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Abstract

Research advancements in pharmaceutical sciences have led to the development of new strategies in drug
delivery to anterior segment. Designing a new delivery system that can efficiently target the diseased anterior
ocular tissue, generate high drug levels, and maintain prolonged and effective concentrations with no or
minimal side effects is the major focus of current research. Drug delivery by traditional method of adminis-
tration via topical dosing is impeded by ocular static and dynamic barriers. Various products have been
introduced into the market that prolong drug retention in the precorneal pocket and to improve bioavailability.
However, there is a need of a delivery system that can provide controlled release to treat chronic ocular
diseases with a reduced dosing frequency without causing any visual disturbances. This review provides an
overview of anterior ocular barriers along with strategies to overcome these ocular barriers and deliver
therapeutic agents to the affected anterior ocular tissue with a special emphasis on nanotechnology-based drug
delivery approaches.

Introduction

In the past two decades, significant advances have been
made regarding drug delivery to targeted ocular tissues

and to maintain effective drug levels in those tissues. Ante-
rior ocular tissues are exposed to the external environment
and, consequently, are subjected to inflammations due to
disease, dust, and microbes such as, but not limited to,
bacteria, virus, fungus, and parasites.1,2 The other pathway
for inflammations may be resulting from penetration of
proteins and cells from peripheral circulation. In a healthy
eye, such ocular insults are normally prevented by the
blood–aqueous barrier, while regulatory molecules and im-
mune cells in the eye actively suppress the immune response.
Ocular inflammation and surgical trauma induce changes in
the blood–aqueous barrier.3–5 This process causes entry and
accumulation of immune cells and inflammatory mediators
in ocular tissues and develops redness, pain, swelling, and
itching.6 Inflammation is commonly associated with ocular
pathologies such as, but not limited to, uveitis, immune re-
jection of corneal transplants, dry eye syndrome, keratitis,
age-related macular degeneration, and retinitis.7 To treat
such chronic conditions, sustained drug delivery systems are
required. Currently, such inflammatory conditions are trea-
ted with repeated topical applications, preferably eye drops.
Absorption of topically applied agents is usually limited to
the anterior ocular tissues due to ocular static and dynamic
barriers. To improve drug penetration across ocular tissues,
various strategies, including prodrugs and nanotechnology

have been investigated. In this review, we have briefly
discussed the ocular physiology and anatomy and barriers
to anterior ocular drug delivery. The review is primarily
focused on various prodrug- and nanotechnology-based
drug delivery approaches to increase bioavailability, im-
prove precorneal residence time, and prolonged therapeutic
efficacy for anterior ocular inflammations.

Ocular physiology and anatomy relevant
to anterior segment drug delivery

The globe can be broadly divided into 2 segments as an-
terior and posterior. The anterior segment occupies the front
1-third and the remaining 2-third is occupied by posterior
ocular tissues. The cornea, conjunctiva, iris, ciliary body, tear
film, and aqueous humor make up the anterior segment.
Whereas, the posterior segment includes the sclera, choroid,
Bruch’s membrane, retinal pigment epithelium, neural ret-
ina, and vitreous humor. Barriers that pose a challenge to
anterior segment drug delivery are static (corneal epithelium,
corneal stroma, and blood–aqueous barrier) and dynamic
barriers (conjunctival blood flow, lymph flow, and tear
drainage) and metabolic barriers.8 Moreover, efflux pumps,
such as MDR1 [P-glycoprotein (P-gp)], the multidrug resis-
tance protein (MRP), and the breast cancer resistance protein
(BCRP) expressed on the cell membrane constitute another
significant barrier to drug delivery. In the following sections,
we have attempted to describe barrier properties of the
cornea and conjunctiva to anterior segment drug delivery.
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Conjunctiva as a barrier. The conjunctiva is a thin, trans-
parent, elastic, highly vascularized tissue, internally lining
the upper eyelid, lower eyelid, and anterior sclera covering
almost 80% of the ocular surface. This tissue is engaged in
tear film formation by secreting electrolytes, fluid, and
mucin.9 It is composed of 2 layers: the outer 2–10-layered
epithelia made of stratified epithelial cells and the inner
stroma made of substantia propria. The number of epithelial
layers varies and precisely depends on its anatomical loca-
tion. Embedded within the conjunctiva are several secretory
cells (goblet cells) and glands, which are engaged in mucin10

and tear formation.9 Secreted mucin helps to adhere and
maintain tear film, provide protection, and nourishment to
the cornea.11 The outer apical epithelial cells form tight junc-
tions (zonula adherens) with a transepithelial electrical resis-
tance of*1.2 kOcm2,12 impeding paracellular drug permeation
(passive permeability) across the cell layers.13 The stroma is
richly supplied with nerves, blood, and lymph vessels and is
located in between the outer conjunctival epithelia and inner
sclera, which may pose a barrier to hydrophobic drugs. Also,
drugs may be carried away in the conjunctival lymph and
blood circulation, which act as a dynamic barrier to drug
absorption. Pore size analysis across freshly excised rabbit
conjunctival tissues revealed the pore radius in the range of
3.0–5.5 nm.14,15 Physicochemical properties, such as hydro-
philicity and molecular weight can play a major role in drug
permeation across the conjunctiva. Hydrophilic drugs with less
than 20-kDa molecular weights are permeable across the con-
junctiva13,14 restricting transport of higher molecular weight
drug molecules. The conjunctiva possesses esterase activity16

and expresses efflux proteins (P-gp)17 on the cell membrane.
These efflux pumps are actively involved in drug efflux from
the cell cytoplasm further reducing drug concentrations in
conjunctival cells and impeding drug transport.

Another significant impediment for drug permeation from
topical dosing is the tear film turnover, which is present
anteriorly covering both the cornea and the conjunctiva. Tear
film is engaged in protecting the corneal epithelial layer
by preventing dehydration. Tear film thickness is about
3–9 mm18–20 and the cul-de-sac/precorneal pocket can hold a
tear volume of *7mL21,22 with an average tear flow of 1.2 mL
min - 1. Tear film is composed of 3 layers: an outer lipid layer,
a middle aqueous layer, and an inner mucin layer (secreted
by goblet cells in the conjunctiva).23 Electrolytes, glucose,
immunoglobulins, lysozymes, and lactoferrin are secreted in
tear fluid. These components aid in lubrication, nourishment,
maintenance, and repair of the corneal epithelium.24–27 A
topically applied dose into the precorneal pocket is rapidly
reduced due to excessive tear production/tear reflux, there-
by lowering bioavailability.28,29 Only 10%–20% is available
for absorption and excess administered dose is lost due to
spillage or drainage through the nasolacrimal duct.21,30,31

Precorneal drainage further lowers applied dose, thus con-
tributing toward lower bioavailability ( < 5%).32–34 Other
factors, such as tear turnover and limited contact time further
reduce ocular bioavailability.

Cornea as a barrier. It is a multilayered, transparent,
avascular, highly innervated, and most sensitive tissue,35

which hinders translocation of exogenous substances ad-
ministered topically into the cul-de-sac. It is in continuation
with the conjunctiva (Fig. 1) and composed of 5 different
layers: the outer lipophilic epithelium, the Bowman’s layer,

the hydrophilic stroma, the Descemet’s membrane, and the
endothelium (Fig. 2). Precise arrangement of these cell layers
provides rigidity, strength, and transparency. Interaction
between these components is essential for maintaining tissue
integrity and function. The epithelium, exposed to the outer
environment, is composed of 5–6 layers of columnar cells
derived from the epidermal ectoderm. It is covered on the
outer surface with 3-layered tear film and the inner mono-
layered endothelium is in contact with aqueous humor.

