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Abstract

The unique anatomy and physiology of the eye present significant challenges for effective drug
delivery, necessitating innovative approaches to manage ocular diseases. This review examines the
intricate structure of the eye and the barriers that impede drug penetration, including the corneal
epithelium, conjunctival tissue, and blood-retinal barriers. Traditional ocular administration routes-
topical, periocular, and intraocular-often face limitations in drug bioavailability and patient
compliance. Recent advancements in nanotechnology offer promising solutions to these challenges.
Nanocarriers such as nanoparticles, liposomes, nanosuspension, nanoemulsion, micelles, and
dendrimers enhance drug delivery by improving bioavailability, controlling release rates, and
minimizing systemic side effects. Factors influencing the efficacy of these nanocarriers include their
size, surface charge, and hydrophilic-lipophilic balance. This review highlights the potential of these
novel drug delivery systems in treating chronic ocular conditions such as glaucoma, age-related
macular degeneration (AMD), and diabetic retinopathy. These advanced technologies are poised to
significantly enhance the therapeutic management of ocular diseases by overcoming the inherent
ocular barriers and optimizing drug delivery.
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Introduction

Modern ocular illnesses have a devastating impact on patients' ability to see and ways of living in
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Drug delivery to the eye can be broadly classified into two main parts: anterior and posterior
segments (Figure 2) [2]. The front part of the eye, about a third of the total, contains the ciliary body,
cornea, iris, conjunctiva, aqueous humour, and crystalline lens [3]. In contrast, the back half of the eye
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comprises the choroid, neural retina, sclera, optic nerve, vitreous humour, and retinal pigment
epithelium (RPE) [4-6]. Both parts of the eye are vulnerable to various disorders that can cause
permanent vision loss. The following conditions can affect the eye: uveitis, cataracts, choroiditis,
retinitis, retinopathies, optic neuritis, retinal dystrophies, ectasia of the cornea, keratopathy,
keratoconjunctivitis, scleritis, glaucoma, choroiditis, or retinopathy [7-11].
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Figure 2. Structure of the eye. Reprinted under the terms of the Creative Commons Attribution 3.0 International (CC BY) license
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Even though the eyes are one of the body's most accessible organs, it is pretty challenging to administer
medication to their tissues. Like the brain, the eye is considered "immune privileged" since it is part of
the central nervous system protected from blood flow. An organ that is highly isolated from systemic
circulation is the eye due to its complex ocular barriers and precise design. Thus, many obstacles can be
overcome when treating eye illnesses, particularly those affecting the posterior region [12]. A non-
invasive method widely used for administering drugs to the anterior portion of the eye is known as
local instillation [13,14]. This method is popular since it is simple to use and patient-friendly. Following
the administration of the drug, it quickly comes into contact with the mucus found on the eye's surface
[15]. Lacrimal drainage, which travels through the upper and lower canaliculus and eventually reaches
the lacrimal sac, which opens into the nasolacrimal duct, is responsible for quickly removing the dosage
[16].

Additionally, the ocular bioavailability of topical eye drops could be improved. Several anatomical
and physiological restrictions present hurdles and make it challenging to penetrate deeper ocular
tissues. These limits include tear turnover, lacrimal drainage, blink reflex, and dynamic and static ocular
barriers [17].

Barriers affecting ocular drug delivery
Tear film barrier

The initial permeability barrier that inhibits the transport of ocular drugs is tear film, a thin lipid
layer covering the outside of the eye, a middle layer of aqueous fluid, and an innermost layer of mucous
[12,18]. From an anatomical standpoint, the outer oil layer both keeps water from evaporating and
decreases drug absorption into the sclera and cornea [19]. Reduced bioavailability can occur when
specific endogenous proteins in the middle aqueous layer bind and metabolize the administered
medicine. These proteins include lactoferrin, globulin, and albumin [20]. The mucus layer, located
inside, is an intricate combination of many substances, such as water, lipids, salts, enzymes, and mucins
[21]. The mucus layer is the most dense at the epithelial apex because of its pore structure, which
contains negatively charged glycans and hydrophobic regions. It becomes more diluted as it extends
outward into the tear fluid. It plays a significant role as a barrier in drug delivery because it can trap
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and adhere to foreign particulates. Then, it is washed away by mucus turnover before it reaches the
corneal surface [22,23]. After topical treatment, the average tear volume increases to 30 uL from 7 uL.
This leads to the rapid drainage of excess fluid through the nasolacrimal duct and the loss of more than
85% of the drug dose before it reaches the corneal surface. The fast turnover of tears further dilutes the
retained drugs, reducing the concentration gradient and diffusion rate. As a result, intraocular
medicines often have limited bioavailability in aqueous humor, typically between 0.1% and 5% [24,25].

Regarding drug distribution, the most recommended and patient-friendly strategy is the topical
administration of eye drops, instilled explicitly into the lower precorneal pocket. The blink reflex,
however, renders this approach mostly ineffective since it causes the majority of the topical doses to be
lost. Surprisingly, only approximately 20% of the amounts that are injected stay in the pocket long
enough to have the desired impact [26]. For passive diffusion to occur across the corneal layers, the
concentration of the medication in this lower precorneal area is a crucial factor. Nevertheless, the
complicated task of achieving therapeutic medication concentrations for the posterior eye tissues
persists. Topical drug use may be more effective in the conjunctiva and sclera due to their more excellent
permeability than in the cornea; nevertheless, these posterior tissues have very poor drug absorption
due to the fast circulation, making this treatment even more difficult [27]. Both static and dynamic
barriers, such as the sclera, choroid, and RPE, and the passage of lymphatic and blood through the
episcleral and conjunctiva, respectively, hamper the delivery of drugs to the eye [28,29]. Topical delivery
requires a permeable cornea and prolonged corneal contact time, although other routes of
administration, like intravitreal and periocular injections or systemic administration, have also been
investigated. Because of the eye's tiny volume and the presence of the retinal blood barrier, which limits
systemic administration, intravitreal injection is especially notable for its success in treating deep-seated
ocular illnesses [30-32]. The transscleral route refers to the method of delivering therapeutic agents to
the eye by passing them through the sclera, the tough, fibrous outer layer of the eye. This route is
considered for delivering drugs directly to the posterior segment of the eye, such as the retina and
choroid, which are otherwise challenging to reach via traditional topical or systemic routes [33].

Vitreal barrier

The anatomical and physiological features of the vitreous humor that restrict the penetration and
diffusion of substances from the anterior segment (such as the aqueous humor) into the posterior
segment (such as the retina and choroid) are collectively referred to as the vitreal barrier, which is also
called the vitreoretinal barrier. This barrier is essential to stabilize the eye's internal environment and
shield the retina from damaging substances. The vitreal barrier poses significant challenges to drug
delivery to the posterior segment of the eye. The dense, gel-like nature of the vitreous humor impedes
the free movement of substances. Large molecules and particles have difficulty diffusing through this
matrix. The network of collagen fibers can trap and hinder the movement of therapeutic agents. Similar
to the blood-brain barrier, the Blood-Retinal Barrier (BRB) is a physiological barrier that restricts the
entry of substances from the bloodstream into the retinal tissue. It consists of tight junctions between
retinal capillary endothelial cells and the RPE. Enzymes within the vitreous can degrade certain drugs
before they reach their target. Larger molecules and those with specific charge properties may diffuse
more slowly through the vitreous. Lipophilic (fat-soluble) substances often have better diffusion rates
compared to hydrophilic (water-soluble) ones [34-36]. Specifically, negatively charged particles diffuse
freely, while positively charged particles get trapped in the vitreous body [37]. As a result, the drug's
vitreous dispersion and retinal bioavailability are significantly affected by its molecular weight and
charge.

