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Objective(s): The anterior segment of the eye represents distinct challenges for
drug delivery, characterized by rapid clearance, limited absorption, and anatomical
barriers that restrict drug bioavailability. This review seeks to examine the latest
developments in anterior segment ocular drug delivery systems designed to
enhance therapeutic efficacy and patient adherence.

Methods: A comprehensive review was performed by searching pertinent
literature in the PubMed, Google Scholar, and Scopus databases. Selected articles
were analyzed regarding emerging ocular drug delivery methods for the anterior
segment, focusing on systems based on nanotechnology and sustained-release
platforms.

Results: Contemporary drug delivery systems provide enhanced drug retention,
prolonged release profiles, and precise delivery mechanisms. Significant
advancements encompass nanofiber scaffolds, drug-loaded soft contact lenses,
punctal plug-based release systems, and intracameral/intrastromal injections that
circumvent traditional barriers. These advancements improve drug bioavailability
and minimize systemic side effects.

Discussion: In contrast to conventional eye drops and systemic administration,
these innovative methods address significant pharmacokinetic and physiological
challenges. Although there is potential, the majority are still in preclinical or early
clinical stages, and issues concerning safety, scalability, and patient tolerability
continue to exist.

Conclusions: Advanced anterior segment ocular drug delivery systems signify a
notable transformation in ophthalmic treatment. Theirimplementation may lead
to improved treatment outcomes, increased patient adherence, and a decrease
in dosing frequency. Future research should focus on advancing Al-enabled drug
delivery technologies and integrating personalized medicine approaches to
improve therapeutic outcomes.
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INTRODUCTION

Topicalapplicationisthe predominanttechnique
for ocular medication delivery, accounting for
over 95% of marketed ocular medicines [1].
This approach has garnered significant attention

* Corresponding Author Email: bagheri.m1368@gmail.com

in ophthalmic research, leading to numerous
studies focused on the efficacy, formulation, and
application of topical drug delivery systems for
the management of diverse ocular conditions [2].
Despite topical administration being the most
practical method, the bioavailability of most
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ophthalmic formulations is still below 5% because
of blinking, fast tear turnover, and the strong
corneal and conjunctival barriers. This means that
there are still a lot of unmet therapeutic needs in
ocular drug delivery [3]. As a result, advancements
in these systems are crucial for improving
therapeutic outcomes and enhancing patient care
in ophthalmology [1, 2]. Other traditional drug
delivery methods, such as systemic administration,
have less application in ophthalmology. This
review summarizes key findings from recent
investigations into ocular drug delivery systems
for administration in ophthalmic therapies with a
focus on anterior segment types. This review covers
a range of traditional types including topical and
systemic administration to novel drug delivery
systems including nanoinsert systems, collagen
shields, and iontophoresis.

Toreviewpreviousandnoveloculardrugdelivery
routes, as well as to hypothesize for the design
of future systems, it is necessary to first become
familiar with the specific physiological conditions
of the eye and the existing pharmacokinetic and
pharmacodynamic limitations. The present article
examines these issues with a focus on the anterior
segment of the eye.

Primary Obstacles in Ocular Drug Administration
Ocular drug delivery encounters numerous
substantial obstacles that impede the successful
treatment of diverse visual diseases. The limitations
arise from the distinctive anatomical and
physiological attributes of the eye, which restrict
pharmaceutical penetration and absorption [1, 2].

Anatomical Barriers

The blood-ocular barrier (BOB) significantly
impedes the ingress of therapeutic molecules
from systemic circulation to intraocular tissues,
thereby limiting the eflicacy of systemic delivery
methods such as oral and intravenous routes.
Pharmaceuticals often remain sequestered in the
circulation and fail to intraocular penetration,
leading to reduced bioavailability (approximately
2%) and necessitating elevated systemic dosages
to achieve therapeutic outcomes [4]. This situation
may result in systemic adverse effects due to
increased doses [5]. Ocular medication transport
faces challenges from the protective systems
and barriers present within the eye. Topical
administration is commonly used; however, it
frequently results in subtherapeutic medication
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concentrations, particularly in posterior ocular
disorders [6]. Static barriers: The eye is protected
by several layers, including the cornea, sclera, and
retina, which together create a formidable barrier
to drug penetration. The blood-ocular barrier
is particularly stringent, limiting the ingress of
therapeutic agents into the posterior portion of
the eye. Dynamic barriers: Elements like as tear
turnover, lacrimal drainage, and blood circulation
facilitate the swift removal of medications from the
ocular surface. This dynamic milieu diminishes the
effective concentration of drugs that can penetrate
deeper into ocular tissues [1, 2].

Low Bioavailability
Systemically given medications frequently
exhibit inadequate ocular absorption.

Conventional eye drops generally provide less than
5% of the active pharmaceutical ingredient to the
intended location because of rapid drainage and
absorption into systemic circulation. The limited
bioavailability requires elevated dosages or more
frequent administrations, potentially resulting in
heightened adverse effects [1, 2].

Enzymatic Degradation

Enzymes in the ocular environment can
destroy specific drugs prior to their arrival to
designated target locations. This enzymatic activity
poses significant challenges to the development of
effective ophthalmic pharmaceuticals. Numerous
enzymes, including esterases, peptidases, and
CYP-450s, are found in ocular tissues and play
critical roles in drug metabolism and excretion [7].
These enzymes, in conjunction with membrane
transporters, can influence drug disposition and
result in suboptimal ocular bioavailability [8].
Conventional eye drops face hurdles such as rapid
removal and enzymatic degradation, which lead to
reduced ocular residence time and bioavailability.
Researchers have explored nanoformulations as
potential solutions to address these challenges.

Immune Privilege of the Eye

The unique immunological characteristics
of the eye can limit the effectiveness of systemic
medications. The immune response may alter the
distribution and efficacy of these medications,
complicating the achievement of therapeutic
levels without causing adverse effects. Protective
barriers, such as the cornea, sclera, and BOB,
impede drug penetration and bioavailability [9].
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This immunological privilege promotes systemic,
antigen-specific tolerance rather than inflammation
upon the introduction of antigens. However, the
intraocular delivery of biotherapeutics may elicit
immunological responses, potentially leading to the
formation of anti-drug antibodies with significant
clinical implications [10]. Factors influencing
immunogenicity include the formulation of
the medication, manufacturing processes, and
administration  techniques. Researchers are
exploring innovative strategies, such as sustained-
release devices, nanotechnology, and gene therapy,
to address these challenges [9].

Need for Sustained Release

Attaining prolonged drug release in ocular
tissues continues to be a difficulty. Contemporary
formulationsfrequentlyneedregularadministration
to sustain therapeutic levels, potentially resulting
in patient non-compliance and heightened risk
of adverse consequences. These techniques entail
the creation of sustained-release implants and
devices capable of administering medications
over prolonged durations, hence diminishing
the necessity for frequent administration [11].
Innovative delivery strategies, such as polymeric
controlled release systems and nanofibers, are
being investigated for protein and peptide-based
therapies to address challenges related to their
considerable size and susceptibility to degradation.
[12].

Potential Benefits

Systemic distribution via the ocular route has
potential, providing benefits such as accurate
dose, convenience of administration, and fast
absorption [13]. Diverse drug delivery strategies,
including nanoparticles, liposomes, and implants,
are being developed to improve pharmacokinetics
and target specific ocular regions [14, 15]. Certain
studies suggest that systemic administration,
including intravenous delivery of bevacizumab
(an anti-vascular endothelial growth factor
(VEGF) agent), may improve visual acuity in
patients with age-related macular degeneration
(AMD) without significant systemic side effects,
particularly in those without pre-existing
conditions such as hypertension. Investigations
are underway about advancements in drug delivery
methods, including nanoparticles and colloidal
formulations, to enhance the efficacy of systemic
drug administration [16, 17].
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Systemic routes are limited by the BOB [18].
Novel methodologies employing nanotechnology
and temporary disruption of the BOB have been
suggested to enhance systemic distribution [19].
The ocular route has been investigated for the
systemic distribution of polypeptide medicines,
with benefits including accurate dosage, rapid
absorption, and evasion of first-pass metabolism
[13]. These innovations in ocular drug delivery
systems seek to surmount physiological limitations
and improve bioavailability for ocular and systemic
therapies [18, 19].

DRUG DELIVERY
OPHTHALMOLOGY
Systemic administration (oral and parenteral)

The systemic delivery of pharmaceuticals for ocular
disordershasbeen explored asa potential alternative
to invasive ocular injections, presenting varying
levels of efficacy and limitations. Commonly used
Oral medications are antibiotics, antivirals and
carbonic anhydrase inhibitors [20]. Carcinine, a
carnosine derivative, may be taken orally for ocular
therapeutic applications [21]. Oral administration
may be advantageous when topical therapies
are ineffective or unfeasible. The efficacy of oral
medications for ocular disorders is constrained
by variables including systemic absorption and
the necessity for elevated bioavailability to achieve
therapeutic concentrations in the eye. This may
result in systemic side effects, requiring meticulous
evaluation of safety and toxicity [20]. Nevertheless,
restricted access to various ocular tissues and the
requirement for elevated doses to get therapeutic
outcomes in the eye may lead to systemic adverse
effects. Oral administration is not a primary route,
and only a restricted number of chemicals have
been explored for ocular medication delivery using
this method [18].

