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Cell culture models of the human cornea – a
comparative evaluation of their usefulness to
determine ocular drug absorption in-vitro

Stephan Reichl

Abstract

Cell culture models of the cornea are continually developed to replace the isolated animal cornea for
transcorneal drug absorption studies. The aim of this study was to determine and compare epithelial
tightness and permeability of currently available corneal cell culture models to avoid interlaboratory
variability and to assess their usefulness for in-vitro permeation studies. Pure epithelial cell culture
models (CEPI, SIRC and HCE-T cell lines), primary cultures of human corneal epithelium (HCEpiC) and
the two commercially available models (RHC and Epiocular), as well as organotypic human cornea
constructs (HCC, HCC-HCE-T), were investigated and data were compared with those obtained from
the excised bovine cornea. Barrier properties were assessed by measurements of transepithelial
electrical resistance (TEER) and permeability of three passively absorbed substances (mannitol, testos-
terone and timolol maleate) with different physico-chemical properties. TEER experiments revealed
weak barrier functions for all of the investigated epithelial models �≤100–200� cm2�, except the
HCE-T cell line. Transport studies confirmed TEER results insofar that models showing low TEER
values also had higher permeation rates in comparison with the excised bovine cornea. However,
models based on HCE-T cells demonstrated similar barrier properties to isolated corneal tissue. The
corneal models investigated in our laboratory show clear differences in epithelial barrier function.
In-vitro systems comprising the HCE-T cell line seem to be most appropriate to replace excised animal
cornea for assessing corneal permeability.

Introduction

In the last decade, the average number of eye diseases requiring treatment has steadily
increased. Specifically considering the treatment of glaucoma, the number of prescribed
doses in Germany has risen from 382 million DDD (defined daily doses) in 1996 to 432
million DDD in 2005 (Lohse 2006). Eye disease treatments are mostly administered by
topical application of ophthalmic drugs, normally to the cul de sac of the eye. Thus, a
major focus of drug distribution and penetration is on the conjunctival–scleral pathway and
the cornea. Even though the conjunctival–scleral pathway can be highly efficient for intra-
ocular drug delivery, and despite the fact that it bypasses corneal and local vasculature,
only a few (high-molecular-weight) substances are delivered using this route. In contrast,
the transcorneal route is still the major pathway for ocular drug delivery, representing the
direct pathway into the eye. Moreover, it is applicable for most drug substances (Lee &
Robinson 1986; Järvinen et al 1995).

Unfortunately, the bioavailability of ophthalmic drugs, whose site of action is intraocular,
is rather poor. This is because of the short retention time of drugs at the eye surface due to
frequent eye blinking and tear flow, as well as the tight barrier of the corneal epithelium.
To overcome these problems, many efforts have been made to increase the retention
time of drug formulations at the cornea (Ludwig 2005). Another great challenge in the
development of new formulations and excipients is the enhancement of the permeation rate
of drugs across epithelial barriers to increase the bioavailable fraction without additional
toxic effects (Kaur & Smitha 2002). For these reasons, several studies are being performed
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to develop new ophthalmic drug formulations with mucoad-
hesive potential, as well as permeation-enhancing effects,
so as not to generate a toxic or allergic response. Since
the cornea is the main barrier for topically applied drugs,
the utility of permeation-enhancing excipients and formu-
lations is evaluated by comparing transcorneal permeation
studies. Because of the poor availability of human donor
corneas for experimental purposes, these in-vitro studies
are largely performed using excised corneal tissues from
laboratory animals or killed livestock. However, the use of
such tissues has disadvantages. For example, the sacrifice of
animals for experimental purposes is deemed inappropriate,
animal maintenance is expensive and it requires extensive
man-hours. Moreover, procurement of homogeneous mate-
rials from slaughtered animals is very difficult and variances
of observed data from non-homogeneous animal tissue spec-
imens are unavoidable. Extension of such animal data to a
human setting is also a formidable issue.

