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Abstract

Research in the development of ophthalmic drug formulations and innovative technologies
over the past few decades has been directed at improving the penetration of medications
delivered to the eye. Currently, approximately 90% of all ophthalmic drug formulations (e.g.
liposomes, micelles) are applied as eye drops. The major challenge of topical eye drops is low
bioavailability, need for frequent instillation due to the short half-life, poor drug solubility, and
potential side effects. Recent research has been focused on improving topical drug delivery
devices by increasing ocular residence time, overcoming physiological and anatomical barriers,
and developing medical devices and drug formulations to increase the duration of action of

the active drugs. Researchers have developed innovative technologies and formulations ranging
from sub-micron to macroscopic size such as prodrugs, enhancers, mucus-penetrating particles
(MPPs), therapeutic contact lenses, and collagen corneal shields. Another approach towards
the development of effective topical drug delivery is embedding therapeutic formulations in
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microdevices designed for sustained release of the active drugs. The goal is to optimize the
delivery of ophthalmic medications by achieving high drug concentration with prolonged duration
of action that is convenient for patients to administer.
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1. Introduction

The use of topical drug delivery approach can be traced back to ancient Egypt, where the
juice of compressed liver was applied to the ocular surface to treat night blindness (Wolf,
1996) (Maumenee, 1993). While it is difficult to identify the first ‘modern’ eye medication,
ophthalmology as a science can be traced as a specialty in Europe back to the 17th and 18th
centuries (Grossniklaus, 2015). The knowledge of corneal anatomy was greatly increased
through the work of Sir William Bowman using a microscope in 1847 (Moffatt et al., 2005).
In addition, Seefelder and Wolfrum studied the development of the cornea and the anterior
chamber in 1906 (Moffatt et al., 2005) (Stocker, 1953). In the period from 1953 to 1960 s,
Stocker, Teng and other scientists made additional insight into topical ocular drug delivery
using electron microscopy, where their studies on the structure and different layers of the
normal cornea coincided with the major development of technologies and therapeutic drugs
(Crawford et al., 2013) (Teng, 1962). Finally, Patton and colleagues demonstrated that the
permeation of topical drugs was limited by a passive process of the epithelium and that
drugs can absorb into the eye via non-corneal routes across the conjunctiva and sclera
(Patton and Robinson, 1976) (Doane et al., 1978) (Ahmed et al., 1987). While eye drop is
the major method of delivering medications to the cornea and anterior segment of the eye,
much effort has been devoted to evaluating alternative drug delivery devices for the eye
(Ralph et al., 1975) (Hoyng and van Beek, 2000) (Michels and Maumenee, 1975) (Hussain
and Truelove, 1976). This led to the development of therapeutic contact lenses (TCL) in the
1970 s, which yielded the first approved by FDA in 1972. This was a contact lens soaked in
3% hydrogen peroxide to treat for soft lens disinfection (Phillips and Speedwell, 2018). In
1984, FDA approved collagen corneal shields developed by Fyodorov (Fig. 1) (Friedberg et
al., 1991).

Currently, there are numerous ophthalmic medications, including anti-microbial agents,
anti-inflammatory agents, glaucoma medications, cycloplegic agents, among others (Gote et
al., 2019). These ocular medications consist of different formulations, including solutions,
suspensions, emulsions, gels, and ointments. Contact lenses have been useful in developing
new applications for existing topical ophthalmic drugs and for the avoidance of the first-pass
metabolism. They can also reduce side effects; for example, a contact lens-based drug
delivery system for ketotifen, an anti-histamine, recently shown to provide allergy relief,
while avoiding the potential adverse effects of preservatives commonly found in ophthalmic
preparations (Soluri et al., 2012). Similarly, an Econazole-eluting contact lens designed to
treat fungal ocular infections was shown to provide extended antifungal activity and achieve
fungicidal levels within the cornea without the need for frequent drop instillation and thus,
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improving compliance and treatment efficacy (Ciolino et al., 2011). Likewise, a corneal
collagen shield (72-hour) presoaked in ciprofloxacin (0.3%) exhibited fewer adverse effects
than conventional eye drops (Willoughby et al., 2002). Using contact lenses (CLs) for drug
delivery can provide sustained high concentration in the anterior chamber postoperatively.
Whether for healing purposes or drug delivery, it is likely that therapeutic applications of
CLs will continue to expand.

2. Barriers, major routes, and challenges to topical ocular drug absorption

During the past two decades, translational research has increased our ability to understand
the major routes, and also physiological barriers of the ocular surface and cornea. A better
understanding of the ocular surface anatomy and drug delivery routes will enable us to
ensure better development platforms for effective topical drug delivery systems for the
anterior segment diseases, whose final end point may be preclinical or clinical testing.

2.1. The barriers of the cornea

The limitations of anterior segment ocular drug delivery are governed largely by the static
barrier (corneal epithelium, epithelial tight junctions, corneal stroma, corneal endothelium,
blood aqueous) and dynamic barrier (tear dilution and conjunctival) of human ocular
anatomy. The cornea is a transparent structure and structural barrier covering the front of
the eye. The barrier function of the cornea leads to less drug absorption and a very low
permeability to the penetration of foreign molecules. In this section, we discuss the key
physiological barriers on the ocular surface to the drug delivery and explore the limitations
and challenges of drug delivery of a molecule to cross the physiological barriers.

2.1.1. Tear film—The tear film is the first barrier for topical drug penetration that a
topically administered drug meet (Sitharaman, 2016) (Morrison and Khutoryanskiy, 2014).
The medication is quickly diluted by tears and removed from the ocular surface through
blinking and turnover of the tears (Shirasaki, 2008) (Janoria, 2007) (Agarwal et al., 2016).

A large portion of the topical drug is washed away from the corneal surface in 2—-3 min or
less following application, significantly reducing drug contact time with the corneal surface
(Molokhia et al., 2013) (Fig. 2). In addition, reflex tearing stimulated by drug instillation
reduces drug bioavailability through dilution (Agarwal et al., 2016). The tear film is 67 pm
thick and composed of three layers: lipid, aqueous, and mucin (Morrison and Khutoryanskiy,
2014) (Xu et al., 2018). The lipid layer is the outermost layer of the tear film and prevents
evaporative loss of the aqueous layer, and maintains surface tension, which stabilizes the tear
film and preventing it from overflowing onto the cheek (Agarwal et al., 2013). The aqueous
layer makes up 90% of the total tear volume (Gan et al., 2013) and is composed of 98%

of the tear film thickness with dissolved oxygen and nutrients contains water, electrolytes,
and a large variety of proteins, peptides and glycoproteins (Ohashi et al., 2006) (Sariri and
Ghafoori, 2008) (Ali and Byrne, 2008). The volume of the tear film is 7.0-30.0 pL in

human with an average tear turnover rate of 1.2 ml/min (0.5-2.2 ml/min) (Ali and Byrne,
2008) (Mishima, 1966) (Ghate and Edelhauser, 2008), therefore smaller volumes of topical
formulations might require higher drug concentration to achieve effective therapeutic drug
level at the target site. The mucin layer is the deepest layer of the tear film and located
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adjacent to the underlying epithelial cells of the cornea and conjunctiva (Ohashi et al., 2006)
(Argueso and Gipson, 2001) (Mandal et al., 2017). The mucin layer plays a vital role in
stabilizing the tear film by reducing the surface tension between the aqueous layer and the
hydrophobic membranes of the corneal and conjunctival epithelial cells (Bron et al., 2004)
(Cwiklik, 2016) (Rolando and Zierhut, 2001). Thus, allowing the aqueous layer to firmly
adhere to the corneal epithelium. The non-specific binding of drugs with tear enzymes (e.g.,
lysozyme), mucin layer, and proteins (e.g., albumin) makes drugs unable to reach the cornea,
anterior chamber, and therefore is quickly cleared with each blink (Wels et al., 2021).

