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Over the past decade, there has been a rise in the number of clinical cases of moderate to severe anterior
segment ocular diseases. Conventional topical ophthalmic formulations have several limitations - to ad-
dress which, novel drug-delivery systems are needed. Additionally, formidable physiological barriers limit
ocular bioavailability through the topical route of application. During the last decade, various nano-scaled
ocular drug-delivery strategies have been reported. Some of these exploratory, topical, noninvasive ap-
proaches have shown promise in improving penetration into the anterior segment tissues of the eye. In
this article, we review the available literature with respect to the safety, efficiency and effectiveness of
these nano systems.
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Ocular drug delivery has remained a challenging task for pharmaceutical scientists. This, coupled with the aging
population and manifestation of other age-related diseases, explains why the National Eye Institute has predicted
a significant rise in clinical cases involving diseases affecting the ocular segments, across various age and ethnic
groups [1]. This review focuses on the rising use of noninvasive nanotechnology to improve the therapeutic outcomes
in diseases affecting the anterior segment of the eye. The frequently encountered sight-threatening anterior segment
ocular diseases are cataract, glaucoma, keratitis, ocular hypertension and uveitis [2-5]. According to the National
Eye Institute and the WHO, cataract is one of the major causes of blindness, accounting for 51% of the blindness
worldwide [1,6-8].

Topical administration, a localized noninvasive technique, is the most preferred route of dosing for anterior
segment ocular diseases. The topical route, however, is associated with low ocular bioavailability (<5% of the
administered dose) because of various physiological and mechanical barriers [5). Conventional topical ophthalmic
formulations include eye drops (solutions, suspensions) and ointments. Some emulsion formulations are also
currently in the market (Restasis™, Cationorm®). Limited retention on the ocular surface and the need for the drug
candidate to possess ideal physicochemical characteristics, to facilitate efficient penetration through the complex
ocular structures, however, limits the efficiency of these dosage forms [9]. Solutions are rapidly drained from
the conjunctival cul-de-sac allowing very little time for the drug to partition into the ocular tissues. Moreover,
the instilled drop size must be in the range of 25-50 pl, which does not allow for the development of a high
concentration gradient across the ocular tissues and demands good solubility characteristics, especially at the pH
of the tear fluids.

To improve the efficacy of the topical ophthalmic solutions or suspensions, high viscosity (thixotropic or shear
thinning) solutions and hydrogels, have been developed to increase retention on the ocular surface [10]. Moreover,
in contrast to solutions, suspension formulations are better retained on the ocular surface because of the deposition
of the drug particles in the conjunctival cul-de-sac. Suspensions are also the primary choice for compounds with
poor aqueous solubility (in relation to the target dose). Compared with solutions and suspensions, ointments are newlands
not commonly used for conditions affecting the eye because of the oily components that affect vision for some time press
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following application. In all cases, drainage through the nasolacrimal duct and systemic absorption, and consequent
side effects must be carefully monitored.

The conventional formulation approaches discussed above can only increase the retention time on the ocular
surface and do not improve transmembrane penetration (in the absence of penetration enhancing formulation
components). The complex ultrastructure of the cornea, enzymes, efflux proteins and the lymphatic and vascular
systems, severely limits penetration of the therapeutic agent across the ocular tissues. Moreover, the ocular tissues
are very sensitive; thus, the use of permeation enhancers is limited in ophthalmic formulations [11,12]. Therefore,
there is a pressing need for advanced ophthalmic formulations to circumvent the challenges associated with topical
ocular drug delivery.

Prior to looking at the potential formulation strategies, a brief discussion with respect to the diffusion pathways
and the diffusional barriers encountered in topical administration is presented.

Routes of permeation following topical application

Topically administered drugs can penetrate the deeper ocular tissues primarily through two routes (Figure 1).
Transcorneal permeation — commonly referred to as the corneal pathway — is the predominant diffusional route
from the ocular surface into the deeper ocular tissues, especially for access to the anterior segment tissues [13].
However, for efficient transcorneal penetration, the physicochemical characteristics of the drug must be favorable
and a delicate balance between hydrophilic and lipophilic characteristics is needed. Hydrophilic compounds appear
to favor the noncorneal pathway, which involves permeation across the conjunctiva and sclera (conjunctival—scleral
pathway) into the deeper tissues of the eye since the conjunctival epithelium is leakier than the corneal epithelium.
The conjunctival-scleral pathway is especially attractive for targeting the posterior segment tissues. The conjunctival
and choroidal vasculature and lymphatics, however, rapidly clear drug from these tissues, severely limiting access to
the retina and vitreous humor [14,15].

Barriers to topical ophthalmic drug delivery

Topically administered therapeutic agents, targeting the inner ocular tissues, encounter static, dynamic and
metabolic barriers that limit ocular bioavailability. These barriers can be classified as precorneal, corneal and
the blood—ocular barriers [16,17].
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Diffusional barriers

Precorneal barriers

The precorneal barrier affects both corneal and noncorneal pathways. Tear drainage forms a major precorneal barrier
component [18-20]. The conjunctival cul-de-sac can accommodate approximately 7-10 pl fluid; thus, a significant
portion of the topically administered eye drop, 35-50 pl, is lost [21]. Precorneal drainage not only causes the removal
of the instilled formulation (drop/solution) but also reduces the corneal contact time for the formulation [22,23].
Patton reported an inverse correlation between instillation volume and bioavailability [24-26]. Also, the increased
tear flow can lead to faster precorneal elimination and decreased efficacy. Osmolarity and pH of the formulation
are two important parameters that can trigger tear fluid generation [27]. Additionally, tear fluid consist of proteins,
to which the drug can bind, reducing the free drug concentration in the tear fluid 27]. Moreover, the multilayered
tear film, with its hydrophilic and hydrophobic components 28], also presents a diffusion challenge by itself.

