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Normal vision depends on the optimal function of ocular barriers and intact mem-
branes that selectively regulate the environment of ocular tissues. Novel pharmaco-
therapeutic modalities have aimed to overcome such biological barriers which impede 
efficient ocular drug delivery. To determine the impact of ocular barriers on research 
related to ophthalmic drug delivery and targeting, herein we provide a review of the 
literature on isolated primary or immortalized cell culture models which can be used for 
evaluation of ocular barriers. In vitro cell cultures are valuable tools which serve 
investigations on ocular barriers such as corneal and conjunctival epithelium, retinal 
pigment epithelium and retinal capillary endothelium, and can provide platforms for 
further investigations. Ocular barrier-based cell culture systems can be simply set up 
and used for drug delivery and targeting purposes as well as for pathological and 
toxicological research.  

Key words: Drug Delivery Systems; In Vitro 

J Ophthalmic Vis Res 2009; 4 (4): 238-252. 
Correspondence to: Yadollah Omidi, PhD. Associate Professor of Pharmaceutical Nanobiotechnology; Faculty of 
Pharmacy, Tabriz University of Medical Sciences, Tabriz, Iran; Tel: +98 411 3367914, Fax:+98 411 3367929; e-mail: 
yomidi@tbzmed.ac.ir    

Received: June 25, 2009 Accepted: September 3, 2009

INTRODUCTION 
 
The cells and tissues of the eye are restrictively 
regulated to maintain optimal visual function. 
For such unique specialized function, tight 
cellular barriers in the anterior and posterior 
segments of the eye play a key role by selective 
control of inward and/or outward traverse of 
fluids and solutes. These barriers also effec-
tively control shuttling of administered drugs; 
therefore effective drug delivery and targeting 
is faced by challenges to overcome these 
barriers. A schematic illustration of main ocular 
structures and barriers is demonstrated in 
Figure 1. The emergence of futuristic medica-
ments (e.g., gene-based medicines) for treat-
ment of ocular diseases demands effective stra-

tegies to enhance drug bioavailability.1,2 Both in 
vivo animal models and in vitro cell-based 
models are employed for such investigations. 
Animal based experiments are important for 
pharmacological and/or toxicological studies 
while cell culture models are relevant to mecha-
nistic investigations.2,3 

Various animal models including rabbits, 
pigs, dogs, cats, mice, rats and monkeys have 
been exploited for pharmacokinetic and bio-
availability studies. The rabbit model is most 
commonly used despite morphological and 
biochemical differences with the human eye 
such as lower blinking rate, larger corneal and 
conjunctival surface area, and absence of 
melanin pigments in the anterior uvea of albino 
rabbits. Such differences may significantly in-
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fluence the results of ocular pharmacothera-
peutic research.2 Furthermore, animal experi-
ments have been extensively criticized in terms 
of cost, time and ethical issues.3 To control 
animal based experiments, many countries 
have implemented restrictive legislations such 
as the European Union Acts upon Directive 
86/609/EEC rules and regulations.  
 

 
Figure 1 Schematic illustration of ocular structures and 
barriers. The primary physiologic obstacle against 
topically instilled drugs is the tear film. The cornea is 
the main route for drug transport into the anterior 
chamber (I). The retinal pigment epithelium and the 
retinal capillary endothelium are main barriers against 
systemically administered drugs (II). Intravitreal injec-
tion is an invasive strategy to reach the vitreous (III). 
Administered drugs can be carried out of the anterior 
chamber by venous blood flow after diffusion across 
the iris surface (1) or by aqueous humor outflow (2). 
Drugs may be removed from the vitreous cavity 
through diffusion into the anterior chamber (3), or by 
the blood-retinal barrier (4).  
 
 

Such a trend has prompted seeking for 
alternative in vitro methods to replace animal 
experiments and has encouraged researchers to 
recruit cell culture models of ocular barriers 
which can provide platforms for ophthalmic in-
vestigations. These cell-based models are very 
useful systems for studying ocular barrier 
functions as well as cellular uptake and trans-
port machineries. These models can be easily 
set up and used for many cellular and mole-
cular studies such as cellular metabolism and 
biomarker detections, upon which novel thera-
peutic modalities (e.g., genome based therapeu-
tics, monoclonal antibodies and nanobodies) 

can be developed. Cell culture models appear 
to offer the advantage of a highly defined sys-
tem, thus resulting in reproducible data. These 
cell-based systems from human resources can 
provide very reliable results free from species-
related problems. So far, both primary isolated 
cell culture systems and cell lines have been 
used for modeling the ocular barriers. The main 
focus of this review is cell lines since they are 
commercially available and can be easily set up 
for various ocular investigations. Of these im-
mortalized human cell lines, we will provide 
concise overviews on both epithelial and endo-
thelial cell models.  
 
OCULAR BARRIERS AND MEMBRANES  
 
Tear Film 
 
The tear film is the first protective layer of the 
cornea and conjunctiva; it contains an optimal 
electrolyte composition, pH and nutrient levels, 
and a complex mixture of proteins, lipids, and 
mucin. It consists of three layers: a lipid layer 
(the outermost layer, 0.1 µm in thickness sec-
reted by meibomian glands), an aqueous layer 
(the middle layer, 7-10 µm in thickness), and a 
mucous layer (the innermost layer, 0.2–1.0 µm 
in thickness). The contents of the tear film are 
secreted by various glands of the eye and cor-
neal epithelial cells.4 Major tear proteins that 
display antibacterial/antiviral activities are: ly-
sozyme, secretory immunoglobulin (IgA), lac-
toferrin, lipocalin, peroxidase and high-mole-
cular weight glycoproteins or “mucins”.5  