2.1.2. Corneal barrier—The adult human cornea is composed of three cell layers: the
lipophilic epithelium, the hydrophilic stroma, and the lipophilic endothelium (in order from
anterior to posterior). There are also two interfaces: the Bowman layer and Descemet’s
membrane (Fig. 2) (Zavala et al., 2013) (Soh et al., 2020). The limitations of topical

ocular drug delivery are also governed by the cornea anatomy (Fig. 2). The cornea is
approximately 11.7 mm in diameter, 0.5-0.7 mm thick, and has a mean surface area of

1.3 cm?, representing around 7% of the total surface area of an globe (Mcdevitt, 2012).

The outer most layer of the cornea consists of a uniform 5-7 lipid-rich cell layer with
embedded desmosomes that is highly resistant to drug penetration (Lu et al., 2001) (Sridhar,
2018). Similar to skin, the cornea is directly exposed to the outside environment and is
therefore subject to interacting with a multitude of pathogens, allergens and environmental
stressors. Unlike the skin, however, the corneal epithelium is non-keratinized and more
permeable (Forrester et al., 2016) (Stella, et al., 2007). The corneal epithelium is held
together and maintains its barrier function by four types of tight intercellular junctions
distributed at different depths of the stratified epithelia. The foremost apical layer of the
epithelium contains tight junctions (zonula occludens), which consist of focal connections
between neighboring cells and acts as a barrier to the diffusion of drugs through the
paracellular channel by sealing the intercellular space. The other intercellular junctions
include desmosomes, which are abundant in the wing cell layers, adherent junctions,

which are distributed throughout the different epithelial layers, and hemidesmosomes, which
anchor the basal epithelial cells to the basal lamina. Collectively, these intercellular junctions
provide structural integrity to the corneal epithelium, as well as an anchoring function by
linking the cytoskeletons of adjoining cells and maintaining adhesion to the underlying basal
lamina. It is this elaborate junctional complex network distributed throughout the layers of
the corneal epithelium that forms the formidable resistance barrier to drug absorption (Lu et
al., 2001) (Mantelli et al., 2013) (Hou, 2018) (Downie et al., 2021).

The Bowman layer is an 8-12 um thick layer located between the epithelium and the
stroma. It consists of acellular condensation of type I and type 111 collagen fibrils, which
makes it resistant to trauma. The Bowman layer becomes continuous with the most anterior
part of the corneal stroma, which can be distinguished from Bowman layer due to a different
orientation of the collagen fibers. The collagen fibers are randomly interwoven to form a
dense sheet (Wels et al., 2021) (Soh et al., 2020) (Addo, 2016). This layer is considered as

a less constrained filter layer for the passage of drugs or particles to the stroma (Holowka

et al., 2014). The stroma represents about 90% of the thickness of the cornea, consists

of hydrated type | collagen that greatly contributes to its rigidity and transparency (Wels
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et al., 2021) (Holowka et al., 2014). In contrast to permeability of the epithelium and
endothelium for nonpolar and lipophilic drugs, the hydrophilic nature of corneal stroma
offers minimal or low resistance to the diffusion of highly hydrophilic drugs (Molokhia

et al., 2013) (Ramsay et al., 2018). The Descemet’s membrane, which is the base of

the stroma, functions as a protective membrane for the endothelium, like the Bowman’s
membrane to epithelium with the exception of the type IV collagen sheets (Wels et al.,
2021). It provides support for the monolayer of corneal endothelial cells (Soh et al., 2020).
While Descemet’s membrane does not serve as a barrier to the diffusion of molecules

due to the larger pore sizes, macromolecules, and particles administered directly into the
stroma could be prevented from reaching the endothelium (Wels et al., 2021) (Fannon et

al., 2012). The corneal endothelium is a monolayer of cells that provides a leaky barrier
for the transportation of water and solute from stroma to the anterior chamber by both an
active mechanism (the activity of Na*/K*; ATPase pumps) and a passive mechanism (the
barrier function of endothelial intercellular tight junctions) (Soh et al., 2020) (Shah et al.,
2008) (Tuft and Coster, 1990). These transfer mechanisms and movements counter a natural
tendency for the stroma to swell, thus maintaining corneal transparency and the exchange of
nutrients (Wels et al., 2021). Due to the transportation of water and solutes and monolayer
structure of endothelium cells, it acts as a leaky lipophilic layer without a significant barrier
for the ocular drug absorption (Prausnitz and Noonan, 1998).

2.2. Major routes for drug delivery to the anterior segment of the eye

Upon topical instillation onto the ocular surface, a drug can gain entry into the eye by
passing through either the cornea or the conjunctiva or sclera (HUGHES et al., 2005)
(Kang-Mieler et al., 2014). The cornea plays a predominant role for drug entry into the eye.
The cornea constitutes a compact surface barrier designed to prevent the entry of foreign
molecules and particles. It is this innate barrier function of the cornea that makes topical
drug delivery to the eye a significant challenge.

The alternative pathway for drugs to enter the eye following topical instillation is the non-
corneal route consisting of the conjunctiva and sclera (Tsai et al., 2018). The conjunctiva
has approximately 17 times the surface area compared to cornea (Watsky et al., 1988). The
permeability of the conjunctiva for hydrophilic drugs is also 17-fold greater than the corneal
epithelium. Consequently, hydrophilic drugs and macromolecules preferentially absorb
through conjunctiva (Prausnitz and Noonan, 1998) (Zhang et al., 2004). Drug diffusion
across the sclera occurs through perivascular spaces and between scleral fibrils to eventually
reach the choroid, and finally reaching the retina.

“Corneal and Conjunctival” ocular routes are two main strategies for topical ocular drug
delivery. In “Corneal” ocular route, once the drug is applied to cornea, it diffuse across

the cornea, the anterior chamber, through the pupil and into posterior chamber, then
passes through zonules (suspensory body) and into the vitreous, and finally passes through
retina and retinal pigment epithelium (RPE) layer to enter the systemic circulation via the
choroidal vasculature (Gaudana et al., 2010) (Weng et al., 2017). Theoretically, the drug
can be distributed to cornea, iris, trabecular meshwork in the angle, lens, retina, RPE and
choroid along the way, although most drugs do not reach therapeutic level in the vitreous
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cavity or retina (Fig. 3.). A drug can gain access to the trabecular meshwork in the angle
in contrast, in “Conjunctival” ocular route, a drug is absorbed by conjunctiva and passes
through the sclera, choroid, retina, and vitreous body. It also goes directly to systemic
circulation, mostly at the level of the choroid (Xu et al., 2018; Weng et al., 2017). Most of
the drug exits the eye through the scleral outflow and goes to systemic circulation (Fig. 2.)
and very little drug, if any, reaches the RPE (Xu et al., 2018).