FIG. 1. Anterior ocular tissues and fluid. Color images
available online at www.liebertpub.com/jop

FIG. 2. Different layers of cornea: (1) Outer epithelium
(comprising superficial cells, wing cells, and basal cells), (2)
Bowman’s layer, (3) Stroma, (4) Descemet’s membrane,
and (5) Endothelium. Reproduced and modified with per-
mission from Barar et al.167
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Mature epithelial cells are highly lipophilic with tight junc-
tion, which restricts small hydrophilic drug entry into ocular
tissues36,37 following topical administration. The hydropho-
bic drug molecules can cross the lipophilic epithelium, but
are further prevented from permeating into deeper ocular
tissues due to the presence of hydrophilic stroma. The
monolayered corneal endothelium is another barrier, which
is sandwiched between aqueous humor and stroma. This
barrier possesses leaky tight junctions allowing free move-
ments of molecules between aqueous compartments (stroma
and aqueous humor).38 Drug absorption into aqueous hu-
mor occurs by transcorneal diffusion. Another dynamic
barrier that restricts drug transport across the cornea is
presence of transmembrane efflux pumps. These pumps ex-
pressed on corneal surface constitute a significant barrier in
ocular drug delivery by restricting drug entry into deeper
ocular tissues. Expression of drug efflux pumps, such as P-
gp, MRP, and BCRP on the corneal surface was reported.
Transport studies conducted across the human and rabbit
cornea demonstrated active involvement of drug efflux
pumps at the cell surface39–42 that restricts drug penetration
into ocular tissues.

Topical application of ophthalmic formulation is the most
convenient and patient compliant mode of drug delivery. In
the past, ophthalmic drug delivery was directed to treatment
of anterior chamber diseases and dominated by topical
formulations, such as solutions, emulsions, suspensions,
ointments, and gels. Topical instillation offers numerous
advantages over systemic delivery, such as noninvasiveness,
low absorption into systemic circulation, avoidance of first
pass metabolism, ease of administration, and relatively small
dose. However, rapid drainage, interaction with tear protein,
the tear turnover rate (1mL min - 1), rapid drug removal due
to reflex blinking, and rapid metabolism are the major con-
cerns that need to be addressed during the development of
any topical ocular drug delivery system.43 Such a formula-
tion should encompass active molecules with a balance be-
tween hydrophilicity and lipophilicity and generate higher
contact time.44 To improve permeability across ocular tis-
sues, various approaches have been attempted that are dis-
cussed in the following sections.

Novel Drug Delivery Approaches

Prodrugs

Prodrugs are bioreversible derivatives of drug molecules
and are designed to be therapeutically inactive until enzy-
matic and/or chemical bioreversion. In vivo bioreversion
generates an active parent drug, which can then exert a de-
sired pharmacological response.44–47 The rate of bioreversion
depends on the capacity and turnover rate of enzyme pro-
cesses as well as affinity of the prodrug toward hydrolyzing
enzymes. These derivatives are generally synthesized by
chemical conjugation of a specific promoiety to the parent
drug via an ester, amide, or other enzymatically cleavable
linkages. Esterases and amidases expressed in most of the
biological fluids and tissues are primarily responsible for the
hydrolysis of ester and amide prodrugs, respectively.
Among the ocular tissues, the highest esterase activity has
been found in the iris-ciliary body followed by the cornea
and aqueous humor. Prodrugs containing ester or amide
linkages can undergo varying extents of esterase and

amidase-mediated hydrolysis, while permeating through the
cornea/conjunctiva and subsequent entry into the aqueous
humor, iris, and ciliary body. The highest aminopeptidase
activity has been reported in lipophilic corneal epithelium
and the iris-ciliary body followed by the conjunctiva and the
hydrophilic corneal stroma.48–50

Various strategies have been explored to improve drug
absorption in the cornea and conjunctiva following topical
administration (Table 1). Lipophilic ester and transporter-
targeted prodrug approaches have been investigated for
many drugs, which suffer from poor ocular absorption.
Several prodrug derivatives of prostaglandin (PGF2a) ana-
logs have been synthesized, which resulted in blockbuster
drugs with an enhanced potency.51 These prodrugs include
isopropyl ester prodrugs known as latanoprost, travoprost,
and isopropyl unoprostone and the ethyl amide prodrug,
such as bimatoprost. All these prodrugs exhibit significant
improvement in permeability across the cornea, thereby
providing successful delivery. This strategy has been very
successful in lipophilic prodrug derivatization of timolol,
which suffered from high incidence of cardiovascular and
respiratory side effects due to systemic exposure from topical
application. Acetyl-, propionyl-, and butyryl- ester prodrugs
of timolol exhibited an increase in corneal permeability (2–3-
folds higher) and the aqueous humor concentration (4–6-fold
higher). Such an improvement resulted in 2-fold reduction in
topical dose leading to subsequent reduction in cardiovas-
cular and respiratory side effects.52,53 A similar approach has
been extended to antiviral drugs, such as acyclovir (ACV)
and ganciclovir (GCV). Acylation of ACV exhibited a sig-
nificant improvement in the permeation of ACV across the
cornea. A linear relationship between apparent permeability
coefficient and the octanol/water partition coefficient was
observed. Surprisingly, ACV-isobutyrate showed a lower
corneal permeability despite enhanced lipophilicity. Authors
hypothesized that this anomalous behavior may be due to
enhanced enzymatic stability of these prodrugs toward
esterases.54,55 Many reports suggest that an increase in the
carbon chain length decreases aqueous solubility of lipo-
philic ester prodrugs, thus posing a challenge to formulating
these prodrugs into aqueous eye drops.

Research during the past decade is focused on transporter-
targeted prodrug approach for delivery of drugs, including
ACV and GCV. Presence of the peptide transporter on the
corneal epithelium has encouraged researchers to develop
novel peptidomimetic prodrugs to improve ocular bioavail-
ability.56 Valacyclovir and valganciclovir, L-valyl ester pro-
drugs of ACV and GCV revolutionized the era of peptide
prodrug design targeting oligopeptide transporters. Conse-
quently, a series of water soluble dipeptide ester prodrugs,
such as valine-valine-acyclovir, glycine-valine-acyclovir, ty-
rosine-valine-acyclovir, valine-tyrosine-acyclovir, tyrosine-
valine-ganciclovir, and valine-valine-ganciclovir have been
synthesized in an effort to improve ocular bioavailability.57,58

All the dipeptide prodrugs demonstrated an enhanced
transcorneal permeability achieving a higher ocular bioavail-
ability. These prodrugs also exhibited a higher antiviral
efficacy against herpes simplex virus (HSV)-mediated epi-
thelial and stromal keratitis with less cytotoxicity. Interest-
ingly, these prodrugs appear to be more effective than
trifluorothymidine—the current gold standard treatment.59–61

Besides peptide transporters, amino acid transporters,
such as LAT1 (Na + -independent large neutral amino acid
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transporter), ASCT1 (Na + -dependent amino acid transport-
er), and B(0, + ) (Na + -dependent neutral and cationic amino
acid transporter) have been characterized and utilized for
corneal drug delivery.62–64 A series of amino acid prodrugs,
including alanine-ACV, serine-ACV (SACV), isoleucine-
ACV, and g-glutamate-ACV (EACV), were evaluated for
in vivo corneal absorption in rabbits. Among these amino
acid prodrugs, enhanced stability of SACV resulted in higher
area under the curve (AUC), Cmax, and Clast values in
comparison to ACV. This prodrug appears to be a promising
candidate for the treatment of ocular HSV infections.65

