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Teaser This review highlights and critically evaluates the most promising, state-of-the-art
nanodelivery platforms for sustained drug delivery to the anterior ocular segment.
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Conventional eye drops have several limitations, including the need for
multiple applications per dose, hourly based dosage regiments, and
suboptimal ocular bioavailability (<5%). The efficacy of topical
ophthalmic medications can be significantly improved by controlling
their contact time with the adherent mucin layer and by inducing
sustained release properties, thus allowing for a prolonged contact time of
the drug with the ocular tissues, which eventually will lead to improved
drug bioavailability and a significant decrease in the frequency of eyedrop
instillation. In this review, we critically highlight recent and innovative
nanodrug delivery platforms, with a primary focus on the integration of
nanotechnology, biomaterials, and polymer chemistry to facilitate precise
spatial and temporal control over sustained drug release to the cornea.

Introduction
Corneal tissue has a complex anatomy designed to provide high resistance to foreign substance
and microbial entry into the eye to protect vision. Blinking, baseline and reflex lachrymation, and
drainage help to rapidly eliminate offending microbes, foreign bodies, and substances, including
drug molecules, from the eye surface. In addition, the specific anatomy of the corneal tear film,
such as alternating hydrophilic/hydrophobic layers, compromises the rapid absorption of drug
molecules by the epithelial cells on the corneal tissue (Fig. 1a) [1-3]. Therefore, efforts have been
made to improve permeability and residence time of therapeutic substances on the cornea, sclera,
conjunctiva, and/or in the tear film. Furthermore, designing formulations with less frequency of
application will significantly improve patient compliance and quality of life.

The use of water-soluble polymers was first proposed by Swan et al. to enhance the corneal
contact time and possibly the penetration of drug molecules into the eye [4]. Viscous or semisolid
formulations, such as gels and ointments, provide enhanced contact with the eye surface;
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Schematic representation of tear film composition and various types of nanodelivery platforms. (a) Schematic illustration of the multilayered structure and
anatomy of the tear film. (b) Nanodrug delivery platform based on drug nanocrystals (i.e., nano aggregates) loaded in a mucoadhesive semiliquid polymeric
matrix (interdiffusion of polymer chains with mucin fibers) for retention, slow dissolution, and diffusion of small drug molecules through the tear film. (c) Stimuli-
responsive nanodrug delivery platform. The interactions with each component of the tear film layer are depicted. Drug molecules or peptides can be chemically
conjugated to the block copolymer. (d) Nanoparticles with a hydrophilic surface and mucus-penetrating properties for delivery of therapeutics loaded at the
core of the particles. Reproduced, with permission, from [86] (a), [87] (c), and [88] (d).

however, the blurred vision, sticky sensation, and reflex blinking
induced by gels/ointments can cause significant discomfort and
eye irritation [5,6]. Another approach is the application of in situ
gelling systems with phase transition properties in which a liquid
formulation is applied on the eye and subsequently solidified at
the conjunctival Cul-de-sac. The phase transition process in this
system can be induced/triggered by altering the hydrophilic/hy-
drophobic balance of the formulation, pH of the tear film, tem-
perature on the eye surface, or the presence of certain electrolytes
in the tear film [7-9] (Fig. 1b).

The use of mucoadhesive-based formulations (suspension com-
prising nanocrystalline drug molecules entrapped in the viscous
liquid—polymer network) is another approach that has been investi-
gated over the past few decades to improve drug bioavailability as
well as sustained drug release at the ocular surface [10-12]. In these

systems, the minimal zero contact angle of applied liquid polymers
with certain functional groups allows for maximum surface contact
and/orinterpenetration within the mucin fibers on the surface of the
cornea. An example of such platforms is the commercially available
LoteMax geldrop® [13].Inarecent study, gellan-based gel-drop was
also used to transit between the solid and liquid states of the gel via
thixotropic properties, allowing for the retention of biologic mole-
cules (e.g., growth factor) in a dynamic environment while being
slowly removed through blinking [14]. This type of system can also
create a platform for enhanced retention of nanocrystalline small
drug molecules, allowing for slow dissolution and release of drug
molecules into the tear film. However, precipitation or aggregation
of drug molecules, because of the presence of certain electrolytes in
the tear film or change in pH, is the main problem associated with
these formulations (Fig. 1c).
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An alternative approach that can circumvent all the aforemen-
tioned shortcomings is the use of biodegradable and biocompati-
ble particulate-based nanodelivery platforms with tunable release
properties for targeted drug delivery (Fig. 1d). In addition, partic-
ulate systems are often used to significantly improve the solubility
of hydrophobic compounds and their bioavailability, and to pre-
vent the aggregation and denaturation of biologic molecules (e.g.,
therapeutic peptides).