Diffusional barriers in the corneal pathway

Corneal barrier: Cornea is a multilayered barrier limiting drug penetration into the aqueous humor through the
corneal pathway [15]. It has layers with alternative lipophilic and hydrophilic characteristics; the epithelium (contains
5-6 layers of epithelial cells) and endothelium are lipophilic in nature, whereas, stroma is hydrophilic in nature.
Hence, the pharmaceutical active should have optimum hydrophilicity/lipophilicity, and other physicochemical
characteristics such as MW, polar surface area, hydrogen bond donors and acceptors, for it to permeate efficiently
across the cornea. Additionally, the corneal epithelial cells express tight junctions that restrict transcorneal para-
cellular diffusion, underlining the importance of the physicochemical characteristics and concentration gradients
that govern transcellular, transcorneal diffusion. Efflux transporters, such as P-glycoprotein and multidrug-resistant
proteins, expressed on the corneal epithelium [29] present additional barriers to transcorneal diffusion of their
substrates [17,30-33]. Unlike the epithelial cells, corneal endothelium is leaky in nature, presenting little restriction
to the movement of macromolecules between the stroma and aqueous humor [34]. Thus, the corneal epithelium
acts as the major barrier to transcorneal diffusion.

Diffusional barriers in the conjunctival—scleral (noncorneal) pathway

Drug diffusion into the ocular tissue through the conjunctival-scleral pathway is also challenged. Although slightly
leakier than the cornea 35, the conjunctival epithelium expresses efflux pumps that limit transconjunctival diffusion
of its substrates. Since the conjunctiva is highly vascularized, unlike the cornea which is avascular, a significant
fraction of the drug molecules penetrating across the conjunctival epithelium is lost into the systemic circulation.
Moreover, tear dilutes the topically administered drop and the blinking action spreads the diluted formulation over
the ocular surface, further decreasing the transconjunctival concentration gradient. Thus, formulations that settle
in the conjunctival sac, and is not easily dispersed across the ocular surface, may utilize the conjunctival-scleral
pathway more efficiently. Some recent publications using topical films/inserts seem to utilize this route of entry
into the deeper ocular tissues from the surface [36).

Drug penetrating across the conjunctiva will reach the sclera from where it can reach the retina. The sclera is a
poorly vascularized tissue comprising of collagen and mucopolysaccharides [37). Scleral permeability is significantly
higher than that of the cornea; however, considering that very little of the topically administered agent reaches
the episcleral region, the concentration gradient across the sclera will be low. Some portion of the drug can also
migrate laterally across the sclera, which will further decrease the trans-scleral concentration gradient. As a result,
following topical instillation trans-scleral flux can be low, even though trans-scleral permeability may be greater than
transcorneal permeability. Other factors affecting the scleral permeability include molecular radius, physicochemical
properties and the surface charge of the active moiety [38-42].

The above discussion on the various barriers restricting ocular bioavailability of therapeutic agents following
topical application is summarized in Table 1.

Metabolism in the ocular tissues

Enzymes (glutathione and related enzymes) form the defense system against foreign chemicals and oxidative stress,
to protect the eyes. Glutathione and glucose-6-phosphate dehydrogenase is found in lens, cornea and retina [79].
Metabolizing enzymes, such as oxidoreductases and hydrolases, present in the eye can metabolize the administered
drug and thus affect the response intensity and duration [80). Various enzymes capable of metabolizing therapeutics
agents present in the anterior segment ocular tissues are listed in the Table 2.
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Table 1. Physiological challenges to ocular drug delivery.

Challenges Effect Ref.

Anatomy and physiological limitations e Reduced precorneal residence time [43-64]

o Frequent dosing required; leading to a reduced patient compliance
o Nasolacrimal drainage leads to drug loss

o Systemic toxicity

e Ocular toxicity

Physicochemical limitations o Reduce transcorneal flux [52,54-55,65-67]

e Poor drug solubility and permeability
o Drug storage instability leading to reduced efficacy and increased cost

Ocular and systemic toxicities o Damage to the ocular tissues (retinal necrosis, loss of retinal ganglion cells, [43,49-52,59,61-

vitreous inflammation, corneal edema, neovascularization and inflammation) and 64,68-78]
occurrence of systemic toxicities (hepatotoxicity and nephrotoxicity) and side effects
(gastrointestinal disturbances) observed.

Table 2. Various metabolizing enzymes expressed in anterior segment ocular tissues.
Ocular tissue Drug-metabolizing enzymes Ref.