The prodrug approach for conjunctival drug delivery has
not been exploited to a great extent relative to drug delivery
to the cornea. In this article, we have discussed some of the
important studies regarding targeted as well as nontargeted
prodrug strategy to enhance drug uptake across the con-
junctiva. Prostaglandins are widely indicated in the treat-
ment of open angle glaucoma. Although effective in reducing
intraocular pressure (IOP), the therapeutic concentration is
not achieved in the target site due to the low permeability
of PGF2a across the cornea following topical application.
Several lipophilic ester prodrugs of PGF2a have been
designed and synthesized to improve permeability of the
parent drug. Prodrugs, such as 1-isopropyl, 1,11-lactone,
15-acetyl, 15-pivaloyl, 15-valeryl, and 11,15-dipivaloyl esters
were evaluated for transport and bioconversion.51 All the
prodrugs except the 15-acetyl ester prodrug of PGF2a
exhibited a greater increase in permeability across the cornea
and the conjunctiva. Permeabilities of the most lipophilic
prodrugs, 15-valeryl and 11,15-dipivaloyl esters were lower
than other lipophilic prodrugs (with less lipophilicity),
thus negating the direct relationship between log P and
permeability. 1,11-lactone was observed to be the most
metabolically stable prodrug, followed by 11,15-dipivaloyl,
15-pivaloyl, 15-acetyl, 1-isopropyl, and 15-valeryl esters, the
latter was rapidly converted to PGF2a. Bulky pivaloyl
groups in 15-pivaloyl and 11,15-dipivaloyl ester conjugates
improved prodrug stability against the enzymatic activity
relative to other prodrugs. This study suggested that the size
and branching arrangement of the conjugated promoiety
can modulate the rate of enzymatic hydrolysis and alter
permeability across the conjunctiva and cornea. Adequate
penetration of these prodrugs may result a lowering in dose
that may help to lower conjunctival hyperemia, ocular dis-
comfort, and other adverse effects.

Also, several lipophilic esters of dexamethasone, a corti-
costeroid indicated for the treatment of uveitis and postsur-
gical inflammations, were developed.66 These prodrugs were
evaluated for permeability and bioreversion across the rabbit
cornea and bovine conjunctival epithelial cells (BCEC). This
study was directed at selecting an optimum prodrug that can
reach the target tissue with minimal permeation across other
tissues causing much reduced side effects. Permeability val-
ues across BCEC and the rabbit cornea correlate well with
the lipophilicity of dexamethasone prodrugs and reached a
maximum value in correspondence with dexamethasone
butyrate (Log P = 3.95). The permeability of sodium phos-
phate and metasulfobenzoate esters of dexamethasone was
restricted across BCEC due to their hydrophilic and ionic
nature. In contrast, the other prodrugs, including acetate,
propionate, and butyrate esters demonstrated a higher per-
meability with increase in lipophilicity. The valerate ester
conjugate being highly lipophilic easily traverses the corneal

epithelium, but the hydrophilic stroma acts as a barrier. This
layer forms a depot to such lipophilic drugs until hydrolysis
to parent dexamethasone. Hydrolysis of valerate ester is very
slow in the cornea suggesting possible utilization of this
prodrug for sustained drug release. This slow release may
reduce the drug amount in aqueous humor and other tissues,
thus reducing the side effects. Butyrate ester of dexametha-
sone was found to be completely hydrolyzed both in the
BCEC and cornea along with remarkable improvement in
dexamethasone permeability. These studies demonstrated
the importance of promoiety for optimal screening and
development of prodrugs in the ophthalmic drug design.

Several esters of timolol (alkyl, aryl, and cycloalkyl esters)
were also synthesized and evaluated for their bioreversion
across the cornea and conjunctiva.52 Rapid hydrolysis of
straight-chain alkyl and unsubstituted cycloalkyl esters was
evident relative to their corresponding branched-chain and/
or substituted alkyl and aryl esters. Unlike the ease of ac-
cessibility of the ester linkages to esterases in straight-chain
alkyl esters, the branched-chain alkyl esters are slowly
hydrolyzed due to steric hindrance. A similar trend was
observed across the conjunctiva and cornea.

A transporter-targeted approach has also been extended to
drug delivery across the conjunctiva. Expression of various
transporters on conjunctival cells and tissues may be utilized
to enhance drug permeation across the conjunctiva. How-
ever, this strategy has not been investigated to a great extent
for conjunctival drug delivery. Amino acid transporters,
including B,(0, + ) has been characterized on the apical side
of rabbit conjunctiva. Presence of a functionally active,
sodium-dependent, monocarboxylate transport system on
the mucosal side of the rabbit conjunctival epithelium has
been reported. This transport system is able to translocate
topically administered nonsteroidal anti-inflammatory
drugs (NSAID) and fluoroquinolones.67 Also, the sodium-
dependent glucose transporter and the nucleoside trans-
porter were characterized.67,68 Among various transporters,
peptide transporters have gained immense popularity due to
their high capacity and wide substrate specificity. Even
though, proton coupled dipeptide transport systems has
been reported on the rabbit conjunctival epithelial cells and
pigmented rabbit conjunctiva, the expression levels of these
transporters were found to be rather low in conjunctival cells
and tissues. Nevertheless, the molecular and functional
presence of various influx nutrient transporters on the
conjunctiva may be exploited for targeted delivery.69,70

Additives

Several attempts have been made to improve drug avail-
ability into the anterior chamber either by utilizing enhancers
to increase drug permeability across ocular tissues or by
employing mucoadhesives to enhance precorneal residence
time of the applied dose.

Viscosity enhancing polymers can be incorporated into
ophthalmic formulations to improve residence time in the
precorneal area and to increase absorption of the therapeutic
agents into and across the cornea. Various polymers, such
as hydroxypropyl methyl cellulose (HPMC),71,72 hyaluronic
acid (HA),73,74 polyvinyl alcohol (PVA),71,72 hydroxyethyl
cellulose,72 and methylcellulose75 have been investigated to
determine their potential in improving the bioavailability of
drugs following topical applications.
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Pluronics

Pluronics can significantly improve drug solubility and
enhance the viscosity of topical formulations. Pluronic� F68
(15%) and Pluronic F127 (10%) were more effective as in-
domethacin solubilizers and viscosity enhancers relative
to polyols and polysorbate 80.76 Moreover, Pluronic solu-
tions were well tolerated on rabbit eyes than commercial
formulations, Indocid� suspension. Poloxamer 407 [poly
(oxyethylene)- poly(oxypropylene) block copolymer] was
evaluated as a solubilizer for topical application of indo-
methacin.77 This formulation has significantly elevated in-
domethacin levels in aqueous humor (AUC =*21 h$mg$mL- 1)
relative to the marketed solution (AUC =*8 h$mg$mL - 1).
In addition, anti-inflammatory studies performed on an im-
munogenic uveitis model demonstrated comparatively more
rapid resolution of the symptoms. In another study, PVA
and HPMC caused improvement in viscosity and stability of
indomethacin topical ocular suspension.71 Mucoadhesive eye
drops of tolmetin (pyrrole-acetic acid derivative) exhibited
higher drug levels in aqueous humor in comparison to the
aqueous solution, in both inflamed and uninflamed rabbit
eyes.78

A novel approach of a drug-embedded thermosensitive
gel has shown some promising results for topical ophthalmic
drug delivery. In a recently published study, Gao et al. have
prepared and evaluated a dexamethasone-loaded poly
(lactide-co-glycolide)-polyethylene glycol-poly(lactide-co-
glycolide), ((PLGA)-PEG_PLGA) thermosensitive gelling so-
lution.79 This formulation improved precorneal residence
time and demonstrated 7-fold higher drug levels in aqueous
humor (Cmax 125.2mg/mL) relative to eye drops. This hy-
drogel system showed good biodegradability, sustained re-
lease, and ocular biocompatibility, indicating that the system
is a safe candidate for sustained ophthalmic drug delivery.
Many other in situ polymeric gelling systems, such as chit-
osan,80 poloxamer,81 HPMC,82 PEG-poly-e caprolactone (PCL)-
PEG,83 poly(N-isopropylacrylamide)/chitosan,84 poloxamer/
chitosan,85 pluronic F-127/chitosan,86 and poloxamer/
carbopol87 were explored for topical ocular applications.