The tear film is able to modulate cellular 
migration and proliferation during wound 
healing, normal cellular differentiation, and 
secretion of electrolytes and water. These func-
tions are accomplished by a wide variety of 
growth factors, cytokines and biologically 
active peptides including epidermal growth 
factor (EGF); hepatocyte growth factor (HGF); 
transforming growth factor (TGF; α, β1 and β2); 
basic fibroblast growth factor (bFGF); tumor 
necrosis factor (TNF-α) and granulocyte-mac-
rophage colony stimulating factor (GM-CSF). 
Other substances present in the tear film are 
interleukin (IL)- 1α and IL1β, substance P (Sub 
P) and endothelin 1.4  
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Corneal and Non-Corneal Routes of 
Absorption 
 
Lacrimal drainage and systemic absorption 
from the conjunctiva can wash away ophthal-
mic drops which are the most common type of 
ocular drugs. This results in absorption of a 
small fraction of the drug.4,6,7 For topical drugs, 
small lipophilic molecules are normally ab-
sorbed through the cornea, while large hydro-
philic molecules such as proteins/gene based 
medicines are absorbed via the conjunctiva and 
sclera.6,8 Of these routes, the mechanical and 
chemical barrier functions of the cornea control 
access of exogenous substances into the eye, 
thereby protecting intraocular tissues (Fig. 1). 
The human cornea measures approximately  
12 mm in diameter and 520 µm in thickness, 
and consists of five layers, including the 
epithelium, basement membrane (Bowman's 
layer), stroma, Descemet's membrane and en-
dothelium (Fig. 2).  
 

 
Figure 2 Corneal cellular organization, the cornea con-
sists of various transport limiting layers. The tightest 
monolayer is made by outer superficial epithelial cells 
which display tight junction complexes. The wing and 
basal cells exhibit gap junctions. The stroma and Desce-
met’s membrane cover the inner endothelial cells which 
contain macula adherens and are more permeable. 
 
 

The human corneal epithelium is a stra-
tified, squamous, non-keratinized epithelium 
50 µm in thickness. It is composed of two to 
three layers of flattened superficial cells, wing 

cells, and a single layer of columnar basal cells 
which are separated by a 10–20 nm intercellular 
spaces and have regular intercommunications. 
These desmosome-attached cells can communi-
cate via gap junctions through which small 
molecules traverse. Tight junctions (zonulae 
occludens) seal the superficial cells, building a 
diffusion barrier in the surface of the epi-
thelium. Compared to the stroma and endo-
thelium, the corneal epithelium represents a 
rate-limiting barrier which hinders permeation 
of hydrophilic drugs and macromolecules. The 
stroma displays hydrophilic nature due to an 
abundant content of hydrated collagen, which 
prevents diffusion of highly lipophilic agents. 
The corneal endothelial monolayer maintains 
an effective barrier between the stroma and 
aqueous humor.9 Active ion and fluid transport 
mechanisms in the endothelium are responsible 
for maintaining corneal transparency.10  

It has been reported that certain drug pro-
perties such as lipophilicity, molecular weight, 
charge, and degree of ionization can signifi-
cantly influence its passive permeability across 
the cornea.11 Of these factors, lipophilicity plays 
a key role since transcellular permeation of 
lipophilic drugs through the cornea is faster 
and greater as compared to hydrophilic drugs. 
This route appears to be the main path for 
absorption of topical drugs. Greater molecular 
size decreases the rate of paracellular permea-
tion of drugs.12,13 Once in the cornea, the drug 
can diffuse into the aqueous humor and the 
anterior segment (Fig. 1). However, local ad-
ministration of conventional drugs via the 
corneal route fails to provide adequate concen-
trations within the vitreous and retina.14,15  

The conjunctiva is a mucous membrane 
consisting of vascularized epithelium (2-3 cell 
layers thick) and plays an important role as a 
protective barrier on the ocular surface since 
tight junctions are present on the apical surface 
of its cells. In fact, the bulbar conjunctiva repre-
sents the first barrier against permeation of 
topically applied drugs via the non-corneal 
route, which is the main intraocular route for 
entry of macromolecules and hydrophilic sub-
stances. Due to significant loss of drug through 
systemic circulation, the conjunctival/scleral 
pathway appears to be a non-efficient path 
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resulting in poor bioavailability.8,16  
The sclera is about 10 times more per-

meable than the cornea and half permeable as 
the conjunctiva. It is poorly vascularized and 
consists mainly of collagen and mucopoly-
saccharides, through which drugs can diffuse 
and enter the posterior segment (uveal tract, 
retina, choroid, vitreous humor). 
 
Blood-Ocular Barriers 
 
Systemic/intravitreal application is the main 
route of drug administration for many pos-
terior segment disorders (Fig. 1), by which ade-
quate concentrations of drug can be achieved 
and maintained in the retina and vitreous. 
However, certain applications (oral/intrave-
nous routes) may impose unwanted side effects 
due to use of high doses while on the other 
hand a very small fraction of the drug reaches 
ocular tissues due to blood-ocular barriers. Of 
these biological impediments, the blood-ocular 
barrier can be overcome using intravitreal in-
jection. However, drawbacks to this method in-
clude the risks of endophthalmitis, lens da-
mage, retinal detachment and low compliance. 
Two blood-ocular barrier systems, the blood-
aqueous barrier (BAB) and blood-retinal barrier 
(BRB), control traverse of solutes and nutrients 
into inner ocular tissues.   
 
