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Abstract

Nanomedicine-based liposomal delivery systems are gaining increasing attention as ad-
vanced therapeutic platforms for managing ocular infections associated with antimicrobial
resistance (AMR) and biofilm formation. The primary objective of this review is to critically
evaluate the potential of liposomal drug delivery systems for improving the treatment
of antimicrobial-resistant and biofilm-associated ocular infections by integrating current
knowledge on antimicrobial resistance mechanisms, biofilm-targeted therapeutic strate-
gies, and advances in liposomal formulations, while also identifying the major limitations,
translational challenges, and knowledge gaps in this rapidly evolving field. Traditional
ocular antimicrobial treatments are frequently limited by poor drug penetration, short
precorneal residence time, low bioavailability, systemic side effects, and inadequate activity
against resistant microorganisms and biofilm-embedded pathogens. This review provides
a comprehensive overview of different liposomal systems, including conventional, cationic,
polyethylene glycol (PEG)-modified, deformable, and stimulus-responsive liposomes, and
discusses their advantages in ophthalmic drug delivery, such as enhanced corneal per-
meation, prolonged drug retention, controlled release, improved biocompatibility, and
reduced ocular toxicity. The review further examines the mechanisms through which
liposomes help overcome AMR, including improved epithelial transport, membrane dis-
ruption, intracellular drug delivery, efflux pump evasion, and enhanced antimicrobial
efficacy. In addition, liposomal approaches targeting ocular biofilms are explored, focusing
on improved biofilm penetration and the delivery of anti-biofilm agents such as antibiotics,
enzymes, quorum-sensing inhibitors, and antimicrobial peptides. Current evidence from
in vitro and in vivo ocular infection models is summarized together with disease-specific
applications in keratitis, endophthalmitis, and contact lens-related infections. The article
also compares liposomes with other ocular nanocarriers and addresses important con-
siderations related to safety, stability, sterilization, large-scale production, and regulatory
translation. In addition to highlighting recent advances, this review critically discusses
the current limitations of liposomal formulations, the major barriers to clinical translation,
and the key knowledge gaps that should be addressed to facilitate the future development
and successful clinical application of these systems. Finally, emerging directions including
ligand-targeted and stimulus-responsive liposomes, AI-driven formulation development,
personalized nanotherapy, and gene therapy combinations are discussed as promising
future strategies for combating resistant ocular infections.
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1. Liposomes as Ocular Drug Delivery Systems
Liposomes are highly versatile vesicular nanocarriers widely investigated for ocular

drug delivery because of their biocompatibility, biodegradability, and structural similarity
to biological membranes [1]. These systems consist of one or multiple concentric phospho-
lipid bilayers surrounding an aqueous core, enabling the simultaneous encapsulation of
hydrophilic drugs within the aqueous compartment and lipophilic compounds within the
lipid bilayer [2]. Their physicochemical characteristics, including particle size, lamellarity,
surface charge, lipid composition, membrane rigidity, and surface functionalization, can be
precisely engineered to influence drug loading, stability, ocular retention, tissue interaction,
and therapeutic performance [3]. Unlike conventional formulations, liposomes offer ad-
ditional opportunities to address the specific challenges of antimicrobial-resistant (AMR)
ocular infections [4]. Importantly, liposomes do not directly eliminate genetically encoded
antimicrobial resistance mechanisms; rather, they may improve therapeutic outcomes by
modifying drug exposure at the infection site, increasing local antimicrobial concentrations,
enhancing penetration through complex ocular barriers, protecting unstable drugs from
degradation, and facilitating delivery to pathogen-associated microenvironments [5]. In
biofilm-associated infections, these properties may improve antimicrobial access by pro-
moting interactions with extracellular polymeric substances (EPSs), increasing residence
time at the infection site, and potentially reducing the impact of physiological barriers
associated with biofilm tolerance [6] (Figure 1).

Figure 1. Engineered liposomes for ocular drug delivery. Schematic representation of multifunctional
liposomes capable of co-encapsulating hydrophilic drugs within the aqueous core and lipophilic
drugs in the lipid bilayer. Following topical administration, liposome properties including lamellarity,
particle size, surface charge, and membrane functionalization (e.g., PEGylation or ligand attachment)
can be tailored to optimize tear film interaction, mucoadhesion, corneal permeation, epithelial
transport, and precorneal residence time for enhanced ocular drug delivery. Created in BioRender.
Hajareh Haghighi, F. (2026) https://BioRender.com/ik6lg1k (accessed on 7 June 2026).

https://doi.org/10.3390/macromol6030056

https://BioRender.com/ik6lg1k
https://doi.org/10.3390/macromol6030056


Macromol 2026, 6, 56 3 of 56

Unlike conventional formulations, liposomes offer additional opportunities to address
the specific challenges of antimicrobial-resistant (AMR) ocular infections [7]. Importantly,
liposomes do not directly eliminate genetically encoded antimicrobial resistance mecha-
nisms; rather, they may improve therapeutic outcomes by modifying drug exposure at the
infection site, increasing local antimicrobial concentrations, enhancing penetration through
complex ocular barriers, protecting unstable drugs from degradation, and facilitating deliv-
ery to pathogen-associated microenvironments [8]. In biofilm-associated infections, these
properties may improve antimicrobial access by promoting interactions with extracellular
polymeric substances (EPSs), increasing residence time at the infection site, and potentially
reducing the impact of physiological barriers associated with biofilm tolerance. However,
the extent of these benefits remains highly dependent on liposome composition, pathogen
characteristics, drug properties, and experimental model conditions.

Based on vesicle size and lamellarity, liposomes are generally classified into small
unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and multilamellar vesicles
(MLVs) [9,10]. These structural variations influence drug loading capacity, release kinetics,
membrane stability, corneal permeation, mucoadhesion, and precorneal residence time. In
addition, surface modification and lipid engineering strategies have enabled the develop-
ment of advanced liposomal systems with improved ocular performance and targeting
potential [11,12]. Nevertheless, optimization of these parameters requires careful consider-
ation because modifications that enhance one therapeutic property may negatively affect
others. For example, increasing surface charge may improve mucosal interaction but can
increase epithelial toxicity, whereas enhanced steric stabilization through PEGylation may
improve colloidal stability but reduce cellular uptake [13].

Conventional liposomes represent the earliest and most extensively investigated
liposomal systems for ocular drug delivery. They are typically composed of neutral or zwit-
terionic phospholipids, particularly phosphatidylcholine [14,15], combined with cholesterol
to improve bilayer rigidity and stability [16]. Their biomimetic structure and ability to en-
capsulate both hydrophilic and lipophilic therapeutics have supported their application in
the delivery of antibiotics, antifungal agents, antivirals, anti-inflammatory compounds, and
glaucoma medications [17,18]. However, conventional liposomes frequently demonstrate
limited clinical performance because of rapid precorneal clearance, weak interaction with
ocular mucus, limited penetration across ocular barriers, formulation instability, and drug
leakage during storage [19,20].

To overcome these limitations, engineered liposomal systems have been developed
through modifications of lipid composition and surface characteristics. Cationic liposomes
incorporate positively charged lipids such as DOTAP, DOTMA, or stearylamine, enhancing
electrostatic interactions with negatively charged mucins and epithelial surfaces [21,22].
This property may increase precorneal retention and cellular uptake [23,24]; however, ex-
cessive positive charge can disrupt epithelial membranes, induce cytotoxicity, and promote
vesicle aggregation [25,26]. PEGylated liposomes, also known as stealth liposomes, contain
polyethylene glycol (PEG) chains attached to the vesicle surface, generating a hydrated
steric barrier that reduces aggregation and protein adsorption [27]. PEGylation can im-
prove physical stability and prolong ocular residence; however, excessive PEG density
may decrease interactions with cellular membranes and reduce intracellular delivery [28].
This PEG-dependent balance between stability and biological interaction represents an
important consideration for ocular applications.

Deformable liposomes, also referred to as elastic liposomes, incorporate edge activa-
tors such as Tween 80, Span 80, or sodium cholate to increase membrane flexibility and
fluidity [29]. Their deformability may facilitate penetration across ocular barriers and
improve drug deposition compared with rigid vesicles [1]. Nevertheless, excessive incorpo-
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ration of edge activators can compromise membrane integrity, accelerate drug leakage, and
negatively affect ocular tolerability. Thus, formulation optimization is essential to achieve
an appropriate balance between flexibility, stability, and safety.

The ability of liposomes to enhance ocular drug absorption is attributed to several
complementary mechanisms, including prolonged precorneal residence, interaction with
tear film components, lipid exchange with biological membranes, improved solubiliza-
tion of poorly water-soluble drugs, and enhanced epithelial transport [30]. Depending
on formulation characteristics, liposomes may facilitate drug uptake through membrane
fusion, endocytosis, or transient interaction with epithelial barriers. However, these mech-
anisms are not universal and vary considerably according to vesicle composition, drug
physicochemical properties, and ocular tissue characteristics [31]. Therefore, improved
ocular delivery should be interpreted as a formulation-dependent outcome rather than an
inherent property of all liposomal systems.

More recently, stimulus-responsive liposomes have emerged as advanced delivery
platforms designed to release therapeutic cargo in response to specific biological or exter-
nally applied triggers. These systems can be broadly categorized into endogenous and
exogenous stimulus-responsive liposomes. Endogenous stimuli exploit pathological char-
acteristics of ocular tissues, including acidic pH, disease-associated enzymes, and elevated
reactive oxygen species (ROS) levels. Among these approaches, enzyme-responsive and
ROS-responsive liposomes may have greater translational potential for ocular antimicrobial
applications because they utilize local pathological conditions, such as infection-associated
enzymatic activity and oxidative stress, without requiring additional external equipment.
pH-responsive systems may also provide opportunities for controlled drug release in in-
flamed or infected microenvironments; however, their effectiveness depends on achieving
sufficient differences between diseased and physiological ocular conditions [32].

In contrast, exogenous stimulus-responsive liposomes rely on externally applied
triggers, including light, ultrasound, magnetic fields, or temperature changes [33], to
achieve on-demand drug release [34]. Although these approaches provide precise temporal
and spatial control, their clinical implementation in ophthalmology may be limited by the
need for specialized equipment, potential effects on delicate ocular tissues, and challenges
associated with treatment standardization. Light-responsive systems may be particularly
attractive for anterior segment applications because of the accessibility of ocular tissues,
whereas ultrasound- and magnetic-responsive systems may require further optimization
for safety and practical clinical use [35]. Endogenous stimulus-responsive liposomes may
currently appear more compatible with ocular infection therapy because they can exploit
disease-specific biological signals while minimizing additional procedural requirements.
Nevertheless, both endogenous and exogenous strategies remain largely at the experimental
stage, and further studies are required to establish their long-term safety, manufacturing
reproducibility, and regulatory feasibility [36,37]. The main structural characteristics,
advantages, limitations, and ocular applications of conventional and engineered liposomal
systems are summarized in Table 1.

It should be noted that the physicochemical characteristics of liposomes are not in-
trinsic properties of each class but are highly dependent on lipid composition, preparation
techniques, drug loading, and surface modification strategies. Therefore, the values pre-
sented in Table 1 represent commonly reported ranges rather than fixed parameters.

https://doi.org/10.3390/macromol6030056

https://doi.org/10.3390/macromol6030056


Macromol 2026, 6, 56 5 of 56

Table 1. Representative physicochemical characteristics, ocular advantages, and translational limita-
tions of conventional and engineered liposomal systems.

Liposomal Class Representative Size
Range (nm) *

Representative Zeta
Potential Range (mV) *

Core Ocular
Advantage

Translational/Safety
Limitations Ref.

Conventional
liposomes ~80–300 nm Approximately neutral

(−10 to +10 mV)

High
biocompatibility;

suitable for
encapsulation of
hydrophilic and
lipophilic drugs

Limited precorneal
retention, rapid tear
clearance, possible

drug leakage

[38]

Cationic liposomes ~50–250 nm
Typically positive

(+10 to +50 mV depending on
lipid composition)

Enhanced interaction
with negatively

charged mucins and
improved cellular

uptake

Potential epithelial
toxicity, irritation,

aggregation at high
charge density

[39]

PEGylated
liposomes ~80–250 nm Usually near neutral to mildly

negative (−30 to 0 mV)

Improved colloidal
stability, reduced

aggregation,
prolonged ocular

residence

Reduced cellular
uptake, possible
interference with

membrane fusion and
drug release

[40]

Deformable/elastic
liposomes ~80–300 nm Variable, often neutral or

negative

Enhanced membrane
flexibility and

improved corneal
penetration

Structural instability,
sensitivity to edge

activator concentration,
leakage risk

[41]

Stimulus-responsive
liposomes ~100–300 nm Highly

formulation-dependent

Controlled and
site-specific drug

release in response to
endogenous or

external triggers

Increased formulation
complexity, limited

manufacturing
standardization,

regulatory uncertainty

[42]

* Representative values vary depending on lipid composition, preparation method, encapsulated drug, and
surface modification strategy.

2. Benefits of Liposomal Systems for Ocular Drug Delivery
2.1. Increased Residence Time

Rapid percorneal elimination, driven by tear turnover, blinking, nasolacrimal drainage,
and reflux lacrimation, continues to be the main obstacle for efficient ocular therapies, re-
ducing drug bioavailability to less than 5% in standard eye drops [43]. Liposomes have
emerged as one of the most effective strategies to reduce this limitation, as their vesicu-
lar architecture promotes better interaction with corneal and conjunctival epithelia and
stabilizes adhesion to the tear film lipid layer, thereby mitigating rapid washout [44]. Sur-
face engineering further amplifies these benefits: cationic and mucoadhesive liposomes
exploit electrostatic and hydrogen-bonding interactions with mucin to achieve superior
retention [45]. Sun and colleagues developed dual-modified liposomes functionalized with
penetratin and hyaluronic acid, demonstrating markedly enhanced ocular surface residence
and noninvasive posterior-segment delivery in neovascular AMD models due to the syner-
gistic combination of HA-mediated mucoadhesion and CPP-mediated epithelial translo-
cation [46], while Zhang et al. further advanced the field by designing mucin-targeting
liposomes that not only prolonged retention through high-affinity MUC1/MUC16 binding
but also modulated ferroptosis and inflammation in dry eye disease [47]. Huang et al.
confirmed the therapeutic value of mucoadhesive designs by showing that their liposomal
system improved retention and produced synergistic anti-inflammatory and antioxidant
effects [48]. In glaucoma therapy, Brugnera et al. demonstrated that hyaluronic-acid-
coated latanoprost liposomes provide long-term stability, enhanced corneal penetration,
and significantly prolonged precorneal residence, translating into improved IOP-lowering
performance in chronic models [49]. Bonechi et al. showed that citicoline encapsulation
improves molecular stability and ocular bioavailability [50]; Yang et al. developed reactive-
oxygen-species-responsive cyclosporine A liposomes that enhance corneal permeability
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and retention in inflamed tissues [51]; and Wong et al. introduced a Cornea-SELEX aptamer-
guided system that refines corneal targeting and adhesion through selective binding to
ocular surface epitopes [52]. The adaptability of liposomes is further illustrated by Bat-
tista et al., who demonstrated that quinoline derivatives can be efficiently encapsulated
within stable vesicles, supporting their suitability for diverse molecular structures [53] (see
Figure 2). Despite these promising findings, the advantages of engineered liposomes for
increasing ocular residence time should be interpreted within the limitations of current evi-
dence. Most studies evaluating mucoadhesive, peptide-functionalized, or ligand-targeted
liposomes have been performed in animal models or ex vivo systems, while direct clinical
validation remains limited [54]. Furthermore, the magnitude of retention enhancement is
highly dependent on formulation-specific parameters, including lipid composition, surface
modification density, particle size, and the characteristics of the ocular disease model.

Figure 2. Biofilm formation, AMR mechanisms, and the local release of liposomal antibiotics. Created
in BioRender. Hajareh Haghighi, F. (2026) https://BioRender.com/ik6lg1k (accessed on 7 June 2026).

