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Abstract: Transport of drugs applied by traditional dosage forms is restricted to the eye, 

and therapeutic drug concentrations in the target tissues are not maintained for a long 

duration since the eyes are protected by a unique anatomy and physiology. For the 

treatment of the anterior segment of the eye, various droppable products to prolong the 

retention time on the ocular surface have been introduced in the market. On the other hand, 

direct intravitreal implants, using biodegradable or non-biodegradable polymer technology, 

have been widely investigated for the treatment of chronic vitreoretinal diseases. There is 

urgent need to develop ocular drug delivery systems which provide controlled release for 

the treatment of chronic diseases, and increase patient’s and doctor’s convenience to 

reduce the dosing frequency and invasive treatment. In this article, progress of ocular drug 

delivery systems under clinical trials and in late experimental stage is reviewed. 

Keywords: eye; drug delivery systems; ocular barriers; intravitreal implant 

 

1. Introduction 

The eye-ball is an organ protected from exogenous substances and external stress by various 

barriers (Figure 1), therefore, therapeutic drugs must be transported across several protective barriers 

regardless of which administration route is utilized, such as eye-drops, and subconjunctival,  

sub-tenon’s and intravitreal injection and/or implant. 
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Figure 1. Schematic of the eye-ball structure. 

 

 

 

For the treatment of the anterior segment of the eye (cornea, conjunctiva, sclera, anterior uvea), 

usually topical ocular eye-drops are used. An eye-drop, irrespective of the instilled volume, often 

eliminates rapidly within five to six minutes after administration, and only a small amount (1–3%) of 

an eye-drop actually reaches the intraocular tissue [1]. Thus, it is difficult to provide and maintain an 

adequate concentration of drug in the precorneal area. More than 75% of applied ophthalmic solution 

is lost via nasolachrymal drainage and absorbed systemically via conjunctiva, hence ocular drug 

availability is very low [2]. To increase ocular bioavailability and prolong the retention time on the 

ocular surface, numerous ophthalmic vehicles such as viscous solutions, suspensions, emulsions, 

ointments, aqueous gels, and polymeric inserts, have been investigated for topical application to  

the eye. 

In general, topical applied drugs do not reach the posterior segment of the eye (retina, vitreous, 

choroid), therefore, systemic administration, periocular or intraocular injections of drugs are normally 

applied in clinical therapeutics [3,4]. However, the unique anatomy and physiology of the eye and its 

protective barriers prevent the administrated drugs from penetrating into the target tissues. Currently 

there is also rapidly growing interest in drug delivery systems (DDSs) to the posterior segment of the 

eye. This trend is toward a polymeric depot system implanted or injected directly into the vitreous, to 

obtain long-term, sustained release of drugs, as described in Figure 2. 

Compliance is also problematic, particularly among patients who have chronic diseases such as 

glaucoma and refractory chorioretinal diseases, including uveitis, macular edema, neovascular (wet) 

and atrophic (dry) age-related macular degeneration (AMD), and retinitis pigmentosa (RP). It has been 

reported nearly 50% of glaucoma patients discontinued all topical ocular hypotensive therapy within 

six months [5]. Comparatively, for the treatment of neovascular AMD and macular edema secondary 

to retinal vein occlusion (RVO), standard therapy is intravitreal injections of ranibizumab, an  
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anti-vascular endothelial growth factor (VEGF) monoclonal antibody fragment (Lucentis
®

, Genentech, 

Inc., South SanFrancisco, CA, U.S.) once a month [6]. The monthly cost of Lucentis
®

 is about $2,000 

and that means effective treatment by Lucentis
®

 faces a serious social problem [7-9]. In addition, 

frequent intravitreal injections might cause complications, such as endophthalmitis and retinal 

detachment. Therefore, DDSs for increasing patient’s and doctor’s convenience are also  

urgently needed. 

 

Figure 2. Example of intravitreal drug delivery systems for vitreoretinal diseases. Adapted 

from Kuno, N.; Fujii, S. Biodegradable intraocular therapies for retinal disorders. Drugs 

Aging 2010, 27, 117-134. with permission from Adis, a Wolters Kluwer business  

(© Adis Data Information BV 2010. All rights reserved, by permission from Informa 

Healthcare: Current Eye Research [10], copyright 2010). 

 

 

 

In this article, the function of ocular barrier systems is described and then progress of ocular DDSs 

under clinical trials and in late experimental stage are reviewed. The summaries of ocular DDSs are 

represented in Table 1 for anterior segment and Table 2 for posterior segment. 

 

 

 

 



Polymers 2011, 3                            

 

196 

Table 1. Current and future drugs in clinical trials for anterior DDSs. 

Active ingredient Brand name Dosage form 
Release-controlling 

excipient 
Target Indication 

Developmental 

stage 

Azithromycin AzaSite® Eye-drops Polycarbophil Bacterial conjunctivitis Launched 

Azithromycin/Dexamethasone 

(ISV-502) 
AzaSite Plus™ Eye-drops Polycarbophil Blepharoconjunctivitis P3 

Bromfenac 

(ISV-303) 
- Eye-drops Polycarbophil Post cataract surgery P1/2 

Timolol maleate Rysmon® TG Eye-drops Methylcellulose Glaucoma Launched 

Betaxolol Betoptic S® Eye-drops Amberlite® IRP-69 Glaucoma Launched 

Tobramycin/Dexamethasone TobraDex® ST Eye-drops Xanthan gum Blepharitis Launched 

Timolol maleate Timoptic-XE® Eye-drops Gellan gum Glaucoma Launched 

- Cationorm® Eye-drops Cationic emulsion Mild dry eye Launched 

Cyclosporine 

(NOVA22007) 
- Eye-drops Cationic emulsion 

Dry eye  

Vernal keratoconjunctivitis 

P3  

P2/3 

Ketotifen - Soft contact lens - Allergic conjunctivitis P3 

Latanoprost - Puctal plug - Glaucoma P2 

Bimatoprost - Puctal plug - Glaucoma P2 

Cyclosporine 

(LX201) 
- 

Episcleral 

implant 
Silicone Aeratoconjunctivitis P3 

Latanoprost - 
Subconjunctival 

insert 
PLGA/PVA Glaucoma P1 

Dexamethasone phosphate 

(EGP-437) 
EyeGate II® Iontophoresis - 

Dry eye 

Anterior uveitis 

P3 

P2 

PLGA: poly(lactide-co-glycolide), PVA: poly(vinyl alcohol). 