Blood-Aqueous Barrier   
 
Balancing the inflow and outflow of aqueous 
humor controls intraocular pressure. The BAB 
is located in the anterior part of the eye (Fig. 1), 
and is formed by endothelial cells of the blood 
vessels within the iris as well as the non-
pigmented cell layer of the ciliary epithelium. 
Both of these cell layers contain tight-junction 
complexes responsible for prevention of non-
specific traverse of solutes into the internal ocu-
lar milieu. This function is vital for maintaining 
transparency of the ocular media and the che-
mical equilibrium of ocular fluids.17,18 It should 
be noted that barrier restrictiveness of the BAB 
is not similar to those of corneal/retinal ba-
rrier(s). It has been shown that macromole-
cules such as horse radish peroxidase (HRP, 40 
kDa) fail to pass through iris blood vessels, but 

fenestrated capillaries of the ciliary body allow 
its traverse. The less restricted outward move-
ment of substances from the aqueous humor 
across iris blood vessels into systemic circu-
lation helps maintain transparency of the eye. 
Due to the architecture and function of the 
BAB, small lipophilic drugs can enter the uveal 
blood circulation and are consequently elimi-
nated more rapidly from the anterior chamber. 
For instance, the clearance rate of pilocarpine is 
13.0 μl/min while that of inulin is close to the 
rate of aqueous humor turnover. It appears that 
larger and more hydrophilic drugs are merely 
eliminated by aqueous humor turnover.   
 
Blood-Retinal Barrier 
 
The BRB is located in the posterior part of the 
eye and is composed of two cell types namely 
the retinal capillary endothelial (RCE) cells and 
retinal pigment epithelial (RPE) cells which 
form the inner and outer BRB, respectively. 
Retinal cellular architecture and the schematic 
structure of the blood-retinal barriers are pre-
sented in figure 3. Specialized transport pro-
cesses within the RPE together with robust 
barrier restrictiveness of RPE control the tra-
verse of nutrients/compounds, allowing selec-
tive exchange of nutrients between the choroid 
and retina.7,15 Polarized RPE cells display a 
predominantly apical localization of Na+,K+-
ATPase which regulates intracellular Na+ and 
K+ homeostasis.19,20 The inner BRB covers the 
lumen of retinal capillaries and protects the 
retina from circulating molecules in the blood 
circulation. 

Unlike the fenestrated choroidal capillary 
endothelial cells, RCE cells possess intercellular 
tight junctions which are formed by intercellu-
lar communications of RCE and glial cells.21 
Immuno-staining studies for the tight junction 
protein occludin reveals a high degree of well-
organized tight junctions in retinal arterioles 
and capillaries. This, perhaps, highlights the 
role of astrocytes in formation of tight junctions 
within RCE cells, similar to their role in 
formation of the blood–brain barrier (BBB)  
by endothelial microvasculature.22 In addition, 
astrocyte-conditioned media supplemented 

With cAMP inducers can dramatically increase 
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barrier properties of endothelial cell culture, 
suggesting that a soluble component may con-
fer barrier properties. The ability of glial cells to 
induce endothelial barrier properties suggests 
that disruption of the BRB in ocular diseases 
could be related to functional changes in glial 
cells or the retinal vascular endothelium. Be-
cause of the functional expression of tight 
junctions and intercommunication with glial 
cells (astrocytes and Müller cells), biological 
characteristics of RCE cells are similar to the 
BBB which is constituted by brain capillary 
endothelial cells, pericytes and astrocytes with 
trans-epithelial electrical resistance (TEER) 
value of approximately 1500-2000 (Ω.cm2).23-26 
Despite these similarities, the density of inter-
endothelial junctions and vesicles are greater in 
retinal vessels as compared to the brain. 
Passive diffusion of a vascular tracer has been 
shown to be significantly higher in the retina 
than the brain of rats.27 

Despite permeation of lipophilic substan-
ces across RCE cells, this barrier displays poor 
permeability for proteins and small hydrophilic 
compounds.3,10 Satisfactory delivery and effi-
cient pharmacological effect of drugs within the 
vitreous and retina require systemic or intra-
vitreal drug administration. Systemic applica-
tion via oral or intravenous administration, 
however, requires high doses of the drug since 
blood flow and restriction provided by the BRB 
allow very small fractions of the drug to reach 
the posterior chamber; typically only 1-2% of 
the plasma concentration. Therefore, a large 
proportion of the drug is disseminated within 
the entire body leading to unwanted conse-
quences.28 Loss of normal BRB function is a 
common feature to many retinal degenerative 
disorders (e.g., in diabetic patients) that are 
leading causes of visual dysfunction. This nece-
ssitates development of therapies to prevent 
loss of barrier properties or restore them as a 
high priority in ophthalmology.29 
 
Bioelectrical Properties of Ocular Barriers in 
Primary/Immortalized Cell Cultures 
 
The simplest method to evaluate barrier fun-
ctions of a cell culture model is to examine its 
electrophysiological parameters such as TEER. 

Tables 1-3 represent TEER values for different 
cell culture models. Paracellular and trans-
cellular permeation characteristics of hydro-
philic and lipophilic molecules respectively are 
other important determinants of barrier func-
tions. Corneal permeability is greater for lipo-
philic as compared to hydrophilic drugs. The 
permeation of lipophilic compounds is unlikely 
to be affected by ocular barrier functions. To 
determine the dynamic range and selectivity of 
isolated primary porcine RPE tissue, Steuer et 
al30 tested various lipophilic and hydrophilic 
compounds with known in vivo BBB per-
meability characteristics using liquid chromato-
graphy/tandem mass spectrometry and found 
three major categories of permeability coeffi-
cients (Pe): poor permeation of ~10-7 cm/s, mo-
derate permeation of ~10-6 cm/s, and pro-
nounced permeation of ~10-5 cm/s. Obtaining 
Pe values of  3.17×10-5 cm/s for memantine and 
9.06×10-8 cm/s for atenolol, the model provided 
significant discrimination between lipophilic 
and hydrophilic compounds. Retinal capillary 
endothelial cells are also poorly permeable to 
macromolecules (e.g., proteins) and small hyd-
rophilic compounds, but not to lipophilic com-
pounds.  
 