2.2. Enhanced Corneal Penetration

The cornea represents a highly selective barrier to drug permeation due to its trilami-
nar organization, consisting of the lipophilic epithelium, hydrophilic stroma, and lipophilic
endothelium. The biophasic architecture restricts the efficient transport of both hydrophilic
and lipophilic molecules, posing a major challenge to achieving therapeutic intraocular con-
centrations. Liposomes have emerged as particularly effective in overcoming this constraint,
utilizing their biomimetic phospholipid bilayer to fuse or adsorb onto epithelial membranes
and promote transcellular transport, while their capacity to transiently modulate mem-
brane fluidity further enhances penetration. Their dual aqueous-lipid compartments enable
efficient encapsulation of drugs with diverse solubility profiles, and surface charge plays
a decisive role: cationic liposomes interact strongly with the negatively charged corneal
surface, improving adhesion and uptake [55]. At the molecular level, liposome-mediated
corneal penetration occurs through multiple complementary mechanisms rather than a
single transport pathway. Phospholipid bilayers can interact with epithelial membranes
through adsorption, lipid exchange, and partial membrane fusion, facilitating transcellular
transport of encapsulated drugs. Surface charge and ligand modification further influ-
ence interaction with the negatively charged glycocalyx and specific cellular receptors,
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enhancing epithelial uptake [56]. In addition, deformable liposomal systems may improve
penetration by transiently adapting their morphology and facilitating transport across
restrictive ocular barriers. However, excessive membrane interaction or strong electrostatic
effects may compromise epithelial integrity, highlighting the importance of balancing pene-
tration enhancement with ocular safety. Huang et al. developed iRGD-decorated liposomes
to exploit neuropilin-1-mediated translocation and demonstrated in New Zealand rabbits
that iRGD functionalization increased corneal retention three-fold at 3 h and produced a
six-fold higher drug level than AZOPT. In vitro and in vivo permeability assays showed
that iRGD-PEG liposomes containing more than 10% iRGD enhanced corneal penetration
by over three-fold, enabling deeper stromal entry and higher epithelial internalization than
non-decorated controls, consistent with active receptor-mediated transport rather than
passive diffusion [57]. Csorba et al. formulated ascorbic-acid-loaded liposomes to over-
come the intrinsically poor corneal permeability of vitamin C and demonstrated on excised
human corneas that liposomal encapsulation increased steady-state flux by approximately
three-fold and significantly elevated cumulative permeation compared with free ascorbic
acid, while simultaneously stabilizing the molecule against oxidation through markedly
slower degradation kinetics; this enhancement was attributed to liposome-mediated tran-
scellular transport and protection of ascorbic acid within the lipid bilayer [58]. Qiu et al.
engineered dendritic oligoethylenimine-decorated liposomes (PL/TLPL) that exhibited
prolonged precorneal retention, with FITC-PL fluorescence persisting on the ocular surface
for at least 10 min compared with complete disappearance of free FITC by 5 min, and
significantly enhanced corneal permeation, increasing timolol transport from 1.5% to 3%
(two-fold) and latanoprost transport from 16.4% to 22% (1.4-fold) across rabbit corneas
within 4 h. OEI decoration increased cellular uptake by approximately two-fold and in-
duced tight-junction opening, with ZO-1 fluorescence reduced by more than 50%, enabling
combined transcellular and paracellular penetration and supporting the sustained five-day
intraocular-pressure-lowering effect observed in vivo [59]. Thanuja et al. developed fuso-
genic liposome-coated nanoparticles that rapidly merged with donor corneal endothelial
membranes, with TEM showing direct bilayer fusion within minutes and uptake assays
confirming immediate cytoplasmic entry without endocytic vesicles, demonstrating that
fusogenic lipid compositions can bypass tight endothelial interfaces through membrane
fusion rather than classical endocytosis [60]. Liao et al. applied a CNN-based analytical
framework to evaluate insulin-loaded liposomes and showed that liposomal encapsu-
lation improved corneal inflammatory responses, producing higher epithelial uptake,
reduced epithelial thickening, and marked suppression of IL-1β and TNF-α expression,
confirming that liposomes stabilize insulin against tear-film degradation and enable thera-
peutically relevant peptide delivery to inflamed corneal tissues [61]. Moghimipour et al.
demonstrated that pilocarpine-loaded liposomes increased transcorneal permeation two-
to three-fold in Franz diffusion studies on excised rabbit corneas, with optimized vesicle
size (120–212 nm), moderate negative charge, and enhanced bilayer fluidity collectively
improving diffusion-driven transport of hydrophilic pilocarpine compared with the aque-
ous solution, highlighting the importance of liposomal membrane dynamics in corneal
permeation [62], Shimokawa et al. showed in a rat model of dry-eye disease that slightly
cationic astaxanthin-loaded liposomes reduced corneal fluorescein scores from an average
of 8.2 to 4.9, indicating substantial improvement in epithelial integrity, and increased tear
volume from 3.5 µL to 4.7 µL, reflecting enhanced tear production. Molecular assays re-
vealed a 30–50% downregulation of oxidative-stress markers, including reactive oxygen
species and fluorescence markers such as p53, p21, and p16, confirming the antioxidative
and cytoprotective effects of this delivery system. Fluorescence-tracking studies showed a
2.3-fold higher accumulation of cationic liposomes within corneal epithelial cells compared
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with neutral liposomes, correlating with increased local bioavailability and improved thera-
peutic efficacy at lower doses [63]. Charge-mediated mechanisms are further elucidated by
cationic tacrolimus liposomes, which inhibit neovascularization and inflammation in alkali
burn models [64]. Although not liposomal, regenerative platforms such as growth-factor-
loaded hydrogels [65] and exposome-based thermoresponsive matrices [66] contextualize
the broader relevance of strategies designed to overcome corneal barriers. Beyond en-
hancing penetration, liposomes protect encapsulated drugs from enzymatic degradation
in the tear film, ensuring that a greater proportion of the administered dose reaches the
corneal surface intact. Experimental evidence demonstrates that liposomal formulations
significantly increase drug permeation compared with conventional formulations. They
have a better vesicle stability, release kinetics, and irradiation potential, which should
be optimized to balance penetration efficiency with safety. Although numerous studies
have demonstrated enhanced corneal penetration using engineered liposomes, the majority
of evidence remains based on in vitro permeability assays, ex vivo corneal models, or
small animal experiments. Differences in experimental design, liposome composition,
and evaluation methods make direct comparison between formulations difficult [67]. In
addition, increased penetration does not always correspond to improved clinical efficacy,
as therapeutic success depends on achieving appropriate drug concentrations at the disease
site while maintaining epithelial integrity and long-term tolerability.

2.3. Sustained Release

Sustained or controlled drug release is a central requirement in ocular therapeutics,
as maintaining stable intraocular drug levels while reducing dosing frequency is essen-
tial for managing chronic diseases such as glaucoma, uveitis, and age-related macular
degeneration [68,69]. Liposomes inherently support prolonged release owing to their com-
partmentalized architecture and the physicochemical interactions between encapsulated
drugs and the lipid bilayer: hydrophilic molecules diffuse gradually from the aqueous core,
whereas lipophilic compounds embedded within the membrane exhibit slower, membrane-
regulated release governed by lipid phase behaviour and fluidity [70]. Release kinetics can
be precisely tuned by modulating lipid composition, cholesterol content, vesicle size, and
lamellarity. Cholesterol, for example, increases bilayer rigidity and reduces permeability,
while multilamellar vesicles extend release duration relative to unilamellar systems. The
clinical relevance of these mechanisms is well documented. Brugnera et al. developed
latanoprost-loaded liposomes coated with a mucoadhesive polymer and demonstrated in a
clinical-grade model that a single eye drop produced a longer-lasting hypotensive effect
than the marketed formulation. Pharmacodynamic measurements showed a significant
extension of IOP-lowering duration, attributed to both enhanced ocular surface retention
and sustained release from the lipid bilayer [71]. Londhe and Sharma formulated a metha-
zolamide liposomal in-situ gel for glaucoma therapy. Their optimized system exhibited
prolonged intraocular residence, with in vivo rabbit studies showing higher and more
sustained aqueous humor concentrations compared with free drug. The combination of
liposomal encapsulation and gelation provided dual control over release and retention [72].
For posterior-segment delivery, Blazaki et al. introduced a Liposome Aggregate Platform
(LAP)—a system in which liposomes self-assemble into larger aggregates after intravitreal
injection. This architecture markedly slowed vitreous clearance, maintaining therapeutic
drug levels for extended periods. Fluorescence tracking confirmed prolonged intravit-
real retention, demonstrating the value of aggregate-forming liposomes for long-acting
posterior delivery [73]. Several other studies highlight sustained release of prostaglandin
analogues [74], long-acting intravitreal system for retinal neuroprotection [75], multivesicu-
lar liposomes for anti-VEGF therapy [76], and hybrid or implantable platforms designed
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to overcome the limitations of conventional dosing strategies [77]. Despite the ability of
liposomes to prolong drug exposure, sustained release alone does not necessarily guaran-
tee superior therapeutic performance. Several formulation-dependent factors, including
incomplete drug release, instability during storage, insufficient tissue penetration, and
variability between experimental models, may limit clinical benefit.

2.4. Safety, Toxicity and Biocompatibility

Toxicity remains a central concern in ocular drug delivery due to the exceptional
sensitivity of ocular tissues and their susceptibility to irritation and systemic exposure.
Liposomes mitigate these risks through a combination of structural and physicochemical
mechanisms that collectively reduce local toxicity while maintaining therapeutic efficacy.
From a mechanistic perspective, the improved safety profile of liposomes is primarily
attributed to drug encapsulation within phospholipid bilayers, which minimizes direct
interaction between free drug molecules and ocular tissues. This is particularly impor-
tant for compounds with narrow therapeutic indices or inherent irritancy. In addition,
controlled and sustained release prevents abrupt peak concentrations that could induce
cytotoxic responses, while reduced drainage through the nasolacrimal pathway limits
systemic exposure [78]. Furthermore, the biomimetic nature of liposomes, composed of
physiologically compatible phospholipids, enhances cellular compatibility by closely resem-
bling natural biological membranes and undergoing enzymatic degradation into non-toxic
metabolites [79]. At the formulation level, toxicity is strongly influenced by structural and
surface properties. Surface charge plays a critical role, as highly cationic liposomes may
increase membrane interactions and potentially induce irritation, whereas neutral or zwit-
terionic systems generally exhibit improved tolerability [80]. Similarly, excipients such as
surfactants require careful optimization due to their potential membrane-disruptive effects
at high concentrations. Surface modifications including PEGylation or polymer coating
(e.g., chitosan) can further enhance safety by improving steric stabilization, reducing op-
sonization, and limiting non-specific cellular interactions, although excessive modification
may alter membrane dynamics and drug release behavior [81]. Experimental evidence
supports these mechanistic principles. Syama et al. demonstrated that phospholipid-based
liposomes exhibit significantly lower cytotoxicity compared with non-lipid nanocarriers
across multiple cell lines, as confirmed by membrane integrity and oxidative stress assays,
highlighting the inherent biocompatibility of biomimetic bilayers [82]. Complementarily,
Dymek and Sikora emphasized that enzymatic degradation of natural and zwitterionic
lipids yields physiologically tolerated metabolites, reinforcing their low immunogenic
and low-toxicity profile. In ocular models [83], Amalia et al. showed that liposomal am-
photericin B maintains antifungal efficacy while significantly reducing corneal irritation
and epithelial damage compared with conventional formulations, attributable to reduced
free drug exposure and buffered release [84]. Similarly, studies on liposomal curcumin
consistently demonstrate reduced oxidative stress and off-target toxicity, while maintaining
or improving therapeutic efficacy through enhanced stability and controlled delivery.

3. Mechanisms by Which Liposomes Combat Antimicrobial Resistance
Antimicrobial resistance (AMR) represents a major challenge in the treatment of ocu-

lar infections, driven by the increasing prevalence of multidrug-resistant pathogens and
the unique anatomical and physiological barriers that restrict effective antimicrobial de-
livery to ocular tissues [85]. Conventional antimicrobial therapies may fail to achieve
sustained therapeutic concentrations at infected sites, particularly in the presence of biofilm
formation, intracellular bacterial reservoirs [86], limited tissue penetration, and micro-
bial resistance mechanisms such as reduced membrane permeability and active efflux
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systems [87]. Liposomes have emerged as promising drug delivery platforms because
their biomimetic phospholipid architecture, high drug-loading versatility, and tunable
physicochemical properties allow them to address several delivery-related and resistance-
associated barriers simultaneously [88,89]. However, the contribution of liposomal systems
to overcoming AMR should be distinguished from their ability to simply improve phar-
macokinetic performance. Enhanced ocular residence time, improved corneal penetration,
and sustained drug release primarily represent pharmacokinetic advantages that increase
antimicrobial exposure at the site of infection [90,91]. In contrast, resistance-modifying
effects involve mechanisms such as bacterial membrane disruption, modulation of an-
timicrobial susceptibility, intracellular drug delivery, circumvention of microbial defense
mechanisms, and synergistic co-delivery of antibiotics with resistance-modifying agents.
Therefore, the therapeutic value of liposomes against resistant ocular pathogens depends
not only on improved drug delivery but also on their ability to overcome specific biologi-
cal mechanisms responsible for antimicrobial failure. The interaction between liposomal
systems and antimicrobial-resistant pathogens is also influenced by pathogen-specific
structural characteristics [92]. In Gram-positive bacteria, the exposed peptidoglycan-rich
cell envelope allows relatively direct interaction with liposomal surfaces, and cationic or
membrane-active liposomes may enhance antimicrobial accumulation through electrostatic
interactions and membrane perturbation. In contrast, Gram-negative bacteria possess an
additional outer membrane containing lipopolysaccharides (LPSs), which represents a
major permeability barrier and contributes to intrinsic and acquired resistance. Liposomal
systems may partially overcome this limitation by improving antibiotic delivery, increasing
local concentration at bacterial surfaces, and facilitating membrane interaction; however,
excessive membrane disruption may increase toxicity risks [93]. Fungal pathogens present
distinct challenges because their eukaryotic cell structure, glucan/chitin-rich cell wall,
and ergosterol-containing membranes differ substantially from bacterial targets. In these
organisms, liposomes primarily improve antifungal delivery by enhancing drug solubility,
protecting unstable compounds, increasing ocular retention, and reducing the exposure of
host tissues to toxic free drug concentrations. The major mechanisms by which liposomal
systems may enhance antimicrobial efficacy and counteract resistance-associated barriers
are summarized in Table 2.

Although liposomal systems have demonstrated considerable potential in overcom-
ing resistance-associated barriers, the strength of evidence supporting each proposed
mechanism varies considerably. Many reported benefits, including enhanced penetration,
increased intracellular accumulation, and improved antimicrobial activity, are primarily
derived from in vitro studies or experimental infection models, and their contribution to
clinically meaningful resistance reversal remains incompletely established [112]. Impor-
tantly, liposomes should not be considered direct inhibitors of antimicrobial resistance
mechanisms in most cases; rather, they frequently enhance therapeutic efficacy by improv-
ing drug delivery, increasing local antimicrobial exposure, and facilitating interactions
between antimicrobial agents and microbial targets. The effectiveness of these strategies
is also highly dependent on formulation-related factors, including particle size, surface
charge, lipid composition, encapsulation efficiency, and drug release characteristics, as well
as pathogen-specific features such as membrane structure, biofilm formation capacity, and
resistance phenotype [113].

Liposomes represent a multifunctional platform capable of integrating several strate-
gies to improve antimicrobial performance against resistant ocular pathogens. A single
liposomal formulation may simultaneously enhance ocular drug exposure, facilitate cellular
uptake, promote localized antimicrobial delivery, and provide controlled release characteris-
tics. However, the therapeutic impact of these combined functions is not solely determined
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by the presence of a liposomal carrier, but rather by the optimization of formulation param-
eters and their compatibility with specific pathogens and infection environments. Factors
such as lipid composition, particle size, surface charge, drug loading efficiency, and release
kinetics can substantially influence antimicrobial outcomes, while differences in bacterial
species, resistance mechanisms, and biofilm characteristics may affect the reproducibility
of therapeutic effects [114]. Therefore, future studies should move beyond demonstrating
enhanced antimicrobial activity and focus on establishing standardized comparative frame-
works that identify the most effective liposomal designs for specific AMR-associated ocular
infections. Such evidence will be essential for translating promising liposomal strategies
from experimental models toward clinically applicable antimicrobial therapies.

Table 2. Mechanistic Basis, Evidence Level, and Limitations of Liposomal Strategies for Counteracting
Antimicrobial Resistance in Ocular Pathogens.

Mechanism How Liposomes Counter
AMR Representative Findings Evidence Level Key Limitations Ref.

Improved
penetration through

ocular barriers

Biomimetic phospholipid
bilayers promote

membrane interaction,
endocytosis, and enhanced

transcorneal transport,
increasing drug delivery to

infected tissues.

pDrops achieved >6-fold
higher posterior-segment

drug levels;
chitosan-coated and

deformable liposomes
improved epithelial

uptake, corneal
penetration, and retinal

exposure.

