
ExP.ert 
Opinion 

1. Introduction 

2. 3ructure of the eye 

3. 3ructure of the retina 

4. Drug delivery to the retina 

5. Transporters and transporter-

mediated drug delivery 

6. Conclusion and expert opinion 

For reprint orders, please 
contact: 
reprints@ashley-pub.com 

A,hloy Pob//eatl,,.1111 
w w w .ash/ey-pub.com 

Review 

Delivery 

Drug delivery to the retina: 

ch a II e n g es a n d o p p o rt u n it i es 
Sridhar Duvvuri, Soumyajit Majumdar & Ashim K Mitrat 
ff) ivision of Pharmaceutical Sciences; School of Pharmacy. University of Afissouri-Kansas City, 

Kansas City, Missouri, 64110-2499, USA 

Retinal drug delivery is a challenging area in the field of ophthalmic drug 

delivery. An ideal drug delivery system for the retina and vitreous humor has 

not yet been found, despite extensive research. Drug delivery to retinal tissue 

and vitreous via systemic ad ministration is con st rained due to the presence of 

a blood-retinal barrier (BRB) which regulates permeation of substances from 

blood to the retina. Although intravitreal administration overcomes this bar­

rier, it is asrociated with several other problems. In recent years, transporter 

targeted drug delivery has become a dinically significant drug delivery 

approach for enhancing the bioavailabilities of drug molecules with poor 

membrane permeability characteristics. Various nutrient transporters, which 

indude peptide, amino acid, folate, monocarboxylic acid transporters and ro 

on, have been reported to be expressed on the retina and BRB. Prod rug deri­

vatisation of drug molecules which target these transporters could result in 

enhanced ocular bioavailability. Highlighted in this review are various strate­

gies currently employed for drug delivery to the posterior chamber, and novel 

opportunities that can be exploited to enhance ocular bioavailability of drugs. 

Keywords: blood-retinal barrier, carrier-mediated transport, drug delivery, ocular bioavailabilily, 
retina, retinal pigmented epithelium, transporters 
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1. Introduction

Drug delivery to the posterior segment of the eye, comprising the retina, choroid, 

vitreous humor and sclera, is one of the most interesting and challenging tasks facing 

the pharmaceutical scientist. The choroid is richly perfused with blood vessels lined 

by endothelial cells which allow easy exchange of molecules between blood and 

choroid. Such rapid drug uptake allows effective systemic therapy of infections 

affecting the choroid, such as choroiditis. However, diseases commonly affecting the 

retina, which include bacterial endopthalmitis and cytomegaloviral (CMV) retinitis, 

may lead to severe sight threatening pathologies, particularly due to poor penetra­

tion of drug molecules into the retina. Two main components of the barrier that pre­

vent entry of molecules from the systemic circulation into the ocular compartments 

are the blood-retinal barrier (BRB) in the posterior segment, and the blood-aqueous 

barrier (BAB) in the anterior segment of the eye. Together, the BRB and BAB form 

the blood-ocular barrier. The BRB prevents free passage of xenobiotics from the 

choroid into the retina and vitreous. Circumventing this barrier in an efficient way, 

with no or minimal damage to the tissue, is a significant challenge to an ocular drug 

delivery scientist. Passage of drugs from the anterior segment to the posterior seg­

ment would not be efficient because of the continuous drainage of aqueous humor. 

Thus, overcoming the BAB may not be an effective approach to enhance drug con­

centrations in the retina and vitreous. Conventional ophthalmic dosage forms, that 

is, solutions, ointments and creams, are unable to provide us with an answer to the 

problem of drug delivery to the retina and vitreous. Development of newer dosage 
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Figure 1. Cross-sectional view of the eye. 

forms, like intravitreal injections, implants, subconjunctival 

implants and so on, have had only limited success. To under­

stand the barriers for drug delivery to the retina, a closer look 

at the structure and anatomy of the eye and retina is necessary. 