Systemic administration techniques, including
intravenous and subcutaneous injections, can
be employed to deliver medications to the eye.
Nevertheless, the medicine must traverse the
blood-aqueous barrier and the BOB to access the
intraocular tissues [6, 18].

A prevalent approach in clinical and preclinical
research involves comparing the pharmacokinetics
and pharmacodynamics of systemic medicines
with other delivery techniques.

A compelling study demonstrated that
prolonged administration of insulin eye drops, in
conjunction with permeation enhancers, effectively

ROUTES IN
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reduced blood glucose levels and facilitated
insulin absorption into systemic circulation [22].
Furthermore, a study comparing an oral vitamin
A-based antioxidant formulation with topical
vitamin A eye drops for the treatment of dry
eye syndrome demonstrated that oral vitamin
A antioxidants are more effective and yield a
prolonged impact compared to topical applications.
It is advisable to utilize oral vitamin A antioxidants
in conjunction with lubricating eye drops for the
treatment of dry eye disease (DED) to mitigate
symptoms and rectify the underlying issues
impacting the ocular surface and lacrimal gland
[23]. Findings from a research indicated that the
oral administration of a curcumin-phospholipid
delivery system enhanced visual acuity and
decreased retinal thickness in individuals with
central serous chorioretinopathy (CSC) [24].
Intravitreal dexamethasone demonstrates a depot
effect with minimal plasma concentrations, whereas
intravenous and subconjunctival administration
indicate more rapid clearance [25]. Innovative drug
deliverytechnologies, suchas N-acetylcarnosineeye
drops, have potential for addressing diverse ocular
disorders by local and systemic administration
[21]. Moreover, other aspects must be evaluated
while providing medicine. One research
demonstrated that oral treatment of prednisone in
dogs, at dosages ranging from 0.5 to 4 mg/kg/day,
yielded detectable quantities of both prednisone
and its active metabolite prednisolone in tear
fluid, with greater doses corresponding to larger
concentrations. Inducing conjunctivitis in one eye
demonstrated a tendency for elevated steroid levels
in the afflicted eye; however, the changes were not
statistically significant. Severe conjunctivitis led
to markedly elevated prednisolone levels relative
to mild instances at dosages of >1.0 mg/kg/day;
however, these alterations were not considered
clinically important [26].

Consequently, it appears that for each
medication, a formulation should be selected
by the physician that maximizes absorption and
minimizes adverse effects, achievable via the
meticulous evaluation of each medicine based on
recent studies.

Topical Drug Delivery Systems in Ophthalmology
(Eye Drops, Ocuserts & Ointments)

Ocular illnesses are generally managed with
topical administration, such as eye drops or
ointments. This treatment typically necessitates
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frequent application throughout the day [27]. The
main drawback of administering medications in
the form of eye drops is the relatively low efficiency
of this method, as the unique physiology and
anatomy of the eye surface can result in limited
bioavailability [28]. Two primary physiological
obstacles impede the efficacy of topical medications:
the cornea and the tear film [7]. The tear film,
approximately 3 um thick, covers both the cornea
and conjunctiva, providing essential lubrication,
nutrition, and antibacterial protection [8]. The
three layer construction of the eye makes it more
difficult for drugs to be absorbed by processes like
drainage, protein binding, or continuous turnover.
Additionally, the six-layered structure of the cornea
largely prevents the penetration of hydrophilic
agents [9, 10]. The uptake of drugs by the cornea
is largely dependent on its hydrophilic-lipophilic
balance, with worse absorption noticed in drug
therapy of corneal erosions or ulcers [11, 12]. This
explains the significant role of tear film in ocular
pharmacology and, more so, the limitations of
topical drug application.

As topical administration does not involve
any invasive procedure, it remains the preferred
mode of therapy for ocular disorders. However, it
faces major obstacles when it comes to the efficient
delivery of the drug [17]. The primary challenge in
drug delivery via eye drops is the limited volume
(~10 pL) that can be applied to the corneal surface
due to its restricted surface area. Furthermore, the
administered volume is mostly removed during the
initial blink reflex, which is triggered by a sudden
surge in tear volume [18, 29]. Consequently, eye
drops need to contain high concentrations of
medication to counteract factors that contribute
to low ocular bioavailability. These factors include
tears, blinking, lacrimal drainage, blood and
lymphatic vessel flow in the conjunctiva, metabolic
breakdown, and ocular and corneal blood barriers
[18, 29]. Moreover, the high concentration of
medications in bolus administration can lead to
bothlocal and systemic complications. For instance,
the use of pilocarpine can result in accommodative
spasm that causes eyebrow ache [30]. There are also
variations in drug concentration, depending on the
administration technique and patient compliance
with the use of eye drops. Therefore, an efficient
delivery system that can control drug release and
decrease the frequency of dosing is required [31,
32]. Accordingly, different drug administration
methods have been developed to maintain a
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steady dosage of medication, aiming to achieve
consistent therapeutic effects while minimizing
the side effects [33]. In addition, several classes of
therapeutic agents pass through the aqueous humor
to the anterior uvea and have differing affinities
for melanin, with some showing minimal affinity
while others show maximal affinity. Such binding
may also influence how drugs are absorbed and
where they are distributed within the body since
these agents might be stored in pigment tissues
rendered by melanin. Topical treatment regimens
are particularly ineffective in treating intraocular
diseases, even with multiple doses, due to the
persistent physical barrier of the cornea [19].

Viscosity enhancers are essential for enhancing
ocular bioavailability by extending the precorneal
residence time of pharmaceuticals at the targeted
ocular location [12]. For instance, hydrophilic
viscosity enhancers such as cellulose, polyacrylic
acid, and polyalcohols extend the duration for which
the drug remains in contact with ocular tissues [12,
15]. Additionally, other suitable polymers have been
investigated, including chitosan, hydroxypropyl
methyl cellulose (HPMC), and xyloglucan. Among
these, natural urea-containing polymers such as
hyaluronic acid, alginates, acacia, xanthan gum,
Veegum®, tragacanth, and gelatin are also utilized
due to their beneficial effects [20, 34]. Many of these
polymers provide essential properties necessary for
the development of advanced systems, including
biocompatibility, gel formation capabilities, and
mucoadhesion [22]. Overall, this highlights the
importance of incorporating viscosity enhancers
and polymers in the formulation of ocular drug
preparations to enhance their efficacy [34].

Ophthalmic emulsions are essential since they
extend precorneal residence time for sustained
drug release, augment corneal absorption, and
promote the dissolution and bioavailability of
poorly soluble medications [23]. Among these,
oil-in-water (o/w) emulsions are preferred in most
of the ophthalmic uses due to their better comfort
levels and decreased chances of ocular toxicity
when compared to their w/o counterparts [24].
The formulations as ophthalmic emulsions have
effectively improved bioavailability within the
eye by prolonging drug retention and enhancing
permeability across the cornea, thereby significantly
advancing pharmacotherapeutic strategies for
ocular drug delivery [25, 26].

Ophthalmic ointments are among the most
commonly used dosage forms after solutions
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and suspensions and must be non-irritating and
compatible with other components [15]. Usually,
these ointments are anti-inflammatory, anti-
epidemic, or anti-infective. Water-soluble gel bases
have been more popular recently since they have
several benefits over conventional Vaseline, such
as improved spreading, pH stability, lubricity,
and less irritation [27, 28]. Common polymers
used in these gels, such as PEG 200, PEG 400,
carboxymethyl cellulose, and others, often exhibit
mucoadhesive properties that prolong drug contact
duration. These components are increasingly being
used by pharmaceutical services in compounded
formulations, such as hyaluronic acid in artificial
tears and carboxymethyl cellulose in eye drops
that contain vancomycin and cysteamine [28].
Additionally, in situ gelling formulations transition
fromliquid to gel state upon application, responding
to stimuli such as temperature, ionic composition
and pH [27, 28].

In ocular therapy, the method of drug
administration is one of the key considerations,
with the topical route being the most popular [13,
14]. Ideally, drugs should be in the pH range of 7.4
to 7.7, which corresponds to tears and minimizes
pain; however, these extremes may be controlled
but are readily counteracted [14]. It is imperative
to maintain sterility to prevent any chance of an
infection, and the solution has to be clear enough
to prevent scratch injuries to the cornea; hence,
particles in ophthalmic suspensions have to be sized
less than 10 pm [15]. Furthermore, the osmolarity
should be close to that of tears (approximately
300.5 mOsm/kg); however, for practical reasons, a
little higher than isotonic solutions is encouraged
to prevent dilution of the drug [15, 16].

Another novel strategy is the use of prodrugs,
like prostaglandin F2a analogues latanoprost,
travaprost, and bimatoprost, which effectively lower
intraocular pressure in glaucoma. Additionally, the
FDA has approved loteprednol etabonate, a topical
corticosteroid derived from prednisolone, for
treating eye allergies and inflammation, although it
is not available in Europe [15].