Cornea

CYP-1A/2B/2C/3A/4B1, NADPH reductases, ketone reductases, esterases, arylamine [31,79,81-82]
acetyltransferase, glutathione S-transferase. Aldehyde oxidase

Iris—ciliary bodies Aldehyde oxidase, glutathione S-transferase, esterase, ketone reductase, [79,81-82]
CYP-1A/1B1/2B/2C/3A/4B1/39A1

Lens NaDC3, CYP2B, CYP2C, ketone reductase [81-83]

Conjunctiva Ketone reductase, aldehyde reductase, CYP-2b/3A/4B1, BCRP1 [81,82]

Elimination pathways

The faction of the topically administered agent that reaches the aqueous humor faces additional elimination
mechanisms, in the form of aqueous humor outflow, which limits exposure to the iris—ciliary bodies and lens.
Aqueous humor turnover leads to loss of the drug through the Canal of Schlemm and trabecular meshwork, and
into the systemic circulation through the lymphatic circulation (84,85]. Diffusion into the microvasculature, present
in the various parts of the eye, is another pathway via which the actives enter the systemic circulation [84,86]. Small
lipophilic molecules are rapidly eliminated in comparison to large hydrophilic molecules ascribed to their ability
to cross blood—aqueous barrier and enter the systemic circulation [87].

Nano-scaled drug-delivery systems for anterior segment diseases

The above sections highlight the challenges faced by formulation scientists in the development of effective, topical
ophthalmic formulations. The low ocular bioavailability is thus not surprising considering the multiple physiological
protective mechanisms encountered and underlines the need for specialized ophthalmic dosage forms.

As is evident from the discussion above, the two major physiological hurdles encountered with topical application
are retention at the site of administration and permeability coefficient of the therapeutic agent across the ocular
tissues. Recently, nano-scaled drug-delivery systems have gained prominence as a noninvasive, topical, ocular drug-
delivery platform, due to the various attributes of nanoparticles, such as improved precorneal retention through
mucoadhesive characteristics, and active uptake by the corneal and conjunctival epithelia leading to enhanced ocular
permeation and bioavailability. In this article, we review the literature with respect to the use of this formulation
strategy with regards to drug delivery to the anterior segments of the eye. The polymer and lipid-based nanosystems
are discussed separately in different sections. Figure 2 is an illustration depicting some common structures of
micelles, liposomes and solid and nanostructured lipid nanoparticles. Although numerous studies exist in the
literature, this review focuses on those that have iz vivo data and have used control formulations to demonstrate
improved delivery or efficacy.

Polymeric micelles & nanoparticles

Micelles are aggregates (supramolecular assembly) of polymers in aqueous solutions, with hydrophobic head group
forming the core and hydrophilic chain facing the aqueous solution (s8], therefore, making it feasible to modify the
micelle surface by chemically conjugating various linkers to the hydrophilic chain. Surface coating determines the
pharmacokinetic behavior of the polymeric systems [89].
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Figure 2. Illlustration highlighting difference between polymeric micelles, liposome, solid lipid nanoparticle and

nanostructured lipid carriers.
NLC: Nanostructured lipid carriers; SLN: Solid lipid nanoparticle.

Polymeric micelles have been studied to deliver genes (small RNA segments, viral vectors, plasmid DNA, etc.)
and small molecules to the anterior segment tissues (various layers of cornea, aqueous humor) of the eye [(90-93.
Gene therapy has shown promise in diseases affecting the anterior ocular segment, for example, dry eye syndrome,
corneal clouding, corneal scarring, corneal neovascularization, angiogenesis and inflammation [(92-94]. There have
been a few reports on the delivery of oligonucleotides, siRNA and plasmid DNA to the corneal cells in vitro, with
the help of nanocarriers [91-94].

The following sections look at some of the various polymers that have been used to design polymer-based micellar
and nanoparticulate ophthalmic formulations. The role of the type, ratio and nature of the polymer/copolymers
on the characteristics of the polymeric micelle and nanoparticles, and their interaction with the ocular membranes,
therefore affecting the transmembrane delivery of the drug, is also discussed.

Ethylene glycol ¢ D, L-lactide-based polymeric micelles
Tu ez al. studied various weight ratios of the copolymers methoxy PEG (mPEG) to poly(D, L-lactide) and their
effect on in vivo, in albino rabbits, and in vitro permeability across rabbit corneas [95]. They observed that a weight
ratio of 80/20 of the mPEG to poly(D, L-lactide) significantly increased permeation of pirenzepine across the
cornea (concentrations in aqueous humor) 7% vive, which was consistent with the in vitro transcorneal permeability
results.

In another set of studies, mPEG-hexyl-substituted poly(lactide) (mPEG-hPLA)-based micelles were used for the
delivery of cyclosporine A to the cornea [96-98]. Based on the MTT — name based on the dye (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) — and clonogenic tests, iz vitro and in vivo, mPEG-hPLA was considered
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to be biocompatible with the ocular tissues. The formulation outperformed the marketed formulation (Restasis) in
pharmacodynamic studies (corneal transparency, edema and neovascularization), whereas results from the 77 vivo
ocular biodistribution studies in rats were inconclusive. The cornea was the only tissue which had significantly
higher cyclosporine delivered using the micellar system. Cyclosporine was not detected in other tissues of the eye,
from both liposomal and marketed formulation [96-98].

Pepic et al. demonstrated ocular delivery of pilocarpine (base and salt) using triblock copolymer Pluronic® F127
(poly(oxyethylene) /poly(oxypropylene) /poly(oxyethylene). The formulation contained 2% pilocarpine hydrochlo-
ride salt or 1.7% w/w pilocarpine base in a 2% Pluronic® F127 solution. Micelle size in water and buffer systems
ranged from 15 to 30 nm. This was consistent with the fact that nonionic micellar systems are marginally affected
in the presence of electrolytes. The micellar pilocarpine base formulation exhibited longer mitotic response time
(tmr = 225 min) and area under the pharmacological activity curve (~twofold) as compared with the micellar
formulation of the pilocarpine salt (t,,, = 180 min, AUC = 297 mm.min) [99]. This study underlines the role of
the physicochemical characteristics of the molecule, in this case, the form of the drug (salt type, base) used in the
nanoformulations, on the pharmacokinetic and pharmacodynamic response.