Cyclodextrins

Almost all NSAIDs and corticosteroids are highly lipo-
philic molecules, which exhibit very poor aqueous solubility,
and therefore it is very challenging to formulate them in
aqueous eye drops. Cyclodextrins (CD) are known to im-
prove aqueous solubility of poorly soluble therapeutic
agents. In a recently published manuscript, Valls et al.
demonstrated improved solubility and a higher ocular bio-
availability of diclofenac.88 Six times higher transport of di-
clofenac across the corneal tissue was observed with b- CD/
diclofenac complex treatment relative to free drug. Loftsson
et al. have examined the effects of various CDs [randomly
methylated b-CD (RMbCD) and 2-hydroxypropyl-b CD
(HPbCD)] on ocular delivery of dexamethasone.89 Results
from in vivo ocular tissue distribution studies illustrated that
both lipophilic RMbCD and hydrophilic HPbCD have
improved dexamethasone levels in rabbit eyes. However,
RMbCD delivered higher amounts of dexamethasone rela-
tive to other CDs.

These investigators recently published a patent, demon-
strating the role of CDs [RMbCD and g-cyclodextrin (gCD)]

in the delivery of corticosteroids to various ocular tissues.90

Nanoparticulate formulation of gCD-drug conjugates were
able to deliver corticosteroids more efficiently to the back of
the eye, contrary to the RMbCD drug solution, which causes
localization of more drug into the anterior chamber of the
rabbit eyes. Cyclooxygenase-2 (COX-2) inhibitors are also
indicated in the treatment of ocular inflammations. How-
ever, poor aqueous solubility of these agents limits their
topical application. In an attempt to improve ocular bio-
availability, nanoparticulate formulation of valdecoxib with
HPbCD was evaluated.91 As anticipated, levels of valdecoxib
in the cornea and conjunctiva were significantly higher in
nanoparticle-treated rabbit eyes relative to control.

In vivo ocular bioavailability of 3 different hydrocortisone
(HC) formulations (1% HC solution with HPbCD, 1% HC
solution with HPbCD along with sodium hyaluronate or
carbopol 934P, and 1% HC suspension) was evaluated in
New Zealand White rabbit.92 Incorporation of HPbCD
in formulation improved HC solubility and bioavailability in
the cornea and aqueous humor by 75% and 55%, respec-
tively, relative to aqueous suspension. Interestingly, inclu-
sion of hyaluronate or carbopol in the HPbCD solution did
not alter ocular bioavailability.

In clinical trials, topical delivery of the dexamethasone/
HPbCD solution exhibited a significantly higher aqueous
humor concentration (2.6-fold higher AUC) in human subjects
relative to suspension.93 Currently, several CD containing
formulations are marketed in Europe, such as Indocid� (in-
domethacin with HPbCD) and Voltaren� (diclofenac-Na with
HPbCD), for the treatment of anterior chamber inflamma-
tions. It may not be surprising if CD containing ophthalmic
topical formulations enter the US market in the near future.

Colloidal dosage forms for drug delivery
to anterior segment of the eye

Various colloidal dosage forms have been explored to
overcome some of the constraints of conventional ocu-
lar drug delivery systems. Such dosage forms include
nanoparticles, nanosuspension, nanoemulsion, liposomes,
dendrimers, nanomicelles, and drug–polymer conjugates.
Colloidal dosage forms offer several advantages over
conventional dosage forms, such as sustained and tissue
targeted drug delivery, ability to overcome drug efflux, in-
crease drug stability, and reduce dosing frequency. Recently,
published patents on nanotechnology-based ocular drug
delivery have been discussed in various review articles.94,95

In the current review, research articles and patents on col-
loidal dosage forms in the treatment of anterior chamber
inflammations are discussed in the following section of this
review article.

Polymeric nanoparticles. The polymeric nanoparticulate
system comprises particles in the range of 1–1,000 nm in
which the parent drug is adsorbed, entrapped, conjugated,
or encapsulated. The nanoparticulate system can be an al-
ternative to address irritation and toxicity related issues of
liposomes and dendrimers. Aqueous or nonaqueous sus-
pension of drug-loaded nanoparticles can be administered in
the cul-de-sac to achieve sustained drug delivery, which can
eliminate frequent drug administration. Moreover, the active
drug can be slowly released by diffusion, dissolution, or
mechanical disintegration and/or erosion of the polymer
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matrix. Moreover, nanoparticles can circumvent the limita-
tion of poor solubility of anti-inflammatory agents, and
also protect an active agent from chemical and enzymatic
degradations. These advantages make the nanoparticle a
better candidate for anterior segment delivery of the anti-
inflammatory agent.

Various biodegradable and nonbiodegradable polymeric
systems have been developed for sustained delivery of
NSAIDs, such as ibuprofen, flurbiprofen, and indomethacin
in the treatment of anterior chamber inflammations (Table 2).
In a recently published study, investigators have utilized
Eudragit RS100� to prepare ibuprofen nanoparticles for in-
hibition of an inflammatory response to surgical trauma.96

Results from in vivo efficacy studies performed on the rabbit
eye model demonstrated a significantly higher aqueous
humor concentration than the control aqueous eye drop. Si-
milar studies were performed with flurbiprofen as an active
agent for the prevention of myosis induced by extracapsular
cataract surgery.97 A higher interaction of positively charged
nanoparticles (zeta potential + 40–60 mV) with an anionic
corneal surface was observed.98,99 A higher precorneal re-
tention achieved with controlled release formulation was
noted to be the primary reason for improvement in flurbi-
profen ocular bioavailability. Ocular applications of indo-
methacin are overshadowed by its poor availability. In an
attempt to improve ocular bioavailability, Calvo et al. have
examined 3 different colloidal carrier systems, that is, na-
noparticles, nanocapsules, and nanoemulsions.100 Results of
ex vivo transport studies across the excised rabbit cornea
demonstrated higher indomethacin ocular bioavailability,
due to the colloidal nature of the carrier system. Two different
biodegradable polymers (PLGA and PCL) were utilized to
formulate flurbiprofen-encapsulated nanoparticles to improve
ocular availability.88 Significantly enhanced corneal transport
of flurbiprofen was observed in case of a nanocarrier system
relative to free drug. Moreover, PLGA nanoparticles demon-
strated *2-fold higher transport of flurbiprofen compared
with the PCL nanoparticles. Subsequently, flurbiprofen-loa-
ded PLGA nanoparticles were prepared and evaluated by
Vega et al.101 Incorporation of Poloxamer 188 in nanoparticle
preparation has significantly improved stability of nano-
particles. Moreover, topical instillation of nanoparticle for-
mulation in the rabbit eye, enhanced anti-inflammatory
efficacy without any signs of irritation or toxicity to ocular
tissues. Improved efficacy could be due to an improvement in
the bioadhesive property of nanoparticles.