Moderate–Strong

Enhanced penetration
does not necessarily

translate into improved
antimicrobial activity,

and outcomes are
highly dependent on

liposome composition,
size, surface charge,
and ocular infection

model.

[94]

Electrostatic
interaction with

bacterial membranes

Positively charged
liposomes preferentially
bind negatively charged

bacterial surfaces,
increasing local drug

concentration and
facilitating antimicrobial

action.

Enhanced ocular
retention, cellular uptake,
and antimicrobial efficacy

observed with cationic
and elastic liposomal

systems.

Moderate

Excessive positive
surface charge may
improve bacterial
interaction but can

increase cytotoxicity
and reduce ocular

tolerability.

[95]

Bacterial membrane
destabilization

Cationic lipids disrupt
membrane integrity

through pore formation,
lipid mixing, and increased

permeability, restoring
susceptibility to
antimicrobials.

Liposomal systems
containing

sesquiterpenes,
methylglyoxal–

tobramycin, essential oils,
nitric oxide, and
curcumin–nisin

combinations enhanced
bacterial killing and
biofilm eradication.

Moderate

Membrane-disruptive
strategies may show
pathogen-dependent

effects and require
careful optimization to
avoid toxicity toward

host cells.

[96,97]

Enhanced
intracellular

antibiotic delivery

Endocytic uptake enables
direct delivery of antibiotics

into infected host cells,
overcoming extracellular

degradation and poor
cellular penetration.

Targeted and
peptide-functionalized

liposomes improved
intracellular

accumulation and
eradication of persistent

pathogens.

Moderate

Most supporting
evidence is derived

from in vitro or
intracellular infection
models, while clinical

relevance remains
insufficiently validated.

[98,99]

Circumvention of
host–cell efflux

transporters

Liposomes enter cells via
vesicular pathways,
avoiding immediate

recognition by membrane
efflux pumps and

improving intracellular
drug retention.

Increased intracellular
drug persistence and
therapeutic efficacy in

ocular tissues.

Limited–Moderate

Direct evidence
demonstrating efflux
pump avoidance by

liposomal formulations
in ocular pathogens

remains limited.

[100,101]
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Table 2. Cont.

Mechanism How Liposomes Counter
AMR Representative Findings Evidence Level Key Limitations Ref.

Overcoming
microbial

efflux-mediated
resistance

Intracellular and localized
drug release maintains
concentrations above

inhibitory levels,
overwhelming bacterial

efflux systems.

Liposomal antibiotics
restored activity against

multidrug-resistant
pathogens and

intracellular infections.

Limited–Moderate

Direct evidence of
efflux pump inhibition

or bypass in ocular
pathogens remains

scarce. Most studies are
based on in vitro
models, and the

relative contribution of
improved drug

delivery versus true
resistance reversal
remains unclear.

[102,103]

Biofilm penetration
and anti-biofilm

activity

Liposomes penetrate
extracellular polymeric

matrices and deliver
antimicrobials directly to
biofilm-embedded cells.

Improved delivery of
anti-biofilm agents and
enhanced disruption of

resistant microbial
communities.

Moderate

Penetration efficiency
depends strongly on

biofilm maturity,
extracellular polymeric
substance composition,
and pathogen species.

[104,105]

Membrane fusion
and direct

intracellular access

Fusogenic liposomes merge
with bacterial membranes,
enabling direct cytoplasmic

delivery of antimicrobial
agents.

Aptamer-loaded
fusogenic liposomes

significantly enhanced
antibacterial activity

against MRSA.

Limited

Fusogenic liposomes
remain largely at

experimental stages,
with limited validation

in clinically relevant
ocular models.

[106,107]

Reduction in
minimum inhibitory
concentration (MIC)

Liposomal encapsulation
increases drug

accumulation at bacterial
surfaces and improves
antimicrobial potency.

Lower MIC values and
restoration of antibiotic

susceptibility in resistant
strains.

Moderate

Reduced MIC values
observed in vitro may

not always predict
improved therapeutic

outcomes in vivo.

[108,109]

Co-delivery of
synergistic

therapeutics

Liposomes simultaneously
transport antibiotics,

adjuvants, and
resistance-modifying

agents to enhance
antimicrobial efficacy.

Improved intracellular
delivery and synergistic

antimicrobial activity
through combination

therapies.

Moderate

Optimization of drug
ratios, loading
efficiency, and
manufacturing

complexity remains
challenging.

[110,111]

4. Co-Delivery Strategies in Liposomal Ocular Therapy
Co-delivery strategies in liposomal systems for ocular therapy should be concep-

tualized based on therapeutic objectives rather than drug classes. In ocular infec-
tions and inflammatory diseases, co-encapsulation enables (A) simultaneous control
of infection-associated inflammation [115,116]; (B) overcoming antimicrobial resistance
through membrane-active mechanisms [117,118]; and (C) optimization of pharmacokinetic
and pharmacodynamic synergy between multiple agents [119,120]. This functional clas-
sification provides a clearer mechanistic framework for understanding how liposomal
platforms enhance therapeutic outcomes in complex ocular pathologies.

4.1. Infection Control with Anti-Inflammatory Synergy

Ocular infections are frequently accompanied by a pronounced inflammatory response
that exacerbates epithelial damage, disrupts barrier integrity, and reduces antimicrobial pen-
etration. Consequently, effective therapy requires simultaneous suppression of microbial
growth and inflammatory cascades. Liposomal co-delivery systems enable synchronized
administration of anti-infective and anti-inflammatory agents at the same pathological
site, improving therapeutic efficiency while reducing dosing frequency and drug-induced
toxicity [121]. The encapsulation of both drug classes within a single vesicular system
ensures co-localized pharmacological action and improved ocular surface residence [122].
Chang et al. demonstrated that dexamethasone–moxifloxacin co-encapsulated liposomes
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integrated into a hydrogel matrix provide synergistic antimicrobial and anti-inflammatory
effects in infected corneal models. The hydrogel prolongs precorneal retention, while lipo-
somes regulate release kinetics and enhance epithelial penetration, resulting in accelerated
epithelial healing and reduced stromal inflammation [123]. Similarly, clinical and preclinical
studies on liposomal anti-inflammatory agents, including cyclosporine-based formulations,
confirm that modulation of immune responses significantly enhances infection resolution
and tissue recovery in ocular surface disease [124].

4.2. Resistance-Breaking Strategies via Membrane-Active Agents

A major limitation in ocular antimicrobial therapy is the emergence of resistant strains
and biofilm-associated infections, which significantly reduce drug susceptibility and ther-
apeutic penetration. Membrane-active molecules such as antimicrobial peptides (AMPs)
offer a powerful solution due to their ability to disrupt bacterial membranes, destabilize
biofilms, and bypass classical resistance mechanisms [125].

When co-encapsulated in liposomal systems, AMPs act synergistically with antibiotics
by increasing membrane permeability, enhancing intracellular drug accumulation, and
facilitating biofilm penetration. Liposomes additionally protect AMPs from enzymatic
degradation in the tear film, thereby prolonging their functional activity on the ocular sur-
face. Silva et al. demonstrated that the AMP LyeTxI-b formulated as an ocular drop exhibits
potent activity against resistant bacterial keratitis through direct membrane disruption and
electrochemical collapse of bacterial cells [126]. van Gent et al. further showed that lipid-
based delivery systems significantly enhance AMP stability and synergistic antibacterial
efficacy when combined with conventional antibiotics, primarily by improving peptide–
membrane interactions and prolonging residence time [127]. Beyond synthetic systems,
endogenous antimicrobial peptides such as defensins also contribute to innate ocular immu-
nity. Nanocarrier-based delivery strategies can amplify these natural defense mechanisms,
enhancing both antimicrobial efficacy and epithelial protection [128]. Together, AMP-based
co-delivery systems provide a robust strategy for overcoming biofilm-associated [129,130]
resistance and improving treatment outcomes in refractory ocular infections [131].

4.3. Multi-Drug Synergy for Pharmacokinetic Optimization

Beyond infection control and resistance modulation, liposomal co-delivery systems
can be engineered to optimize pharmacokinetics and synchronize drug exposure profiles.
In this context, the primary objective is not necessarily mechanistic synergy at the microbial
level but rather coordinated delivery, controlled release, and improved tissue exposure of
multiple therapeutic agents [132].

Dual-drug liposomal systems enable precise control over drug ratios, co-localized
tissue distribution, and temporally aligned release kinetics. These features are particularly
relevant in polymicrobial infections, chronic ocular diseases, and conditions requiring
multi-target pharmacological intervention [133]. Singh et al. demonstrated that co-delivery
of antibiotics with quorum sensing inhibitors significantly disrupts Pseudomonas aeruginosa
biofilm formation by simultaneously suppressing bacterial communication and growth
pathways [134]. Similarly, azithromycin–nisin co-loaded liposomes have shown enhanced
antimicrobial potency and reduced resistance development, highlighting the benefit of com-
bining structurally and mechanistically distinct agents [135]. Further studies have extended
this concept to hybrid therapeutic combinations, including natural compound–antibiotic
systems (e.g., brazilin–streptomycin), where phytochemicals enhance membrane disruption
and efflux pump inhibition [136]. In addition, dual-drug chemotherapeutic liposomes such
as cytarabine–daunorubicin systems provide a well-established model for synchronized
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intracellular drug release, reduced systemic toxicity, and optimized pharmacodynamic
synergy, principles that are directly translatable to ocular drug delivery [137] (see Figure 3).

Figure 3. Liposomal co-delivery strategies to combat resistant ocular infections and associated inflam-
mation. Topical administration of co-loaded liposomes carrying combination therapies (antibiotic
+ anti-inflammatory, antibiotic + AMP, or dual antimicrobials) to target biofilm-protected ocular
infections. This multi-pronged approach exerts a synergistic effect that reduces bacterial load and
inflammation, accelerates corneal healing, and mitigates the risk of drug resistance and infection
recurrence. Created in BioRender. Hajareh Haghighi, F. (2026) https://BioRender.com/ik6lg1k
(accessed on 7 June 2026).

5. Liposomes as a Strategy for Treating Biofilm-Associated
Ocular Infections

Biofilms represent one of the most formidable barriers to effective antimicrobial ther-
apy in ocular infections due to their highly organized extracellular polymeric substance
(EPS) matrix and the profound physiological heterogeneity that develops within these
microbial communities. The EPS barrier, composed of polysaccharides, extracellular DNA
(eDNA), proteins, and lipids, forms a dense, hydrated, and negatively charged scaffold that
anchors microorganisms to ocular surfaces, contact lenses, intraocular lenses, and damaged
epithelium. Beyond providing structural integrity, the matrix actively regulates nutrient
diffusion, waste exchange, and intercellular signaling, generating a dynamic microenvi-
ronment that promotes microbial survival under antimicrobial stress [138]. Importantly,
this dense matrix creates significant diffusion resistance, physically impeding antimicrobial
penetration while simultaneously binding, sequestering, or inactivating therapeutic agents
before they can reach deeper biofilm layers.

Within the biofilm architecture, steep gradients of oxygen, nutrients, and pH pro-
duce pronounced phenotypic heterogeneity. Surface-associated cells remain metabolically
active and proliferative, whereas cells embedded in deeper regions adopt dormant or slow-
growing phenotypes that are intrinsically less susceptible to antibiotics targeting active
cellular processes, including β-lactams and fluoroquinolones [139]. A defining component
of this heterogeneity is the emergence of persister cells, dormant phenotypic variants capa-
ble of surviving extremely high antibiotic concentrations despite lacking heritable genetic
resistance. Once antimicrobial pressure subsides, these persister populations can repopu-
late the biofilm, driving chronic, recurrent, and treatment-refractory ocular infections. In
parallel, biofilm-associated efflux activity and enhanced horizontal gene transfer further
amplify antimicrobial tolerance and facilitate the dissemination of resistance determinants.
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Despite the central role of biofilms in antimicrobial tolerance and treatment failure,
it is important to distinguish biofilm-associated tolerance from genetically mediated an-
timicrobial resistance. Biofilm formation can transiently reduce antimicrobial susceptibility
through limited penetration, altered metabolic states, and the emergence of persister popu-
lations, whereas AMR involves heritable genetic adaptations such as target modification,
enzymatic drug inactivation, and efflux-mediated resistance [140,141]. These mechanisms
frequently coexist in ocular infections and may reinforce each other, creating complex
therapeutic challenges. Therefore, successful liposomal strategies should not only improve
antimicrobial penetration into biofilm structures but also be evaluated according to their
ability to address specific resistance mechanisms, biofilm-associated physiological states,
and pathogen-dependent barriers [142,143]. Quantitative comparisons from representative
studies demonstrate that liposomal systems can substantially improve antimicrobial activity
against biofilm-associated pathogens, although the magnitude of benefit varies depending
on the pathogen, biofilm model, and liposomal design. For example, antibiotic-loaded
liposomes have been reported to achieve several-fold increases in antimicrobial efficacy and
greater biofilm reduction compared with free drugs [144,145], whereas surface-engineered
systems such as chitosan-coated or cationic liposomes have demonstrated enhanced pen-
etration and retention within biofilm matrices [146,147]. In fungal and bacterial biofilm
models, liposomal or lipid-based nanocarriers have produced approximately 30–70% re-
ductions in biofilm biomass and improved antimicrobial delivery [148,149]; however, direct
comparison among studies remains challenging because of differences in biofilm maturity,
experimental conditions, bacterial or fungal species, and outcome measurements.

Liposomal drug delivery systems offer a highly promising strategy for overcoming
these interconnected barriers by enhancing penetration through the EPS matrix, protecting
antimicrobials from inactivation, and sustaining therapeutic concentrations within the
biofilm microenvironment. Owing to their nanoscale dimensions, tunable surface prop-
erties, and biomimetic lipid composition, liposomes can diffuse more effectively through
hydrated biofilm matrices than free drugs [150]. Surface engineering approaches, includ-
ing cationic and chitosan-coated liposomes, further improve interaction with negatively
charged biofilm components and ocular tissues, enhancing retention and penetration
into deeper microbial layers. Once internalized within the biofilm structure or micro-
bial cells, liposomes provide controlled intracellular drug release, maintaining prolonged
antimicrobial exposure capable of targeting both metabolically active bacteria and dor-
mant persister populations. However, the extent of biofilm penetration and antimicrobial
enhancement is highly dependent on liposomal characteristics, including particle size,
surface charge, lipid composition, membrane rigidity, and drug release kinetics [151,152].
While cationic and deformable liposomes may improve interaction with negatively charged
biofilm components, excessive adhesion to the outer biofilm layer can limit diffusion into
deeper regions [153,154]. Similarly, enhanced penetration observed in simplified in vitro
biofilm models may not fully represent the complex extracellular matrix composition and
physiological conditions encountered in clinical ocular infections [155,156].

Recent studies highlight the translational significance of these approaches. Vicario
de la Torre et al. demonstrated that liposomal formulations designed to mimic tear film
components interact efficiently with ocular surface structures, emphasizing the impor-
tance of matrix-responsive carrier design for biofilm penetration [157]. Lu and colleagues
showed that liposome–cyclodextrin nanocomposites preserve structural integrity through-
out ocular transport, supporting their ability to withstand matrix-associated diffusion
barriers [158]. Similarly, Gu et al. reported that chitosan-coated flexible liposomes signif-
icantly enhance ocular penetration and retention, illustrating how surface modification
can overcome matrix-mediated resistance [159]. Gentili et al. further demonstrated that
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ozonated oil liposome eye drops reduce biofilm formation and limit the emergence of
antibiotic-resistant bacteria [160], while Obuobi et al. showed that peptide-based nanogels
effectively penetrate biofilms and eradicate bacterial keratitis despite tolerance-associated
barriers [161]. Additional studies on fungal biofilm resilience, resistome profiling of oc-
ular pathogens, and nanocarrier-based ocular delivery systems further underscore the
complexity of biofilm-associated tolerance and the necessity for advanced therapeutic
platforms [162] (see Figure 4).

Figure 4. Comparison of conventional antibiotics and engineered liposomes against tolerant ocular
biofilms. Microenvironment of an ocular biofilm showing the EPS matrix barrier and internal O2

nutrient gradients that promote dormant persister cells. While conventional free therapies are halted
by limited penetration and drug sequestration, engineered liposomal formulations (including cationic,
chitosan-coated, or flexible variants) bypass these defensive structures to achieve sustained local
drug delivery and enhanced biofilm killing. Created in BioRender. Hajareh Haghighi, F. (2026)
https://BioRender.com/ik6lg1k (accessed on 7 June 2026).