Autologous serum eye drops (ASEDs) and
exosomes have advanced the topical application of
drugs in ophthalmology. ASEDs are rich in trophic
factors and are made from a patient’s own blood
to effectively treat disorders like dry eye syndrome
[35, 36]. The addition of exosomes, which also aid
in increasing the effectiveness of therapeutic agents
by their stability and corneal penetration, takes it
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a notch higher [37, 38]. Additionally, orthokine
therapy involves wusing self-made patients’
conditioned serum to achieve anti-inflammation
[39-41]. All these methods come in handy to
treat design objective factors in patients in a very
efficient and practical way.

Ophthalmic inserts, such as Ocuserts, are
sophisticated ~ medication  delivery  systems
positioned within the eye, usually in the cul-de-
sac or conjunctival sac [42, 43]. These devices
are classified according to their solubility into
insoluble, soluble, and bioerodible inserts [42].
Ocusert is characterized as an innovative ocular
drug delivery system that provides benefits such
as extended drug release, potentially improving
therapeutic results [43]. Ocular inserts are drug
delivery devices made from polymeric materials
with solid or semi-solid consistency, designed
to release the embedded medicine to the ocular
surface when positioned in the conjunctival sac.
Ocular inserts exhibit numerous benefits, including
precise dosage delivery, reduction of systemic side
effects associated with ocular treatments, extension
of ocular residence time, thereby decreasing
administration frequency and enhancing patient
adherence, and the potential for sustained and
consistent drug release, which could enhance
shelf life stability from an industrial perspective
[44]. Typically, all varieties of ocuserts comprise
three layers (fig. 2). A central drug reservoir is a
slender disc carrying a medication formulation.
The medication is incorporated into a polymer,
facilitating its dispersion from the reservoir.
A rate-controlling membrane comprises two
transparent discs fabricated from ethylene vinyl
acetate, a copolymer. This membrane facilitates
the controlled release of medication from the drug
reservoir. A peripheral annual ring for enhanced
manipulation and precise insertion [45].

Depending on the type of ocusert, one of
the following mechanisms can release the drug:
diffusion, osmosis, or bioerosion (fig. 1) [43].

The overarching principle is to enhance patient
adherence and diminish administration frequency
relative to conventional approaches such as eye
drops [42].

Nanocarriers

Thanks to recent advances in nanocarrier
technologies, transporting and delivering a variety
of active agents, including macromolecules, to the
eyes has become simpler and more efficient [29,
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33].

Some of these methods, like calcium phosphate
nanoparticles, liposomes, and nanoemulsions, have
shown promise in making drugs more bioavailable
by reducing protein binding, keeping drugs
in the cornea longer, and making drug release
easier over time [35]. However, the majority of
these technologies remain in the development
phase and require further testing to determine
their commercial viability. Numerous systems
for nanocarrier design are currently under
development, including emulsions, liposomes,
cyclodextrins, polymer nanoparticles, niosomes,
lipid nanocarriers, and dendrimers [30]. The
development of these systems offers significant
advantages. For instance, the use of cyclodextrins
in ocular formulations enhances the solubility of
active ingredients while minimizing the toxicity
of the solvent [32, 33]. Nanosuspensions not only
improve solubility but also enhance absorption,
while vesicular systems such as liposomes and
niosomes increase drug bioavailability, prolong
retention time, and reduce systemic side effects
[33]. The design purpose of liposomes is to enable
the delivery of specific therapeutic agents through
targeted tissues into the eye, based on the principle
that their structure closely resembles that of cell
membranes, thereby facilitating the transport of
therapeutic agents across physical barriers such
as the corneal epithelium and lacrimal drainage
systems [18,30,46]. Moreover, copolymeric micelles
have markedly enhanced topical ocular drug
delivery by augmenting the solubility and stability
of pharmaceuticals designed for intraocular disease
treatment, especially via corneal or conjunctival-
scleral administration, where traditional methods
such as eye drops may prove inadequate [32, 33].
These advancements in nanocarrier technologies
enhance the pursuit of more effective and targeted
treatment options for ocular conditions.

When someoneloses their corneal vision, corneal
transplantation is usually the only way to fix it.
However, there aren’t many cornea donors available,
and there’s also a chance that the new cornea will get
infected or not work right. To help different types
of corneal cells grow, like keratocytes, epithelial
cells, endothelial cells, and corneal fibroblasts,
different electrospun, self-assembled amphiphilic
peptide nanofibers and nanotopographies have been
studied. These can help corneal epithelium, stroma,
and endothelium regeneration or full corneal tissue
replacement [36].
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Table 1. Summary of experimental studies on nanofiber production and their therapeutic applications.

Nanofib: Fabricati Th ti
Nanofiber anotiver Diameter abrication Mechanism erfapefl N References
loaded drug method application
Increasing the duration of
] Inflammatory
i L drug action .
Eudragit Ketorolac 350 nm Electrospinning . K X ophthalmic [33]
(increasing drug retention K
: diseases
time)
Increasing the duration of
d i Inflammatory
rug action
polycaprolactone Ketorolac 350 nm Electrospinning . . & . ophthalmic [33]
(increasing drug retention K
i diseases
time)
copolymer LSC 290 to 539 Electrospinning Providing a scaffold for stem ocglaf SlAlI'faCe (39]
PA6/12 nm. cell growth injuries
copolymer MSC 290 to 539 Blectrospinning Providing a scaffold for stem ocu.la‘r 51'1rface (39]
PA6/12 nm. cell growth injuries

Electrospinning generates nanometer-scale
fibers with a superior specific surface area, in
contrast to dry/wet and melt spinning methods.
Consequently, electrospun  nanofibers can
enhance various surface-dependent structures and
products. A potential use involves the cultivation
of nanofibrous cellular scaffolds and nanofibers
for tissue engineering and stem cell purposes [40].
Today, electrospun fibers are used in many stem
cell and regenerative medicine applications [37].

Liu et al. (2010) developed an experimental
model to evaluate the possibility for alleviating
the corneal deficit in keratoplasty for congenital
corneal disorders associated with genetic
abnormalities. The research sought to enhance
the opaque and attenuated corneas in lumican-
null mice via the administration of human
umbilical mesenchymal stem cells (UMSCs). The
implantation of UMSCs resulted in significant
enhancements in corneal stromal thickness and
clarity. This study indicates that UMSCs may
serve as an effective intervention for congenital
corneal disorders, including keratocyte failure [38].
Zajicova et al. co-cultured limbal stem cells (LSCs)
and mesenchymal stem cells (MSCs) on nanofiber
scaffolds and applied them to damaged ocular
surfaces, eliciting a local inflammatory response
marked by the expression of IL-2, IFN-y, and
iNOS genes subsequent to epithelial debridement
and limbal allotransplantation. The expression
of inflammatory proteins IL-2, IFN-y, and iNOS
was markedly reduced in tissue obtained from
the wounded ocular surface one week after injury,
indicating that MSCs attenuate the inflammatory
response. Previous research demonstrates that
the application of MSCs to the ocular surface can
alleviate localized inflammation [39]. For better
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understanding, the experimental studies discussed
have been summarized in Table 1.

Ocular Drug Delivery Systems Based on Soft Contact
Lenses (SCLs)
Soaking (Dip-Coating)

The method of soaking soft contact lenses
(SCLs) in drug solutions has gained popularity
among practitioners as it offers a straightforward
approach towards the functionalization of
commercial poly-hydroxyethylmethacrylate
(pHEMA) contact lenses [47]. This approach’s
drawback is the quick release of medicines,
attributable to the ionic and water absorption of
the contact lens material [48, 49]. This technique
has been employed in the incorporation of various
drugs, especially ophthalmic drugs like antibiotics
[50], antihistamines [51], and antiglaucoma drugs
[52]. Incorporating vitamin E into the hydrogel
matrix as the initial step forms a blocking layer
that makes it take longer for the drug to be released
[34]. Timolol retention in pHEMA-based contact
lenses was extended by Hsu et al. [53], ranging
from 1 hour (without Vitamin E) to 25 hours (with
20% Vitamin E). Nonetheless, vitamin E possesses
specific disadvantages, including its mechanical
properties and reduced permeability to ions and
oxygen [54].

Functional Monomer Incorporation

The hydrogels’ physical characteristics alter
when functional monomers are added. Two distinct
approaches can be used to modify contact lenses
(CLs) by adding functional monomers. The first is
ionic chemicals added during the polymerization
process. Strong attachment sites are thereby
created between the medication and the CL. Most

216



A. Yavari et al. / Drug Delivery Systems in Ophthalmology

frequently, acryl-vinyl compounds are added to the
pHEMA to change the ionicity of hydrogels [55].
Methacrylic amino propyl-trimethyl ammonium
chloride (MAPTAC), a cationic monomer, enhances
the retention of anionic pharmaceuticals and
prolongs their release [56]. Other compounds that
are utilized to construct cationic medicines include
methyl methacrylate (MMA) and 2-methoxy ethyl
phosphate (MOEP) [57-59]. Using this technique,
daily disposable CLs (DDCLs) filled with different
ophthalmic medications were created, and in vitro
investigations were carried out. As a result, the
medication was retained for two months instead of
several hours [60]. The second strategy, which uses
functionalized hydrogels containing cyclodextrins,
is applied to hydrophobic medicines. A type of
cyclic oligosaccharide called cyclodextrin has a
hydrophobic pocket that can hold tiny medication
molecules [61]. Functionalized cyclodextrin can
be covalently bonded to pHEMA through glycidyl
methacrylate (GMA) cross-linking or via acrylic/
vinyl-assisted copolymerization.  Drug release
from cyclodextrin can range from a few hours to
two weeks, as indicated by specific in vitro studies
[47, 62-64]. Li et al. [65] observed that diclofenac
sodium was released more often in rabbits than in
vitro during the first hour (73% compared to 42%)
and for a longer duration (three days versus two
days) [60].