These properties are crucial when the patient requires a drug
formulation to treat chronic illness, such as glaucoma. The size of
the nanoparticles (NPs) is one of the key parameters that should be
optimized for their application in ocular anterior segment drug
delivery. Particles smaller than the wavelength of visible light
(~350 nm) minimize scattering, which allows better light trans-
mission providing a transparent eyedrop solution. In addition, the
smaller size of particles correlates with a larger surface area, en-
abling surface functionalization with various functional groups,
such as carboxyl, amino, and sulfate groups, to enhance their
adherence to the eye surface [15-17]. The use of different types of
polymers and particulate systems for ocular drug delivery have
been extensively review elsewhere [18-20]. Here, we introduce a
new perspective toward developing nanomedicines for ocular
anterior segment with a main focus on micellar drug delivery.
In addition, we introduce the concept of passive and active target-
ing to the corneal tissues. We also highlight different aspects of
active drug delivery to corneal epithelial cells, which can be
achieved via endocytosis and/or using extracellular vesicles. More-
over, we critically review the most advanced formulations that
have been approved by the US Food and Drug Administration
(FDA) for clinical use. Finally, we introduce the concept of apply-
ing exosomes (tear-secreted exosomes) as a nanodelivery platform
for future applications.

Particulate-based nanodelivery platforms

General overview of particulate-based platforms

Over the past few decades, nanomedicine (the fusion of nanotech-
nology with medicine) has been a main point of interest in the
field of ocular drug delivery. NPs, as the name implies, are nano-
sized particles (10-1000nm in size) in the form of colloidal sus-
pensions. Therapeutics can be solubilized, encapsulated, or
entrapped inside polymeric or lipid-based NPs. The tunable prop-
erties of NPs, such as changes in their size, surface charge, or
chemistry, make it possible to overcome physiological barriers
and guide therapeutics to specific tissues or cells either by passive
or receptor-mediated targeting mechanisms (i.e., endocytosis).
The main advantages of nanoparticulate systems in ocular drug
delivery include a reduced frequency of drug application because
of extended retention on the corneal surface, and little to no
sensation of the particles on the eye surface because of their
nanometer dimensions [21-23]. In general, retention of particu-
late systems on the surface of the cornea can be achieved by either
interpenetration (i.e., entanglement) of surface-coated polymeric
chains of NPs, which has an important role in entrapment (i.e.,
immobilization) of the particles inside the precorneal adherent
mucus layer (i.e., tear film) [24], or distal-end modification of
polymeric chains coated on the surface of particles with various
moieties (antibodies or peptides), which can facilitate active up-
take (endocytosis) by epithelial cells. With this approach, the

corneal epithelium can act as a reservoir for drug accumulation
and provides continuous and sustained drug release to the under-
lying layers (e.g., aqueous humor) [25].

Various materials have been used to form NPs, such as poly(D,L-
lactide-co-glycolide) (PLGA), poly(lactide-co-caprolactone) (PLLA-
PCL), poly(vinyl alcohol) (PVA), poly(DL-lactide) (PLA), poly
(caprolactone) (PCL), poly(ethylene oxide-b-lactide), poly(ethyl
acrylate-co-methyl methacrylate-co-trimethylammonioethyl
methacrylate chloride) (Eudragit RL/RS100) and polyacrylic acid
(PAA), as well as natural polymers, such as chitosan, hyaluronic
acid (HA) [26-29], gelatin, and albumin [30-33]. Promising nano-
delivery platforms developed so far in the field of ocular drug
delivery (mainly corneal tissue) are summarized in Table 1 [34-45].

Micellar-based drug delivery platforms

Among all the above-mentioned particulate-based ocular drug
delivery systems, micellar-based formulations are applied more
frequently. Micelles (colloidal carrier systems with core-shell struc-
tures and a size range of 20-120 nm) are usually made of di- or tri-
block copolymers, which facilitate nanoaggregate formations
above a critical substrate concentration in aqueous solutions
[46]. The small size of micelles allows for efficient accumulation
of an associated active pharmaceutical ingredient (API) into tar-
geted tissues (i.e., passive uptake), with the possibility for sterili-
zation of micellar solutions via filtration through synthetic
membranes with pore sizes of 0.22 pm.

Mitra et al. introduced a new type of micellar formulation based
on non-ionic surfactants comprising octoxynol-40 and vitamin E
derivative with poly(ethylene glycol) (PEG) subunits [tocopherol
polyethylene glycol succinate (TPGS)], for loading and delivery of
various anti-inflammatory drugs, such as dexamethasone, rapa-
mycin, and voclosporin [47]. In vivo studies on New Zealand
rabbits showed improved bioavailability of the drug molecules
at the ocular anterior segment compared with conventional ocular
eye drops (suspension) (Fig. 2a,b). In a similar study, Vadlapudi
et al. applied a mixed micellar formulation based on vitamin E
TPGS and octoxynol-40 for the solubilization and delivery of
Biotin-12Hydroxystearic acid-acyclovir (B-12HS-ACV) to the ocu-
lar anterior segment. They formulated an optically clear micellar
solution with high colloidal stability and sustained release of the
drug over 4 days (Fig. 2c,d) [48,49]. However, in vivo pharmacoki-
netic studies for evaluating the efficiency of drug delivery to the
cornea compared with the conventional eyedrop suspension were
not shown

