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Fig. 3. ECT for back of the eye disorders. CAC ECT gel treatment on rats with inherited retinal degeneration. One or two units of GDNF-delivering CAC
ECT gel was intravitreally injected into the eyes of dystrophic RCS/lav rats. (A) Representative H&E sections of nontreated, single, and double gel-
treated rats showed different degrees of photoreceptor nuclei retention and organization in the outer nuclear layer (ONL). (B) ONL nuclei density was
calculated by normalizing ONL count with retinal length. (C) Representative images showing the distribution of apoptotic cells (green) in the retina of
nontreated, single, and double gel-treated animals detected by terminal deoxynucleotidyl transferase—mediated digoxigenin-deoxyuridine nick-end
labeling (TUNEL) assay with 4’,6-diamidino-2-phenylindole (DAPI) nuclear counterstaining. (D) Density of apoptotic cells in the ONL. (E)
Representative scotopic and photopic electroretinogram wave forms showing the retinal function of dystrophic rats receiving 1 or 2 U of GDNF-secreting
gel. (F) Scotopic a-wave. (G) Scotopic b-wave. (H) Photopic b-wave. #P < 0.05; *P = 0.02; **P = 0.005; ***P < 0.0005 by one-way ANOVA with Bonferroni
post hoc test (Wong et al., 2019). ERG, electroretinogram; INL, inner nuclear layer.
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Suprachoroidal Drug Delivery Utilizing Hollow Micro-
needles and Microsurgical Cannulas. Delivery of thera-
peutics at the suprachoroidal space has demonstrated
promising potential for delivering therapeutic agents at the
target tissue (retina and choroid) at a higher concentration.
This can be confirmed from anatomic studies demonstrating
the diffusion of therapeutic agents after drug delivery at the
suprachoroid space (Patel et al., 2012; Kadam et al., 2013;
Chiang et al., 2016). Patel et al. (2012) demonstrated supra-
choroid drug delivery through the posterior pars plana of a
rabbit model using a hollow microneedle. The suprachoroid
drug delivery was a minimally invasive procedure demon-
strating safe delivery into the retina and choroid with no
adverse effects. Gilger et al. (2013) reported the successful
suppression of acute inflammation with corticosteroid de-
livered through the suprachoroid route in a porcine model of
noninfectious posterior uveitis. Drug delivery through the
suprachoroid route utilizing microsurgical cannulas in pri-
mate and procaine models has shown increased drug bioavail-
ability. The researchers investigated delivery of triamcinolone
acetonide and bevacizumab to evaluate the tolerability, safety,
efficacy, and pharmacokinetics of suprachoroidal drug-delivery
technology. Higher bioavailability of triamcinolone acetonide at
the target tissue without deleterious side effects such as cataract
and hypertension suggests its positive impact (Olsen et al.,
2006). In contrast, bevacizumab demonstrated low bioavailabil-
ity at target tissue with faster diminishing therapeutic response
as compared with intravitreal injections (Olsen et al., 2011).
Currently, various phase III clinical trials utilizing triamcin-
olone acetonide suprachoroidal injection along with various
anti-VEGF agents are being investigated for the treatment of
DME and posterior uveitis (NCT03203447, NCT02980874,
NCT01789320). Table 3 summarizes currently available ocular
drug-delivery systems in clinical trials for the treatment of
posterior segment disorders.

Novel Ocular Drug-Delivery Technologies

Colloidal Nanocarriers for Anterior Segment Disorders

The chronic nature of many ocular disorders requires
frequent and prolonged drug treatments. Along with this,
ocular barriers reduce the bioavailability of the topically
applied therapeutic agents to less than 5%. Recent develop-
ments in nanotechnology can provide opportunities to over-
come drawbacks and limitations of conventional drug-delivery
systems, such as low drug bioavailability and low drug
permeation through ocular barriers. Nanocarriers can prolong
drug action by sustained and controlled release of the drug,
protect the drug from ocular enzymes, and aid in overcoming
ocular barriers. This can greatly reduce the frequency of
dosing and improve tissue concentrations of the drug for
better pharmacological action. Colloidal nanocarriers includ-
ing nanoparticles, nanomicelles, nanowafers, and micronee-
dles are capable of encapsulating small molecules and biotech
drugs for ocular delivery. The size of the nanocarriers ranges
from 1 to 1000 nm. Nanoparticles greater than 10 um can
cause foreign body sensation and ocular irritation (Ali and
Lehmussaari, 2006; Liu et al., 2012). Nanocarriers can also
improve the ability of drug penetration into the deeper ocular
tissues, decrease drug toxicity, and reduce precorneal drug
loss taking place due to rapid tear turnover. Nanocarriers
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engineered from biodegradable and biocompatible polymers
overcome ocular barriers and result in higher drug absorption
in the anterior and posterior segments of the eye (Reimondez-
Troitino et al., 2015). Nanomedicine for ocular drug delivery
can be highly patient compliant and have a higher tolerability
than conventional eye drops for anterior segment ocular
disorders (Vandervoort and Ludwig, 2007; Bachu et al.,
2018; Mandal et al., 2019a).