5.1. Surface Modification Strategies

Surface engineering of liposomes represents a powerful strategy to enhance their
penetration, distribution, and antimicrobial activity within ocular biofilms, enabling them
to overcome the formidable physical and biochemical barriers imposed by the extracellular
polymeric substance (EPS) matrix [163]. PEGylation is one of the most widely adopted
approaches: polyethylene glycol (PEG) creates a hydrophilic steric barrier that reduces
nonspecific binding to EPS components, minimizes protein corona formation, and improves
nanoparticle mobility. Tavakoli et al. demonstrated that PEGylated lipid nanoparticles
exhibit reduced protein adsorption and enhanced diffusion in vitreous-like environments,
illustrating how steric stabilization supports deeper penetration into hydrated biological
matrices [164]. In contrast, cationic surface modification enhances electrostatic interactions
with negatively charged biofilm components and bacterial membranes, promoting strong
initial adhesion and high local drug concentration; however, excessive positive charge
can hinder deeper penetration due to strong binding at the biofilm periphery. Dai and
colleagues showed that charge-governed essential-oil liposomes effectively disrupt Listeria
monocytogenes biofilms, underscoring the importance of tuning surface charge to balance
penetration and retention [165].
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Although surface modification strategies substantially improve liposomal performance
against biofilms, no single approach provides an optimal solution for all ocular infection
scenarios. PEGylation primarily enhances colloidal stability and reduces nonspecific in-
teractions, thereby improving diffusion through hydrated biological barriers [166,167];
however, excessive PEG density may reduce cellular uptake and decrease interactions with
microbial surfaces. In contrast, cationic modification promotes strong electrostatic associ-
ation with negatively charged bacterial membranes and biofilm components, increasing
local drug accumulation [168,169], but excessive positive charge may induce cytotoxic-
ity, accelerate clearance, or restrict penetration by trapping liposomes within superficial
biofilm layers. Ligand-targeted systems offer improved pathogen specificity and reduced
off-target interactions [170,171], yet their clinical translation may be limited by the availabil-
ity of suitable targets, manufacturing complexity, and variability among bacterial species.
Stimulus-responsive and enzyme-functionalized liposomes provide additional advantages
by enabling site-specific activation or matrix degradation [172], although their effectiveness
depends on the presence of appropriate biological triggers and remains largely validated
in experimental models.

More advanced strategies include ligand-targeted liposomes, where lectins, antibodies,
or bacterial-binding peptides are conjugated to the surface to promote selective accumu-
lation at biofilm sites. Ogawa et al. developed Staphylococcus aureus-directed liposomes
with enhanced affinity and antibacterial activity, demonstrating the potential of pathogen-
specific targeting [173]. Enzyme-functionalized liposomes represent another innovative
approach: DNase- or protease-decorated carriers degrade EPS components, facilitating
deeper penetration and improving antimicrobial efficacy. Xia et al. reported that DNase-
functionalized nanocarriers significantly enhance biofilm disruption and drug delivery
against Enterococcus faecalis [174]. Stimulus-responsive systems further expand functional
capabilities: pH-responsive or charge-reversal liposomes alter their surface properties upon
encountering acidic or enzyme-rich biofilm microenvironments, improving penetration and
enabling controlled drug release. Li et al. demonstrated that pH-responsive charge-reversal
liposomes achieve superior penetration and multimodal synergistic therapy in bacterial
infections [175]. Additional innovations include ultrasound-activated liposomes [176], mu-
coadhesive lignin-liposomes for targeting mucosal biofilms [177], and oxygen-supplying
liposomes that enhance mechano-sonodynamic therapy [178].

Surface modification strategies significantly expand the functional capabilities of
liposomes by improving their ability to interact with, penetrate, and respond to complex
ocular biofilm environments. However, the clinical value of these approaches depends
on achieving an appropriate balance between biofilm penetration, antimicrobial retention,
ocular safety, and manufacturing feasibility. While engineered surfaces can overcome
specific biological barriers, increased formulation complexity may introduce challenges
related to reproducibility, stability, scalability, and regulatory approval [179,180]. Future
studies should therefore focus not only on demonstrating enhanced biofilm disruption but
also on identifying which surface engineering approaches provide consistent therapeutic
advantages across clinically relevant ocular infection models.

5.2. Liposomal Delivery of Anti-Biofilm Agents

Liposomal anti-biofilm strategies can be broadly classified according to their therapeu-
tic targets, including direct microbial killing, degradation of the biofilm matrix, interfer-
ence with microbial communication, and enhancement of host–microbe interactions [181].
Antibiotic-loaded liposomes primarily aim to restore antimicrobial exposure within pro-
tected biofilm niches [182], whereas enzyme-based systems such as DNase-functionalized
liposomes target the structural components of the extracellular polymeric substance (EPS).
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Quorum sensing inhibitor (QSI)-loaded formulations act through anti-virulence mecha-
nisms by preventing biofilm maturation and reducing pathogenic behavior [183], while
antimicrobial peptide (AMP)-based systems provide membrane-active activity against
tolerant microbial populations. However, the effectiveness of each approach depends
on biofilm composition, pathogen species, infection stage, and the specific resistance
mechanisms involved.

5.2.1. Antibiotics

Liposomal encapsulation of antibiotics represents one of the most established and
effective strategies for treating biofilm-associated ocular infections, directly addressing the
structural and physiological barriers that limit the efficacy of conventional therapies. By
incorporating antimicrobial agents within lipid bilayers, liposomes enhance drug stability,
protect antibiotics from enzymatic or chemical degradation, and improve their distribution
throughout the dense extracellular polymeric substance (EPS) matrix [184]. Encapsulation
enables higher local drug concentrations and sustained release, both of which are essential
for overcoming biofilm-associated tolerance mechanisms such as restricted penetration,
slow-growing subpopulations, and persister cells [185]. Importantly, liposomes can restore
the activity of antibiotics that have become less effective due to resistance by facilitating
their access to protected bacterial niches and increasing intracellular accumulation. Tufail
et al. demonstrated that liposomal tobramycin and ceftazidime exhibit markedly enhanced
activity against Pseudomonas aeruginosa, confirming that liposomal delivery improves pene-
tration and potency against multidrug-resistant Gram-negative pathogens. The optimized
liposomes increased antibacterial efficacy by 2–3-fold compared with free antibiotics, reduc-
ing viable P. aeruginosa counts by >3 log units in resistant clinical isolates. Time-kill assays
showed sustained bactericidal activity for up to 24 h, whereas free drugs lost activity rapidly.
The liposomal formulations also improved biofilm penetration, achieving 60–70% greater
bacterial reduction within mature biofilms. These results validate liposomes as advanced
nanocarriers capable of boosting antibiotic delivery and overcoming permeability-related
resistance mechanisms in P. aeruginosa infections [186]. Although these findings demon-
strate the potential of liposomal antibiotics to improve biofilm-associated antimicrobial
activity, most available evidence remains based on laboratory or preclinical models [182].
Differences in biofilm maturation protocols, bacterial strains, infection severity, and out-
come measurements make direct comparison between studies challenging and highlight the
need for standardized evaluation frameworks. Ireland et al. showed that inhaled liposomal
ciprofloxacin provides robust protection against lethal tularemia in the common marmoset,
demonstrating how liposomal encapsulation enhances pharmacokinetics, tissue distribu-
tion, and therapeutic efficacy even at reduced doses. A single inhaled dose of liposomal
ciprofloxacin achieved lung ciprofloxacin concentrations >100-fold higher than free drug
and maintained therapeutic levels for over 24 h, reflecting markedly prolonged pulmonary
retention. In the lethal Francisella tularensis challenge model, liposomal ciprofloxacin con-
ferred 100% survival, whereas untreated controls succumbed rapidly and free ciprofloxacin
offered only partial protection. These results confirm that liposomal delivery dramat-
ically improves drug exposure and protective efficacy against intracellular respiratory
pathogens, even when administered non-invasively [187]. Huo et al. reported that cationic
liposome-fused endolysin Lys40 effectively overcomes the Gram-negative outer-membrane
barrier and markedly improves survival outcomes in Salmonella-infected chicks. Fusion of
Lys40 with cationic liposomes enhanced bactericidal activity by 2–3-fold compared with
free endolysin, enabling efficient membrane permeabilization and rapid bacterial killing.
In vivo, treatment with the liposomal Lys40 formulation increased survival to 80–90%,
whereas untreated infected controls showed near-complete mortality. The formulation
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also significantly reduced bacterial loads in intestinal and systemic tissues, confirming that
liposomal fusion potentiates endolysin activity otherwise limited by the protective outer
membrane of Gram-negative pathogens [188]. Supporting studies further demonstrate
the versatility of liposomal antibiotic delivery, including cholesterol-modulated liposomes
with improved stability under stress conditions [189], microneedle-mediated delivery of
amikacin-liposomes for systemic infections [190], enzyme-responsive hydrogels that trigger
antibiotic release at infected sites [191], and multifunctional liposomes that combine an-
timicrobial, antioxidant, and mucoadhesive properties for enhanced ocular retention [192].
Liposomal systems have also been applied to natural antimicrobials and immunoglobulins,
broadening their utility beyond classical antibiotics [193,194].

5.2.2. Enzymes (DNase)

Enzymatic degradation of the biofilm matrix represents a highly effective strategy
for overcoming the structural tolerance that protects microbial communities in ocular
infections, and liposomal delivery systems provide an ideal platform for implementing
this approach. Extracellular DNA (eDNA) is a critical structural component of the extra-
cellular polymeric substance (EPS), contributing to adhesion, mechanical stability, and
biofilm maturation [195,196]. DNase specifically targets and degrades eDNA, weakening
the matrix architecture, increasing porosity, and enhancing the penetration of antimicrobial
agents into deeper biofilm layers [197,198]. However, free DNase is rapidly inactivated
by proteases, ionic conditions, and host-derived factors, limiting its therapeutic utility.
Liposomal encapsulation protects DNase from degradation, prolongs its enzymatic activity,
and enables controlled release directly within the biofilm microenvironment, ensuring that
matrix disruption occurs precisely where it is most needed. Negari et al. demonstrated
that DNase-functionalized nanocarriers significantly disrupt Enterococcus faecalis biofilms
and enhance antimicrobial efficacy, validating enzyme-assisted matrix degradation as a
synergistic therapeutic approach [199]; Liu et al. provided a biophysical perspective on
targeted liposomal delivery, emphasizing how nanoscale carriers can be engineered to
transport enzymes efficiently through dense biological barriers such as biofilms [171]; and
Tavakoli et al. showed that nanoparticle surface properties, including protein corona for-
mation, critically influence diffusion in ocular environments, underscoring the importance
of stabilizing enzyme-loaded liposomes for effective penetration [164]. Supporting studies
further illustrate the broader relevance of enzyme-enabled liposomal systems, including
liposomes designed for nucleic-acid transport [200], CRISPR-loaded liposomes for targeted
genome editing, and formulations engineered to enhance intracellular delivery or overcome
complex biological barriers through surface modification [201]. This approach directly ad-
dresses the physical and biochemical barriers that underlie biofilm-associated tolerance in
ocular infections and represents a key advancement in next-generation anti-biofilm therapy.
However, the clinical applicability of DNase-loaded liposomal systems remains dependent
on several unresolved factors, including enzyme stability during storage, preservation of
catalytic activity after encapsulation, penetration into mature biofilms, and compatibility
with ocular tissues [144]. Moreover, because extracellular DNA represents only one compo-
nent of the EPS matrix, DNase treatment alone may be insufficient against highly organized
biofilms containing polysaccharides, proteins, and other protective structures.

5.2.3. Quorum Sensing Inhibitors

Quorum sensing (QS) is a density-dependent communication system that orches-
trates biofilm formation, virulence factor production, and antimicrobial tolerance in key
ocular pathogens such as Pseudomonas aeruginosa and Candida albicans. Quorum sensing
inhibitors (QSIs) are molecules that disrupt QS by blocking signal synthesis (e.g., inhibition
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of AHL or AIP production), preventing signal binding to transcriptional regulators such
as LasR, RhlR, or LuxR, degrading or sequestering signaling molecules, or interfering
with downstream gene activation. Unlike antibiotics, QSIs do not kill bacteria directly;
instead, they disarm pathogens by suppressing virulence and weakening biofilm architec-
ture, making bacteria more susceptible to host immunity and antimicrobial therapy [202].
This anti-virulence mechanism reduces selective pressure for resistance and is therefore
considered a promising next-generation strategy for combating chronic and resistant in-
fections [203]. Liposomes provide an effective platform for delivering QSIs directly into
the biofilm microenvironment, ensuring high local concentrations capable of interfering
with signaling molecules such as acyl-homoserine lactones (AHLs) and autoinducing
peptides (AIPs). By blocking QS, liposomal QSIs prevent biofilm maturation, suppress
virulence, and potentiate the activity of co-administered antimicrobials, addressing a fun-
damental regulatory mechanism of biofilm-associated resistance. Hallan et al. showed
that QSI-loaded nanosystems effectively modulate quorum-sensing pathways by deliv-
ering inhibitors to pericellular and intracellular sites of AHL/AIP accumulation. Their
lipid nanocarriers achieved 70–80% encapsulation, reduced pyocyanin by 40–50%, and
decreased biofilm biomass by 30–40%, with confocal imaging confirming intracellular
uptake [204]. Bandara et al. extended this approach to fungi, demonstrating that QSI-
infused liposomes suppressed Candida albicans biofilms by 55–70%, reduced hyphal density
by 40%, and downregulated adhesion and morphogenesis genes by 50%, indicating im-
proved QSI stability and penetration into dense hyphal networks [205]. Lu et al. further
showed that polymeric QSI nanocarriers suppressed P. aeruginosa virulence, reducing py-
ocyanin by 50–60%, lowering biofilm biomass by 40%, and decreasing elastase activity, with
combination therapy enhancing bacterial killing and reducing oxidative epithelial dam-
age [206]. Tiwari et al. detailed how QS regulates efflux pumps, biofilm maturation, and
metabolic dormancy in Gram-negative ocular pathogens, collectively reducing intracellular
antibiotic levels and promoting persistence, and highlighted that QS disruption, partic-
ularly via nanocarrier-delivered inhibitors can restore antimicrobial susceptibility [207].
Natural-product-based QS inhibitors, such as Hedera helix saponins, have demonstrated
anti-keratitis potential by simultaneously modulating PI3K/Akt and OPRL pathways,
illustrating how plant-derived molecules can serve as dual-function anti-virulence and
immunomodulatory agents [208]. Vetrivel et al. identified small-molecule LasR inhibitors
that reduced biofilm biomass by 55–70%, decreased pyocyanin by 40–60%, and lowered
elastase/protease activity by 35–50%, impairing biofilm maturation, reducing EPS accumu-
lation, and weakening QS-driven tolerance mechanisms [209].

5.2.4. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are components of the innate immune system and ex-
hibit broad-spectrum activity against bacteria, including resistant strains. Their mechanism
of action typically involves disruption of microbial membranes, making them particularly
effective against biofilm-associated cells [210]. However, AMPs are often limited by instabil-
ity and rapid degradation in biological environments. Liposomal encapsulation enhances
their stability, protects them from enzymatic breakdown, and enables controlled delivery
to the biofilm. When combined with antibiotics, AMPs can exert synergistic effects, further
improving therapeutic outcomes (Figure 5).

The major liposomal anti-biofilm strategies discussed above target distinct but in-
terconnected components of biofilm-associated tolerance, including microbial viability,
extracellular matrix integrity, signaling pathways, and membrane stability. A compar-
ative overview of these approaches, highlighting their therapeutic targets, advantages,
limitations, and current developmental status, is provided in Table 3.
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Figure 5. Liposomal encapsulation strategies targeting the ocular biofilm microenvironment.
Overview of therapeutic approaches using liposomes to deliver antibiotics, DNase, and quorum
sensing inhibitors (QSIs). Encapsulation protects these agents and facilitates their penetration past the
EPS diffusion barrier, where they act to kill resident bacteria, degrade eDNA matrix components, and
halt cell-to-cell signaling, ultimately disrupting the biofilm structure. Created in BioRender. Hajareh
Haghighi, F. (2026) https://BioRender.com/ik6lg1k (accessed on 7 June 2026).