Table 2. Current and future drugs in clinical trials for posterior DDSs. 

Active ingredient Brand name Dosage form 
Release-controlling 

excipient 
Target Indication 

Developmental 

stage 

Ganciclovir Vitrasert® IVT, implant EVA/PVA CMV retinitis Launched 

Fluocinolone acetonide Retisert®  IVT, implant Silicone/PVA Posterior uveitis Launched 

Fluocinolone acetonide Iluvien® IVT, implant Polyimide/PVA 
DME 

Wet AMD 

P3 

P2 

Dexamethasone Ozurdex® IVT, implant PLGA 

CRVO 

BRVO 

Posterior uveitis 

Launched 

Brimonidine - IVT, implant PLGA 
Dry AMD 

RP 

P2 

P1/2 

Triamcinolone acetonide I-vation™ TA IVT, implant PMMA/EVA DME P2 

CNTF 

(NT-501) 
- IVT, implant 

Semipermeable  

membrane/ARPE-19 

RP 

Dry AMD 

P2/3 

P2 

Triamcinolone acetonide 

(IBI-20089) 
- IVT, injection Oil 

CRVO 

BRVO 
P1 

Triamcinolone acetonide  

(RETAAC) 
- IVT, injection PLGA DME P1/2 

Corticosteroid prodrug 

(NOVA-63035) 
Cortiject® IVT, injection Emulsion DME P1 

Verteporfin Visudyne® IV, injection Liposome Wet AMD Launched 

Difluprednate Durezol™ Eye-drops Emulsion DME Off-label 

AMD: age-related macular degeneration, ARPE-19: human retinal pigment epitheliums cells, BRVO: branch retinal vein occlusion, 

CMV: cytomegalovirus, CNTF: ciliary neurotrophic factor, CRVO: central retinal vein occlusion, DME: diabetic macular edema, EVA: 

ethylene-vinyl acetate copolymer, IV: Intravenous, IVT: intravitreal, PLGA: poly(lactide-co-glycolide), PMMA: poly(methyl 

methacrylate), PVA: poly(vinyl alcohol), RP: retinitis pigmentosa. 
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2. Barriers to Restrict Intraocular Drug Transport 

2.1. Tear 

One of the precorneal barriers is tear film which reduces the effective concentration of the 

administrated drugs due to dilution by the tear turnover (approximately 1 L/min), accelerated 

clearance, and binding of the drug molecule to the tear proteins. In addition the dosing volume of 

instillation is usually 20–50 L whereas the size of cul-de-sac is only 7–10 L. The excess volume 

may spill out on the cheek or exit through the nasolacrimal duct [11-13]. For details of structure and 

function of tear film see [14]. 

2.2. Cornea 

The cornea consists of three layers; epithelium, stroma and endothelium, and a mechanical barrier to 

inhibit transport of exogenous substances into the eye [15] (Figure 3). Each layer possesses a different 

polarity and a rate-limiting structure for drug permeation. The corneal epithelium is of a lipophilic 

nature, and tight junctions among cells are formed to restrict paracellular drug permeation from the 

tear film. The stroma is composed of an extracellular matrix of a lamellar arrangement of collagen 

fibrils. The highly hydrated structure of the stroma acts as a barrier to permeation of lipophilic drug 

molecules. Corneal endothelium is the innermost monolayer of hexagonal-shaped cells, and acts as a 

separating barrier between the stroma and aqueous humor. The endothelial junctions are leaky and 

facilitate the passage of macromolecules between the aqueous humor and stroma [16]. 

Figure 3. Schematic of corneal structure and its cellular organization of various  

transport-limiting barriers. (Adapted from Cornea, 2nd Edition, vol 1. Nishida T. Cornea, 

Page 4. Copyright Elsevier 2005). 
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2.3. Conjunctiva 

Conjunctiva of the eyelids and globe is a thin and transparent membrane, which is involved in the 

formation and maintenance of the tear film. In addition, conjunctiva or episclera has a rich supply of 

capillaries and lymphatics [17-19] (Figure 4); therefore, administrated drugs in the conjunctival or 

episcleral space may be cleared through blood and lymph. The conjunctival blood vessels do not form 

a tight junction barrier [20], which means drug molecules can enter into the blood circulation by 

pinocytosis and/or convective transport through paracellular pores in the vascular endothelial layer.  

The conjunctival lymphatics act as an efflux system for the efficient elimination from the 

conjunctival space. Recently, it has been reported that at least 10% of a small molecular weight 

hydrophilic model compound (sodium fluorescein), administered in the subconjunctival space, is 

eliminated via the lymphatics within the first hour in rat eyes [21]. Therefore, drugs transported by 

lymphatics in conjunction with the elimination by blood circulation can contribute to systemic 

exposure, since the interstitial fluid is returned to the systemic circulation after filtration through 

lymph nodes.  

Figure 4. Shematic representations of subconjunctival or episcleral blood vessels, and 

lymphatics network. (Adapted from Robinson MR, Lee SS, Kim H, et al. A rabbit model 

for assessing the ocular barriers to the transscleral delivery of triamcinolone acetonide, 

Exp. Eye Res. 2006, 82, 479-487. with permission from Elsevier Inc., and The Human Eye 

with permission from Sinauer Associates, Inc., copyright 1999). 

 

2.4. Sclera 

The sclera mainly consists of collagen fibers and proteoglycans embedded in an extracellular 

matrix [22]. Scleral permeability has been shown to have a strong dependence on the molecular radius; 

scleral permeability decreases roughly exponentially with molecular radius [23]. Additionally, the 

posterior sclera is composed of a looser weave of collagen fibers than the anterior sclera [24], and the 

human sclera is relatively thick near the limbus (0.53 ± 0.14 mm), thin at the equator (0.39 ± 0.17 mm), 
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and much thicker near the optic nerve (0.9–1.0 mm). Thus, the ideal location for transscleral drug 

delivery is near the equator at 12–17 mm posterior to the corneoscleral limbus [25]. Hydrophobicity of 

drugs affects scleral permeability; increase of lipophilicity shows lower permeability; and hydrophilic 

drugs may diffuse through the aqueous medium of proteoglycans in the fiber matrix pores more easily 

than lipophilic drugs [26,27]. 