2.3. Drug delivery challenges to the cornea and conjunctiva

The transport of fluids and solutes across the ocular surface is largely limited by the

tear film barrier and corneal barrier (Gan et al., 2013). The first barriers for the topically
applied formulation are precorneal factors, such as a continuous high tear turnover rate,
blinking, and draining of tears through the nasolacrimal duct system, which rapidly removes
instilled compounds from the eye (Shirasaki, 2008) (Agarwal et al., 2016). In addition,

the corneal epithelial apical cells produce cell surface membrane associated gel forming
mucins, which are concentrated on the tips of the apical cells” microvilli. These gel forming
mucins secreted by the apical cells form a dense glycocalyx at the epithelial-tear film
interface providing a protective cell surface barrier preventing the penetrance of extracellular
molecules and other environmental particulates, as well as facilitating the clearance of
allergens, pathogens and debris from the ocular surface (Gan et al., 2013) (Kambhampati
and Kannan, 2013). After transportation of the solute and fluids across the tear film and
mucin barriers, tight intercellular junctions between adjacent outer superficial epithelial cells
and a lipophilic epithelium form another critical obstacle to drug absorption (Baba et al.,
2011). A lipophilic epithelium and a hydrophilic stroma with opposite characteristics are
crucial barriers to most lipophilic and hydrophilic drugs.

Like other bilayer lipid systems, nonlipophilic soluble molecules are believed to diffuse in a
very long and a tortuous path through tight junctions and around cells (Zhang et al., 2004).
These molecules travel along the narrow intercellular spaces in order to reach the other side
of the epithelium. This is most likely the reason for poor permeation through the corneal
epithelium for hydrophilic drugs and macromolecules (Gaudana et al., 2010) (Willoughby
et al., 2010) (Hegde et al., 2013). The permeability of endothelium is about 2.7 times more
than the permeability of epithelium (Zhang et al., 2004).

In light of the fact that hydrophilic solutes have lower corneal permeability than
hydrophobic solutes, investigation into the transportation of topical hydrophilic solutes
across the cornea has been of limited success. However, the recent introduction of mucus
penetrating particles (MPP) and penetration enhancing agents has generated substantial
interest into the drug delivery of hydrophilic solutes through the cornea as well as,
genetically engineered therapeutic proteins, DNA, and RNA, which also possess poor
corneal permeability. Accordingly, mathematical models to describe hydrophilic drug
transport in corneal epithelium, stroma, and endothelium are becoming increasingly
important. Such models have been used to delineate passive transdermal transport of
hydrophilic solutes (Prausnitz and Noonan, 1998) (Zhang et al., 2004). The topical transport
of hydrophilic solutes into the eye can also occur through the non-corneal barrier routes of
the conjunctiva and sclera.
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Despite the advances in ophthalmic drug formulations, the delivery of therapeutic agents is
still severely limited by the diffusion of drug across the cornea and conjunctival barriers.
Drug diffusion across these barriers via the transcellular pathway is regulated by several key
drug parameters, including drug lipophilicity, drug pKa which determines the proportion of
drug in its preferentially absorbed form at a given pH, drug molecular weight (<500 Da),
and drug molecular size (i.e., << 10 A). In addition, the charge and degree of ionization of
drug molecules also affect the passage of topical ocular drugs through the cornea (Shirasaki,
2008) (Prausnitz and Noonan, 1998) (Lee, 1990). Of all the physiochemical drug properties
that determine corneal penetration, lipophilicity is the most well studied and perhaps the best
understood.

Another area active research has been in the development of mathematical models that
describe and predict the relationship between the corneal permeability and drug transport,
especially for hydrophobic drugs (Prausnitz and Noonan, 1998) (Zhang et al., 2004)
(Huang and Schoenwald, 1983). These models can be categorized based on the series
combination of the resistance to transport of the epithelium, stroma, and endothelium (Eq.
(1)) (Edwards and Prausnitz, 2001), or a quantitative multiple regression analyses related
to cornea permeability (P) for various physicochemical factors (Eg. (2)). One equation,
developed by Huang, Schoenwald, and Lach (Huang and Schoenwald, 1983), correlates
cornea permeability (Pt) of a drug in aqueous solution to solute molecular mass (MW),
degree of ionization (DI) and octanol-water partition coefficient (PC) by Eq. (2):

1 1 1 1
=—+—+

kcornea ke pi Kstroma Kendo

0]

where the subscripts “epi” and “endo” refer to the epithelium and endothelium, respectively.

logPr = 1.0110gPC — 0.115(log PC)* — 5.64log MW — 10.4log DI + 7.27 @

Other methods for estimation of corneal permeability include quantitative structure —
permeability relationships (QSPRs) (Chen and Yang, 2006), as well as, newer techniques
including the combination of net atomic charges with molecular volume (Fu and Liang,
2002). The majority of models propose a single equation to explain the cornea permeability
of all molecules, which implicitly assumes that all solutes have the same permeation
pathways. The shortcomings of this assumption are clearly illustrated in the fact that
hydrophobic drugs easily cross the lipophilic corneal epithelia, while hydrophilic drugs
enable diffusion through the transcellular pathway, without altering leaky tight junctions
(Gan et al., 2013).

2.4. Corneal and external diseases

In a last few decades, many approaches have been utilized to enhance drug delivery for

the treatment of anterior segment eye diseases (Patel, 2013). Corneal diseases can adversely
impact vision and are a major cause of blindness, second only to cataracts (Wels et al.,
2021) (Shah et al., 2008). Corneal and external diseases can involve the eyelids, conjunctiva,
cornea, anterior chamber of the eye, iris, and lens (Holland et al., 2013). Common corneal
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and external diseases include, but not limited to dry eye disease, keratitis, anterior uveitis,
glaucoma and many others (Molokhia et al., 2013) (Wels et al., 2021) (Holland et al.,
2013) (Bennett et al., 2014) (Tamhane et al., 2019) (Stapleton and Carnt, 2012). Owing to
limitations of space, we cannot include an extended discussion of every anterior segment
disease in this review. Here, we briefly highlight the common diseases for which targeted
drug delivery to the anterior segment may be useful.

Dry Eye Disease (DED) is a condition effecting the ocular surface, resulting in pathological
changes to the conjunctival and cornea epithelium with disruption of corneal epithelial
barrier function and loss of mucus-secreting goblet cells (Holland et al., 2013) (Shimazaki,
2018). DED causes a variety of symptoms including ocular irritation, foreign body
sensation, blurred vision, and light sensitivity (Marshall and Roach, 2016). DED can lead to
ocular surface inflammation which can result in decreased tear production, therefore setting
up a vicious cycle of disease (Chenzhuo et al., 2002). Treatment typically ranges from the
use of artificial tears to topical anti-inflammatory and immunomodulatory agents (Calonge,
2001).

Keratitis refers to the inflammation of the cornea, frequently caused by infections (Ansari

et al., 2013). The treatment of infectious keratitis most commonly requires antibacterial,
antifungal, or antiviral therapy, depending on the etiology. All commonly prescribed topical
antibiotics constitute best treatment for bacterial keratitis (Austin et al., 2017). While
bacterial keratitis is usually associated with contact lens wear and pre-existing ocular
diseases, fungal keratitis is more likely caused by ocular trauma (Wong, et al., 1997). Fungal
keratitis usually have worse clinical outcomes between all keratitis that caused by organisms
because the infection is less responsive to treatment and diagnosis (Ansari et al., 2013)
(Austin et al., 2017) (Ansari et al., 2013). Treatment can be challenging due to lack of
effective commercially available ophthalmic anti-fungal medications (Forrester, et al., 2020)
(Thomas and Geraldine, 2007). It causes severe damage to the cornea, and penetrates deeper
stromal layers, Descemet’s membrane, and into the anterior chamber or sclera, which leads
to blindness and loss of eye (Ansari et al., 2013) (Brown, 2020). Fungal keratitis appears to
have a five-to six-fold higher risk of perforation than in bacterial keratitis, and often result in
the need for urgent therapeutic penetrating keratoplasty, or in severe cases, even evisceration
or enucleation (Wong, et al., 1997) (Brown, 2020). Since the 1960s, topical Natamycin

is the most effective medication for the treatment of fungal keratitis (Ansari et al., 2013).
However, 12-38% of fungal keratitis cases will progress despite medical treatment, and
requires surgical intervention such as penetrating keratoplasty (Selver, 2015) (Rogers et al.,
2013).