Blood-ocular barrier (BOB)

The eye is a highly specialized organ requiring precise regulation of its internal environment to
maintain optimal function and protect delicate structures from potentially harmful substances. The BOB
is a critical component in this regulatory system, comprising two main barriers: the blood-aqueous
barrier (BAB) and the BRB. These barriers work in concert to control the exchange of substances between
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the bloodstream and the ocular tissues, ensuring a stable environment for visual processes. The BAB
primarily regulates the passage of substances into the anterior segment of the eye, particularly the
aqueous humor. It consists of several anatomical components: Non-pigmented Ciliary Epithelium, Iris
Vasculature, and Endothelial Cells of the Schlemm's Canal. However, The BRB is essential for protecting
the neural retina and maintaining a controlled environment for photoreceptor function. It has two main
components: the Inner Blood-Retinal Barrier and the Outer Blood-Retinal Barrier. Tight junctions
between endothelial cells of retinal capillaries form the inner Blood-Retinal Barrier. These junctions
restrict the passage of large molecules and ions from the bloodstream into the retinal tissue, ensuring
the retina remains free from blood-borne toxins and pathogens. The outer blood-retinal barrier
comprises the RPE, which forms tight junctions with adjacent RPE cells. The RPE regulates nutrient and
waste exchange between the retina and the choroid, maintaining the subretinal space's homeostasis
[5,18,38-43].

Furthermore, Ocular drug delivery presents unique challenges due to the eye's complex anatomy
and protective barriers, which limit the bioavailability of therapeutic agents. Various advanced drug
delivery systems have been developed to overcome these obstacles and enhance drug bioavailability,
as shown in Figure 3 [44]. Nanotechnology has enabled rapid advancements in the ocular delivery of
drugs, leading to novel therapeutic approaches for ocular disorders [45,46]. In comparison to
conventional drug delivery methods, nanocarriers have many benefits, such as the ability to cross the
ocular barrier, increase transcorneal permeability, decrease drug degradation, decrease dosage
frequency, boost patient compliance, accomplish controlled release, target specific drugs, and deliver
genes [47,48]. These systems aim to provide targeted, controlled, and sustained release of drugs to
improve therapeutic outcomes while minimizing side effects.
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Figure 3. Advanced Ocular drug delivery systems. Reprinted under the terms of the Creative Commons Attribution 4.0
International (CC BY) license [44].
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Ocular diseases

Ocular diseases encompass many conditions that affect the eyes, potentially leading to vision
impairment or blindness if not properly managed. These diseases can affect different eye parts,
including the cornea, lens, retina, optic nerve, and surrounding tissues. Understanding these conditions,
their causes, symptoms, and treatment options is crucial for preserving eye health and preventing vision
loss.

Glaucoma

Glaucoma is a group of eye conditions that cause damage to the optic nerve, which is vital for good
vision. This damage is often caused by abnormally high pressure in the eye (intraocular pressure or
IOP). Glaucoma is one of the leading causes of blindness for people over the age of 60, but it can occur
at any age [49]. The presence of high IOP is an indication of glaucoma [50]. Corneal endothelial cells can
be damaged due to increased intraocular pressure [51]. A further consequence of elevated IOP is the
compression of the retinal blood vessels, which can harm the optic nerve and retinal ganglion cells [52].

The treatment of glaucoma focuses on lowering IOP to prevent damage to the optic nerve and
preserve vision. Various treatment modalities are employed, tailored to the type and severity of
glaucoma. The primary approach involves pharmacological therapy with eye drops, which aim to either
decrease the production of aqueous humor or enhance its outflow. Common medications include
prostaglandin analogs, beta-blockers, alpha agonists, and carbonic anhydrase inhibitors [49,53]. When
medications fail to adequately control IOP or cause significant side effects, laser therapy or surgical
interventions may be considered. Laser trabeculoplasty is a widely used procedure for open-angle
glaucoma, improving the outflow of aqueous humor through the trabecular meshwork. For more severe
cases or when laser therapy is ineffective, surgical options such as trabeculectomy or drainage implants
are performed to create new pathways for fluid drainage, thereby lowering IOP [54,55]. Additionally,
minimally invasive glaucoma surgeries (MIGS) have emerged as less invasive alternatives with fewer
complications and quicker recovery times. Treatment choice depends on individual patient factors,
disease progression, and response to initial therapies, underscoring the importance of personalized care
in managing glaucoma effectively [56].

Age-related macular degeneration (AMD)

AMD is a leading cause of vision loss in older adults, characterized by the progressive deterioration
of the macula, the central part of the retina responsible for sharp, detailed vision. AMD is classified into
two main types: dry (atrophic) and wet (neovascular or exudative). Dry AMD, the more common form,
involves the thinning of the macula and the accumulation of drusen, yellow deposits beneath the retina.
Wet AMD, though less common, is more severe and occurs when abnormal blood vessels grow under
the retina and leak fluid or blood, leading to rapid vision loss [57]. The pathogenesis of AMD is complex
and involves a combination of genetic, environmental, and lifestyle factors. Key risk factors include
advanced age, smoking, family history of AMD, and specific genetic variants, such as those in the
complement factor H (CFH) gene [58]. Oxidative stress and chronic inflammation also play critical roles
in disease [59]. Current treatments for dry AMD are limited, focusing primarily on nutritional
supplements (AREDS2 formula) that may slow progression in intermediate stages.

In contrast, wet AMD is treated with anti-vascular endothelial growth factor (anti-VEGF) injections,
which help reduce the growth of abnormal blood vessels and fluid leakage. Recent advances include
the development of long-acting anti-VEGF agents and gene therapies aimed at providing sustained
treatment effects with fewer injections [60]. Intravitreal injection (IVT) with anti-VEGF (including
bevacizumab (Bev) and aflibercept, amongst others) is a successful treatment for neovascular age-
related macular degeneration (AMD). However, it is still considered invasive [61]. Consequently,
developing drug delivery technologies to achieve tailored drug delivery is of utmost significance.
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Diabetic retinopathy

Diabetic retinopathy (DR) is a common complication of diabetes mellitus and a leading cause of
vision impairment and blindness among working-age adults. It is characterized by damage to the retinal
blood vessels due to chronic hyperglycemia. The disease progresses through two main stages: non-
proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). In NPDR, early
changes include microaneurysms, retinal hemorrhages, lipid exudates, capillary occlusion, and leakage.
As the condition advances to PDR, there is an abnormal growth of new blood vessels
(neovascularization) on the retina and vitreous humor, which can lead to severe complications such as
vitreous hemorrhage and tractional retinal detachment [62]. Chronic hyperglycemia in diabetes leads
to metabolic changes contributing to retinal vascular dysfunction, including oxidative stress,
inflammation, and activating the protein kinase C pathway. These changes compromise the blood-
retinal barrier, leading to vascular leakage and edema. Diabetic macular edema (DME) can occur at any
stage and is a significant cause of vision loss in DR, characterized by fluid accumulation in the macula,
the central part of the retina responsible for sharp vision [63].

Management of diabetic retinopathy involves tight glycemic control to slow disease progression and
regular retinal screening to detect early changes. Treatment strategies for advanced stages include
intravitreal injections of anti-VEGF agents, which inhibit abnormal blood vessel growth and reduce
macular edema. Additionally, corticosteroids may be used to reduce inflammation and macular edema.
Laser photocoagulation remains a cornerstone treatment for PDR, preventing further
neovascularization and sealing leaking blood vessels. In severe cases, vitrectomy surgery removes
vitreous hemorrhage or scar tissue that can cause retinal detachment [64]. Because drugs have a low
bioavailability, the possibility of unwanted effects, and the inherent dangers associated with major
surgery, it is necessary to develop new drug delivery systems to bring about new ideas for the treatment
of DR.