Table 3. Comparison of Liposomal Anti-Biofilm Strategies for Ocular Infections.

Strategy Main Target Major Advantages Main Limitations Development Stage Ref.

Antibiotic-loaded
liposomes

Bacterial cells and
persisters

High local
concentration,

sustained release

Resistance may persist,
limited deep

penetration in mature
biofilms

Preclinical [145,146,182]

DNase-loaded
liposomes eDNA/EPS matrix

Improves matrix
disruption and

penetration

EPS contains multiple
components beyond

eDNA
Experimental [144]

QSI-loaded liposomes Biofilm signaling
pathways

Reduces virulence
without strong selective

pressure

Limited clinical
validation Experimental [184]

AMP-loaded
liposomes Microbial membrane

Broad-spectrum
activity, potential

against resistant strains

Stability and toxicity
concerns Preclinical [150,211]

Combination systems Multiple targets
Addresses several

tolerance mechanisms
simultaneously

Increased formulation
complexity Early development [183,212]

6. Preclinical Validation
Preclinical evaluation of liposomal ocular drug delivery systems spans in vitro, ex

vivo, and in vivo models, collectively demonstrating improved ocular retention, enhanced
tissue penetration, and superior antimicrobial efficacy against both planktonic and biofilm-
associated infections.

6.1. In Vitro and Ex Vivo Corneal Models

In vitro and ex vivo models consistently show that liposomal encapsulation enhances
ocular drug performance by overcoming key anatomical and physiological barriers of the
ocular surface. Rapid tear turnover and limited precorneal residence time significantly
restrict conventional topical therapies; however, liposomes act as drug reservoirs that
enable sustained release and prolonged retention within the tear film, thereby facilitating
continuous diffusion into deeper ocular tissues [213].
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Corneal permeability studies further confirm that the epithelium–stroma barrier sig-
nificantly limits passive diffusion of free drugs due to its dual lipophilic and hydrophilic
nature. Liposomal nanocarriers improve transcorneal transport by promoting membrane
interaction and enhancing partitioning across epithelial layers. Surface-modified systems,
including cationic, fusogenic, and mucoadhesive liposomes, further extend precorneal resi-
dence time and sustain concentration gradients that drive drug transport across epithelial
tight junctions, resulting in increased intraocular tissue drug levels compared with conven-
tional formulations. Importantly, the performance of liposomal formulations in corneal
models is highly dependent on their physicochemical design. Conventional liposomes
generally provide excellent biocompatibility and drug protection but often show limited
retention and penetration compared with engineered systems [214]. Cationic liposomes typ-
ically demonstrate enhanced epithelial interaction and cellular uptake due to electrostatic
attraction with negatively charged ocular surfaces [169]; however, excessive positive charge
may increase cytotoxicity and reduce tolerability. Deformable and fusogenic liposomes
can improve corneal penetration by increasing membrane flexibility or promoting direct
lipid exchange with cellular membranes [215], although their structural instability and
potential for drug leakage remain important limitations. PEGylated liposomes improve
colloidal stability and prolong residence time by reducing aggregation and nonspecific
interactions [168], but excessive PEG coverage may decrease cellular uptake and mem-
brane fusion. Ex vivo models of ocular infection also demonstrate that liposomal systems
interfere with early pathogenic events. By reducing bacterial adhesion to corneal epithelial
surfaces, these systems limit the initiation of biofilm formation and early colonization,
thereby attenuating disease progression at its earliest stages [216].

6.2. In Vivo Ocular Infection Models

The rabbit keratitis model remains the most widely used and clinically relevant pre-
clinical in vivo system because of its anatomical and physiological similarities to the human
eye. Across bacterial, fungal, and protozoal infection models, numerous liposomal for-
mulations have demonstrated improved therapeutic outcomes compared with free-drug
formulations [217]; however, the magnitude of benefit varies considerably depending on
the pathogen, drug properties, liposomal composition, administration route, and infection
model used. In bacterial keratitis, liposomal antibiotics such as ciprofloxacin and sustained-
release norvancomycin formulations have been associated with reduced inflammatory
responses, decreased stromal infiltration, and accelerated corneal epithelial healing. In
fungal keratitis, liposomal amphotericin B and other lipid-based antifungal systems have
shown enhanced suppression of fungal growth and reduced risk of corneal perforation
in experimental models. Similarly, nucleic acid-based liposomal formulations, including
siRNA-loaded systems, have demonstrated reduced protozoal burden in experimental
Acanthamoeba keratitis, suggesting the versatility of liposomal platforms across multiple ocu-
lar pathogens [218]. Pharmacokinetic studies further indicate that liposomal encapsulation
can prolong drug retention within corneal tissues while reducing systemic exposure and
peak-related toxicity. Sustained intraocular drug concentrations have been reported follow-
ing both topical and subconjunctival administration of formulations such as moxifloxacin
liposomes and liposomal amphotericin B. Encapsulation efficiency, lipid composition, par-
ticle size, and surface characteristics all substantially influence drug release kinetics and
therapeutic performance [219]. Nevertheless, improved pharmacokinetic behavior has not
consistently translated into superior therapeutic efficacy in all preclinical studies. For exam-
ple, Su et al. reported that although the liposomal formulation achieved prolonged ocular
retention compared with the conventional formulation, the reduction in microbial burden
and clinical keratitis scores was not significantly different [220]. Likewise, Kuang et al.
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observed only modest improvements in corneal healing despite enhanced drug residence
time, indicating that sustained drug exposure alone was insufficient to produce substan-
tially greater antimicrobial efficacy. These findings suggest that therapeutic outcomes are
influenced not only by ocular drug retention but also by factors such as drug penetration
into infected stromal tissue, pathogen susceptibility, biofilm formation, host inflammatory
responses, and the stage and severity of infection [221]. Furthermore, differences in ani-
mal species, inoculum size, microbial strain, disease severity, dosing regimen, treatment
duration, and outcome assessment methods complicate direct comparison among studies
and may account for the variability in reported efficacy. Additional translational challenges
include formulation instability during storage, premature drug leakage, physicochemical
changes following administration, sterilization difficulties, and the challenges associated
with reproducible large-scale manufacturing, all of which remain important barriers to
clinical translation [222].

7. Disease-Specific Applications
7.1. Bacterial Keratitis

Bacterial keratitis remains one of the most vision-threatening ocular infections world-
wide, driven predominantly by Pseudomonas aeruginosa, Staphylococcus aureus (including
MRSA), coagulase-negative staphylococci, and region-specific pathogens such as Streptococ-
cus pneumoniae and Gram-negative Enterobacterales. Predisposing factors, including contact
lens wear, trauma, ocular surface disease, and prior corticosteroid use, accelerate stromal
necrosis and increase the risk of corneal perforation [223]. Rising antimicrobial resistance,
reflected in increasing fluoroquinolone and cephalosporin MICs, global MRSA dissem-
ination, and the emergence of multidrug-resistant P. aeruginosa (including carbapenem-
and aminoglycoside-resistant strains), has eroded the reliability of empirical monotherapy
and renewed reliance on fortified combination regimens. Within this therapeutic land-
scape, liposomal and liposome-like nanocarriers have gained prominence for their ability
to enhance corneal penetration, prolong ocular residence, and modulate interactions with
biofilms [224].

In vitro studies, including microtiter biofilm assays, confocal microscopy, viable cell
counts, and contact-lens biofilm systems, consistently show that cationic, fusogenic, and
antibiotic-loaded liposomes increase drug accumulation within biofilm matrices, reduce
biomass, and suppress resistant subpopulations. Translational in vivo evidence from rabbit
keratitis, the gold-standard model due to its anatomical similarity to the human cornea,
reinforces these mechanistic insights. Feghhi et al. reported that liposomal ciprofloxacin
achieves higher corneal concentrations, prolonged retention, and superior microbial eradi-
cation compared with free drug, resulting in faster epithelial closure and reduced stromal
infiltration [225], while Al-Joufi and colleagues demonstrated that colloidal lipid-based
ciprofloxacin carriers markedly enhance ocular bioavailability in post-surgical infection
models [226]. Clinical translation is beginning to emerge: a 2025 prospective study by
Aleksieieva and Sakovych showed that a liposomal ozone-based solution (LOBS), com-
bined with adjunctive hyperbaric oxygenation, accelerated epithelial recovery, reduced
inflammation, and improved visual acuity even in infections caused by fluoroquinolone-
reduced-susceptibility strains [227], they also studied ozonated-oil liposomes, which exhibit
potent antimicrobial, anti-adhesive, and anti-biofilm activity against P. aeruginosa and S.
aureus, including strains with documented fluoroquinolone or macrolide resistance, de-
creasing bacterial adhesion to human corneal epithelial cells and interfering with early
host–pathogen interactions [228].

Although not strictly liposomal, related nanocarrier systems, such as the nucleic-
acid–peptide nanogels described by Chen et al., demonstrate enhanced activity against
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drug-resistant P. aeruginosa and S. aureus, reduced corneal opacity, and lower bacterial
burden in experimental keratitis, reinforcing the broader rationale for encapsulation-based
strategies [229]. Collectively, these findings indicate that liposomal formulations are par-
ticularly promising in settings where resistance patterns limit the utility of conventional
topical antibiotics. By tailoring lipid composition, surface charge, and deformability, liposo-
mal systems can be engineered to interact with bacterial membranes and biofilms while
sustaining therapeutic drug levels in the tear film and corneal tissue. Early clinical data
with ozone-based liposomal eyedrops suggest improved outcomes and a potential role
in mitigating the selection of resistant strains, although larger randomized trials directly
comparing liposomal antibiotics or ozone-based systems with fortified regimens are still
needed to define their optimal place in keratitis treatment algorithms.

7.2. Fungal Keratitis

Fungal keratitis is a severe, vision-threatening corneal infection most frequently caused
by filamentous fungi such as Fusarium and Aspergillus in tropical and subtropical regions,
whereas Candida species predominate in eyes with chronic surface disease, prior kerato-
plasty, or prolonged corticosteroid exposure. Classic risk factors, including trauma with
vegetative matter, agricultural exposure, and delayed presentation, contribute to fulmi-
nant disease [230]. The pathogen profile is clinically decisive: filamentous fungi exhibit
deep stromal invasion and respond poorly to conventional topical agents, with many
Fusarium isolates demonstrating intrinsic or acquired azole resistance, while natamycin,
despite being first-line therapy, shows limited corneal penetration and requires intensive
dosing [231]. Yeast-like fungi such as Candida albicans and non-albicans species can form
biofilm-like structures and display reduced susceptibility to fluconazole, voriconazole,
and even amphotericin B. These pharmacodynamic and pharmacokinetic limitations have
driven growing interest in liposomal antifungal formulations. Compared with conventional
antifungal therapies, liposomal formulations provide several pharmacological advantages
but also introduce important translational challenges. Conventional natamycin remains the
current first-line treatment for filamentous fungal keratitis because of its established clinical
efficacy and broad activity against Fusarium species; however, its poor aqueous solubil-
ity, limited stromal penetration, and requirement for frequent administration can reduce
therapeutic efficiency in deep or severe infections. Similarly, conventional amphotericin B
exhibits potent antifungal activity but is limited by poor ocular tolerability, formulation
instability, and dose-related epithelial toxicity [232]. Liposomal encapsulation can improve
drug solubility, protect antifungal molecules from degradation, enhance corneal retention,
and reduce direct exposure of ocular tissues to toxic free drug concentrations. Nevertheless,
liposomal antifungal systems have not consistently demonstrated superiority across all
infection models, and most evidence remains derived from experimental studies rather than
large clinical trials. Therefore, while liposomal formulations represent a promising strategy
to overcome pharmacokinetic limitations of conventional antifungals, their clinical adop-
tion will depend on demonstrating reproducible efficacy, long-term safety, manufacturing
feasibility, and clear therapeutic advantages over established treatments.

Liposomal amphotericin B, long established in systemic mycoses, has been adapted
for ocular use to enhance stromal penetration while reducing epithelial toxicity by shield-
ing the ocular surface from the drug’s detergent-like effects. Liposomal natamycin and
voriconazole have also been developed to improve solubility, stromal penetration, and
residence time. Sathe et al. demonstrated that nanomicelle-enabled natamycin significantly
improved corneal penetration and antifungal efficacy across in vitro, ex vivo, and in vivo
Fusarium keratitis models, outperforming conventional suspensions while maintaining
epithelial safety [233]. Complementary work by Cai, Youssef, and Majumdar showed
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that an optimized topical natamycin suspension achieved higher corneal drug levels and
improved therapeutic outcomes in experimental fungal keratitis [234], while Velpandian
and colleagues developed a water-soluble natamycin formulation (Natsol, Llanidloes, UK)
that enhanced ocular bioavailability and reduced dosing burden [235]. Clinical relevance is
further supported by Reddy et al., who found that combination therapy with natamycin
and voriconazole improved outcomes in mild-to-moderate fungal keratitis compared with
monotherapy [236].

Beyond azoles and polyenes, innovative nanocarrier systems continue to expand ther-
apeutic possibilities. Rohita et al. demonstrated that a cell-penetrating-peptide natamycin
conjugate markedly enhanced in vivo antifungal activity and reduced corneal opacity in
experimental keratitis [237], while Ahmed and co-workers developed corneal-targeted
fenticonazole-loaded novasomes that improved antifungal efficacy against ocular Candida
infections [238]. Additional nanotechnology-based approaches, including microneedle-
delivered fluconazole systems as in the research of Suriyaamporn et al. [239] and the
comprehensive nanoformulations reviewed by Abd-Elmonem and colleagues [240], rein-
force the translational potential of encapsulation strategies. Even alternative liposomal
therapeutics, such as rapamycin-loaded liposomes evaluated by Zhang et al. for fungal
keratitis in rats, demonstrate the versatility of lipid-based carriers in modulating corneal
inflammation and fungal burden [241].

7.3. Viral Keratitis

Viral keratitis is dominated by a small group of DNA viruses, primarily herpes simplex
virus type 1 (HSV-1), with varicella-zoster virus (VZV) and, less commonly, adenoviruses,
whose clinical behavior is shaped more by latency, neurotropism, and host immune re-
sponse than by species diversity. HSV-1 establishes lifelong latency in the trigeminal
ganglion, leading to recurrent epithelial keratitis driven by viral reactivation and stromal
keratitis mediated by immune responses to persistent antigens [242]. Antiviral resistance,
although less common than in bacterial keratitis, is clinically significant: Boucher and
colleagues describe how mutations in viral thymidine kinase or DNA polymerase reduce
susceptibility to acyclovir, particularly in immunocompromised patients or those with pro-
longed antiviral exposure [243], while case series by De Clerck et al. highlight the growing
recognition of acyclovir-resistant epithelial keratitis in real-world settings [244]. VZV kerati-
tis may exhibit partial acyclovir refractoriness, though true resistance remains uncommon.

Within this therapeutic landscape, liposomal formulations have emerged as a promis-
ing strategy to enhance delivery of nucleoside analogues such as acyclovir and ganciclovir,
improving corneal penetration, prolonging precorneal residence, and reducing dosing
frequency compared with conventional gels or ointments. Pandey and co-workers pro-
vide a comprehensive overview of sustained-release antiviral systems, emphasizing how
liposomes and related nanocarriers overcome rapid tear clearance and poor epithelial
permeability, two major limitations of standard topical antivirals [245]. Deformable and
cationic liposomes have been engineered to interact more effectively with the negatively
charged corneal surface, facilitating intracellular uptake into epithelial cells, the primary site
of HSV replication. More advanced approaches include the ganglioside-targeted liposomes
developed by Shen et al., which deliver HSV-1 glycoprotein D to CD169+ macrophages,
reducing viral load and clinical severity in murine keratitis while modulating local immune
responses [246].

For adenoviral keratoconjunctivitis, liposomal cidofovir and siRNA-based antivi-
rals have shown encouraging in vitro activity, limiting viral replication while mitigating
the epithelial toxicity that has historically restricted topical cidofovir use. siRNA-loaded
lipoplexes, such as those developed by Ribeiro and colleagues, demonstrate the feasibility of
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nucleic-acid delivery to ocular tissues and highlight the potential for gene-silencing strate-
gies in viral keratitis [247]. In the context of antiviral resistance, liposomal encapsulation
may partially overcome reduced acyclovir susceptibility by achieving higher intracellular
drug concentrations, although it cannot fully compensate for thymidine-kinase-negative
mutants; for such strains, alternative agents such as foscarnet or cidofovir, potentially
delivered in liposomal form, remain conceptually attractive due to their ability to bypass
TK-dependent activation.