 
Figure 3 Retinal cellular architecture, retinal pigment 
epithelial (RPE) cells and retinal capillary endothelial 
(RCE) cells represent the outer and inner retinal bar-
riers, respectively. RPE and RCE compose the main or-
ganization of the transport limiting layers. The outer 
layer of the retinal pigment epithelium displays tight 
barriers due to the presence of tight junctions (zonula 
occludens). Inner retinal capillary endothelial cells pos-
sess tight junctions and are non-fenestrated as opposed 
to choroidal capillary endothelial cells. 



 

Ocular Drug Delivery; Barar et al 
 

JOURNAL OF OPHTHALMIC AND VISION RESEARCH  2009; Vol. 4, No. 4 243 

The vitreous body occupies a volume of 
about 4.5 ml and is the largest single structure 
in the eye, contributing to 80% of total ocular 
volume. It supports the retina, and is probably 
essential for preservation of crystalline lens 
clarity. The vitreous body is a gel containing 
more than 99% water, stabilized by collagen 
fibrils, glycosaminoglycans and proteoglycans. 
Intact vitreous acts as a barrier against bulk 
movement of solutes. High concentrations of 
antioxidants, such as ascorbic acid, can there-
fore accumulate in the vitreous, and this might 
protect the lens against oxidative damage.31 
The ability of the vitreous to prevent bulk 
movement of solutes depends on the degree of 
liquefaction of the gel. Although it is difficult to 
assess the degree of vitreous liquefaction by 
ophthalmic imaging techniques, diffusion with-
in the vitreous of a tracer substance such as 
fluorescein can be illustrated in vivo by 
vitreous fluorophotometry in human.32 

Direct intravitreal injection entails the 
obvious advantage of being able to achieve 
immediate therapeutic concentrations in the 
eye while largely avoiding systemic exposure. 
Nevertheless, drugs are rapidly eliminated 
from the vitreous, typically by first-order 
kinetics.33 Thus, repeated injections are needed 
to retain therapeutic concentrations in the eye, 
which are associated with risks of endoph-
thalmitis, cataract formation and retinal de-
tachment. To sustain sufficient intraocular drug 
levels after intravitreal injection, prolonged 
delivery of drugs were shown in liposomal 
systems whose small unilamellar vesicles 
(SUVs) and large unilamellar vesicles (LUVs) 
possess half-lives of approximately 10 and 20 
days, respectively.34,35 It appears that both 
anterior and posterior routes are involved in 
elimination of drugs from the vitreous, where 
active transport machineries and/or passive 
diffusion are responsible for such function. The 
anterior route involves drainage into the 
anterior chamber followed by clearance via 
bulk aqueous flow, while the posterior route 
involves active or passive permeation across 
the retina and RPE followed by systemic 
dissipation.3 Following intravitreal drug ad-
ministration, high drug lipophilicity or the pre-

sence of an active transport mechanism leads to 
rapid transport across the retina into systemic 
circulation. Therefore, longer vitreous half-life 
can be observed when drug passage through 
the BRB is not possible and the drug has to 
diffuse into the anterior chamber first to be 
removed either by aqueous flow or by diffusion 
across the iris. For instance, gentamicin and 
penicillin are removed from the vitreous via the 
anterior chamber and by crossing the retina at a 
rate of 0.035 h-1 and 0.18 h-1, respectively. This 
difference clearly highlights the impact of these 
elimination routes.  
 
OCULAR MEMBRANE TRANSPORT 
MACHINERIES  
 
Cell membranes impose a barrier to free move-
ment of molecules through the plasma mem-
brane lipid bilayer. A solute, based on its mole-
cular properties, is shuttled across cell mem-
branes by passive/active transport, carrier-
mediated transport, receptor-mediated trans-
port (endocytosis and transcytosis).36 Most 
ocular tissues, such as corneal epithelial and 
endothelial cells, display Na+/H+ exchanger, 
Na+/HCO3¯ symporter, and Cl¯/HCO3¯ ex-
changer which are involved in the regulation of 
intracellular pH.37,38 The Na+/H+ exchanger is 
present in the basolateral membranes of both 
epithelial and endothelial cells, while the 
Na+/HCO3¯ transporter is predominantly loca-
lized to the basolateral aspect of the corneal 
endothelium and only faintly expressed in the 
corneal epithelium. This implies that apical and 
basolateral membrane distribution of these 
channel transporters serves cellular needs and 
physiologic functions.39,40 Active transporters 
use energy to transport solutes against a con-
centration gradient; the energy is derived 
directly by the carrier from hydrolysis of ATP, 
or indirectly from the energy stored in ion 
gradients such as proton or more commonly 
sodium. Coupling of ion transport with that of 
the solute can be of symport or antiport types.36 
Further investigation is required to elucidate 
functional expression, transport directionality, 
membrane distribution and exchange potentials 
of these transporters. 
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Influx and Efflux Transporters 
 
Influx and efflux transport machineries are 
functional in major membranous barriers in-
cluding the cornea, conjunctiva, iris, ciliary 
body, and retina.41 Uni- or bi-directional influx 
transporters such as monocarboxylate trans-
porters (MCTs), glucose transporters (e.g., 
Glut1), amino acid transporters (LAT1 and 
LAT2) and peptide transporters (Pept) supply 
essential nutrients.36 For example, the LAT1 
transporter in brain capillary endothelial cells 
functions bi-directionally with greater efflux 
activity,24 however its functional directionality 
in corneal and retinal barriers remains to be 
determined. 