Liaw e al. demonstrated the use of poly(oxyethylene) /poly(oxypropylene) /poly(oxyethylene) (Pluronic® P105)
nonionic copolymeric micelles of hydrodynamic diameter <160 nm for efficient delivery of stable plasmid DNA
with lacZ gene, 7 vivo. The ¢-potential of the micelles was -4.4 £ 2 mV. /n vivo gene transfer to the different layers
of the cornea from the micellar ocular drops was achieved in mice and male albino New Zealand rabbits, which
highlighted the potential of the block copolymer for DNA delivery. The DNA delivery efficiency was enhanced
using the penetration enhancers, EDTA and cytochalasin B [91].

Gene delivery using topical eye drops was also reported by Tong et al. Two cornea-specific promoters: ketatin
12 and keratocan were formulated using Pluronic® P105 polymeric micelles. These proteins play a crucial role
in developing and maintaining corneal transparency. B-Gal activity was the biomarker for transgene expression
in the ocular tissues. The hydrodynamic diameter for the micelles ranged from 150 to 200 nm with unimodal
distribution. The formulations were tested on both mice and rabbit animal models. From the iz vivo tests, the
authors concluded that the corneal epithelium and stroma-specific gene expression can be achieved with the help
of cornea-specific promoters (ketatin 12 and keratocan) [92].

Taha ez al. reported enhanced bioavailability of ciprofloxacin using polymeric micelles of Pluronic® F127. They
observed a statistically significant increase in the area under the aqueous humor concentration versus time curve in
comparison to the marketed formulation [100].

As discussed earlier, the contact time of the formulation with the surface ocular tissues plays a critical part
in ocular drug bioavailability. Residence time can be prolonged by various means, one of them being the use of
cationic polymer/s possessing mucoadhesive properties. One such naturally occurring cationic polymer which can
improve ocular bioavailability is chitosan [101,102]. Chitosan is reported to have mucoadhesive property and acts as a
permeation enhancer by reversibly opening epithelial tight junctions. Pepic ez 4/ formulated a chitosan—Pluronic®
F127 mixed micellar system with particle size ranging from 25 to 29 nm and ¢-potential 9 to 18 mV. Dexamethasone
(0.48-0.56%) was loaded in the mixed micelle formed by Pluronic® F127 and chitosan. The authors considered
the in vitro permeability enhancement of dexamethasone across Caco-2 cells and prolonged intraocular pressure
increase 7 vivo as an indication of improved ocular bioavailability. /z vivo pharmacokinetic studies in male albino
New Zealand rabbits produced 2.4- and 1.4-folds increase in ocular bioavailability with Pluronic® F127 with
0.015 (w/v)% chitosan micelles, compared with dexamethasone ocular suspension and Pluronic® F127 micelles
(no chitosan), respectively [102].

Gupta er al. synthesized polymeric micelles (<100 nm particle diameter) composed of the co-polymers of
N-isopropylacrylamide (NIPAAM), vinyl pyrrolidone and acrylic acid crosslinked with N, N’-methylene-bis-
acrylamide to deliver ketorolac to the eye. The authors reported a twofold increase in transcorneal permeability
of ketorolac over an aqueous ketorolac suspension at the same concentration [90]. The two ketorolac formulations
were also studied in the albino rabbits, iz vive. The micellar formulation was observed to yield better therapeutic
response, compared with the suspension, in terms of eyelid closure and polymorphonuclear leukocytes migration
in the tear fluid.
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Civiale et al. studied three copolymers of polyhydroxyethyl-aspartamide (PHEA), with side chains containing PEG
and/or hexadecylamine (C16) (PHEA-PEG, PHEA-PEG-C(16) and PHEA-C(16), respectively) for its safety and
efficacy for ocular drug delivery. They carried out the biophysical characterization of the PHEA-PEG, PHEA-C;
and PHEA-PEG-C;g, the three PHEA derivatives. The physical characterization of the derivatized polymer was
performed using Langmuir trough and micellar affinity capillary electrophoresis. From the micellar affinity capillary
electrophoresis and Langmuir trough studies, they concluded that the polymers PHEA-C;s and PHEA-PEG-C;;
were suitable for ocular drug delivery. The group conducted 7z vitro permeability studies across rabbit conjunctival
and corneal epithelial cells. Netilmicin sulfate, dexamethasone alcohol and dexamethasone phosphate, the three
molecules tested in this study, displayed higher permeation relative to their solution and suspension formulations.
Confirmatory 77 vivo bioavailability studies were undertaken, in male albino rabbits, to evaluate the validity of the i
vitro permeability data, comparing dexamethasone micelle to suspension. /z vivo area under the concentration versus
time curve for dexamethasone in aqueous humor was 40% higher from the micelles than from the dexamethasone
suspension [103].

Usui et al. formulated polyion complex micelles of the porphyrin entrapped in dendrimer, for corneal neovascular-
ization. The drug accumulation into the neovascularized cornea was greater in comparison to non-neovascularized
cornea [104]. Entrapment of the drug in the dendrimer core reduced its activity, thereby reducing the toxicity
associated with photodynamic therapy. The treatment was deemed to be safe and effective, ascribed to enhanced
permeability and retention effect of the polyion complex micelle.