2. Structure of the eye

A cross-sectional view of the eye depicts three different layers: 

• external layer formed by cornea and sclera

• intermediate layer divided into two parts: anterior (iris-cili-

ary body) and posterior ( choroid)

• internal layer: retina (Figure 1)

The eye contains the following fluid chambers: 

• aqueous humor - between the cornea and iris

• vitreous humor - between the lens and retina

The globe is held in position in the orbital cavity by various lig­

aments and muscles. The conjunctiva is a protective layer 

which covers the eyeball, and is in contact with the outer envi­

ronment. It consists of a thin mucous membrane layer in the 

inside of the eyelids and anterior sclera. In common parlance, 

the anterior segment refers to the cornea, aqueous humor and 

iris-ciliary body, whereas the vitreous humor, retina, choroid 

and sclera together com prise the posterior segment of the eye. 

So far, a bulk of research activity has been devoted to im prov­

ing drug penetration into the tissues and fluids of the anterior 

segment, following systemic and topical administrations. Few 

such investigations have been carried out on the posterior seg­

ment. With the advent of diseases like CMV retinitis, bacterial 

and fungal endophthalmitis, and diabetic and proliferative vit­

real and retinal pathologies, achieving effective drug levels in 

the retina/ choroid and vitreous has gained high clinical signifi­

cance. Despite the developments achieved in the area of drug 

delivery to the posterior segment to date, further delineation in 

drug transport mechanisms and development of novel delivery 

systems targeted to the retina and vitreous are necessary. A close 

examination of the local physiology and anatomy of the poste­

rior segment of the eye, particularly the retina and the BRB, 

will be of importance in understanding the current and new 

approaches to deliver drugs to the retina and vitreous humor. 

3. Structure of the retina

The retina is a richly perfused tissue with a complex cellular 

organisation. It is a multi-layered membrane of neuro-ecto­

dermal origin, occupying the internal space of the posterior 

portion of the eye wall. The retina can be divided into two 

sections: neural retina and retinal pigmented epithelium 

(RPE). The early optic vesicle invaginates to form a cup, the 

inner layer of which becomes the neurosensory retina and the 

outer layer of which becomes the RPE. Subretinal space sepa­

rates the neural retina from the RPE. 

The neural retina is a seven-layered structure (Figure 2) which 

is involved in signal transduction. Light enters the retina 

through the ganglion cell layer (GCL) and must penetrate all 

the cell types before reaching the rods and cones. The trans­

duced signal is then conducted out of the retina by various neu­

ronal cells to the optic nerve, which subsequently conducts the 

signal to the brain, where it is registered and an image is formed. 
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Figure 2. Cross section view of the retina. 
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The RPE, on the other hand, is a single cell layer structure 

that separates the outer surface of the neural retina from the 

choroid [JJ and appears as an uniform and continuous layer 

extending through the entire retina, playing a vital role in sup­

porting and maintaining the viability of the neural retina [2]. 

The RPE cells are differentiated into an apical portion, which 

faces the neural retina, and a basolateral portion, facing the 

choroid. The apical portion contains numerous microvilli, 

while the basolateral side shows small, convoluted infoldings 

that increase the surface area for absorption of nutrients from 

the choroid side. RPE cells are polarised, expressing specific 

nutrient transport systems on the apical and basolateral sides 

which maintain the environment of the neural retina [2]. 

The neural elements of the retina are separated from the 

blood supply at two levels. An outer level, where the RPE 

separates the entire neural retina from the vascular layers of 

the choroid, and an inner level, where endothelial cells of the 

retinal blood vessels separate the neural retina from the reti­

nal blood supply [3]. Together, these two components consti­

tute the BRB, which regulates the diffusion of substances 

from the blood into the vitreous and retina. 

Blood vessels in the choroid possess large fenestrations that 

allow free diffusion of substances into and out of the choroi­

dal stroma. Bruch's membrane (basement membrane, separat­

ing the choroid from the RPE) acts as a diffusional barrier 

Horizontal cell 

Bipolar cell 

Amacrine cell 

only to macromolecules like proteins, oligonucleotides and 

genes. However, the RPE exhibits tight junctions, creating a 

barrier to the entry of small molecules into the retina from the 

choroidal stroma [3]. Recently, efflux pumps, such as P-glyco­

protein, and multi-drug resistance (MDR) proteins (MRP) 

have been identified on the RPE [4,5], which may limit the 

permeation of various xenobiotics and endogenous com­

pounds from the choroidal side into the vitreous. Thus, both 

transcellular and paracellular passage of molecules across the 

RPE is restricted and only selected nutrients are exchanged 

between the neural retina and the choroid. These characteris­

tics result in the formation of the outer BRB (oBRB). 