Furthermore, the charge of the drug molecule also affects its permeability across the sclera. 

Positively charged compounds may exhibit poor permeability due to their binding to the negatively 

charged proteoglycan matrix [28]. 

2.5. Choroid/Bruch’s Membrane 

Choroid is one of the most highly vascularized tissues of the body to supply the blood to the retina. 

Its blood flow per unit tissue weight is ten-fold higher than in the brain. In addition the choroidal 

capillary endothelial cells are fenestrated and, in humans, are relatively large in diameter (20–40 m) 

(Figure 5). 

 

Figure 5. Schematic of blood-retinal barrier, and capillary wall in the retina and the choroid. 

 

 

An Optical Coherence Tomography (OCT) can noninvasively measure the thickness of retina and 

choroid [29-32]. Using an OCT, it has been shown, choroidal thickness becomes thinner with 

age [33,34]. Previous histological studies have shown choroidal thickness changes from 200 m at 

birth decreasing to about 80 m by age 90 [35]. In addition, chorioretinal diseases including AMD 
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with pigment epithelial detachment [36], central serous chorioretinopathy [37,38], age-related 

choroidal atrophy [39], and high myopia [40], affect choroidal thickness. 

In contrast, Bruch’s membrane (BM) causes thickening with age [41]. These changes cause 

increased calcification of elastic fibers [42], increased cross-linkage of collagen fibers [41] and 

increased turnover of glycosaminoglycans [43,44]. In addition, advanced glycation end products and 

lipofuscin accumulate in BM [45-47]. Thickness changes of choroid and BM might affect drug 

permeability from subconjunctiva or episcleral space into the retina and the vitreous. 

 

2.6. Retina 

The drugs in the vitreous are eliminated by two main routes from anterior and posterior segments [1]. 

All drugs are able to eliminate via the anterior route. This means drugs can diffuse across the vitreous 

to the posterior chamber and, thereafter, eliminate via aqueous turnover and uveal blood flow. 

Elimination via the posterior route takes place by permeation across the retina. One of the barriers 

restricting drug penetration from the vitreous to the retina is the internal limiting membrane (ILM) 

(Figure 5). The ILM separates the retina and the vitreous, and is composed of 10 distinct extracellular 

matrix proteins [48]. Although a previous study using primates has suggested that molecules  

exceeding 100 kDa cannot cross the retinal layers into the subretinal space [49], it has been confirmed by 

immunohistochemical analysis, a full-length, humanized, anti-vascular endothelial growth factor (VEGF) 

monoclonal antibody (Bevacizumab, Avastin
®
, Genentech Inc.), composed of 214 amino acids with a 

molecular weight of 149 kDa, injected into the vitreous cavity, can penetrate through the sensory 

retina into retinal pigment epitheliums (RPE), subretinal and choroidal space, in monkey and  

rabbit [50,51]. In addition, nanometer-sized particles whose mean diameter is below 200 nm can 

penetrate across the sensory retina into RPE after intravitreal injection in rabbit [52,53].  

In intact retina, theoretically, the drugs in the subretinal fluid could either be absorbed by the 

sensory retinal blood vessels or transported across the RPE, where it may be absorbed into the 

choroidal vessels or pass through the sclera. Drug transport across the RPE takes place both by 

transcellular and paracellular routes. The driving forces of outward transport of molecules from the 

subretinal spaces are hydrostatic and osmotic, and small molecules might transport through the 

paracellular inter-RPE cellular clefts and by active transport through the transcellular route [15]. 

2.7. Blood-Retinal Barrier 

Blood-retinal barrier (BRB) restricts drug transport from blood into the retina. BRB is composed of 

tight junctions of retinal capillary endothelial cells and RPE, called iBRB for the inner and oBRB for 

the outer BRB, respectively [54] (Figure 5). The function of iBRB is supported by Müller cells  

and astrocytes. 

The retinal capillary endothelial cells are not fenestrated and have a paucity of vesicles (Figure 5). 

The function of these endothelial vesicles has been described as endocytosis or transcytosis that may 

be receptor mediated or fluid phase requiring adenosine triphosphate [55,56]. A close spatial 

relationship exists between Müller cells and retinal capillary vessels to maintain the iBRB in the 

uptake of nutrients and in the disposal of metabolites under normal conditions [57,58]. Müller cells are 

known to support neuronal activity and maintain the proper functioning of the iBRB under normal 
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conditions [59]. They are involved in the control and homeostasis of K
+
 and other ions signaling 

molecules, and in the control of extracellular pH [60]. Dysfunction of Müller cells may contribute to a 

breakdown of the iBRB in many pathological conditions, such as diabetes [61]. Müller cells enhance 

the secretion of VEGF under hypoxic and inflammatory conditions [62,63]. In vitro study has shown 

that VEGF-induced occluding phosphorylation and ubiquitination causes trafficking of tight junction 

and leads to increased retinal vascular permeability [64]. 

The astrocytes originate from the optic nerve and migrate to the nerve fiber layer during 

development [65]. They are closely associated with the retinal capillary vessels [66,67] and help to 

maintain the capillary integrity [68]. Astrocytes are known to increase the barrier properties of the 

retinal vascular endothelium by enhancing the expression of the tight junction protein ZO-1 and 

modifying endothelial morphology [69]. 

Following systemic drug administration, drugs can easily enter into the choroid since choroid is highly 

vascularized tissue compared to retina. The choriocapillaris are fenestrated resulting in rapid equilibration 

of drug molecules present in the bloodstream with the extravascular space of the choroid. Therefore, 

oBRB (RPE) restricts further entry of drugs from the choroid into the retina. RPE is a monolayer of 

highly specialized hexagonal-shaped cells, located between the sensory retina and the choroid. The tight 

junctions of the RPE efficiently restrict intercellular permeation into the sensory retina. 

3. Drug Delivery Systems to Anterior Segment of the Eye 

3.1. Eye-Drops 

To prolong the retention time of topically applied drugs, anterior DDSs for eye-drops utilizing 

interaction between drug carrier (excipients) and physiological environment of cornea and/or 

subconjunctiva are being developed. 