To overcome the drawbacks and to replace excised corneas
from animals, several corneal cell culture models have been
established. The intentions driving development of corneal
models are very different. These models have been used to
study the physiological features of corneal tissues and corneal
cells. Moreover, corneal equivalents have been cultivated
for wound healing studies (Minami et al 1993; Griffith et al
1999; Germain et al 2000). Since the establishment of the
3R principle (Replace, Reduce, Refine) in 1959 by Russell
and Burch, and following the establishment of guidelines that
ban animal-based drug tests by the cosmetics industry in the
European Union in 2003 (2003/15/EG), immense efforts have
been made to improve these cell culture models so that they
may serve as a substitute for animal experiments. A variety of
corneal epithelial cell culture models have been established in
recent years to replace the eye irritation test (Draize test), an
animal experiment that is performed on rabbits. In addition
to simple models of corneal epithelium, three-dimensional
organotypic corneal equivalents have been described for this
purpose as well (Kruszewski et al 1997; Schneider et al 1997;
Clothier et al 2000; Zorn-Kruppa et al 2005). Meanwhile, two
models of corneal epithelium for in-vitro toxicity studies
(Epiocular from MatTek and RHC model from SkinEthic) are
commercially available. These models were mainly devel-
oped to serve as tools for toxicity and eye irritation testing.

Moreover, in recent years, some cell culture models for
drug transport and permeation studies based on corneal
epithelial cells as well as organotypic cornea constructs
have been made available (Hornof et al 2005). For reasons
mentioned above, more efforts have been made to develop
cell culture models based on human sources in recent years.
Thus, some corneal models are used in studies that deal with
drug absorption and metabolism; however, up to now, no
comparisons of permeation data have been described for the
existing models in the same laboratory to avoid interlabora-
tory variability. Therefore, the aim of this study is to compare
corneal epithelium models and three-dimensional cornea
equivalents, including the three corneal cell types (endothe-
lial, stromal and epithelial cells), to evaluate their usefulness
as in-vitro models for permeation studies. The tightness of
epithelial tissues due to the presence of tight junctions was

investigated by measuring the transepithelial electrical resis-
tance (TEER). Furthermore, the permeabilities of the cell
culture models for mannitol (paracellular marker), testos-
terone (transcellular marker) and timolol maleate (ophthalmic
model drug) were determined and compared with those
obtained using excised bovine cornea. Cell culture models
included in this investigation were primary cultures of human
corneal epithelium (HCEpiC), the frequently used rabbit cell
line SIRC (SIRC – Statens Seruminstitut Rabbit Cornea), two
different immortalized cell lines of human corneal epithe-
lial cells CEPI and HCE-T, and the commercially available
models Epiocular and RHC, as well as organotypic human
cornea constructs HCC and HCC-HCE-T.

Material and Methods

Cell culture models and corneal tissues

SIRC
The SIRC cell line is an immortalized cell line established by M.
Volkert of the Statens Seruminstitut, Copenhagen, Denmark,
from the cornea of a normal rabbit in 1957. It has been used
as a model for drug absorption by Goskonda and colleagues
(Goskonda & Reddy 1999; Goskonda et al 1999, 2000). Mitra
and co-workers have frequently used this cell line in studies of
cornealdrug transport anddrugmetabolismduring transcorneal
passage (Tak et al 2001; Dey et al 2003; Majumdar et al 2003).
In contrast to other epithelial cell lines, the SIRC cells do
not exhibit an epithelial, cobblestone-like morphology; rather,
they have a fibroblast phenotype (Niederkorn et al 1990).

SIRC cells were purchased from European Collection of
Cell Cultures (ECACC, UK-Wiltshire; Cat. No. 89090404).
Many variations of SIRC growth medium have been
described in literature. In this study, the standard ECACC
culture medium was used (SIRC 1) and the same medium,
including additional supplements, was used as described
by Goskonda and colleagues (Goskonda & Reddy 1999;
Goskonda et al 1999) (SIRC 2).

CEPI
CEPI cells were a kind gift from Nestec (Lausanne,
Switzerland). This cell line was established from human
corneal epithelial cultures by means of SV40 transfection
(Sharif et al 1998). It is a well characterized cell line
(Offord et al 1999). CEPI cells have not been described as
a pure corneal epithelial model for drug absorption studies.
However, they have been used to build up cornea equiva-
lents, which are intended to replace excised animal corneas
in drug permeation experiments (Reichl et al 2004). In this
study, CEPI cells were cultured using a standard growth and
a keratinocyte growth medium containing a reduced content
of fetal calf serum (CEPI, serum-reduced).