Nanomicelles. Nanomicelles are colloidal drug-delivery
systems that self-assemble in a solution and can entrap
therapeutic agents at their core. Their size ranges from 10 to
200 nm, and they are made up of amphiphilic surfactants or
block copolymers. Nanomicelles are formed instantaneously
in a solution when the concentration of the polymers is above a
specific concentration called the critical micellar concentra-
tion. Nanomicelles have the capacity to encapsulate hydro-
phobic drugs in the hydrophobic core of the micelles due to
hydrophobic interactions. The hydrophilic corona interacts
with the external aqueous fluid, increasing the solubility of a
relatively lipophilic drug. This colloidal dosage form has the
ability to form clear aqueous solutions which can be used as
topical eye drops. Nanomicelles can be broadly classified as
surfactant nanomicelles and polymeric nanomicelles. Cequa
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Fig. 4. TA-encapsulated methoxy PEG (mPEG)-PLGA nanoparticles for
treating experimental autoimmune uveitis (EAU). (A-D) photographs
taken by a hand-held retinal camera on day 12 after treatments: the EAU
group (A), the mPEG-PLGA nanoparticle-treated group (B), the TA
injection—treated group (C), the TA-loaded mPEG-PLGA nanoparticle—
treated group (D), and clinical scores in the different groups (E).
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(Sun Pharmaceuticals Inc.) is a nanomicellar formulation of
0.09% cyclosporine-A recently approved by the US FDA for dry
eye disease. Cequa demonstrated improved rapid onset of
action as early as 4 weeks and improvement in tear production
as compared with cyclosporine-A emulsion in phase II and
phase III clinical trials (Mandal et al., 2019a). The in vivo
studies of the nanomicellar formulation of cyclosporine-A
conducted in rabbits demonstrated enhanced bioavailability
in the anterior ocular tissues as compared with cyclosporine-A
emulsion with no ocular adverse effects. Here, the nano-
micellar system was prepared from a polymeric mixture of
two low-molecular-weight surfactants, hydrogenated castor
0il-40 and octoxynol-40, which resulted in formation of a clear
solution of cyclosporine-A. Mitra et al. demonstrated efficient
encapsulation and enhanced ocular pharmacokinetics of

Blank-NP

A Untreated

hydrophobic drugs such as voclosporin, cyclosporine-A, rapa-
myecin, triamcinolone acetonide, cidofovir prodrug, and curcu-
min for the treatment of various anterior and posterior ocular
disorders neutrotropic. Various surfactant polymers such as
vitamin E tocopheryl polyethylene glycol succinate (Vit E
TPGS); hydrogenated castor 0il-40,60,100; and octoxynol-40
were used for entrapping hydrophobic drugs in the nano-
micellar core (Cholkar et al. 2015, Mandal et al., 2017b, 2019b,
Trinh et al., 2017). Mandal et al. demonstrated the entrap-
ment of hydrophobic drug and hydrophilic peptides within the
core of nanomicelles for ocular drug delivery. A lipid prodrug of
cyclic cidofovir (B-C12-cCDF) was encapsulated within
surfactant-based nanomicelles for antiviral drug delivery for
cytomegalovirus retinitis, and multilayered nanomicelles
were developed for the delivery of octeriotide peptide to the
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Fig. 5. In vivo efficacy of PLGA fenofi-
brate NPs (Feno-NP) on vascular leakage
and vascular permeability measured with
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Fundus Fluorescein Angiography (FFA).
Formation of subretinal neovasculariza-
tion (SRNV) and intraretinal neovascula-
rization (IRNV) evaluated by neovascular
tufts in flat-mounted choroid and retina
in Vldlr—/— mice 1 month after Feno-NP
treatment. (A) Representative images of
FFA. (B) Numbers of leakage spots in
FFA. (C) Quantification of retinal vascu-
lar permeability. (D) Representative im-
ages of SRNV and IRNV in FFA. Scale
bar, 1000 um. (E) Quantification of SRNV
and IRNV in flat-mounted choroid and
retina. Mean = S.E.M. (n = 8-16; one-way
ANOVA followed by Bonferroni post hoc
test). ¥*¥*P < 0.001 vs. untreated Vldlr—/—
mice; ###P < 0.001 vs. blank-NP—-treated
Vldlr—/— mice (Qiu et al., 2019).
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anterior segment of the eye (Mandal et al., 2017b). The
researchers also demonstrated that a mixed micellar struc-
ture designed from a fixed ratio of low-molecular surfactants
had alower critical micellar concentration. This indicates that
the nanomicellar structure is stable over dilution in the
systemic fluids and will not result in premature drug release.
These highly lipophilic agents form a clear solution when
encapsulated in the nanomicelles. Also, nanomicelle aid is
sustained, and release of the drug to the ocular tissue is
controlled (Cholkar et al., 2015; Mandal et al., 2017b, 2019b;
Trinh et al., 2017).

Nanomicelles constructed from block copolymers such as
PLGA, polyethylene glycol (PEG), polycaprolactone (PCL),
and polylactide are called polymeric nanomicelles. The poly-
mers can be conjugated to form diblock (A-B type), triblock (A-
B-A), or pentablock (A-B-C-B-A) copolymers. Block polymers
have distinct hydrophilic and hydrophobic parts which impart
the polymer amphiphilicity. Nanomicelles can solubilize
hydrophobic drugs and improve their delivery to the ocular
tissues. Methoxy poly(ethylene glycol) poly(lactides) diblock
copolymer was used for constructing polymeric nanomicelles
of Cyclosporine-A for efficient drug supply to the anterior
ocular segment. The in-vivo results demonstrated excellent
ocular biocompatibility and high ocular bioavailability of the
nanomicellar formulation. The results suggested that
methoxy poly(ethylene glycol) poly(lactides) nanomicelles
encapsulating cyclosporine-A can be used for treatment of
dry eye disease, prevention of corneal graft rejection, and
treatment of autoimmune uveitis (Di Tommaso et al., 2011).
Polymeric micelles often offer certain advantages over surfac-
tant micelles, such as sustained drug release and lower
incidence of drug toxicity, whereas surfactant nanomicelles
offer advantage of smaller nanomicellar size and rapid onset of
action. Both surfactant and polymeric nanomicelles can be
surface conjugated with various targeting moieties for higher
drug transport through the ocular tissue (Yellepeddi and
Palakurthi, 2016). Nanomicellar delivery of nucleic acids like
siRNA, microRNA, plasmidDNA, and oligonucleotides is an
emerging field of research. Liaw and Robinson used a nonionic
copolymeric system, poly (ethylene oxide)-poly (propylene
oxide)-poly (ethylene oxide) (PEO-PPO-PEO) for gene delivery
(Liaw, Chang, and Hsiao, 2001). The polymeric nanomicelles
encapsulated plasmid DNA with lacZ gene demonstrating
greater delivery of the therapeutic cargo to the cells (Tong
et al., 2007) Nanomicelles also reduce drug toxicity, reduce
drug degradation, improve drug permeation through the
ocular tissues, and thus improve ocular bioavailability of
lipophilic potent drugs (Mandal et al., 2019a).