Molecular Imprinting
Molecularimprintingemploysapharmacological
template produced during polymerization to
enhance the interaction between medications and
CLs. This technique utilizes functional monomers,
chiefly acrylic-vinyl derivatives, to correspond with
the molecular architecture of the pharmaceuticals
[66]. Through the use of molecular imprint
technology, a polymer’s affinity for drug molecules
can be increased, improving the drug’s ability to
load and prolonging its delivery duration [67-69].
Hiratani employed MAA as the active monomer
for imprinting SCLs and incorporated timolol
into hydrogels of N,N-diethyl acrylamide (DEA)
and pHEMA. In comparison to pHEMA lenses
produced without molecular printing technology,
this method facilitated a 300-fold increase in
storage capacity. Antibiotics [70], antimicrobials
[71], antihistamines [72], non-steroidal anti-
inflammatory drugs [73], corticosteroids [74],
antiallergics [62, 75], therapeutic agents that can
improve eye comfort [76], also used for diabetes
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patients [55, 74], humectants in the treatment
of dry eye [77], and, based on recent research,
antiviral drugs [78] have all been loaded using the
method that has been presented.

Colloidal Nanoparticles Incorporation

Drug  encapsulation  within  colloidal
nanoparticles, including liposomes, micelles,
microemulsions, and polymer nanoparticles,

has been made possible by the development of
nanomaterials. With this method, the duration
of continuous medication release can be changed
from a few hours to several weeks, depending
on the patient’s needs. In the process of releasing
medications onto the surface of the eye,
nanoparticles function asabarrier against metabolic
breakdown [79]. Functionalized nanoparticles
can be integrated into SCLs by chemical bonding
through polymerization reactions, infiltration, or
immobilization on the CL surface [47]. Research
indicates  that nanoparticle-functional CLs
have markedly prolonged retention durations
compared to ocular drops containing medication
nanoparticles [47, 79]. Over the past decade,
the following nanoparticle medicines have been
applied to SCLs: antibiotics [80], corticosteroids
[81], immunosuppressants [82], antihistamines
[54], and glaucoma [83]. Animal studies indicate
an extension in drug release time for chitosan
nanoparticles containing cyconazole, lasting
up to seven days [84]. Ten days of observation
occurred when ketotifen was administered using
silica nanoparticles in rabbits [54], and 14 days
when cyclosporine-A was administered using
polymer nanoparticles in a murine model [82].
Furthermore, Gulsen and Chauhan [85] conducted
a pilot investigation to assess the efficacy of
pHEMA enhanced with nanoparticles, creating
four microemulsion-based formulations. Jung and
Chauhan [86] suggested a contact lens technology
utilizing nanoparticles with timolol and pHEMA,
fabricated without surfactants. Their product was
a transparent hydrogel infused with a medication,
exhibiting a temperature-dependent release rate of
two to four weeks [86].

Supercritical Fluid

Compounds that surpass their critical point
in temperature and pressure are classified as
supercritical fluids. Dissolving both hydrophilic
and hydrophobic pharmaceuticals in supercritical
solvents for application in an SCL matrix is
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straightforward. Drug loading is achieved through
the molecular imprinting of the lenses [87] or
immersing them in a supercritical solvent-drug
solution under meticulously regulated conditions
[88]. The first approach has the benefit of being able
to use commercial SCLs, whereas the molecular
imprinting process necessitates a polymerization
reaction beforehand. It has been demonstrated
that both methods release the medication more
effectively than traditional soaking [88, 89].
Subsequent literature reviews, however, have
demonstrated that supercritical solvents yield less
encouraging outcomes. The drug retention time
has only been able to be extended to a few hours
thus far [87, 88, 90]. This discovery warrants careful
consideration since more research is required.

Drug-Polymer Film Embedded

Another innovation to prolong the drug’s
retention duration is drug-polymer film-embedded
CLs. Polylactic glycolic acid (PLGA) [91] and
polyvinyl alcohol (PVA) combined with chitosan
[92] or ethyl cellulose (CE) in conjunction with
Eudragit S-100° are coating polymers that are
used to bind medications to pHEMA. It has been
demonstrated that the thickness of the drug film
directly correlates with the efficacy of drug release
[92-94]. Administration of nonsteroidal anti-
inflammatory drugs for 12 hours, antibiotics and
antihistamines for 2 days, or corticosteroids for
7 days resulted in sustained drug release in vivo
[60, 94, 95]. Additionally, Ciolino et al. [96, 97]
discovered that PLGA-film CLs maintained their
antifungal qualities for up to three weeks in vitro.
For as long as four weeks in vitro, the ciprofloxacin-
releasing CL prototype demonstrated regulated
release at therapeutically active doses [98].
Methoxypoly (ethylene glycol)-poly (lactide)
copolymer (MPEG-PLA) loaded with timolol and
latanoprost was used by Xu et al. [83] to investigate
SCLs loaded with micelles. When given to rabbits
with ocular hypertension, intraocular pressure
(IOP) dropped in seven days, which was noticeably
better than eye drops [83]. Oil, however, alters the
optical characteristics of the lens. Creating a film-
free zone within the optical zone is the answer [95,
99].

Drug Dosage Soft Contact Lens (DDSCL) in the
Treatment of Eye Conditions

As drug controlled release systems (DCRS),
SCLs seem to be a good way to treat a number
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of eye disorders. They aid in the treatment of
infections, encourage local healing, and deliver
the prompt and efficient release of medications
in corneal epithelial defects [100]. Enhancing
the bioavailability and effective local distribution
of medications is the aim of such systems. Better
safety and ease of use enhanced patient compliance
are, in this way, also guaranteed by the option to
coat the lenses with wetting agents [60].

Glaucoma

One promising therapy option for chronic
eye conditions is the use of CLs as a medication
reservoir [60], which is crucial for individuals
with glaucoma. Glaucoma predominantly impacts
the elderly, a chronic condition that often hinders
their ability to administer eye drops manually.
Molecular imprinting, drug-loaded colloidal
nanoparticles, and simple soaking are prevalent
methods for preparing glaucoma DCRS. The
soaking-and-release method was employed to
administer pilocarpine to SCLs in the initial DCR
glaucoma systems [101]. Better SCL-based devices
were obtained through modifications [60]. After
two hours of wearing CLs containing 1% and 4%
pilocarpine, the same therapeutic effects were
eventually obtained. Unwanted systemic adverse
effects are less likely when SCLs are used [102]. This
approach has been utilized in innovative systemic
glaucoma treatments, including the incorporation
of melatonin and its analogs into SCLs. Putting
SCL in the medication solution overnight makes
it possible to use custom SCLs for three days in a
row with the same release properties. However, no
research has demonstrated sustained drug release
beyond three hours, highlighting the necessity for
improved SCL parameters. Vitamin E extends drug
release by forming a biocompatible diffusion barrier
in the hydrogel matrix. This modification has shown
particular disadvantages. An antioxidant improved
the drug release characteristics of silicone hydrogel
[53, 103], whereas pHEMA lenses did not exhibit
any improvement for timolol or brimonidine when
vitamin E was added [104].

Antibiotics

The objective of Malakooti et al. was to develop a
drug-eluting SCL capable of releasing antimicrobial
peptides on the surface of the eye under controlled
conditions [70]. The study involved the use of
molecular imprinting techniques and functional
monomers to formulate HEMA hydrogels for the
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sustained release of vancomycin and polymyxin
B. In hen egg test chorioallantoic membrane
(HET-CAM) experiments, hydrogels loaded with
polymyxin B exhibited good biocompatibility.
Although vancomycin was incorporated and
released continuously from the functionalized
hydrogels, only the imprint effect associated with
polymyxin B was observed. To extend the release
duration of the ciprofloxacin, Hui et al. conducted
investigations (both in vitro and in vivo) on
novel silicone hydrogel SCLs developed through
molecular imprinting techniques [71].

Antiviral Drugs

Hydrogel CLs have been engineered to
demonstrate a preference for the antiviral drug
acyclovir (ACV) and its prodrug, valacyclovir
(VACV), used in the treatment of herpes simplex
(HSV) keratitis. These lenses are engineered to
facilitate the sustained release of therapeutic doses
throughout regular wear. A variety of functional
methacrylic acid (MAA) monomer concentrations
was utilized to produce both printed and unprinted
hydrogels, which were then assessed for swelling,
transmittance, mechanical characteristics, and
ocular compatibility via the HET-CAM method.
The assessed values for these parameters were
within the standard range for SCL. VACV
exhibited a markedly superior charging capacity
relative to ACV, attributable to its augmented
electrostatic interactions with MAAs. The benefits
of the printing technique for VACV have been
unequivocally demonstrated [78]. The few licensed
antifungal drugs and stringent dosage guidelines
make treating fungal keratitis, a condition that can
cause blindness. Therefore, the therapy of fungal
keratitis may be enhanced by the creation of SCLs as
a vehicle for the delivery of antifungal medications.
SCLs can act as a reservoir for medications, allowing
them to be constantly released into the cornea while
preventing drug loss due to nonspecific absorption,
blinking, and tear drainage [63].

