrosis have been established,
including alkali burns, chloropicrin-induced ocular toxicity, surgical
stromal removal (200-250 pm) combined with rotating-burr polishing,
descemetorhexis injury, endothelial keratoplasty, lamellar keratoplasty,
and surgical linear corneal incisions at mid-stromal depth for drug
screening purposes [23,36,59-61]. These models have greatly enhanced
our understanding of the biochemical and biological mechanisms un-
derlying the development and progression of different corneal diseases,
identifying potential molecular targets for therapeutic strategies. For
example, the alkali burn model is widely used to mimic severe chemical
injury and induces a rapid and robust fibrotic response, making it suit-
able for studying acute inflammation and scar formation [18,23,35].
However, it may not accurately mimic surgical or chronic fibrotic con-
ditions. In contrast, stromal removal combined with rotating-burr pol-
ishing offers a more controlled and reproducible model, better suited for
evaluating wound healing and therapeutic interventions in post-surgical
fibrosis [59,61]. Including a range of models allows researchers to
capture the diverse etiologies and progression patterns of corneal
fibrosis, facilitating more targeted and translationally relevant studies.

Nevertheless, the high costs associated with developing and
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Table-2
Comparison of pathological mechanisms in different types of ocular fibrosis.
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Feature Corneal Fibrosis Post-Glaucoma Fibrosis

Post-Cataract Fibrosis Retinal Fibrosis

Primary Trigger Injury, infection, surgery, chemical

burns [39]

Key Cell Types
Involved

Keratocytes, fibroblasts,
myofibroblasts, fibrocytes,

Immune cells [39,41,42]
TGF-1/2, IL-1, IL-6, IL-8, PDGF
[41,46,47]

Increased collagen I/111, fibronectin,
«-SMA, vimentin [23,36]

leukocytes [43,44]
Major Cytokines &
Growth Factors

ECM Remodeling

[43]
o-SMA, vimentin [44]

Fibrosis Outcome Corneal haze, opacification, vision

Surgery-induced trauma
(trabeculectomy, shunt) [2]

Tenon’s fibroblasts, myofibroblasts
Macrophages, neutrophiles,

TGF-p2, VEGF, PDGF, IL-1p, IFN-y

Dense ECM containing collagen,

Surgical failure, bleb scarring [44]

Chronic inflammation, ischemia, retinal
detachment, CNV [2,3]

Cataract surgery (capsular

rupture, lens epithelial cell
migration) [40]

Lens epithelial cells (LECs),
myofibroblasts [40,45]

RPE, microglia, Miiller glia, retinal
endothelial cells, myofibroblasts [1,3]
TGF-1/2, FGF, CTGF [48,49] TGF-B1/2, VEGF, IL-6, TNF-a [50]

Increased fibronectin, collagen,
I, III [37],

Epiretinal or subretinal fibrous
membrane -fibronectin, collagen I/III,
a-SMA, vimentin [38,51]

Posterior capsule opacification Vision distortion/loss (e.g., macular

loss [52] (PCO) [53] puckers, scarring) [54,55]
Therapeutic Preventing myofibroblast Controlling fibroblast proliferation Inhibiting LEC proliferation and ~ Balancing inflammation suppression
Challenges differentiation, anti-scarring and ECM without compromising EMT with neuroprotection and anti-fibrotic

without affecting healing filtration

action
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Figure-1. Schematic representation for the treatment of fibrosis by nanomedicine after corneal injury and glaucoma infiltration surgery. (A) Treatment of fibrosis by
nanomedicine after corneal injury. The cells from the injured/damaged cornea secrete cytokines and growth factors like TGF-p, which activate fibroblasts to
transdifferentiate into myofibroblasts. The myofibroblasts secrete abnormal ECM, leading to fibrosis and corneal haze. The solid black sharp arrows indicate the
different stages of corneal fibrosis; the pink sharp and blunt arrows indicate the nanomedicine inhibits corneal fibrosis. (B) Treatment of fibrosis by nanomedicine
after glaucoma infiltration surgery. The injury resulting from glaucoma infiltration surgery leads to the infiltration of RBCs and WBCs, which secrete cytokines and
growth factors like TGF-p. The secretion of TGF-f leads to fibroblast trans-differentiation into myofibroblasts. The myofibroblasts secrete abnormal ECM and lead to
fibrosis and surgical failure. The solid black sharp arrows indicate the different stages of conjunctival fibrosis. The solid pink sharp and dotted pink blunt arrows show
the action of nanomedicine inhibiting conjunctival fibrosis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

implementing these models, coupled with interspecies physiological
differences that influence pharmacokinetic and pharmacodynamic re-
sponses, have limited their widespread application. This has driven the
shift toward in vitro models [59]. Recent progress in corneal in vitro
fibrosis models has focused on the use of TGF-B, either alone or in
combination with other molecules such as ascorbic acid, neuropeptide
substance P, interleukin (IL)-6, and IL-8 [46]. These models have shown
that interleukins can promote keratocyte-to-myofibroblast differentia-
tion, increase a-SMA expression and matrix contraction, enhance the
synthesis and deposition of ECM components, and upregulate
pro-fibrotic markers. These cellular processes are vital for understanding
corneal scarring mechanisms and serve as valuable tools for screening
drugs and nanomedicine-based therapies [46,59,62,63].

Corneal fibrosis can result from infections, injuries, or underlying
diseases, obstructing light transmission to the retina and often causing
reduced visual acuity. Corneal opacity accounts for approximately 4 %
of global blindness cases. At present, corneal transplantation remains
the only effective treatment for corneal fibrosis [52]. Various

therapeutic agents, including TRAM-34, ascorbic acid, mitomycin-C,
pirfenidone, vorinostat, and gene therapies, have been investigated for
their potential in treating corneal neovascularization and fibrosis [64].
However, the effectiveness of these treatments is often limited by ocular
barriers, such as poor penetration through the corneal epithelium and
dynamic barriers like tear turnover and nasolacrimal drainage. These
challenges lead to low drug bioavailability, contributing to unwanted
side effects and decreased patient compliance [35,56].

2.2. Fibrosis post glaucoma infiltration surgery

Glaucoma is characterized by the gradual loss of ganglion cells in the
nerve fiber layers, leading to a narrowing of the visual field and eventual
blindness. It is often linked to increased intraocular pressure (IOP),
which may arise from either excessive production of intraocular fluid or
fibrosis in the trabecular meshwork [3]. Glaucoma filtration surgery
involves creating a drainage fistula from the anterior chamber to the
sub-Tenon space to enhance aqueous outflow and lower IOP.
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Additionally, various drainage implants, including subconjunctival,
trabecular meshwork, and suprachoroidal pathways, have been clini-
cally explored for managing glaucoma.

In glaucoma filtration surgery, immune cells such as neutrophils,
macrophages, and lymphocytes, along with cytokines like IL-1 and
Interferon-oa2b and growth factors including TGF-f, VEGF (vascular
endothelial growth factor), and PDGF, contribute significantly to the
fibrotic response [43]. Fibroblasts drive scar formation by inducing
crosslinking of collagen type I and elastin, while blood vessels gradually
regress. Matrix metalloproteinases (MMPs), produced by macrophages,
neutrophils, and fibroblasts, play a critical role in remodeling the ECM
and converting granulation tissue into scar tissue [43,65]. A key aspect
of fibrosis regulation is the reduction in myofibroblast numbers, as their
prolonged presence can result in excessive scarring. Antimetabolites like
mitomycin C and 5-fluorouracil are currently the standard adjuvants
used in surgery to prevent fibrosis [28,29]. For instance, MMC has been
reported to cause shallow anterior chamber (28 %), serous choroidal
detachment (22 %), bleb related endophthalmitis (8 %), and compli-
cations such as chronic bleb leaks (14.6 %), blebitis (5.7 %), hypotony
maculopathy (42.2 %), and scleral thinning or necrosis (rare but
vision-threatening) have been documented [28,66]. Additionally, 5-FU
has been associated with a range of complications, including epithelial
defects (55.5 %), conjunctival wound leaks (36.8 %), suprachoroidal
hemorrhage (5.8 %), and rhegmatogenous retinal detachment (2.6 %).
Less common but serious adverse events such as endophthalmitis and
phthisis (1.9 % each), along with corneal scarring, late-onset bleb leaks,
malignant glaucoma, and tractional retinal detachment (1.3 % each),
further underscore the urgent need for safer and more targeted
anti-fibrotic strategies [67]. To overcome these shortcomings nano-
medicine is emerging as an attractive strategy to prevent fibrosis due to
glaucoma infiltration surgery.

Several animal models, such as those in rabbits, rats, and mice, have
been used for drug and nanomedicine screening in glaucoma filtration
surgery. Among these, rabbit models are the most widely employed for
in vivo testing of drugs and nanomedicines [68-71]. In vitro models
utilizing human and rabbit tenon fibroblasts, human and rabbit
conjunctival fibroblasts, and murine fibroblast cells have also been used
to evaluate drugs and nanomedicines [32,72-74].

2.3. Capsular fibrosis post cataract surgery

Posterior capsular opacification is a common long-term complication
following cataract surgery and a major cause of non-refractive vision
loss [40]. This condition primarily results from the proliferation and
migration of residual lens epithelial cells, accompanied by processes
such as epithelial-mesenchymal transition, collagen deposition, and lens
fiber formation, collectively known as posterior capsular fibrosis
(Figure-3) [45].