Durasite
®

 DDS (InSite Vision Inc., Alameda, CA, U.S.) is based on a polycarbophil aqueous 

solution [70]. Polycarbophil is polyacrylic acid cross-linked with divinyl glycol, and forms 

hydrogen-bonding with the mucus, and corneal and conjunctival epitheliums, which are all negatively 

charged, to extend the effects of drug to several hours.  

A broad-spectrum antibiotic, azithromycin ophthalmic solution, formulated with Durasite
®

 

(AzaSite
®

, Inspire Pharmaceuticals Inc., Durham, NC, U.S.) for the treatment of bacterial 

conjunctivitis was launched in the United States in 2007 [71]. This utilizes Durasite
®

, a combination of 

azithromycin and dexamethasone (DEX) (ISV-502; AzaSite Plus™, InSite Vision Inc.), for the 

treatment of blepharoconjunctivitis and is currently in Phase III [72]. Bromfenac in DuraSite
®

  

(ISV-303, InSite Vision Inc.) is in Phase I/II to reduce inflammation and pain after ocular surgery [73]. 

Methylcellulose (MC) has a lower critical solution temperature (LCST) at approximately 50 °C [74], 

and sol-gel phase transition occurs. Since the temperature of ocular surface is 32–34 °C [75], LCST 

needs to be lower to gel MC solution at ocular surface quickly after instillation as eye-drops. In 

general, high concentration of electrolytes leads to salting-out and gelation of MC [74]. Wakamoto 

Pharmaceutical Co., Ltd. (Tokyo, Japan) has developed temperature-responsive eye-drops formulated 

timolol maleate for glaucoma therapy (Rysmon
®

 TG) available in Japan, using combinations of MC, 

sodium citrate and polyethylene glycol, which can act by lowering LCST of MC. 
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A strong cationic ion exchange resin, Amberlite
®

 IRP-69 is polystyrene sulfonic acid resin 

cross-linked with divinyl benzene. Betoptic S
®

 marketed from 1990 (Alcon Laboratories, Inc., Fort 

Worth, TX, U.S.), whose active ingredient is betaxolol for glaucoma therapy, is consisted of this  

resin [76]. Positively charged betaxolol is bound to the negatively charged sulfonic acid groups in the 

resin. When betaxolol-bound resin is applied to the eye, the cationic ions such as Na
+
 or K

+
 in the tear 

fluid induce the release of betaxolol molecules from resin matrix into the tear film and lead to 

betaxolol penetration across the cornea [77]. 

TobraDex
®

 ST (Alcon Laboratories, Inc.), a combination of tobramycin 0.3% and DEX 0.05%, has 

been launched as an anti-inflammatory and anti-infective formulation for blepharitis [78]. It improves 

the suspension formulation characteristics and quality, tear film kinetics, and tissue penetration using 

xanthan gum, an anionic polysaccharide with repeating unit of two D-glucose, two D-mannose and one 

D-glucuronic acid residues [79]. The xanthan gum forms an ionic interaction with tobramycin to 

decrease the viscosity of the suspension compared with that normally expected from xanthan gum. The 

xanthan gum-tobramycin interaction reduces sedimentation of DEX particles and improves suspension 

characteristics. The viscosity increases after mixing with tears as the interactions between xanthan 

gum and tobramycin are interrupted by pH and the ionic content of tears. The enhanced viscosity leads 

longer retention and improves the ocular bioavailability of the drugs. 

Gellan gum is an anionic deacetylated polysaccharide with a tetrasaccharide repeating unit of one  

-L-rhamnose, one -D-glucuronic acid and two -D-glucuronic acid residues. In situ gelation occurs 

in the presence of mono- and divalent cations including Ca
2+

, Mg
2+

, K
+
 and Na

+
 [80]. Timoptic-XE

®
 

(Merck & Co., Inc., Whitehouse Station, NJ, U.S.) formulated using gellan gum, is on the market, and 

shows administration once a day is equally effective in lowering intraocular pressure (IOP) as the 

equivalent concentration of simple eye-drops of aqueous solution of timolol maleate (Timoptic
®

, 

Merck & Co., Inc.) administered twice a day [81]. 

Novasorb
®

 (Novagali Pharma S.A., Evry, France) is a cationic emulsion, based on electrostatic 

attraction that occurs between the oily droplets of a positively-charged emulsion loaded with active 

ingredient, and negatively charged ocular surface [82]. Therefore, Novasorb
®

 improves solubility and 

absorption of lipophilic drugs, reduces the number of instillation times and side effects, leading to 

better efficacy and compliance. Cationorm
®

, which is composed of only cationic emulsion without any 

active ingredients, has been launched for mild dry eye [83]. NOVA22007, a cationic emulsion 

incorporated cyclosporine, has completed Phase III studies for dry eye [84] and Phase II/III studies for 

vernal keratoconjunctivitis [85].  

 

3.2. Contact Lens 

Soft contact lens-based DDSs have been investigated by several approaches: (1) Soak and 

absorption of drug solution [86]; (2) piggyback contact lens combined with a drug plate or drug 

solution [87]; (3) surface-modification to immobilize drugs on the surface of contact lenses [88]; 

(4) incorporation of drugs in a colloidal structure dispersed in the lens [89]; (5) ion ligand-containing 

polymeric hydrogel [90]; and (6) molecularly imprinting of drugs [91,92].  

The soft contact lens based drug delivery devices are being developed by the following two 

companies, but details have not been disclosed. Vistakon Pharmaceuticals, LLC (Philadelphia, PA, 
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U.S.) has completed a multicenter Phase III clinical trial for a contact lens presoaked to release an 

antihistamine drug, ketotifen, to prevent allergic conjunctivitis in contact lens wearers [93,94]. SEED 

Co., Ltd. (Tokyo, Japan) and Senju Pharmaceutical Co., Ltd. (Osaka, Japan) have co-developed a 

disposable soft contact lens to release incorporated sodium cromoglicate for one day. They have 

announced clinical trials for allergic conjunctivitis in Japan will be conducted in 2010 [95]. 