Yingfang er al. synthesized mPEG-poly(e-caprolactone) (mPEG-PCL) and formulated mPEG-PCL micelles dis-
persed in thermosensitive hydrogel for delivery of pimecrolimus to treat Keratoconjunctivitis sicca, also known as dry
eye syndrome. PEG-400 is widely used in ophthalmic formulations to treat dry, irritated eyes, although, effect of
PEG chain length on irritation and toxicity is unknown [105]. There was a significant rise in the tear fluid generation
on the 20th day, iz vivo in mice, in comparison to artificial tear formulation, and a thermosensitive hydrogel
formulation. Histological examination showed no signs of corneal epithelium damage, 77 vivo in rabbits [106].
Other reports suggest that the polymer mPEG-PCL can be chemically linked to numerous compounds (e.g., folate,
cholesterol, etc.) for anticancer targeting [107]. The micelles exhibited low cellular cytotoxicity in human corneal
epithelial cells, human lens epithelial cells and retinal pigment epithelium [106).

Guo er al. showed high corneal uptake of cyclosporine-loaded polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymeric micelles in rabbits [108]. The formulation was deemed to be safe from
the in vitro cytotoxic assay and was well tolerated in the rabbits. The particle size of the nanoparticles ranged from
70 to 78 nm.

Losa ez al. studied enhancement of the corneal permeation of a hydrophilic drug (amikacin sulfate) entrapped in
polycyanoacrylate nanoparticles. They studied three nanoparticle formulations varying in the type of the stabilizing
agent — dextran 70,000, synperonic® F68 and sodium lauryl sulfate. The particle size of the formulations consisting
of either dextran 70,000 or sodium lauryl sulfate as the stabilizer ranged from 210 to 235 nm, while, significantly
lower particle size (80 & 1.3 nm) was observed for formulation with synperonic F68 (a polyol detergent) as the
stabilizing agent. The ¢-potential ranged from -4 to -6 mV. Amikacin concentration achieved in aqueous humor
and cornea for the nanoparticles with dextran was significantly higher in comparison to nanoparticles with other
stabilizing agents and control amikacin sulfate solution, 7z vive in rabbits [109].

Musumeci e al. investigated melatonin-loaded poly(D,L-lactide-co-glycolide) (PLGA) and PLGA-PEG nanoparti-
cles with particle size ranging from 100 to 400 nm for sustained release of melatonin. Melatonin-loaded PLGA-PEG
nanoparticles demonstrated extended precorneal residence of melatonin as evident from the lowering of the in-
traocular pressure in rabbit eye for up to 8 h, with a maximum intraocular pressure (IOP) reduction of 5 mmHg.
Aqueous solution demonstrated IOP-lowering effect for up to 4 h only. The duration of IOP reduction was, thus,
significantly greater with the melatonin PLGA nanoparticles than that observed with the solution formulation [110).
In another study, Warsi er a/. prepared dorzolamide-loaded PLGA nanoparticles utilizing D-a-tocopheryl PEG
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1000 succinate (TPGS) and polyvinyl alcohol as the emulsifiers. TPGS demonstrated 77-fold greater emulsifying
efficiency. The nanoparticles had significantly higher transcorneal permeation iz vitro, approximately twofold for
nanoparticles with TPGS and approximately 2.5-fold for nanoparticles with polyvinyl alcohol, in comparison to
dorzolamide solution. The three dorzolamide formulations — solution, nanoparticle with TPGS and nanoparticle
with polyvinyl alcohol, showed IOP reduction of 15.8, 22.75 and 16%, respectively. The authors hypothesize
that the increase in permeation and IOP reduction could be attributed to the capability of TPGS to inhibit
P-glycoprotein [111].

Thus, a variety of polymers, alone and in combination, have been investigated with respect to ocular drug
delivery in vivo. consolidates the above discussion.

Lipids can form various nanostructures, such as micelles, reverse micelles, liposomes, solid lipid particles, nanos-
tructured lipid carriers, based on the lipid combinations used and the other formulation components selected [117].
Lipids are abundantly present in the body and various biodegradation pathways exist for lipids. Safety and efficacy
of the ointments and emulsions, which are lipid-based delivery systems, have been established and marketed since
many years, therefore, lipid nanoparticles are expected to be biocompatible and safe [118]. The main advantages of
the lipid nanoparticles over polymeric systems are low toxicity, solvent-free production methods and cost. Recently,
modified lipids have been widely used to form lipid nanoparticles.

Liposomes are biodegradable, biocompatible vesicular nano systems, typically composed of phosphatidylcholine,
cholesterol and lipid-conjugated hydrophilic polymers, and have the flexibility to load both hydrophilic and
lipophilic drug molecules. Surface-modified liposomes, for example, for mucoadhesion or enhanced penetration,
have also been studied.

Charge has been shown to be a critical parameter. A study showed corneal permeation, in decreasing order,
of small cationic unilamellar vesicles (SUV+), multilamellar anionic vesicles (MLV-), small anionic unilamellar
vesicles (SUV-), SUV, multilamellar anionic vesicles and drug suspension, across excised rabbit cornea [119].