Posterior capsular fibrosis begins as a wound healing response
following cataract surgery, where TGF-f is released by the injured cells,
fibroblast growth factor (FGF), leading to the proliferation and migra-
tion of residual lens epithelial cells across the posterior lens capsule.
These cells undergo epithelial-mesenchymal transition, followed by the
deposition of ECM (aSMA, fibronectin, and collagen types I and III) and
reduction of expression of vimentin, Snaill/2 and E-cadherin, which
leads to fibrosis [40,45,49]. Pharmacological interventions for
post-capsular opacification, both in vitro and in vivo, have been tested
using agents such as mitomycin C, HyO9, water, EDTA, cinobufagin, and
resveratrol [45,75-78]. However, the safety and efficacy of these com-
pounds in the eye still need thorough evaluation, and nanomedicines
could be explored as potential therapeutic agents, particularly those
targeting the lens.

2.4. Fibrosis during posterior eye diseases

Fibrovascular scarring is a characteristic feature of various posterior
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eye diseases, including PVR, DR, retinopathy of prematurity, macular
degeneration, and neovascular glaucoma. This scarring results from the
underlying inflammatory or hypoxia-driven neovascularization and the
fibrosis that accompanies these conditions [2,3]. Preventing fibrovas-
cular scarring involves targeting the neovascularization and fibrosis
associated with these posterior eye diseases. The activation of retinal
pigment epithelium (RPE) cells, Miiller glia, microglia, and endothelial
cells plays a key role in the fibrosis seen in these conditions (Figure-4)
[1,3].

Based on its localization, fibrosis can be characterized into epiretinal
and subretinal fibrosis. Epiretinal fibrosis occurs in PVR, DR and ROP
(retinopathy of prematurity). Therapeutic approaches investigated for
managing subretinal and epiretinal fibrosis are primarily categorized
into various classes, including anti-inflammatory, anti-proliferative,
anti-neoplastic, anti-growth factor, antioxidant agents, and anti-
angiogenic drugs. The anti-inflammatory drugs used are triamcinolone
acetonide, dexamethasone; anti-proliferative and anti-neoplastic drugs
are 5-fluorouracil (5-FU), daunorubicin, taxol, colchicine, retinoic acid,
ribozymes, vincristine; anti-oxidants such as resveratrol, and curcumin
and anti-VEGF agents such as pegaptanib, ranibizumab, bevacizumab
and aflibercept [13,79,80]. The primary method of administering these
drugs is through intravitreal injections. However, due to their short
half-lives, multiple administrations are often required. This approach
comes with challenges such as the risk of retinal detachment, endoph-
thalmitis, retinal hemorrhage, cataracts, and IOP. Consequently, this
regimen can lead to poor patient compliance [13,19].

Though the topical and systemic drug administration are the most
acceptable methods for posterior eye diseases, they are hindered by both
static and dynamic barriers, leading to low bioavailability [8,13].
Nanomedicine is becoming as emerging possibility for the treatment of
epiretinal fibrosis (Figure-4).

3. Nanomedicine for ocular fibrosis

Nanomedicines offer a promising strategy for the treatment of ocular
fibrosis by enabling targeted, sustained, and localized delivery of anti-
fibrotic agents to specific ocular tissues [21,81,82]. Through the use of
nanoparticles, liposomes, polymeric micelles, and dendrimers, thera-
peutic molecules such as TGF-p inhibitors, siRNAs, and corticosteroids
can be efficiently delivered to fibrotic sites while minimizing systemic
side effects and improving bioavailability in hard-to-reach ocular com-
partments [19,35,74,82-84]. These nanoscale carriers can be engi-
neered to overcome ocular barriers, provide controlled drug release, and
even respond to microenvironmental cues such as pH or enzymatic ac-
tivity associated with fibrotic tissue [15,16,21,85]. Emerging preclinical
studies have demonstrated the ability of nanomedicines to reduce
myofibroblast activation, inhibit epithelial-to-mesenchymal transition,
and modulate fibrotic signaling pathways in models of conjunctival,
corneal, lens, and retinal fibrosis, supporting their potential as
next-generation therapeutics for vision-threatening fibrotic diseases
(Table-3).

3.1. Nanomedicine for corneal fibrosis

Nanomedicine is a rapidly advancing field in medical science, of-
fering promising solutions for the prevention and treatment of corneal
fibrosis by addressing the limitations of conventional therapies
(Fig. 1A). Various nanomedicine platforms, including nanoparticles, li-
posomes, dendrimers, micelles, nanogels, and extracellular vesicles,
have been utilized in experimental in vivo and in vitro models to assess
their antifibrotic potential (Table 3). For example, the topical applica-
tion of pirfenidone-loaded poly(lactide-co-glycolide) nanoparticles
effectively prevented corneal fibrosis in an alkali burn rodent model by
inhibiting myofibroblast formation, reducing collagen-I levels compa-
rable to TGFp-treated control, and accelerating corneal re-
epithelialization [23]. Similarly, both albumin nanoparticles and
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Table-3

Nanomedicines for ocular fibrosis.
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Diseases Mode of Nanomedicine Application and mechanism of action

administration

Cornea fibrosis Topical Pirfenidone loaded PLGA nanoparticles Prevents fibrosis by inhibiting myofibroblast formation, decreasing

collagen-I levels and corneal haze, and accelerating corneal re-
epithelialization in a rodent alkali burn model. [23].

Topical Pirfenidone loaded liposomes Inhibits fibrosis by modulating TGF-p and IL-1p gene expression as
compared to pirfenidone in aqueous solution in cornea alkali burn
mice model [35].

Subconjunctival Dexamethasone conjugated PAMAM dendrimer Shows significant reduction in angiogenesis, inflammation, and

injection corneal opacity and exhibits rapid corneal healing in alkali burn rat
model [86].

Topical Cabozantinib containing micelles Enhances bioavailability of the drug by enhanced ocular retention
due to their mucoadhesive properties and inhibits corneal
neovascularization in mice induced by alkali burn injury [82].

Subconjunctival Nanohybrid containing bevacizumab-loaded mesoporous ~ Reduces corneal neovascularization by decreasing the CNV area, new

injection silica nanoparticles into a thermogel matrix with anti- vessel length, corneal opacity, inflammation, and abnormal fibrosis

inflammation cyclosporine A through synergistic anti-VEGF and anti-inflammatory effects. The

animal model used was rabbit model of CNV induced by in placing
sutures in the cornea to stimulate the growth of new blood vessels
[871.

Topical Extracellular vesicles from corneal stem cells In a mouse model of corneal injury, where the epithelium, basement
membrane, and 10-15 pm of stromal tissue were removed using the
AlgerBrush II, microRNA administration inhibited neutrophil
infiltration, thereby preventing corneal angiogenesis and fibrosis
[88].

Fibrosis after Topical Silver nanoparticles Silver NPs result in reduction of IOP, promote blebs, decrease in
glaucoma fibrosis and myofibroblast formation after glaucoma infiltration
infiltration surgery surgery in rabbit model because of their anti-microbial and anti-

inflammatory properties [71].
Subconjunctival Homoharringtonine liposomes Reduces the IOP, inhibited scarring, and promote the formation of
injection filtering blebs in rabbit model of glaucoma infiltration surgery [89].
Topical Hyaluronic acid and penetratin modified PAMAM Inhibits prolonged survival time of filtering blebs and inhibits scar
dendrimers loaded with 5-fluorouracil and anti-TGF- p2 formation by inhibiting myofibroblast proliferation and fibrosis by
oligonucleotide enhanced cellular uptake in rabbit trabeculectomy models [74].
Subconjunctival Cyclosporine-A loaded PLGA-PEG-PLGA micelles Exhibits sustained release of cyclosporin-A and shows antifibrotic
injection properties by inhibition of TGF-f induced myofibroblast
differentiation in rabbit model of filtration surgery [81,90].
Subconjunctival S58 loaded exosomes Exo0-S58 treatment prolongs filtering bleb retention and reduces
injection fibrosis in vivo in glaucoma infiltration surgery rat model by binding
with TGF-p2 receptor [91].
Subconjunctival Rapamycin containing injectable hydrogel The hydrogel enhances autophagy by regulating the PI3K/AKT/
injection mTOR/WIPI2 signaling pathway, which in turn suppresses
subconjunctival fibrosis in rat subconjunctival injury model [92].
Conjunctival Rosiglitazone loaded poly(3-hydroxybutyric acid-co-3- Prevents scar formation in a rabbit model of glaucoma filtration
implantation hydroxyvaleric acid) nanofibers surgery and minimizes toxicity by exhibiting anti-fibrotic effects
through the inhibition of the TGF-$/p38 signaling pathway [73,93].
Subconjunctival Core-shell nanofiber polylactic acid and zein to deliver It provides a programmed treatment strategy where rutin is released
implantation rutin and celastrol in a sequential manner. first to suppress inflammation, followed by the sustained release of

Posterior capsular
opacification (PCO)

Fibrosis in posterior
eye diseases

Intra ocular lens

Subconjunctival

delivery

Intra ocular lens

Intra ocular lens

Intravitreal injection

Intraocular

5-fluorouracil loaded chitosan nanoparticles coated
intraocular lens

PEG methyl ether-block-poly(e-caprolactone) (MePEG-
PCL) doxorubicin (DOX)-loaded nanoparticles (NPs)

Ti3C2 MXene nanosheet-coated IOLs

DOX-incorporated chitosan (CHI) nanoparticle
containing polyelectrolyte multilayer with heparin (HEP)

Plasminogen kringle-5 loaded nanoparticles

Daunorubicin loaded liposome

celastrol to inhibit fibrosis in rat subconjunctival injury model [94].
Prevents PCO in a rabbit model by inhibiting HLEC proliferation and
inducing apoptosis through sustained 5-FU release from chitosan
nanoparticle-modified intraocular lenses, without compromising
optical transparency or causing significant anterior chamber toxicity
[95].