Nanoparticles. The size of drug-loaded nanoparticles can
range from 50 to 500 nm to effectively overcome ocular
barriers and to deliver the drug to the ocular tissue either by
passive or active transport. A solution of nanoparticles (NPs)
can be deposited in the cul-de-sac to attain sustained drug
delivery over a prolonged period of time. The surface charge of
the NPs highly influences their efficient ocular absorption.
The cornea and the conjunctival tissues have a negatively
charged surface. It is observed that cationic NPs have a higher
retention time on ocular surfaces as compared with anionic
NPs. This can enhance the drug permeation into the ocular
surfaces (Akhter et al., 2016). Colloidal NPs can also increase
the solubility of highly hydrophobic drugs and increase the
trans-corneal permeability of such agents. Various
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biodegradable and nonbiodegradable NPs for treating ante-
rior and posterior segment ocular disorders have been de-
veloped. The commonly used polymers for nanoparticle (NP)
ocular applications are PLGA, PEG, PCL, chitosan, albumin,
and gelation (Table 1). PLGA polymer is widely used for
encapsulating various small-molecular and biotech drugs
intended to treat anterior and posterior ocular disorders.
PLGA undergoes biotransformation in vivo to form lactic
and glycolic acid having minimal systemic toxicity. Hence,
PLGA is widely used for ocular drug delivery. PLGA nano-
particles encapsulating anti-inflammatory corticosteroid fluo-
cinolone acetonide were prepared by Guo et al. (2019) for the
treatment of posterior uveitis and autoimmune uveitis (Fig.
4). Canadas et al. (2016) estimated the delivery of pranopro-
fen, a nonsteroidal anti-inflammatory drug entrapped in
PLGA NPs. The in vitro study on a human retinoblastoma
cell line demonstrated lower toxicity of pranoprofen PLGA
NPs on the cells as compared with the free drug. Pranoprofen
PLGA NPs were further demonstrated to be effective in
corneal penetration on an ex vivo bovine model as compared
with the drug alone. In vivo ocular anti-inflammatory activity
and ocular pharmacokinetics of the formulation were studied
in rabbit eyes. The corneal penetration of pranoprofen NPs
was 4 times higher and had a quick onset of anti-inflammatory
action. Pranoprofen NPs also showed prolonged retention on
the corneal surface of the rabbit eyes, which resulted in
significant reduction of corneal inflammation (Cafadas
et al., 2016). Connexin43 mimetic peptide has demonstrated
efficacy in improving retinal ganglion cell survival after
retinal ischemia. Rupenthal et al. and Bishat et al. evaluated
connexin43 mimetic peptide PLGA NPs for retinal ischemia in
zebrafish and live embryos. The study resulted in no toxicity to
the ocular tissues (Chen et al., 2015; Bisht and Rupenthal,
2018). Qiu et al. (2019) developed fenofibrate PLGA nano-
particles for the management of DR and AMD. Fenofibrate is
an agonist of peroxisome proliferator-activated receptor o« and
has efficacy against DR. The in vivo studies in diabetic rats
reduced retinal vascular leakage, ameliorated retinal dys-
functions, and downregulated the overexpressed VEGF-A and
ICAM-1 at 8 weeks after one intravitreal injection of fenofi-
brate PLGA NPs (Qiu et al., 2019). PLGA can also be used to
encapsulate many well known anti-VEGFs, such as bevacizu-
mab, ranibizumab, and aflibercept (Elsaid et al., 2016; Sousa
et al., 2017; Kelly et al., 2018). However the major problem
associated with the intravitreal delivery of NPs is the floating
of the particles in the vitreous humor and vision obstruction
(Bachu et al., 2018) (Fig. 5).

Nonsteroidal anti-inflammatory drugs such as ibuprofen, in-
domethacin, and flurbiprofen encapsulated in NPs can be used for
the treatment of anterior segment ocular inflammation. Ibupro-
fen encapsulated in Eudragit RS100 (Evonik Health Care) NPs
demonstrated improved drug concentrations in the aqueous
humor of rabbit eyes in comparison with ibuprofen ocular solution
(Pignatello et al., 2002). Eudragit RS100 was used to prepare
flurbiprofen NPs for lowering anterior segment inflammation
after surgical trauma. In vivo studies performed in rabbits
demonstrated higher aqueous humor concentrations of flurbipro-
fen as compared with the control group (Pignatello et al., 2002a,b;
Gupta et al., 2007; Cao et al., 2010). Biodegradable polymers such
as PCL, PEG, PLGA, and poloxamer 188 were used for formu-
lation of flurbiprofen-encapsulated nanoparticles. Topical admin-
istration of flurbiprofen nanoparticles demonstrated enhanced
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TABLE 4

Ocular drug-delivery systems investigated for anterior segment disorders (inflammation) (Cholkar et al., 2013)

Delivery System Drug

Polymeric Component

Remarks References

Nanoparticles Ibuprofen

Flurbiprofen

Flurbiprofen

Indomethacin

Cyclosporine-A

Nanomicelles Dexamethasone

Voclosporin,
dexamethasone,
rapamycin

Cyclosporine-A

Plasmid DNA
with lacZ gene

Liposomes C6-ceramide

Dexamethasone

Eudragit RS100

Eudragit RS100

PLGA, PCL

PCL, Miglyol 840,
poloxamer 188

Chitosan and cholesterol-
conjugated chitosan

Pluronic/chitosan system

Vitamin E TPGS and

octoxynol-40 nanomicelles

Methoxy poly(ethylene glycol)-
hexylsubstituted poly(lactide)

PEO-PPO-PEO

Methoxy PEG(2000) and
PEG(750)-C6-ceramide

Human serum albumin;
bis(sulfosuccinimidyl)

suberate; tris(hydroxymethyl)