Retinal capillaries may be considered as barrier capillaries. 

In humans, major blood vessels lie in the innermost retinal 

layers and can usually be found just beneath the inner limit­

ing membrane (a layer formed by neural retinal cells forming 

a diffusional barrier between the vitreous and the retina), 

although in a few animals the capillaries can be observed as 

overlying the retina, in contact with the vitreous. The ultra­

structure of retinal blood capillaries is uniform throughout 

the retina and consists of a continuous endothelium sur­

rounded by a thick basement membrane. Unlike capillary 

endothelium in other tissues, retinal endothelial vessels do not 

exhibit signs of fenestrations, and express tight junctions in a 

conserved manner, surrounding every endothelial cell [3]. 
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Astrocytes are reported to be present in close apposition with 
the retinal blood vessels, similar to brain capillaries that con­

stitute the blood-brain barrier [61. A com binalion of these cel­
lular structures and functions may cause retinal blood vessel 
endothelial cells to form the inner BRB (iBRB). The recent 

discovery of a multi-drug efflux pump, P-gp, on the retinal 
endothelium, adds to the barrier properties of iBRB [7J. 

Thus, both RPE and retinal endothelial blood vessels col­

lectively form the BRB and act in conjunction to prevent 
unrestricted exchange of molecules between the systemic cir­
culation and the posterior chamber of the eye. 

4. Drug delivery to the retina

Major pathologies affecting the retina in elude fungal and 
bacterial endophthalmitis, CMV retinitis and diabetic, 
glaucomatic and proliferative vitreal retinopathy. Local 
drug delivery to the posterior segment of the eye, particu­
larly to the retina. is a challenging task due to the presence 

of the BRB. Various strategies have been employed to 
deliver drugs to the retina. A transient increase in BRB per­
meability has been attempted by transient modification of 
the barrier properties of the RPE and endothelial cells of 
the retinal blood vessels by intracarotid infusion of a hyper­

osmotic solution, such as mannitol or arabinose. However, 
osmotic gradient methods result in non-specific opening of 
the BRB, and are associated with retinal and nervous system 

toxicity [8,9J. Chemical modification of drug molecules is 

more commonly employed to overcome the BRB. This 
strategy involves the use of lipophilic prodrugs of therapeu­
tic entities, so as to increase their transcellular diffusion 
into the neural retina [lOJ. 

Drug levels attained in the posterior segment of the eye also 
depend on the mode of administration of the drug. The com­
monly employed techniques of delivering drugs to the retinal 
tissue include systemic and topical administration, intravitreal 
injections, local injections and ocular implants. 

4.1 Systemic administration 

Systemic administration of drugs lo treat ocular conditions 
has been attempted by various researchers. However, only 

1 - 2% of plasma drug concentration is achieved in the vit­
reous humor. Such low levels warrant frequent administra­
tions of high doses. in order to maintain the drug levels in 
the ocular tissues above the minimum therapeutic concen­

trations. In the treatment of acute H CM V (human cytome­
galovirus) retinitis, intravenous therapy includes foscarnet 
sodium or ganciclovir (GCV) i.v. [11]. The advantage of sys­
temic administration is that it controls the spread of infec­
tion to other tissues. Disadvantages, which outweigh the 
advantages of intravenous therapy, include nonspecific 
absorption by other tissues, which could result in serious 
toxicities. Taking both advantages and disadvantages into 
consideration, systemic administration of drugs for the 
treatment of ocular pathologies is not an ideal strategy. 