Dry eye disease

Dry eye disease (DED) is a multifactorial condition characterized by a loss of homeostasis of the tear
film, leading to ocular discomfort, visual disturbances, and potential damage to the ocular surface. It is
associated with increased osmolarity of the tear film and inflammation of the ocular surface. DED can
be broadly classified into two main types: aqueous-deficient dry eye, where the lacrimal glands fail to
produce sufficient tear volume and evaporative dry eye, often due to meibomian gland dysfunction
(MGD) leading to increased tear evaporation [65]. The pathophysiology of DED involves complex
interactions between the tear film, ocular surface, and neural pathways. Inflammation plays a central
role, with pro-inflammatory cytokines and matrix metalloproteinases contributing to ocular surface
damage and a cycle of inflammation exacerbating the disease.

Additionally, environmental factors, systemic medications, and systemic diseases such as Sjogren’s
syndrome and rheumatoid arthritis can contribute to the development and severity of DED [66].
Management of DED focuses on a personalized approach tailored to the underlying cause and severity
of the condition. Treatment strategies include artificial tears and lubricants to provide symptomatic
relief and improve tear film stability. Anti-inflammatory therapies, such as cyclosporine A, lifitegrast,
and corticosteroids, reduce ocular surface inflammation. For evaporative dry eye, warm compresses,
lid hygiene, and medications like doxycycline or azithromycin are recommended to manage MGD.
Advanced treatments include autologous serum eye drops and scleral contact lenses for severe cases.
Lifestyle modifications, such as optimizing screen time, increasing ambient humidity, and ensuring
adequate hydration, also play an essential role in managing DED [67]. Artificial tears, local
secretagogues, corticosteroids, and immunosuppressants are standard drug therapies; nevertheless,
they have adverse effects like glaucoma, raised intraocular pressure, ocular pain, and poor patient
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compliance [68]. Employing novel drug delivery strategies is of the utmost importance to increase drug
bioavailability and circumvent ocular barriers.

Traditional routes of ocular drug administration

Traditional routes of ocular drug administration aim to deliver therapeutic agents effectively to treat
various ocular conditions. The most common methods include topical, periocular, intraocular, and
systemic administration.

Topical administration

Topical administration of drugs to the eye is the most common method for treating various ocular
conditions affecting the anterior segment, such as infections, inflammations, and glaucoma. This route
is favored due to its ease of use, non-invasiveness, and patient compliance. The primary formulations
used include eye drops and ointments, which offer localized treatment with minimal systemic side
effects compared to systemic administration methods. Despite its advantages, topical administration
faces significant challenges due to the eye's complex anatomical and physiological barriers. The cornea,
tear film, and nasolacrimal drainage system are significant obstacles that limit drug absorption and
retention on the ocular surface, often resulting in less than 5% of the administered dose reaching the
target tissue [17,69,70]. When an eye drop is instilled, a substantial portion of the drug is rapidly drained
through the nasolacrimal duct, leading to reduced drug availability at the target site. Additionally, the
corneal epithelium's low permeability further restricts drug penetration into deeper ocular tissues
[70,71].

Advancements in drug delivery systems have been explored to improve the efficacy of topical ocular
therapies. Nanotechnology-based formulations, including nano micelles, nanoparticles, and liposomes,
have shown promise in enhancing drug bioavailability. These nanocarrier systems increase the
retention time of the drug on the ocular surface and enable controlled and sustained drug release,
potentially overcoming the eye's natural barriers [70]. Despite these advances, achieving consistent and
effective drug delivery remains challenging, necessitating ongoing research and development to
optimize these innovative systems for clinical use [70,72].

Periocular administration

Periocular administration involves injections or depot systems around the eye, including
subconjunctival, sub-Tenon, and peribulbar injections. This route provides higher drug concentrations
to the posterior segment, making it suitable for treating posterior segment diseases like uveitis and
macular edema. Despite its advantages, periocular administration can be invasive and cause discomfort
or complications such as hemorrhage or infection [73]. This method includes several injection
techniques: subconjunctival, sub-Tenon’s, peribulbar, retrobulbar, and posterior juxta scleral routes.
These approaches aim to circumvent the ocular barriers that impede drug delivery to the posterior eye,
such as the corneal epithelium, conjunctival tissue, and blood-retinal barrier. Subconjunctival injection
involves administering drugs beneath the conjunctiva, which allows for a slow release of medication
over time and can be particularly effective for treating anterior segment diseases. However, its
effectiveness in reaching the posterior segment is limited due to the multiple barriers the drug must
traverse. Sub-Tenon’s injection places the drug into the Tenon’s capsule, a thin membrane surrounding
the eyeball, offering a more direct route to the posterior segment but still facing significant diffusion
barriers [74]. Peribulbar and retrobulbar injections target the space around and behind the eyeball.
These techniques are often used for anesthesia in ophthalmic surgeries but have also been explored for
drug delivery. Peribulbar injections deposit the drug in the adipose tissue surrounding the eyeball,
allowing for slower systemic absorption and sustained local drug release. Retrobulbar injections place
the drug closer to the optic nerve, potentially increasing the drug concentration in the posterior segment
but posing risks such as optic nerve injury and hemorrhage [75]. Posterior juxta scleral injection delivers
the drug near the sclera at the back of the eye, aiming for closer proximity to the retina and choroid.
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This method can enhance drug penetration to the posterior segment but is technically challenging and
can cause patient discomfort [74,76].

Despite these techniques, achieving therapeutic drug levels in the posterior segment remains
challenging due to the eye's protective barriers. The drug's molecular size, lipophilicity, and formulation
can significantly impact its ability to reach the posterior segment effectively. Research into advanced
drug delivery systems aims to improve periocular administration's bioavailability and therapeutic
efficacy. These systems can enhance drug retention, control release rates, and facilitate penetration
through ocular barriers. For instance, nanoparticle-based delivery systems can encapsulate drugs,
protecting them from degradation and enhancing their penetration through the ocular tissues [70].

Intraocular administration

Among the several intraocular delivery routes, the most common ones are intracameral, intravitreal,
subretinal, intrastromal, suprachoroidal, and intrastromal. The intracameral injection approach is
typically utilized after cataract surgery to treat anterior segment diseases such as bacterial and fungal
keratitis. This technique includes the direct injection of the drugs into the anterior chamber. However,
because the drug cannot penetrate the aqueous humor flow in the eye, this approach is not successful
in delivering drugs to the posterior portion of the eye [77]. Because of this, intravitreal injection is
utilized to achieve medication concentrations in the posterior region of the eye. Direct intravitreal
injection and intravitreal implanted devices are the two components of this procedure, which has
emerged as the most popular approach to treating vitreoretinal disorders in the past few decades [78].
Intravitreal injections of anti-VEGF agents [79], steroids [80], and genes [81] increase the drug
concentration in the vitreous and retina. However, repeated injections can lead to complications like
retinal toxicity, optic nerve damage, endophthalmitis, secondary glaucoma, cataracts, vitreous
hemorrhage, excessive intraocular pressure, and bleeding [82,83]. Recent advancements in drug
delivery systems aim to enhance the safety and efficacy of intraocular administration. For instance,
liposomes and poly lactic-co-glycolic acid (PLGA) nanoparticles have been extensively studied for their
potential to enhance drug retention and penetration within ocular tissues, offering promising avenues
for long-term treatment of chronic eye diseases [84].