HCE-T
HCE-T cells were provided by Dr Araki-Sasaki
(Kagoshima, Japan), who established the cell line by infec-
tion of human corneal epithelial cells with a recombinant
SV40-adenovirus vector in 1995 (Araki-Sasaki et al 1995).
HCE-T cells are currently the most frequently investigated
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human corneal epithelial cell line. Furthermore, this cell line
has been intensively used by Urtti and co-workers and repre-
sents a standard tool for drug permeation, bioavailability pre-
screening and toxicity assessment (Saarinen-Savolainen et al
1998; Toropainen et al 2001, 2003; Ranta et al 2003; Becker
et al 2007).

HCEpiC
Isolation and standard cultivation procedure of primary
cultures from human corneal epithelium, as well as culture
for several population doublings, are considered as difficult
and normally require cultivation under serum-free conditions.
Meanwhile, some cell cultures are commercially available.
HCEpiC cells were purchased from ScienCell (San Diego,
CA, USA). These cultures have been described up to now in
studies regarding growth characteristics and wound healing
(Pappa et al 2005; Yang et al 2005; Zhang et al 2005).

Cultivation of epithelial models
All epithelial models were cultivated in the same way:
100 000 cells/cm2 of each cell line were seeded onto Tran-
swell inserts (polycarbonate, 1�13 cm2� 3 �m pore size) and
maintained for 7 days under liquid-covered conditions. There-
after, the cultures were switched to air-interfaced condition
and cultivated for an additional 10 days, forming a multilay-
ered corneal epithelium. Medium was changed three times
per week. A brief summary of the epithelial models, as well
as the used growth media, is listed in Table 1.

Epiocular
Epiocular was purchased from MatTek Corporation
(Ashland, MA, USA). This commercially available model
was generated to test ocular cytotoxicity and irritancy
in-vitro (Jones et al 2001). In contrast to the models
described above, the Epiocular model consisted of normal,
human-derived epidermal keratinocytes (not of corneal
origin) that have been cultured to form a stratified, squa-
mous epithelium with a morphology similar to corneal
epithelium. The samples were handled according to the
manufacturer’s protocol and were used within 24 h of arrival.

Technical data for this model are listed in Table 1.

RHC
Reconstituted human corneal epithelial tissue, also referred
to as the RHC model, is also commercially available and was
purchased from SkinEthic Laboratories (Nice, France). This
model consists of immortalized human corneal epithelial cells
(HCE) that are cultivated on 0�5-cm2 polycarbonate filters
at the air–liquid interface for 5 days in chemically defined
medium. During this time, a multilayered tissue forms with a
morphology and ultrastructure similar to those observed in-
vivo. It was created and intensively investigated as a replace-
ment for the Draize rabbit eye irritation test (Doucet et al
2006). Studies using RHC as an in-vitro model for testing
transcorneal permeation of drugs have not been described yet.
The samples were handled according to the manufacturer’s
protocol and were used within 24 h of arrival.

Technical data for this model are listed in Table 1.

Table 1 Summary of the technical specifications of the epithelial cell culture models

Origin Growth medium

Epiocular Human-derived epidermal
keratinocytes (from
neonatal-foreskin tissue)

DMEM, supplemented with insulin, hydrocortisone
and other stimulators of nonkeratinizing epithelial
differentiation, gentamicin, amphotericin B

RHC Transformed human corneal
epithelial cells, cell line HCE

MCDB 153 chemically defined, supplemented with
insulin, hydrocortisone, CaCl2, gentamicin

SIRC 1 Immortalized rabbit corneal
epithelial cells, Statens
Seruminstitut

MEM, supplemented with 10% FCS, 2 mm glutamine,
1% non-essential amino acids, 1% pen/strep,
amphotericin B

SIRC 2 See SIRC 1 as SIRC 1, additionally 1�76 mg mL−1 lactalbumin
hydrolysate, 0.57 mg mL−1 yeast extract

CEPI SV40 transformed human corneal
epithelial cells, cell line CEPI 17
CL 4

DMEM/F12, supplemented with 5% FCS, 2 mm

glutamine, 5 �g mL−1 insulin, 1�4 �m

hydrocortisone, 1 ng mL−1 EGF, 10 �g mL−1

transferrin, 1% pen/strep, amphotericin B
CEPI sr

(serum-reduced)
See CEPI MCDB 153, supplemented with 25 �g mL−1 BPE,

5 �g mL−1 insulin, 5 ng mL−1 EGF 1�4 �m,
hydrocortisone, 0.5% FCS, 10 �g mL−1 transferrin,
1% pen/strep, amphotericin B