In general, surfactant-based micelles comprising different vari-
eties of Pluronic (Table 1) have been utilized for many years as
eyedrop formulations to enhance the solubility of a drug molecule
and/or penetration through the cornea tissue [50]. In a study by Qi
et al., a combination of two polymers (poloxamer and carbopol)
was applied as an ophthalmic therapeutic for the precorneal
delivery of Puerarin (a hydrophilic compound) with improved
bioavailability and sustained release of the hydrophilic compound
because of the densely packed micellar structures of poloxamer at
increased temperature (~35°C) on the precorneal area [51]. In
another study, Pepic et al. applied Pluronic F127 to develop a
micellar formulation of pilocarpine, either as the hydrochloride
salt or the free base in phosphate buffer. Despite the low encapsu-
lation efficiency, the pharmacokinetic parameters were improved
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TABLE 1

List of particulate based nano-drug delivery platforms developed for the treatment of different ocular diseases®

Disease Drug molecule /

Product name

Material

Characteristic and remarks

Development Stage

Dry eye Ibuprofen

Lipid

Inflammation  Flurbiprofen

Difluprednate
Durezol®

Flurbiprofen

Rapamycin

Prednisolone

Dexamethasone

Indomethacin

Cataract Urea

Glaucoma Vitamins A and E

Cyclosporin A

EudragitRS10®

Phosphatidylcholine,

cholesterol, ai-tocopherol and

sodium hyaluronate

Eudragit (RL/RS100)

Lipid (Caster oil,

polyoxyethylene sorbitan
monooleate (Polysorbate 80))

PLGA, 2-(2-propoxypropoxy)

ethanol (Poloxamer18)

Chitosan, Polylactic acid

PluronicF6

Pluronic F127/ Chitosan

Polycaprolactone (PCL),
Migliol840, Poloxamer188

poly(ethylene oxide)98-poly
(propylene oxide)67-poly
(ethylene oxide)98 (Pluronic

F127)

Lipid phosphatidylcholine (PC),
cholesterol, and o-tocopherol

(vitamin E)
Chitosan

Size (NPs): ~68 nm

ZP: +30

LE:90%

Sustained release,

Improvement in drug bioavailability, relative to
control eyedrop.

Size (NPs): ~186 nm

ZP: ~ —15 mV

dispersed liposomes inside sodium hyaluronate
solution, Applied as tear substitute, High in-vivo
tolerance.

Size (NPs): ~80 nm

ZP: +33

LE: <90%

Sustained release,

Improved ocular bioavailability, Strong charged
interactions between nanoparticle/cornea.

Size (NE?): 100 to 200 nm

LE: ~90%

Ophthalmic emulsion with improve penetration.
6-fold higher bioavailability compared to
conventional steroids with dose uniformity.

Size: 230 to 270 nm

EE: 95%

ZP: =25 mV

Fast release during the first hour, followed by
sustained drug release, Enhanced anti-inflammatory
effect due to improved adhesiveness of nanoparticles.
Size (NPs): 300 nm

EE: ~ 80%

ZP: +30 mV

Sustained release of rapamycin, Good retention at the
precorneal area compared to rapamycin suspension
with no sign of inflammation.

Size: 211 nm

Nanosuspension, Higher drug bioavailability
compared to the micro-crystalline suspensions.

Size (micelles): ~28 nm

EE: 0.55%

ZP: ~+15 mV

Significant improvement in ocular drug delivery
(bioavailability of Dexamethasone) Enhanced transfer
of dexamethasone through the ocular barrier.

Size (NPs): ~220 nm

ZP: —16 to —40 mV

LE: ~90%

Sustained release,

3-fold higher ex vivo penetration than commercial eye
drops.

Size: ~140 nm

enhance Urea salt therapeutic efficacy using micellar/
hydrogel matrix.

Size (NE?): 200 to 400 nm

Significant increase in visual acuity with decreased
inflammation compared to traditional eye drops.
Size (NPs): 293 nm

EE: 73%

ZP: 437 mV

Fast release during the first hour, followed by
sustained drug release provides optimal therapeutic
concentration.

Preclinical (rabbits)

Preclinical (Rabbit)

Preclinical (rabbits)

Marketed

Preclinical (Rabbit)

Preclinical (Rabbit)

Preclinical (Rabbit)

Preclinical (Rabbit)

Preclinical (rabbits)

Randomized single-
blind phase Il trial

Marketed

Preclinical (Rabbit)

[28]
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TABLE 1 (Continued)

Disease Drug molecule /  Material Characteristic and remarks Development Stage  Ref
Product name
Carteolol Poly-g-caprolecton Size (NPs): 150 nm Preclinical (Rabbit) [43]
Size (NCs®): 300 nm
EE% NPs: 40
EE% NCs: 60
ZP: ~ =35
Improved ocular penetration and a significant
decrease in IOP compared to commercial eye drops.
Loteprednol Pluronic F127 Size: ~50-500 nm Randomized phase lll  [44]
etabonate EE: >10% trial
ZP: ~ 0.33 mV
Penetration enhancer. Significant improvement in
bioavailability of Loteprednol etabonate.
Latanoprost Cyclodextrin (HPBCD® and Solubility enhancer, Improved bioavailability. Randomized [45]
HPMCY) (double-blind) phase
Il trial
Pilocarpine phosphorus-containing Adhesion and permeability enhancer. 2.5-fold increase  Preclinical Rabbit [46]
nitrate and dendrimers in penetration of Carteolol relative to the standard
Tropicamide dose.
Carteolol