3.3. Cul-de sac Inserts 

Ocusert
®

 provides uniform controlled release (20 or 40 g/hour for 7 days) of pilocarpine as an 

ocular hypotensive drug, and has been commercialized in 1974 [96]. Ocusert
®

 consists of two outer 

layers of ethylene-vinyl acetate copolymer (EVA), and an inner layer of pilocarpine in alginate gel 

within di-(ethylhexyl)phthalate for a release enhancer, sandwiched between EVA layers [97]. 

However, Ocusert
®

 has not become widely used because of unsatisfactory IOP control due to various 

causes, including difficulty of inserting the device, ejection of the device from eye, and irritation 

during insertion [98]. 

Lacrisert
®

 (Aton Pharma, Inc., Lawrenceville, NJ, U.S.) is a rod-shaped, water-soluble cul-de-sac 

insert composed of hydroxypropyl cellulose without preservatives and other ingredients (1.27 mm 

diameter, 3.5 mm long), and is indicated in moderate to severe dry eye syndrome [99]. Lacrisert
®

 has 

not been applied as a drug delivery carrier as yet. 

Although previously many inserts including collagen shield, Ocufit SR
®

, New Ophthalmic Delivery 

System, and Minidisc ocular therapeutic system have been developed [97,100], there are no further 

activities at present. The commercial failure of inserts might be attributed to psychological factors 

including the reluctance to abandon the traditional droppable formulations, and occasional ejection 

from the eye observed in the case of Ocusert
®

. 

3.4. Punctal Plugs 

To prolong the retention time and increase absorption and efficacy after instillation of eye-drops, 

inhibition of drainage through nasolacrimal system using punctal plug into the pancta is a 

long-standing approach [101]. Efficacy of an ocular hypotensitive agent in eye-drops in conjunction 

with punctual occlusion by punctual plug has been evaluated. Although punctal occlusion significantly 

decreased approximately 2 mmHg of IOP in the plugged eyes (p < 0.001), it was not concluded that 

this IOP decrease is clinically significant [102,103]. 

QLT Inc. (Vancouver, Canada) and Vistakon Pharmaceuticals, LLC have individually developed 

punctal plugs as DDSs for latanoprost and bimatoprost, respectively. QLT Inc. has reported Phase II 

data for a punctual plug containing a latanoprost dose of 44 g, 81 g, and two different release rates 

of 95 g. A retention rate based on available data from 185 eyes with 12 weeks of follow-up in 

conjunction with previous studies was 81%, but a dose-response for IOP reduction was not  

observed [104]. QLT Inc. plans a clinical trial of punctal plug containing an antihistamine drug, 

olopatadine, for the treatment of allergic conjunctivitis.  

The Phase II results of punctal plug containing bimatoprost conducted by Vistakon Pharmaceuticals, 

LLC has also shown no dose-response for IOP reduction [105]. 
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3.5. Subconjunctival/Episcleral Implants 

LX201 (Lux Biosciences Inc., Jersey City, NJ, U.S.) is a silicone matrix episcleral implant designed 

to deliver cyclosporine A to the ocular surface for one year. The implant is flat on the bottom in 

contact with the episclera, and the top is rounded, in contact with anterior surface. LX201 is available 

in two different lengths of 0.5 and 0.75 inches. Each implant is 0.08 inches wide and 0.04 inches 

high [106]. In preclinical studies using rabbits and dogs, the episcleral cyclosporine implant delivered 

continuously potentially therapeutic cyclosporine levels to the lacrimal gland, and showed efficacy in a 

model of keratoconjunctivitis [106,107]. Phase III study of LX201 to prevent corneal transplant 

rejection is now ongoing [108]. 

An episcleral implant developed by 3T Ophthalmics (Irvine, CA, U.S.) is also composed of silicone 

and looks like a tiny bathtub, less than 1.0 cm long. It can be re-filled with drugs in any form, such as a 

solution, gel or matrix [109]. In animal studies using model compound (sodium fluorescein), the 

episcleral implant facilitates diffusion of fluorescein through the sclera, leading to high levels in the 

retina and posterior vitreous, and tissue levels are markedly increased compared with periocular 

injection of the same amount of fluorescein [110]. At present, 3T Ophthalmics plans to enter clinical 

trials for retinoblastoma in the near future [109]. 

A subconjunctival insert containing latanoprost (Latanoprost SR insert) in Phase I clinical study 

developed by Pfizer, Inc. (New York, NY, U.S.) is composed of a poly (DL-lactide-co-glycolide) 

(PLGA) tube containing a latanoprost-core. One end of the tube is capped with an impermeable 

polymer, silicone, and the other end is capped with a permeable polymer, polyvinyl alcohol (PVA). 

Latanoprost is released across the PVA-end and its release rate is regulated by an internal diameter of 

PLGA tube. Duration of latanoprost release is designed for 3–6 months [111]. 

4. Drug Delivery Systems to Posterior Segment of the Eye 

4.1. Intravitreal Implants 

 

4.1.1. Durasert™ Technology System 

 

Durasert™ technology system (pSivida Corp., Watertown MA, U.S.) uses a drug core with one or 

more surrounding polymer layers, and delivers drugs for predetermined periods of time ranging from 

days to years. The drug release is controlled by permeability of the polymer layers [112].  

Using the Durasert™ system, an antiviral drug, ganciclovir (GCV)-loaded intravitreal implant 

(Vitrasert
®

, Bausch & Lomb Inc., Rochester, NY, U.S.) for the treatment of cytomegalovirus retinitis, 

has been developed as the first intravitreal DDSs that avoids systemic side effects and does not involve 

frequent intravitreal injections. This implant is made of EVA and PVA, and releases GCV by passive 

diffusion through a small opening in EVA at the base of the device for 6–8 months [113,114]. 

Retisert
®

 (Bausch & Lomb Inc.), an intravitreal implant containing fluocinolone acetonide  

(FA) [115-117], is approved by FDA for the treatment of non-infectious posterior uveitis. The 

constitution of the implant and drug release duration are different from the above-mentioned Vitrasert
®

. 