4.2 Topical route of administration 

Topical applications, like ophthalmic solutions and oint­
men ls, are efficient drug delivery systems for the anterior seg­
ment, which includes the aqueous humor. iris-ciliary body 
and lens. For a drug to enter the posterior segment upon topi­
cal administration, the drug has lo traverse through the cor­
nea, aqueous humor and lens. Precorneal constraints include 
solution drainage, tear turnover and conjunctival absorption. 
Typically, < I% of topically applied dose gets absorbed into 
the aqueous humor [12]. Drug elimination from the anterior 

segment mainly occurs by the canal of Schlemn or via absorp­
tion through the ciliary body and/or via the suprachoroid into 
the episcleral space [12J. 

Enzymatic metabolism also takes place resulting in further 
loss of drug in the anterior chamber before it reaches the poste­
rior segment. Clearly, barriers towards attainment of therapeu­
tic drug levels in the posterior segment following topical 
administration are formidable and may not be easily overcome. 

However. a recent report suggests that therapeutic levels of 

a-2 adrenergic agent, brimonidine, are achieved in the poste­
rior segment upon topical instillation into rabbit eyes. The drug

is indicated in glaucomatous neuropathy for its neuroprotective
action and promotion of retinal ganglion cell survival [13]. The
authors reported that therapeutic levels of brimonidine were

achieved in the retina/choroid and vitreous upon topical instil­
lation of the drug. Vitreal levels confirn1 effective permeation of
the drug across the BRB. Levels achieved in the vitreous humor

and retina are relevant for neuroprotection.

Siegner et al. [14] reported the entry ofverapamil into the 
posterior segment tissues upon topical instillation in rab­
bits. The drug concentrations achieved were in the follow­
ing order: aqueous humor > vitreous humor > serum upon 
topical administration. 

However, many therapeutic agents, including those indi­
cated in treatment of infectious diseases like CMV retinitis 
and endophthalmitis. do not reach minimum therapeutic lev­
els upon topical instillation. 

4.3 lntravitreal injections 

Over the past 20 years, intravitreal injections have become a 
mainstay treatment of posterior segment infections/diseases. 
Ocular antivirals like GCV, acyclovir (ACY), cidofovir and 
foscarnel, and antibiotics like cephalexin, cefazolin, ceftazi­
dime. gentamicin and so on, have been administered intravit­
really to assess their pharmacokinetic parameters so that 
proper dose and dosing frequency can be designed to effec­
tively treat CMV retinitis and endophthalmitis [15-20J. 

Penetration studies of various drugs, particularly antibiotics, 
from the blood into the ocular fluids, have confirmed that 
penetration into the vitreous is much more restricted than pen­
etration into the aqueous humor, probably by one order of 
magnitude [3]. Macha and Mitra [21] studied the penetration of 
a paracellular marker, fluorescein. into the aqueous and vitre­
ous humors of rabbits. They reported that a tighter barrier sur­
rounds the vitreous, in comparison lo aqueous humor. Only 
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about 1 - 2% of the plasma levels of fluorescein can be 
detected in the vitreous humor. Thus, in order to achieve suffi­

ciently high drug levels in the retina and vitreous, higher 
plasma levels are required. In an attempt to increase the plasma 
levels, clinicians increased the amount of dose administered, or 
administered the drugs by rapid intravenous infusions [22,23]. 

Even though these procedures resulted in increased ocular lev­
els, long-term systemic toxicity concerns remain [24,25J.

Intravitreal injection offers various advantages over systemic 
and topical routes for drug delivery to the retina and vitreous. It 

may result in increased drug levels in the posterior segment with­
out causing any systemic side effects. Therapeutic levels may be 

maintained with lower doses as this route of administration cir­
cumvents the BRB. Intravitreal injections are a mainstay therapy 
in severe cases of endophthalmitis and CMV retinitis [15,26,27].