Prevents PCO in a rabbit model by selectively eliminating
proliferative lens epithelial cells through sustained release of DOX-
loaded MePEG-PCL nanoparticles following a single subconjunctival
injection, without inducing toxicity to intraocular structures or
impairing retinal function [96].

Prevents PCO in a rabbit model by selectively eliminating
proliferative lens epithelial cells through synergistic photothermal
therapy and near-infrared (NIR)-controlled rapamycin release from
ultrathin TizC, MXene nanosheet-coated intraocular lenses, without
causing pathological damage to surrounding healthy tissues.
Prevents posterior capsule opacification (PCO) in a rabbit model by
inhibiting lens epithelial cell adhesion, proliferation, and migration
through sustained release of doxorubicin from chitosan-based
polyelectrolyte multilayers on intraocular lenses, without
compromising biocompatibility [97].

Reduces the fibrosis and the gene expression associated with fibrosis
such as TGF-B, CTGF and a-SMA in laser induced epiretinal membrane
rat model [98].

Exhibits PVR prevention in experimental rabbit PVR model which can
be attributed to inhibition of fibroblastic proliferation and fibroblast
collagen synthesis by daunorubicin [99,100].

(continued on next page)
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Table-3 (continued)
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Mode of Nanomedicine

administration

Diseases

Application and mechanism of action

Intravitreal injection ~ Poly (CEP) micelles

Intravitreal
injections

Dexamethasone palmitate emulsion

Intravitreal injection

Triamcinolone acetonide conjugated PAMAM-dendrimer

Prevents scar formation in an in vivo experimental rabbit PVR model
and reduces RPE cell contraction in vitro by modulating the Nrf2
signaling pathway [101].

Provides sustained delivery of drug without exhibiting any toxicity.
Inhibits VEGF-induced vascular permeability diabetic macular edema
[102].

Targets to activated microglia and significantly inhibits neuro
inflammation and angiogenesis in oxygen induced ischemic
retinopathy mice model [103].

PEGylated albumin nanoparticles loaded with bevacizumab signifi-
cantly suppressed fibrosis, inflammation, and edema in corneal neo-
vascularization models compared to the free drug [104]. These
nanoparticles enhance drug retention on the corneal surface, resulting in
superior antifibrotic efficacy over conventional formulations. Addi-
tionally, gene therapies utilizing PEI-DNA and gold nanoparticles have
been explored to deliver the soluble extracellular domain of TGF— type
II receptor (sTGFBRII), decorin, and BMP-7, effectively reducing myo-
fibroblast formation and fibrosis in in vitro corneal fibrosis models. These
findings pave the way for innovative nanotechnology-based treatments
for corneal fibrosis [105-107].

Liposomes are extensively studied drug delivery systems for treating
corneal fibrosis due to their ability to enhance drug penetration, prolong
contact time with the ocular surface, and improve the therapeutic effi-
cacy of topical ophthalmic medications, thereby reducing the frequency
of administration [35,85]. Liposomal formulations containing pirfeni-
done, ferrostatin-1, and usnic acid have been investigated for their
antifibrotic effects in rodent models of corneal alkali burns [35,108,
109]. Pirfenidone-loaded liposomes have shown significant advantages,
including reductions in haze size and density, corneal edema, corneal
thickness, and inflammatory cell infiltration when compared to pirfe-
nidone in aqueous solution. This liposomal formulation effectively
suppresses fibrosis by modulating the gene expression of TGF-f and
IL-1B, offering superior outcomes to the aqueous form of pirfenidone
[35]. Additionally, ferrostatin-1 encapsulated in liposomes has demon-
strated marked inhibition of ferroptosis, inflammation, neo-
vascularization, corneal edema, and fibrosis in alkali burn rodent
models compared to the free drug. This enhanced therapeutic effect is
largely attributed to improved drug bioavailability provided by the
liposomal delivery system [108].

Usnic acid, recognized for its anti-inflammatory and tissue healing
properties, is limited by issues such as poor solubility, high toxicity, and
difficulty in interacting with cell barriers. However, liposomes encap-
sulating usnic acid within a gelatin membrane have successfully
addressed these challenges and demonstrated promising wound healing
effects in chemically-treated rabbit eyes [109]. In a mouse model of
alkali burns, cabozantinib-loaded micelles exhibited significant inhibi-
tion of angiogenesis, inflammation, and fibrosis. These cationic nano-
micelles not only enhanced the drug’s bioavailability in the cornea but
also demonstrated excellent biocompatibility both in vitro and in vivo
[82]. Additionally, amphotericin-loaded polyhedral oligomeric silses-
quioxane micelles showed good biocompatibility and bioadhesiveness,
effectively reducing fungal keratitis-induced fibrosis in a mouse model
[71.

In an autologous cornea transplantation model, subconjunctival in-
jection of dichloromethylene diphosphonate-loaded liposomes effec-
tively depleted macrophages, resulting in the inhibition of angiogenesis,
myofibroblast formation, and inflammation in the cornea [110]. Simi-
larly, subconjunctival injection of dexamethasone-conjugated poly--
amidoamine (PAMAM) dendrimers significantly reduced angiogenesis,
inflammation, and corneal opacity, while promoting rapid corneal
healing in an alkali burn rat model [86]. More recently, extracellular
vesicles (EVs) derived from mesenchymal stem cells have shown

potential in inhibiting corneal neovascularization, shifting macrophages
toward an anti-angiogenic and anti-inflammatory phenotype, and
accelerating healing in nonhealing corneas, thus possibly preventing
corneal fibrosis [111]. Additionally, EVs that lacked miRNA led to
visible scarring and upregulation of genes associated with fibrosis and
inflammatory cell infiltration, underscoring the therapeutic potential of
EVs from control stem cells in promoting wound healing and reducing
fibrosis [88].

Overall, nanomedicines have demonstrated enhanced drug
bioavailability, the capacity to bind large therapeutic genes, and potent
anti-fibrotic properties, positioning them as promising candidates for
therapeutic development in corneal fibrosis. However, further preclin-
ical and clinical trials are required for the successful advancement of
nanomedicine in the treatment of corneal fibrosis.

3.2. Nanomedicine for post glaucoma infiltration surgery

Nanomedicine is emerging as an alternative with more targeted
physiological effects and reduced cytotoxicity (Figure-1B). Various
nanomedicine carriers, such as nanoparticles, liposomes, dendrimers,
micelles, quantum dots, exosomes, and nanofibers, are being utilized in
experimental in vivo and in vitro glaucoma filtration surgery models
(Table-2). In a rabbit model of filtration surgery, the topical adminis-
tration of silver nanoparticles resulted in sustained reductions in intra-
ocular pressure studied for 6 weeks, leading to blebs with less fibrosis
indicated by less a-SMA positive cells and ischemia compared to mito-
mycin C, suggesting that silver nanoparticles could serve as an appealing
alternative to mitomycin C [71]. When paclitaxel-loaded lipid nano-
particles were administered as a subconjunctival injection, they signif-
icantly reduced fibrosis, blood vessel formation, and inflammation at the
surgical site in rabbits undergoing trabeculectomy, with less conjunc-
tival and ciliary body toxicity compared to mitomycin C. This effect was
attributed to the targeting of LDL receptor-overexpressing fibroblasts in
inflammatory fibrotic tissue [112]. PEGylated lipid nanoparticles
effectively delivered MRTF-B siRNA into conjunctival fibroblasts,
reducing fibroblast contraction after a single transfection by targeting
ocular fibroblasts via the peptide Y. This nanoformulation holds promise
as a therapeutic approach to prevent conjunctival fibrosis after glau-
coma filtration surgery [72].

When a disc made of 5-fluorouracil-loaded PLA microspheres was
implanted subconjunctivally in the eyes of rabbits undergoing trabecu-
lectomy, it resulted in a reduction in intraocular pressure (IOP), pro-
longed persistence of the bleb, and a longer-lasting filtration fistula
compared to control eyes, with no signs of corneal toxicity [69]. In a
rabbit posterior sclerectomy model, subconjunctival injection of
homoharringtonine-loaded liposomes reduced IOP, inhibited scarring,
and promoted the formation of filtering blebs, providing experimental
evidence for its potential clinical use in the future [89]. In another study,
subconjunctival injection of liposomal mitoxantrone, an antimitotic
drug, in a rabbit sclerectomy model improved surgical outcomes by
lowering IOP, with results comparable to mitomycin C [70]. The ocular
pharmacokinetics of 5-fluorouracil-loaded liposomes were tested in a
rabbit model after subconjunctival injection, showing the highest
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bioavailability at 1 and 8 h, with measurable levels remaining up to 96
h. However, the efficacy of this liposomal drug delivery system has not
yet been evaluated in vivo [113].