7.4. Endophthalmitis

Endophthalmitis is a fulminant intraocular infection of the vitreous and aqueous
humors, most frequently caused by Gram-positive cocci, Staphylococcus epidermidis, Staphy-
lococcus aureus, and Streptococcus spp., in the postoperative setting, whereas Gram-negative
bacilli and filamentous fungi predominate in post-traumatic and endogenous cases. The
pathogen profile is strongly shaped by the route of entry: coagulase-negative staphylococci
dominate after cataract surgery or intravitreal injections, while Bacillus spp., Pseudomonas
aeruginosa, and molds such as Aspergillus are more common following penetrating trauma;
endogenous cases often involve Candida spp. [248]. Resistance patterns mirror systemic
trends, including methicillin-resistant staphylococci, rising fluoroquinolone resistance
across Gram-positive and Gram-negative isolates, and increasing vancomycin MICs in
coagulase-negative staphylococci, while fungal pathogens may exhibit azole resistance in
patients with prior systemic prophylaxis. Because endophthalmitis affects the vitreous
cavity, topical therapy is ineffective and intravitreal injection of antibiotics or antifungals
remains the standard of care [249].

Liposomal formulations have therefore been explored to improve intraocular phar-
macokinetics, enhance antimicrobial efficacy, and reduce retinal toxicity. Liposomal van-
comycin, ceftazidime, and amikacin consistently demonstrate prolonged intravitreal half-
life, sustained therapeutic concentrations, and reduced peak retinal exposure in animal
models, lowering the risk of retinal toxicity while maintaining bactericidal activity, as high-
lighted in the nanomedicine review by Fan and colleagues [250]. Tsoka et al. showed that
a sustained-release liposomal moxifloxacin formulation significantly improved bacterial
clearance and reduced inflammation in experimental endophthalmitis, underscoring the
value of controlled intravitreal release systems [251]. Similarly, Youssef, Dudhipala, and
Majumdar demonstrated that ciprofloxacin-loaded nanostructured lipid carriers incor-
porated into in-situ gels enhanced drug retention and therapeutic outcomes in bacterial
endophthalmitis models [252]. Pharmacokinetic analyses by Luaces-Rodríguez et al. fur-
ther emphasize the limitations of conventional intravitreal agents and the potential of
liposomal systems to maintain therapeutic levels without repeated injections [253].

For fungal disease, liposomal amphotericin B, leveraging its established systemic
safety advantages over amphotericin B deoxycholate, has shown effective fungal clearance
with reduced retinal toxicity in experimental models, with Sakai et al. reporting successful
use of multiple intravitreal injections in Candida glabrata endophthalmitis [254]. Beyond
antimicrobials, liposomal delivery has also been applied to adjunctive therapies: Hammer
and colleagues developed a methotrexate-loaded liposomal formulation capable of sustain-
ing intraocular drug release for six weeks in a porcine model, demonstrating the feasibility
of long-acting intravitreal liposomes for inflammatory and infectious indications [255].
Additional innovations include supramolecular hydrogels enabling sequential antimi-
crobial release, as shown by Yu et al., who achieved synergistic eradication of S. aureus
endophthalmitis with reduced inflammation and improved retinal preservation [256].
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7.5. Contact Lens-Associated Infections

Contact lens-associated infections represent a major subset of ocular infectious disease,
dominated by bacterial keratitis caused by Pseudomonas aeruginosa and Staphylococcus spp.,
but also encompassing Acanthamoeba keratitis and, less frequently, fungal keratitis [257].
The pathogen profile is shaped by lens type, hygiene practices, and environmental exposure:
P. aeruginosa readily forms dense biofilms on lens surfaces and within storage cases, while
Acanthamoeba trophozoites and cysts persist in contaminated solutions and tap water,
contributing to recalcitrant infections. Resistance patterns in these organisms are clinically
significant; P. aeruginosa isolates from contact lens-related keratitis frequently demonstrate
elevated fluoroquinolone MICs and multidrug resistance, while Acanthamoeba cysts show
marked resistance to conventional disinfectants [258]. Molecular diagnostic work by Oraibi
et al. underscores the diversity of bacterial species colonizing worn lenses and highlights the
need for improved disinfection strategies [259], while Rathee and colleagues demonstrated
that targeted hygiene education significantly reduces bacterial growth in contact lens users,
emphasizing the behavioral dimension of infection risk [260].

Liposomal formulations have therefore been explored both as therapeutic eyedrops
and as components of lens-care systems to address the intersecting challenges of biofilm
biology, antimicrobial resistance, and patient adherence [261]. Among the most relevant
advances, ozonated oil encapsulated in liposomes has shown broad-spectrum antimicrobial
and anti-adhesive activity, reducing biofilm formation and bacterial adhesion to human
corneal epithelial cells, including clinical isolates of P. aeruginosa and Staphylococcus spp. im-
plicated in contact lens-associated keratitis [262]. By delivering ozone within a lipid bilayer,
these systems achieve potent microbicidal activity while limiting direct oxidative damage
to the ocular surface. In vitro work consistently demonstrates significant reductions in
biofilm biomass and viable counts following exposure to ozonated liposomal formulations,
supporting their potential use in both acute therapy and prophylactic regimens for high-risk
wearers [263,264].

For lens-care applications, liposome-based disinfecting solutions have been proposed
to enhance biofilm removal and improve comfort by incorporating phospholipids that
mimic the tear film; these systems can be engineered to release antimicrobial agents, such
as biguanides, quaternary ammonium compounds, or low-dose ozone, over time, main-
taining microbicidal activity in storage cases while reducing ocular surface toxicity upon
lens insertion. Complementary nanotechnologies reinforce this rationale: Hendiger et al.
and Heine et al. demonstrated that silver-based antimicrobial nanoparticles exhibit strong
anti-biofilm activity against Acanthamoeba and Staphylococcus aureus, respectively [265,266],
supporting the broader concept of nanocarrier-based disinfection. For Acanthamoeba kerati-
tis specifically, Siddiqui, Lloyd, and Khan have highlighted the potential of drug-eluting
contact lenses to deliver biguanides or diamidines with improved corneal penetration and
reduced epithelial toxicity, addressing one of the major limitations of current therapy [267].

8. Liposomes Versus Other Nanocarriers for Ocular Drug Delivery
Despite the significant progress achieved with liposomal formulations, no single

nanocarrier platform is universally optimal for all ocular therapeutic applications. The
selection of an appropriate delivery system depends on multiple factors, including the
physicochemical properties of the drug, target ocular tissue, desired release profile, formu-
lation stability, manufacturing feasibility, and clinical objectives [268]. While liposomes
are widely recognized for their biomimetic characteristics and formulation flexibility, al-
ternative nanosystems may offer advantages under specific conditions, such as enhanced
structural robustness, prolonged drug retention, or simplified production processes. Conse-
quently, direct comparison of the major nanocarrier platforms is important for identifying
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their respective strengths and limitations and for guiding the rational design of ocular
drug delivery strategies. Table 4 provides a comparative overview of the principal nanocar-
rier systems investigated for ophthalmic applications, highlighting key distinctions that
influence their therapeutic performance and translational potential.

Table 4. Comparative Analysis of Nanocarrier Platforms for Ocular Antimicrobial Delivery: Thera-
peutic Advantages, Limitations, and Translational Considerations.

Nanocarrier System Structure Key Advantages Main Limitations Translational
Considerations

Representative Ocular
Applications Ref.

Liposomes

Phospholipid
bilayer vesicles
containing an
aqueous core

High
biocompatibility;

ability to
encapsulate

hydrophilic and
lipophilic drugs;

surface modification;
co-delivery of

multiple agents

Drug leakage;
phospholipid
oxidation and

hydrolysis; storage
instability;

formulation
variability

Encapsulation efficiency
and drug loading depend
on lipid composition and

preparation method;
moderate-to-high

manufacturing
complexity; sterilization
and batch reproducibility
remain major challenges

Delivery of antibiotics,
antifungals, antivirals,
and anti-inflammatory

agents; promising
activity against AMR

and biofilm-associated
ocular infections

[180,218,223]

Solid lipid
nanoparticles

(SLNs)

Solid lipid matrix
stabilized by
surfactants

Improved physical
stability; sustained

drug release;
suitable for

lipophilic drugs;
scalable production

Limited loading of
hydrophilic drugs;

possible drug
expulsion during

lipid crystallization

Relatively simpler
manufacturing compared

with liposomes;
moderate production

cost; scalability is feasible

Sustained ocular
delivery of

antimicrobial and
anti-inflammatory

drugs; mainly
preclinical applications

[269,270]

Lipid nanoparticles
(LNPs)

Ionizable lipids
combined with

helper lipids and
stabilizing

components

Efficient
intracellular

delivery; high
encapsulation

efficiency for nucleic
acids and complex

molecules;
established

manufacturing
platforms

Limited evidence in
ocular antimicrobial
therapy; formulation
complexity; possible
lipid-related toxicity

concerns

Large-scale production is
increasingly feasible;

manufacturing expertise
exists from nucleic acid

delivery platforms;
clinical translation in

ocular infection remains
limited

Emerging platform for
gene delivery and

future antimicrobial
applications

[172]

Polymeric
nanoparticles

(PNPs)

Biodegradable
polymer matrices
such as PLGA and

chitosan

High structural
stability; controlled

release; tunable
degradation;

potential
mucoadhesion and

targeting

Burst release;
polymer

degradation
concerns; possible
long-term tissue

accumulation

Moderate manufacturing
complexity; scalable

production possible; cost
depends on polymer and

fabrication method

Delivery of
antimicrobial agents

for keratitis and other
ocular infections;

anti-biofilm potential
in preclinical studies

[271,272]

Nanoemulsions
Surfactant-

stabilized oil/water
nanodroplets

Excellent
solubilization of

poorly water-soluble
drugs; good ocular

spreading; relatively
simple production

Limited intracellular
delivery;

surfactant-related
tolerability concerns;
limited multi-drug
loading capability

Low manufacturing
complexity; relatively
low production cost;

favourable scalability

Delivery of
antimicrobial,

antifungal, and
antiviral compounds;

improved ocular
bioavailability in

experimental models

[273,274]

Micelles

Self-assembled
amphiphilic

structures with
hydrophobic cores

Enhanced
solubilization of

poorly water-soluble
drugs; small size;

simple preparation

Low structural
stability after

dilution; limited
drug loading;

potential leakage

Low-to-moderate
manufacturing

complexity; cost-effective
production; limited

clinical evidence

Experimental ocular
delivery of

hydrophobic drugs
and antimicrobial

compounds

[275]

Dendrimers

Highly branched
polymeric

nanostructures with
functional surface

groups

Precise size control;
multifunctional

surface modification;
potential targeting

capability

Complex synthesis;
possible cytotoxicity

depending on
surface charge;
limited clinical

experience

High manufacturing
complexity and
production cost;

regulatory experience
remains limited

Experimental ocular
drug delivery and

potential antimicrobial
applications

[276]

Although liposomes remain among the most extensively investigated nanocarriers for
ocular antimicrobial delivery, their therapeutic advantages should be considered alongside
important translational limitations [218]. Liposomes provide unique benefits, including
biomimetic interactions with biological membranes, flexibility for loading diverse thera-
peutic molecules, and opportunities for surface functionalization. However, challenges
related to formulation stability, sterilization, large-scale manufacturing, and batch-to-batch
reproducibility continue to limit their clinical translation.

Compared with other nanocarrier platforms, polymeric nanoparticles and solid lipid
nanoparticles generally provide higher structural stability and more straightforward man-
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ufacturing processes [270], whereas nanoemulsions offer advantages in scalability and
cost-effectiveness [275]. However, these systems may present limitations related to drug
loading flexibility, intracellular delivery, or ocular tolerability. Emerging platforms such
as lipid nanoparticles, dendrimers, and micelles provide promising opportunities for tar-
geted and intracellular delivery but remain at earlier stages of development for ocular
antimicrobial applications.

Therefore, the selection of an optimal nanocarrier should not rely solely on antimi-
crobial efficacy but should also consider encapsulation efficiency, drug loading capacity,
manufacturing feasibility, scalability, production cost, stability, and regulatory acceptance.
Future clinical translation of ocular nanomedicines will likely depend on balancing thera-
peutic performance with reproducible and economically feasible manufacturing strategies.

9. Clinical Translation and Regulatory Challenges
9.1. Are There Any Clinical Trials?

To date, no liposomal ophthalmic formulation specifically developed for the treat-
ment of antimicrobial-resistant (AMR) ocular infections or biofilm-associated ocular infec-
tions has received regulatory approval. Although several liposomal systems have demon-
strated promising antimicrobial activity in preclinical models and some have progressed to
early clinical evaluation for ocular diseases, translation into approved therapies remains
limited [157,223]. Current clinical investigations of liposomal ophthalmic products have
primarily focused on improving drug delivery, ocular retention, and tolerability of existing
therapeutics rather than directly targeting AMR mechanisms or biofilm-associated infec-
tions. Examples include liposomal formulations of antifungal, antiviral, anti-inflammatory,
and glaucoma therapies, which have provided valuable information regarding ocular
safety, pharmacokinetics, and formulation feasibility [221]. However, the transition from
experimental models to clinically approved antimicrobial liposomal products continues
to be restricted by challenges including insufficient late-stage clinical evidence, lack of
standardized evaluation protocols, manufacturing complexity, sterilization requirements,
and regulatory uncertainty associated with nanomedicine-based ophthalmic products.

Clinical translation of liposomal formulations for ocular drug delivery remains a
complex and multifactorial challenge, despite decades of compelling preclinical evidence
demonstrating improved bioavailability, enhanced corneal penetration, and the ability
to overcome antimicrobial resistance. Only a limited number of liposomal ophthalmic
formulations have progressed beyond preclinical evaluation, and most remain at early
clinical or investigational stages rather than achieving regulatory approval for ocular in-
dications. A summary of clinically investigated and translationally relevant liposomal
ophthalmic formulations is provided in Table 5. Importantly, despite extensive preclinical
evidence supporting improved ocular retention, penetration, and therapeutic efficacy, no
liposomal formulation specifically approved for the treatment of antimicrobial-resistant
ocular infections is currently available. Existing clinical investigations have primarily
focused on improving ocular bioavailability, reducing toxicity, or enabling sustained de-
livery of established therapeutic agents rather than directly addressing AMR-associated
ocular infections.
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Table 5. Clinical and Investigational Status of Liposomal Ophthalmic Formulations.

Formulation/Drug Therapeutic
Application Development Stage Main Outcome Current Translational

Status Ref.

Liposomal
amphotericin B Fungal keratitis

Clinical investiga-
tion/experimental

use

Improved ocular
tolerability and reduced

free-drug toxicity compared
with conventional

amphotericin B

No approved liposomal
ophthalmic product;

further clinical validation
required

[277]

Liposomal acyclovir HSV keratitis Investigational
Improved ocular retention
and potential enhancement

of antiviral delivery

Limited clinical
development [278]

Liposomal
cyclosporine A Dry eye disease Clinical investigation

Improved ocular surface
delivery and

anti-inflammatory effects

No specific AMR-related
application [279]

Liposomal
dexamethasone

Uveitis/inflammatory
disorders

Preclinical–clinical
translational studies

Sustained corticosteroid
delivery and

immunomodulatory
activity

Regulatory translation
remains limited [280]

Liposomal timolol Glaucoma Preclinical/early
translational studies

Prolonged ocular retention
and hypotensive effects Not clinically approved [281]

Antimicrobial-
loaded engineered

liposomes

AMR-associated
ocular infections Mainly preclinical

Enhanced antimicrobial
exposure, biofilm targeting,
and improved penetration

in experimental models

No clinically approved
AMR-targeted liposomal

therapy
[150,216]

Over the past decade, several first-in-human and Phase I/II trials have evaluated
liposomes, lipid nanoparticles, and select polymeric systems for anterior and posterior
segment diseases, consistently reporting favorable safety, tolerability, and pharmacokinetic
profiles, but with few pivotal Phase III trials to support regulatory approval [282]. For
example, small-scale clinical investigations of liposomal amphotericin B for fungal keratitis
and liposomal acyclovir for recurrent HSV keratitis have shown acceptable safety and
improved ocular retention, yet large multicenter randomized trials remain absent. Similarly,
liposomal cyclosporine formulations have been explored in dry eye disease, with systematic
reviews by Gao et al. and Bian and colleagues highlighting the heterogeneity of available
formulations and the lack of standardized clinical endpoints across trials [283,284].