Systemic administration

Systemic administration of drugs, which reach the eye through the bloodstream, is vital for treating
various ocular conditions, especially when localized administration is insufficient. Systemic delivery
involves introducing a drug into the circulatory system via oral ingestion, intravenous injection, or other
parenteral routes. Once in the bloodstream, the drug can traverse the blood-ocular barriers, including
the blood-aqueous and blood-retinal barriers, to reach ocular tissues. The blood-ocular barriers,
however, pose significant challenges for drug delivery. These barriers protect the eye from toxins and
pathogens and limit therapeutic agent penetration. For example, the blood-aqueous barrier consists of
tight junctions between endothelial cells of the iris and ciliary body capillaries, preventing many
substances in the blood from entering the aqueous humor.

Similarly, the blood-retinal barrier restricts drug access to the retina and vitreous body, necessitating
higher systemic drug concentrations to achieve therapeutic levels within the eye [85,86]. Systemically
administered drugs can be crucial in managing conditions like uveitis, diabetic retinopathy, and age-
related macular degeneration. For example, corticosteroids, commonly used for their anti-inflammatory
properties, can be administered orally or intravenously to treat severe intraocular inflammation. Oral
acetazolamide is used to lower intraocular pressure in glaucoma by decreasing aqueous humor
production [85]. The systemic route is also beneficial when rapid and uniform drug distribution is
required, as in the case of acute ocular infections. Intravenous antibiotics can quickly achieve
therapeutic concentrations in ocular tissues, providing a more effective treatment than topical
applications alone [87]. However, systemic drug administration is not without risks. High doses
required to overcome the blood-ocular barriers can lead to systemic side effects, including
gastrointestinal disturbances, cardiovascular issues, and potential toxicity.
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Moreover, drugs eliminated via systemic circulation can cause unwanted effects in non-target
tissues, emphasizing the need for careful dosing and monitoring [85,86]. While traditional routes of
ocular drug administration have been essential in managing various eye conditions, each route has its
own set of challenges and limitations. Ongoing research and development aim to enhance drug
efficiency and patient outcomes through improved formulations and novel delivery systems.

Ocular drug kinetics

Ocular drug kinetics involves the study of the absorption, distribution, metabolism, and excretion
(ADME) of drugs administered to the eye, as illustrated in Figure 4. Drug penetration tactics can be
categorized into several routes: topical delivery through trans-corneal and non-corneal penetration
(Routes 1 and 2), systemic administration via the blood-aqueous barrier (Route 3) and the blood-retinal
barrier (Route 4), and direct injection through vitreous administration (Route 7). The main drug
elimination strategies entail the movement of the drug through the trabecular meshwork and
Schelemm's canal (Route 5), the drug entering the systemic circulation through the blood-aqueous
barrier (Route 6), the drug crossing the blood-retinal barrier (Route 8), and the drug passing from the
front to the back of the eye through the anterior route to the posterior chamber (Route 9) [12]. The eye's
unique anatomical and physiological characteristics significantly influence these processes, presenting
challenges and opportunities for effective therapeutic interventions.

Absorption

The primary routes for ocular drug delivery include topical, periocular, and intraocular methods.
Topical administration is the most common due to its ease of use and non-invasiveness. However, it
faces significant barriers, such as the corneal epithelium, which limits drug penetration. The cornea,
comprising five layers, including the lipophilic epithelium and hydrophilic stroma, acts as a barrier to
many drugs, restricting their bioavailability [88]. The tear film and nasolacrimal drainage further
complicate absorption by rapidly diluting and removing the drug from the ocular surface [89].

Distribution

Once absorbed, the distribution of drugs within the eye is influenced by various factors, including
molecular size, lipophilicity, and the presence of ocular barriers such as the BAB and the BRB. These
barriers protect the eye from systemic toxins but also impede drug delivery. For example, the BAB limits
the penetration of drugs from the systemic circulation into the aqueous humor, while the BRB restricts
access to the retina and vitreous humor [90].
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Figure 4. Approach of ocular administrations with different delivery routes. Reprinted under the terms of the Creative Commons
Attribution 4.0 International (CC BY) license [12].
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Factors influencing ocular drug kinetics

Several aspects, including drug formulation, delivery vehicle, and administration technique,
influence the efficacy of ocular drug delivery systems. For instance, nanoparticles and liposomes can
enhance drug penetration and retention in ocular tissues, providing sustained release and improved
bioavailability [91]. Hydrogels and in situ gelling systems offer prolonged contact time on the ocular
surface, enhancing drug absorption and therapeutic effects [92]. Understanding ocular drug kinetics is
crucial for developing effective treatments for ocular diseases. Optimizing drug delivery systems to
overcome ocular barriers and enhance drug absorption, distribution, and retention can improve
therapeutic outcomes [93].

Nanocarrier-based ocular drug delivery systems

Nanotechnology-based ocular drug delivery systems are at the forefront of addressing the unique
challenges of ocular drug delivery. Traditional methods often need better bioavailability and rapid
clearance, but nanotechnology offers innovative solutions.

Enhanced penetration and retention

Nanoparticles, liposomes, dendrimers, and micelles are designed to improve drug penetration and
retention in ocular tissues. Due to their small size and surface characteristics, nanoparticles can traverse
the corneal barrier more effectively. For instance, chitosan-coated nanoparticles have shown enhanced
mucoadhesive properties, prolonging the corneal surface's residence time and improving drug
absorption [94]. PLGA nanoparticles have been extensively studied for their ability to provide sustained
drug release, reducing the frequency of administration and improving patient compliance [95].

Targeted delivery

Nanocarriers can be engineered for targeted delivery, minimizing systemic side effects and
enhancing therapeutic efficacy. Functionalizing nanocarriers with ligands, such as antibodies, peptides,
or small molecules, enables specific targeting of ocular tissues or cells. Nanoparticles functionalized
with transferrin have targeted the retina, providing localized treatment for retinal diseases [96]. This
targeted approach allows for higher drug concentrations at the site of action, improving efficacy while
reducing systemic exposure.

Overcoming ocular barriers

Nanotechnology helps overcome the physiological barriers of the eye, such as the BRB. With their
highly branched structure, Dendrimers provide multiple sites for drug attachment and can penetrate
the BRB effectively. This capability is particularly beneficial for treating posterior segment diseases like
AMD and DR [97]. Moreover, micelles can solubilize poorly water-soluble drugs, enhancing their
delivery across the ocular barriers [98].

Biocompatibility and Safety

The biocompatibility and safety of nanocarriers are paramount for their use in ocular applications.
Materials like PLGA, chitosan, and polyethylene glycol (PEG) are commonly used due to their
biocompatibility and biodegradability. These materials degrade into non-toxic byproducts, making
them safe for ocular use. Additionally, surface modification of nanocarriers with PEG can reduce
immunogenicity and prolong circulation time, further enhancing their efficacy [99].

Factors influences nanocarriers for ocular

Several factors influence the efficacy of nanocarriers in managing ocular diseases, including size,
surface properties, drug loading capacity, release mechanisms, and biocompatibility.