Unilamellar cationic liposomes incorporated with Myocardin-
Related Transcription Factor (CCG-222740) significantly inhibited
ACTAZ2 gene expression in vitro fibroblast cell culture and doubled bleb
survival, reduced conjunctival scarring, and showed no local or systemic
adverse effects in a rabbit model of glaucoma filtration surgery [32]. The
co-delivery of fluorouracil and anti-TGF-p2 oligonucleotide in cationic
PAMAM dendrimers, modified with hyaluronic acid and the
cell-penetrating peptide penetratin, synergistically inhibited myofibro-
blast proliferation and achieved comparable fibrosis inhibition to 5-fluo-
rouracil [74]. The PAMAM dendrimers functionalized with glucosamine
and glucosamine 6-sulfate, known for their immunomodulatory and
anti-angiogenic properties, significantly reduced scar formation in a
rabbit model of glaucoma filtration surgery and improved the long-term
success of the procedure [114].

Cyclosporin-A, encapsulated within micelles made of poly-(DL-lactic
acid-co-glycolic acid)-poly(ethylene glycol)-poly-(DL-lactic acid-co-
glycolic acid), underwent gelation after subconjunctival injection. This
gel matrix not only enables sustained drug release but also demonstrates
antifibrotic properties [81]. Cyclosporin-A inhibits TGF-B-induced
myofibroblast  differentiation = through the degradation of
hypoxia-inducible factor-la (HIF-1a) [90]. Quantum dots, functional-
ized with cyclo (RGDfC) and covalently attached to their surface, were
targeted to cultured trabecular meshwork cells, where they were effi-
ciently internalized through binding to avb3 and avb5 integrins. These
cyclo (RGDfC)-quantum dots exhibit a strong affinity for trabecular
meshwork cells, while the cyclic RGD peptides reduce CTGF-mediated
matrix production and stress fiber formation in vitro [115]. Addition-
ally, exosome-mediated delivery of the aptamer S58 significantly
reduced cell proliferation, migration, and fibrosis in TGF-p2-induced
human conjunctival cells in vitro. In vivo studies in rats undergoing
glaucoma filtration surgery showed that S58-loaded exosomes pro-
longed filtering bleb retention and reduced fibrosis compared to the
direct administration of naked S58 [91]. Poly(3-hydroxybutyric acid--
co-3-hydroxyvaleric acid) nanofiber meshes loaded with rosiglitazone,
implanted under the conjunctiva, successfully prevented scar formation
in a rabbit model of glaucoma filtration surgery, and importantly, it
reduced toxicity to the conjunctiva and cornea compared to mitomycin
C placement [93]. 5-fluorouracil-loaded chitosan-silk protein nanofibers
released the drug over a period of three months, significantly inhibiting
fibrosis and myofibroblast formation in a rat subconjunctival injury
model, without any ocular toxicity [116]. Although nanomedicines
show promise as adjuvants for preventing fibrosis in glaucoma filtration
surgery, further safety and efficacy studies in larger animal models are
required and should be explored in human trials.

3.3. Nanomedicine for the fibrosis post cataract surgery

The development of polycaprolactone (PCL) nanoparticles repre-
sents a significant breakthrough in ophthalmic nanomedicine, especially
for addressing lens-related conditions. PCL nanoparticles exhibit
enhanced bioavailability in the lens compared to polylactic acid (PLA)
and poly(lactic-co-glycolic acid) (PLGA) nanoparticles, making them a
promising option for treating capsular fibrosis. PCL particles exhibit
comparable physicochemical properties—such as size, surface charge,
and mucoadhesiveness to PLA and PLGA nanoparticles, but they are
significantly more hydrophilic. However, the precise reason for their
higher bioavailability in the lens compared to the other two remains
unclear [8]. Additionally, PLGA nanoparticles have shown potential
beyond drug delivery by transporting a sumoylation-deficient Prdx6
mutant protein, which boosts cellular defense mechanisms and prevents
lens opacity in Shumiya cataract rats. This suggests a novel therapeutic
approach to maintain lens transparency and prevent cataract formation.
When combined with anti-fibrotic or anti-proliferative drugs, this drug
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delivery system could offer a comprehensive solution for capsular
fibrosis, providing both protective and therapeutic benefits [117]. The
use of N-trimethyl chitosan-coated liposomes loaded with Coenzyme
Q10 further highlights nanotechnology’s potential in ocular treatments.
These liposomes effectively penetrate the corneal epithelial barrier,
internalize into lens epithelial cells, and significantly reduce oxidative
stress, a key factor in cataract development. This makes them a prom-
ising intervention for oxidative stress-related conditions affecting the
lens [118]. Additionally, liposomal formulations have been shown to
enhance the bioavailability of vitamin E and tocotrienol in the lens,
which has been linked to the inhibition of cataract progression in dia-
betic rat models. This underscores the potential of liposomes in deliv-
ering essential nutrients and therapeutic agents to the lens, offering a
viable strategy for preventing or slowing cataract development [119,
120]. Nanoparticles and liposomes targeting lens can be subjected to
further research and can be explored for capsular fibrosis (Figure-2A).

3.4. Nanomedicines for retinal fibrosis

Nanomedicines hold significant promise for the treatment of retinal
fibrosis, a vision-threatening condition often resulting from injury,
chronic inflammation, or degenerative diseases such as PVR, DR, ROP
and AMD (Fig. 2B) [21,121-123]. By exploiting the unique properties of
nanoscale drug delivery systems such as enhanced permeability, tar-
geted delivery, and controlled release of therapeutic agents can be
directed precisely to fibrotic retinal tissues, minimizing off-target effects
and improving efficacy [19,21]. These platforms can be engineered to
deliver anti-fibrotic molecules, siRNAs, or corticosteroids to modulate
fibrotic signaling pathways and inhibit the proliferation of myofibro-
blasts and extracellular matrix deposition [20,102,124]. Continued
development of retina-targeted nanomedicines may offer a trans-
formative approach to managing and potentially reversing retinal
fibrosis.

3.4.1. Nanomedicine for proliferative vitreoretinopathy

PVR involves the proliferation, contraction, and fibrotic trans-
formation of cellular membranes within the vitreous cavity, frequently
resulting in tractional retinal detachment [125]. In PVR, plasminogen
kringle-5 loaded nanoparticles (K5-NP) demonstrated promising results
when administered via intravitreal injection in a rat model with
laser-induced epiretinal membrane. This intervention significantly
reduced fibrosis and the gene expression associated with fibrosis, such as
TGF-B, CTGF, and o-SMA. This suggests its potential application in
treating fibrosis-related diseases like PVR [98]. The intravitreal injec-
tion of liposomal doxorubicin significantly inhibits the severity of
experimental PVR and gliosis in rabbit model [121]. Similarly,
liposome-encapsulated 5-fluorouracil, when administered intravitreally
along with corneal fibroblasts, shows significant reduction in retinal
detachment compared to groups injected with fibroblasts alone or fi-
broblasts and 5-fluorouracil in a rabbit model [124]. Daunorubicin
encapsulated in liposomes demonstrated enhanced prevention of PVR
when administered as intraocular injection in an experimental rabbit
model [99]. Daunorubicin’s antifibrotic effect, attributed to inhibition
of fibroblastic proliferation and collagen synthesis, contributed to its
efficacy [100]. Dasatinib encapsulated in micelles exhibits greater
cellular internalization than the free drug and effectively inhibits cell
proliferation, adhesion, and migration in ARPE-19 cells, a commonly
used in vitro model for PVR [126]. Additionally, poly (CEP) micelles
exhibit significant inhibition of scar formation in both an experimental
rabbit PVR model and an in vitro RPE contraction model. This effect was
attributed to its action on the Nrf2 signaling pathway, offering a novel
therapeutic avenue for PVR [101]. The RGD-modified PLGA nano-
particles when administered intravenously could target to the choroidal
neovascularization area, delivered Flt23k and significantly inhibited
angiogenesis and subretinal fibrosis in AMD in rodent model [21]. These
findings collectively suggest a promising future for nanoparticle and
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micelle-based therapies in treating PVR and related fibrotic conditions.

3.4.2. Nanomedicine for diabetic retinopathy

In DR, the transition from non-proliferative DR (NPDR) to prolifer-
ative DR (PDR) involves increased ischemia, hypoxia, cytokine, and
growth factor secretion, ultimately leading to pathological angiogenesis
and fibrosis. This progression can result in fibrovascular contraction,
retinal detachment, and irreversible blindness [13]. However, current
rodent models of DR and ischemic retinopathy primarily exhibit gliosis
and vascular complications without developing fibrosis. Therefore, the
majority of the nanomedicines developed for DR are focused on gliosis,
inflammation, vascular permeability, and retinal neovascularization
[19,122].

Topical application of dexamethasone cyclodextrin nanoparticles
significantly reduces macular thickness and edema with increase in vi-
sual acuity in DR patients [122]. Utilization of protein or peptide
nanoparticles has been reported to enhance drug solubility, extend
half-life, and reduce toxicity. For instance, PEG-conjugated albumin
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nanoparticles loaded with apatinib efficiently counteracted
VEGF-induced retinal vascular hyperpermeability in both in vitro and in
vivo DR models [127]. Resveratrol-coated gold nanoparticles, possessing
anti-oxidant and anti-inflammatory  properties, exert their
anti-inflammatory effects through the NF-«xB signaling pathway, while
inhibiting vascular permeability in the retina of DR rats [128]. Func-
tionalization of magnetic nanoparticles with somatostatin analog
octreotide, known for its neuroprotective and antiangiogenic properties,
exhibits no retinal toxicity and holds promise for DR treatment [129].