 Among the ATP-binding cassette (ABC) 
superfamily, the P-glycoprotein (P-gp) and mu-
ltidrug resistance associated proteins (MRPs) 
play a key role in uni-directional efflux of sub-
stances. Both human and rabbit corneal epi-
thelium were shown to significantly express  
P-gp42 and MRPs.43 Similarly, such “efflux 
pumps” have been identified in different ocular 
tissues such as retinal capillary endothelial 
cells,44 RPE cells, non-pigmented ciliary epi-
thelium,45 conjunctival epithelial cells,46 and iris 
and ciliary endothelial cells.46 Based on current 
knowledge about the functional expression of 
P-gp in ocular tissues, it is expected to offer 
modifications in drug delivery strategies which 
may increase ocular bioavailability and provide 
more efficient treatment for ocular disorders.   
 
Endocytosis and Transcytosis 
 
Specialized receptors exist within ocular 
barriers which control passage of xenobiotics. 
Endocytosis pathways via clathrin coated or 
caveolae (non/smooth coated) vesicles account 
for ocular receptor mediated transport. Expre-
ssion of clathrin and the integral protein of the 
caveolae domain, caveolin-1, has been reported 
in ocular tissues.47-51 Using cultured human re-
tinal pigment epithelial (ARPE-19) cells and in 
a mouse model, Mo et al52 showed involvement 
of caveolae mediated endocytosis pathways in 
uptake of albumin nanoparticles containing en-
capsulating Cu, Zn superoxide dismutase gene. 
However, Qaddoumi et al53 reported that endo-

cytosis of poly(lactic co glycolic acid) (PLGA) 
nanoparticles in primary cultured rabbit con-
junctival epithelial cells occurs mostly indepen-
dently of clathrin- and caveolin-1-mediated 
pathways despite mRNA and protein expre-
ssion of clathrin. In contrast, albumin transport 
in rabbit lens epithelial cells has revealed a 
transcellular transport mechanism employing 
both clathrin and caveolae mediated trans-
cytotic pathways. More investigations are re-
quired to resolve the ambiguity of endocytic 
pathways for macromolecular delivery within 
the eye.  
  
ANIMAL VERSUS IN VITRO CELL 
CULTURE MODELS  
 
Considering the dilemmas of animal models for 
development of strategies to overcome ocular 
barriers for targeted ocular drug delivery, use 
of cell culture models seems crucial.3 Appli-
cations of animal experiments include phar-
macokinetic, pharmacodynamic and toxicity 
studies. For example, the “Draize Test” is an 
acute toxicity test devised in 1944 by Food and 
Drug Administration (FDA) toxicologist John H 
Draize to assess the impact of 0.5 ml or 0.5 g of 
a test substance on an animal's eye or skin for 4 
hours.54 Of different animals used for ocular 
drug delivery examinations, the rabbit model is 
most commonly used. Nevertheless, the rabbit 
eye shows distinct differences from the human 
eye including less frequent blinking which may 
significantly decrease precorneal drainage of 
topically applied solutions, and larger corneal 
and conjunctival surface area.55 As a result, 
ocular bioavailability of topically applied drugs 
in the rabbit is less influenced by non-pro-
ductive absorption through the conjunctiva.3 
Although animal experimentation is considered 
an essential part of ocular drugs advancement, 
they have been largely criticized from ethical 
and economical viewpoints. For example, 
model animals must be sacrificed at each time 
point in ocular pharmacokinetic studies and a 
large number of animals must be exploited for 
a single study. In the European Union, tightly 
restricted regulations (Council Directive 86/ 
609/EEC) have been implemented for pro-
tection of animals in experimental/scientific 



 

Ocular Drug Delivery; Barar et al 
 

JOURNAL OF OPHTHALMIC AND VISION RESEARCH  2009; Vol. 4, No. 4 245 

use in order to minimize such investigations.3  
 
CELL BASED IN VITRO MODELS  
 
Restrictions associated with animal models 
have prompted researchers to pursue in vitro 
cell-based models including primary and im-
mortalized cell culture models with particular 
emphasis on models serving blood-eye barriers. 
Figure 4 depicts a schematic presentation of an 
in vitro cell culture model. The main challenge 
associated with in vitro cultivation of any cell 
type serving an epithelial or endothelial barrier 
model appears to be establishment of proper 
growth conditions, upon which cultured cells 
can form a monolayer/multilayer of cells dis-
playing tight junctions which confer restrictive 
barrier functions.36 In fact, the closer the culture 
conditions are to the natural environment, the 
more closely the resulting cells will mimic in 
vivo tissue characteristics.3 Implementation  
of permeable support systems such as the 
“Transwell® insert” has proven to be a valuable 
tool for assessment of bioelectrical and/or per-
meability properties of cultured cells (Fig. 4). 
These membrane based systems allow cells to 
grow in a polarized fashion. Furthermore, it is 
possible to grow cells in coculture systems, 
which allow determination of the effect of other 
cell types (e.g., astrocytes or pericytes) on endo-
thelial cells (Fig. 5).23,25,56 Light microscopic 
images of brain capillary endothelial cells and 
side-by-side coculture of ECV304 and C6 cells 
are shown in figure 5.  