HCE-T SV40 transformed human corneal
epithelial cells, cell line HCE-T

DMEM/F12, supplemented with 5% FCS, 5 �g mL−1

insulin, 10 ng mL−1 EGF, 0.5% DMSO,
0�1 �g mL−1 cholera-toxin, 1% pen/strep,
amphotericin B

HCEpiC Human corneal epithelial cells,
primary cell culture

Keratinocyte medium supplemented with 10 �g mL−1

BSA, 5 �g mL−1 transferrin, 50 �g mL−1 BPE,
2�5 �g mL−1 insulin, 5 ng mL−1 FGF-2, 500 ng mL−1

adrenaline, 0�5 �g mL−1 hydrocortisone, 10−8
m

prostaglandin E2, 30 nm T3, 1% pen/strep
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HCC and HCC-HCE-T
Besides the pure epithelial models, two different organ-
otypic human cornea constructs (HCC and HCC-HCE-T)
were included in the study. Such corneal equivalents include
three corneal cell types (epithelial, stromal and endothelial
cells), as well as extracellular matrix (normally collagen), and
are reconstructed step-by-step by means of tissue engineering
techniques (Minami et al 1993). In previous investigations,
it could be shown that these constructs exhibit morphology
and ultrastructural histology that are similar to the original.
In addition, similar results were obtained for both cornea
constructs, as well as excised corneas, in transcorneal drug
absorption studies (Tegtmeyer et al 2001; Reichl et al 2004).

The HCC and HCC-HCE-T cornea equivalents were
constructed as described previously (Reichl et al 2004).
Briefly, immortalized cell lines (i.e. SV40 transfected human
corneal epithelial (CEPI cells in the case of HCC and HCE-T
cells in the case of HCC-HCE-T) and endothelial cells
(HENC)), and primary isolated native human corneal fibrob-
lasts were used for reconstruction of the human cornea
in-vitro. The standard cultivation and characterization of these
cells were reported previously (Bednarz et al 2000). Endothe-
lial cells �2 × 105� were seeded onto a 4�5-cm2 Transwell
insert (polycarbonate filter) covered with a thin layer of
type I collagen, acid-extracted from rat tail, and grown to
confluence within 7 days in F99 medium, a 1:1 medium
mixture of Ham’s F12 and Medium 199 (Gibco BRL Life
Technologies, Karlsruhe, Germany) supplemented with 5%
fetal calf serum (FCS; Biochrom KG, Berlin, Germany) and
1% antibiotic/antimycotic solution (Gibco BRL). A type I
collagen gel matrix containing 6 × 104 stromal fibroblasts
was then cast atop the confluent endothelial cell layer. An
endothelium stroma equivalent was cultivated for approxi-
mately 4 days submerged in DMEM supplemented with 10%
FCS, 4 mm l-glutamine and 1% antibiotic/antimycotic solu-
tion (PAA Laboratories, Linz, Austria). Epithelial cells (1�5 ×
105; CEPI and HCE-T, respectively) were seeded onto the
contracted collagen lattice and grown in DMEM/F12 medium
– a 1:1 medium mixture of DMEM (Gibco BRL) and Ham’s
F12 (Gibco BRL) supplemented with 5% FCS, 5 �g mL−1

insulin, 1.4 mm hydrocortisone, 1 ng mL−1 epidermal growth
factor (EGF), 10 �g mL−1 transferrin (Biochrom), 2 mm l-
glutamine and 1% antibiotic/antimycotic solution, in the case
of CEPI cells – for an additional 7 days until confluence.
The HCE-T growth medium consisted of DMEM/F12 as well
supplemented with 5% FCS, 5 �g mL−1 insulin, 10 ng mL−1

EGF (Biochrom), 0.5% dimethyl sulfoxide, 0�1 �g mL−1

cholera toxin (Sigma, Deisenhofen, Germany) and 1% antibi-
otic/antimycotic solution (Gibco BRL). After the epithelium
became confluent, the tissue construct was lifted to the air–
liquid interface for an additional 10 days and cultivated in
DMEM/F12 medium with a reduced serum content of 2%.
Within 10 days, a multilayered epithelium was formed. The
cultures were maintained in a humidified incubator at 37�C
with 5% CO2 and medium was replaced three times per week.