Size of nanocarriers

The size of nanocarriers significantly impacts their distribution, penetration, and retention in ocular
tissues. Nanocarriers typically range from 10 nm to 1 pm [100]. To ensure that medication is delivered
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effectively, drug carriers must be sufficiently minuscule to pass through the ocular barriers and be well
tolerated by the human eye when administered [101]. Nanoparticles that are smaller in size have the
potential to provide improved stability and biodistribution, respectively. Smaller nanoparticles can
penetrate deeper ocular tissues, including the retina, while larger particles may be more suitable for
prolonged release in the anterior segment. Optimal size selection helps overcome barriers such as the
corneal epithelium and BRB. Studies suggest that nanoparticles around 200 nm enhance permeation
and retention in ocular tissues [100].

Surface properties

Surface charge and hydrophilicity/hydrophobicity balance are crucial in determining the interaction
of nanocarriers with ocular tissues. Positively charged particles have higher mucoadhesion due to
electrostatic interactions with the negatively charged mucin layer on the ocular surface, facilitating
prolonged residence time [102]. Additionally, surface modification with hydrophilic polymers like PEG
can enhance stability and reduce opsonization, prolonging systemic circulation time and improving
ocular bioavailability [103].

Drug loading capacity and encapsulation efficiency
The drug loading capacity of nanocarriers determines the therapeutic dose that can be delivered.
High encapsulation efficiency ensures that sufficient drug reaches the target site. For example, PLGA

nanoparticles are well-known for their high encapsulation efficiency and controlled release properties
[95].

Release mechanisms

Controlled and sustained drug release from nanocarriers is vital for maintaining therapeutic levels
over extended periods, reducing dosing frequency, and improving patient compliance. Nanocarriers
can be designed to release drugs through diffusion and degradation or are responsive to environmental
stimuli such as pH and temperature. For instance, thermosensitive in situ gels that solidify at body
temperature sustain drug release to the ocular surface [99].

Biocompatibility and Toxicity

The materials used in nanocarriers must be biocompatible and non-toxic to ocular tissues.
Biodegradable polymers like PLGA, polycaprolactone (PCL), and chitosan are frequently used for their
safety profiles and ability to degrade into non-toxic byproducts [104]. Additionally, the potential
immunogenicity of nanocarriers must be considered, as ocular tissues are sensitive to inflammatory
responses.

Specific targeting

Nanocarriers can be engineered to target specific ocular tissues or cells by modifying their surface
with ligands such as antibodies, peptides, or small molecules. Targeted delivery enhances drug
concentration at the disease site, minimizing systemic exposure and side effects. For example,
nanoparticles functionalized with antibodies targeting vascular endothelial growth factor (VEGF) can
provide targeted therapy for AMD [105].

Stability and Storage

The stability of nanocarriers during storage and upon administration is critical for maintaining their
efficacy. Factors such as aggregation, degradation, and drug leakage can compromise their
performance. Techniques like lyophilization and incorporation of stabilizing agents are employed to
enhance the shelf-life of nanocarrier formulations [70,90,106,107].

Nanocarrier platforms

Nanoparticles
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Nanoparticles are tiny particles that range in size from 1 to 1000 nm. Due to their small size and large
surface area-to-volume ratio, nanoparticles possess unique physical and chemical properties that make
them highly effective in various applications, including drug delivery, imaging, and diagnostics. In
ocular drug delivery, nanoparticles offer several advantages over traditional drug delivery systems.
They can enhance the solubility and stability of drugs, facilitate sustained and controlled release, and
improve drug penetration across ocular barriers such as the cornea and BRB [88,90]. These nanoparticles
can encapsulate hydrophilic and hydrophobic drugs, protecting them from degradation and enhancing
their therapeutic efficacy. The targeting capability allows nanoparticles to deliver drugs directly to
specific ocular tissues or cells, thereby increasing therapeutic efficacy and minimizing systemic side
effects [96].

Yu et al. synthesized dexamethasone-glycol chitosan (Dex-GCS) conjugates with 277-289 nm particle
sizes and a positive charge of approximately +15 mV. Dex-GCS nanoparticles caused slight cytotoxicity
against L929, HCEC, and RAW 264.7 cells after 24 h incubation. They displayed a nearly identical anti-
inflammatory efficacy to dexamethasone sodium phosphate (Dexp) in lipopolysaccharide (LPS)--
activated RAW 264.7 macrophages. Overall, the results suggest that the Dex-GCS nanoparticles showed
good ocular tolerance and provided a relatively longer precorneal duration compared with that of the
aqueous solution formulation, which suggested that the self-assembled Dex-GCS nanoparticle might be
a promising candidate for ophthalmic drug delivery [108]. Zein and PLGA nanoparticles embedded in
bio-adhesive thermosensitive gel for the delivery of lutein via topical application were developed by
Bodoki et al. Cataracts were induced in rats via selenite injection at 13 days post-partum, followed by
7 days of treatment with free lutein or lutein-loaded nanoparticles administered orally or topically. The
authors concluded that Cataract severity was significantly reduced in rats treated with topical
applications of lutein-loaded nanoparticles compared to the positive control [109]. Xing et al.
formulated Triamcinolone acetonide (TA) in PLGA-chitosan (PLC) nanoparticles to treat ocular
inflammatory diseases. When tested against human corneal epithelial (HCE) cells, TA-loaded
polylactide nanoparticles (PLC NPs) showed remarkable anti-inflammatory properties. Furthermore,
these nanoparticles dramatically decreased the release of interleukin (IL)-6 in cells stimulated by tumor
necrosis factor (TNF)—a. Pharmacokinetic analysis of rabbit eyes revealed that TA-loaded PLC
nanoparticles peaked at 6 h. Substantial concentrations of TA were observed until 24 h, indicating the
superiority of this PLC-based nanocarrier system [110].

Liposomes

It was not until 1965 that liposomes were used for the first time as drug delivery vehicles. Liposomes
have emerged as a significant advancement in ocular drug delivery due to their unique structural and
functional characteristics, which enable efficient encapsulation and delivery of therapeutic agents to the
eye. Liposomes are spherical vesicles composed of lipid bilayers that can encapsulate hydrophilic and
hydrophobic drugs, thus protecting them from degradation and enhancing their bioavailability. This is
particularly advantageous in ocular drug delivery, where the eye's complex anatomy and physiology
pose significant challenges to conventional drug delivery systems. The ocular surface is protected by
multiple barriers, including the tear film, corneal epithelium, and blood-ocular barriers, which limit
drug penetration and absorption. Traditional methods like eye drops and ointments often suffer from
low bioavailability and rapid drug clearance. Liposomes, however, can enhance drug retention time on
the ocular surface and facilitate controlled and sustained release of the therapeutic agents, thus
improving the efficacy of the treatment [111]. One of the critical advantages of liposomes in ocular drug
delivery is their ability to improve drug penetration through the corneal and conjunctival epithelia. The
lipid bilayer of liposomes can merge with the lipid layers of the ocular surface, facilitating drug release
directly into the ocular tissues [112].

Additionally, liposome size and surface charge can be modified to optimize their interaction with
ocular tissues and enhance drug absorption. Studies have demonstrated that positively charged
liposomes show better adhesion to the negatively charged ocular surface, enhancing drug delivery
efficiency [113]. Liposomes have also shown promise in delivering a wide range of drugs, including
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anti-inflammatory agents, antibiotics, and anti-glaucoma medications. For instance, liposomal
formulations of corticosteroids have been developed to treat inflammatory conditions of the eye,
providing prolonged anti-inflammatory effects with reduced dosing frequency [114]. Similarly,
liposomal antibiotics have been utilized to treat bacterial infections, achieving higher local drug
concentrations and minimizing systemic side effects [115].