In a diabetic retina, topical application of liposomal citicoline for-
mulations demonstrated prevention of glial activation and neural
apoptosis. This neuroprotective effect was achieved through down-
regulation of synaptophysin and its anti-inflammatory properties by
inhibiting the upregulation of NF-kB and TNF-a [130]. Solid lipid
nanoparticles or liposomes loaded with siRNA targeting HuR expression
proved effective in reducing VEGF and HuR overexpression, mitigating
neurodegeneration in DR rats [131].

Emulsions not only increase the stability of the drug but also provide
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sustained delivery and enhanced ocular bioavailability. Dexamethasone
palmitate emulsion, administered via intravitreal injections in various
animal models, exhibited sustained drug release without retinal toxicity,
effectively reducing VEGF-induced vascular permeability over a 9-
month period in macular edema [102]. Similarly, the administration
of difluprednate ophthalmic emulsion in diabetic macular edema pa-
tients resulted in increased visual acuity and reduced retinal thickness.
However, the elevation of ocular pressure poses limitations on its use as
an adjuvant therapy [30,132]. Targeting activated microglia,
PAMAM-dendrimer-triamcinolone acetonide exhibited significant inhi-
bition of neuroinflammation and angiogenesis in a mouse model of
oxygen-induced ischemic retinopathy [103]. In DR rat models, micelles
based on an Anti-Flt1 peptide - hyaluronate conjugate notably inhibited
angiogenesis in laser-induced choroidal neovascularization (CNV) and
vascular permeability [133]. In another study anti-angiogenic peptide
modified micelles specifically target avp3 and inhibits in vitro angio-
genesis in HUVAC cells [134].

3.4.3. Nanomedicine for retinopathy of prematurity
In retinopathy of prematurity (ROP), the presence of hypoxia triggers
a sequence of events beginning with pathological angiogenesis,
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ultimately progressing to fibrosis and retinal detachment at the later
stages of the disease. Early intervention methods, such as cryotherapy,
laser photocoagulation, and anti-VEGF therapy, are utilized during ROP
stages 1-3, characterized by angiogenesis. These interventions aim to
enhance visual acuity. However, in the advanced stage of ROP (stage 4),
marked by fibrosis, more invasive approaches like vitrectomy or scleral
buckling may be employed. It is important to note that such procedures
may lead to permanent visual impairment [135].

Vaso-obliteration begins at preterm birth and is marked by delayed
or disrupted retinal vascular development, caused by exposure to a
relatively hyperoxic environment. This is followed by a subsequent
vaso-proliferative stage. To counteract this progression, the intravitreal
administration of microparticles encapsulating pro-angiogenic factors
(such as VEGF-A165) holds potential. This approach could prove bene-
ficial in preventing and treating ROP at an earlier stage, before the onset
of pathological neovascularization [136]. Early-stage delivery of IGF-I
might facilitate proper vascular growth and development [137]. Man-
aging ROP during the early stage of proliferative angiogenesis, coupled
with measures to forestall fibrosis, could offer an optimal setting for
enhancing visual acuity.

In this context, nanomedicine assumes a crucial role. For example,
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gold nanoparticles have been shown to inhibit retinal neo-
vascularization in a rat model of retinopathy of prematurity (ROP).
Additionally, these nanoparticles successfully suppressed VEGF-induced
angiogenesis in retinal microvascular endothelial cells in vitro by
blocking cell proliferation, migration, and the formation of capillary-like
structures, which are driven by VEGFR-2 auto-phosphorylation trig-
gered by VEGF [123]. Liposomal superoxide dismutase delivery in an
ROP rat model was observed to increase retinal superoxide dismutase
activity and reduce oxygen-induced vaso-attenuation, evident through
enhanced vessel density and reduced avascular area [138]. At advanced
vascular proliferative stages, anti-VEGF therapy’s side effects often
include fibrosis and retinal detachment. Hence, co-delivering anti--
fibrotic agents alongside anti-angiogenic agents may enhance efficacy
[139].

3.4.4. Nanomedicine for age-related macular degeneration (AMD)

In AMD, the aged and non-functional RPE lead to deposition of
drusen which contains angiogenic lipids and damaged proteins, which
finally results thickening of Bruch’s membrane. The thickening of
Bruch’s membrane causes hypoxia followed by pathological angiogen-
esis, vascular hemorrhage, abnormal wound healing responses and
finally to subretinal fibrosis [3]. The advancement in nanomedicine may
open up new strategies for the abnormal angiogenesis and subretinal
fibrosis. Luo et al. reported that the intravenous administration of
RGD-conjugated PLGA nanoparticles encapsulated with Flt23k intra-
ceptor plasmid could be targeted to neovascular lesions in the retina and
regresses CNV that suppressed subretinal fibrosis in primate and murine
AMD models [140]. The intravitreal injection of PEGylated liposome
loaded with triptolide significantly inhibits laser CNV induced sub-
retinal fibrosis by inhibition of infiltration of M2 macrophage, VEGF
protein secretion, and molecules associated with TGF-p signaling
pathway [141]. The dendrimer-triamcinolone acetonide ameliorates
CNV by limiting macrophage infiltration to pathological area, inhibiting
cytokines and growth factors after systemic administration [142].
Further it is reported that triamcinolone also acts on TGF-p signaling
pathway [143], therefore, these dendrimer-trimconoloane acetonide
may be effective for subretinal fibrosis in AMD.

The development of nanomedicines for posterior eye diseases is still
in a naive stage because of unavailability of proper animal model. While
various animal models have been employed to investigate fibrotic pa-
thologies in the posterior segment, they often fall short of replicating the
full spectrum of human disease [26,144]. Most current models primarily
reflect acute injury or short-term responses rather than the chronic,
progressive nature of fibrosis in human conditions. For instance, models
based on mechanical injury or chemical induction may trigger tempo-
rary gliosis or localized membrane formation, but they typically lack
sustained inflammation, pathological neovascularization, and progres-
sive extracellular matrix (ECM) remodeling that contribute to irrevers-
ible tissue scarring [101,121,144-146]. These human features are
driven by complex crosstalk among retinal cells, persistent immune
activation, and dysregulated growth factor signaling processes that are
either absent or transient in many rodent or rabbit models [50,144,146].
Consequently, preclinical evaluations of anti-fibrotic nanotherapies may
not accurately predict long-term therapeutic efficacy or safety in clinical
settings. Developing animal models that better recapitulate these
chronic fibrotic mechanisms is essential to bridge the translational gap
and advance nanomedicine-based interventions toward clinical success.

4. Nanomedicines targeting signaling pathways in ocular
fibrosis

Nanomedicines targeting signaling pathways in ocular fibrosis offer
a promising therapeutic approach to halt or prevent fibrotic progression
in blinding eye diseases. By using nanoscale drug delivery systems, these
therapies can selectively modulate key fibrogenic pathways such as TGF-
B, Wnt/p-catenin, NFkB, MTRF/SRF, and HIF-la signaling directly
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within ocular tissues [20,32-34,147].

4.1. Nanomedicine targeting TGF-§ canonical and non-canonical
signaling pathways

TGF-f signaling pathway is a central regulator of myofibroblast dif-
ferentiation and ECM deposition in ocular tissues [43,49,50,147]. Upon
binding to its ligand, TGF-p activates it signaling pathway by forming a
receptor complex where TGFBRII phosphorylates and activates TGFfRI.
Activated TGFBRI then phosphorylates Smad2/3, which forms a com-
plex with Smad4 and translocates to the nucleus to induce transcription
of profibrotic genes such as a-SMA, type I collagen, and TIMPs. In
contrast, BMP-7, another member of the TGF-f§ superfamily, activates
Smad1/5/8, which also forms a complex with Smad4 and enters the
nucleus to promote antifibrotic gene expression by antagonizing Smad3
activity (Fig. 3) [148]. The antifibrotic efficacy of nanomedicine plat-
forms largely stems from their ability to interfere with either canonical
or non-canonical TGF-p signaling pathways involved in ocular fibrotic
remodeling (Fig. 3) [23,35]. Pirfenidone-loaded nanoparticles and li-
posomes suppress TGF-p1 induced a-SMA, collagen-I synthesis in vitro
and fibrosis in vivo probably by both TGF-§/SMAD and p38/JNK
signaling pathway [23,35,50,149,150]. The -chitosan-encapsulated
artesunate nanoparticles exert their antifibrotic effects by modulating
key signaling pathways involved in fibroblast activation and prolifera-
tion. Specifically, they suppress the TGF-p1/SMAD, PI3K/Akt, and
Cyclin D1-CDK4/6 pathways which are critical mediators of fibrosis and
cell cycle progression. By downregulating these pathways,
chitosan-encapsulated artesunate nanoparticles inhibit myofibroblast
differentiation, reduce ECM protein expression, and limit inflammatory
cytokine release, ultimately preventing postoperative scarring and
improving glaucoma filtration surgery outcomes [151]. Similarly,
decorin-loaded nanoparticles antagonize TGF-p signaling by seques-
tering active TGF-f ligands, while gene delivery of BMP-7 restores the
balance between profibrotic (TGF-B) and antifibrotic (BMP) cues [106,
152]. In another study, plasminogen kringle-5-loaded nanoparticles
(K5-NPs) significantly downregulate TGF-f, CTGF, and a-SMA expres-
sion in epiretinal membranes, potentially by disrupting the autocrine
TGF-f loop and blocking myofibroblast formation in PVR [98]. Exosome
containing miR-202-5p secreted from ARPE-19 cells, targets TGF-$2
regulates the TGF-B/SMAD signaling pathway and reduce the growth,
tube formation, and migration of human umbilical vein endothelial cells
in DR. In addition, it suppresses the EMT, indicating usefulness of
exosome-based strategies for fibrosis due to DR [153]. Triamcinolone
acetonide-loaded nanoparticles alleviate PVR and PDR by suppressing
TGF-f2-induced phosphorylation of Smad2, ERK1/2, and p38 MAPK.
Additionally, TA significantly reduces TGF-p2-stimulated VEGF expres-
sion by inhibiting p38 signaling activity [19,154]. Together, these
findings underscore the therapeutic potential of nanomedicine-based
interventions to modulate TGF-p signaling and its associated path-
ways, offering promising antifibrotic strategies for the treatment and
prevention of ocular fibrotic diseases.