The implant contains 0.59 mg of FA and was designed to deliver the drug for up to 1,000 days. The 

Retisert
®

 implant is composed of a central core consisting of FA compressed into a 1.5 mm diameter 
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tablet [118]. Each FA tablet is encased in a silicone elastomer cup containing a release orifice. A  

semi-permeable layer of PVA coats the tablet inside the cup reservoir near the release orifice, creating 

a membrane between the tablet and the orifice that serves as an additional barrier for drug release from 

the cup. A suture tab, made from a sheet of heat cured PVA film, is attached to the silicone cup using 

silicone adhesive. The suture tab is used to anchor the implant in the eye through a suture hole. Both 

the silicone adhesive and the silicone elastomer material are impermeable to FA, while PVA is 

permeable to diffusion of the drug. By varying the size of the silicone elastomer cup’s release orifice 

and the permeability of the PVA layer between the tablet and the orifice, the rate of drug release from 

the implant can be controlled. Release of FA from the cup reservoir occurs as water from the exterior 

of the implant penetrates into it and dissolves some of the drug. The dissolved drug substance then 

diffuses across the release orifice through the semi-permeable layer of PVA into the medium.  

An injec.table, rod-shaped intravitreal implant with FA (Iluvien
®

, Alimera Sciences, Alpharetta, 

GA, U.S.) (length: 3.5 mm, diameter: 0.37 mm) has been developed for the treatment of diabetic 

macular edema (DME). Iluvien
®

 is made of polyimide and PVA, small enough to be injected using an 

inserter with a 25-gauge needle and is expected to provide sustained delivery of FA to the back of the 

eye for up to three years [119]. Alimera Sciences is currently conducting two Phase III pivotal clinical 

trials (FAME Study) for Iluvien
®

 involving 956 patients in sites across the United States, Canada, 

Europe and India to assess the efficacy and safety of Iluvien
®

 with high (0.45 g/day) and  

low (0.23 g/day) doses [120]. The primary efficacy endpoint for the FAME Study is the difference in 

the percentage of patients whose best corrected visual acuity (BCVA) improved by 15 or more letters 

from baseline on the Early Treatment Diabetic Retinopathy Study (ETDRS) chart, at 24 months, 

between the treatment and control groups. The study will conclude later this year with the final patient 

visits at the three-year data point. Alimera Sciences has submitted a New Drug Application including 

the 24 month low dose data from the FAME Study to FDA in June, 2010 [121]. In addition to DME, 

Iluvien
®

 is in Phase II for the treatment of wet AMD compared to Lucentis
®

 [122], dry AMD 

(geographic atrophy: GA) [123], and macular edema secondary to RVO [124]. 

 

4.1.2. Novadur™ Technology 

 

Ozurdex
®

 (Allergan, Inc., Irvine, CA, U.S.) is an intravitreal implant containing 0.7 mg of DEX 

composed of PLGA (length: 6.5 mm, diameter: 0.45 mm) approved by FDA in June, 2009 for the 

treatment of macular edema due to branch retinal vein occlusion (BRVO) and central retinal vein 

occlusion (CRVO) [125]. Ozurdex
®

 is administered by specially designed injector with a 22-gauge 

needle into vitreous cavity. 

Two multicenter, 6 months, sham-controlled clinical trials examined 1,267 patients with visual loss 

due to macular edema associated with BRVO or CRVO [126]. Patients were given a single treatment 

with the DEX-intravitreal implant 0.7 mg (n = 427), the implant with a 0.35 mg dose (n = 414), or 

sham injection (n = 426). After one treatment, the time for patients to achieve a ≤15-letter 

improvement in BCVA was significantly less in both groups receiving the DEX-intravitreal implant 

compared with sham-assigned patients (P ≤ 0.001). The percentage of eyes that had a ≥15-letter 

improvement in BCVA was significantly higher in both of the DEX-intravitreal implant groups versus 

sham at 30 to 90 days (P ≤ 0.001). 
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The percentage of eyes having a ≥15-letter loss in BCVA was significantly lower in the groups 

receiving the DEX-intravitreal implant 0.7 mg compared with sham at all follow-up visits (P ≥ 0.036). 

In addition, the improvement of mean BCVA was greater in both DEX-intravitreal implant groups 

compared with sham at all follow-up time-points (P ≥ 0.006). Improvements of BCVA with 

DEX-intravitreal implant treatment were seen in patients having BRVO and in those with CRVO, 

although the patterns of patient’s responses differed. The percentage of eyes treated with the 

DEX-intravitreal implant that had an IOP ≥ 25 mm Hg peaked at 16% at day 60 (for both doses) and 

was not different from the sham-eyes by day 180. Most recently Ozurdex
®

 has been approved by FDA 

for posterior non-infectious uveitis [127]. At present, Ozurdex
®

 is in Phase III clinical trial for 

DME [128]. 

Brimonidine is a 2 adrenergic agonist, which can release various neurotrophins including 

brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF) [129,130]. These 

neurotrophins have a potential to prevent apoptosis of photoreceptors and/or RPE [131,132]. PLGA 

intravitreal implant with two doses (200 g, 400 g) of brimonidine tartrate similar to Ozurdex
®

 is 

now in Phase II clinical study for dry AMD [133], and phase I/II clinical trials for RP [134] by 

Allergan, Inc. 

 

4.1.3. I-vation™ TA 

 

SurModics, Inc. (Eden Prairie, MN, U.S.) has a delivery system using I-vation™ technology to 

delivery triamcinolone acetonide (TA) into the vitreous. I-vation™ intravitral implant is a titanium 

helical coil (length; 0.5 mm, width; 0.21 mm) coated with TA (925 g) and non-biodegradable 

polymers; poly(methyl methacrylate) and EVA. It is predicted that this implant will have an in vivo 

sustained delivery for a minimum of two years [135]. At present, I-vation™ is in Phase I clinical trials in 

patients with DME and 24 months interim results were reported [136]. At 24 months, 25 of 31 patients 

remained in the study; 11 patients (11 eyes) in the slow-release group, 14 patients (14 eyes) in the  

fast-release group. The proportion of patients demonstrating improved visual acuity (greater than zero 

ETDRS letter gain from baseline) was 64% in the slow-release group and 72% in the fast-release 

group. 28.6% of patients in the fast-release group gained greater than 15 letters. The mean macular 

thickness, measured by OCT, decreased in the slow group from 529 m at baseline to 328 m, and in 

the fast-release group from 376 m at baseline to 268 m 

 

4.1.4. NT-501 

 

Neurotech Pharmaceuticals, Inc. (Lincoln, RI, U.S.) has been developing ―Encapsulated Cell 

Technology‖, which provides extracellular delivery of CNTF through long-term and stable intraocular 

release at constant doses through a device implanted in the vitreous [137]. It contains human RPE cells 

(ARPE-19) genetically modified to secrete recombinant human CNTF. The device consists of a sealed 

semi-permeable membrane capsule surrounding a scaffold of six strands of polyethylene terephthalate 

yarn, which can be loaded with cells. The device is surgically implanted in the vitreous through a tiny 

scleral incision and is anchored by a single suture through a titanium loop at one end of the device. 