Abbreviations: 2NE, nanoemulsion; °NCs, nanocapsules; “HPBCD, 2-hydroxypropyl-beta-cyclodextrin; 9HPMC, hydroxypropyl methylcellulose.

significantly as compared with standard pilocarpine solutions [52].
Pilocarpine is in general a hydrophilic compound. Only a small
fraction of drug molecule is entrapped inside the micelles, with
most being in aqueous phase. Yet, the authors speculated that the
increase in drug bioavailability compared with standard pilocar-
pine solutions could be because of the change in permeability of
the absorbing ocular membrane (i.e., tear film) by the delivery
system (i.e., existing polymers and salts) itself rather than direct
delivery via drug-loaded micelles. In another study by the same
group, a hybrid micellar suspension was formulated based on
Pluronic F127 and chitosan, loaded with dexamethasone. The

hybrid micellar formulation exhibited up to a 4-fold increase in
the ocular bioavailability of dexamethasone compared with the
standard suspension [38]. In vitro studies on Caco-2 cell mono-
layers revealed improved intraocular transport of dexamethasone
through the cellular monolayers (applying hybrid micellar formu-
lation) compared with the Pluronic F127-only micellar formula-
tion with no chitosan. It was suggested that the improved ocular
absorption and bioavailability of the micelles were the result of
specific physicochemical characteristics, such as an average size of
~26 nm and a surface charge density of +15.6 mV, which improved
the mucoadhesive properties of the NPs [38]. The authors sug-
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Molecular structure, appearance, and composition of the micelle-based eyedrop formulations. (a) Schematic representation of derivatization of unsaturated
tocotrienol (T3) isomers with poly(ethylene glycol) (PEG). (b) Mixed micellar structure of Octoxynol-40 and a vitamin E derivative with PEG. (c) Transmission
electron microscopy image of drug-encapsulated micelles comprising Octoxynol-40 and a vitamin E derivative with PEG. Scale bar =100 nm. (d) Optical

transparency of 0.1% micellar formulation (i) compared with deionized water

(i). Adapted, with permission, from [49] (a,b) and [48] (d).
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gested further research to elucidate the exact mechanism of en-
hanced micellar dexamethasone transfer across the corneal bar-
riers. Although these studies show the feasibility of improved drug
delivery and its bioavailability at corneal tissue, they lack a kinetic
analysis of stability of polymers and formulations in various
aqueous environments and their storage conditions as a final
(next-generation) eye drop product.

Di Tommaso et al. prepared a micellar formulation of cyclospor-
in A (CsA) using a block-copolymer comprising methoxypoly
(ethyleneglycol)-hexyl substituted poly(lactides) (MPEG-hexPLA)
for ocular applications [53]. The authors showed that the formu-
lated micelles had the stability, biocompatibility, and transparen-
cy suitable for topical ocular applications. The micellar
formulation, with a ~50-nm particle size, demonstrated enhanced
corneal penetration compared with a standard eye drop suspen-
sion, reducing the frequency of eye drop application. In addition,
these micelles showed a high propensity to encapsulate hydro-
phobic drug molecules, such as CsA [53,54]. In another study, Li
et al. developed a new type of block-copolymer comprising PLA
and dextran (Dex), which could self-assemble into micellar struc-
tures capable of delivering drugs. The formed micelles were loaded
with CsA, had sizes within the range of 15-70nm, and could be
fine-tuned by modifying the molecular weight of PLA and/or Dex.
This formulation showed a sustained release of CsA for up to 5 days
in vitro. During a 12-week efficacy study on mice with induced dry
eye, weekly topical administration of the CsA-loaded targeted
micellar formulation enhanced the elimination of the inflamma-
tory response compared with the commercial eye drop form of CsA
(Restasis®) with three times daily administration frequency. This
study highlights reduced dosing frequency without compromising
the treatment efficacy [55].

In general, the main drawback of these studies is lack of a shelf-
life (physical and chemical) stability study and hydrolysis kinetics
of the polymer backbone in different buffers with varying pH and
at different temperatures. Although Di Tommaso et al. referred to
the lyophilization of the micelles for increased stability of the
formulation [54], there is not yet sufficient research to check the
size, polydispersity index, and percentage of the aggerated forma-
tion upon hydration of the lyophilized micellar formulation. In
addition, the manufacturing and scalability of drug-loaded NPs
can be a complex process with multiple steps and the use of
considerable amounts of toxic organic solvents.