Significant improvement of drug bioavailability
in rabbit model compared with control
aqueous drops

Improved ocular bioavailability due to strong
interaction between positive charged
nanoparticle to the anionic corneal surface

Colloidal systems enhance ocular bioavailability;
PLGA nanoparticles showed ~2-fold higher
drug transport than that of PCL nanoparticles

Colloidal formulation shows 3-fold higher ex vivo Calvo et al., 1996
penetration than commercial eye drops

Both nanoparticles deliver higher amount of
drugs in cornea and conjunctiva as compared
with cyclosporine-A suspension

Nanomicelles entrapping dexamethasone
significantly improved bioavailability to
anterior ocular tissues by 2.4-fold relative to
unformulated dexamethasone

In vivo studies showed mixed nanomicellar
system have higher bioavailability with topical
dosing of dexamethasone and rapamycin

Transparent, highly stable, biocompatible
formulation

Significant elevation of B-gal activity, transgene
expression marker, elevated mRNA levels of
bel-x(L) by 2.2-fold, and reduced corneal
apoptosis in mouse and rabbit cornea.

Significantly efficacious in reducing corneal
inflammation

Significantly higher drug accumulation in the
eye (~13.5 ng/mg tissue) than unformulated
drug (2.4 ng/mg tissue)

Pignatello et al., 2002

Pignatello et al., 2002

Valls et al., 2008

De Campos et al., 2001

Pepic et al., 2010

Pepic et al., 2010
Di Tommaso et al., 2011

Tong et al., 2007

Sun et al., 2008

Arakawa et al., 2007

aminomethane; 3,3-dithiobis-
(sulfosuccinimidylpropionate)

PEO-PPO-PEO, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); TPGS, tocopheryl polyethylene glycol succinate.

anti-inflammatory efficiency and minimal toxicity, such as
ocular irritation, in the rabbit eyes (Calvo et al., 1996; Valls
et al.,, 2008). Chitosan is also a widely used anionic bio-
compatible and biodegradable polymer used to prepare NPs
and can improve their precorneal residence time. Cyclospor-
ine-A is a strong immunosuppressive agent which is used to
treat dry eye disease. Chitosan can be used to prepare NPs
entrapping cyclosporine-A, which has shown 2-fold improved
precorneal residence and higher conjunctival permeability in
rabbit eyes. Chitosan polymer can also be used for the delivery
of lipophilic drugs, hydrophilic drugs, and polynucleotides to
the anterior ocular surface (De Campos et al., 2001; de la
Fuente et al., 2010). Mitra et al. developed pentablock
copolymers from polymers such as PEG, polylactide, PGA,
PCL, and PLGA for making nanoparticles encapsulating
hydrophilic drugs such as dexamethasone and macromole-
cules such as IgG, IgG(Fab), and various peptides for con-
trolled drug delivery to the anterior as well as posterior
sections of the eye (Patel et al., 2016; Agrahari et al., 2017).
Glaucoma is the leading cause of blindness throughout the
world. Li et al. (2019) created a mouse model of glaucoma
demonstrating elevated intraocular pressure after the admin-
istration of dexamethasone nanoparticles composed of penta-
block copolymers. This can streamline the clinical evaluation
of drug candidate for glaucoma (Li et al., 2019). Current
research is utilizing ligand-targeted functionalized nanopar-
ticles for enhanced delivery of therapeutic agents as compared
with nonfunctionalized nanoparticles. Targeting ligands can
specifically target receptors and nutrient transporters on the

conjunctiva and corneal surface. The CD44 hyaluronic acid
receptor is located on the corneal and conjunctival cells. It was
proven that hyaluronic acid surface—functionalized chitosan
NPs encapsulating an oligomer demonstrated higher uptake in
the ocular tissues as compared with NPs not surface function-
alized with hyaluronic acid. Such NPs undergo active trans-
portation mediated by the CD44 hyaluronic acid receptor
utilizing the caveolin-dependent endocytosis pathway
(Contreras-Ruiz et al., 2011). Surface-functionalized nanopar-
ticles with targeting agents such as peptides, antibodies,
vitamins (such as biotin and folic acids), and aptamers have
resulted in higher uptake as compared to the nonfunctionalized
nanoparticles. Kompella et al. (2006) demonstrated that
transferrin-conjugated NPs had 74% higher transport across
the cornea and conjunctiva in ex vivo bovine eyes as compared
with nontargeted NPs. Epigallocatechin-3-gallate is a natural
polyphenol compound having antioxidant, anti-inflammatory,
and antiangiogenesis activity and can have efficacy against
CNV. Gelatin NPs were surface functionalized with hyaluronic
acid and conjugated to an RGD peptide. Encapsulated
epigallocatechin-3-gallate-RGD peptide was evaluated for
treatment of corneal neovascularization (CNV). Lee et al.
In vivo studies in a CNV mouse model showed fewer and
thinner blood vessels for mice treated with topical
epigallocatechin-3-gallate-RGD peptide NPs as compared with
the blank NPs (Lee et al., 2014). This result suggests a potential
role of targeted nanoparticles for the treatment of CNV. Active
targeting of NPs can provide efficient and rapid transport of
cargo across the corneal and conjunctival epithelium.
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DL-MN (DC101 in MeHA)

Fig. 6. Microneedles for enhanced drug
delivery to the cornea. Drug-loaded,
DC101, and diclofenac microneedle (DL-
MN) patch for synergistic effect. Mouse
eyes were treated 2 days after being
inflicted with alkali burn and examined
on day 7. (A) Illustration of drug loadings
in DL-MNs and representative images of
differently treated eyes. (B) Quantifica-
tions of corneal neovascularization. The
white dotted lines indicate the extent of
neovascular outgrowth from the limbus.
Statistical comparison between groups
was performed using one-way ANOVA.