Intravitreal injections suffer from several major deficiencies, 

such as patient non-compliance, need for repeated injections 
(once a week), injection-associated infections like endoph­
thalmitis and retinal detachment, and so on [28-31J. To overcome 

some of these shortcomings, researchers have attempted to 
increase the drug residence time in the vitreous, following a sin -
gle injection. Intravitreal injection of liposomes, microparticles 
and lipophilic ester prodrugs has been tried and met with mixed 

results [I0,29,32-35]. Administration of particulate substances car­
ries the risk of infection and blurred vision [36J. Macha and 
Mitra [tOJ studied the vitreous disposition of GCV and its vari­

ous monoester prodrugs. The GCV monoester prodrugs gener­

ated sustained GCV levels in the vitreous for longer time 

periods than those from direct injection of the parent drug. 
Despite all the reported advantages, intravitreal injections are 
not well-tolerated, due to the associated pain and discomfort. 

4.4 lntravitreal implants 

Direct intraocular injections overcome the problem of high 
intravenous dose-related toxicity. However, multiple injec­
tions are associated with an increased risk of cataract, astigma­
tism, endophthalmitis, retinal detachment and vitreous 
haemorrhage [3JJ. Intravitreal implants have been developed as 
an alternative to multiple intravitreal injections. Vitrasert® 

(Chiron Vision Corp., CA, USA) is a non-biodegradable 
intraocular GCV implant. It is surgically inserted in the pos­
terior segment of the eye, where it delivers GCV locally over a 
period of5 - 8 months. Once the device is depleted of drug, 
it is replaced with a new device. Data from Chiron Vision 
Phase III trial demonstrated that disease progression was sig­
nificantly delayed in patients implanted with Vilrasert com­
pared to patients receiving intravenous doses of GCV [2011.

However, the risks associated with intravitreal injections are 
not completely elim inaled. Adverse reactions reported for Vit­
rasert include loss of visual acuity, vitreous haemorrhage, reti­
nal detachment, cataract formation, lens opacities, macular 
abnormalities, intraocular pressure spikes, optic disk/nerve 
changes, hyphemas, uveitis and acute or delayed onset endo­
phthalmitis [37]. Also, repeated surgeries are required for 
implantation and removal of the implant. Like inlravitreal 

Duvvuri, M ajumdar & Mitra 

injections, intravitreal implants release drug locally into the 
vitreous humor and may not be able to stem the spread of 
infections lo the contralateral eye. Thus, systemic administra­
tion is recommended in conjunction with intravitreal injec­
tions and implants. 

4.5 Scleral drug delivery 

A major risk associated with intravitreal injections and 

implants is retinal detachment, which generally occurs as a 
result ofretinal piercing due to surgery or multiple injections. 

To overcome this injury to the retina, researchers have investi­
gated sustained release devices implanted into the sclera. Pre­
vious work has revealed that the sclera does not constitute a 
significant barrier towards diffusion of drug molecules into 
the vitreous chamber. Tt appears lo be five limes more perme­
able than the cornea to hydrocortisone [38]. Moreover, the pri­

mary mechanism of transscleral drug transport occurs by 
passive diffusion through the intercellular aqueous pore path­
way. As a result, molecular size appears to be the controlling 

factor in drug transport, rather than lipophilicity of the mole­
cule [38]. Scleral drug delivery to the posterior chamber of the 

eye has been attempted in two ways: 

• scleral plugs and implants

• subconjunctival injections

4.5.1 S;leral plugs and implants 

To lower the surgery-related risk, biodegradable devices have 

been developed by Sakurai et al. [37]. The inserts were prepared 
from poly (D L-lactide-co-glycolide) (PLGA) and poly (D L-lac­
tide) (PLA) polymers. Inserts were active up to a period of 
3 weeks in H CMV inoculated eyes, and the vitreo-relinal 
lesions were reduced in comparison to single intravitreal injec­
tions ofGCV [37]. In another study, various blends of PLA and 
PLGA were examined for their suitability as vitreal implants [39].

PLA-70,000 and 5000 (80/20) resulted in sustained GCV 

release for a period of 24 weeks, with drug levels maintained 
well above the minimum therapeutic levels during the entire 
study period, without any incidence of sudden burst effect. 

ln conclusion, sustained drug release could be achieved 
with scleral implants. The main disadvantages of these 
implants are repeated operations and patient discomfort due 
to the presence of a foreign body in the eye. 