Strategies applied to improve NPs retention on the eye
surface

Passive targeted delivery of NPs

One approach to stabilizing particles on the surface of the cornea
relies on designing mucus-penetrating NPs (MPNPs) to avoid their
adhesive trapping in the superficial (small chain) mucus layers of
the tear film and to further enhance their penetration to the
deeper layers of the mucus. To achieve this, two main particulate
characteristics are involved: (i) the specific size range of the NPs to
avoid steric inhibition by the dense fiber mesh of mucus; and (ii)
the surface chemistry of the particulate systems (stealth property)
to avoid any charge-charge or hydrophobic interactions with the
mucus layer. In a recent study, Lai et al. demonstrated that NPs
densely coated with a mucus-inert polymer (i.e., PEG) as large as
500 nm in size were still able to traverse the human mucus with an

effective diffusion coefficient (Deff) rate only 4- to 6-fold lower for
the same particles in water [56]. Lai et al. provided an extensive
discussion on the properties of mucus-penetrating particles (MPP)
and their potential for the controlled release of therapeutics at the
mucus-epithelial cell interface (Fig. 3a,b) [57].

An example of these particulate systems is the product devel-
oped by Kala Pharmaceuticals, under the trade name of EYSUVIS™
(1% Loteprednol etabonate), currently in Phase III trials. They
applied polyoxypropylene-polyoxyethylene (PEO,-PPO,-PEO,,)
block copolymers as a vehicle to solubilize loteprednol etabonate
in amorphous form with a loading efficiency of 10-50% at the core
of micelles to provide surface stealth properties. By tailoring the
molecular weight of each block, they obtained a fine-tuning
degradation profile as well as stability of the encapsulated drug
(Fig. 3c,d). The main advantage of this formulation was its ready-
to-use suspension form without the need for point-of-use recon-
stitution [58]. The significant achievement with this newly FDA-
approved formulation was a decrease in the daily dosing from four
times a day to twice daily via enhanced bioavailability of drug
molecules and improved mucus penetration and retention time of
NPs at the mucus-epithelial cell interface of the cornea [59,60].

Another form of passive drug delivery to the corneal tissue with
improved drug retention and bioavailability was achieved by
formulating drug nanocrystals inside a viscous polymeric matrix
with thixotropic properties. This was interpenetrated with mucin
molecules to form hydrogen bonds with the glycoproteins to act as
a reservoir for the drug nanocrystals to dissolve and diffuse
through the tear film toward corneal epithelial cells. There are
numerous examples of this type of formulation. One FDA-ap-
proved formulations is Lotemax® (a gel formulation of lotepred-
nol etabonate), which comprises polycarbophil as a mucoadhesive
and viscoelastic suspending agent with thixotropic properties.
Tyloxapol and edetate disodium dihydrate (EDTA) are other im-
portant excipients in the formulation. Tyloxapol helps to remove
floating nonadherent mucin, whereas EDTA acts as a chelating
agent, washing away the deposited calcium ions on the surface of
the mucus layer to accelerate the penetration of drug nanocrystals
(particles) toward the epithelial cells [61]. In a recent study, Kim
et al. used a polyoxypropylene-polyoxyethylene block copolymer
(PEO100-PPO70-PEO o) at critical gel concertation (CGC) of 15-16
%(w/w) with a low physiological ion content compared with the
tear film (hypotonic formulation). This caused osmotically in-
duced water absorption, leading to uniform gel formation on
the ocular surface (i.e., coating) without clump formation. Their
in vivo study showed improved retention of either hydrophobic or
hydrophilic compounds with the possibility of inducing therapeu-
tic effects with once-daily dosing in mouse, rabbit, and pig eye
models of laser-induced choroidal neovascularization (CNV) [62].

Active targeted delivery of NPs

Despite the development of different nanoparticulate systems for
ocular drug delivery (Table 1), there is still a lot of room to enhance
their performance at the mucus-epithelial interface. For example,
surface functionalization of the particles with targeting moieties,
such as chemical groups (e.g., acrylic acid or thiol group) or specific
protein/peptide structures, can significantly improve the retention
of the particles at the mucus—epithelial interface. This can also
trigger the active uptake (endocytosis) of the particles by corneal
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Interactions of drug delivery vehicles with corneal mucus layer. (@) Summary schematic illustration of interactions between two types of nanoparticles (NPs;
conventional mucoadhesive particles (CPs) and mucus penetrating particles (MPPs)) with mucus layers on the surface of the cornea. MPPs can penetrate the
mucus layer and enter the underlying adherent mucus layer, which is close to the epithelial cells, and are retained for a longer period. By contrast, CPs are largely
immobilized at the surface mucus layer and can be easily washed away upon tear turnover. (b) Schematic illustration of physical interpenetration (diffusion) of
surface-coated polymer chains [e.g., poly(ethyleneglycol); PEG] with mucin fibers attached to the surface of epithelial cells. (c) Traditional suspension eye drop
adheres to the mucin and is rapidly cleared with the tears via blinking. (d) MPPs move freely through the tear mucin into the membrane-bound mucin, allowing
increased penetration and even coating of target tissue. Adapted, with permission, from [57] (a), [89] (b), and [90] (d).

epithelial cells. One example of such approach is the reversible
boronic acid-diol interaction reported by Liu et al. [55]. In this
study, they applied phenylboronic acid as a targeting moiety on
the surface of NPs, which then underwent covalent binding with
sialic acid moieties, which are abundant on the mucus membrane
bound to the surface of epithelial cells (Fig. 4).