cTE" 15 *P < 0.05; **P < 0.01 vs. control; #P <
£ 0.05; ##P < 0.01 between indicated pairs
=g (Than et al., 2018). Diclo, Diclofenac; ED,
g 1.0 . eye drop; HA, hyaluronic acid; MeHA,
5 ' o methacrylated hyaluronic acid.
2
g 05 .
]
Q
: =)

0.0

DC101inMeHA - + - - -

DicloinHA = = + = = DicloinHA = = + = = DicloinHA = = + = =
DC101+Diclo = — — + = DC101+Diclo = — — + = DC101+Diclo = = — + =
DC101+Diclo = ~— ~— — *  DC101+Diclo = ~ ~ ~ * = DC101+Diclo = ~— ~— ~ *+

DL-MN _ED DLMN _ED DL-MN _ED

Nanoparticles can also serve as an effective vehicle for gene
delivery. Gold NPs conjugated to a 2-kD polyethylenimine were
evaluated for gene delivery to rabbit cornea. The researchers
observed a high uptake of the gold NPs through the rabbit
stroma and a gradual clearance over time (Sharma et al., 2011).

Liposomes. Liposomes are used as ocular drug-delivery
vehicles which can encapsulate hydrophilic and hydrophobic
drugs. Polymers from a liposome form a lipid bilayer vesicle
which separates the inner aqueous core from the exterior
aqueous environment. Although liposomes have poor stability
and a short half-life, they have been explored for ocular drug
delivery for anterior segment disorders (Law et al., 2000). Sun
et al. (2008) entrapped short-chain-conjugated ceramide and
C6-ceramide in liposomes and applied to the treatment of
corneal inflammation in mice. Ceramides are known for their
role as an antiproliferative and proapoptotic agents in sphin-
golipid metabolism. The C6-ceramide liposomal formulation
demonstrated significant efficacy in corneal inflammation
reduction in a murine model (Sun et al., 2008). This implies
an affirmative role of ceramide-loaded liposomes for treating
anterior segment ocular inflammation (Sun et al., 2008)
(Table 4). Hathout et al. (2019) showed that timolol maleate
gelatinized liposome treatment resulted in lowering the IOP
when evaluated in vivo on the eyes of glaucomatous rabbits.
Song et al. developed a tocopheryl polyethylene glycol succi-
nate (TPGS) modified nanoliposome ocular drug-delivery
system for brinzolamide for the treatment of glaucoma. White

New Zealand rabbits treated with brinzolamide liposomes
maintained an effective reduction in IOP after drop instilla-
tion. Such results indicate a high potential for clinical trans-
lation for liposomal drug delivery of hydrophilic agents for the
treatment of glaucoma. Ren et al. investigated azithromycin
liposomes for the treatment of dry eye disease. In vivo
pharmacodynamic studies in rats showed a reduction in the
symptoms of dry eye disease, and the azithromycin liposomal
treatment had higher safety and efficacy as compared with
hyaluronic acid sodium eye drops (Ren et al., 2018). Topical
voriconazole liposomes were developed by de S4 et al. (2015)
for fungal keratitis treatment. Liposome-mediated ocular
drug delivery was also explored for posterior segment drug
delivery. Bevacizumab (Avastin) was encapsulated by
annexin A5—conjugated liposomes for drug delivery to the
back of the eye by Davis et al. (2014). The study reported that
topical application of the liposomes could successfully deliver
bevacizumab to the retinal tissue with a final concentration of
127 ng/g in rat retinal tissue and 18 ng/g in rabbit retinal
tissue (Davis et al., 2014).

Dendrimers. Dendrimers are polymeric nanocarriers hav-
ing a branched star-shaped structure. The size and shape of
the dendrimer can be controlled and customized during the
synthesis to form a dendrimer with specific functional groups
and a specific architecture. These nanoconstructs have unique
physiochemical properties such as high drug encapsulation
and conjugation ability, high water solubility, monodispersity,
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and a plethora of functional groups on the surface for chemical
modification. Hydrophilic and lipophilic drugs can either be
conjugated to the surface of the dendrimer or be encapsu-
lated by caging in the internal structure of the dendrimer
(Kalomiraki et al., 2015; Lancina and Yang, 2017). A
polyamidoamine (PAMAM) polymer having carboxylic
and hydroxyl functional groups is the most commonly used
dendrimer for ocular drug delivery. High branching of
the PAMAM polymer can lead to primary, secondary, and
tertiary generations of the dendrimer nanocarrier. Soiberman
et al. (2017) designed a gel formulation of the G4-PAMAM
dendrimer with cross-linked hyaluronic acid, entrapping dexa-
methasone intended for the treatment of corneal inflammation.
Subconjunctival injection of the dendrimer formulation led to
reduction in central corneal thickness and improved corneal
clarity in an alkali burn rat model, which was highly clinically
relevant (Soiberman et al., 2017). Another group of investiga-
tors evaluated the potential of dexamethasone-PAMAM den-
drimers for the delivery to the back of the eye for the treatment
of diseases such as DR and AMD. In vivo studies in rats showed
that the drug-loaded dendrimers enhanced the ocular perme-
ability of dexamethasone after subconjunctival injection as
compared with the free drug (Yavuz et al., 2016). Matrix
metalloproteinases-9 (MMP-9) can trigger corneal damage
and result in dry eye disease. Cerofolini et al. (2017) synthe-
sized an MMP-9 inhibitor and solubilized with PAMAM
dendrimers. The synthesized inhibitor had high binding affinity
to MMP-9 and can be used for the treatment of corneal
inflammation and dry eye disease (Cerofolini et al., 2017).
Vandamme and Brobeck (2005) entrapped tropicamide and
pilocarpine nitrate in PAMAM dendrimers to study the effect of
drug-release kinetics after altering the size, molecular weight,
carboxylate and hydroxyl surface groups, and total number of
amines present in the PAMAM dendrimer. In vivo results in
New Zealand albino rabbits revealed higher drug residence

time of dendrimers functionalized with carboxylic and hydroxyl
functional groups (Vandamme and Brobeck, 2005).