4.5.2 SJbconjunctival injedions 

Subconjunctival injections may be employed to target drugs 
to the posterior segment of the eye. The primary absorption 

surfaces available are the sclera and conjunctiva. Sasaki 
et al. [40] studied absorption oftilisolol, a (3-blocker, into ocu­

lar structures and plasma upon corneal, conjunctival and scle­
ral applications. Scleral application resulted in higher 
intraocular levels relative to conjunctival application. Reverse 

was true for plasma concentrations, that is, higher plasma lev­
els of the drug were observed upon conjunctival application. 
From this study, it may be concluded that conjunctival 
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Figure 3a. Schematic representation of retinal drug levels following intravitreal administration of the parent drug, 

lipophilic prod rug and transporter targeted prodrug. 

absorption results in drainage of the drug into systemic circu­
lation. As a consequence, scleral application results in 
increased drug levels in intraocular tissues, relative to conjunc­
tival administration. Kalsi et al. [41] studied ocular pharmacok­
inetics of an anticancer drug, dacarbazine, following systemic 
and subconjunctival administrations. Elevated levels of dacar­
bazine were observed in aqueous and vitreous humors upon 
subconjunctival injections, relative to intravenous injections. 

An attempt was made to achieve sustained drug release 
upon subconjunctival injections of a polymer-based ophthal­
mic formulation. Polymers usually employed for such pur­
poses must be biocompatible and biodegradable. Such a 
material should not induce or cause any inflammatory reac­
tions in the sensitive ocular tissues. The polymer should erode 
or degrade in a controlled manner such that a zero order 
release profile can be attained over a prolonged period. Poly­
mers employed in ocular drug delivery include alginates [42], 

pluronics and poloxamers [43], polyorthoesters [44,45] and poly­
vinyl alcohol [46]. Efficacy of these polymers in providing sus­
tained ocular drug levels following subconjunctival 
administration is still under investigation. 

In spite ofrecent progress, retinal drug delivery is still chal­
lenging, due to factors like drug lipohilicity, presence ofM DR 
gene products and drug ionisation. In conditions like CMV

retinitis, drug entry into retinal cells could be restricted due to 
their polar and hydrophilic properties (GCV, cidofovir, 
foscarnet). Membrane transporters have been targeted to gain 
cellular entry by an active transport process. This approach 
has met with considerable success in enhancing permeation of 
several molecules across biological membranes. This strategy 
can be employed to increase the intracellular drug concentra­
tions in the retina following systemic, intravitreal and transs­
cleral administration. A brief discussion on transporters and 
transporter-mediated drug delivery is presented in the follow­
ing sections, prior to the discussion of its application to retinal 
drug delivery. 

5. Transporters and transporter-mediated
drug delivery

Transporter-mediated drug delivery involves targeting of 
drug molecules to the membrane transporters, in order to 
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produce effective passage across the cell membrane. Various 

nutrient transporters are usually targeted, such as peptide, 

amino acid, monocarboxylic acid, folate, nucleoside and 

nucleobase, organic anion and organic cation transporters 

and so on [47]. Parent drugs can be targeted to the membrane 

transporters by coupling with a promoiety that is an endog­

enous substrate for the same transporter. The promoiety, is 

recognised by the transporter, which results in translocation 

of the entire prodrug molecule across the cell membrane. 

The parent drug is usually released intracellularly by enzy­

matic cleavage of the ligand-drug bond. As the ligand is a 

nutrient, no toxicity concerns arise from the release of the 

leaving group. This strategy (Figures 3a and 3b) can be 

employed to target drugs to transporters expressed on the 

neural retina and RPE, following intravitreal and systemic 

administration, respectively. Transporter-targeted prodrug 

design has the advantage of higher solubility and the ability 

to administer higher doses of prodrugs, when compared 

with conventional lipophilic prodrug design. 