In general, the presence of amines within the mucin molecular
structure leads to the interaction of adjacent amino groups with
boronic acid groups to form an ionized borate, which can signifi-
cantly improve the complexation ability of phenylboronic acid
with diols of glycoproteins (i.e., mucins) under physiological

conditions (pH 6-7). With this methodology, it was possible to
stabilize particles at the mucus-epithelial interface, allowing for
the slow release of drug molecules (CsA) over 1 week. A similar
targeting approach was applied by Prosperi-Porta et al., although
their particulate system comprised poly(L-lactide)-b-poly
(methacrylic acid-co-3-acrylamidophenylboronic acid) block
copolymers to achieve active targeting combined with sustained
drug-release properties [63].

In another study, CD44 HA receptors, located on human cor-
neal and conjunctival cells, were investigated for their role in
active uptake (endocytosis) of NPs. In this study, the authors
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Example of ocular mucus targeting nanodelivery platform. (a) Schematic illustration of tear film layers with the main focus on the adherent mucus layer next to
the corneal epithelia. (b) Mucin fibers (glycoproteins) with sialic acid end moieties next to sugar moieties of galactose. (c) Schematic illustration of nanoparticles
(NPs) targeting the corneal mucus layer via surface decoration with phenylboronic acid. The expanded area shows the interaction between the phenyl boronic
group and sialic acid moieties in the mucin fibers. (d) lllustration of one of the key reactions of boronic acid and the reversible formation of cyclic boronate ester.

Adapted, with permission, from [86] (a), [91] (b), [63,92] (c), and [93] (d).

applied HA-coated chitosan oligomer-based NPs (HA-CSO NPs) to
demonstrate endocytosis-mediated active uptake of the NPs via
CD44 HA receptors on the surface of human corneal epithelial cells
[64]. In another study, de Salamanca et al. also reported the active
internalization of HA-chitosan NPs by human conjunctival epi-
thelial cells [65]. The transferrin receptor is another moiety on the
surface of the corneal epithelium, which showed 74% higher
transport of surface-functionalized NPs relative to non-function-
alized NPs in an ex vivo bovine eye model [66]. However, the need
remains to discover new types of protein on the corneal or scleral
surface that can actively mediate the transcytosis of molecules
through the epithelial cells. Utilizing these proteins could provide
active-targeting and delivery of cargo (small drug molecule or
biologic therapeutics) to the epithelia cells and aqueous humor.

In summary, engineering of nanodelivery platforms that can
penetrate the mucus layers and covalently interact with certain
moieties/ligands directly on the surface of the epithelial cells or
with the adherent mucus layer (bond to epithelial cell) could
revolutionize the concept of daily eye drop installation to become
either weekly or even monthly. In particular, patients with chronic
anterior ocular disease, such as glaucoma, would benefit most from
these advanced (next-generation) therapeutic platforms.

Nanodelivery platforms in the form of ocular devices
Drug-eluting soft contact lenses

The use of drug-loaded contact lenses is an alternative approach to
particulate-based ocular drug delivery systems. Many studies have
focused on engineering drug-eluting soft gel/contact lenses to

achieve sustained drug release to the ocular anterior segment as
a postsurgery bandage or for treatment of chronic eye diseases. The
first strategy used for the preparation of drug-loaded contact lenses
was by soaking them in a high concentration of drug solution.
Unfortunately, this method suffered from poor adhesion, which
caused almost all the drug molecules absorbed on the contact
lenses to be released within 1-3h [67-69]. This problem was
addressed by incorporating the colloidal microparticles and NPs
inside the contact lenses. Based on mathematical models, sus-
tained drug release from contact lenses is achieved via Fick’s law of
diffusion and resistance to mass transport at the interface between
drug-loaded NPs and the matrix of the soft contact lens (additional
partitioning). This has since enabled the proactive and non-inva-
sive treatment of ocular disease by using soft contact gel (lenses)
[70]. Apart from the challenges associated with achieving homog-
enous drug and/or particle distribution within the contact lens
matrix and zero-order release kinetics, others are mainly related to
the contact lens materials itself. Mechanical properties, minimized
surface roughness upon formulating with particles or drug mole-
cules, water content, and ion and oxygen permeability for com-
fortable day and night wear contact lenses, are some of these
challenges.

Initially, contact lenses were made out of poly (methyl methac-
rylate) (PMMA), but this material had certain drawbacks, such as
decreased user comfort, poor oxygen permeability, wetting prop-
erties, and a limited capacity to integrate a variety of delivery
systems inside its matrix (for slow-release purposes). These limita-
tions were addressed by changing the contact composition to

8 www.drugdiscoverytoday.com

Please cite this article in press as: Gholizadeh, S. et al. Advanced nanodelivery platforms for topical ophthalmic drug delivery, Drug Discov Today (2021), https://doi.org/10.1016/j.
drudis.2021.02.027



https://doi.org/10.1016/j.drudis.2021.02.027
https://doi.org/10.1016/j.drudis.2021.02.027

DRUDIS-2953; No of Pages 13

Drug Discovery Today * Volume 00, Number 00« April 2021

REVIEWS

Post-lens tear film Pre-lens tear film

.