Excised bovine cornea
Eyes from 6-month-old cattle were obtained from the slaugh-
terhouse of the Institute for Animal Science and Animal
Husbandry (Braunschweig, Germany). The corneas were

excised directly after slaughtering with an attached 1–2 mm
wide scleral ring, cleaned by washing three times with
phosphate-buffered saline, and were used immediately.

Transepithelial electrical resistance

Transepithelial electrical resistance (TEER) was measured
using an epithelial voltohmmeter EVOM (World Precision
Instruments, Sarasota, USA) and the results were corrected
for the background introduced by the blank filter. TEER was
used as an indicator of epithelial tightness and functional
integrity. Before, and at the end, of each permeability experi-
ment, TEER was measured to determine the condition of the
cells. The TEER data did not significantly change during the
course of the permeability studies.

Permeation studies

The permeation studies were performed using 1-14C-mannitol
and 4-14C-testosterone (specific activity, 50–55 mCi mmol−1;
Biotrend, Köln, Germany) as hydrophilic and lipophilic
markers to characterize paracellular and transcellular perme-
ation, respectively. Aqueous isotonic phosphate-buffered
saline, pH 7.4 (PBS), containing 0.5% timolol maleate (0.5%
THM) (Ciba-Vision, Weßling, Germany), an ophthalmic
model drug, was also used as the donor. The experiments
were performed at 37�C and, in the case of epithelial
models, they were initiated by adding 3.5 mL serum-free
DMEM/F12 medium to the basolateral side (receiver side)
and 0.25 mL serum-free medium containing mannitol or
testosterone �4 �Ci mL−1� and 0.5% THM, respectively, to
the apical side (donor side). The receiver solution was stirred
with a magnetic stirrer at 100 rev min−1 during the exper-
iment. At intervals of 30 min, until 300 min, volumes of
100 �L were withdrawn from the receiver chamber and
replaced with an equal volume of blank medium. In the cases
of excised corneas and cornea constructs, permeation studies
were performed using Franz diffusion cells, as described
earlier (Reichl et al 2004). Partition coefficients, P, between
1-octanol and medium or PBS at pH 7.4 were determined
using the slow-stirring technique with three different concen-
trations at 25�C.

Calculation of flux values and permeation coefficients

Radioactivity was measured using a liquid scintillation
counter (PW 4700; Philips, Hamburg, Germany) after adding
1.5 mL scintillation liquid (OptiPhase SuperMix; Fisher
Chemicals, Loughborough, UK) to every sample. THM
samples were analysed by an HPLC method, as described
earlier (Reichl et al 2005).

The permeation profiles of donor substances were deter-
mined by plotting the amount of drug that permeated through
the excised cornea, epithelial model or cornea construct
��g cm−2� versus the time (min). The steady-state flux (J)
values across corneal tissues were evaluated from the linear
ascents of the permeation graphs by means of the relationship:

J = dQ/dtA ��g cm−2 s−1� (1)
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where Q is the quantity of substance crossing epithelial
models, human cornea constructs or excised cornea; A is the
corneal area exposed; and t is the time of exposure. The
permeation coefficient, P, was calculated as:

P = J/co �cm s−1� (2)

whereas co represents the initial drug concentration in the
donor compartment.

Data analysis

Each experiment was performed in sextuplicate. Statistical
data analyses were carried out using analysis of variance,
followed by Student–Newman–Keuls post-hoc tests �P <
0�05�.