Singh and Mezei formulated liposomes containing triamcinolone acetonide. They observed a twofold enhance-
ment in drug concentrations in the cornea as well as in the aqueous humor, in rabbits, in comparison to the
suspension formulation. The liposome maintained the higher drug concentration in the aqueous humor for
5 h [120,121]. Reports from the same group using dihydrostreptomycin sulfate, a hydrophilic drug, loaded in the
liposomal formulation, however, showed no improvement in transcorneal permeation in comparison to the control
drug solution. To explain this observation, the authors proposed that the mechanism by which the liposomes
interact with the corneal cell membrane is by surface adsorption and surface lipid exchange. The observation that
liposomal formulations enhanced permeation of the lipophilic molecule, triamcinolone acetonide, but not that
of the hydrophilic compound, dihydrostreptomycin sulfate, may be because the hydrophilic compound is not
exchanged with the corneal epithelial lipid membrane but rather released into the precorneal tear fluids [122].

In another study, Shihui ¢z 4/. formulated timolol-loaded liposomes incorporated into 7z situ gels using gellan
gum. Transcorneal timolol permeation was 1.9-times greater than that from the marketed eye drops. The IOP-
lowering effect with the liposomal timolol formulation was observed for 240 min, which was significantly greater
than that with the marketed preparation, demonstrating the potential of the liposome/7n situ gel combination
formulations in ocular drug delivery [123].

A summary of the various reports on topical liposomal formulations for enhancing ocular permeation is presented
in

Solid lipid nanoparticles (SLNs) have been widely used for drug delivery via oral, topical, ophthalmic, parenteral
and other routes [130-142]. SLNs suffer from some disadvantages such as burst release with hydrophilic drugs and low
drug loading owing to the solid crystalline state of the nanoparticles. These shortcomings led to the development
of second-generation lipid nanoparticles, the nanostructured lipid carriers (NLC). NLCs differ from SLNs in that
liquid lipid is mixed with solid lipid which prevents crystallization of lipids ( ). This incorporation leads
to the formation of one of the following: imperfect NLC, multiple type NLC or structureless NLCs. The type of
NLC formed depends on the concentration of liquid lipid utilized and method of preparation employed. Inclusion
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Polymers

Methoxy PEG and poly(D,L-lactide)-based micelles

Methoxy PEG-hexyl-substituted poly(lactide)

PIuronic® F127

N-isopropylacrylamide, vinyl pyrrolidone and acrylic
acid cross-linked with N, N-methylene
bis-acrylamide-based micelles

Micelle based on polyhydroxyethyl-aspartamide with
PEG and/or hexadecylamine side chain

PEO-PPO-PEO-based micelles
PEO-PPO-PEO-based micelles

PIuronic® F127 and chitosan micelles

Polyion complex micelles

Pluronic® F127

Polycyanoacrylate polymeric nanoparticles

Chitosan hydrochloride and N-carboxymethyl
chitosan-based nanoparticles

PLGA and PLGA-PEG nanoparticles

Methoxy PEG Poly(caprolactone)

Positively charged polymer (PEG)-poly(e-
caprolactone)-g-polyethyleneimine-based
micelles

PLGA nanoparticles

Polyvinyl caprolactam-polyvinyl acetate-PEG graft
copolymeric micelles

Drug/dye

Pirenzepine

Cyclosporine

Pilocarpine

Ketorolac

Dexamethasone and
netilmicin

LacZ gene

Ketatin 12 and Keratocan

Dexamethasone

Dendrimer porphyrin

Ciprofloxacin

Amikacin sulfate

Ofloxacin

Melatonin

Pimecrolimus

Fluorescein diacetate

Dorzolamide

Cyclosporine

Summary Ref.

mPEG-hPLA 80/20 weight ratio showed significantly [95]
higher permeability, both in vivo and in vitro, in
comparison to 50/50 and 40/60 weight ratios

The formulation was nontoxic (in vitro and in vivo). It [112-114]
had better pharmacokinetic and pharmacodynamic

profile in comparison to marketed preparation

The mitotic response time was significantly increased in [99]
comparison to pilocarpine salt solution

A twofold increase in the transcorneal permeation was [90]
observed, in comparison to suspension was observed.

The micelles had better therapeutic response in

comparison to suspension, in vivo in rabbits

Transcorneal permeation was significantly increased in [103]

the micelles in comparison to suspension
The gene was delivered to the cornea, in vivo in rabbits [91]

The gene was delivered to the cornea in the mice and [92]
rabbits

The pIuronic® F127 - chitosan-based micelles
demonstrated a 2.4-and 1.4-fold increase in
bioavailability in comparison to ocular suspension and
Pluronic™ F127-based micelles, respectively

[102]

Increased drug accumulation in neovascularized tissues [104]
was observed in comparison to non-neovascularized

tissue

The drug-loaded Pluronic® F127 micelles had statistically [100]
higher area under the concentration in aqueous humor

vs time curve in comparison to marketed formulation

Greater ocular disposition was achieved with polymeric [109]
nanoparticles having dextran as stabilizer in comparison

to other stabilizer and the amikacin control solution

Chitosan hydrochloride showed greater transcorneal [115]
penetration as well as intraocular penetration in
comparison to carboxymethyl chitosan and marketed

eye drops

Melatonin-loaded PLGA-PEG nanoparticles [110]
demonstrated extended precorneal residence of

melatonin evident by lowering intraocular pressure in

rabbit eye up to 8 h with maximum IOP reduction of

5 mmHg, which was significantly lower than melatonin

PLGA nanoparticles and solution

Methoxy PEG-poly(e-caprolactone) micelles were found [106]