The semi-permeable membrane allows the outward diffusion of CNTF and other cellular metabolites 
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and the inward diffusion of nutrients necessary to support the cell survival in the vitreous cavity while 

protecting the contents from host cellular immunologic attack. A Phase I clinical trial for RP has been 

completed and demonstrated well tolerated for 6 months implantation [138]. Eighteen month results in 

Phase II study for patients with GA with dry AMD were reported [139]; 48 participants were 

randomized in a 2:1:1 ratio to receive a high or low dose NT-501, or to sham surgery, respectively. 

Among eyes with baseline BCVA 20/63, the mean BCVA in the high dose group was 10.5  

and 10.0 letters greater than the low dose/sham group at 12 months with statistically significant 

difference (p = 0.03), and 18 months respectively. Stabilized visual acuity was accompanied by 

corresponding structural changes; NT-501 treatment resulted in a dose-dependent increase of retinal 

thickness as early as four months after implantation and this increase was maintained through 6, 12 

and 18 months (p < 0.001). The growth rate of GA lesion area was reduced in treated eyes compared to 

fellow eyes at 12 and 18 months. 

Neurotech Pharmaceuticals, Inc. plans to initiate a Phase I study of NT-503, which releases a VEGF 

antagonist using ―Encapsulated Cell Technology‖, for neovascular AMD [140]. 

4.2. Injectable Particulate Systems 

4.2.1. IBI-20089 

Icon Bioscience, Inc. (Sunnyvale, CA, U.S.) is developing IBI-20089 containing TA using 

Verisome™ drug delivery platform technology. The Verisome™ is a translucent liquid. When the  

IBI-20089 mixes with saline, the solution becomes a milky, slightly opaque color and forms gel. 

According to Icon’s patent [141], IBI-20089 might be a solution of TA in biodegradable benzyl 

benzoate. IBI-20089 is designed to last up to one year with a single intravitreal injection. An open 

label, Phase I study for cystoid macular edema associated with BRVO or CRVO, has been 

completed [142]. Five patients received an intravitreal injection of 6.9 mg TA in 25 L, and other 

patients received 13.8 mg TA in 50 L by using 28 or 30 gauge needle. For the 6.9 mg cohort, mean 

central subfield thickness decreased from 477 m at baseline to 368.6 m at day 1 (p < 0.06); 387 m 

at day 30 (p = 0.18), 301 m at day 180 (p = 0.18), 244 m (p = 0.47) day 270, 251 m (p = 0.46) at 

day 360. For the 13.8 mg cohort, mean central subfield OCT thickness decreased from 518 m at 

baseline to 404 m at day 1 (p = 0.134); 289 m at day 30 (p = 0.003), 207 m at day 180  

(p = 0.004), 276 m (p = 0.001) at day 270, 278 m (p = 0.009) at day 360. IBI-20089 adjunctively 

with 0.5 mg of ranibizumab (Lucentis
®

) is now being tested in a Phase II clinical study for neovascular 

AMD [143]. 

4.2.2. RETAAC 

Cardillo et al. reported human studies of PLGA microspheres with TA (RETAAC system) [144]. 

RETAAC was injected intravitreously into patients with diffuse DME and their efficacy compared to 

naked TA-injections. RETAAC-treated eyes showed marked decrease of retinal thickness as well as 

improved visual acuity for 12 months. This study demonstrated a superior long-term pharmacologic 

performance compared to naked TA-injected eyes. RETAAC was found to be safe and well tolerated 

by the retina. No drug or procedure related side effects were observed in this study. A Phase I/II study 
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has been conducted for 21 patients with DME unresponsive laser photocoagulation and demonstrated 

central macular edema measured by OCT showed a reduction from baseline exceeding 59%  

at 3 months after injection of RETAAC, which remained at 6 and 12 months, but significant 

improvement of visual acuity was not achieved. 

 

4.2.3. Cortiject
® 

Cortiject
®

 (NOVA63035, Novagali Pharma S.A.) is a preservative-free emulsion composed of oily 

carrier and phospholipid as surfactant, encapsulating a target tissue-activated corticosteroid  

prodrug [145]. Released DEX palmitate is de-esterified by a retina-specific esterase, and activated to 

be DEX. A single intravitreal injection provides sustained release over 6–9 months. Although an 

open-label, Phase I study for DME is currently under way, details are not disclosed [146]. 

 

4.2.4. Visudyne
® 

 

Liposomes can also be designed to intervene in intercellular biological responses between receptors 

and ligands in physiological or pathological conditions and also to receive external signals by laser 

beam or an electric or magnetic field [147-149]. Therefore, liposomes may become available for a 

drug targeting system. Visudyne
®

 (QLT Ophthalmics, Inc., Menlo Park, CA, U.S.) is an intravenous 

liposomal formulation containing photosensitizer, verteporfin, in photodynamic therapy for 

predominantly classic subfoveal choroidal neovascularization due to AMD, pathologic myopia or 

presumed ocular histoplasmosis [150]. Plasma lipoproteins, such as low-density lipoprotein (LDL), 

have been proposed to enhance the delivery of hydrophobic verteporfin to malignant tissue since 

tumor cells have been shown to increase numbers of LDL receptors [151]. In addition, it is reported 

that liposomes composed of negatively charged phospholipids, such as phosphatidylglycerol, uptake 

into tumor cells by LDL receptor-mediated endocytosis [152]. It is thought that verteporfin, released in 

blood flow from liposome, is associated with LDL, and uptakes in neovascular tissues and undissociated 

verteporfin still encapsulated in liposome, is accumulated in vascular endothelial cells via LDL  

receptor-mediated endocytosis since phosphatidylglycerol is a major constitute of Visudyne
®
 formulation. 