Moreover, liposomes can be engineered to deliver targeted drugs, further enhancing their therapeutic
potential. Surface modification with ligands, such as antibodies or peptides, allows liposomes to
specifically target diseased ocular tissues or cells, thereby increasing drug efficacy and reducing off-
target effects [116]. This targeted approach is particularly beneficial in treating retinal diseases, where
precise delivery of drugs to the retina is crucial. Despite the promising attributes of liposomes, some
challenges need to be addressed for their widespread clinical application. The stability of liposomal
formulations during storage, potential immunogenicity, and large-scale manufacturing are significant
concerns. However, ongoing research and technological advancements are focused on overcoming
these hurdles, making liposomes a viable option for ocular drug delivery shortly [117]. Zang et al.
investigated the effects of the molecular weight (MW) and concentration of trimethyl chitosan (TMC)
on the characteristics of Coenzyme Q10-loaded liposomes coated with trimethyl chitosan and the
efficacy of the antioxidant Coenzyme Q10 in delaying selenite-induced cataract was assessed.
Compared to the control group, the presence of TMC with a larger Mw increased in the precorneal
residence period, which was nearly 4.8 times more than anticipated. Coenzyme Q10 demonstrated a
significant anti-cataract effect, as evidenced by the fact that the percentage of lens opacity was
approximately 53% after the study. It was concluded that the physical properties and precorneal
retention time of liposomes could be modified with TMC, and ophthalmic instillation of Coenzyme Q10
can retard selenite-induced cataract formation [118]. Moiseev et al. developed Maleimide-Decorated
PEGylated mucoadhesive liposomes for ocular drug delivery conventional, PEGylated, and maleimide-
decorated PEGylated liposomes. The fluorescent flow-through approach was utilized to investigate the
retention of these liposomes in the cornea and conjunctiva beyond the confines of the animals.
Liposomes that were adorned with maleimide demonstrated superior retention performance on bovine
conjunctiva when compared to other types of liposomes that were utilized in the research. On the bovine
cornea, it was noted that all liposomal formulations retained themselves poorly [119].

Nanoemulsions

Nanoemulsions have gained considerable attention in the field of ocular drug delivery due to their
unique properties that address the limitations of conventional ocular formulations. Nanoemulsions are
submicron-sized emulsions with droplet sizes typically ranging from 20 to 200 nm. These systems
consist of an oil phase, water phase, surfactant, and co-surfactant, creating a stable dispersion of oil
droplets in water (O/W) or water droplets in oil (W/O). The small droplet size and high surface area of
nanoemulsions enable enhanced drug solubilization, stability, and bioavailability, which are crucial for
effective ocular drug delivery [120]. One of the significant advantages of nanoemulsions in ocular drug
delivery is their ability to improve drug penetration and retention in ocular tissues. The tiny droplet
size facilitates the interaction of the nanoemulsion with the corneal and conjunctival epithelium,
promoting better drug absorption. Additionally, the surfactants in nanoemulsions can act as penetration
enhancers, temporarily disrupting the tight junctions of the epithelial cells and thereby increasing drug
permeability [121]. This property is particularly beneficial for delivering hydrophobic drugs with poor
solubility in aqueous ocular environments. Nanoemulsions also offer the advantage of prolonged drug
release, which can reduce the frequency of administration. The oil phase of the nanoemulsion acts as a
reservoir for the drug, allowing a controlled and sustained release over time. This is particularly
important in treating chronic ocular conditions, such as glaucoma and dry eye syndrome, where
consistent therapeutic levels are required [122].

Furthermore, nanoemulsions can be easily sterilized and are generally well-tolerated, making them
suitable for ocular applications. They are also versatile regarding the types of drugs that can be
incorporated, ranging from anti-inflammatory agents and antibiotics to antifungal and antiviral drugs.
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For example, a nanoemulsion formulation of cyclosporine A has been developed to treat dry eye
disease, showing improved bioavailability and therapeutic efficacy compared to traditional
formulations [123]. In addition to improving drug delivery to the anterior segment of the eye,
nanoemulsions hold the potential for delivering drugs to the posterior segment, such as the retina. Due
to their small size and ability to enhance drug permeability, nanoemulsions can potentially penetrate
deeper into ocular tissues and reach the posterior segment, which is a significant challenge with
conventional delivery systems [124]. The stability of nanoemulsions during storage is a critical issue, as
phase separation and drug degradation can occur. Formulation strategies, such as using appropriate
surfactants and co-surfactants, are essential to ensure the long-term stability of nanoemulsions.

Additionally, the potential toxicity of surfactants and other formulation components must be
thoroughly evaluated to ensure safety for ocular use [125]. Nanoemulsions containing besifloxacin for
ocular drug delivery were formulated by Kassaee and Mahboobian. In the ex vivo transcorneal
permeation studies, the Nanoemulsions loaded with besifloxacin exhibited a sustained release pattern
and 1.7-fold greater penetration than the solution that served as the control. According to the results of
the HET-CAM test, there was no irritation, and the HL% test showed no damage to the tissue; hence,
the eye tolerates the optimal Nanoemulsion well. In conclusion, besifloxacin-loaded Nanoemulsions
have the potential to be considered an appropriate alternative to the suspension currently on the market
for the treatment of bacterial eye infections [126]. Tang et al. fabricated stearoyl L-carnitine-modified
nanoemulsions (SC-NEs). An improved corneal penetration, ocular surface retention ability, and ocular
bioavailability were achieved as a result of the modified SC-NEs' capacity to target the new organic
cation/carnitine transporter 2 (OCTN2) and amino acid transporter B (0+) (ATBO,+) on the corneal
epithelium. Additionally, in a rabbit model of endotoxin-induced uveitis, SC-NEs demonstrated
extremely high levels of anti-inflammatory activity in vivo. Based on the results of the ocular safety test,
it was determined that the SC-NEs were biocompatible. According to the findings, OCTN2 and ATBO,+
-targeted nanoemulsions, were promising ophthalmologic drug delivery systems [127].

Nanosuspensions

Nanosuspensions have emerged as a promising formulation strategy in ocular drug delivery. A
nanosuspension is a submicron colloidal dispersion of pure drug particles stabilized by surfactants or
polymers [4,128]. One of the primary benefits of nanosuspensions in ocular drug delivery is their ability
to enhance drug solubility and bioavailability. Poor water solubility is a common challenge with many
ocular drugs, leading to inadequate therapeutic levels at the target site. Nanosuspensions address this
issue by reducing the drug particle size, thereby increasing the surface area and improving the
dissolution rate. This increases drug concentrations in the aqueous humor, enhancing the therapeutic
efficacy [129]. Nanosuspensions also offer the advantage of prolonged drug retention on the ocular
surface. The small particle size allows the drug to remain in the precorneal area for extended periods,
crucial for maintaining therapeutic drug levels in the eye. Additionally, nanosuspensions can provide
a controlled release of the drug, allowing for steady therapeutic effects over time [130]. The formulation
flexibility of nanosuspensions is another significant advantage. They can be formulated with various
stabilizers, including surfactants, polymers, and biopolymers, to enhance their stability and
bioavailability. For instance, hydroxypropyl methylcellulose (HPMC), polyvinyl alcohol (PVA), and
Pluronic F68 are commonly used stabilizers that improve the stability and ocular tolerability of
nanosuspensions [131]. These stabilizers also help prevent particle aggregation, ensuring uniform
distribution of drug particles.