to be superior in the in vitro and in vivo experiments

The micelles demonstrated better corneal penetration as [116]
compared with the control nanoparticles and

microparticles, which was evident from in vivo studies

Dorzolamide nanoparticle showed promising [111]
10P-lowering effect as compared with dorzolamide

solution. TPGS being a P-glycoprotein inhibitor might

have significantly enhanced permeation across the goat

eye corneas and reduced intraocular pressure through

cornea in comparison to dorzolamide solution, in vivo in

albino rabbit

The particle size of the nanoparticles ranged from 70 to [108]
78 nm. The formulation was also found to be safe from
the in vitro cytotoxic assay, and had excellent tolerance

in rabbits

PEO-PPO-PEO: Poly(oxyethylene)/poly(oxypropylene)/poly(oxyethylene); PLGA: Poly(D,L-lactide-co-glycolide); TPGS: D-a-tocopheryl PEG 1000 succinate.

of the liquid lipid in the NLCs enhances drug solubility, thereby increasing drug loading significantly, and reduces

the crystallinity of the solid lipid, consequently reducing the problem of drug expulsion. Recently, a few studies
have demonstrated the ability of the SLNs to permeate across the cornea into the aqueous humor ( ).
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Table 4. Summary of various lipid nano formulations evaluated in vivo for drug delivery to the anterior segment

of the eye.
Formulation/lipids Drug Summary Ref.
Liposomes
DL-dipalmitoyl-phosphatidyl choline and cholesterol Triamcinolone acetonide A twofold higher drug concentration was observed in [121]
cornea as well as aqueous humor in comparison to
suspension
DL-dipalmitoyl-phosphatidyl choline and cholesterol Dihydro-Streptomycin Liposome showed no significant improvement in [122]
sulfate permeability, in vivo, comparison to the control
L-a-phosphatidylcholine, cholesterol, stearylamine Ciprofloxacin Chitosan-coated liposomal formulation had longer in vivo [124]
and dicetyl phosphate hydrochloride retention time in male albino New Zealand rabbits in

comparison to the marketed Ciprocin™ drops

Soy-phosphatidyl choline and cholesterol Timolol maleate Timolol maleate liposome-loaded gellan gum gels had [123]

~twofold greater transcorneal permeation in comparison to
the marketed formulation

Solid lipid nanoparticles/nanostructured lipid carriers

Compritol® ATO 555 and palmitic acid Voriconazole The AUC for concentration in aqueous humor over the 12-h [125]

time period, was ~twofold greater for SLN in comparison to
drug suspension

Compritol ATO-888, Gelucire® 50/13, and Gatifloxacin Gatifloxacin concentration in aqueous humor was found to [126]
Precirol™ ATO-5 be ~threefold in comparison to marketed preparation
Soya-phospholipid SL-100 and triglyceride Baicalin Transcorneal permeation was (rabbit eyes) ~1.5-times [127]

higher for SLN in comparison to solution, whereas, AUC was
~four-times and Cpax ~5.5-times for SLN in comparison to
solution. Formulation was nonirritating to the eye

Glyceryl monostearate and lecithin Methazolamide The maximum intraocular pressure reduction was 42%, [128]

which was significantly higher in comparison to marketed
brinzolamide marketed preparation (38%), in vivo in rabbits

Compritol ATO 888, Stearylamine and gelucire 44/14 Ibuprofen The transcorneal permeation across the rabbit cornea for [129]

ibuprofen-loaded NLC was three—four-times in comparison

to eye drops. From the in vivo aqueous humor kinetic study,
AUC and Cpax for the NLC were twice in comparison to eye
drops

NLC: Nanostructured lipid carrier; SLN: Solid lipid nanoparticle.

Kumar and Sinha formulated voriconazole-loaded SLNs and studied ocular permeation of voriconazole, ex vivo
(excised rabbit corneas) and 7% vivo in rabbits. They formulated SLN using Compritol® ATO 555 and palmitic
acid. The particle size of the formulation ranged from 234 to 343 nm with entrapment efficiency ranging from
61.91 & 2.04% to 84.25 £ 1.11%. The AUC for concentration in aqueous humor over the 12-h time period, was
approximately twofold greater for SLN in comparison to drug suspension [125].

Similarly, in another study, permeation of gatifloxacin was increased using SLN formulation, 77 v7vo in rabbits [126].
The gatifloxacin area under the aqueous humor concentration — time curve was approximately threefold higher in
comparison to Gate®-marketed eye drops. The authors ascribed this to the changes in the elimination from the
aqueous humor (~half) and a significant increase in the Cyy.

In another study by Cavalli ez 4/., tobramycin salt—ion pair complex-loaded SLNs were compared with solution
formulations. Aqueous humor pharmacokinetic parameters were significantly better for the SLNs in comparison to
tobramycin solution, iz vive in rabbits [143]. Tobramycin AUC was found to be significantly higher (~four-times)
and C,,,x was found to be about twofold higher for the SLNs in comparison to the solution. From the precorneal
retention study, using a fluorescent probe tagged to the SLN, the residence time in the cul-de-sac for SLN (90 min)
was higher in comparison to solution (30 min).

Similarly, baicalin, methazolamide and ibuprofen-loaded SLNs showed significantly better transcorneal perme-
ation and/or pharmacokinetic properties (AUC, Cy,s) in comparison to the conventional dosage forms (suspen-
sions, solutions) which were used as comparators [127-128,135,144-146].