cecccman

Therapeutic contact lens

Drug-loaded nanoparticle

”-

> -

= Aggregated vitamins

» © Drug molecules

Drug Discovery Today

Schematic illustration of two types of drug-eluting contact lens. Drug molecules can be loaded into the hydrogel contact lenses via two main approaches. (a)
Nanoparticle-laden contact lens with a slow-release profile and (b) direct loading of drug molecules to the polymeric matrix of the hydrogel contact lens. The
latter can be done via (c) simple loading of the drug molecule to the polymeric matrix or (d) co-loading with vitamins to introduce steric hinder and slow down

the small drug molecule diffusion rate. Adapted, with permission, from [70,74].

polymers with tunable chain alignments and controllable matrix
rigidity (i.e., soft gel contact lenses) [71,72]. Importantly, the latter
impacts oxygen permeability, wettability, and integrability with
NPs and microparticles. The integration of NPs inside soft contact
gels is preferred over microparticles because they can negatively
impact optical and physical properties (i.e., surface roughness).
2-Hydroxyethyl methacrylate (HEMA)-based hydrogels have
been utilized to create contact lenses with high water content
and oxygen permeability [73]. In a recent study by Lee et al.,
HEMA-based contact lenses were prepared and co-loaded with
hydrophobic molecules, such as vitamin E and A, to improve their
loading efficiency inside the contact lens and obtain sustained
drug release kinetics. The results showed improved drug loading
efficiency via co-loading with vitamin E, but no significant differ-
ence was detected for the drug release profile compared with the
contact lenses with no vitamin E loading [74]. By contrast, Peng
et al. showed that a significant change in the drug release profile
was achieved by co-loading vitamin E to silicone-hydrogel contact
lenses [75]. The idea behind the (passive) addition of hydrophobic
molecules, such as vitamin E and/or A, to the hydrogel matrix
mainly relies on the formation of small hydrophobic domains (i.e.,
aggregates) dispersed inside the polymer matrix. This will ulti-
mately improve the retention of both hydrophobic/amphiphilic
drug molecules and physically hinder the diffusion of small mole-
cules through the hydrophobic aggregates (Fig. 5a,b). In addition

to acting as diffusion barriers and powerful antioxidants, which
that can prevent the oxidation of susceptible therapeutics, vitamin
E and/or A can be a barrier to reduce ion and oxygen permeability
and increase the mechanical properties of the contact lens. They
can also cause protein adsorption to the contact lens because of the
hydrophobic properties of Vitamin E, resulting in complications.

In an interesting study by Kapoor et al., the effect of various
nanosized surfactant-based micelles on the loading and release
profile of CsA in the form of particle-laden contact lens was
investigated (Fig. 6a). The authors showed that an increase in
the hydrophobic chain length of the surfactant improved the
partitioning of drug molecules into the core of the surfactant
aggregates (micelles). Among the different types of applied surfac-
tant, eicosaethylene glycol octadecyl ether (Brij-78) was the most
promising for the extended release of CsA from poly-HEMA (p-
HEMA) contact lenses because of its optimal hydrophobic chain
length [i.e., small value of critical micelle concentration (CMC)]
and its saturated tail that was flexible enough to allow densely
packed cores to form (Fig. 6b). Another important finding was that
micelles laden with p-HEMA gel showed enhanced water content
as compared with pure HEMA gel. The water content appeared to
be directly correlated with the hydrophilic block length of the
applied surfactant aggregates (micelles) (Fig. 6¢). Therefore, the
presence of surfactant micelles with specific molecule structure
(properties) could improve the sustained release of CsA while
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Structure and properties of various types of nanodelivery platforms. (a) A schematic representation of 2-hydroxyethyl methacrylate (HEMA) gels (contact lens)
loaded with surfactant micelles. (b) Effect of Brij 78 surfactant concentration on cumulative release of Cyclosporin A (CsA) from micelle-laden gels in PBS. All the
gels were 200-m thick and contained 50 g of the total drug (CsA). (c) Cryo-scanning electron microscopy image for 200-jum Brij 78 surfactant micelle-laden
gels. (d) Schematic representation of an eye patch for ocular drug delivery. The eye patch is surface decorated with an array of micron-sized drug reservoirs (self-
implantable). (e) Schematic representation of an extracellular vesicle (i.e., exosome) and their application for active drug delivery. (i) Detailed structure of
extracellular vesicle (i.e., exosome), comprising a lipid-based bilayer containing different transmembrane proteins, essential for transport and cell targeting. (ii)
Schematic representation of the application of extracellular vesicles as a nanodelivery platform for efficient and targeted therapeutics delivery to corneal
epithelial cells. Adapted, with permission, from [76] (b), [80] (c), [81] (di) and [86] (dii).

delivering enhanced comfort of the developed contact lens by
directly increasing its water content and oxygen permeability [76].

Molecular imprinting techniques within the polymer matrix of
the contact lens have also been applied by creating macromolecu-

lar cavities inside the densely polymerized network with high
molecular affinity, capacity, and selectivity toward target thera-
peutics. However, the idea of using these platforms is not feasible
from a commercial point of view, because of their complex syn-
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thesis and the need to apply toxic solvents during the synthesis
step.