Microneedles. Microneedle drug-delivery technology was
originally used for overcoming the stratum corneum and was
used for transdermal drug delivery (Lee et al., 2008). The
effectiveness of microneedles for transdermal drug-delivery
systems inspired researchers to investigate their potential to
treat anterior and posterior segment ocular disorders. This
minimally invasive technique can also be applied for ocular drug
delivery of hydrophilic and hydrophobic drugs. Solid stainless-
steel microneedles (MNs) coated with drugs such as sunitinib
malate and pilocarpine resulted in higher drug bioavailability in
the anterior ocular segment compared with topical drop appli-
cations in vivo (Jiang et al., 2007; Song et al., 2015). Microneedles
can also be used to deliver therapeutic agents for the treatment of
back of the eye disorders. Microneedle nanoparticles and
microparticle suspension can be delivered to the suprachoroidal
space (Patel et al.,, 2011). Than et al. (2018) have shown a
polymeric eye patch consisting of an array of detachable and
biodegradable MNs for controlled and localized ocular drug
delivery. These MNs could penetrate into the corneal layers
and deliver antiangiogenic monoclonal antibody (DC101) for the
treatment of CNV. The MNs were double layered with DC101 to
provide biphasic drug-release kinetics to enhance the therapeutic
efficacy of the MNs. The DC101 MN eye patch produced
approximately 90% reduction in CNV in a CNV disease mouse
model as compared with a topical eye drop. The researchers also
suggested that the MN patch is minimally invasive and can be
self-applied by patients on their corneas (Than et al., 2018).
Microneedles can greatly aid in increasing the bioavailability of a
certain drug in a particular tissue by localizing the drug-delivery
system. Microneedles can be a paradigm shift for the way ocular
formulations are administered, but their current limitations
demand further research in the field for desired clinical trans-
lation (Thakur Singh et al., 2017) (F'ig. 6).
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Nanowafers. Nanowafers are small, transparent, rectan-
gular membranes or circular discs containing drug loaded into
nanoreservoirs which can be smeared on the ocular surface
using a fingertip. Controlled drug release from the nanowafer
can increase the residence and contact time of the drug with
the corneal and conjunctival surfaces. This can aid in higher
drug absorption into anterior ocular tissues. The nanowafer
not only enhances the drug bioavailability but also acts as a
protective polymer membrane to heal injured and abraded
corneal surfaces commonly found in CNV and dry eye disease.
This novel nanocarrier is designed from biodegradable and
biocompatible polymers which can be eliminated over a period
of time. Coursey et al. (2015) and Bian et al. (2016) developed a
dexamethasone-loaded nanowafer (Dex-NW) for the treat-
ment of dry eye disease. The nanowafer was fabricated using
carboxymethyl cellulose polymer and consisted of an array of
nano drug reservoirs filled with dexamethasone. The in vivo
efficacy of Dex-NW was tested in a dry eye disease mouse
model. Dex-NW was administered as once-a-day treatment on
alternating days for a 5-day period of time. After the treatment
duration, it was observed that Dex-NW was able to restore the
corneal barrier function along with a healthy ocular surface
which was similar to twice-a-day treatment of topically
applied dexamethasone eye drops. Yet another interesting
finding the scientists reported was that Dex-NW was effective
in lowering the overexpression of inflammatory cytokines such
as tumor necrosis factor-«, interferon-v, interleukin-18, and
interleukin-6. Also, the expression of inflammatory chemo-
kines such as CXCL-10, CCL-5, and MMP-3 and MMP-9 was
lowered (Coursey et al., 2015; Bian et al., 2016). Axitinib-
loaded nanowafers were developed by Yuan et al. for the
treatment of CNV (Yuan et al., 2015). A murine ocular burn
model was used to evaluate the in vivo efficacy of axitinib-
loaded nanowafers. The laser-scanning confocal imaging and
reverse-transcription polymerase chain reaction results
revealed that the once-a-day axitinib-loaded nanowafer was
twice as effective as compared with axitinib daily topical eye
drops (Yuan et al., 2015). These findings have shown the
potential of nanowafers for further evaluation in clinical
trials.

Ocular Nanocarriers Currently Approved and under
Clinical Investigation. Nanocarriers, such as nanopar-
ticles and nanomicelles, have been widely explored for their
potential to cure anterior and posterior ocular disorders.
Despite the plethora of research on nanocarriers, Cequa
(0.09% cyclosporine-A ophthalmic nanomicellar solution) is
the only nanotechnology-derived ophthalmic approved by the
US FDA for dry eye disease (Cequa, 2018). Cequa is a
preservative-free, clear, and sterile nanomicellar formulation
of a highly hydrophobic drug, cyclosporine-A. The phase III
clinical trials of Cequa were conducted in a total of 745 patients
with dry eye disease. The study showed a statistically (P <
0.0001%) significant increase in the primary endpoints of the
study, Schirmer’s test (measurement of tear production), and
secondary endpoints. Instillation site pain (22%) and hyper-
emia (6%) were the adverse effects noted with the clinical trial,
which are a common scenario for the drugs evaluated in this
category (Sheppard et al., 2014; Tauber et al., 2015). The
phase III results clearly established the safety and efficacy of
Cequa (0.09% cyclosporine-A ophthalmic nanomicellar formu-
lation) in mitigating the signs and symptoms of dry eye
disease (Mandal et al., 2019a).
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There are a handful of ophthalmic nanocarrier drugs
currently being investigated in clinical trials to establish their
safety and efficacy for the treatment of ocular disorders. A
randomized, single-blind study is evaluating the efficacy of
hydrating polymers and polyunsaturated fatty acid micro-
emulsion for the treatment of dry eye disease (NCT02908282).
In a yet another randomized, single-blind phase II clinical
trial, urea-loaded nanoparticles are being evaluated as a
possible treatment of cataract management (NCT03001466).
A clinical study was conducted by Sun Yat-sen University to
compare the efficacy of two tear substitutes, Tears Naturale
Forte (Alcon Laboratories Inc.) and Liposic (Bausch & Lomb),
for dry eye diseases (NCT02992392). Aston University evalu-
ated the efficacy of liposomal spray for dry eye disease in an
interventional randomized study (NCT02420834). Kala Phar-
maceuticals (Waltham, MA) has developed nanoparticle-
based mucus-penetrating particles of loteprednol etabonate
(LE). LE is a corticosteroid, and encapsulating in mucus-
penetrating particles can improve drug delivery across the
ocular endothelial cells. Currently, Kala Pharmaceuticals is
investigating the potential of Inveltys (KPI-121 1.0% LE) for
relieving inflammation following ocular surgery (NCT02793817)
and KPI-121 0.25% LE for alleviating the symptoms of dry eye
disease in a phase III clinical trial (NCT03616899). The effect of
KPI-121 1.0% and 0.25% LE is also being investigated for the
treatment of diabetic macular edema and retinal vein occlusion
(NCT02245516).