Handling cultured cells on filter mem-
branes (polycarbonate or polyester) is easy; fur-
thermore cellular functions (e.g., permeability 
and carrier/receptor mediated transport) can 
be simply investigated since independent ac-
cess is possible to apical and basolateral aspects 
of cells grown on such membranes. Using such 
systems, we have studied the influence of as-
trocytes on endothelial cells b.End3.24 To mimic 
the extracellular matrix, cell culture filters can 
be coated with collagen (type I), laminin, fibro-
nectin or their mixture. Such coating has been 
reported to facilitate cell attachment, proli-
feration and differentiation. Cultivation media 
in cell culture models usually contain fetal 
bovine serum (FBS) in concentrations of 2–20% 

and various growth supplements such as epi-
dermal growth factor (EGF) and hydrocor-
tisone. Varying concentrations of FBS may in-
fluence cell proliferation and differentiation; 
however, cells grown in serum free media 
(SFM) have been shown to exhibit better barrier 
functions.57-61 Table 1 lists selected in vitro cell-
based models for ocular barriers.  
 

 
Figure 4 Schematic representation of the in vitro cell 
culture model. Transwell® insert filters are widely used 
for assessment of bioelectrical properties of target cells 
and screening for drug permeability and targeting.  
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Figure 5 Light microscopic images of brain capillary 
endothelial cells. A) Porcine brain capillary endothelial 
cells. B) Side-by-side coculture of ECV304 and C6 cells 
on top and underneath the Transwell® insert filter 
membrane.  
 
 
Cell Culture Models for Corneal Epithelium 
and Endothelium  
 

The corneal epithelium represents the rate-
limiting barrier for transcorneal permeation. As 
shown in figure 2, the uppermost epithelial cell 
layers provide over 60% of total corneal resis-
tance since they contain tight junctions. Various 
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corneal epithelial cell culture models (both 
isolated primary and immortalized cells) have 
been widely used for toxicity testing, and 
transcorneal permeation investigations (Table 
1). For example, isolated bovine primary cor-
neal epithelial cells cultured onto fibronectin/ 
collagen/laminin coated membrane with 
serum-free medium (SFM) resulted in TEER 
value of 5000 Ω.cm2.62 While, TEER values of 
isolated rabbit corneas (epithelium–stroma–
endothelium) were determined to be 3200–7500 
Ω.cm2. Of immortalized corneal epithelial cell 
lines established from rabbit, rat, hamster and 
humans, immortalized human cell lines (e.g., 
human corneal epithelial [HCE], HCE-T and  
tet human papilloma virus [HPV] 16-E6/E7 
transduced HCE cell lines) with TEER values of 
400-500 Ω.cm2 are widely used in cell culture 
models.3 Of these models, simian virus (SV) 40 
immortalized human corneal epithelial cells 
(HCE-T) have been widely used for in vitro 
models of human corneal epithelial cells. 
Recently, this cell line was assessed for genomic 
aberrations and cellular heterogeneity using 
array-based comparative genomic hybridiza-
tion (CGH) analysis. Using the array CGH 

analysis, the genomic content of HCE-T cells 
appeared to be different from normal healthy 
genome; furthermore results of cellular func-
tional assays such as real-time polymerase 
chain reaction (RT-PCR) and chromosomal flu-
orescent in situ hybridization (cFISH) strongly 
indicated that HCE-T cells consisted of a sig-
nificant number of heterogeneous cell popu-
lations.63 This clearly indicates that HCE-T cells 
have altered genomic content, are composed of 
heterogeneous cell populations and thus cannot 
represent normal human corneal epithelium. 

To establish an immortalized human cor-
neal endothelial cell line (IHCEn) by trans-
ducing HPV 16 E6/E7 oncogenes, primary 
human corneal endothelial cells (PHCEn) were 
infected with HPV using a retroviral vector; 
transformed cells were clonally selected and 
cultivated on lyophilized human amniotic 
membrane (LAM). Growth properties and 
characteristics of IHCEn were then compared 
with that of PHCEn. Immunohistochemical 
staining and immunofluorescence examina-
tions revealed that IHCEn can be considered a 
successful in vitro model of human corneal 
endothelial cells.64  

Table 1 Bioelectrical properties of selected cell culture models of the corneal epithelial barrier 
Ocular tissue Cell culture model TEER (Ω.cm2) Applications 

Primary rabbit cells: cultured onto fibronectin/collagen/ 
laminin coated membrane using SFM for 7-8 days. 

~ 5000 
Permeability and transport 
studies62 

Corneal 
epithelium  

Immortalized human cells: HCE-T cell line, cultured on 
collagen-coated membranes using SFM for 6 days 

~500 
Cell biology, toxicity, ocular 
irritancy, gene/drug 
delivery65-67 

Corneal 
endothelium 

Immortalized human corneal endothelial cells: IHCEn 
cell line, cultivated onto lyophilized human amniotic 
membrane 

- 
Positive expression of 
Na+/K+ ATPase64 

TEER, trans-epithelial electrical resistance; SFM, serum free media; HCE-T, human corneal epithelial cell; IHCEn, immortalized 
human corneal endothelial cell. 