Cyclosporin-A (CS-A)-loaded chitosan nanoparticles were
successfully prepared and evaluated for topical ocular
applications.102 Significantly positive zeta potential and a
smaller particle size improved precorneal retention of
nanoparticles. In vivo studies have revealed that topical in-
stillation of chitosan nanoparticles can selectively increase
CS-A levels in the cornea (2-fold higher) and in the con-
junctiva (*4-fold higher) relative to topical eye drops of the
chitosan solution or aqueous suspension of CS-A. Choles-
terol-conjugated hydrophobically modified chitosan was
utilized to prepare CS-A encapsulated nanoparticles.103

Higher nanoparticle retention at the precorneal surface was
confirmed by single photon emission computed tomography
and scintillation counter measurement. In another study, the
same research group has disclosed physical mixture of poly
lactic acid (PLA)/chitosan to prepare rapamycin-loaded na-
noparticles.104 Incorporation of PLA significantly improved

nanoparticle encapsulation efficiency (*13-fold) due to
stronger hydrophobic interactions. In vivo studies were con-
ducted in rabbits with topical dosing of rapamycin-loaded
nanoparticles, empty nanoparticles, and no treatment. Post-
treatment, inflammation or blood vessel development was
monitored. Results for treatment with rapamycin-loaded na-
noparticles demonstrated clear and transparent corneas. On
the contrary, corneas, which received no treatment or empty
nanoparticle treatment were found opaque with stromal
edema and/or neovascularization, within first 10 days. In
addition, rapamycin suspension exhibited some degree of
inhibitory effect on neovascularization.

Prednisolone is one of the most effective agents in a group
of glucocorticoids, and it is marketed as ocular suspensions
and drops. This product inhibits a wide variety of inflam-
matory responses, such as fibrin disposition, leukocyte mi-
gration, fibroblast proliferation, edema, capillary dilation,
and capillary proliferation. Gatifloxacin and prednisolone
were simultaneously incorporated in mucoadhesive polymer
(HA)-coated Eudragit nanoparticles (RS 100 and RL 100) in
the treatment of bacterial keratitis.105 Noticeably, improved
ocular bioavailability (corneal and aqueous humor) for ga-
tifloxacin was observed after topical instillation of nano-
particle suspension. However, investigators did not evaluate
ocular tissue distribution of prednisolone.

Recently, Alonso et al. have patented CS-A and indo-
methacin encapsulated PCL nanoparticles for ocular drug
delivery.106 Specific ingredients such as chitosan and lecithin
have provided positive charge to nanoparticles and also
improved stability of the formulation. Recently, Mitra and
Mishra developed pentablock copolymer system with both
nanoparticle forming and thermosensitive gelling ability as a
function of the polymer block ratio.107 These polymeric sys-
tems may be employed for treatment of chronic anterior
ocular diseases.

Role of CD44 HA receptors, located on human corneal and
conjunctival cells, in the uptake of hyaluronic acid-chitosan
oligomer based nanoparticles (HA-CSO NPs) have been
studied. As shown in Fig. 3, plasmid-loaded HA-CSO NPs
undergo active transport mediated by CD44 HA receptors
via caveolin-dependent endocytosis pathway.108 Confocal
studies demonstrated involvement of CD44 HA receptors
mediated fluidic endocytosis, internalizing the plasmid
encapsulated HA-chitosan NPs.109 Similarly, Enriquez de
Salamanca et al. documented the contribution of active
transport mechanism for internalization of chitosan nano-
particles by human conjunctival epithelial cells.110 Current
research is focused on utilizing various transporters or re-
ceptors expressed on the cell surface for active targeting.
Targeting specific transporters or receptors with functiona-
lized nanoparticles may facilitate enhanced uptake into oc-
ular tissues. Kompella et al. studied the effect of surface
functionalization on the uptake of nanoparticles employing
ex-vivo bovine eye model.111 Nanoparticles surface functio-
nalized with deslorelin, a luteinizing hormone-releasing
hormone agonist, or transferrin demonstrated 64% and 74%
higher transport respectively, relative to nonfunctionalized
nanoparticles.

Nanomicelles. Nanomicellar formulation is the most
frequently utilized approach to formulate therapeutic agents
in to a clear aqueous solution. Nanomicelles made from
polymers such as N-isopropylacrylamide, vinyl pyrrolidone,

FORMULATION APPROACHES FOR ANTERIOR CHAMBER DELIVERY 111



acrylic acid, polyhydroxyehtyl aspartamide, poly(ethylene
glycol)-hexylsubstituted poly(lactides) and surfactants such
as Pluronic F127, Vitamin E TPGS and octoxynol-40 have
been employed to encapsulate and deliver drugs and/or
genes to anterior ocular tissues.112–119 In a recently published
review Cholkar and Mitra have discussed in detail about
methods for nanomicelle preparation and their applications
in ocular drug delivery.94

Recently, Pepic et al. attempted to deliver the dexameth-
asone-encapsulated Pluronic/chitosan micellar system.113 It
was observed that addition of chitosan to the pluronic mi-
celle system improved in vitro drug release properties. In vivo
studies conducted in rabbits demonstrated nanomicellar
formulation increased AUC by 2.4-fold relative to dexa-

methasone suspension. Mitra et al. attempted to encapsulate
and deliver voclosporin, dexamethasone, and rapamycin in
a mixed nanomicellar system prepared from vitamin E
TPGS and octoxynol-40. These formulations were clear/
transparent and carried high drug payload. In vivo studies
conducted in rabbits and canines exhibited enhanced drug
bioavailability to anterior segment ocular tissues with no
sign of ocular irritation or toxicity.94,120 In vivo single-dose
pharmacokinetic studies with voclosporine containing na-
nomicellar formulation were conducted in rabbit animal
models. Results demonstrated a better pharmacokinetic
profile with mixed nanomicellar formulation in the anterior
ocular tissues (Fig. 4).121

In another study, methoxy poly(ethylene glycol)-
hexylsubstituted poly(lactide) was employed to encapsulate
and deliver CS-A. Results from in vitro and in vivo studies
showed that the formulation was transparent, highly stable,
biocompatible, and may be employed as eye drop formula-
tions. Pilocarpine-entrapped pluronic F127 nanomicellar
formulation was evaluated for anterior chamber treatment.
This formulation showed significant prolongation of miotic
activity with improvement in AUC by 64%.113

The nanomicellar approach to deliver genes to anterior
ocular tissues is an emerging and promising area of research.
Liaw and Robinson have explored the nonionic copolymeric
system (PEO-PPO-PEO) for ocular gene delivery.93 En-
capsulation of plasmid DNA with the lacZ gene showed
stable and efficient delivery of cargo inside the cell. A
polymeric system composed of PEO-PPO-PEO was also
employed to deliver genes for cornea-specific promoters
(keratin 12 and keratocan). In vivo studies with 6 doses of
DNA-encapsulated micellar system demonstrated elevated
levels of b-gal activity and transgene expression marker in
the mouse and rabbit cornea. Following topical drop
administration, the gene-encapsulated polymeric micellar
system improved the mRNA levels of bcl-x(L) by 2.2-fold
and reduced corneal apoptosis.115 From these studies, it is
evident that an aqueous nanomicellar formulation of drug or
genes can improve permeability in anterior tissues.