Anterior uveitis is the intraocular inflammatory eye disease involving the iris, ciliary body,
or both (iridocyclitis) in the anterior segment and surrounding ocular tissue of the eye

(Neti et al., 2021). Anterior uveitis typically causes photophobia, redness, acute onset of
pain and blurred vision (Agrawal et al., 2010) (Schaal and Kaplan, 2008). The initial
treatment of anterior uveitis consists of topical corticosteroids (Harthan, 2016), which

has good penetration into the anterior chamber. However, there are significant potential
serious side effects with topical steroids, including elevated intraocular pressure leading to
glaucoma, cataract, and higher risk of eye infection. When topical steroids do not control the
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inflammation, systemic immunotherapy is required, such as, high-dose prednisone (e.g., 1
mg/kg/day) (Thorne and Jabs, 2015). Repeated episodes of intraocular inflammation within
the eye can lead to tissue damage as well as glaucoma, cataract, cystoid macula edema and
irreversible loss of vision (Neti et al., 2021) (Martin et al., 2002).

Glaucoma is an optic neuropathy characterized by a structural change of retinal ganglion
cells and optic nerve axons. It leads to visual field defect and blindness (Kiihn et al., 2021)
(Weinreb et al., 2014) (De Moraes et al., 2017). Due to the asymptomatic progression,

the diagnosis is frequently delayed and advanced with substantial neural damage result in
visual disability (Rotchford et al., 2003) (Hennis et al., 2007). Ocular hypotensive drops
are the first-line treatment of glaucoma. Laser trabeculoplasty and surgical intervention
may also be used to slow down the progression of the disease (Weinreb et al., 2014).

The main aim of glaucoma therapies and treatments (medical, laser or surgery) is to lower
intraocular pressure (IOP) and the preservation of visual function (Migdal, 2000) (Boland
et al., 2013).The currently available typically applied eye drops used in the treatment of
glaucoma may not be effective due to poor compliance (Quigley, 2019). Sustained delivery
of drugs is actively being studied to improve consistent reduction of IOP. These include
contact lenses-releasing glaucoma medications, injectables such as biodegradable micro- and
nanoparticles, and surgically implanted systems (Lavik et al., 2011). Therefore, successful
treatment strategies for sustained delivery of glaucoma medication that improves patient
compliance and adherence to the cornea has the potential to prevent disease progression.

2.5. Hypothetical plot of topical ocular drug concentration in tear film

In order for topical medications to be effective, it requires the patients to be compliant

with the dosing schedule. Therefore, many patients do not achieve the full therapeutic

effect of the medication due to poor compliance. Thus, many technologies are developing
nanoparticles and contact lenses delivery approaches that can achieve high drug
concentrations that is constant and over and extended period of time. Fig. 4 highlights these
effects on the drug concentration profile of topically applied drugs in the anterior segment of
the eye.

3. Materials for “Corneal and Conjunctival” drug delivery

The optimal sizes of materials to enable topical ocular delivery, ranging from sub-micron
to macroscopic systems, continue to be developed. This section outlines several different
classes of various pharmaceutical agents (Fig. 5) that facilitate cornea permeability,
exploring mechanisms of action, experimental considerations, major strengths and
limitations, and the challenges ahead.

3.1. Sub-micron systems

Although numerous studies have attempted to develop sub-micron systems for topical
ocular drug delivery; developing novel formulations and particles are required to circumvent
current strategies and challenges with regards to in clinical trials, commercialization of
ocular formulations, dosing administration, diffusion and retention of the drugs. Herein,
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we highlight the predominant classes of nano-formulations introduced for anterior segment
ocular drug delivery.

3.1.1. Viscosity and permeation enhancers—Because the corneal epithelium and
tear film provide formidable barriers for topical formulations, a wide range of viscosity and
permeation enhancers have been studied to improve the permeation across the epithelial
lining and increase the precorneal residence time of drug. Increased viscosity provides
certain advantages, including reduction of drop size, and increased bioavailability and
permeability of conventional ophthalmic drugs. Extensive research during the last two
decades has revealed the formulation of several different classes of permeation enhancers,
including fatty acids (Caprylic acid), surfactants (Palmitoyl carnitine), chelating agents
(Ethylenediaminetetraacetic acid, EDTA), preservatives (Benzalkonium chloride, BAC),
glycosides (Saponin), and bile salts (D) (Kaur and Smitha, 2002). Penetration enhancers
facilitate cornea permeability through affecting both the cell membranes and the tight
junctions by the following mechanisms: (i) destabilizing the tear film and the mucous layer
at the cornea surface, (ii) increased partitioning due to changes in the arrangements and
solubility of lipid bilayers of cornea epithelial cells, and (iii) fluidizing the epithelial cell
membranes by loosening and disrupting tight junctions, and (iv) enhancing drug solubility
(Kaur and Smitha, 2002) (Moiseev et al., 2019). Polyethylene glycol, digitonin, and ethers
are examples of permeation enhancers that increase drug solubility. Chelators are believed to
enhance drug permeation through the tight junctions, while surfactants act mainly through
the cell membranes or via the transcellular pathway (Vyas et al., 2011).

Viscosity enhancers are compounds developed by natural and synthetic hydrophilic
polymers to absorb water and form viscoelastic gels to improve precorneal residence
time of the drug (Gote et al., 2019) (Irimia et al., 2018). Carbomers (weakly

crosslinked polyacrylic acids), derivatives of cellulose (Carboxymethylcellulose), anionic
polysaccharides (Hyaluronic acid), polyvinyl alcohol, and polyvinyl pyrrolidone are
compounds with viscosity-enhancing properties (Ali and Byrne, 2008) (Wadhwa, 2009)
(Wilson et al., 1998). Despite considerable research in the area of enhancer vehicles, only
few have proven to be of any therapeutic utility. Potent viscosity enhancers significantly
interfere with vision (Ali and Byrne, 2008), while the permeation enhancers can cause
irritation and damage to the corneal and conjunctival epithelia (Gote et al., 2019). In
recent years novel chemical penetration enhancers have been developed with demonstrable
therapeutic efficacy. For example, Azone™ has established safety profiles for enhanced
transport of therapeutics (Newton et al., 1988). Cyclodextrins, similarly, represent a

new ‘specialty’ class of corneal penetration enhancers that promote tissue absorption of
dexamethasone administered via eye drops without irritation and are being evaluated for
clinical applications (Loftsson and Stefansson, 2002) (Shimazaki, 2018). Large molecules
such as cyclodextrins are unable to permeate the intact lipophilic membranes but able

to disrupt the tear film, alter mucin, take-up the cholesterol and phospholipids in cell-
membrane lipid bilayers, and transit the drug into the cornea (Morrison et al., 2013)
(Loftssona and Jarvinen, 1999) (Calonge, 2001) (Ansari et al., 2013). Some cyclodextrins
are currently used in commercial ocular formulations e.g. Vitaseptol eye drops (Novartis)
(Moiseev et al., 2019).
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3.1.2. Colloidal nanocarriers—Colloidal nanocarriers such as dendrimers, liposomes,
emulsions, micelles, and deformable vesicles have been used to enhance penetration

of therapeutic agents into the eye. The key challenges for hydrophobic drugs include

poor absorption in the tear film and therefore is quickly cleared with each blink. Mucus-
penetrating particles (MMPSs) increase the drug’s retention time on the mucin layer of

the tear film which is in the direct contact with corneal epithelium (Fig. 6) (Langer and
Chen, 2014). These applications are under development by engineering the size and surface
characteristics of the particles.