Results and Discussion

The cornea is a transparent tissue in the eye that is respon-
sible for the refraction of incoming light. Furthermore, the
cornea is an important mechanical and chemical barrier that
limits the access of exogenous substances to the eye and
protects the intraocular tissues. It is the major absorption
route for topically applied drugs, even though it forms a tight
barrier. The human cornea is a multilayered tissue made up of
three major cell layers: epithelium, stroma and endothelium.
Due to the presence of tight junctions (zona occludens), the
epithelium is the rate-limiting barrier for the permeation of
hydrophilic and moderately lipophilic drugs. The stroma and
endothelium offer very little resistance to transcorneal perme-
ation (Klyce & Crosson 1985; Huang et al 1989), although
highly lipophilic substances are altered in their diffusion due
to the hydrophilic characteristics of the stroma (Huang et al
1983). Therefore, most cell culture models of corneal tissue
comprise only epithelial cells (Hornof et al 2005). However,
to reflect the in-vivo properties of the cornea more accu-
rately, epithelium-stroma-equivalents (Parnigotto et al 1998;
Builles et al 2007), as well as cell culture models of the
whole cornea, consisting of epithelial, stromal and endothe-
lial cells, have been developed (Griffith et al 1999; Tegt-
meyer et al 2001; Reichl & Müller-Goymann 2003). An ideal
corneal cell culture model for in-vitro permeation studies
should exhibit a similar multilayered architecture to that
observed in-vivo, form a tight epithelium and have barrier
properties similar to excised cornea for a wide spectrum
of substances and drugs with different physico-chemical
characteristics.

All investigated models, including pure epithelial cell
cultures, as well as organotypic constructs and commercially
available models, were cultivated under air–liquid interface
conditions. Such a technique results in multilayered cell
growth and promotes cell differentiation and tissue-specific
characteristics. In addition, culturing cells under an air inter-
face condition is considered to promote formation of tight
corneal epithelial cell layers (Kawazu et al 1998; Chang et al
2000; Toropainen et al 2001). The expression of functional

zona occludens is usually characterized by electrophysiolog-
ical parameters, such as the transepithelial electrical resis-
tance (TEER). The results obtained from corneal epithe-
lial models are presented in Figure 1. For corneal tissues,
particularly those from rabbits, TEER values in the range
of 1000–3300 (Klyce 1972; Rojanasakul et al 1992; Kikuchi
et al 2005) and 7500 � · cm2 (Marshall & Klyce 1983) have
been reported. However, none of the pure epithelial models,
except HCE-T, exhibited a resistance within this range. The
SIRC and CEPI cell lines, as well as the primary culture
HCEpiC, had TEER values ≤ 100 � cm2; the HCE-T model
values were about 1300 � cm2. In the case of the RHC model
(Skinethic) and Epiocular (Mattek), respective values of 150
and 200 � cm2 were observed. Consequently, among the
investigated corneal models, only the HCE-T model exhibited
epithelial tightness and functional integrity, while the TEER
values of the others were far below the TEER values reported
for isolated rabbit cornea. To date, the HCE-T cell line is
the most thoroughly characterized model of human corneal
epithelium. TEER values obtained with HCE-T in the range
of 400–800 � cm2 and 300–600 � cm2 have been reported by
Toropainen et al (2001) and Becker et al (2007), respectively.
In contrast, the CEPI cell line, which has been used for recon-
struction of human cornea (Reichl et al 2005), did not possess
TEER values greater than 100 � cm2, although a multilay-
ered epithelium was observed. Moreover, reduction of serum
content in the growth medium, which has been reported to
promote the formation of tight junctions (Eisenblätter et al
2002), did not result in an increase of TEER in the case of
CEPI cells (CEPI, serum-reduced). The rabbit cell line SIRC
was cultured in two different media. In both cases, the forma-
tion of tight epithelial sheets was not observed. This cell line,
which is widely used in studies of cytotoxicity, metabolism
and permeation of new drug substances (Goskonda & Reddy
1999; Goskonda et al 1999, 2000); Tak et al 2001; Kitagaki
et al 2006), was not able to express a zona occludens in our
laboratory. Similar results and findings have been described
by Tak et al (2001) and Becker (2006), whereas Goskonda
and co-workers reported TEER values ≥ 2000 � cm2. The
HCEpiC model, which is composed of primary cultures of

Epiocular RHC SIRC 1 SIRC 2 CEPI CEPI sr HCE-T HCEpiC
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Figure 1 Transepithelial electrical resistance (TEER) of the epithe-
lial models. Each point represents the mean ± s.d. of 6 independent
determinations.
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human corneal epithelial cells and is cultured in serum-free
medium, did not show TEER values more than 100 � cm2,
suggesting that the cell layers have weak barrier proper-
ties. The commercially available RHC model is based on
transformed human corneal epithelial cells, as is the HCE-T
model, and it shows a well-organized, multilayered epithelial
structure. Unfortunately, a TEER value of 150 � cm2 was
found for RHC, which is much lower than that observed for
HCE-T and excised tissue. Even though the Epiocular model
showed a slightly higher TEER than RHC, the TEER value
of 200 � cm2 measured for this model is not considered to
be high enough either. An additional drawback of Epiocular
is the fact that it is built up by epidermal keratinocytes and
not corneal cells.