FIG. 3. Caveolin-1 immunofluorescence in HCE (human
corneal epithelial cell line) and IOBA-NHC (conjunctival
epithelial cell line) cells after HA-CSO NP incubation.
Merged images showed colocalization of HA-CSO NP with
caveolin (staining at arrowheads). Reproduced from Con-
treras-Ruiz et al.108 HA, hyaluronic acid; HA-CSO NP, hya-
luronic acid-chitosan oligomer-based nanoparticle. Color
images available online at www.liebertpub.com/jop

FIG. 4. Anterior chamber
pharmacokinetic study with
voclosporin in New Zealand
white rabbits with single top-
ical drop administration of
mixed nanomicellar formula-
tion.121
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Nanosuspension. Nanosuspension is a colloidal dispersion
of nanosized particles, which is stabilized by other excipients,
such as surfactants, viscosity enhancers, or charge modifiers.
Such a formulation can be prepared by pearl milling, high-
pressure homogenization, and precipitation techniques. Topi-
cal delivery of 1% aqueous suspension and 1% oil suspension
in human subjects have shown higher levels of indomethacin
in aqueous humor relative to oral delivery.122 Notably, oil
suspension has shown higher aqueous humor levels (429 ng
mL- 1) relative to aqueous suspension (198 ng mL- 1).

Glucocorticoids are widely prescribed in the treatment
of ophthalmic inflammations. However, poor aqueous solu-
bility poses a challenge to ophthalmic formulation develop-
ment. In a recently published report, Kassem et al. have
prepared and evaluated nanosuspension formulation of pred-

nisolone, hydrocortisone, and dexamethasone for topical ocular
delivery.123 In vivo tissue distribution studies of the glucocor-
ticoids nanosuspensions demonstrated significantly higher
levels in anterior chamber tissues relative to solution and mi-
crocrystalline suspension of similar compounds. Moreover,
investigators also showed direct relationship for nanosuspen-
sion viscosity and ocular bioavailability. Recently, a random-
ized double-blind clinical study of Sophisen derivatives, 3A
Ofteno� (1.0% diclofenac sodium w/v), and Modusik-A
Ofteno (0.1% CS-A w/v) were performed in 120 healthy vol-
unteers.124 Topical instillation of 3A Ofteno- diclofenac nano-
suspension remained on the ocular surface for longer periods
with less annoying sensation and irritation. Also, Modusik-A
Ofteno- CS-A nanosuspension caused significant improvement
in tear production from baseline 5 mm to 11 mm.

Table 1. Summary of Prodrugs Developed for Anterior Segment Ocular Drug Delivery

Drug Prodrugs Conclusion/remarks References

PGF2alpha Lipophilic esters: PGF2alpha 1-isopropyl,
1,11-lactone, 15-acetyl, 15-pivaloyl,
15-valeryl, and 11,15-dipivaloyl esters

Improvement in rabbit corneal permeation by
4- to 83-fold

51

Timolol Lipophilic esters: O-acetyl, propionyl, butyryl,
and pivalyl ester prodrugs of timolol

Improved corneal penetration to reduce
systemic drug load

53

ACV and
ganciclovir

Aliphatic acyl esters of ACV Significant improvement in the corneal
permeation of ACV except for ACV-
isobutyrate

54,55

Amino acid prodrugs: alanine-ACV, SACV,
isoleucine-ACV, and g-glutamate-ACV

SACV demonstrated excellent stability,
higher AUC, Cmax and Clast values in
comparison to ACV

65

Peptide prodrugs: valine-valine-ACV,
glycine-valine-ACV, tyrosine-valine-ACV,
valine-tyrosine-ACV, tyrosine-valine-
ganciclovir, and valine-valine-ganciclovir

Enhanced transcorneal permeability, higher
ocular bioavailability, higher antiviral
efficacy against herpes simplex virus
epithelial and stromal keratitis

57–61

Stereoisomeric dipeptide prodrugs: L-Valine-
L-valine-ACV, L-valine-D-valine-ACV,
D-valine-L-valine-ACV and D-valine-D-va-
line-ACV

L-valine-L-valine-ACV and L-valine-D-
valine-ACV were found to be optimum in
terms of enzymatic stability, uptake, and
cytotoxicity

158

Targeted lipid prodrugs: biotin-ricinoleicacid-
ACV and biotin-12hydroxystearicacid-ACV

Biotinylated lipid prodrugs exhibited much
higher cellular accumulation than ACV
and demonstrated enhanced affinity
toward sodium-dependent multivitamin
transporter

159

Dexamethasone Dexamethasone esters: 21-sodium phosphate,
21-metasulfobenzoate, 21-acetate,
17-propionate, 21-propionate, 21-butyrate,
21-valerate, and 21-palmitate

Increase in permeability was observed
with increase in lipophilicity until
dexamethasone butyrate

66

Flurbiprofen Flurbiprofen axetil Flurbiprofen axetil emulsion displayed low
irritancy and improved anti-inflammatory
effect

160

CP-544326 PF-04217329 (Taprenepag isopropyl) Increased corneal permeability and ocular
bioavailability, reduced intraocular
pressure in preclinical models of glaucoma

161

CS-A Phosphate ester: OPPH 088 Generated therapeutic concentrations of CS-A
in the precorneal area immediately after
administration

162,163

Resolvin E1
(RX-10001)

RX-10005, methyl ester prodrug of Resolvin
E1

Reduced corneal epithelial barrier disruption
and protected against goblet cell loss in a
murine model of dry eye

164

Mycophenolic
acid

Mycophenolate mofetil Currently indicated for high-risk
keratoplasties and ocular immune-
mediated diseases

165

ACV, acyclovir; PGF2alpha, prostaglandin F2alpha; SACV, serine-ACV.
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In a recent patent (WO 2006/062875) entitled, ‘‘Ophthal-
mic nanoparticulate formulation of a COX-2 selective inhib-
itor,’’ investigators have incorporated rofecoxib (COX-2
inhibitor) in the polystyrene nanoparticulate system for
ophthalmic applications.125 Formulation prepared with
Poloxamer-407 (0.05% w/w) and HPMC remained physi-
cally stable, without any change in particle size up to 4
weeks. Drug levels in anterior chamber ocular tissues, such
as the cornea (*6,610 ng gram tissue - 1) and aqueous humor
(*251 ng/gram tissue) were significantly higher after topical
instillation of nanosuspension. Readers are advised to read
patent number WO 2006/062875 for more detailed infor-
mation of in vivo tissue distribution studies.

Nanoemulsion. Nanoemulsion offers several advantages
in ocular drug delivery, such as high capacity to dissolve
both hydrophilic and lipophilic drugs, stability, improved
bioavailability, and good spreadability. In addition, surfac-
tants used in formulating emulsions can also act as pene-
tration enhancers, thereby improving drug permeability
across the cornea.

Chitosan, a cationic polymer, finds application in the
field of ocular drug delivery due to its potential ability
to enhance corneal drug permeability by opening tight
junctions. It strongly interacts with negatively charged mu-
cin and improves residence time on the precorneal surface.
Indomethacin-embedded chitosan nanoemulsion was eval-
uated for its residence time and ability to deliver therapeutics
into the anterior chamber of the eye.126 Topical application of
nanoemulsion has significantly improved indomethacin
levels in the cornea and aqueous humor of rabbit eyes rela-
tive to the indomethacin solution. Drug levels in the cornea
and aqueous humor were about 12-fold higher for nanoe-
mulsion relative to solution-treated eyes.