Liposome-based mucus-penetrating particles (MPP) are colloidal nanovehicles formed by
lipid bilayers surrounding an internal aqueous core with typical size from 10 nm to several
micrometers (Pattni et al., 2015) (Brown et al., 2019). These structures have the capability
of entrapping either hydrophobic compounds into the bilayer membrane of liposomes or
hydrophilic water-soluble molecules into the liposome interior (Bruun and Hille, 2019).
The lipophilic nature of corneal epithelium prevented the diffusion of hydrophilic drugs by
the corneal epithelial cells, whereas lipophilic drugs may easily diffuse across lipophilic
cornea by a transcellular mechanism (Molokhia et al., 2013) (Zhang et al., 2004).
Therefore, liposomes are considered highly efficient vehicles for delivering topical drug
molecules across the cornea. Similarly, mucoadhesive chitosan-coated liposomes improve
the penetration of topical administration of hydrophilic drugs by allowing the drugs to pass
through the tight junctions, increasing the precorneal retention time, and slowing down the
drug metabolism to the ocular surface (Irimia et al., 2018).

Liposomes have also been used as chemical enhancers that not only protect the drugs

from the external environment, but also are biocompatible, biodegradable with high drug
encapsulation yield, slow drug release and non-toxic properties (Brown et al., 2019) (Nisini,
2018). However, the major disadvantages of liposomal topical ophthalmic delivery systems
are low bioavailability, instability of the lipid aggregated on the mucin surface, short half-life
due to the tear turnover, and poor solubility of drugs (Meisner and Mezei, 1995) (Agrawal

et al., 2010). The lipophilic nature of liposomes enables them to penetrate the corneal
epithelium via transcellular route with four different mechanisms, including adsorption, lipid
exchange, fusion, and endocytosis (Meisner and Mezei, 1995) (Schaeffer and Krohn, 1982).

The most important mechanisms of liposomal drug delivery via the transcellular pathway
are: (i) absorption of liposome to cell membrane and then disruption, cellular uptake, passive
diffusion and transportation of highly concentrated drug at the epithelial membrane or

(i) lipid exchange and destabilization of liposomal bilayer with consequential intracellular
release of drug molecules (Agarwal et al., 2016) (Mishra et al., 2011) or (iii) endocytosis,
which is the engulfment and internalization of adsorb liposomes into the cell, formation of
endosomes, enzymatic degradation of lipids and finally, delivery of entrapped drugs into

the cytoplasm (Guo et al., 2015) (Lee et al., 1985). The presence of liposomes on the

cornea epithelial cells causes the fusion of lipid bilayers with corneal lipoidal cell membrane
and allows for direct delivery of liposomal contents into the cytoplasm. The mechanisms

of endocytosis or fusion of liposome membranes for the ophthalmic system are not fully
elucidated although it is thought to increase the transcellular pathway through the corneal
epithelial cells.
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Nanomicelles.: Nanomicelles can be defined as colloidal constructs consisting of
amphiphilic molecules/monomers that can self-assemble in an aqueous medium. They
generally have two parts, a small hydrophobic interior/core that can hold and interact with
hydrophobic drugs/agents, and a long hydrophilic tail that helps the complex to surround
with aqueous phase and enhances solubility. Due to these characteristics nanomicelles can
be used for both therapeutics and diagnostics, by encapsulation of hydrophobic drugs as
well as imaging agents, respectively (Trinh et al., 2017) (Vaishya et al., 2014) (Vadlapudi
and Mitra, 2013) (Xu, 2020). The unique structure of micelles avoids the direct contact of
topically applied hydrophobic drugs in the hydrophilic portion of the cornea, the stroma,
which constitutes 85-90% of the cornea (LEE and ROBINSON, 1986). In addition to
penetration through the cornea, small size of micelles enables them to diffuse through

the conjunctival-scleral pathway after topical application to reach the posterior segment of
the eye (Di Tommaso, 2012). Micelles can be prepared from surfactant (ionic, nonionic,
zwitterionic) or block copolymers (Cholkar et al., 2012) (Vadlapudi, 2015). In general,
surfactant micelles are smaller in size, tend to absorb onto surfaces or interfaces with rapid
onset of action (Cholkar et al., 2012). In contrast, polymeric micelles offer significant
advantages in providing reduced side effects, extended circulation time, and sustained
drug release with relatively low toxicity (Torchilin, 2001) (Jones and Leroux, 1999). It is
believed that polymeric micelles are more stable than surfactant nanomicelles and are more
promising for nucleic acids and gene delivery.

The use of hydrogel containing cross-linked micelles have recently gained significant
interest due to the potential improvement of higher ocular biodistribution and enhanced drug
stability (Mandal et al., 2017). This has led to the emergence of a new field called ‘micelles
laden hydrogels.” However, despite the improvement in biodistribution, topical delivery

of drugs is influenced by nasolacrimal drainage of solution, non-productive absorption

by the conjunctiva, blinking, and tear turnover (Ali and Byrne, 2008). Plutonic F127-
pluronic F68 micellar formulations of itraconazole incorporated in Carbopol 934P hydrogels
demonstrated enhanced ex vivo transcornal penetration compared with sustained drug

Itral® (itraconazole) eye drops and a pure drug suspension release (Jaiswal et al., 2015).
a-cyclodextrin (a-CD) hydrogel has also been developed based on methoxy poly(ethylene
glycol) block polymer micelles for topical ocular delivery of diclofenac (Zhang et al., 2016).
These micelles laden hydrogels showed low cytotoxicity, irritation, with controlled drug
delivery for long-acting applications (Mandal et al., 2017).

3.1.3. Dendrimers—Dendrimers are “tree-like” nanostructured polymers with nanosized
dimensions (1-100 nm) (Yavuz et al., 2013). The structure of dendrimer consists of a central
core with a series of “radically concentric layers” of repeated branches called “generations”
which define its shape (Caminade et al., 2005). Hydrophilic drugs can be attached to the
dendrimer surface by covalent conjugation or electrostatic interaction, whereas lipophilic
drugs can be entrapped through simple encapsulation in the internal cavity of the dendrimer
and provide sustained release (Vadlapudi, 2015). Corneal permeability of dendrimer is
dependent on the molecular weight, size, and method of formulation preparation. Smaller
dendrimers have higher permeability than larger dendrimers since they can easily pass
between the epithelial cells (Kaminskas et al., 2011) (Venuganti and Perumal, 2009).
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Dendrimers’ well-defined terminal functional groups, precisely controllable nanosized
range, and tailorable and monodisperse structure make them suitable carriers for topical
ocular drugs. Although dendrimers can cause temporary blurred vision, they offer significant
advantages with a decreased drug dosing frequency, prolonged residence time, and improved
bioavailability. Vandamme et al. studied dendrimer with amine, carboxylate and hydroxyl
surface groups to increase residence time in the eye and found that residence time increases
with carboxylic and hydroxyl surface groups (Vandamme and Brobeck, 2005). Dendrimers
made of polyamidoamine (PAMAM) with carboxylic and hydroxyl functional groups
improve drug delivery by loosening epithelial tight junction via paracellular transport and/or
transcellular pathways across corneal epithelial barriers (Souza et al., 2015).