 

4.3. Eye-Drops 

Aqueous suspension of poorly water-soluble drugs has some pharmaceutical problems including 

caking and poor redispersibility, which may affect bioavailability due to dosing error, and difficulty of 

filtration sterilization due to the wide range of particle size. Difluprednate emulsion clears these 

problems, and can more easily penetrate into intraocular tissues compared with its suspension [153]. 

A non-randomized clinical study for refractory DME after vitrectomy, with eye-drops of 

difluprednate emulsion (Durezol™, Alcon Laboratories, Inc.), approved by FDA for the treatment of 

inflammation and pain associated ocular surgery, was conducted to compare with sub-tenon’s injection 

of TA [154]. In the eye-drops group (11 eyes in 7 patients), mean retinal thickness measured by OCT 

decreased from 500.6 ± 207.7 m at baseline to 341.2 ± 194.8 m at 3 month. For the sub-tenon’s TA 

group (11 eyes in 10 patients), mean retinal thickness decreased from 543.3 ± 132.6 m at baseline  
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to 378.6 ± 135 m at 3 months. The rate of effective improvement in retinal thickness did not differ 

between the difluprednate eye-drops (73%) and sub-tenon’s TA (84%) (Fisher’s exact test: P = 1). 

 

5. Physical Devices  

5.1. Iontophoresis 

Iontophoresis is a noninvasive technique for ocular drug delivery, and therefore avoids the 

complications of a surgical implantation or frequent and high dose of intravitreal injections. The drug 

is applied with a weak direct current (DC) that drives charged molecules across the sclera and into the 

choroid, retina, and vitreous. A ground electrode of the opposite charge is placed elsewhere on the 

body to complete the circuit. The drug serves as the conductor of the current through the tissue. In the 

rabbit iontophoresis of DEX phosphate, DEX levels in the cornea after a single transcorneal 

iontophoresis for 1 min (1 mA) were up to 30 fold higher compared to those obtained after frequent 

eye-drops instillation [155]. 

Eyegate Pharmaceutical, Inc. (Waltham, MA, U.S.) has begun to enroll for a pivotal Phase III study 

of EGP-437 for the treatment of dry eye syndrome [156]. EGP-437 is a DEX phosphate for delivery 

using the EyeGate II
®

 Delivery System. The EyeGate II
®

 Delivery System has been studied in many 

subjects and completed Phase II studies for the treatment of dry eye [157] and anterior uveitis [158]. 

Theoretically, iontophoresis is limited to drugs of a small size, an ionic nature and with low 

molecular weight, and in the case of diffusion, treatment time is passively determined by the typically 

slow diffusion process rather than the therapeutic need. In many cases, existing drugs need to be 

reformulated to confer an electric charge so that they can be utilized within the system. To resolve 

these problems, Macroesis™ (Buckeye Pharmaceuticals, Beachwood, OH, U.S.) propose using an 

alternating current instead of DC [159,160]. 

5.2. Micro-Electromechanical Intraocular Drug Delivery Device 

A microelectromechanical systems (MEMS) drug delivery device is investigated for the treatment 

of chronic and refractory ocular diseases [10,161]. MEMS device can be re-filled with the drug 

solution, giving long-term drug therapy which avoids repeated surgeries. The first generation of 

MEMS is a manually-controlled system limited by variations in the drug-release duration and force 

applied for depressing of the reservoir. To resolve this problem, the next generation device consists of 

an electrolysis chamber with electrolysis actuation to precisely delivery the desired dosage volume, a 

drug reservoir with refill port, battery and electronics. Biocompatible and flexible parylene is used to 

construct the MEMS. Battery and wireless inductive power transfer can be used to drive electrolysis. 

Electrolysis is a low power process in which the electrochemically-induced phase change of water to 

hydrogen and oxygen gas generates pressure in the reservoir forcing the drug through the cannula [10]. 

The reservoir is implanted in the subconjunctival space and flexible cannula is inserted through 

incision into the anterior or posterior segment. 

Prototypes of MEMS with ocular hypotensive agents, 0.5% timolol or 0.004% travoprost, were 

implanted in two dogs under the temporal conjunctiva with the cannula inserted into the anterior 
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chamber [162]. The reduction of IOP was continued for 8 hours, and no complications were observed 

for 3 months.  

Replenish, Inc. (Pasadena, CA, U.S.) plans to enter trials for FDA approval this year for a refillable 

and programmable pump that would be implanted in the eye to feed medicine for glaucoma or AMD. 

The Replenish device can last more than five years before needing replacement, much longer than 

current treatments [163]. 

6. Conclusions 

The eye is one of the most complex organs in the human body as previously mentioned in 

this review.  

Many successes in anterior DDSs for prolonging retention time and reducing administration 

frequency have been achieved. Additional needs in this field might be to improve patient’s and 

doctor’s compliance. 

On the other hand, many implantable sustained DDSs for chronic vitreoretinal diseases, using 

biodegradable or non-biodegradable polymers, are being developed. In order to reduce side-effects 

during long-term drug exposure, intelligent posterior drug delivery strategies, which respond to 

external environment changes and/or disease-oriented pathophysiological signals, are needed. Due to 

transparent ocular mediums, intraocular tissues (vitreous and retina) are relatively easy to be observed 

without invasion, and various administration approaches including intravitreal or subretinal 

injection/implantation could be developed. In addition to Lucentis
®

 (monoclonal antibodies), since the 

eye-ball is a closed organ, novel therapeutic molecules such as an antisense oligonucleotide for 

cytomegalovirus retinitis, an aptamer or a small interfering RNA for neovascular AMD, have been 

investigated in human eye before their applications for systemic diseases. Therefore more challenging 

approaches might be applicable in the ophthalmic field. Certainly, we should further consider the most 

efficacious combinations of optimal drugs, dose, route, and drug release pattern (sustained-release, 

pulsatile-release, or controlled-release responding to a trigger) according to the pathophysiology and 

progressive courses of the targeted disease. 
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