Fewer nanoformulations in clinical trials can be attributed
to the limitations in the industrial development and scale-up
of nanoparticles. Another major challenge involved in the
clinical translation of nanoparticles is the toxicity profile of
various polymers used in nanoparticles (Suresh and Sah,
2014). The majority of nanoparticles for ocular drug delivery
are evaluated for their efficacy in vivo in mice, rats, and
rabbits. Although rabbit ocular anatomy is similar and
comparable to human ocular anatomy, rabbit ocular anatomy
does not completely mimic human ocular anatomy. Rabbits
have higher mucus production, higher surface sensitivity, and
lower rate of blinking, which can result in better drug
retention and drug penetration in comparison to human eyes
(Weng et al., 2017). It is also a challenge to achieve homoge-
neity of particle size and particle-size distribution for a
nanoparticle formulation on an industrial scale. Optimization
of various formulation parameters for nanoparticle prepara-
tion is still a challenging task for many pharmaceutical
scientists. Dendrimers have been shown to cause blurring of
vision (Wadhwa et al., 2009). On the other hand, liposomes
have limited long-term stability and lower drug-loading
potential. Higher concentrations of surfactants in the nano-
formulation can be associated with potential ocular toxicity
(Bachu et al., 2018). The recent US FDA approval of Cequa has
led to an inception of the era of nanotechnology in ophthal-
mology. Despite limiting factors for the successful clinical
translation of nanomedicine for ophthalmology, one can pre-
dict nanotechnology products being approved for ocular
ailments in the near future (Fig. 7).

Noninvasive Drug-Delivery Systems for the Posterior
Disorders

All marketed ophthalmic products used for the management
of retinal disorders are invasive in nature. The intravitreal
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TABLE 5

Topically administered therapeutic agents for back of the eye disorders in various preclinical models (Rodrigues et al., 2018)

Compound Formulation Preclinical Data Reference
TG100801 Solution Murine CNV model and edema in rat Doukas et al., 2008
Pazopanib Solution Rat CNV model Yafai et al., 2011,
Singh et al., 2014
Acrizanib Suspension Murine CNV Adams et al., 2018
Memantine Solution Drug levels in rabbit retina Hughes et al., 2005
Dorzolamide Solution Drug levels and carbonic anhydrase activity Inoue et al., 2004
in corneal endothelial cells, ciliary body,
lens epithelial cells, and retina in rabbit
Dexamethasone Iontophoresis Drug levels in retina and vitreous of rabbit Ambati and Adamis, 2002
Bevacizumab Solution Drug levels in iris/ciliary body, vitreous, Ambati et al., 2000a

Anti-intercellular adhesion

molecule-1 antibody

28-kD single-chain antibody

fragment
Bevacizumab

Transforming growth factor g1
Acidic fibroblast growth factor

Solution by osmotic pump
Sodium caprate
Annexin A5-based liposomes

Annexin A5-based liposomes
CPP (TAT)

Calpain inhibitory peptide CPP (TAT)
Green fluorescent protein CPP (POD)
Bevacizumab CPP (R6)

retina/choroid, and plasma in rabbit
Drug levels and VEGF-induced leukostasis
in the choroid and retina in rabbit
Drug levels in vitreous in rabbit

Drug levels in retina of rat and rabbit

Drug levels in vitreous in rabbit

Ischemia reperfusion model in rat

Drug levels in rabbit retina

Drug levels in mouse cornea

Drug levels in vitreous and retina in rat and
murine CNV model

Ambati et al., 2000b
Williams et al., 2005

Davis et al., 2014
Platania et al., 2017
Wang et al., 2010
Ozaki et al., 2015
Johnson et al., 2010
de Cogan et al., 2017

CPP (R6), cell-penetrating peptide poly-arginine-6; POD, peptide of ocular delivery; TAT, transactivator of transcription.

route is widely used for administration of biopharmaceutics to
the back of the eye. This route is associated with various
complications, such as intraocular inflammation, retinal de-
tachment, glaucoma or intraocular pressure elevation, endoph-
thalmitis, ocular hemorrhage, and cataract (Mandal et al.,
2018). The following section illustrates current-state scientific
research pertaining to topical delivery of potent therapeutic
interventions and drugs for back of the eye diseases.

Small Molecules. Eye drops instilled topically are non-
invasive and the most patient-compliant route of administra-
tion. Although the route is widely explored for anterior
segment disorders, it remains a major challenge for delivering
drugs at therapeutic concentrations at the back of the eye.
Various static barriers, such as blood-retinal barrier and tear-
film barrier, and dynamic barriers, such as clearance mecha-
nisms by vitreous and aqueous humor, hinder the drug
passage from the front to the back of the eye. TG100801 is a
topical therapy which has demonstrated reductionin CNVina
murine model and edema reduction in rats with RVO (Doukas
et al.,, 2008). TG100801 is a small-molecule multikinase
inhibitor prodrug which is cleaved to its active form by
hydrolysis in the cornea. Due to the promising results of
TG100801 in the preclinical setting, it was further advanced to
clinical trials. Although TG100801 was well tolerated by
patients, it did not demonstrate any efficacy for alleviating
the condition of AMD (NCT00509548). Pazopanib is another
small-molecule multikinase inhibitor which was administered
topically in a laser-induced CNV rat model (Yafai et al., 2011).
Similar to TG100801, pazopanib failed to demonstrate efficacy
in patients with subfoveal CNV, secondary to AMD (Singh
et al., 2014). Along similar lines, acrizanib was investigated
for reduction of nonvascular AMD in preclinical mouse
models. Acrizanib is a VEGF receptor-2 inhibitor and demon-
strated a 99% inhibitory effect for CNV, which was 3 times the
daily topical application of 1% suspension in mice (Adams
et al., 2018). Despite positive preclinical evaluation of acriza-
nib in a mouse model, topically administered acrizanib is
clinically ineffective for the treatment of AMD (NCT02355028).