3.1.4. Prodrugs—~Prodrugs comprise chemically modified agents in the molecular radius
size range of 25—-100 nm (Cheetham et al., 2017). Prodrugs are bioreversible modification
of the active drugs by chemically attaching a side-chain group (Rautio et al., 2008).

After transcellular penetration through the corneal epithelium cells, prodrugs are converted
into the active parent drugs by enzymatic or chemical reactions or by a combination

of the two with their desired pharmacological effect (Ali and Byrne, 2008) (Wadhwa,
2009). Prodrugs enhance drug solubility, retain a long shelf-life, improve chemical and
metabolic stability, and therefore improve the passive drug absorption (Lallemand et al.,
2005) (Dey et al., 2003). For example, acyl diester prodrugs such as acyclovir (ACV)

and prodrug of ganciclovir (GCV), was confirmed to enhance drug transportation across
corneal epithelial cells (Macha et al., 2004) (Tirucherai et al., 2002) (Hughes and Mitra,
1993). Since direct GCV administration has low corneal permeability, GCV was esterified
to the corresponding diacetate, dipropionate and dibutyrate derivatives to achieve sustained
therapeutic concentrations and increase corneal permeability 2-fold compared with the direct
GCV administration. Although, these prodrugs improve the permeability across the cornea,
they lacked adequate aqueous solubility restricting their formulation in 1 — 3% eye drops
(Hughes and Mitra, 1993). ILEVRO® (nepafenac ophthalmic suspension), nonsubstituted
amide prodrug of amfenac, was approved by the FDA in 2005 for treatment of pain and
inflammation following cataract surgery dosing. It was designed to improve the corneal
permeability and tissue distribution profile and therefore, only required once daily dosing
(Ke, 2000). Nepafenac ophthalmic suspension enables the 4- to 30-fold higher corneal
permeability than conventional Nonsteridal Anti-Inflammatory Drugs (NSAIDS) such as
diclofenac, bromfenac and ketorolac (Lindstrom and Kim, 2006). Notably, these amide
prodrugs and their derivatives require around approximate 15 min of hydrolase activity,
which cause greater duration of action than ester derivatives of other (NSAIDS) following
topical administration.

Although the ophthalmic use of prodrugs was first proposed in the late 1970 s for enhancing
ocular bioavailability (Yellepeddi and Palakurthi, 2016), strategies such as transporter/
receptor viability and expression by chemical modification did not become widely available
until a decade ago (Dey et al., 2003). While lipophilic prodrugs penetrate the epithelial

cell membranes through the diffusion mechanism, transporter/receptor targeted prodrugs
enable transcellular pathway penetration via active transport by transporter recognition.
Novel technologies have been developed through the addition of lipid raft to ligand in
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targeted prodrug to facilitate enhanced interactions into the binding domain of membrane
proteins (transporter or receptor). This novel strategy has been used to synergize the prodrug
permeability through the combination of lipid and transporter/receptor combination (Dey et
al., 2003) (Patel, 2013).

3.2. Macroscopic systems

The purpose of macroscopic devices for topical ocular drug delivery is to prolong and
improve drug entry for topical administration. These approaches include topically applied
patches such as therapeutic contact lenses and collagen shields. In addition, physical
methods including iontophoresis and electroporation are being adapted for long-lasting drug
delivery and disrupt and bypass the cornea barrier (Huang et al., 2018).

3.2.1. Hydrogel-based therapeutic contact lenses—Therapeutic contact lenses
(TCLs) are an upcoming technology for long-lasting ocular drug delivery. While eye drops
have less than 5% corneal bioavailability (Gote et al., 2019), the use of TCLs enhance
theoretical corneal bioavailability up to 50%, which significantly provide enough drugs

to penetrate into the cornea and the posterior chamber (Xu et al., 2018) (Jung et al.,

2013). Hydrogel polymers are ideal for a variety of reasons. The cross-linked structure of
hydrogels, achieved through the hydrophilic polymer chains, retains their three-dimensional
structure, remains them insoluble, and possesses a higher water content (Guzman-Aranguez
et al., 2013) (Xinming et al., 2008). TCLs made of hydrogels can enable a tunable controlled
release profile for extended periods of time, within the therapeutic window and carry

drug concentrations with minimal risk of drug toxicity (Xu et al., 2018) (Carvalho et

al., 2015) (Phan et al., 2013). TCLs are the current state-of-the-art technology for ocular
delivery. Different strategies have been developed with the use of colloids, prodrugs, and
nanoparticles to serve as depots and carriers for many ophthalmic drugs, including small
molecules and biologies (Alvarez-Lorenzo et al., 2019). Despite the excellent enhancement
of drug penetration into the cornea with these strategies, about 5% is absorbed in a short
time of drug presence before being washed away by the tear film. Toward this end, TCLs
serve as precorneal drug reservoirs and delivery systems for the compressed and expanded
tear film that formed between the inner surface of the lens and the cornea called post-lens
tear film (Fig. 7) (Janoria, 2007) (Guzman-Aranguez et al., 2013). The fluid in the post-lens
tear film is protected from the remaining tear fluid. This device is an innovative technology
compared with eye drops because the mixing time of drugs in the post-lens tear film is
about 30 min, which greatly enhances the bioavailability and penetration of the medication
across the cornea compared to the typical two minute exposure for typical eye drops
(Guzman-Aranguez et al., 2013) (Maulvi et al., 2016). The major challenges for successful
commercialization of TCLs include the potential for corneal toxicity, risk of infection,
oxygen diffusion, and continuous and constant drug release.

Different techniques have been developed to increase the bioavailability and sustained
release of the desired drugs. These strategies include (i) soaking method through “soak

and release” model, (ii) colloidal particle-laden CLs, (iii) molecular imprinting through
“lock and key” model, and d) ion ligands or microemulsion-loaded gels (Fig. 7. a) (Guzman-
Aranguez et al., 2013) (Carvalho et al., 2015) (Alvarez-Lorenzo et al., 2019) (Carvalho et
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al., 2015; Gupta and Aqil, 2012). The main objectives of these techniques are to enhance
the duration of drug presence in TCLs, improve the ocular surface bioavailability, allow
sustained drug release and increase the retention and permeation of therapeutics. However,
there were a number of challenges in the clinical trials, including transparency, mechanical
properties, oxygen permeability, ion permeability, lack of stability during processing, and
water content of the TCLs (Xu et al., 2018; Jung et al., 2013; Maulvi et al., 2016) (Guzman-
Aranguez et al., 2013). The simplest and most cost-effective method involves soaking the
commercially available contact lenses into a drug solution and subsequently releasing them
into the post-lens lacrimal fluid (Xu et al., 2018; Guzman-Aranguez et al., 2013). It has been
demonstrated that the “soak and release” method achieved a higher bioavailability for a few
hours of sustained drug release, which is much better than eye drops (Carvalho et al., 2015).
Molecular diffusion is the main driving force for the drug release from contact lens to the
post-lens tear film, dispersion in the tear fluid and subsequently absorption by the cornea
(Xu et al., 2018) (Carvalho et al., 2015). Fig. 7.b demonstrated the strategies used to achieve
sustained release of drugs by different techniques. Further modification of the TCLs has the
potential to improve upon the desired effects of drug delivery to the eye.