Various nutrient transporters expressed on the retina include 

peptide [48], glucose [49] and amino acids such as glycine, 

GABA, glutamine, taurine, arginine, praline, tryptophan [50J 

and nucleoside-like adenosine [51]. Amongst the transporters 

identified, the few that could be targeted to enhance retinal 

drug delivery are discussed in the following sections. 

s.1 Peptide transporter

Peptide transporters (PepTs) have been identified on various

epithelia [52-58]. Considerable information is available on their

mechanism and substrate specificity [59-65]. These transport­

ers, that is, PepT 1 and PepT2, have broad substrate specifi­

city, particularly for smaller peptides like di- and tripeptides.

Through prodrug modification, a drug molecule may be con­

verted to a substrate for this transporter to be easily ferried

across lipophilic membranes [64]. At the same time, the solu­

bility of the compound may be enhanced, depending on the

type of amino acids selected in the peptide promoiety. Follow­

ing its transport, the enzymes, specifically the cholinesterases,

dipeptidases and aminopeptidases, present in the vitreal and

retinal tissue may cleave the prodrug to regenerate the parent

drug. Peptide prodrugs of nucleosides like GCV, zidovudine

and ACY, became substrates of Pep Ts and resulted in a signif­

icant increase in the bioavailability of the parent drugs upon

oral administration [65,66]. 

Studies have established the presence of a PepT on the ret­

ina side facing the vitreous [48] and on the RPE side facing the 
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ad min isl ration. c. Transporter-targeted drug delivery following Iran sscleral/su bconjuct ival adm in isl ration.
D Drug; PD Prod rug; RPE Retinal pigmented epithelium 

blood [67]. The transporter facing the vitreous could be tar­

geted to increase the intracellular drug concentrations follow­

ing intravitreal administration. On the other hand, targeting 

to the PepT present on the RPE can enhance retinal and vit­

real drug concentrations following systemic administration. 

5.2 Amino acid transporters 

Amino acid transporters on the blood-brain barrier and intesti­

nal mucosa have been extensively studied [68-73]. These trans­

porters are very substrate specific and lead to the passage of only 

specific amino acids. Various amino acid transporters, including 

glutamate, glycine, GABA, tryptophan and praline, have been 

identified on the retina [50J. Expression of such transport sys­

tems on the retina or RPE once again opens up the opportunity 

of designing prodrugs targeted towards these carrier proteins. 

5.3 M onocarboxylic acid transport systems 

Mammalian cells take up and excrete lactate, pyruvate and 

other monocarboxylic acids by means of proton-coupled 

monocarboxylic acid transporters (M CTs) [74-80]. Various MC T 

isoforrns (MCTl - 9) have been identified [81]. Monocarboxy­

lic drugs like salicylic acid and pravastatin are reported to be 

transported via MCTs in the small intestine [82-84]. In the eye, 

MCTs are expressed on the retina and conjunctiva [85,86]. 

MCI 1 has been reported as present on the apical membrane, 

and MCT3 on the basolateral membrane, of rat RPE [87]. 

MCI can thus ferry substrates (carboxylate drugs and prod­

rugs) from the blood/choroid into the retina, following intrave­

nous and transscleral administrations. 

5.4 Folate transport system 

Two types of transport process have been identified for folate 

entry into mammalian cells. One process involves the folate 

receptors that bind and internalise the bound folate via recep­

tor-mediated endocytosis. A second process utilises the 

reduced folate transporter, which is a typical transporter pro­

tein with multiple membrane spanning domains. The protein 

interacts with the reduced folate more efficiently than folate 
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itself [88-92]. Folate receptors have been targeted for facilitating 

anticancer drug entry into cancer cells and also for liposome 

based gene delivery [93]. Therefore, targeting the folate trans­

porter could result in enhanced drug levels in the vitreous. 

Since the folate receptor is generally absent in most normal tis­

sues, with the exception of the choroid plexus and placenta, or 

expressed at very low levels (lung, thyroid and kidney) [93 J, it 
may be possible to achieve targeted delivery of the folate ester 

prodrugs to the retina, following intravenous administration. 

5.5 Strategies to improve ocular bioavailability by 

transporter-mediated drug delivery 

Expression of transporters on the retina, particularly the RPE 

and endothelial cells of the retinal blood vessels, provides us 

with an opportunity to increase the retinal and vitreal levels of 

various drugs, thereby increasing their efficacy and decreasing 

the required dose. The strategies that can be employed to tar­

get these transporters on the retina are illustrated in Figure 4. 