Further, this system is particularly beneficial for delivering drugs to both the anterior and posterior
segments of the eye. Drugs intended for the posterior segment, such as those for treating age-related
macular degeneration or diabetic retinopathy, face significant delivery challenges due to the eye's
anatomical barriers. Nanosuspensions, with their small particle size and enhanced penetration
capabilities, can effectively traverse these barriers and deliver therapeutic concentrations of drugs to the
posterior segment [132]. One primary concern is nanosuspension stability during storage, as particle
aggregation and Ostwald ripening can occur, leading to a loss of efficacy. Formulation strategies, such
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as using appropriate stabilizers and manufacturing techniques like high-pressure homogenization and
media milling, are essential to ensure nanosuspension's long-term stability [133]. Using the quasi-
emulsion solvent evaporation procedure, Qin et al. developed a voriconazole-loaded ophthalmic
nanosuspension based on Eudragit RS 100 and Pharmasolve®. This nanosuspension was investigated
for its potential ability to augment corneal permeability. The nanoparticle, which was well-discrete and
had a size of 138 + 1.3 nm, was created with a high entrapment efficiency of 98.6 + 2.5%. Additionally,
the nanoparticle exhibited a positive zeta potential in the 22.5-31.2 mV range, indicating its excellent
physical stability. The nanosuspension that was loaded with voriconazole and contained the
penetration enhancer demonstrated a high level of permeability in both in vitro and in vivo conditions.
Furthermore, it demonstrated a high level of antifungal activity, significantly suppressing the growth
of Candida albicans at a lower concentration of voriconazole (2.5ug/ml, p < 0.05) [134].

Micelles

Micelles have emerged as a highly promising platform for ocular drug delivery due to their unique
structural characteristics and versatile functionality. Micelles are colloidal aggregates formed from
amphiphilic molecules, typically surfactants or block copolymers, that self-assemble in aqueous
environments. These structures have a hydrophobic core and a hydrophilic shell, which allows them to
encapsulate hydrophobic drugs and enhance their solubility and stability in aqueous media [135]. One
of the primary advantages of micelles in ocular drug delivery is their ability to improve the
bioavailability of poorly water-soluble drugs. Many ocular therapeutics suffer low solubility, leading to
inadequate drug levels at the target site. Micelles can encapsulate these hydrophobic drugs within their
core, protecting them from the aqueous environment and enhancing their solubility. This encapsulation
prevents premature degradation and extends the drug's half-life, improving therapeutic efficacy [136].
The small size of micelles, typically in the range of 10 to 100 nm, facilitates their penetration through
the ocular barriers. The cornea and conjunctiva are significant barriers to drug delivery, but the
nanoscale size of micelles enables them to traverse these barriers more effectively than larger particles.
Furthermore, the hydrophilic shell of micelles can interact favorably with the tear film and mucosal
surfaces, enhancing retention time on the ocular surface and improving drug absorption [137]. Micelles
can also be functionalized to achieve targeted drug delivery. Modifying the micelles’ surface with
ligands such as antibodies, peptides, or small molecules can be directed to specific cells or tissues within
the eye. This targeted approach ensures that higher drug concentrations reach the desired site of action,
minimizing systemic exposure and potential side effects. For instance, micelles functionalized with
hyaluronic acid have shown enhanced targeting of the ocular surface, providing more efficient
treatment for dry eye disease [138].

Moreover, micelles exhibit excellent biocompatibility and safety profiles, essential for ocular
applications. The materials used to form micelles, such as Pluronic block copolymers and
phospholipids, are generally considered safe and have been extensively studied for their
biocompatibility. These materials do not elicit significant inflammatory or immune responses, making
them suitable for prolonged use in sensitive ocular tissues [135]. One of the primary challenges is the
stability of micelles in the dynamic ocular environment. The presence of tears, blinking, and tear
turnover can lead to the rapid clearance of micelles from the ocular surface. Formulation strategies, such
as incorporating mucoadhesive polymers or developing in situ gelling systems, can enhance the
retention and stability of micelles in the eye [139]. The formulation of Posaconazole (PSC) micelles for
ocular delivery was carried out by Durgun et al., and in vitro permeability, ocular irritation, and anti-
fungal activity investigations were evaluated. According to the findings, the micellar carrier system
improved the permeability of PSC to the eye's tissues. Further, PSC-loaded micellar formulations'
effectiveness against Candida albicans strains was confirmed through in vitro anti-fungal activity data.
It was determined that micellar systems have the potential to be an effective and safe method of
delivering PSC for the treatment of ocular fungal infections [140].
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Dendrimers

Dendrimers, highly branched synthetic macromolecules, have shown significant promise in ocular
drug delivery due to their unique architecture and versatile functionalization capabilities. These
nanoscale structures comprise a central core, interior branching units, and peripheral functional groups,
creating a globular, tree-like structure. Dendrimers' size, shape, surface functionality, and internal
cavities can be precisely controlled during synthesis, making them highly customizable for drug
delivery applications [141]. The hydrophobic core of dendrimers can encapsulate these drugs,
increasing their solubility in aqueous environments. This encapsulation protects the drugs from
enzymatic degradation, improving their stability and therapeutic efficacy. For instance,
polyamidoamine (PAMAM) dendrimers have significantly enhanced the solubility and ocular
bioavailability of various drugs, including anti-inflammatory and anti-glaucoma agents [142].
Dendrimers offer controlled and sustained drug release, crucial for treating chronic ocular diseases
requiring prolonged medication. The release profile can be modulated by adjusting the generation and
surface functionality of the dendrimers. High-generation dendrimers, with more branching and surface
groups, tend to release drugs more slowly, providing a sustained therapeutic effect. This property is
particularly beneficial for conditions such as glaucoma, where continuous drug administration is
necessary to maintain intraocular pressure [143]. Dendrimers also enhance drug penetration through
ocular barriers. The corneal epithelium is a significant barrier to drug delivery, but dendrimers can
improve drug penetration through various mechanisms. For instance, surface modification with
hydrophilic groups or targeting ligands can enhance interaction with the corneal surface and facilitate
drug transport.

Additionally, the nanoscale size of dendrimers allows them to traverse the tight junctions of the
corneal epithelium more effectively than larger particles [144]. Biocompatibility is another critical factor
for ocular applications, and dendrimers have demonstrated favorable biocompatibility profiles. The
surface chemistry of dendrimers can be tailored to reduce toxicity and enhance compatibility with
ocular tissues. For example, dendrimers' PEGylation (attachment of polyethylene glycol chains) can
reduce surface charge and decrease cytotoxicity, making them safer for ocular use. Studies have shown
that PEGylated dendrimers exhibit minimal irritation and inflammation when applied to the eye,
making them suitable for long-term use [145,146]. To determine the ocular cytotoxicity and biosafety of
Poly(amidoamine) PAMAM dendrimers, Qin et al. researched ocular systems both in vitro and in vivo.
According to the findings, the quantity of PAMAM below 50 pug/ml had a negligible effect on the ocular
tissue. However, the concentration above 50 pg/ml severely damaged the ocular tissue in the evaluated
circumstance. Furthermore, the results obtained from in vivo experiments indicated that a higher
concentration of dendrimer, namely 100 pg/mL, was linked to functional impairment, as displayed by
the utilization of optical coherence tomography and electroretinogram studies. Overall, it was
determined that a higher concentration of PAMAM, precisely above 50 pg/ml, has the potential to cause
harm to the functional aspects of the eye. On the other hand, PAMAM at concentrations lower than 50
pg/ml demonstrated a high level of biocompatibility and biosafety in human ocular cells and tissues
[147].