4.2. Nanomedicine targeting Wnt/f-catenin signaling pathway

The Wnt/p-catenin signaling pathway (Figure-4A) plays a pivotal
role in the pathogenesis of ocular fibrosis by regulating EMT, fibroblast
proliferation, cell migration, and ECM remodeling [155]. Aberrant
activation of this pathway has been implicated in fibrotic disorders of
the sclera, conjunctiva, lens capsule, and retina where it often acts
synergistically with TGF-f signaling to amplify fibrogenic responses
[155-158]. Inhibitors such as FH535 (B-catenin inhibitor), Box5 (Wnt5a
antagonist), and fenofibrate effectively attenuate subretinal fibrosis,
XAV939 inhibits posterior lens epithelial cell fibrosis, ICG-001 effec-
tively inhibited cell proliferation and migration in TGFf1-treated in
human conjunctival fibroblast by disrupting this signaling axis, offering
promising therapeutic potential in ocular fibrosis (Fig. 4A) [155-157,
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159]. Nanomedicine-based strategies offer a promising approach to
modulate Wnt/B-catenin signaling with high specificity and reduced
systemic toxicity. For example, fenofibrate loaded solid lipid nano-
particles or PLGA nanoparticles have been used to provide sustained
drug release, enhance drug solubility, and bioavailability to ocular tis-
sues [33,160]. Hence, nanomedicine platform Wnt/p-catenin signaling
opens up a new avenue for ocular fibrosis.

4.3. Nanomedicine targeting hypoxia-inducible factor-alpha (HIF-a)
signaling pathway

Nanomedicine targeting the HIF-a signaling pathway (Fig. 4B) rep-
resents an emerging strategy for combating ocular fibrosis, as HIF-a
activation under hypoxic conditions drives EMT transition, fibroblast
proliferation, migration, myofibroblast differentiation, and ECM
remodeling [161-163]. Several nanomedicine approaches have been
developed to modulate HIF-a activity and prevent fibrotic progression in
ocular tissues. For example, a supersaturated oxygen nanoemulsion al-
leviates intraocular hypoxia, decreases cell death, limits leukocyte
infiltration, suppresses the production of inflammatory mediators, and
inhibits hypoxia-inducible factor 1-alpha (HIF-la) signaling, thereby
accelerating the restoration of normal tissue integrity during the wound
healing process following chemical injury [164]. Additionally, acrifla-
vine, an HIF-1« inhibitor that blocks HIF dimerization, has been shown
to delay corneal opacity and neovascularization following alkali burn
injury, as well as reduce the expression of the myofibroblast marker
a-SMA and fibronectin in a mechanical injury cornea model, high-
lighting its potential as a promising target for controlling corneal fibrosis
[165]. Additionally, nanoparticles loaded with acriflavine effectively
suppressed choroidal neovascularization after a single suprachoroidal
injection [34]. Besides this, digoxin a glycosides and ritonavir an
anti-viral drug inhibit HIF-1a mRNA expression, 32-134D inhibits HIF«
accumulation, shows potential for nanomedicine development for
ocular fibrosis (Fig. 4B) [145,166,167]. These examples highlight how
nanomedicine can offer precise, localized control over HIF-a signaling,
opening new therapeutic avenue for fibrotic ocular diseases with
improved safety and effectiveness.

4.4. Nanomedicine targeting NFkB signaling pathway

Persistent activation of NF-kB has been implicated in the progression
of ocular fibrotic diseases, including PVR, epiretinal membrane of DR,
fibrosis after glaucoma surgery, and corneal scarring [20,146,168,169].
Nanoparticle-based delivery systems offer the advantage of targeted,
sustained release of NF-kB inhibitors, siRNAs, or anti-inflammatory
drugs directly to affected ocular tissues, minimizing off-target effects
and enhancing therapeutic efficacy [19,20,170]. For example, cationic
nano-copolymers delivering IKKp-targeting siRNA significantly
improved bleb survival and reduced subconjunctival scarring in a
monkey model of glaucoma filtration surgery. Unlike MMC-treated eyes,
siRNA-treated eyes maintained healthy conjunctival epithelium, sug-
gesting enhanced safety and efficacy [20]. Similarly, a single intravitreal
injection of cerium oxide nanoparticles in P28 vldlr—/— mice sustained
regression of pathological neovascularization, reduced vascular leakage,
and inhibited apoptosis for up to six weeks. These effects were mediated
through down-regulation of the ASK1-P38/JNK-NF-kB signaling
pathway and restoration of photoreceptor gene expression [171]. By
precisely modulating NF-kB signaling, nanomedicine approaches can
potentially interrupt the vicious cycle of inflammation and fibrosis,
promoting tissue repair and preserving ocular structure and function.
Continued advances in nanoparticle design and a better understanding
of ocular fibrotic mechanisms will be critical for translating these stra-
tegies into effective clinical therapies.
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4.5. Nanomedicine targeting MRTF/SRF signaling pathway

Nanomedicine offers a promising approach for targeting the
myocardin-related transcription factor (MRTF) and serum response
factor (SRF) signaling pathway, which plays a crucial role in the
development of ocular fibrosis by promoting myofibroblast activation,
MMP regulation, and ECM deposition (Fig. 5A) [172]. Recent strategies
have focused on delivering small molecule inhibitors, siRNAs, or anti-
sense oligonucleotides using nanoparticle-based systems to enhance
therapeutic efficacy and tissue-specific delivery while minimizing sys-
temic side effects. For instance, lipid nanoparticles encapsulating
MRTF-B siRNA, have been investigated to suppress trabecular mesh-
work contractility and proliferation, demonstrating reduced a-SMA
expression and collagen-II expression in TM cells and shows promise to
prevent fibrosis in post-glaucoma filtration surgery [173]. Similarly,
lipid-based nanoparticles carrying CCG-222740, a potent MRTF/SRF
pathway inhibitor, have been explored to inhibit conjunctival scarring,
enhanced bleb survival in glaucoma infiltration surgery [174]. Other
compounds, such as CCG-203971 and CCG-1423, which target the
Rho/MRTF/SRF signaling pathway and have shown efficacy in reducing
liver and lung fibrosis, present promising candidates for
nanomedicine-based approaches in treating ocular diseases [175,176].
These studies highlight the potential of nanomedicine to modulate
pathogenic signaling pathways like MRTF/SRF in ocular fibrosis, of-
fering targeted, sustained, and minimally invasive treatment strategies.

4.6. Nanomedicine targeting cell division

Nanomedicines targeting cell division represent a promising
approach for managing ocular fibrosis, a major complication following
surgeries such as glaucoma filtration or cataract procedures (Fig. 5B).
Nanomedicine containing antiproliferative agents like mitomycin C and
5-fluorouracil (5-FU) have long been used to inhibit fibroblast prolif-
eration and scar formation in ocular tissues specifically in glaucoma
infiltration surgery [31,74]. Mitomycin C is an alkylating agent that
becomes activated under reductive intracellular conditions, leading to
the formation of DNA cross-links, particularly at guanine bases. These
interstrand and intrastrand cross-links inhibit DNA replication and
transcription, ultimately triggering cell cycle arrest in the G1 and S
phases and inducing apoptosis in rapidly dividing cells like myofibro-
blast [177]. 5-Fluorouracil, on the other hand, is a pyrimidine analog
that inhibits thymidylate synthase, a critical enzyme for the synthesis of
thymidine monophosphate (dTMP), which is required for DNA replica-
tion. Its active metabolite, 5-fluoro-2-deoxyuridine-5-monophosphate
(FAUMP), forms a stable complex with thymidylate synthase and 5,
10-methylenetetrahydrofolate, leading to “thymineless death” in
proliferating cells [178]. This effect on DNA metabolism contributes to
the inhibition of fibroblast proliferation in the subconjunctival space,
helping reduce fibrosis and bleb failure after filtering surgeries. Simi-
larly, paclitaxel inhibits ocular fibrosis by stabilizing microtubules,
thereby disrupting mitotic spindle formation and arresting fibroblast
proliferation. This inhibition of cell division reduces myofibroblast dif-
ferentiation and extracellular matrix deposition, key contributors to
fibrotic scarring in ocular tissues [112,179]. Exosomes loaded with the
anti-proliferative agent daunorubicin and the anti-inflammatory drug
dexamethasone have shown promising effects in reducing proliferative
vitreoretinopathy (PVR). Daunorubicin exerts its action by targeting the
G2-phase-specific enzyme topoisomerase II, leading to cell cycle arrest
at the G2 phase [22].