To further evaluate the different models and their useful-
ness as in-vitro permeation models, respectively, permeation
studies were performed using highly hydrophilic mannitol
(Log Poct/med = −2�0; where P is the partition coefficient
between 1-octanol and the medium or PBS; pH 7.4) as a
paracellular marker and highly lipophilic testosterone (Log
Poct/med = 1�9) as a transcellular marker. As an ophthalmic
model drug of medium polarity, timolol maleate (Log
Poct/PBS = −0�2) was investigated. The results, which are
expressed as permeation coefficients, are presented in Table 2
and can be visualized in Figure 2A–C. The permeation results
obtained for mannitol confirm the findings of the TEER
measurements. Only the HCE-T model and HCC-HCE-T,
the organotypic construct comprising the same HCE-T cell
line, exhibited permeabilites in the range of 10−7 cm s−1, as
was observed for the excised bovine cornea and was previ-
ously reported for isolated corneal tissue of different species
(Toropainen et al 2001; Kompella et al 2006). In the case of
the other epithelial models, including Epiocular and RHC,
as well as the cornea construct HCC, mannitol permeability
was increased by an order of magnitude relative to HCE-T,
HCC-HCE-T and the excised bovine cornea. Based upon the
TEER values and permeation coefficients for mannitol, only
the HCE-T model and the cornea construct including this

cell line (HCC-HCE-T), among all investigated cell culture
models, were found to form tight epithelial sheets similar to
those present in the cornea in-vivo.

In the case of excised bovine cornea, a ten-fold increase
in the permeability for testosterone was detected relative to
mannitol. The organotypic cornea equivalent HCC showed
a similar permeation coefficient to that of the isolated
cornea, while the HCC-HCE-T and HCE-T model exhibited
a two- to four-fold increased permeability. Every epithelial
model, including the commercially available models, revealed
permeation coefficients that were increased by about ten fold
relative to the isolated cornea. These facts lead to the conclu-
sion that, for lipophilic testosterone, the stroma tissue of the
cornea, which is also part of the artificial cornea constructs,
provides a considerable barrier. For the ophthalmic model
drug timolol maleate, the two models based on HCE-T have
similar permeation rates to the bovine cornea, although the
values tended to be higher by a factor of three. All of the other
epithelial models showed increased values up to one order
of magnitude and more. The permeation coefficient values
of the RHC, Epiocular and HCC models were between these
values.

Among the corneal cell culture models investigated in our
laboratory, only the models based on the HCE-T cell line
appear to be appropriate substitutes for the excised cornea in
transcorneal absorption studies. For the purpose of screening
studies to investigate the influence of excipients, preserva-
tives, etc., on tight junction function, the pure epithelial HCE-
T model seems to be the best choice because of its high TEER
and barrier tightness to paracellular marker substances. In
addition, it is noticeably easier to cultivate and validate than is
the whole organotypic construct. However, for investigations
of mechanistic transcorneal transport of new drug substances
or bioequivalence, the HCC-HCE-T model seems to be more
advantageous since it comprises a tight epithelium and a
stroma equivalent, which is of concern in the case of highly
lipophilic drugs. The two commercially available models do
not appear to be useful as in-vitro permeation models because

Table 2 Drug permeability of the different corneal cell culture models
compared with excised bovine cornea