Compounds can be targeted to the transporter by delivery 

through any of the three main routes: i) systemic, ii) intravit­
real and iii) subconjunctival. 

5.5.1 S;:iemicadminis:ration of prodrugs 

As discussed earlier, vitreal drug levels achieved upon systemic 

administration are around 1 - 2% of plasma levels. If a drug is 

targeted to a transporter expressed on the BRB, it could result 

in enhanced concentrations in the retina. Prodrug cleavage in 

the retinal cells may also generate drug levels in the vitreous 

humor. The strategy is shown in Figure 4a. 

The main disadvantage with this strategy is that drug 

uptake will be nonspecific, due to possible distribution of the 

transporter at multiple tissues. 

5.5.2 lntravitreal admini:iration 

In order lo avoid the nonspecific absorption of drugs into all 
the tissues and to avoid systemic toxicity, intravitreal adminis­

tration of prodrugs may be justified. Figure 4b describes this 

strategy where the prodrug is injected directly into the vitreous 

humor, thereby targeting it to the transporter expressed on the 

retinal cell membranes. Prodrug uptake by the neural retina 
and RPE cells may be more efficient than the parent drug itself 

5.5.3 &ibconjundiva/ adminis:ration 

Subconjunctival administration usually results in higher vit­

real concentrations than systemic administration. Moreover, 

subconjunctival injections of particulate dosage forms may 
result in sustained drug release over a prolonged period of 

time, thereby decreasing the frequency of administration. 

This mule may be used to deliver prodrugs targeted lo specific 

transporters expressed on the basolateral side of the RPE. Fol­

lowing subconjunctival administration, the prodrug first dif­

fuses into the sclera and then into the choroidal circulation, 

Duvvuri, M ajumdar & Mitra 

where it interacts with transporters expressed on the RPE. 

These transporters will then carry the prodrug into the retinal 

tissue, where it is cleaved into the parent drug. This mecha­

nism is depicted in Figure 4c. If the drug is incorporated into a 

polymeric vehicle, which controls the release of the prodrug, a 

sustained delivery of the drug to the retina and vitreous 

humor may be achieved. 

6. Conclusion and expert opinion

Drug delivery to the retina has always been a challenge to 

ophthalmologists. The complex physiology of the retina, cou­

pled with low blood flow, makes it even more difficult. Several 

routes of administration, including systemic, topical, intravit­

real and scleral, have been attempted and have met with vary­

ing degrees of success. 

The past decade has witnessed rapid developments in the 

field of membrane transporters and their applications to drug 

delivery. Many therapeutic entities have utilised these trans­

porters for efficient absorption into systemic circulation from 
the intestine. Carrier-mediated drug delivery is important for 

compounds that ionise at physiological conditions and per­

meate the biological barriers poorly. Drugs like valacyclovir 

and valganciclovir are success stories for transporter-mediated 

drug delivery. 

Various transporters have been identified and characterised 

on the retina. Not much work has been done in the area of 

drug delivery to the retina and posterior segment of the eye by 

utilising membrane transporters. Targeting these transporters 

can enhance ocular bioavailability of highly potent, but poorly 

bioavailable compounds. A small increase in the bioavailability 

of such drug molecules could result in a significant increase in 

therapeutic response. These transporters can be targeted by 
various modes of administration, including intravitreal, intra­

venous and lransscleral modes. Transscleral targeting of the 

transporters expressed on the RPE could avoid many of the 

drawbacks and side effects of systemic and intravitreal admin­

istration. Moreover, prodrug derivatisation of the parent mole­

cule could significantly increase the solubility and enable 

administration of higher doses. Further research into this 

aspect of retinal drug delivery could result in promising results. 

In conclusion, drug delivery to the retina and posterior seg­

ment of the eye can be significantly enhanced by targeting 

drugs to the membrane transporters expressed on the ocular 

tissues. This approach could solve many of the problems that 

ophthalmologists encounter during the treatment of diseases 
of the posterior segment of the eye. 
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