 
 
Cell Culture Models for Conjunctival 
Epithelium 
 
Primary cell culture models of conjunctival 
epithelium are usually obtained from rabbits 
and cows (Table 2), which were shown to pro-
vide TEER values of 1000-2000 and 5000 Ω.cm2 
respectively, while TEER of excised rabbit con-
junctiva was 1300 Ω.cm2.3 To characterize a new 
nontransfected spontaneously immortalized 
epithelial cell line from normal human con-

junctiva (IOBA-NHC), outgrowing cells from 
explanted conjunctival tissue were successively 
passaged and preliminarily characterized at 
passage 3 to assess epithelial origin. These cells 
were then further characterized (i.e., at pass-
ages 15 to 20, 40, 60, and 100) by analyzing 
various properties (e.g., viability, plating effi-
ciency, colony forming efficiency and colony 
size, and Ki-67 protein expression), epithelial 
marker expression (e.g., cytokeratins, desmo-
plakins, EGF receptor), and expression of con-
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junctival differentiation markers (i.e., mucin 
gene expression). IOBA-NHC cells demon-
strated high proliferative ability in vitro and 
typical epithelial morphology. Furthermore, 
cytokeratins, mannose, and sialic acid residues 
were immunologically detected; it therefore 
appears that this cell line can be a useful 
experimental tool in the field of ocular surface 
cell biology.68 

Recently, in order to develop a conjunctival 
epithelial cell line for investigation of antigen 
translocation across a mucosal barrier, conjunc-
tival epithelial cells from Fischer 344 rats were 

immortalized with pSV3(neo) resulting in two 
cell lines, i.e., CJ4.1A and CJ4.3C. The cell lines 
were in culture for over 60 passages with popu-
lation doubling time of ~22 hours and TEER 
value of 600-800 Ω.cm2 after attaining total 
confluency (i.e., 3-4 days) and expressing tight 
junction molecules. Morphological and func-
tional characterization indicated that these cell 
lines may serve as a useful experimental con-
junctival epithelial cell line to assess strategies 
for enhancing transepithelial antigen uptake.69  

  
Table 2 Bioelectrical properties of selected cell culture models of the Conjunctival epithelial barrier 

Ocular tissue Cell culture model TEER (Ω.cm2) Applications 
Primary rabbit cells: cultured on collagen-coated 
membrane using SFM for 8-10 days 

~ 1900 
Permeability and transport 
studies70 

Primary bovine cells: cultured on collagen-coated 
membrane, 10% serum medium for 9-11 days 

~5600 
Cytotoxicity screening, 
cytokeratin expression71,72 

Conjunctival 
epithelium 

Immortalized rat cells: CJ4.1A and CJ4.3C cell lines, 
cultured in 10% serum medium for 4 days 

~600-800 
Investigation of antigen translo-
cation across a mucosal barrier69 

TEER, trans-epithelial electrical resistance; SFM, serum free media. 

 
 
Cell Culture Models for Blood-Retinal 
Barriers 
 
Numerous cell culture models have been set up 
as models for the inner and outer BRB (Table 3). 
However, establishment of an appropriate  
in vitro model for such barriers remains a 
challenge.  
 
Retinal Pigmented Epithelial Barrier 
 
Many primary cell culture models of the RPE 
(obtained from frog, rat, chick, cow and human 
RPE cells) have been used for various purposes 
of which, two primary cells (i.e., human and 
bovine) are most commonly used (Table 3).  

Of immortalized cell lines, the rat RPE-J 
cell line was produced by infection of rat RPE 
cells with a temperature sensitive SV40 virus 
followed by isolation of epithelial clones.73 This 
cell line displayed a highly differentiated 
phenotype in culture, but the polarity of 
Na+,K+-ATPase and the neural cell adhesion 
molecule (N-CAM) differed from the in vivo 
localization. Nabi et al73 showed that, under 
defined growth conditions, RPE-J cells were 

able to form a tight cell monolayer with a TEER 
value of 350-400 Ω.cm2, which also displayed 
circumferential expression of the tight-junction 
protein, ZO-1. The RPE-J cells were demon-
strated to be of RPE origin due to expression of 
the rat RPE marker, RET-PE2. This cell line has 
been used in many investigations.74-77 Mora et 
al75 examined the expression and distribution 
of caveolae and caveolins in the RPE, which 
play key roles in retinal support, visual cycle, 
and act as the main barrier between blood and 
retina. They proved the presence of caveolae 
(caveolin-1 and -2) in both apical and baso-
lateral domains of the plasma membrane of all 
RPE-J cells. Since all other epithelial cells (e.g., 
liver, kidney, thyroid, and intestinal) assemble 
caveolae only at the basolateral side, the bipolar 
distribution of caveolae in the RPE is striking 
and may reflect specialized roles in signaling 
and trafficking which are important for visual 
function.  

Davis et al78 cloned a spontaneously arising 
cell line (i.e., D407) from a primary culture of 
human RPE. These cells were shown to possess 
most metabolic and morphologic characteristics 
of RPE cells in vivo (e.g., epithelial cobblestone 
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morphology, expression of typical keratins, and 
synthesis of retina specific CRALBP protein), 
but the model lacked certain enzymatic acti-
vities. This cell line has been exploited in 
various studies.79-82 For instance, Mannermaa et 
al79 investigated the expression of efflux pro-
teins in two secondary (ARPE-19, D407) and 
two primary (HRPEpiC and bovine) RPE cell 
lines and showed that similar protein efflux 
profiles were shared between ARPE-19 and 

primary RPE cells, whereas the D407 cell line 
was notably different. MRP1, MRP4 and MRP5 
were identified in all human RPE cell lines but 
MRP6 was not expressed in any cell line. D407 
cells expressed MRP2 and BCRP, which were 
absent in other cell lines. This clearly implies 
that such differences in expression of efflux 
transporters should be taken into consideration 
when these cell lines are used for particular 
drug delivery studies. 