CS-A-loaded microemulsion in situ electrolyte triggered
gelling system was developed by Gan et al.127 for the treat-
ment of corneal allograft rejection. Microemulsion was dis-
persed in the Kelcogel� (deacetylated gellan gum) solution,
which provided in situ gelling property when applied to the
corneal surface. In vivo studies suggested that the micro-
emulsion-Kelcogel system can generate *3-fold higher levels
of CS-A relative to CS-A microemulsion even at 32 h post-
dosing. Moreover, concentration of CS-A in Kelcogel system-
treated corneas were maintained at therapeutic levels with
no ocular irritation, even after 32 h. In another study,
n-octenylsuccinate starch was utilized to prepare the diclofe-
nac solution and emulsion, and these formulations exhibited
improved permeability across the excised porcine cornea
compared to the commercial product Voltaren Ophtha.128

Indomethacin nanoemulsion prepared with amphoteric sur-
factant (lauroamphodiacetate) also improved corneal permeabil-
ity by 3.8 times relative to a marketed product (Indocollyre�).129

In a recently published patent, CS-A was successfully in-
corporated in a nanoemulsion, utilizing positively charged
polar lipid, such as stearylamine.130 Mean droplet size of the
formulation was within the range of 150–250 nm, with zeta
potential of 34–45 mV. Gan et al. have recently patented
nanoemulsion-based in situ gelling system for topical ocular
delivery of flurbiprofen.131 CS-A-loaded nanoemulsion
(NOVA22007) containing cationic lipid formulation has just
completed Phase III studies for dry eye.132 The same emul-
sion was applied for vernal keratoconjunctivitis treatment
and this study has recently completed phase II/III.133

Liposomes. Liposomes are one of the effective drug carrier
systems consisting of 2 compartments, that is, inner hydro-
philic and peripheral lipophilic. This carrier system holds the
ability to entrap both hydrophilic and lipophilic drugs and
also allows surface modification with targeting agents. Al-
though liposomes could entrap a wide range of molecules,
their use is limited in topical ocular delivery because of short
half life and relatively poor stability.134 Sun et al. attempted
to entrap short-chain-conjugated ceramide, C6-ceramide, in
nanoliposomes and utilized this formulation to treat corneal
inflammations in murines.135 Ceramides are known for an-
tiproliferative and proapoptotic sphingolipid metabolism.
However, their role in inflammation is not yet clear. In this
report, initially in vitro and in vivo formulation toxicities were
reported in human corneal epithelial cells and a murine
animal model. Results demonstrate that these formulations
are safe and nontoxic. To test formulation efficacy in wound
healing and lowering inflammations, corneal inflammation
was induced with LPS or S. aureus stimulation after
wounding corneas. Animals were treated with formulations
before and after developing corneal wound and inducing
inflammation. Treatment was given by administering
blank liposomes or C6-ceramide-loaded liposomes. The C6-
ceramide liposomal formulation showed significant efficacy
in reducing corneal inflammation, whereas it did not show
any effect in corneal wound healing. These studies indicated
the positive role of short-chain ceramide-loaded liposomes in
the treatment of anterior chamber inflammations.

In another study, Arakawa et al. investigated dexameth-
asone-loaded sugar-chain surface-modified liposomes for
anterior chamber ocular inflammations.136 Because of spe-
cific recognition and binding between lectin and sugar
chain,137 authors tried to utilize sugar as a targeting moiety
toward ocular inflammations. Tumor inflammation targeting
by sugar molecule was shown by Yamazaki et al.138 The
Sialysl-Lewis X (sLex)-conjugated liposomal carrier system
was developed for anterior chamber delivery of dexameth-
asone. In vivo biodistribution studies were conducted in 2
mice models (normal and inflammation induced mice) with
intravenously administration of sLex surface-modified
dexamethasone liposomes and unformulated dexametha-
sone (1 mg) as control. Administration of dexamethasone
suspension was found to be nonspecific in its distribution
and produced levels in all tissues (eye, brain, heart, lung,
liver, kidney, spleen, and intestine). In both models, signifi-
cantly low dexamethasone concentrations were detected in
eye and all corresponding tissues. On the contrary, sugar-
conjugated surface-modified dexamethasone-loaded lipo-
somes demonstrated significantly higher drug concentra-
tions in the eye (*13.5 ng/mg tissue) with no drug detected
in other body tissues. These results suggest the potential role
of surface-modified liposomes in drug delivery to the ante-
rior chamber for the treatment of ocular inflammations.136

Niosomes. Niosomes are a special type of nanovesicular
carrier systems, similar to liposomes. These vesicles are
comprised of amphiphilic nonionic surfactants with a size
range of 10 to 1,000 nm. Such surfactants are biodegradable,
biocompatible, and nonimmunogenic.139 Examples include,
but not limited to, are poly(caprolactone) grafted silylated
dextran,139 Tween 60, Tween 80, Brij 35,140 polyglycerol alkyl
ether, glucosyl dialkyl ethers, ester linked surfactants, poly-
oxyethylene alkyl ether, crown ethers, and span 60.141,142
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Niosomes may encapsulate both the hydrophilic and hy-
drophobic drugs and provide better chemical stability to the
enclosed molecules. For topical ocular drug delivery, nio-
somes are highly preferable over other carrier systems. The
reasons may be attributed to their high chemical stability,
very low toxicity because of their nonionic nature, and easy
handling. Also, nanovessels may improve bioavailability and
control drug delivery at a specific ocular site.

Aggarwal and Kaur141 studied niosomal formulations of
timolol maleate (TM) with surface coating of TM niosomes
with chitosan and carbopol. The parameters under consid-
eration were in vitro release and IOP lowering effect. In vitro
release studies demonstrated 50% burst release followed by
sustained release. A comparative in vivo pharmacodynamics
study with unformulated TM and noisome-encapsulated TM
for reducing IOP in albino rabbits was studied. High IOP
reduction for up to 8 h was achieved with niosomal TM;
whereas, the effect with the TM solution lasted for up to 2 h
suggest a controlled release and a higher IOP reducing effect
of TM when encapsulated in niosomes. Abdelbary and El-
Gendy,140 developed niosomal formulations of a hydrophilic
antibiotic, gentamicin, for topical ocular delivery. In vitro
results revealed a high encapsulation efficiency of 92% with a
prolonged release relative to the gentamicin solution (con-
trol). Three surfactants, namely, Tween 60, Tween 80, and
Brij 35 were incorporated by varying the ratios of cholesterol
and dicetyl phosphate (charge inducer). The encapsulation
efficiency and gentamicin release rate were dependent on 3
factors, type of surfactant used, cholesterol content, and
presence of dicetyl phosphate. Furthermore, in vivo toxicity
studies were conducted in albino rabbits for 48 h. Results
demonstrated no signs of redness, irritation, inflammation,
or increased tear production. All the formulations were well
tolerated suggesting that gentamicin niosomes may be used
as a safe topical ocular drug delivery system. To treat glau-
coma and to determine the IOP lowering effect, Prabu
et al.139 studied feasibility of liposome and niosome as a
vesicular carrier system for brimonidine tartarate and com-
pared their efficacy with the marketed solution. Brimonidine
tartarate carrier systems were in the size range of 210–
245 nm, with a high drug loading of 42 wt%. Although these
formulations were not as effective as the marketed solution
in lowering IOP, they sustained brimonidine tartarate release
and improved duration of activity (*8-folds) relative to
the marketed drug solution. Abdelkader et al.143 studied
niosomes and discomes as carrier systems for naltrexone
hydrochloride. The entrapment efficiency of niosomal for-
mulation improved 5 times with the use of additives. In vitro
results suggest that the ingredients played a significant role
on controlling the size and drug release from niosomes. Ex
vivo transcorneal permeability studies conducted across the
bovine cornea exhibited that niosomes are capable of con-
trolling drug release and improving corneal permeability. An
ocular irritancy test of niosomes and discomes were con-
ducted with hen’s chorioallontoic membrane assay (HET-
CAM assay). Results demonstrated no sign of irritation
suggesting that niosomes can be regarded as safe carrier
systems for controlled transcorneal delivery of drugs.