Advantages and disadvantages of DDSCL
Therapeutic SCLs offer several advantages over
traditional eye drops, including (1) prolonged
drug contact time with the precorneal tear film,
(2) improved adherence to complex and frequent
dosage regimens, and (3) minimized systemic
toxicity resulting from the precise amount of
medication incorporated into the SCLs [105].
However, the commercialization of therapeutic
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CLs is subject to certain limitations. Key properties
of SCLs, such as low water content, diminished
tensile strength (mechanical characteristics),
reduced transparency, and decreased ion and
oxygen permeability, may be adversely affected by
drug loading [60]. The potential for eye irritation
and dryness at the end of the wearing period is
another of the CLs’ weak therapeutic aspects [106].
Additionally, prolonged CL use has been linked
to ocular toxicity [107]. Hygienic CL handling is
another issue. Therefore, incorrect handling could
be more dangerous than using standard eye drops,
increasing the chance of infection or pain while
wearing (leaving CLs unworn), which could result
in treatment failure [108]. However, in cases where
CL insertion is part of the patients management
(e.g., following refractive surgery, in persistent
corneal epithelial defect, etc.), the use of this drug
can be an ideal option that, in addition to using CLs
to heal the corneal surface, eliminates the need for
eye drop use [108].

Punctal Plugs Delivery System (PPDS)

Originally designed to manage tear drainage
in conditions such as DED, punctal plugs have
evolved into multifunctional medical devices that
serve as a system for drug delivery [109]. These
rod-shaped devices, commonly known as particle
plugs, are generally composed of various polymeric
materials, including collagen, hydrogels, and
silicone, and are implanted into the upper or lower
punctum to block tear flow. By prolonging the
contact between the ocular surface and tear fluid,
punctal plugs create a stable tear film, which can be
particularly advantageous in cases where patients
are unable to tolerate CLs or during refractive
surgeries. However, the application of these devices
has expanded beyond their initial purpose of
managing tear dynamics [110].

Recent innovations in ocular medication
administration include punctal plugs. Once the
required medications are incorporated in their core,
these devices discharge them unidirectionally and
regulated onto the ocular surface [110]. Although
punctal plugs are limited to low-dose medications
like prostaglandins and corticosteroids, they
have been successfully used in clinical settings,
particularly with the FDA-approved Dextenza™
system for dexamethasone delivery. This controlled
medication release method offers a viable alternative
to topical eye drops, which have low bioavailability
and quick tear drainage [111, 112].
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PPDS for DED and Glaucoma

The continuous ocular drug delivery of these
plugs is encouraging, particularly for individuals
with  DED and glaucoma. Long-term topical
therapy for these patients can lead to adherence
concerns and unwanted effects. Drug distribution
by punctal plugs can solve these difficulties by
retaining effective medicine concentrations on
the ocular surface while decreasing dosage. This
approach decreases systemic absorption and side
effects, such as beta-blocker cardiovascular risks,
while enhancing treatment outcomes [113].

Those punctal plugs, designed for drug delivery
purposes, are made of a variety of components.
One of these components is a polymer-based
cylindrical body in which the drug compound has
been incorporated. In a number of designs, there
is a porous cap for controlling the medication
release [114]. Given that the body part is nearly
impermeable to tear fluid and drugs, it ensures
unidirectional delivery of medications to the
ocular surface [115]. In advanced designs, such as
the thermosensitive SmartPlug, which is composed
of hydrophobic acrylic materials, adaptability and
retention rates have been improved to enhance
drug delivery. These characteristics render the
plugs more effective and reliable for extended
periods [116].

As a renowned investigational tool, the
travoprost ophthalmic insert (OTX-TP) system is
designed to deliver travoprost through a resorbable
hydrogel rod impregnated with polylactic acid
microparticles. This system can sustain drug release
for over 90 days, making it preferable to daily eye
drops. In clinical trials, the OTX-TP system has
demonstrated significant reductions in intraocular
pressure (IOP) compared to the commonly used
timolol eye drops. Although the trials indicated a
greater reduction in IOP within the timolol group,
this observation may be attributed to the extended
contact time afforded by the presence of a placebo
punctal plug. This finding underscores the potential
of punctal plugs to enhance drug retention [117].

Although the associated results were
encouraging, the OTX-TP system faces challenges
regarding retention rates, with only 48% of the plugs
remaining in place by the 90th day. Nevertheless,
its tolerability improved over time, and overall, this
device was well accepted by patients, primarily due
to minimal adverse effects, such as mild irritation
and foreign body sensation [117].

In addition, to address the needs of patients
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suffering from DED and glaucoma, various drug-
eluting punctal plug systems have been developed.
The Latanoprost-PPDS (L-PPDS) has successfully
completed phase II clinical trials. Its use for the
treatment of ocular hypertension and primary
open-angle glaucoma (POAG) through sustained
IOP reductions has been approved [118]. Likewise,
a number of systems are underway for delivering
moxifloxacin and cyclosporine, and although the
use of an olopatadine PPDS has not led to significant
efficacy in the treatment of allergic conjunctivitis,
such attempts indicate the continued innovation
in this field [119-121]. With the investigational
advancements in these plug-based systems, they
may present a transformative solution that leads
to decreased limitations in daily medication use
and enhanced quality of life for a great number of
patients.

PPDS Complications

Despite their advantages, PPDS are associated
with several significant drawbacks that may limit
their long-term effectiveness. One common
complication is extrusion, which leads to the
dislodgment of the plug from the punctum.
This occurrence is reported in 25-50% of cases,
sometimes within a month following their insertion
[122, 123]. Such a phenomenon may result in other
problems, e.g., punctal enlargement, a higher
likelihood of re-extrusion, and granulation tissue
formation [123-125]. In general, the retention
rates of the plugs are poor, and most of them are
lost within the first few weeks, in particular in
scenarios in which patients suffer from conditions
such as lid laxity and when the punctal size is
larger [126]. Another issue that frequently arises
is excessive tearing, or epiphora, which affects
up to 10% of patients with permanent punctal
plugs. This condition may significantly diminish
patient satisfaction and comfort [127]. In addition,
patients commonly report localized discomforts,
e.g., irritation, itching, or a persistent foreign body
sensation, which may result from the plug’s design
or material [124]. In a number of cases, the defects
found in the surface of the plugs, e.g., irregularities
and sharp edges, may lead to exacerbated irritation
that results in additional discomfort or even
damage to the surrounding ocular tissues, such
as the cornea and conjunctiva [128]. If the plugs
migrate into the canalicular system, they may cause
infections, such as dacryocystitis and canaliculitis,
and even fungal infections resulting from
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deep migration of the plug into the canalicular
system. Although such infections rarely occur,
their treatment can be difficult and require plug
removal [129, 130]. Another serious concern is
canalicular and punctal stenosis following the plug
extrusion/loss that may lead to narrowing and
scarring of the ducts. Such a condition may lead
to more challenges in future treatments and may
necessitate more invasive solutions [125, 131]. As
inflammatory lesions, pyogenic granulomas may
arise from irritation caused by plugs, particularly in
cases where silicone plugs are utilized. This can lead
to additional complications, such as plug extrusion
or the need for plug removal [132]. The formation
of surface biofilms on the plugs, especially silicone
plugs, increases the risk of bacterial infection
and contamination, with Staphylococcus species
commonly isolated in these instances [133,
134]. Such complications indicate the challenges
encountered when attempting to achieve long-term
success using the PPDS.

Corneal Intrastromal Injection

The cornea is a specialized, transparent,
avascular, immune-privileged, and highly
innervated tissue that accounts for two-thirds of the
eyes refractive power. Ocular injuries, infections,
and hereditary factors can profoundly affect corneal
function and result in vision impairment [135]. The
cornea is structurally comprised of three distinct
layers: an outer stratified epithelium, a dense
collagenous stroma, and a cuboidal monolayer
of endothelial-like cells. The stroma, the middle
portion of the cornea, predominantly consists of
an extracellular matrix and constitutes 90% of the
corneal thickness. The primary cell type in the
stroma is the keratocyte, a specialized fibroblast
essential for the repair and maintenance of corneal
tissue [136]. Due to the unique physiological
characteristics of the cornea, including avascular
tissue along with hydrophobic epithelium and
endothelium and hydrophilic stroma, drug delivery
to corneal and anterior segment tissues presents
particular challenges. A novel drug delivery system
to address these challenges is intrastromal corneal
injections, which can deliver the drug closer to the
target site [137, 138].