4.7. Nanomedicine targeting oxidative stress related signaling pathway

Nanomedicine offers a promising strategy to target oxidative stress-
related signaling pathways involved in ocular fibrosis (Fig. 6). Oxidative
stress is a key driver in the progression of fibrotic diseases of the eye,
such as PVR, PDR, glaucoma infiltration surgery, and corneal fibrosis
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[180-183]. Nanoparticles can be engineered to deliver antioxidants or
modulators of oxidative signaling directly to fibrotic ocular tissues,
enhancing therapeutic efficacy while minimizing systemic side effects.
For example, Hydrogel containing cerium oxide nanoparticles and
siRNA for TGF-p have demonstrated potent antioxidant activity by
scavenging ROS and reducing progression of corneal fibrosis in pre-
clinical models [184]. Similarly, poly(ethylene glycol) (PEG), poly
(propylene glycol) (PPG), and poly(e-caprolactone) (PCL), a
bio-functional polymer prevents retinal scarring in a rabbit model of
PVR by suppressing RPE cell EMT, proliferation, and migration through
clathrin-mediated internalization and NRF2 pathway activation. This
study offers a promising non-surgical strategy to modulate aberrant
wound healing after retinal detachment [101]. Another approach uti-
lizes VAS2870 a NOX4 inhibitor, which is a major source of ROS, to
inhibit fibrosis in experimental models of PVR, which can be developed
as nanoformulation [185]. By precisely modulating oxidative stress
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pathways, nanomedicine strategies hold potential for preventing or
reversing fibrosis and preserving vision in ocular diseases. Collectively,
these findings emphasize the potential of nanomedicine platforms to
selectively interfere with molecular pathways that orchestrate ocular
fibrosis. Advancing these formulations toward clinical application will
require deeper investigation into ocular biodistribution, immune
response, and long-term retinal safety.

4.8. Nanomedicine targeting metabolic pathway

Nanomedicine targeting metabolic pathways offers a novel and
promising approach for treating ocular fibrosis by disrupting the energy
and redox homeostasis that drives fibrotic cell activation and ECM
deposition [186,187]. RPE undergo metabolic reprogramming such as
enhanced glycolysis, defective fatty acid oxidation, and mitochondrial
dysfunction during EMT transition and fibrosis [186,187]. Vitamin
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Fig. 5. Schematics of nanomedicines acting on Rho/MRTF/SRF signaling pathway and cell division. (A) Fibroblast-to-myofibroblast differentiation is driven by TGF-
p signaling and mechanotransduction through integrins, primarily mediated by the Rho/MRTF/SRF pathway. These signals trigger the polymerization of G-actin into
F-actin, leading to the formation of contractile fibers, a hallmark of myofibroblasts. As F-actin forms, the transcription factor MRTF, which is normally bound to G-
actin in the cytoplasm, is released and translocated to the nucleus, where it activates the expression of various pro-fibrotic and anti-apoptotic genes. Lipid
nanoparticle-based delivery of the Rho-kinase inhibitor has demonstrated anti-fibrotic activity by interrupting this pathway, while nanomedicines carrying MRTF-B
siRNA degrade MRTF-B mRNA, thereby preventing the upregulation of fibrotic gene expression. (B) Nanomedicines act on different stages of cell division to inhibit
ocular fibrosis. Mitomycin C, an alkylating agent, is activated under reductive intracellular conditions and forms DNA cross-links at guanine residues, which block
DNA replication and transcription, leading to cell cycle arrest in the G1 and S phases. In the case of 5-fluorouracil (5-FU), it is metabolized in mammalian cells to
fluorodeoxyuridine monophosphate (FAUMP), which binds irreversibly to thymidylate synthase (TS), inhibiting the production of deoxythymidine monophosphate
(dTMP) a nucleotide essential for DNA synthesis and repair—thereby inducing cytotoxicity. Daunorubicin acts during the G2 phase by inhibiting topoisomerase II, an
enzyme required for DNA unwinding, which results in G2-phase arrest. Meanwhile, paclitaxel binds to -tubulin, stabilizing microtubules and preventing their
depolymerization, which halts cell division by arresting the cell cycle at the G2-M phase.
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A-decorated PEG-PCL polymeric micelles loaded with camptothecin
selectively target activated hepatic stellate cells, inhibiting HIF-1la--
driven glycolysis and reversing their myofibroblastic phenotype to
suppress liver fibrosis. This glycolysis-targeted nanotherapy holds
promise for treating ocular fibrosis specifically retinal fibrosis by
modulating fibrotic cell metabolism in the eye [188]. Similarly, ceria
nanoparticles (CeNP-PEG) ameliorate renal fibrosis by restoring mito-
chondrial function, reducing ROS, and reversing metabolic reprogram-
ming, including downregulation of glycolysis and EMT markers. These
findings suggest CeNP-PEG’s potential as a redox-modulating nano-
therapy for ocular fibrosis, where mitochondrial dysfunction and
oxidative stress also drive fibrotic progression [189]. These emerging
strategies, although primarily explored for other fibrotic diseases, hold
great promise for localized, sustained, and safer interventions in ocular
fibrotic disorders.

5. Comparative analysis of nanomedicines for treating ocular
fibrosis

Various nanotechnology platforms have been investigated for the
treatment of ocular fibrosis, each offering specific advantages and lim-
itations. Polymeric nanoparticles (PLGA, PLA or PCL) provide controlled
and sustained drug release, and ocular tissue penetration, with good
biodegradability, but may exhibit limited drug loading capacity [14,19,
23,34]. Lipid-based nanoparticles, such as liposomes and solid lipid
nanoparticles, are advantageous due to their biocompatibility and
ability to encapsulate both hydrophilic and hydrophobic drugs, though
they can suffer from instability and short time retention ocular tissues
[35,112,130,190,191]. Dendrimers offer precise molecular architecture
and surface functionalization for targeted delivery; however, concerns
remain regarding their cytotoxicity and complex synthesis [74,86,103,
114,192]. Nanomicelles are particularly suitable for solubilizing poorly
water-soluble anti-fibrotic drugs, penetrating ocular barriers, may act as
anti-scarring agent, yet they may be prone to disassembly under phys-
iological dilution and exhibit limited stability [82,101,126,193]. Inor-
ganic nanoparticles (e.g., gold, silica, cerium oxide) enable
multifunctional applications such as imaging and therapy, but their
long-term safety, biodegradation, and ocular retention remain under
investigation [18,87,106,123,128]. Hydrogels, especially in situ form-
ing or stimuli-responsive systems, are highly promising for localized,
prolonged drug delivery to ocular tissues, minimizing systemic exposure
and improving patient compliance; however, challenges such as burst
release, mechanical strength, and scalability must be addressed [83,92,
184]. While each nanotechnology brings unique benefits, a thorough
understanding of their limitations is essential to optimize therapeutic
outcomes and facilitate clinical translation for ocular fibrotic diseases.

6. Challenges in the clinical translation of nanomedicine for
ocular fibrosis

Clinical translation of nanomedicine for ocular fibrosis faces several
significant challenges. First, achieving targeted and sustained drug de-
livery to fibrotic ocular tissues such as the conjunctiva, cornea, or retina
is difficult due to anatomical barriers (e.g., blood ocular barrier, blood-
retinal barrier, tear turnover) and limited vascular access [8,15,16].
Second, the pathological microenvironment of ocular fibrosis, charac-
terized by chronic inflammation, ECM remodeling, and altered cellular
metabolism, demands nanocarriers that can respond dynamically and
release therapeutics at the right time and site [2,3,23,186,187]. Third,
ensuring biocompatibility, minimizing ocular toxicity, and inflamma-
tion are critical yet complex, given the eye’s immune-privileged but
sensitive nature [26,85,194]. Additionally, translating preclinical suc-
cess into human models is hindered by the lack of physiologically rele-
vant animal models and differences in fibrosis progression between
species [26,195]. Regulatory hurdles, manufacturing scalability, and
long-term safety data also pose barriers to advancing nanomedicines
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from bench to bedside in ophthalmic fibrosis [26].
7. Future prospective and concluding remarks

Ocular fibrosis is an irreversible condition that can ultimately result
in blindness. At present, there are no approved therapies specifically
targeting ocular fibrosis. The limited adjuvant treatments available,
such as antimetabolite drugs, carry a high risk of severe, potentially
blinding side effects. Therefore, there is a critical need to develop new
therapeutic approaches, including the advancement of nanomedicine-
based delivery systems, to enhance the safety and efficacy of existing
drugs and reduce their associated toxicity in the treatment of ocular
fibrosis.

Tissue engineering strategies help to develop in vitro disease models
of corneal fibrosis and related diseases. The nanomedicine which can
directly and indirectly modulate inflammatory, fibrotic, and angiogenic
processes at the optimal time, dosage, and locality with reduced toxicity
could result in more favorable outcomes. Here we discuss the challenges
to the development of nanomedicine for ocular fibrosis, the prospects of
nanomedicine development, and recent advancements in the ocular
fibrosis model for screening of nanomedicine.