Regulatory bottlenecks arise from stringent sterility requirements for ophthalmic
products, the difficulty of standardizing nanocarrier manufacturing processes, and the
high cost of ophthalmic clinical trials. Variability in formulation parameters, such as
lipid composition, vesicle size, encapsulation efficiency, and surface modifications, further
complicates reproducibility and regulatory assessment. Reviews such as Nsairat et al.
emphasize that current regulatory frameworks lack nanocarrier-specific pathways, forc-
ing developers to rely on bridging data from conventional formulations supplemented
by targeted ocular toxicity studies [285]. Even formulations with intrinsic antimicrobial
activity, such as ozonated-oil liposomes explored by Rizzo et al. and Pastore et al., face
challenges in demonstrating consistent efficacy and long-term safety across diverse patient
populations [286,287].

In inflammatory disease, Aksenova et al. demonstrated that a liposomal dexam-
ethasone formulation produced meaningful immunomodulatory effects in experimental
autoimmune uveitis, supporting its translational potential [288]. Although not liposomal,
clinically approved sustained-release ocular nanomedicine platforms such as the dexam-
ethasone intravitreal implant Ozurdex® (AbbVie Inc., North Chicago, IL, USA) provide
valuable translational insights into regulatory approval pathways and long-term intraoc-
ular drug delivery. Across the recent literature, the intravitreal dexamethasone implant
(Ozurdex®) has consistently demonstrated substantial therapeutic value in non-infectious
uveitis. In a large multicenter investigation, Mathis et al. reported rapid suppression of
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intraocular inflammation, with marked reductions in vitritis and macular edema accom-
panied by meaningful visual improvement; importantly, intraocular pressure elevations
remained largely controllable with topical medication [289]. These findings align with the
real-world evidence presented by Butt and Devonport, who observed significant decreases
in retinal thickness and inflammatory activity in patients with posterior uveitis, noting that
many individuals achieved prolonged remission after a single implant—an outcome that
underscores the advantages of sustained corticosteroid release [290]. Complementing these
results, Gupta et al. documented robust anatomical and functional gains when the implant
was used as monotherapy for uveitic macular edema, together with a low incidence of
adverse events, thereby supporting its suitability as a standalone therapeutic option in
appropriately selected cases [291]. Early-phase studies in glaucoma and ocular hyperten-
sion, such as the liposomal gel delivery system for timolol developed by Bose et al. and
the ethosomal timolol formulation tested by Uner and co-workers, demonstrate promising
pharmacodynamic effects but remain far from late-phase evaluation [292,293]. Additional
translational work, including the pharmacokinetic case study by Valkama et al. on intravit-
real liposomes delivering a cyclic GMP derivative, highlights the need for standardized
release and distribution models to support regulatory submissions [294].

9.2. Scale-Up Difficulties

Scaling ophthalmic nanomedicines from bench to GMP-compliant manufacture
presents substantial challenges in reproducibility, batch-to-batch consistency, and pro-
cess control, largely due to the sensitivity of lipid-based systems to subtle variations in
formulation and processing conditions. Critical quality attributes, including particle-size
distribution, surface charge, encapsulation efficiency, sterility, and ocular tolerability, de-
pend heavily on precise control of mixing dynamics, solvent-removal rates, lipid purity,
and excipient quality [295,296]. Studies from 2020–2025 consistently show that laboratory-
scale methods such as thin-film hydration, manual extrusion, microfluidics, or small-scale
solvent evaporation do not directly translate to industrial equipment such as high-pressure
homogenizers or large-volume microfluidic reactors without significant reformulation
and implementation of process-analytical technologies (PAT). For example, Pittiu and
colleagues demonstrated that post-manufacturing dilution in microfluidic liposome pro-
duction can dramatically alter encapsulation efficiency and lipid retention, underscoring
the fragility of scale-dependent parameters [297]. Similarly, Gkionis et al. showed that
microfluidic-assisted fabrication of phosphatidylcholine liposomes requires tight control
of flow rates and solvent ratios to maintain vesicle uniformity, conditions that become
increasingly difficult to reproduce at industrial scale [298]. Continuous-flow systems, such
as the millireactor approach evaluated by Yanar et al., offer improved scalability but still
exhibit sensitivity to fluidic instabilities and shear-dependent vesicle formation [299].

Multilamellar and deformable liposomes are particularly prone to aggregation, fu-
sion, and variable drug loading when process conditions shift even slightly, complicating
scale-up and regulatory validation. The structural instability of cationic formulations,
highlighted by Dominguez-Arca et al., further illustrates how small deviations in surfactant
concentration or mixing energy can alter vesicle morphology and charge, impacting both
safety and efficacy [300]. Additional constraints arise from the need to maintain steril-
ity and prevent oxidation or drug leakage during manufacturing, as high temperatures,
shear forces, or prolonged processing can destabilize vesicles. Economic and supply-chain
factors, including sourcing GMP-grade lipids, securing sterile single-use systems, and
maintaining cold-chain logistics, further increase the cost and complexity of industrial
production, particularly for small companies advancing early-stage candidates. Reviews
by Basak and Das emphasize that industrial liposome production requires specialized
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equipment, rigorous validation, and continuous monitoring to ensure consistency across
large batches [301], while Kruglov and Borshchevsky highlight the importance of Quality-
by-Design (QbD) frameworks for defining critical process parameters and establishing
robust control strategies [302].

9.3. Sterilization Issues

Sterility is a non-negotiable regulatory requirement for ophthalmic nanocarriers, yet
achieving it without compromising nanoparticle integrity remains one of the most signifi-
cant barriers to clinical translation. Conventional sterilization methods, such as autoclaving,
high-temperature steam, ethylene oxide, or dry heat, are generally incompatible with lipid-
based systems, as they disrupt phospholipid bilayers, induce vesicle aggregation, accelerate
drug leakage, and may generate toxic degradation products [303]. Sterile filtration through
0.22 µm membranes is the preferred approach when feasible, but it is limited to small
unilamellar vesicles and cannot be applied to multilamellar liposomes, larger nanoparticles,
or viscous formulations; moreover, filtration does not remove endotoxins, necessitating
additional controls. As highlighted by Tremouille and Charcosset, purification and steril-
ization steps must be integrated into the manufacturing workflow because post-processing
sterilization often destabilizes nanocarriers [304].

Recent experimental work has therefore shifted toward aseptic manufacturing, low-
temperature sterilization, and terminal sterilization supported by protective excipients
or cryoprotectants. Gamma irradiation has emerged as a promising strategy: several
studies report minimal oxidative damage when antioxidant systems are incorporated,
though irradiation parameters must be carefully optimized to avoid vesicle fusion or
destabilization. Penoy and colleagues demonstrated that supercritical CO2 can be used to
simultaneously produce and sterilize liposomes in a one-step process, offering a scalable
alternative that avoids thermal degradation [305]. Continuous-manufacturing approaches,
such as those described by AlTerawi et al., further illustrate how controlled processing
environments can support sterile production without exposing liposomes to damaging
conditions [306].

Some lipid systems offer intrinsic antimicrobial advantages. Ozonated-oil liposomes,
for example, reduce contamination risk during storage and use due to their inherent micro-
bicidal activity, an effect supported by clinical and translational studies showing reduced
ocular microbial load and improved prophylactic performance. However, antimicrobial
excipients must be balanced carefully to avoid ocular irritation or inflammatory responses.
Regulatory guidance emphasizes the need for orthogonal sterility-assurance data, including
endotoxin testing, container-closure integrity, and stability under intended sterilization
conditions, because sterilization can alter particle-size distribution, surface charge, and
drug-release kinetics. Novel concepts such as enzyme-triggered sterilization, exemplified
by the pectinase-responsive liposomes developed by Li et al., highlight the growing in-
terest in on-demand antimicrobial activation, though these approaches remain far from
ophthalmic translation [307].

9.4. Regulatory Hurdles for Ophthalmic Nanomedicine

Regulatory pathways for ophthalmic nanomedicines, including liposomes, lipid
nanoparticles, and polymeric systems, remain complex and highly scrutinized because
neither European nor U.S. regulatory agencies have established harmonized nanomedicine-
specific frameworks for ocular products [239]. Consequently, these formulations are gen-
erally evaluated on a case-by-case basis using conventional pharmaceutical guidelines
supplemented by additional nanocarrier-specific characterization and safety data. Reg-
ulators require comprehensive physicochemical characterization, including particle size
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distribution, surface charge, encapsulation efficiency, release kinetics, and long-term stabil-
ity, together with ocular-specific toxicological assessments addressing corneal irritation,
intraocular inflammation, biodistribution, and tissue retention [240]. Additional concerns
unique to nanocarriers, such as immunogenicity, complement activation, degradation prod-
ucts, and interactions with ocular tissues, further increase regulatory complexity. Other
studies emphasize that the structural complexity of liposomal systems complicates the
prediction of in vivo behavior and batch-to-batch reproducibility, thereby increasing the
evidentiary requirements for regulatory approval [308]. Endotoxin testing, sterility as-
surance, container-closure integrity, and validated analytical methods remain mandatory,
particularly for multifunctional formulations such as liposomes co-delivering antimicrobial
and anti-inflammatory agents, which may also be regulated as combination products [250].

Beyond regulatory documentation, formulation-specific safety issues represent an-
other important determinant of regulatory acceptance. Cationic lipids such as DOTAP
and stearylamine exhibit strong electrostatic interactions with the negatively charged
ocular surface, improving mucoadhesion but also producing dose-dependent cytotoxic-
ity through disruption of corneal epithelial membranes at elevated concentrations [211].
Similarly, sterilization strategies can directly influence product quality and regulatory ap-
proval. Terminal sterilization methods, including autoclaving, sterile filtration, and gamma
irradiation, may alter vesicle integrity, phospholipid stability, or drug-release characteris-
tics, highlighting the need for carefully validated sterilization approaches that preserve
nanoparticle functionality [242]. These challenges are particularly relevant for complex
lipid-based formulations, where even minor changes in manufacturing conditions may
significantly affect product quality and clinical performance.

Recent regulatory analyses increasingly advocate early scientific advice from the EMA,
FDA, and national regulatory agencies to reduce development risks and facilitate regulatory
alignment. As highlighted by Shahror and Fouda, developers are progressively incorpo-
rating GLP-validated ocular models, robust comparability strategies, GMP-compliant
manufacturing, and Quality by Design (QbD) principles throughout product development
to satisfy evolving regulatory expectations [309]. Similar conclusions were reached by
Mangla et al., who emphasized the continuing need for harmonized standards governing
nanocarrier characterization, safety evaluation, and long-term surveillance [310]. For oph-
thalmic nanomedicines specifically, Shastri further noted that regulatory expectations are
increasingly converging with those applied to ocular biologics, requiring comprehensive
assessment of tissue penetration, immune activation, and off-target distribution [311].

Successful clinical translation of ophthalmic nanomedicines will depend on integrating
robust formulation design with reproducible manufacturing, standardized characterization
protocols, and well-designed multicenter clinical studies demonstrating long-term safety,
efficacy, and product consistency. Although many regulatory challenges are shared across
nanocarrier platforms, important differences remain. Liposomes provide excellent biocom-
patibility and formulation flexibility but require stringent control of membrane stability and
manufacturing reproducibility. Polymeric nanoparticles generally offer greater structural
stability and sustained drug release, whereas lipid nanoparticles benefit from rapidly ad-
vancing industrial manufacturing platforms established for nucleic acid therapeutics [251].
Nanoemulsions are comparatively easier to manufacture and scale up but may provide less
flexibility for complex multidrug formulations. Consequently, future regulatory approval
of ocular antimicrobial nanomedicines will depend not only on therapeutic efficacy but
also on manufacturability, quality assurance, regulatory feasibility, and long-term clinical
applicability [312] (Figure 6).
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Figure 6. Translational roadmap for liposomal ocular nanomedicines from laboratory development
to clinical implementation. Created in BioRender. Hajareh Haghighi, F. (2026) https://BioRender.
com/ik6lg1k (accessed on 7 June 2026).

10. Future Perspectives
The future of liposomal ocular drug delivery lies in integrating advanced formu-

lation strategies, targeting mechanisms, and precision medicine approaches to over-
come current limitations and address complex ocular pathologies. Recent advances in
nanotechnology, bioengineering, and computational modeling offer multiple avenues
to enhance the therapeutic potential of liposomes while ensuring safety, efficacy, and
patient-specific optimization.

10.1. pH-Responsive Liposomes

Stimulus-responsive liposomes represent one of the most promising directions in next-
generation ocular nanotherapy, offering the ability to release drugs selectively in response
to pathological microenvironments characteristic of infection, inflammation, and chronic
ocular disease. Among these, pH-responsive liposomes have gained particular traction
because infected or inflamed ocular tissues often exhibit localized acidification (pH 6.0–6.8),
enabling protonation-induced destabilization of liposomal membranes, enhanced fusion,
or triggered leakage precisely at the disease site. Recent advances in ocular nanocarrier
design highlight increasingly sophisticated lipid compositions and polymer–lipid hybrids
engineered to undergo phase transitions, membrane destabilization, or charge-switching
under mildly acidic conditions typical of bacterial keratitis, conjunctivitis, postoperative
inflammation, and even posterior-segment disorders. Reviews such as those by Tsirogianni,
Chountoulesi, and Pippa emphasize how pH-labile linkers, ionizable lipids, and acid-
sensitive polymer coatings can be tuned to maintain stability in tear fluid and vitreous
humor while enabling controlled release upon encountering acidic or enzyme-rich microen-
vironments [313].

Beyond infections, stimulus-responsive liposomes are emerging in glaucoma therapy,
where oxidative stress, altered enzymatic activity, and microenvironmental pH shifts can
be leveraged for controlled release. For example, Badran et al. demonstrated that chitosan-
coated deformable liposomes incorporated into thermosensitive gels improved intraocular
pressure control while enhancing corneal penetration and prolonging drug residence time—
features that could be further optimized through pH-responsive design [314]. In antiviral
therapy, Markowicz-Piasecka and colleagues highlight the potential of pH-triggered sys-
tems to improve intracellular delivery of acyclovir and ganciclovir, particularly in recurrent
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HSV keratitis where epithelial acidity and inflammation can be exploited for targeted
release [315]. More broadly, Guo et al. outline emerging strategies integrating pH respon-
siveness with additional stimuli modalities, such as redox-responsive, enzyme-responsive,
or light-triggered mechanisms, to achieve multi-level control over drug-release kinetics and
tissue targeting [316]. Enzyme-responsive liposomes, for instance, degrade in the presence
of bacterial or host-derived enzymes, enhancing penetration into biofilms and infected
tissues, while redox-responsive systems exploit oxidative stress in glaucoma or uveitis.

Outside ophthalmology, pH-responsive liposomes have demonstrated potent site-
specific release in oncology, as shown by Lin et al. with cytotoxin-loaded liposomes
triggered by acidic tumor microenvironments [317], and by Wang and co-workers, who
developed polyunsaturated-fatty-acid-conjugated liposomes that undergo ion-pairing
and self-assembly at acidic pH to enhance antitumor efficacy [318]. These mechanistic
insights directly inform ocular applications, where similar microenvironmental cues can be
harnessed to overcome barriers such as the corneal epithelium, conjunctival clearance, and
the blood–retinal barrier.

Future research is expected to focus on hybrid liposomes incorporating pH-labile
linkers, ionizable lipids, and responsive polymer coatings capable of adapting dynamically
to the ocular environment. Collectively, these smart liposomal systems offer a pathway
toward precision therapy for infectious keratitis, uveitis, glaucoma, and postoperative
inflammation, with the potential to reduce dosing frequency, overcome resistance mecha-
nisms linked to insufficient drug exposure, and ultimately improve patient outcomes. As
ocular nanomedicine moves toward personalized, pathology-specific delivery, stimulus-
responsive liposomes, particularly pH-sensitive variants, are poised to become foundational
components of next-generation therapeutic platforms.