Corneal Intrastromal Injection in the Treatment of
Eye Conditions
Corneal Neovascularization

Corneal neovascularization, a condition that can
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diminish visual acuity, results from various corneal
disorders, including congenital anomalies, hypoxia
associated with CLs, inflammatory diseases,
chemical injuries, limbal stem cell deficiency
(LSCD), allergies, trauma, infectious keratitis,
autoimmune disorders, and corneal graft rejection
[139]. Steroids are the primary medications
utilized to inhibit angiogenesis; however, their
indirect effects on this process are limited.
Furthermore, the use of steroids is associated with
the development of glaucoma and cataracts [140].
Researchers documented a cohort of patients who
had intracorneal bevacizumab injections for the
treatment of corneal vascularization. In comparison
to alternative administration methods, intrastromal
injection may facilitate enhanced exposure of
the corneal capillaries to the drug, together with
the delivery of a precise drug concentration.
The topical application of this medicine may be
hindered by restricted penetration through intact
epithelium, attributable to bevacizumab’s elevated
molecular weight. Their findings indicate that
corneal intrastromal injection of bevacizumab may
serve as a beneficial alternative for the treatment of
corneal vascularization [141].

Fasciani et al. conducted a study to examine
the efficacy of subconjunctival and/or intrastromal
bevacizumab injections in preventing graft
failure in high-risk keratoplasties. The findings
suggest that bevacizumab injections may serve
as a preconditioning treatment to enhance the
prognosis of high-risk corneal transplantation.
The procedure appears to be safe and may
contribute to the reduction of the inflammatory
response, which is a critical factor in corneal graft
rejection [142].

Fungal Keratitis

Infectious keratitis is a major contributor to
corneal blindness globally. This condition is most
commonly found in tropical and subtropical
regions, affecting primarily young agricultural
workers from low socioeconomic backgrounds.
While it is less common in developed countries,
fungal keratitis represents nearly half of all
keratitis cases. Timely diagnosis and treatment are
crucial for preserving vision [143]. The primary
treatment is topical natamycin, but voriconazole
is the preferred alternative, particularly for non-
Fusarium infections. For cases specifically caused
by Aspergillus and Candida, topical amphotericin
B is considered the optimal choice [144, 145].
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In a study, a combination of intrastromal
and intracameral amphotericin B injections
effectively treated nine severe cases of fungal
keratitis without requiring surgical intervention.
Amphotericin B in the anterior chamber can
penetrate the endothelium, gradually increasing
stromal concentrations for therapeutic effect.
The injections were found to be safe, with no
systemic toxic effects or corneal decompensation
observed. Most corneal ulcers healed, although
patients did experience leucoma and extensive
scarring. All patients developed cataracts, likely
due to inflammation, amphotericin B toxicity, or
injection trauma [146]. Additionally, another study
demonstrated that intrastromal injection of 5%
natamycin, when paired with topical treatment,
offers minimal advantage over topical therapy in
a rabbit model of Fusarium keratitis. Intrastromal
injection should be limited to the most severe or
resistant instances [147].

A separate trial assessed the effectiveness and
safety of a new tricyclic corneal stroma injection
(TCSI) of voriconazole for the treatment of fungal
keratitis. Retrospective findings suggest that this
approach may improve visual acuity or expedite
epithelial repair in instances of fungal keratitis,
indicating potential for therapeutic application.
Moreover, no notable alterations were detected
in endothelial cell density, intraocular pressure
measures, or the likelihood of corneal perforation
subsequent to the stromal injections. TCSI seems
to be a feasible and secure adjuvant therapeutic
alternative for fungal keratitis [148].

The pharmacokinetics of  voriconazole
delivered by injection into the corneal stroma
is not well understood. A study demonstrated
that voriconazole administered into the ocular
stroma lacks sustained retention. Therefore, many
injections are required for the management of
fungal keratitis [149].

Corneal Opacity

Another study evaluated the safety, feasibility,
and therapeutic effects of injecting human corneal
stromal keratocytes (CSKs) into a rodent model
of early corneal opacity. The results showed that
injected CSKs maintained appropriate marker
expression and minimal inflammation, preserving
corneal clarity and stability. In the opacity model,
CSK injections reduced stromal reflectivity and
thickness, enhancing corneal clarity compared to
non-injected corneas [150].
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Soleimani et al. evaluated the effectiveness of
intrastromal versus subconjunctival administration
ofhuman bone marrow-derived mesenchymal stem
cells (hBM-MSCs) in a corneal epithelial damage
model. Although both injection strategies enhance
wound healing and diminish neovascularization
and opacity, the intrastromal method exhibits
superior results for corneal repair [151].

A study sought to examine the impact of
hyaluronidase (HAse) injection into the corneal
stroma on stromal stiffness and ultrastructure.
The degradation of glycosaminoglycans, crucial
constituents of the corneal stroma, by hyaluronidase
reduces corneal thickness and enhances stromal
stiffness via enhanced collagen fibril packing in a
time-dependent manner [152].

Infectious Crystalline Keratopathy (ICK)

A case report details an 84-year-old Caucasian
female with nonprogressive conjunctival scarring
who developed infectious crystalline keratopathy
(ICK) unresponsive to topical therapy. After
determining the antibiotic sensitivities of the
causative organism, the patient underwent
superficial ~ keratectomy and received an
intrastromal corneal injection of cefuroxime.
Postoperatively, the ICK fully resolved, resulting
in enhanced visual acuity and diminished ocular
irritation [153].

A case report details a 62-year-old man with
a history of ocular graft-versus-host disease
(GVHD) who developed ICK in his corneal
graft. Given his complex ocular history, ongoing
immunosuppression, and newly emerging
cardiac issues, the focus shifted to minimally
invasive therapies. Two intrastromal injections of
cefuroxime and moxifloxacin were administered,
effectively treating his ICK. This case underscores
the potential benefits of repeated intrastromal
antibiotic injections for ICK that is resistant to
topical treatment, which may eliminate the need
for therapeutic keratoplasty and assist in preserving
the patient’s vision [154].

Intracameral Injection (ICI)

An intracameral injection (ICI) entails the
direct administration of a medication into the
anterior chamber of the eye. This targeted drug
delivery approach circumvents ocular obstacles,
facilitating a high concentration of medication at
the required site, resulting in enhanced clinical
outcomes [155].
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Intracameral Antibiotics

Cataract surgery is the most prevalent
ophthalmologic procedure conducted in numerous
affluent nations, and its incidence is steadily rising.
The increase in cataract procedures is primarily
ascribed to advancements in technology [156].

Gungor et al. evaluated the prophylactic use
of intracameral antibiotics for the prevention of
postoperative endophthalmitis (POE) following
cataractsurgery. The study compared the effectiveness
of various antibiotics, specifically vancomycin,
cefazolin, cefuroxime, and moxifloxacin. All tested
antibiotics demonstrated efficacy in preventing POE
[157]. Also, intracameral cefuroxime injections
significantly reduced the incidence of postoperative
endophthalmitis in cataract surgery compared to
no antibiotic use [158]. In support of this, another
study indicated that researchers advocated for
the administration of intracameral or intravitreal
antibiotics to mitigate the risk of endophthalmitis
following open globe injuries [159]. These findings
highlight the growing emphasis on improving
surgical outcomes alongside the rising frequency of
cataract procedures [158].

Regular intracameral antibiotic use may raise
healthcare costs [160]. Approximately 4 million
cataract operations are conducted annually in the
United States [161]. Three often utilized antibiotics
include cefuroxime ($5.08 and $80.16), vancomycin
($82.08 and $234.16), and moxifloxacin ($41.18
and $152.36). Operating rooms should refrain
from utilizing several antibiotic dosages from a
single vial, as this contravenes chapter 797 of the
USP (United States Pharmacopeial Convention,
Rockville, MD, USA). Pharmacokinetic studies
indicate that 50% of the administered cefuroxime
is eliminated from the anterior chamber 4-5 hours
post-surgery; however, pathogens can infiltrate a
non-sutured anterior chamber from the eyelids and
surrounding environment at any time during the
initial postoperative days. This prompts inquiries
on the effectiveness and expense of intracameral
antibiotics [160].

Intracameral Anesthesia

Intracameral mydriatic injection is found to be
effective for anesthesia and mydriasis in cataract
surgery with phacoemulsification and manual
small-incision cataract surgery (MSICS) [162]. In
a study researchers found that the combination of
intracameral lidocaine injection and anesthetic eye
drops likely reduced pain levels during cataract
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surgery more effectively than using anesthetic eye
drops alone and resulted in fewer patients reporting
pain during the procedure. However, pain ratings
were generally low with or without the lidocaine
injection, suggesting that the difference may not
be clinically significant. Additionally, the lidocaine
injection combined with eye drops did not lower
the level of postoperative pain reported by patients.
However, pain ratings were generally low with or
without the lidocaine injection, suggesting that the
difference may not be clinically significant [163].
It is important to note that the use of intracameral
mydriatic and anesthetic injections at the start of
cataract surgery is safe and provides clear benefits
compared to the traditional topical mydriatic
approach. This method eliminates the need for
repeated application of topical solutions, thus
improving patient flow in ophthalmology clinics and
reducing the risk of corneal toxicity associated with
topical administration. Moreover, the availability
of a specifically approved intracameral preparation
mitigates the risks linked to “homemade” mixtures
and minimizes the likelihood of dosing errors
[164]. Further research focusing on the potential
adverse effects of intracameral anesthesia could
provide a clearer understanding of its safety profile.
Additionally, economic evaluations would be
valuable in assessing the cost implications associated
with its use.