Initially the therapeutic agents in the particle-laden contact-lenses are entrapped in
microemulsions, or colloids such as liposomes, and micelles. For example, liposome-laden
CLs containing lidocaine entrapped in 1,2-dimyristoylsn-g/ycero-3-phosphocholine (DMPC)
lipid in pHEMA is used for postoperative pain control following corneal surgery. The results
demonstrated transparent hydrogels with an initial 30% burst release of lidocaine over the
first few hours followed by near zero-order release for approximately 8 days (Gulsen et

al., 2005). However, there is concern of cornea toxicity with prolonged exposure to topical
anesthetics. Peng et al. recently studied the transportation of topical anesthetics including
lidocaine in nanosized vitamin E loaded silicone hydrogel CLs. This resulted in extended
delivery of an anesthetic can alleviate postoperative pain following corneal surgery such as
the photorefractive keratectomy (PRK) procedure for vision correction (Peng et al., 2012).

To enhance drug uptake and achieve sustained release of drugs, molecularly imprinted
polymers (MIPs) were created in the fabrication of TCLs (White and Byrne, 2010) (Ali et
al., 2007) (Tieppo et al., 2012). The bioinspired contact lenses are designed to selectively
engineered binding sites inside the TCLs for drug molecules that mimic the natural
receptors (Alvarez-Lorenzo et al., 2019). For example, molecular imprinted TCLs recently
demonstrated that drug uptake and the overall binding affinity of timolol are 4.9-fold and
12.3-times higher, respectively, than the nonimprinted gels (Hiratani and Alvarez-Lorenzo,
2002). Therefore, MIPs offer a significant advantage over standard TCLs with the ability to
provide controlled release of medication onto the surface of the cornea.

3.2.2. Fibers—Fibers can be formed continuously from polymeric solutions through
single uniaxial or coaxial nozzles, followed by the application of a high voltage electric

field (Zamani et al., 2013) (Kenawy et al., 2009) (Mofidfar et al., 2019). Electrospun
drug-eluting fibers drive from an extruded solution, containing drug and polymers, through a
syringe needle (Mofidfar and Prausnitz, 2019) (Ahadian et al., 2020). By contrast, extruded
fibers from forced assembly polymer force, rather than electrostatic force in electrospinning
techniques, render a novel attractive method for the fabrication of drug-releasing polymer
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fibers (Ren et al., 2019) (Mofidfar et al., 2017). Using these approaches, random or aligned
polymeric nanofibers can be prepared via inexpensive and scalable processes (Brown et
al., 2019) (Kitto et al., 2019) (Radacsi et al., 2018). Large surface area to volume ratio,
high drug encapsulation efficiency, and flexibility in surface functionality make fibers a
promising alternative to drug saline eye drops (Tawfik et al., 2020). Different fiber shapes
and sizes, with diameters in the range of a few hundred nanometers to micrometers, can

be produced by changing the applied voltage, flow rate, viscosity and conductivity of the
polymeric solution (Sharma et al., 2014) (Shahriar et al., 2019). Electrospinning technique
was used to fabricate fast dissolving dendrimer nanofibers (DNF) as a topical delivery
vehicle for the glaucoma drug brimonidine tartrate (BT) (Lancina, 2017). The fabricated
DNF matrix demonstrated extended and improved efficacy with daily dosing over a 3-week
test period during in vivo experiments. Therefore, this technique has potential for the
fabrication of low cost and scalable patches for applications in ocular drug delivery.

3.2.3. Collagen corneal shields—An alternative to TCLs is the use of collagen
shields to achieve sustained release and enhanced bioavailability of ocular drugs to the

eye. Collagen shields are soluble discs - manufactured from porcine scleral tissue or

bovine corium (dermis) collagen, and have been used to promote corneal epithelial healing
(KUWANO et al., 1997). Collagen shields are used for drug delivery by presoaking in a
pharmacological agent with adjunctive topical treatment (Willoughby et al., 2002). Collagen
corneal shields can deliver drugs to the eye up to several days while avoiding the need for
continuous medication (Ali and Byrne, 2008) (Vasantha et al., 1988). The disadvantages of
these collagen shields are that they have to be inserted by a health care provider and that
they are not fully transparent and thus compromise vision (Vasantha et al., 1988). Bucolo et
al. showed the in vitro and in vivo study of Hyalobend®, hyaluronic acid derivative corneal
shields, impregnated with methyl prednisone for the treatment of inflammation (BUCOLOet
al., 1996). The results demonstrated that collagen shields are able to maintain effective levels
of methyl prednisone in the rabbit aqueous humor for up to 48 h.

3.2.4. Transcorneal iontophoresis—Transcorneal iontophoresis is a noninvasive
method that enables targeted topical therapy of medication to the cornea. lontophoresis
delivers small molecules such as dexamethasone and macromolecules such as albumin,

and bevacizumab to the cornea or sclera through an electric field (Molokhia et al., 2013)
(Eljarrat-Binstock, 2005) (Gratieri et al., 2017). However, topical application of corneal
iontophoresis is rarely used today in the development of novel drugs. In addition to
medications and macromolecules, iontophoresis can be used to deliver nucleic acids for
gene therapy (Myles et al., 2005). The mechanism of delivery by iontophoresis is by opening
the tight junctions without significantly affecting the barrier properties of the eye (Ali and
Byrne, 2008).

lontophoresis can enhance permeability and transport across cornea by electrophoresis
(direct electric field interaction), electro-osmosis (convective solvent flow, i.e., directional
liquid flow due to applied potential across a charged membrane), and electroporation
(field-induced tissue alteration and pore induction) (Bejjani, 2007). Ideally, for transcorneal
iontophoresis, the drug is dissolved in water and is instilled into a cylindrical eye cup
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placed over the limbs to cover the entire cornea surface (Callegan, 1995). Transcorneal
iontophoresis may be amenable to topical ocular drug delivery of hydrophilic drugs
across the cornea. For example, a related technology using an ocular applicator with
dexamethasone phosphate has been studied in a cornea graft rejection clinical trial
(Kompella et al., 2010). The safety and efficacy of enhanced-fluence pulsed-light
iontophoresis cross-linking (EF-CXL) is also recently used in patients with progressive
keratoconus during epithelium-on corneal crosslinking with riboflavin (Mazzotta, 2020)
(Liao, 2019). The results showed that iontophoretic transepithelial corneal cross-linking
(I-ON CXL) slows down keratoconus progression in 50% of pediatric patients’ eyes in 3
years after treatment (Buzzonetti, 2019). However, the main limitations for transcorneal
iontophoresis include the inconvenience of having to setup the device, potential discomfort
to patients, and inadequate sustained delivery. The safety of prolonged and frequent
application of iontophoretic drug delivery have yet to be established. Therefore, the long-
term goal of transcorneal iontophoresis is to make this approach more user-friendly with
disposable component in a system designed for home use without professional training.

3.2.5. Vacuume-assisted drug delivery—Vacuum-assisted transepithelial corneal
cross-linking has been developed to facilitate topical drug delivery through the intact corneal
epithelium. A vacuum pump that induces negative pressure has been used to create a

sealed reservoir over the cornea and accelerate diffusion without significant change or
adverse effects in intraocular pressure (IOP). Lombardo, Abbate, and Manche reported the
successful transepithelial riboflavin deposition with the vacuum-mediated device in 2017.
Since then, vacuum-assisted drug delivery has been developed for transepithelial riboflavin
deposition at concentration levels comparable to the control tissues with epithelium removed
(Lombardo, 2017) (https://clinicaltrials.gov, 2018). In addition to existing ultrasound or
iontophoresis devices that are used for topical ocular drug delivery, vacuum-assisted drug
delivery systems are under development for drug delivery to the cornea.

UV irradiation in the range of 12 mW/cm?, applied in approximately less than 10 min
combined with vacuum-assisted riboflavin delivery, is likely to be safe and desirable due

to minimal discomfort, faster vision recovery and shorter the period of treatment without
compromising the efficacy of the procedure. In addition to being safe, medications using
vacuum-assisted drug delivery can be administered painlessly and noninvasively into the eye
through an intact corneal epithelium.