Thus, further advances and improvements in polymer chemis-
try and/or material engineering are required to develop breathable
contact lenses that can be used for an extended period of time to
elute therapeutics (e.g., after surgery care). One approach to
achieve this goal is by applying granular (microgel-laden) soft
contact lens containing micropores. The existing densely packed
microgels can improve the water-binding capacity and oxygen
permeability via introducing porosity (or void space) [77]. Overall,
once the above-mentioned limitations are resolved, therapeutic
contact lenses could change the way in which ocular diseases are
treated.

Microneedle-based ocular patches

Microneedles are used as a new type of ocular nanodelivery
platform. With this technology, drug molecules can be deposit-
ed into the target tissue via diffusion without the need to
circumvent tear film and lacrimal drainage. Microneedles can
be designed so that they penetrate the tissue to a depth of up to
hundreds of microns [78,79]. Yet, compared with the eyedrops,
this methodology is highly invasive. In a recent study, Than
et al. developed an intraocular drug delivery strategy based on
microneedle technology using an eye patch equipped with an
array of detachable microneedles [80]. These microneedles pen-
etrated the ocular surface tissue up to a few hundred microns
and served as conjunctival implanted microreservoirs for con-
trolled drug delivery (Fig. 6d). Biphasic drug release kinetics
were enabled by the double-layered microreservoirs and differ-
ent cross-linking degree of the polymer matrix. Sustained deliv-
ery of an anti-angiogenic monoclonal antibody (DC101) by an
eye patch combined with the fast release of an anti-inflamma-
tory compound (diclofenac) exhibited a ~90% reduction in
ocular neovascularization.

Extracellular vesicles as the next-generation ocular
drug delivery platforms

Extracellular vesicles are a type of organelle that is secreted by
various cell types. Different bioactive molecules, such as proteins,
lipids, RNAs, and DNAs, are encapsulated inside or within the
bilayer membrane of these vesicles (Fig. 6ei). Their size varies
between 20 nm and 150 nm and they act as a potent intercellular
mediator that can initiate various physiological and pathological
processes [81]. Under pathological conditions, extracellular vesi-
cles can be secreted from immune cells and mediate the inflam-
mation processes. Although the exact role of extracellular vesicles
in the eye requires further investigation, their role in immune-
mediated eye diseases, such as Sjogren’s syndrome (SS) dry eye and
corneal allograft rejection, is well known [82] In addition, certain
types of extracellular vesicle (i.e., exosomes), secreted from corneal
epithelium cells, promote regeneration of corneal tissue by induc-
ing the secretion of various matrix components [83]. These natural
nanocarriers can be considered as a robust tool for the delivery of
functional RNA strands, peptides, or synthetic drugs to the anteri-
or eye segments (Fig. 6eii) [84,85]. However, thus far, there has

been insufficient research focused on the role of loaded extracel-
lular vesicles with exogenous cargoes on eye diseases. Therefore,
more studies are needed to develop drug delivery systems based on
extracellular vesicles for application in ophthalmology.

Concluding remarks and future perspective

In general, ocular anatomy and physiology provide many oppor-
tunities for both the inhibition and enhancement of drug delivery.
As such, rapid turnover of corneal epithelial cells (approximately
every 5-7 days) is one of the hurdles for developing targeting/
adherent drug delivery platforms for sustained drug release. How-
ever, once the lipophilic drug molecules are released and taken up
by epithelial cells, they can slowly diffuse toward the stroma and
anterior chamber/aqueous humor and potentially provide thera-
peutic levels. In this review, we highlighted the most innovative
and promising ocular drug delivery platforms developed so far and
discussed their interactions with the gel-forming and adherent
mucin layers and corneal epithelial cells. In this regard, colloidal
NPs (specifically micelles) can be considered as the least invasive
sustained drug delivery system to the ocular anterior segment as
compared with other therapeutic nanodelivery platforms. Micel-
lar-based NPs can enable delivery of therapeutics via either stealth
(mucus-penetrating) properties or active endocytosis through the
corneal/conjunctival epithelial cells. Both scenarios would main-
tain therapeutic activity at the site of action for longer periods (the
so-called ‘precorneal depot effect’) compared with conventional
medication.

The major advantages of particulate systems in form of eyedrops
are that they are: (i) applicable to deliver a broad range of thera-
peutics, such as small molecules (drugs), genes, and proteins; (ii)
can be lyophilized and reconstituted within the desired medium
(normal saline) to form a stable formulation (i.e., ready to use); and
(iii) reduce the frequency of instillation via improved retention
and bioavailability of therapeutics. However, major (crucial) gaps
toward achieving highly optimized ocular drug delivery platforms
include insufficient research on the tear film-epithelial interface
and surface biochemistry of corneal/conjunctival epithelial cells,
and a lack of existing validated ex vivo models that can mimic the
natural physiology of the ocular anterior segment, including tear
flow dynamics and blinking. Once the latter is available, research
can proceed quickly to screen certain physicochemical properties
of the drug delivery systems (mainly in the format of eye drops),
which can provide enhanced corneal penetration and achieve-
ment of therapeutic drug levels.
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