Intracameral Bevacizumab

Glaucoma refers to a group of diseases
characterized by optic nerve head cupping and
degeneration, often accompanied by visual field
loss, which can occur with elevated or normal IOP.
It is the second most common cause of blindness
globally [165]. Neovascular glaucoma (NVG) is a
severe kind of secondary glaucoma that endangers
vision, characterized by the proliferation of aberrant
blood vessels on the iris and the formation of
fibrovascular tissue in the anterior chamber angle.
Retinal ischemia is the principal underlying cause,
with branch and central retinal vein occlusion
(BRVO/CRVO), proliferative diabetic retinopathy
(PDR), and ocular ischemic syndrome (OIS) as
prevalent contributions [166].

Bevacizumab (Avastin) is a humanized
monoclonal antibody that targets and binds to all
forms of VEGF [167]. Bevacizumab attaches to the
receptor-binding region of all VEGF-A isoforms,
thereby obstructing the interaction between
VEGF-A and its receptors (FLT-1 and KDR) on
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endothelial cells. This inhibition prevents the
activation of intracellular signaling pathways that
initiate endothelial cell growth and the formation
of new blood vessels. Research has demonstrated
that injection of intravitreal bevacizumab (IVB) can
contribute to the regression of iris neovascularization
[168, 169].

In managing NVG, intracameral bevacizumab
shows greater effectiveness in lowering IOP
compared to intravitreal injection. Significant IOP
reduction was seen in the intracameral group at 4, 8,
and 12 weeks for patients with IOP between 11 and 30
mm Hg, while no reduction was observed in higher
IOP ranges or during the first week. In contrast, the
intravitreal and combined intracameral-intravitreal
groups showed no significant IOP reduction at any
time [170]. Another study also supports intracameral
bevacizumab, with 8 out of 9 patients achieving IOP
control without needing surgery [171].

Intracameral Dexamethasone

Intracameral dexamethasone provides a distinct
advantage over topical steroids by potentially
reducing postoperative inflammatory symptoms and
lowering anterior chamber cell and flare scores [172].
This method delivers dexamethasone directly to the
target site, allowing for higher concentrations of the
drug within the anterior chamber and potentially
minimizing local side effects, such as elevated IOP
[173]. Studies have shown that intracameral injection
of dexamethasone demonstrates significantly higher
efficacy compared to other administration methods,
such as subconjunctival or sub-Tenon’s routes
[174, 175]. Furthermore, intracameral delivery
reduces the risk of complications associated with
other administration methods, including skin
hypopigmentation, extraocular muscle atrophy, and
subdermal fat [173, 175]. However, intracameral
drug delivery does come with certain disadvantages.
One potential issue is the risk of toxic anterior
segment syndrome (TASS), a sterile postoperative
inflammatory response triggered by the introduction
of a noninfectious substance into the anterior
segment [176]. Plasma levels following intracameral
dexamethasone injection were significantly lower
than any known toxic concentrations of steroids
[172].

Collagen Shields (CSs)

Collagen inserts and shields represent one of
the most extensively investigated corneal drug
delivery systems utilizing collagen [177]. Collagen,
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which constitutes over 25% of an animals body
and is the primary component of gelatin, mainly
consists of types I and IV. It plays a crucial role in
maintaining the structure and clarity of the eye
[178]. Due to its unique properties compared to
synthetic polymers, collagen has been utilized in
various medical applications since 1986 [4, 5].
Research studies by McPherson et al. indicate that
collagen is less antigenic, more biocompatible, and
more biodegradable than natural polymers such as
albumin and gelatin [178]. Crosslinking through
chemical methods enhances collagen membranes,
allowing them to better mimic the native properties
of the cornea. This unresolved issue necessitates the
implementation of a collagen shield drug delivery
system (CS-DDS) to facilitate corneal healing, which
was initially developed for burn injury repair [179,
180].

The introduction of CS-DDS began in 1980,
initiated by Fyodorov as a corneal bandage for use
following the radial keratotomy procedure [181,
182]. These shields serve as a pre-corneal reservoir,
allowing for the concentration and prolonged
retention of drugs within the eye, thereby enhancing
their bioavailability without increasing the frequency
of dosing or toxicity to the corneal epithelium. This
ultimately improves patient compliance and reduces
the duration of hospitalization [180]. CSs are capable
of releasing therapeutic doses of corticosteroids,
immunosuppressants, and antibiotics for up to
72 hours [179, 183]. They are particularly useful
following ocular surgical procedures for the
delivery of drugs such as antibiotics and antivirals,
as demonstrated in studies involving rabbits and
mice [177, 184]. Additionally, CSs can facilitate
the implantation of human corneal epithelial cells
for wound restoration. Numerous studies have
shown that gentamicin sulfate and dexamethasone
can be effectively delivered using CSs in a manner
comparable to subconjunctival injections following
surgery [181].

Corneal CSs are derived from the collagen
found in the corneas of cows or pigs; porcine sclera
is utilized due to its closer resemblance to human
corneal collagen [185]. These shields are maintained
in a dry state and require rehydration prior to
application on the eye. Upon insertion, the shields
absorb ocular fluids and conform to the shape of
the cornea [181, 186]. The dissolution time of the
shields that lasts from 12 to 72 hours is determined
by how much crosslinking of the collagen used in
the preparation of the shields was achieved [187].
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As tears bathe the outer surface of the device,
they also carry with them and load onto the
cornea and aqueous humor any hydrophilic active
compounds that are embedded in the shield. There
is also the possibility of intramatrix implantation
of hydrophobic drugs. Available treatment drugs
include ofloxacin, fluorescein, cyclosporine, and
prednisolone [185, 186]. In addition, CSs are
currently utilized in greater numbers in glaucoma
operations for the purposes of delivery of plasmid
DNA to modulate healing of a wound. However,
it requires precise medical personnel to place it on
the patient because it can be uncomfortable for the
patient, as it may obstruct thick instruments in their
vision [188, 189].

Although CS fulfill their intended purpose, they
exhibit several shortcomings, one of which is low
patient comfort due to insufficient transparency,
leading to impaired vision. Additionally, their
commercial adoption has been affected by safety
concerns associated with cross-linkers, as the
increased bioavailability is limited to a narrow time
frame [180]. On the one hand, some CSs may be used
by patients themselves, but traditional ones have to be
implanted surgically and are opaque, which increases
the chances of discomfort and the possibility of the
shield being lost to the eye [177, 190]. On the other
hand, modern dosage forms known as ‘collasomes;
which consist of small collagen particles suspended
in a 1% methylcellulose solution, offer the benefits
of collagen while minimizing its drawbacks. These
advancements aim to enhance the bioavailability
and transcytosis of the system while also addressing
comfort and visual concerns [185, 191].

Iontophoresis

Iontophoresis is a non-invasive method that
enables the transdermal administration of drugs
through anatomical barriers using a low electric
current. This method has been utilized in several
pharmacological investigations and clinical contexts
[192]. Generally speaking, iontophoresis employs
either direct current or alternating current as its
voltage source. Direct current iontophoresis is
the methodology of choice [193]. Iontophoresis
in ocular therapy has been utilized to administer
antibiotics, resulting in increased concentrations of
pharmacological drugs in the vitreous humor, with
its safety and efficacy validated by several animal
studies and clinical trials [194]. Iontophoresis is often
classified into transcorneal and transscleral kinds
according to the site of application. Transcorneal
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iontophoresis has been developed to treat anterior
segment problems through the delivery of antibiotics
such as gentamicin, tobramycin, ciprofloxacin, and
vancomycin [194].

research by Cohen et al. Iontophoresis was
administered in one qualified eye to 40 of 42
randomized patients, who completed the research.
Patients were randomly assigned to one of four
iontophoresis dose groups (1.6, 4.8, 10.0, or 14.0
mA-min), treated with EGP-437 (dexamethasone
phosphate solution) via the EyeGate II Delivery
System (EGDS), and observed until day 28. After
one iontophoresis therapy, two-thirds of patients
had a zero anterior chamber cell (ACC) score within
28 days. Lower doses worked best and were well-
tolerated [195].

Iontophoretic delivery of EGP-437 is a safe way
for administering sufficient quantities of steroid to
ocular tissue, effectively managing post-cataract
inflammation and pain. This approach could
eradicate the daily requirement for corticosteroid
eye drops, hence enhancing outcomes for this
substantial patient demographic [196].

Iontophoresis, like other medication delivery
techniques, may induce adverse consequences.
Documented effects encompass localized electrical
burns, corneal epithelial or conjunctival edema,
mucous discharge, and diminished corneal
endothelial cell counts, likely attributable to
elevated current densities applied to small ocular
surfaces. Histopathological alterations, including
hemorrhagic necrosis, edema, and infiltration of
polymorphonuclear leukocytes, may also manifest
[197].

Before moving on to the conclusion section,
let us review a summary table of the key points
discussed in this article ( Table. 2 ).