Stability of nanocarriers in ocular drug delivery

The stability of nanocarriers in ocular drug delivery is a critical factor in determining their efficacy
and safety in treating various eye diseases. Nanocarriers are designed to enhance drug solubility,
bioavailability, and targeted delivery. However, their stability is influenced by several factors, including
physicochemical properties, formulation composition, storage conditions, and biological environment
interactions [148]. Physicochemical stability is a significant concern for nanocarriers in ocular drug
delivery. Particle size, surface charge, and encapsulation efficiency are vital in maintaining stability.
Nanocarriers must maintain a consistent particle size distribution to ensure uniform drug delivery and
prevent aggregation or sedimentation. Surface charge, typically imparted by surfactants or polymers,
affects the colloidal stability of nanocarriers by preventing particle agglomeration through electrostatic
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repulsion. Encapsulation efficiency, the amount of drug encapsulated within the nanocarrier, must
remain high to ensure therapeutic efficacy [149].

The choice of stabilizers and excipients in the formulation significantly impacts the stability of
nanocarriers. Surfactants and polymers, such as polysorbates, Pluronic F68, and polyvinyl alcohol
(PVA), are commonly used to stabilize nanocarriers. These stabilizers help to maintain particle size and
prevent aggregation during storage and application. Additionally, using antioxidants and preservatives
can enhance the stability of nanocarriers by preventing oxidative degradation and microbial
contamination [150]. In addition, Storage conditions, such as temperature, light exposure, and humidity,
also affect the stability of nanocarriers. Elevated temperatures can accelerate degradation processes,
such as hydrolysis and oxidation, reducing drug potency and efficacy. Light exposure can cause
photodegradation of both the nanocarrier and the encapsulated drug, while high humidity levels can
lead to hydrolytic degradation. Therefore, proper storage conditions, such as refrigeration and
protection from light and moisture, are essential to maintain the stability of nanocarriers [151].

Biological environment interactions pose another challenge to the stability of nanocarriers in ocular
drug delivery. The ocular surface and internal eye structures present a dynamic and complex
environment, with barriers such as the tear film, corneal epithelium, and BOB. Enzymatic degradation
and interaction with tear proteins can destabilize nanocarriers, affecting drug release and
bioavailability. Mucoadhesive polymers, such as chitosan and hyaluronic acid, can be incorporated into
nanocarrier formulations to enhance retention time on the ocular surface and protect against enzymatic
degradation [152]. Further, various strategies are employed to address stability challenges in designing
and formulating nanocarriers. For example, using cross-linking agents in polymeric nanoparticles can
improve structural integrity and resistance to degradation. Surface modification with polyethylene
glycol (PEGylation) can enhance stability by providing a steric barrier against protein adsorption and
enzymatic degradation. Additionally, advanced manufacturing techniques, such as high-pressure
homogenization and freeze-drying, can enhance the stability and shelf-life of nanocarrier formulations
[153].

Future prospects

Nanocarriers are revolutionizing ocular drug delivery, offering new strategies to overcome the
anatomical and physiological barriers that limit the efficacy of conventional treatments. The prospects
of nanocarriers in this field are promising, driven by advancements in nanotechnology, materials
science, and biomedical engineering. These prospects include enhanced drug delivery efficiency,
targeted therapy, sustained release, improved patient compliance, and innovative treatment modalities.
Nanocarriers have shown potential in enhancing the bioavailability of ocular drugs. Their small size
allows better penetration through ocular barriers like the corneal epithelium and the blood-retinal
barrier. Future developments will optimize these nanocarriers' size, surface charge, and hydrophobicity
to enhance further their penetration and retention in ocular tissues [154]. One of the most exciting
prospects for nanocarriers is the ability to achieve targeted drug delivery. The precise targeting of
diseased tissues can be accomplished by functionalizing nanocarriers with ligands, antibodies, or
peptides that recognize specific cell types or receptors in the eye. This targeted approach increases
therapeutic efficacy while minimizing systemic side effects and reducing the required dosage. For
example, targeted nanocarriers could deliver drugs directly to the retina in AMD or the trabecular
meshwork in glaucoma, enhancing treatment outcomes [155]. Nanocarriers can be engineered to
provide sustained and controlled drug release, which is crucial for treating chronic ocular diseases that
require prolonged medication. The release profile can be modulated by adjusting the generation and
surface functionality of the nanocarriers. High-generation dendrimers, for instance, release drugs more
slowly, providing a sustained therapeutic effect. This property is particularly beneficial for conditions
such as glaucoma, where continuous drug administration is necessary to maintain intraocular pressure
[143]. Moreover, improving patient compliance is critical in ocular drug delivery, particularly for
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conditions like glaucoma, which require regular medication. Nanocarriers can be formulated into user-
friendly delivery systems such as eye drops, contact lenses, or in situ gels that provide sustained drug
release with fewer applications. Future advancements include the development of smart contact lenses
or ocular inserts that can continuously monitor ocular conditions and release drugs as needed [156].

Further, Nanocarriers are opening up new possibilities for innovative treatment modalities. Gene
therapy and RNA interference (RNAi) are promising approaches that nanocarriers can facilitate to
deliver genetic material or siRNA directly to target cells. These therapies can potentially treat genetic
ocular diseases or conditions like DR and AMD at the molecular level [157]. The development of
multifunctional nanocarriers that can perform multiple roles, such as imaging, diagnosis, and therapy,
is a promising area of research. These theranostic nanocarriers can deliver drugs while simultaneously
allowing for real-time monitoring of treatment progress through imaging modalities. This dual
functionality could lead to more personalized and effective treatment strategies [158]. Despite their
advantages, overcoming biological barriers remains a challenge for nanocarriers. The research will focus
on designing nanocarriers that can navigate the ocular environment more effectively. This includes
developing strategies to prevent rapid clearance by tear turnover, blinking, and ocular surface mucins.
Advances in surface engineering and bioadhesive materials will play a crucial role in addressing these
challenges [36]. As research progresses, nanocarriers are expected to play an increasingly pivotal role
in treating ocular diseases, offering improved therapeutic outcomes and better quality of life for
patients.

Conclusions

The field of ophthalmology is witnessing a transformative shift with the advent of advanced
nanocarriers, which offer unprecedented potential for navigating ocular barriers and enhancing drug
delivery. Traditional ocular therapies have long struggled with the eye’s complex anatomy and
physiology, formidable barriers to effective drug absorption and retention. The cornea, conjunctiva,
BRB, and tear turnover are just a few of the many obstacles that reduce the efficacy of conventional
treatments. Nanocarriers represent a groundbreaking development in ophthalmology, offering
solutions to the longstanding challenges of ocular drug delivery. However, advanced nanocarriers are
overcoming these challenges, ushering in a new era of targeted and efficient ocular drug delivery. These
nanocarriers can encapsulate such drugs, protecting them from enzymatic degradation and facilitating
sustained release, crucial for treating chronic conditions like glaucoma and AMD. Researchers can
precisely target diseased ocular tissues by functionalizing nanocarriers with specific ligands, antibodies,
or peptides. This targeted approach increases the efficacy of the treatment by concentrating the drug
where it is needed most. It also minimizes systemic side effects and reduces the overall dosage required.
For instance, targeting the retina in AMD or the trabecular meshwork in glaucoma can significantly
enhance therapeutic outcomes. Despite the significant progress, challenges remain in the clinical
translation of nanocarrier-based therapies. Issues such as long-term safety, potential toxicity, and the
complexity of large-scale manufacturing need to be addressed. Nonetheless, ongoing research and
technological advancements are likely to overcome these hurdles, making nanocarriers an integral part
of future ocular therapies. The future of ocular drug delivery lies in the continued exploration and
optimization of these innovative nanotechnologies, heralding a new era in the management and

treatment of ocular diseases.
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