3.2.6. Intracorneal microneedles—Microneedle technology is comprised of a
plurality of micrometer-scale needles embedded in a macroscopic substrate (Brown et al.,
2019) (Prausnitz et al., 2004). Solid microneedles (MNs) are a minimally invasive route

for localized ocular drug delivery and a promising technology developed to deliver various
therapeutic compounds (e.g. vaccination, local anesthesia, treatment of diabetes and obesity)
into the skin (Than, 2018) (Lee et al., 2008). This technology has the potential to provide the
unmet medical need for localized, long-lasting and efficient topical ocular therapy with good
patient compliance. Microneedle-based treatment of a corneal ulcer is of special interest,

in part by targeting delivery of the antimicrobial drug precisely to the corneal depth where
microorganism invasion has occurred (Ansari et al., 2013). Microneedles can deliver topical
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ocular therapy to the eye with direct injection of therapeutics into cornea with minimal
perception of pain (Bhatnagar, 2018). The high turnover rate of mucus in tear film and
epithelial lining in the cornea enables the rapid restoration of disrupted epithelial cells by the
microneedles.

Potential intracorneal microneedles have been developed using metals or polymers to
deliver drugs into the eye while avoiding complications associated with intraocular
injection and systemic administration (Thakur Singh, 2017). The first studies have

been initiated for in vivo drug release of fluorescein and pilocarpine surface-coated
microneedles via intracorneal routes (Jiang, 2007). The results showed that the fluorescein-
coated microneedles increase fluorescein concentrations 60 times higher than topical
application without microneedles with no inflammatory responses, and thereby improving
the bioavailability of fluorescein. Moreover, biphasic drug release kinetics of detachable
microneedles provide synergistic therapeutic outcome through a quick release of diclofenac
followed by a sustained release of an anti-angiogenic monoclonal antibody, resulted in
improved treatment of corneal neovascularization (NV) (Than, 2018). Therefore, the use of
microneedles for intraocular drug delivery is a new approach aimed at providing effective
home-based treatment for many eye diseases that ensures an optimal patient compliance.

4. Conclusion and future plans

Topical eye drops have traditionally been the main treatment modality for many ocular
diseases. Since the cornea and conjunctival barriers are poorly soluble to medications, the
application of ophthalmic drugs requires frequent doses in order to overcome the short
half-life and poor drug dolubility. This may result in potential drug side effects, and poor
drug solubility. Over the last decade, new formulations and technologies have advanced
rapidly toward innovative long-acting topical ocular drug delivery systems. Despite the
advances in ophthalmic drug delivery, there remain challenges with regards to dosing
administration, diffusion and retention of the drugs. New designs are needed to achieve

a long-acting topical ocular drug delivery method. Recent developments have moved toward
the use of nanoparticles and gene therapy where drug concentration and release period could
be controlled more effectively. However, overcoming the barrier of corneal permeability
coninues to be challenging.

The development of long-acting topical ocular drug delivery systems in lieu of eyedrops is
essential to the efficiency of the ocular therapy. The goal is to increase the drug’s ocular
residence time through innovative solutions that overcome the corneal static and dynamic
barriers. The two methods for drug delivery are either through the cornea or directly
conjunctivaand sclera. Different size materials can deliver a drug by either of these ocular
routes. Extensive research is conducted on nanocarrier materials including viscosity and
permeation enhancers. In addtion, colloidal nanocarriers such as MPPs and nanomicelles can
facilitate the transfer of hydrophobic drugs into the eye. Alternatively prodrugs can enhance
the drug solubility without the need for a carrier.

On the macroscopic scale, biomedical devices or materials can be embedded with the drug
and then applied to the eye for direct delivery. TCLs allow for the controlled release of the
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drug without the need for reapplication as opposed to eye drops. To eliminate the hassle of
removing the contact lens, dissolvable collagen shields provide a more effortless alternative.
Intracorneal microneedles carrying the drug allow for a minimally invasive but longer lasting
localized ocular therapy.

Despite extensive innovation in the novel ocular topical therapy field, the vast majority of
these ideas are still in the development stage and more research is required in order to be
commercially acceptable. Furthermore, the most common method to delivering drugs into
the eye remains topical eye drops despite the many of its drawbacks. Developing techniques
involving both the through and to ocular routes would allow different hydrophobicities,
sizes, and formulations of drugs to reach the cornea, anterior chamber, and perhaps even

the retina. Advances in nanoscale and macroscale therapies permit variations in therapies
depending on patient preference. Some patients may prefer to undergo a one time minimally
invasive microneedle application while others may choose to apply eye drops multiple
times a day. Just as important, the cost effectiveness of each therapy must be taken into
consideration. In addition, combinations of nanoscale and macroscale therapy, such as
viscosity and permeation enhancers in addition to TCLs or collagen shields might be most
effective in minimizing drug pentration to the eye.

The aforementioned ocular drug delivery systems highlight the potential for drug
formulations embedded in ophthalmic devices that provide increased delivery of the drug
for longer-lasting ocular therapy, while overcoming the eye’s various barriers. It thereby
decreases the need for frequent doses in order to maintain therapeutic drug level, resulting in
more effective and convenient ocular therapy.
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Important events in topical ocular therapy
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Fig. 1.
Historical timeline of major developments in the field of topical ocular drug delivery
systems.
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Fig. 2.

Cross-sectional view of tear film: a high tear turnover rate and gel-like mucin layer make
a tear film as a major barrier in topical ocular drug delivery before drug penetration into

cornea and corneal barrier.
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Topical Administration
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Fig. 3.
Corneal and Conjunctival routes explored for drug delivery to the anterior segment of the
eye.
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Fig. 4.

Hspothetical potential pharmacokinetic profile of topically applied drug concentration in
the tear film over time. (A) missed dose, the eye tissue without therapeutic levels of

drug over time, (B) toxicity threshold, over administration of drug to its maximum level
considered therapeutic, (C) the excessive volume of drug solution increases the drainage rate
of instilled volume, and (D) controlled release drug delivery profile with a plateau level of
drug distribution of topically applied formulations. Adapted, with permission, from (Ali and
Byrne, 2008).
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Fig. 6.

M?echanism of action of mucus penetrating particles (MPP) compared with conventional
topical eye drops (Langer and Chen, 2014). Traditional suspension eye drops rapidly
clear via blinking on the tear film. MPPs particles diffuse through the tear film into the
membrane-bound mucin and ocular surface to reach target tissue. Image Courtesy of Kala
Pharmaceuticals.

Int J Pharm. Author manuscript; available in PMC 2021 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mofidfar et al.

Fig. 7.

Post-lens
tear film

tear film

Pre-lens

Drug-loaded
nanoparticle

Page 35

Therapeutic
contact lens

® Drug N Vitamin E O Imprinted cavity
® Nanoparticle * Micelles ® Cyclodextrin
PO O @
% o ®*og®®
Commercial lenses Vitamin E coating Drug embedded
- ® @ o -
> ® ® @
e ® oo o> s
Cyclodextrin Polyelectrolyte gels Imprinted cavity
O 00|, s,

Nanoparticle-laden
contact lens

Nanoparticle-laden
contact lens

Micelles-laden
contact lens

Schematics of a) drug diffusion from drug-eluting hydrogel therapeutic contact lens and b)
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strategies to control drug release from contact lens. Adapted, with permission, from (Choi
and Kim, 2018).
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