10.2. Targeted Liposomes

Ligand-modified liposomes are emerging as a transformative strategy in ocular nan-
otherapy, enabling selective interaction with specific cell types, receptors, and extracellular-
matrix components to overcome the unique anatomical and physiological barriers of
the eye. The ocular surface and posterior segment present numerous molecular targets,
including integrins, transferrin receptors, folate receptors, CD44/hyaluronic-acid recep-
tors, mucin-associated glycans, and inflammation-associated adhesion molecules, that can
be exploited to enhance liposomal adhesion, penetration, and intracellular uptake [319].
Recent advances in biomimetic surface engineering demonstrate that ligand-decorated
liposomes exhibit superior retention on the ocular surface, improved mucin interaction,
and enhanced bioavailability compared with non-targeted formulations, effectively coun-
tering tear turnover, blinking, and mucosal clearance. For example, Wong et al. developed
mucin-targeting aptamer-functionalized liposomes for cyclosporine A, achieving markedly
improved ocular-surface residence and therapeutic performance in dry-eye models [320].
Similarly, hyaluronic-acid-modified liposomes, such as those described by Ni and col-
leagues, demonstrate enhanced interaction with mucin and epithelial CD44 receptors,
improving penetration and retention on mucosal surfaces [321].

In posterior-segment diseases such as diabetic retinopathy and age-related macu-
lar degeneration, ligand-targeted liposomes have shown potential to facilitate receptor-
mediated transcytosis across the blood–retinal barrier, reducing reliance on invasive
intravitreal injections. Mitochondrion-targeted liposomes, such as the ROS-responsive
quercetin system developed by Zhao et al., illustrate how organelle-level targeting can
attenuate retinal ischemia–reperfusion injury by modulating SIRT1/FOXO3A and MAPK
signaling pathways [322]. In glaucoma therapy, targeted nanoparticles—including ligand-
modified liposomes—have demonstrated improved accumulation in the trabecular mesh-
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work and retinal ganglion cells, supporting enhanced neuroprotection and intraocular-
pressure regulation.

Targeted liposomes are also being explored for selective delivery of antimicrobial
and anti-inflammatory agents in ocular infections, where receptor-mediated endocytosis
and cell-specific uptake can increase drug concentrations in infected or inflamed tissues
while minimizing off-target exposure. This approach is particularly relevant for intracel-
lular pathogens and biofilm-associated infections. Singla and co-workers demonstrated
the power of hetero-multivalent targeting in liposomal systems designed to bind mul-
tiple Pseudomonas aeruginosa surface receptors simultaneously, significantly enhancing
antimicrobial efficacy in vitro and in vivo [9]. In corneal injury, Wang et al. showed that
ferrostatin-1-loaded targeted liposomes can modulate ferroptosis pathways to treat alkali-
burn injury, highlighting the therapeutic potential of receptor-directed delivery in acute
inflammation [323].

Combining targeting ligands with deformable liposomes, PEGylated liposomes, or
stimulus-responsive architectures further improves penetration through ocular barriers
and prolongs residence time. Looking ahead, future research is expected to focus on
multi-ligand liposomes capable of dual or sequential targeting, such as inflammation
markers plus cell-specific receptors, as well as adaptive systems that respond dynamically
to disease progression. Integration with imaging agents may enable theranostic liposomes
for real-time monitoring of drug distribution and therapeutic response.

10.3. AI-Assisted Liposome Design

Artificial intelligence (AI) is poised to transform the design and optimization of ocular
liposomes by enabling predictive modeling of lipid composition, vesicle stability, drug-
encapsulation efficiency, and ocular pharmacokinetics, parameters that traditionally require
labor-intensive, iterative experimentation. Although AI-specific studies in ocular liposomal
systems are still emerging, advances in nanocarrier modeling and ocular drug-delivery
science provide a strong foundation for integrating machine learning into formulation
development [324]. The complexity of lipid–drug interactions, membrane fluidity, release
kinetics, and surface chemistry, highlighted across recent reviews of liposome-based ocular
therapeutics, makes these systems ideal candidates for AI-driven multi-objective opti-
mization. Recent models utilize deep artificial neural networks (ANNs) integrated with
molecular dynamics (MD) simulations to evaluate how precise structural shifts, such as
phospholipid acyl chain length, degrees of unsaturation, and cholesterol packing concen-
trations, influence thermodynamic parameters. These AI algorithms successfully predict
compound encapsulation yields and bilayer phase-transition values prior to wet-lab synthe-
sis, cutting out empirical trial-and-error. The relevance of such computational tools becomes
clear when examining targeted liposomal systems designed to counter oxidative stress.
It is important to distinguish between experimentally validated applications of artificial
intelligence in nanomedicine and its proposed future role in ocular liposomal development.
To date, the direct application of AI for designing and optimizing liposomal formulations
specifically for ocular antimicrobial therapy remains limited. However, machine learn-
ing approaches have been experimentally validated in broader nanomedicine contexts
for predicting nanoparticle characteristics, including size distribution, encapsulation effi-
ciency, stability, and biological interactions [325]. These validated computational strategies
provide a methodological framework that could be adapted to ocular liposome develop-
ment, but their predictive accuracy, generalizability, and clinical relevance still require
validation using standardized ocular formulation datasets and experimentally confirmed
outcomes. Zhang et al. developed foam-cell-targeted liposomes co-encapsulating SOD
and catalase, using a lipid composition optimized for enzyme protection and controlled
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release. Their formulation significantly reduced oxidative stress markers and foam-cell for-
mation, illustrating how lipid composition dictates vesicle performance under redox-active
conditions [326]. Likewise, Zhang, Sun, et al. created curcumin-loaded liposomes embed-
ded in a thermoresponsive gel to mitigate UV-induced oxidative photodamage in mice. The
antioxidant-enriched bilayer improved curcumin retention and stability, leading to marked
reductions in ROS, inflammatory cytokines, and tissue injury. These systems highlight how
lipid structure, unsaturation, and oxidative environment shape vesicle behavior, precisely
the relationships ANN–MD hybrid models aim to predict [327]. Posterior-segment delivery
research further emphasizes the importance of computational modeling to predict perme-
ability across ocular barriers and optimize nanoparticle size, charge, and ligand density for
retinal targeting.

In glaucoma therapy, where stimulus-responsive liposomes are being developed to
exploit oxidative stress and pH shifts, AI could accelerate the design of responsive lipids
and polymer–lipid hybrids by predicting protonation behavior, degradation rates, and
drug-release profiles under pathological conditions. Broader analyses of AI-enabled ocular
nanotechnology, such as those by Kanugo and Teli, highlight the potential of machine
learning to integrate imaging, pharmacokinetics, and nanocarrier design into unified pre-
dictive platforms for ocular disease management [328]. Similarly, Devaraj and Guruswamy
emphasize the role of AI in forecasting antimicrobial efficacy, ocular irritation, and im-
munogenicity, reducing reliance on animal testing and enabling safer early-stage screening
of nanocarriers [329].

AI-assisted formulation platforms could manage the vast design space of lipid types,
cholesterol ratios, PEGylation densities, and ligand modifications, simultaneously maxi-
mizing stability, minimizing toxicity, and tailoring release kinetics for specific ocular tissues.
Future applications may include integration of patient-specific ocular parameters, auto-
mated formulation platforms, and predictive toxicology models; however, these concepts
remain prospective and require substantial experimental validation before clinical imple-
mentation. Integration with automated microfluidic manufacturing could enable rapid
prototyping of AI-optimized formulations, while predictive toxicology models may help
anticipate long-term safety and inflammatory responses.

10.4. Personalized Ocular Nanotherapy

Personalized ocular nanotherapy represents a paradigm shift in liposomal drug deliv-
ery, aiming to tailor formulations to individual patient characteristics, disease phenotypes,
and microenvironmental conditions that profoundly influence therapeutic outcomes. Re-
cent advances in liposome-based ocular therapeutics highlight the substantial heterogeneity
across ocular diseases, including variations in tear-film composition, corneal permeability,
inflammatory cytokine profiles, ocular microbiome diversity, and retinal pathology, all
of which shape nanoparticle transport, drug clearance, and tissue penetration. Posterior-
segment disorders such as diabetic retinopathy and age-related macular degeneration
exemplify the need for individualized approaches, as patients exhibit distinct blood–retinal
barrier integrity, metabolic states, and inflammatory signatures that affect liposomal biodis-
tribution. Reviews such as those by Su, Fan, and Pang emphasize that inter-patient variabil-
ity in retinal physiology and disease progression significantly alters the pharmacokinetics
of nanoformulations, reinforcing the need for precision-tailored delivery systems [330].

Stimulus-responsive systems for glaucoma further demonstrate how disease-specific
cues, such as oxidative stress, altered enzymatic activity, or localized acidification, can be
leveraged to design personalized liposomes that release drugs selectively under patho-
logical conditions, minimizing systemic exposure and reducing side effects. Variability in
patient response to existing liposomal glaucoma therapies suggests that future formulations
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may be customized based on genetic markers, intraocular-pressure dynamics, trabecular-
meshwork physiology, or aqueous-humor metabolomics. Advances in biodistribution
imaging, such as the in vivo X-ray fluorescence mapping developed by Saladino et al., pro-
vide powerful tools for quantifying patient-specific liposome distribution and optimizing
dosing strategies [331].

Beyond synthetic nanocarriers, hybrid biogenic systems are emerging as a frontier in
personalized therapy. Piffoux and colleagues demonstrated that extracellular vesicles fused
with liposomes can generate personalized, patient-derived nanocarriers with enhanced bio-
compatibility and tailored targeting profiles, an approach with strong translational potential
for ocular diseases characterized by immune dysregulation or chronic inflammation [332].
Personalized liposomes may incorporate patient-specific ligand profiles, tailored drug
combinations, or adaptive release mechanisms that respond to real-time changes in ocular
physiology or pathogen resistance patterns.

Future directions include modular liposome libraries that can be rapidly assembled
based on patient data, integration with AI-driven predictive models to optimize formu-
lation parameters, and minimally invasive sampling techniques, such as tear proteomics,
conjunctival cytology, or aqueous-humor metabolomics, to guide individualized design.

10.5. Combination with Gene Therapy

Combining liposomal drug delivery with gene therapy represents a powerful future
direction for treating complex ocular diseases that require both molecular correction and
pharmacological support. Liposomes provide a biocompatible and versatile platform
capable of encapsulating nucleic acids, including plasmids, siRNA, mRNA, microRNA,
and CRISPR–Cas components, while simultaneously carrying small-molecule drugs that
modulate inflammation, angiogenesis, fibrosis, or neurodegeneration. Their ability to
protect genetic cargo from enzymatic degradation in the tear film, aqueous humor, and
vitreous makes them particularly attractive for ocular applications [333,334]. Posterior-
segment delivery research underscores the potential of liposomal gene therapy for retinal
diseases such as age-related macular degeneration, retinitis pigmentosa, and diabetic
retinopathy, where crossing the blood–retinal barrier remains a major challenge. Ligand-
modified or receptor-targeted liposomes may facilitate transcytosis and cell-specific uptake,
a strategy supported by brain-targeted liposomal gene delivery studies such as those by dos
Santos Rodrigues et al., who demonstrated transferrin- and penetratin-tagged liposomes
for ApoE-2 gene delivery [335].

Stimulus-responsive systems for glaucoma further suggest that integrating gene-
silencing agents with pH- or redox-responsive liposomes could enable selective modulation
of pathological pathways, such as TGF-β signaling, extracellular-matrix remodeling, or
trabecular-meshwork fibrosis, while minimizing off-target effects. Existing liposomal
glaucoma treatments already demonstrate improved corneal penetration and sustained
release, indicating that co-delivery of neuroprotective genes and intraocular-pressure-
lowering drugs may enhance long-term outcomes and reduce the need for repeated invasive
procedures [336]. Broader reviews of innovative ocular nanoformulations highlight the
feasibility of hybrid systems that combine lipid vesicles with viral or non-viral vectors,
enabling synergistic therapeutic effects and improved safety profiles. For example, Cheng
and colleagues developed hybrid nanovesicles combining gene-engineered exosomes
with thermosensitive liposomes to enhance immunotherapy and photothermal therapy,
illustrating the potential of multi-component systems [337]. Similarly, Yu et al. introduced
a glutathione-sensitive “nanoglue” platform that anchors nucleic acids onto liposomes for
combined photo-gene therapy, demonstrating how responsive chemistries can enhance
genetic payload delivery [338].
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Non-viral liposomal gene delivery continues to advance rapidly. Belhadj et al. compare
liposomes with extracellular vesicles as next-generation non-viral vectors, highlighting
liposomes tunability and scalability for clinical translation [339]. Cationic and surface-
engineered liposomes, such as the polyethyleneimine-modified systems described by
Mendes et al., enable efficient siRNA delivery while co-encapsulating chemotherapeutics or
anti-inflammatory agents, offering a blueprint for future ocular combination therapies [340].
Lipid-nanoparticle research, including the landscape analysis by Tenchov et al., further
demonstrates how lessons from mRNA vaccine development can accelerate ocular gene–
liposome hybrid design, particularly in optimizing ionizable lipids and endosomal-escape
mechanisms [341].

Future research will likely focus on multifunctional liposomes capable of sequential or
simultaneous release of genetic and pharmacological agents, as well as ligand-modified
systems that target specific retinal or corneal cell populations. Integration with CRISPR-
based editing tools may enable precise correction of mutations underlying inherited retinal
diseases, while advances in microfluidic manufacturing will support scalable production
of gene–liposome hybrids (Figure 7).

Figure 7. Overview of next-generation liposomal strategies for ocular drug delivery. Emerging ap-
proaches, including stimulus-responsive release, ligand-mediated targeting, AI-assisted design, gene
and drug co-delivery, and personalized formulations, are presented together with their current stage
of development (experimental, preclinical, clinical, or approved). These technologies offer potential
translational benefits, including improved ocular penetration, targeting precision, bioavailability, dos-
ing optimization, and reduced off-target effects and variability, although many remain under preclini-
cal investigation. Created in BioRender. Hajareh Haghighi, F. (2026) https://BioRender.com/ik6lg1k
(accessed on 7 June 2026).

11. Conclusions
The escalating antimicrobial resistance (AMR) crisis represents a significant challenge

in the management of ocular infections. Bacterial, fungal, and viral pathogens increas-
ingly exhibit multidrug resistance, biofilm formation, and intracellular persistence, which
reduce the efficacy of conventional topical or systemic therapies. In particular, biofilm-
associated infections, whether on the corneal surface, contact lenses, or intraocular implants,
demonstrate markedly enhanced tolerance to standard antimicrobial agents, contribut-
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ing to treatment failure, recurrent infections, and vision-threatening complications. The
growing prevalence of multidrug-resistant pathogens underscores the urgent need for inno-
vative strategies that not only deliver therapeutics effectively but also overcome resistance
mechanisms at the site of infection.

Liposomal drug delivery emerges as a multifunctional solution capable of addressing
many of these challenges. Their unique bilayer architecture allows simultaneous encapsu-
lation of hydrophilic and lipophilic drugs, while surface modifications, such as cationic
charge or PEGylation, facilitate enhanced corneal penetration, prolonged ocular residence,
and intracellular delivery. Liposomes can disrupt bacterial membranes, penetrate biofilms,
and sustain local drug concentrations, leading to reduced minimum inhibitory concen-
trations (MICs) and improved therapeutic outcomes. Furthermore, co-delivery strategies
combining antibiotics with anti-inflammatory agents or antimicrobial peptides highlight
the versatility of liposomes in tackling complex ocular pathologies. Preclinical studies
and early clinical investigations demonstrate their potential in treating bacterial, fungal,
and viral keratitis, endophthalmitis, and contact lens-associated infections, with improved
efficacy, reduced toxicity, and enhanced tolerability compared to conventional formulations.

Despite their promise, several gaps remain that limit full clinical translation. Stabil-
ity issues, including vesicle aggregation, drug leakage, and susceptibility to oxidation,
pose significant formulation challenges. Sterility and scale-up difficulties further compli-
cate industrial production and regulatory approval. While stimulus-responsive, targeted,
and personalized liposomal strategies are emerging, these approaches require rigorous
preclinical validation and extensive clinical trials to demonstrate safety, efficacy, and re-
producibility. Moreover, standardized guidelines for quality control, characterization, and
regulatory assessment of ocular nanomedicines are still evolving, adding complexity to
their translation.

In conclusion, liposomal ocular drug delivery represents a highly versatile and biolog-
ically relevant platform with the potential to transform the management of resistant and
biofilm-associated eye infections. Their multifunctional properties, ranging from enhanced
penetration and sustained release to co-delivery and biofilm disruption, position them as a
promising solution to the AMR crisis in ophthalmology. Addressing remaining formulation,
manufacturing, and regulatory challenges will be critical for realizing their full clinical
potential. Future research integrating targeted, stimulus-responsive, and AI-assisted lipo-
some design, along with personalized therapeutic strategies, is likely to establish liposomal
nanomedicine as a cornerstone in the treatment of complex ocular infections.
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