  
Table 3 Bioelectrical properties of selected cell culture models of the blood-retinal barriers 

Ocular tissue Cell culture model TEER (Ω.cm2) Applications 
Primary isolated bovine cells: co-culture with 
endothelial cells for 14 days 

~200 
Effect of endothelial cells on barrier 
function of the RPE83 

Primary isolated rat cells: cultured onto 
laminin coated filters using SFM for 5-7 days 

~200 
Influence of serum on tight junction 
formation84 

Retinal pigment 
epithelium  

Immortalized human cells: ARPE-19 cell 
line, cultured onto collagen-coated 
membrane, 10% serum medium for 9-11 days 

~100 
Characterization of ARPE-19 as a 
human RPE cell line forming  
polarized epithelial monolayers85 

Primary isolated bovine retinal capillary 
endothelial cells: cultured onto polycarbonate 
filters (coated with gelatin, laminin, 
fibronectin, and collagen) 

~150 

Establishment of retinal capillary 
endothelial cell model86 

Retinal capillary 
endothelium  

Immortalized rat retinal capillary endothelial 
cells: TRiBRB cell line 

~30 
Functional expression of cell 
membrane transporters87,88 

TEER, trans-epithelial electrical resistance; SFM, serum free media; ARPE, a human retinal pigment epithelial cell line; TRiBRB, 
immortalized rat retinal endothelial cell line. 

 
 

Another human RPE cell line (i.e., ARPE-
19) was established and characterized by Dunn 
et al85 in 1996. The cell line was characterized 
by its morphology, the expression of retina 
specific markers (CRALP and RPE65), and its 
barrier properties. Despite the presence of 
tight-junction complexes, these cells displayed 
poor TEER values of ~100 Ω.m2. Various 
attempts have been made to alter the culture 
conditions of ARPE-19 to more accurately 
reproduce in situ RPE phenotype, such as co-
cultivation with immortalized astrocytes or 
with C6 glioma cells.89 The ARPE-19 cell line 
failed to respond to co-culture or conditioned 
medium, perhaps due to its heterogeneous 
nature. 
 
Retinal Capillary Endothelial Barrier  
 
Many pathologic conditions of the eye (e.g., 
diabetic retinopathy) are believed to be asso-
ciated with breakdown of the inner blood–

retinal barrier. Therefore, development of novel 
treatment strategies demands cell based in vitro 
models to investigate transport machineries of 
this ocular barrier. This can be helpful for iden-
tification of factors associated with such di-
seases. The second passage of primary isolated 
bovine retinal capillary endothelial cells 
(BRCECs) cultured on polycarbonate filters 
(coated with gelatin, laminin, fibronectin, and 
collagen) resulted in TEER values of ~150 
Ω.cm2.86 Recently, a conditionally immor-
talized rat retinal capillary endothelial cell line 
(TRiBRB) was developed from a transgenic rat 
harboring the temperature sensitive SV40 T 
antigen gene.87 When grown on permeable 
membrane, TR-iBRB cells expressed functional 
P-gp and GLUT1, however they showed very 
low TEER values (30 Ω.cm2).90 TR-iBRB cells 
possess endothelial markers, such as von 
Willebrand factor (vWF) and a scavenger re-
ceptor for uptake of acetylated low density 
lipoprotein (Ac-LDL). They also express vas-
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cular endothelial growth factor (VEGF) recep-
tor-2 (KDR/Flk-1), which may play a critical 
role in binding to VEGF and possibly in deve-
lopment of neovascularization in diabetic re-
tinopathy. These cells are also used for iden-
tifying transporters and studying their regu-
lation under pathological conditions.88 Al-
though, at present, transport machineries of the 
inner BRB (e.g., the amino acid transporters) 
remain largely unknown, preliminary examina-
tions have resulted in expression of some 
amino acid transporters such as system L  
“LAT-1” that is also expressed in the blood-
brain barrier.24 Retinal endothelial cells are 
surrounded by retinal pericytes and Müller 
cells. Although retinal microvascular biology/ 
function may be due to possible intercommuni-
cations between endothelial cells and the two 
other types of cells, signal transduction mecha-
nisms for tight junction regulation of endo-
thelial cells demands further investigation  
in particular for disorders such as diabetic 
retinopathy.  
 
SUMMARY 
 
Development of in vitro cell culture models for 
studying ocular barriers undoubtedly provides 
a platform to investigate the impact of nut-
rient/pharmaceutical trafficking on ophthalmic 
diseases. This can also provide grounds for 
detection of cell surface biomarkers for drug 
delivery and targeting, resulting in novel 
therapeutic modalities when safe delivery of 
agents to the posterior segment is necessary. 
Inner BRB transport machineries, in particular 
endocytosis and transcytosis, can help advance 
the use of systemically administered medicines 
for ophthalmic diseases. Current knowledge of 
inner BRB transport appears to be very limited 
as compared to that of the BBB. The scientific 
community has begun to change the face of this 
field by establishing inner BRB cell lines which 
allow identification of transporters and their 
regulation under physiological and patholo-
gical conditions. Due to the tedious task of iso-
lating of different ocular tissues, immortalized 
cell lines appear to offer obvious advantages 
over primary cell lines. Setting up immor-
talized cells is an easy task and the charac-

teristics of these cultures are deemed to remain 
stable over a large number of passages. How-
ever, as compared to primary cells, immor-
talized cell lines may show abnormal charac-
teristics in gene expression or biological fun-
ctions.79 In contrast, isolated primary cultures 
are likely to reflect in vivo cell morphology and 
function more accurately, but nevertheless 
these cells stop growing after a few passages in 
culture. In the case of human primary cells, due 
to limited availability of human donor eyes, it 
would be very difficult to obtain several iso-
lates. All these issues have prompted resear-
chers to exploit immortalized cell lines. But it 
should be stressed that no perfect cell lines are 
yet available to serve both drug delivery/ 
targeting investigations on one hand, and bio-
logic studies of ocular membranes and barriers 
on the other. This domain of science has pro-
moted investigations to establish new cell lines; 
the next step for achieving the desired goals 
appears to be utilization of stem cell app-
roaches91 and omics based technologies (e.g., 
genomics, proteomics, metabolomics).   
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