In a recent study by Balguri ez al., the advantages of SLNs and NLCs in terms of drug loading and ocular
penetration were demonstrated. Indomethacin was used as the therapeutic candidate whose ocular distribution was
evaluated following topical application. The studies revealed that the NLC formulations were capable of higher
drug loading and achieved significantly higher concentrations in all the ocular tissues tested [134]. The data also
demonstrated that surface modification of the NLCs with PEG improved ocular penetration.
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Other studies have also demonstrated that surface modification of the NLCs can improve iz vivo biodistribution
of the drugs [134,147-149]. Shen ez al. formulated thiolated nanostructured lipid carriers for ocular delivery of
cyclosporine A [147). They compared NLC, PEGylated NLC, thiolated NLC and oily solution of cyclosporine A
in the pharmacokinetic study, by analyzing their tear fluid, cornea, iris ciliary and aqueous humor at various time
points, 7z vivo in rabbits. Cys-NLC demonstrated superior pharmacokinetic behavior (all tissues tested) followed
by PEGylated NLC in comparison to all other formulations.

Cubosomes are liquid crystalline nanoparticles of the amphiphilic lipids with definite carbon chain length. The
cubosome have higher physicochemical stability in comparison to liposome due to strong electric repulsion. The
microstructure of the cubosomes is similar to the biological membrane, which leads to enhanced permeation.
The ability of cubosome to load is ascribed to lipid bilayer with its high surface area [150,151). Li ¢# a/. formulated
cubosome of glycerol monoolein and poloxamer 407 loaded with pilocarpine nitrate for glaucoma therapy [152].
They observed approximately two-times higher transcorneal flux across the rabbit corneas in comparison to the
marketed eye drops. To further compare efficacy of the cubosome in comparison to the marketed eye drops they
performed aqueous humor kinetics in anesthetized rabbits and pharmacodynamic studies measuring IOP change
over time. The cubosome had prolonged the retention time (~two-times) in comparison to marketed eye drops.
The cubosomes had significantly higher effect on IOP reduction (~50% IOP reduction) in comparison to the
marketed eye drops (~41%). Similarly, Huang ez a/. formulated cubosomes of glycerol monoolein and poloxamer
407 loaded with timolol maleate [150]. They observed approximately 3.5-times higher cumulative drug permeation
across the rabbit corneas in comparison to the marketed eye drops. The cubosome had prolonged the retention
time (~two-times) in comparison to marketed eye drops. The cubosomes had significantly higher effect on IOP
reduction (~36% IOP reduction) in comparison to the marketed eye drops (~15%). Cubosomes were deemed to
be safe in the above reports by the authors on the basis of draize test, corneal hydration levels and corneal histology.

Advances in ophthalmic dosage forms, in conjunction with a better understanding of the physiological challenges
and with the discovery of new therapeutic modalities, have aided in the development of approaches that can mitigate
the challenges associated with the pharmacotherapy of the anterior segment ocular diseases. Much of it can be
attributed to the integration of nanotechnology into the development of topical ocular dosage forms intended for
the treatment of diseases such as cataract, glaucoma, keratitis, etc.

Despite the widespread research in this area, new polymeric or lipid-based nano-scaled ophthalmic drug-delivery
systems have not reached the market yet. This is probably because of many unanswered questions in this area. Future

Ocular diseases, affecting the anterior and posterior ocular segments, are on a steady rise, and if left untreated,
or inappropriately treated, could lead to vision loss.

Topical application is the most preferred route for ocular diseases due to the noninvasive and higher patient
compliance attributes associated with it.

However, for the successful delivery of drugs via the topical route, there is a need for overcoming the pre- and
postcorneal anatomical and physiological barriers.

To overcome these barriers, various novel nano-scaled formulation approaches, such as lipid nanoparticles and
polymeric micelles, have been extensively pursued, with intent to target the anterior and posterior ocular
segment diseases.

Among these, nano systems based on polymeric and lipid-based micelles, liposomes and nanoparticle
therapeutics have shown promise in terms of improving treatment outcomes in anterior segment diseases.
Despite promising developments in nanotherapeutics for ocular delivery, their transition from the preclinical to
the clinical setting has been slow; majorly owing to scale-up challenges associated with the manufacture of
nanoparticles and the lack of a complete and coherent understanding of the ocular toxicities caused by them.
The choice of lipids/polymers/surfactants, breakdown products, stability, sterilization and analysis of the cellular
response to the nano systems, on acute and chronic administration, needs to be analyzed in depth.
Concentrated research focused on understanding and overcoming the challenges associated with the
aforementioned areas of nanotherapeutics would ensure complete and successful transition of the
nanotherapeutic dosage forms in the pharmacotherapy of ocular diseases.
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research needs to yield a better understanding of the mechanism of penetration of these nanoparticles and effect
of physicochemical characteristics and formulation parameters such as particle size; metabolism of the polymer
and lipid conjugates in the ocular tissues; ocular toxicity of the polymers and their breakdown products; release of
the drug in the ocular tissues; tissue response to the lipid and polymer conjugates; chronic toxicity; sterilization;
and formulation stability. Moreover, many of the nano dosage forms involve the use of organic solvents during
the manufacturing process. Organic solvent concentrations need to meet the residual solvent limits or avoided,
if possible [153,154]. Another critical area that needs scrutiny is the effect of the surfactants in these formulations
on the ocular tissues [154]. Thus, a concerted approach is needed before these promising nanotechnologies can be
successfully used in the treatment of ocular diseases.
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