Permeation coefficient �10−6 cm s−1�

Mannitol Testosterone Timolol maleate

Epiocular 3.18 ± 0.23 26.5 ± 1.0 2.38 ± 0.18
RHC 6.24 ± 0.18 38.4 ± 2.9 6.33 ± 0.09
SIRC 1 8.67 ± 1.27 35.5 ± 2.8 9.83 ± 0.90
SIRC 2 11.2 ± 0.9 26.2 ± 2.9 10.9 ± 0.3
CEPI 9.36 ± 0.65 25.6 ± 2.4 10.4 ± 0.28
CEPI sr 17.3 ± 0.23 28.5 ± 0.23 16.7 ± 0.23
HCEpiC 19.0 ± 1.8 31.7 ± 3.7 13.6 ± 1.7
HCE-T 0.56 ± 0.04 11.4 ± 0.28 3.95 ± 0.51
HCC 5.62 ± 0.90 4.33 ± 0.84 8.4 ± 0.83
HCC-HCE-T 0.92 ± 0.10 6.32 ± 0.55 3.77 ± 0.42
Bovine Cornea 0.26 ± 0.04 2.74 ± 0.33 1.06 ± 0.19

Data are expressed as mean ± s.d., n = 6.
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Figure 2 Drug permeability of the different corneal cell culture models
compared with excised bovine cornea. Permeation coefficients, P, of
mannitol (A), testosterone (B) and timolol maleate (C) are shown. Each
point represents the mean ± s.d. of 6 independent determinations.

the epithelium they form is not tight enough. Moreover,
they do not exhibit an adequate limitation of lipophilic drug
transport. In contrast, their usefulness as in-vitro models
for cytotoxicity studies and replacement of animal testing
has been reported several times (van Goethem et al 2006).
Neither CEPI cells nor SIRC cells show sufficiently high
TEER values, even with variable growth media compositions.

The permeation coefficients of these cell culture models in
comparison with isolated cornea were too high as well. Even
though the use of SIRC cells has been reported as an alter-
native to excised cornea for transcorneal absorption studies
(Goskonda et al 1999a, b, 2000), this model was not shown
to be useful for in-vitro permeation studies in our labora-
tory. This is in accordance with data from a previous report
(Becker 2006). Furthermore, commercially available primary
cultures of human corneal epithelium HCEpiC are not an
appropriate in-vitro permeation model as they are not able
to generate tight tissues under the chosen growth conditions.
However, to date, a useful in-vitro permeation model based on
human primary cell cultures has not been described (Hornof
et al 2005).

Besides the investigated cornea models, additional cell
culture models are commercially available, although they are
not widely used at this time. The ECACC distributes a trans-
fected rabbit corneal epithelial cell line (RCE) that has been
used for in-vitro permeation studies (Burgalassi et al 2004;
Di Colo et al 2004). However, this RCE cell line also shows
TEER values of only about 150 � cm2, so its usefulness as
an in-vitro permeation model remains doubtful. Furthermore,
there is a new corneal epithelial model available from Lonza
(B-Verviers), which is based upon transfected human corneal
epithelial cells. However, to date, published data showing its
usefulness as an in-vitro permeation model are not available.
Its TEER values of about 800 � cm2, described by Becker
(2006), suggest that this model forms a tight barrier and could
be used for testing transcorneal drug absorption.

However, during recent years more and more studies have
shown that numerous compounds are also absorbed by active
transport processes (Mannermaa et al 2006). Furthermore,
the expression of efflux transport systems located in corneal
epithelium has been reported for rabbit and human tissue
(Kawazu et al 1999; Dey et al 2003; Karla et al 2007a, b;
Becker et al 2007). These ABC transporters seem to play a
vital role in transcorneal penetration for certain compounds
(Dey et al 2004). Thus, a next step towards an optimal corneal
in-vitro model has to be the evaluation of the different models
regarding their expression of active transport systems in
culture.

Conclusion

The adequate replacement of animal testing for investiga-
tion of the transcorneal absorption behaviour of passively
absorbed drugs could only be shown for corneal models (pure
epithelium as well as a cornea construct) based on the HCE-T
cell line in this study. Use of the HCE-T cell culture model
seems to be optimal for studies of epithelial barrier proper-
ties (tight junctions). On the other hand, the complete human
cornea construct might be able to serve as a substitute for
isolated animal cornea during the development phase of new
ophthalmic drugs or for bioequivalence studies of pharmaceu-
tical preparations. The HCC-HCE-T model is currently under
investigation (pre-validation phase) as an in-vitro model for
pharmacokinetic studies conducted in the course of the autho-
rization procedure for marketing. However, further studies
are required to elucidate the expression pattern of transport
proteins in corneal in-vitro models.
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