CONCLUSION

The development of new anterior segment
ocular drug delivery systems represents a significant
advancement in ophthalmology. Low bioavailability,
rapid elimination, and patient compliance concerns
continue to limit conventional techniques such
as topical drops and systemic delivery. Recent
advancements in nanocarriers, drug-releasing
CLs, punctal plugs, and intracameral injections
have led to better drug retention, more precise
delivery, and longer-lasting effects. Though some of
these technologies have recently entered clinical
application, they show significant potential for
overcoming present limitations and improving
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Table 2 . Overview of the main findings and topics addressed throughout the article

Drug delivery system Advantages Limitations References
Low efficiency and limited bioavailability (generally below
. . . 5%). Rapid clearance due to blinking, fast tear turnover, and
Predominant technique, accounting for 3 R L
O anatomical barriers (cornea and tear film). Limited corneal
. . X over 95% of marketed ocular medicines. i A R
Topical Administration . surface area restricts volume (~10 pL). High concentrations
The most practical method. Non- L L . [7,8,27,28]
(General / Eye Drops) . ) . required in bolus administration can lead to local and
invasive, thus remaining the preferred | o )
. systemic complications (e.g., accommodative spasm).
mode of therapy for ocular disorders. L L . X
Ineffective in treating intraocular diseases due to the physical
barrier of the cornea.
Potential benefits include accurate dose,
convenience, and fast absorption (via the
ocular route). Oral administration may Efficacy is severely constrained by the blood-ocular barrier
be advantageous when topical therapies BOB). Often results in reduced bioavailability (approx. 2%).
Systemic (Oral/Parenteral) N ‘g . P 3 P . ( ) ) | ty (app ,0) [18, 20]
are ineffective or unfeasible. Oral vitamin Necessitates elevated systemic dosages, leading to systemic
A antioxidants yield a prolonged impact adverse effects. Limited access to various ocular tissues
compared to topical applications for
DED.
Precise dosage delivery. Reduction of
systemic side effects. Extension of ocular
residence time, which decreases Requires precise medical personnel to place (in the case of
Ocular Inserts (Ocuserts) L. i q P . p 4 ( [43-45]
administration frequency and enhances thick instruments).
patient adherence. Potential for sustained
and consistent drug release.
Provide enhanced drug retention,
prolonged release profiles, and precise
delivery mechanisms. Improve dru
i ry . o P g The majority are still in preclinical or early clinical stages.
. . bioavailability and minimize systemic X . A >
Nanocarriers (Nanoparticles, A R Issues concerning safety, scalability, and patient tolerability
R ) side effects. Cyclodextrins enhance R . A L
Liposomes, Cyclodextrins, continue to exist. Most technologies remain in the [33,39]

Micelles) solubility while minimizing solvent
toxicity. Vesicular systems (liposomes,
niosomes) prolong retention time.
Copolymeric micelles augment solubility
and stability.

Provide prolonged drug contact time
with the precorneal tear film. Improved
adherence to complex regimens.
Minimized systemic toxicity. Can deliver

antibiotics, antiviral drugs, and glaucoma
Soft Contact Lenses (SCLs) / 8 g

DDSCLs treatments. Delivery duration can be

changed from a few hours to several
weeks (with nanoparticle incorporation).
Can achieve sustained drug release in
vivo for up to seven days
(corticosteroids).
Enables direct, unidirectional, and
controlled release onto the ocular surface.

Punctal Plug Drug Delivery Provides a consistent release for long-

Systems (PPDS) term therapies (DED, glaucoma).

Minimizes systemic absorption and
associated side effects (e.g.,
cardiovascular risks from beta-blockers)

Serves as a pre-corneal reservoir for
concentration and prolonged retention of
drugs. Enhances bioavailability without
Collagen Shields (CSs) increasing dosingl frequency or toxicity to

the corneal epithelium. Can release
therapeutic doses for up to 72 hours.
Useful following ocular surgical

procedures.

development phase and require further testing for
commercial viability.

Drug loading can negatively affect key SCL properties: low
water content, diminished tensile strength, reduced
transparency, and decreased ion and oxygen permeability.
P}otennal for eye lrrltatl({n and‘ dryness:Inct?rrect hancl}mg (105, 107, 108]

increases the chance of infection or pain. Simple soaking
leads to quick release. Supercritical solvent methods yield
less encouraging outcomes, extending retention only to a few
hours.

Small capacity limits application to low-dose drugs. High
complication rate: extrusion (25-50% of cases). Poor
retention rates overall. Risk of excessive tearing (epiphora). (122-128]
Patients commonly report localized discomfort, irritation, or
foreign body sensation. Risk of infection (dacryocystitis,

canaliculitis) if plugs migrate.

Low patient comfort due to insufficient transparency

(impaired vision). Increased bioavailability is limited to a
[177-182, 185,

narrow time frame. Traditional shields must be implanted 186]

surgically. Commercial adoption is affected by safety
concerns associated with cross-linkers.
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Table 2 . Overview of the main findings and topics addressed throughout the article

Drug delivery system Advantages

Limitations References

Circumvents ocular obstacles. Facilitates
a high concentration of medication at the
required site. Significantly reduces the
incidence of postoperative
endophthalmitis (POE). Eliminates the
Intracameral Injection (ICI) need for repeated topical solutions,
reducing the risk of corneal toxicity
associated with topical administration.
Greater effectiveness in lowering IOP for
NVG than intravitreal injection. Reduces
local side effects (e.g., elevated IOP).
Can deliver the drug closer to the target
site. Facilitates enhanced exposure of
Corneal Intrastromal Injection C(,)meal capillaries an'd delivery ofa
precise drug concentration. May enhance
wound healing and diminish
neovascularization and opacity.

A non-invasive method utilizing a low
electric current. Increases concentrations
Jontophoresis of pharmacological dr.ugs in the v_itreous

humor. Can eradicate the daily
requirement for corticosteroid eye drops.
Lower doses were well-tolerated.

Regular use may raise healthcare costs. Risk of Toxic
Anterior Segment Syndrome (TASS). Pathogens can [155-160]

infiltrate the anterior chamber post-surgery.

Pharmacokinetics are not well understood. May lack

sustained retention, requiring many injections (e.g., [139-141, 144-

voriconazole). Should be limited to the most severe or 146, 148-150,
resistant instances (e.g., Natamycin). Risk of 153, 154]
scarring/leukoma.
May induce adverse consequences: localized electrical burns,
corneal epithelial/conjunctival edema, mucous discharge,
P Junetiv 8 (192-197]

and diminished corneal endothelial cell counts. Risk of
histopathological alterations.

patient outcomes. Artificial intelligence has the
potential to significantly enhance ocular drug
delivery systems in the future. Artificial intelligence
may help with formulation design optimization,
medication distribution and response prediction,
and the creation of more intelligent delivery systems
with adaptive release profiles. Additionally, the use
of personalized therapy in ophthalmology may allow
for treatment plans that are customized to meet the
unique requirements of each patient, resulting in
safer and more efficient ocular drug delivery.

Future research should focus on applying
artificial intelligence and personalized therapeutic
approaches to enhance ocular drug delivery systems.

ABBREVIATIONS

BOB: blood-ocular barrier

VEGEF: vascular endothelial growth factor
AMD: age-related macular degeneration
DED: dry eye disease

CSC: central serous chorioretinopathy
HPMC: hydroxypropyl methyl cellulose
O/W: oil-in-water

ASEDs: Autologous serum eye drops
UMSCs: umbilical mesenchymal stem cells
MSCs: mesenchymal stem cells

LSCs: Limbal stem cells

SCLs: soft contact lenses

Phema: poly-hydroxyethylmethacrylate
CLs: contact lenses

MAPTAC: Methacrylic amino propyl-trimethyl
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ammonium chloride

MMA: methyl methacrylate

MOEP: methoxy ethyl phosphate

DDClLs: daily disposable contact lenses

GMA: glycidyl methacrylate

DEA: diethyl acrylamide

PLGA: Polylactic glycolic acid

PVA: polyvinyl alcohol

MPEG-PLA: Methoxypoly (ethylene glycol)-poly
(lactide) copolymer

DCRS: drug controlled release system

HET-CAM: hen egg test chorioallantoic membrane
ACV: antiviral drug acyclovir

VACV: valacyclovir

HSV: herpes simplex

MAA: methacrylic acid

PPDS: Punctal Plugs Delivery System

OTX-TP: travoprost ophthalmic insert

IOP: intraocular pressure

L-PPDS: Latanoprost-PPDS

POAG: primary open-angle glaucoma

LSCD: limbal stem cell deficiency

TCSI: tricyclic corneal stroma injection

CSKs: corneal stromal keratocytes
hBM-MSCs:  human  bone
mesenchymal stem cells

HAse: hyaluronidase

ICK: infectious crystalline keratopathy
GVHD: graft-versus-host disease

ICI: intracameral injection

POE: postoperative endophthalmitis

marrow-derived

Nanomed Res J 10(3): 210-233, Summer 2025
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SICS: small-incision cataract surgery

NVG: Neovascular glaucoma

BRVO/CRVO: branch and central retinal vein
occlusion

PDR: proliferative diabetic retinopathy

OIS: ocular ischemic syndrome

IVB: intravitreal Bevacizumab

TASS: toxic anterior segment syndrome
CS-DDS: collagen shield drug delivery system
EGDS: EyeGate II Delivery System

ACC: anterior chamber cell
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