7.1. Toxicity associated with the current adjuvants

The antimetabolites such as mitomycin-C and 5-fluorouracil are
associated with toxicity, which can be overcome by encapsulating these
drugs in nanostructures such as nanoparticles, liposomes, micelles,
emulsions and dendrimers. The nanomedicine can reduce the toxicity as
follows-(I) the nanostructures protect the drugs from complete exposure
of drug at a time, (II) the sustained and slow delivery overcome the
toxicity (III) the targeted delivery of drugs in close proximity to the
required cells/tissue minimize the toxicity, (IV) the drug release and
degradation rate of nanomedicine can be designed to make same dura-
tion and hence the bioaccumulation of ghost nanoparticles will not
remain in the eye and may not cause any materials-induced toxicity. For
example, paclitaxel-loaded lipid nanoemulsions demonstrated compa-
rable anti-scarring efficacy to mitomycin C in a rabbit trabeculectomy
model, while significantly reducing conjunctival and ciliary body
toxicity. This highlights how nanocarrier encapsulation can enhance
safety without compromising therapeutic outcomes [112]. Nano-
medicine from most biodegradable materials is considered safe for drug
delivery in eye; however, the majority of the toxicity study has been
performed in vitro cell culture where cell viability, proliferation and
inflammation have been tested. Hence, comprehensive and long-term
immunological, biochemical, morphological, and functional evalua-
tions in the eye are essential before these materials can be approved for
clinical application.

7.2. Low bioavailability and toxicity associated with mode of drug
administration

The eye is a multilayered highly organized structures associated with
several barriers. The static and dynamic ocular barriers reduce the
bioavailability of the drug both at the anterior and posterior part of the
eye [85]. Eye drops are considered the safest and most convenient form
of treatment for corneal and conjunctival fibrosis. However, they face
challenges related to low bioavailability at the target tissue due to tear
fluid flow, nasolacrimal drainage, and the corneal and conjunctival
epithelium. Nanomedicines, including nanoparticles, liposomes, mi-
celles, dendrimers, and nanogels, can improve drug retention time,
enhance permeability through the epithelial barrier, and ultimately in-
crease the bioavailability of the drugs [26,85,196].

Our studies on the effect of physicochemical properties on ocular
biodistribution of the nanoparticles when administered as eye drop in-
dicates that targeting specific tissue layer of the eye is possible by con-
trolling the physicochemical properties of the nanoparticles can be
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Phosphoinositide 3-kinase, AP1: Activator Protein-1, NRF2: Nuclear factor erythroid 2-related factor 2.

harnessed to design nanomedicine for fibrosis in particular of tissue in
eye for higher bioavailability [8,27]. Further, nanomedicine can
enhance solubility of the drug and increase the bioavailability. For
capsular fibrosis, topical administration of the drug may be preferable,
although this approach is still in its early stages. However, lens-targeted
drug delivery systems also present a promising area for exploration.

Currently, intravitreal injections of drugs are most used method for
posterior inflammatory and angiogenic eye diseases associated with
fibrosis. Because of short half-lives, repeated injections are necessary
which is associated with toxicity [197]. Nanomedicines can provide
sustained delivery of drug, and reduce the toxicity with enhanced
bioavailability [19,85]. Though topical and systemic administration of
drugs for posterior ocular fibrosis is the most convenient method,
however, both the administration strategies are associated with blood
ocular and retinal barriers and exhibit low bioavailability and needed
high dosage of drug, which increase the probability of toxicity. Nano-
medicines encompassing nanoparticles, liposomes and emulsions are
reported to cross the ocular barriers when applied as eye drops [8,190,
198]. In our previous studies core-shell nanoparticles with a hydro-
philic, mucoadhesive shell and hydrophobic core are engineered to
overcome blood-ocular and blood-retinal barriers while taking via the
conjunctival-scleral pathway. Their unique architecture facilitates sus-
tained drug release and targeted therapeutic effects in the retina, making
them promising carriers for posterior segment ocular diseases [8,14,19,
27]. However, liposomes are primarily delivered via the non-corneal
route, involving the trabecular meshwork, iris, and pars plana, with
their distribution largely influenced by size and rigidity. Rigid liposomes
exhibit higher retinal bioavailability compared to their flexible coun-
terparts [191,199]. These strategies can be used in drugs and gene de-
livery systems for posterior fibrotic eye diseases.

7.3. Smart nanomedicine addressing multiple complications

Ocular fibrosis especially in cornea and retina is associated with
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other complications such as inflammation and angiogenesis. To over-
come these challenges, the strategic design of inflammation-targeted
nanomedicines offers substantial potential. Notably, the pathological
microenvironment of inflamed and fibrotic tissues are characterized by
factors such as oxidative stress, acidic pH, and elevated enzyme (iNOS,
NOX1, NOX4) expression, provides key biochemical cues that can be
harnessed for the spatiotemporally controlled release of anti-
inflammatory agents [171,180,182]. For example, an oxidative
stress-responsive drug delivery system (PMSN-VP@PPCeO, NPs) was
developed to treat neovascular age-related macular degeneration by
combining anti-angiogenic, anti-inflammatory, and ROS-scavenging
functions. This nanoplatform enabled ROS-triggered verteporfin
release, effectively reducing CNV-associated vascular leakage, inflam-
mation, and fibrosis [200]. Similarly, an ROS-responsive nanoparticle
system (MPA@Feno), composed of mesoporous silica and polydopamine
shell, was developed to improve drug solubility and enable targeted
fenofibrate release in inflamed corneal tissue. This system effectively
reduced corneal neovascularization and oxidative stress in vivo, offering
a promising therapeutic strategy [201]. pH and enzyme responsive
nanomedicines can be further explored for inflammatory and fibrotic
ocular diseases [85]. Nanomedicine with a single or combinatorial
drug/gene could be developed to tackle multiple ocular complications.
For example, a topically administered polymeric nanoparticle system
with a polycaprolactone core and Pluronic® F-68 shell was developed
for simultaneous treatment of anterior and posterior eye diseases.
Co-delivery of PDTC and TA via this system effectively reduced oxida-
tive stress in the lens and improved retinal outcomes in a diabetic
cataract and retinopathy rat model [25]. The sequence, dosage, and
duration of the drug delivery system could be designed by selecting the
polymer/building block material or by development of hybrid drug
delivery systems [25,202,203].
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7.4. Invitro and in vivo ocular fibrosis model for drug and nanomedicine
screening

Preclinical evaluation of nanomedicine frequently faces hurdles
related to its physicochemical properties, concerns regarding sterility/
sterilization, as well as safety and efficacy considerations [196,204].
Exploration of 2D and 3D in vitro models for ocular fibrosis, as well as in
vivo animal models, could be conducted to test nanomedicines [46,59].
Screening nanomedicines solely through cell line-based methods and
toxicity assays often falls short in predicting efficacy due to the lack of
full molecular pathway recapitulation, referred to as "flat biology."
Conversely, animal models, while attempting to mimic human patho-
physiology, frequently miss crucial effects of drugs [205-207]. For
example, while rodents are commonly used in retinal fibrosis research,
they lack a macula, and their models cannot fully replicate the
complexity of macular fibrosis observed in humans. Nevertheless, they
remain valuable models for isolating specific pathways and assessing
potential drug candidates [207]. Developing tissue-engineered models
for ocular fibrosis is crucial for screening drugs and nanomedicines.
These models have enabled significant levels of mimicking disease
conditions, particularly in terms of replicating targeted tissue structures,
pathophysiological architecture, ECM composition, and interactions
between cells and the ECM in fibrotic diseases [59,206,208,209]. Over
time, researchers have developed several ocular fibrosis models such as
corneal fibrosis, conjunctival, and retina fibrosis models [46,208,210].
Effective in vitro models for ocular fibrosis should account for the dif-
ferentiation of keratocytes, glial cells, and epithelial cells into myofi-
broblasts, the upregulation of a-SMA resulting in matrix contraction,
increased synthesis and deposition of ECM components, and the
expression of pro-fibrotic markers, as well as, pathological angiogenesis
if associated.

In this context, smart nanomedicine platforms offer a transformative
approach for treating ocular fibrosis. For instance, a hypothetical design
could involve inflammation-responsive nanoparticles that encapsulate
an anti-fibrotic agent and release it selectively in response to pro-
inflammatory cytokines (e.g., TNF-a, IL-1p) or oxidative stress signals
prevalent in fibrotic microenvironments. Such stimuli-responsive sys-
tems could be tested using engineered in vitro models that incorporate
inflammatory and fibrotic signaling cues, providing a more predictive
platform for screening smart, targeted therapies. This approach not only
enhances spatiotemporal control of drug release but also improves the
translatability of preclinical findings to clinical applications in fibrotic
eye diseases.

In this comprehensive exploration of nanomedicines for ocular
fibrosis, we have delved into various facets of the condition, from
corneal fibrosis to fibrosis post glaucoma and cataract surgeries, as well
as fibrosis associated with posterior eye diseases like DR, retinopathy of
prematurity, and AMD. Throughout our discussion, we have highlighted
the potential of nanomedicine to revolutionize treatment paradigms by
addressing challenges such as low bioavailability, toxicity of current
adjuvants, and the need for smarter drug delivery systems. Moreover,
the development of advanced in vitro and in vivo models for ocular
fibrosis screening underscores the importance of robust preclinical
evaluation. As we look to the future, the convergence of nanotechnology
with ocular therapeutics holds immense promise for improving patient
outcomes and advancing the field of ophthalmology.
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