Although some multikinase inhibitors have failed in clinical
settings, topical delivery of therapeutic agents to the back of the
eye is an active area of research. A multikinase inhibitor, PAN-
90806, is currently being investigated in clinical trials (phase I/II)
to assess its feasibility in AMD treatment (NCT03479372).
Topical application of a memantine drug (Namzaric, Actavis
Plc.) was able to achieve a sufficient concentration in the retina to
provide retinal neuroprotection (Hughes et al., 2005). Another
small-molecular drug, dorzolamide, was administered topically
to inhibit carbonic anhydrase II in a rabbit model (Inoue et al.,
2004). Dexamethasone administered topically by iontophoresis
showed promising results in a rabbit model. Topically adminis-
tered dexamethasone by iontophoresis was further evaluated in
clinical trials for macular edema. However, the clinical trial was
terminated due to insufficient enrollment (NCT02485249).
Biotech Drugs. Biotech drugs such as antibodies or
antibody fragments are high-molecular-weight charged com-
pounds which cannot be easily absorbed by the lipid bilayer.
Although topical delivery of small-molecular drugs to the back
of the eye has shown some efficacy in clinical trials, the
biologics face various ocular barriers to reach the posterior
segment (Ambati et al., 2000a; Miao et al., 2013). Topically
administered bevacizumab, an anti-VEGF IgG antibody,
failed to reach the therapeutic concentration in the rabbit
retina after topical dosing of 1.25 mg/0.05 ml six times daily for
aweek (Ambati et al., 2000a). However, topical administration
of antibody against intercellular adhesion molecule 1 was able
to achieve therapeutic concentrations at the retina, which
resulted in successful inhibition of VEGF-induced leukostasis
in the choroid (Ambati et al., 2000b). To further improve
topical delivery of biologics to the back of the eye, colloidal
nanoformulations such as liposomes and nanomicelles with
various permeability enhancers were used. Williams et al.
(2005) demonstrated that permeability enhancer sodium
caprate can enhance the delivery of antibody fragment in a
rabbit model. Platania et al. (2017) used annexin A5—associated
liposomes for topical delivery of bevacizumab to the back of the
eye. Various cell-penetrating peptides (CPPs) are increasingly
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being investigated for ocular delivery of proteins and peptides
(Fonseca et al., 2009). CPPs are a group of short cationic
peptides which can enhance the membrane permeation and
translocation of desired therapeutic cargo. Therapeutic agents
administered with CPP enhance corneal and scleral permeabil-
ity (Fonseca et al., 2009). Wang et al. (2010) applied human
immunodeficiency virus transactivator of transcription for CPP
to topically deliver acidic fibroblast growth factor in a rat model.
Similarly, Ozaki et al. (2015) proved that delivery of topically
administered calpain inhibitory peptide conjugated to trans-
activator of transcription factor to the retina of the rat eye.
Johnson et al. (2010) conjugated to green fluorescence protein
with a peptide of ocular delivery, which highlights the pathway
of drug disposition and absorption from the corneal epithelium
to the retinal pigment epithelium. The most recent and
promising study was conducted by de Cogan et al. (2017). The
researchers achieved therapeutic levels of bevacizumab in the
posterior ocular tissues, such as the retina and choroid, by
topical coadministration of the antibody and CPP poly-
arginine-6 (de Cogan et al., 2017). Nanoformulations may be
applied as intravitreal injections as well as topical eye drops for
back of the eye delivery (Table 5).

Discussions: Challenges and Future
Perspectives for Ocular Drug-Delivery
Technologies

The shortcomings of the current ocular drug-delivery sys-
tem, such as lower drug bioavailability for topically adminis-
tered drugs and the invasive nature of posterior implants,
create challenges, allowing novel technologies to rise with
superior and effective treatment of ocular disorders. Ocular
disorders such as cataract, dry eye disease, wet and dry AMD,
glaucoma, DR, and DME are predicted to escalate in the next
two decades. For a majority of the anterior segment disorders,
eye drops are regarded as the safest and most convenient
dosage form. Eye drops face the challenge of having low drug
bioavailability at the target tissue. Controlled drug delivery
with the help of nanoformulations such as nanomicelles,
nanoparticles, liposomes, dendrimers, nanowafers, and micro-
needles can achieve high bioavailability of drugs at the
anterior tissues, such as the conjunctiva and cornea. Cur-
rently, all treatments for back of the eye disorders are invasive
in nature. Frequent intravitreal injections can lead to retinal
detachment, hemorrhage, and discomfort to the patients.
Design of a noninvasive sustained drug-delivery system for
the posterior segment is challenging for ocular drug-delivery
scientists. Thus, there is an urgent need for the development
of novel noninvasive drug-delivery systems that can overcome
ocular barriers, sustain drug release, and maintain effective
drug levels at the back of the eye.

Conclusion

Novel ocular drug-delivery systems such as nanoparticles
and nanomicelles face a major challenge for technology trans-
fer and large-scale manufacturing. Nanotechnology has a high
clinical translatable potential for treating various ophthalmic
disorders. Nanotechnologies can have the capacity to replace
traditional ophthalmic medications in the near future.
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Parallel efforts not only in novel product development but
also in product scale-up are required.
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