Cubosomes. Novel dexamethasone-embedded self-
assembled liquid crystalline particles (cubosomes) were de-
veloped and investigated for precorneal retention and ocular
tissue distribution.144 Apparent permeability coefficient of

dexamethasone, delivered in cubosomes was 3.5–4.5 times
higher than dexamethasone eye drops. In addition, pre-
corneal retention of cubosmes was significantly longer than
carbopol gel or solution. In vivo microdialysis studies were
performed to evaluate pharmacokinetics of dexamethasone
in aqueous humor. Delivery of cubosomes exhibited 1.8-fold
and 8-fold higher AUC0/240min of dexamethasone in aque-
ous humor relative to eye drops and suspension, respec-
tively. Moreover, tissue integrity and corneal structure
indicated good biocompatibility of cubosome formulation.

Ocular implants and inserts. To overcome low availability
and short activity of topical ophthalmic administration
problems, implants were investigated as vehicles for sus-
tained and local drug release. Drug release is influenced by
the surface area of the implant and degradation pattern of
polymers. These devices can be implanted into the eyelid or
periocular muscle to treat conjunctival disorders, or directly
into the anterior chamber. A variety of therapeutic agents,
such as NSAIDs, angiogenesis inhibitors, and glucocorti-
coids, have been incorporated into polymeric implants.

Diclofenac sodium-loaded ophthalmic inserts prepared
with sodium CMC (4%) and MC (1%) demonstrated con-
trolled zero order in vivo release without any symptoms of
irritation and inflammation.145 Baeyens et al. have simulta-
neously incorporated gentamicin and dexamethasone in oc-
ular inserts and these devices were evaluated for in vivo drug
release kinetics.146 This new drug delivery system ensured
concomitant release of both drugs for the first 10 h of treat-
ment and it was followed by gentamicin release to maintain
levels above minimum inhibitory concentration for 50 h.

The CS-A-loaded polymeric implants inserted in the an-
terior chamber of rat eyes have a significantly improved
corneal graft survival rate by *2 times compared to un-
treated and 1% CS-A solution-treated eyes. It even proved
more effective than subconjunctival implantation of the same
formulation.147 CS-A-loaded PLGA devices were implanted
in the anterior chamber of rabbit eyes and evaluated for
pharmacokinetic profiles.148 In vivo tissue distribution stud-
ies revealed significantly higher drug concentrations in the
cornea (epithelium, corneal stroma, and endothelium)
throughout the 3-month study period with no symptoms of
adverse reactions.

Corneal transplantation was performed on the rat eye
model and effects of dexamethasone-loaded ocular implants
on the allograft survival rate were evaluated.149 Almost all
the corneal grafts survived following treatment with dexa-
methasone ocular implants relative to betamethasone topical
drops treated and untreated rat groups. A randomized
comparative human clinical study was performed after in-
traocular lens implantation and phacoemulsification. Sur-
odex� (dexamethasone-loaded biodegradable PLGA
implants) was placed either in the anterior chamber (36 eyes)
or in the sulcus (35 eyes) and results were compared with
0.1% dexamethasone eye drop (4 times/day) treatment.
However, the outcome of the study demonstrated no sig-
nificant differences in complications or efficacy between the
anterior chamber or sulcus implantations.150–151 In another
study, Kodama et al. investigated anti-inflammatory activity
of Surodex in 2 experimental intraocular inflammation
model; experimental autoimmune uveoretinitis and endo-
toxin-induced uveitis.152 Treatment with Surodex exhibited
significantly reduced inflammation in both animal models.
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FK-506 is a macrolide antibiotic indicated in the regulation
of immune response during human organ transplantation
and is 10–100 times more potent than CS-A.153,154 FK-506-
loaded ocular implants were evaluated for corneal allograft
rejection in the rabbit eye model and results were compared
with the untreated, FK-506 eye drops treated and placebo-
implanted animals.155 A biopolymer utilized in implant
backbone was biodegradable, disintegrated slowly with time
and eventually maintained sustained drug release. Levels of
FK-506 in aqueous humor were maintained for at least 168
days without any adverse reactions. More importantly, mean
graft survival time was longest ( > 180 days) in FK-506-
loaded implants in comparison to other treatments. As an-
ticipated, untreated and placebo-implanted animals showed
opacity and neovascularization within 28 days.

In a recently published patent, US 7846468, Wong et al.
have discussed methods for preventing or reducing ocular
transplant rejection, by implantation of immunosuppressive
agent-embedded biopolymeric implants.156 For example, in-
ventors have prepared dexamethasone-embedded implants
with PLGA and HPMC as polymeric matrices. These devices
were implanted into the anterior chamber and evaluated for
its efficacy to prevent corneal allograft rejection (neovascu-
larization and edema) in a rat eye model. Moreover, results
were compared with efficacy of dexamethasone topical
drops and also with the control group (without any treat-
ment). After 2 weeks, the control group showed 100% cor-
neal rejection and after 6 weeks, 80% of corneal rejections
were observed in topical eye drop-treated animals. Contrary
to this observation, animals treated with dexamethasone
implant showed no signs of neovascularization or edema
even after 8 weeks of surgery. In a novel approach patented
by Robinson et al., a rapid release loading dose and sus-
tained release maintenance dose were simultaneously in-
corporated in a single device.157 The release kinetics of
maintenance dose was controlled by superhydrolyzed PVA.
According to inventors, CS-A-loaded device can be im-
planted subconjunctivally to reduce rejection rates. Collec-
tively, these patents show that ocular implants can maintain
therapeutic levels in the anterior chamber and reduce
or prevent corneal allograft rejection and/or postoperative
inflammations.

Conclusions

Topical administration is a widely acceptable method of
drug delivery to treat anterior chamber inflammations. For
topically administered drug solutions/formulations, the
amount of administered drug loss overweighs the amount of
drug absorbed into ocular tissues. Such loss is attributed due
to static (corneal epithelium, corneal stroma, and blood–
aqueous barrier) and dynamic (tear drainage, conjunctival
blood and lymph flow) barriers. To overcome these ocular
barriers, research is being conducted to derivatize parent
drug to generate a therapeutically inactive, but more bio-
available prodrug. Application of nanotechnology to protect
active molecule and/or to sustain drug delivery is being
actively pursued. Nanotechnology and prodrug-based drug
delivery strategies offer considerable therapeutic benefits in
terms of reduced dosing frequency, avoid/minimize drug-
induced systemic toxicity, and nonspecific drug delivery.
Within past 2 decades, significant progress in ocular research
has been made to develop successful, patient-compliant drug

delivery systems, such as targeted prodrugs, nanoparticles,
thermosensitive gels, nanomicelles, niosomes, liposomes,
nanosuspensions, nanoemulsions, cubosomes, and ocular
implants. With the advent of nanotechnology in ocular re-
search, patient body is benefited with minimal/no drug-in-
duced toxicities and vision loss. However, there is still a need
for developing an efficient formulation strategy to sustain
drug delivery in the treatment of chronic anterior chamber
inflammatory diseases. With the current pace of ophthalmic
drug delivery research, an efficient delivery system may be
available in the near future to treat various anterior chronic
ocular inflammations.
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