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the 6 h of permeation experiment, without requiring CO 2  
gassing when the receiving chamber was filled with 25 m M  
of HEPES buffer solution.  Conclusion:  The system described 
here is inexpensive, easy to handle and reliable as an in vitro 
model for iontophoretic ocular delivery studies. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Iontophoresis is a non-invasive physical method that 
involves the application of a low electrical potential gra-
dient across tissues to enhance molecular transport. In 
general, the drug is applied with an electrode carrying 
the same charge as the drug, and the ground electrode, 
which is of the opposite charge, is placed elsewhere on the 
body to complete the circuit  [1] . The ease of application, 
the minimization of systemic side effects, and the in-
creased drug penetration directly into the target region 
resulted in the extensive clinical use of iontophoresis, 
mainly in the transdermal field  [2–4] .

  However, experimental conditions, such as formula-
tions of pH values, total electric current, drug concentra-
tion and competitive ions, among others, strongly inter-
fere with the efficiency of iontophoresis. For that reason, 
in vitro experiments are undoubtedly an important step 
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 Abstract 

  Background/Aims:  It is a challenge to adapt traditional in 
vitro diffusion experiments to ocular tissue. Thus, the aim of 
this work was to present experimental evidence on the in-
tegrity of the porcine cornea, barrier function and mainte-
nance of electrical properties for 6 h of experiment when the 
tissue is mounted on an inexpensive and easy-to-use in vitro 
model for ocular iontophoresis.  Methods:  A modified Franz 
diffusion cell containing two ports for the insertion of the 
electrodes and a receiving compartment that does not need 
gassing with carbogen was used in the studies. Corneal elec-
tron transmission microscopy images were obtained, and 
diffusion experiments with fluorescent markers were per-
formed to examine the integrity of the barrier function. The 
preservation of the negatively charged corneal epithelium 
was verified by the determination of the electro-osmotic 
flow of a hydrophilic and non-ionized molecule.  Results:  
The diffusion cell was able to maintain the temperature, ho-
mogenization, porcine epithelial corneal structure integrity, 
barrier function and electrical characteristics throughout 
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during drug delivery research for screening of formula-
tions and experimental conditions before in vivo tests are 
performed.

  Despite this need, in vitro ocular iontophoresis is very 
poorly evaluated compared to the work that has been 
done in the transdermal iontophoretic field. Ocular drug 
absorption is usually studied in vivo using rabbits as the 
animal model  [5, 6] . Due to the low volume of aqueous 
humour in rabbits (less than 200  � l) and analytical meth-
od limitations, at least 3 animals must be killed per time 
point to generate a drug concentration profile  [7, 8] . Fur-
thermore, the general lack of a strong theoretical founda-
tion for the practice of ocular iontophoresis has led to 
many useless animal experiments with no beneficial re-
sults due to drug or current unsuitability  [1] . Conse-
quently, the choice of predictive in vitro penetration 
models is highly important.

  Eye diseases are mostly treated by topical administra-
tion of ophthalmic drugs, normally to the cul de sac of 
the eye. The applied drug can penetrate into the eye via 
the corneal and conjunctival-scleral pathways. The latter 
is highly efficient for intra-ocular drug delivery; however, 
only a few high-molecular-weight substances are deliv-
ered by this route  [9] . Most substances penetrate the eye 
via the transcorneal route  [10] , which represents the di-
rect pathway into the eye  [9] . In this way, corneal-pene-
tration experiments play an essential role in the selection 
of drugs, formulations and conditions for the application 
of physical methods for the treatment of eye diseases.

  Because of the poor availability of human donor cor-
neas for experimental purposes, in vitro studies are large-
ly performed using excised corneal tissues from labora-
tory animals  [11] . However, the sacrifice of animals for in 
vitro experimental purposes has been deemed inappro-
priate. Because of this, several corneal cell culture models 
have been established  [12–14] . Nevertheless, these mod-
els, at least up to now, have been expensive, time-con-
suming to develop and, most importantly, have not been 
fully proven to be equivalent in barrier properties to ex-
cised corneas. In several recent studies, corneal epitheli-
um models and 3-dimensional cornea equivalents were 
evaluated for their usefulness as in vitro models for per-
meation studies. The corneal models investigated showed 
clear differences in epithelial barrier function when com-
pared to excised bovine cornea. Only one in vitro model 
that was developed seems to be appropriate to replace ex-
cised animal corneas for assessing corneal permeability, 
but it is not yet commercially available  [9] .

  As long as reliable alternative culture models for per-
meation experiments remain unavailable, a simple alter-

native is the use of excised animal corneas obtained in 
abattoir houses. There are no ethical concerns in their use 
since the animal would already be sacrificed for provi-
sioning. The disadvantages of these membranes are the 
decreasing viability of the isolated cornea and the species 
differences compared to human tissue. Nevertheless, the 
porcine cornea has been used in permeation experiments 
because of its similar permeability properties compared 
to the human cornea  [15] .

  Therefore, the aim of this work was to present experi-
mental evidence on the porcine cornea integrity, barrier 
and electrical properties maintenance throughout 6 h of 
permeation using a modified Franz diffusion cell type 
and to present this modified system as a reliable, inex-
pensive and easy-to-handle in vitro model for future ocu-
lar passive and iontophoretic research.

  Materials and Methods 

 Chemicals 
 Fluorescein, fluorescein diacetate, Ag wire (99.99%, diame-

ter = 1.5 mm), AgCl (99.99%) and Pt wire were all purchased from 
Sigma Aldrich (Steinheim, Germany). Fluconazole (FLU) was 
purchased from Galena (Campinas, Brazil), and N-2-hydroxyeth-
ylpiperazine-N-2-ethanesulphonic acid (HEPES) was purchased 
from J.T. Baker (Phillipsburg, N.J., USA). All other reagents were 
BDH or HPLC reagents. Deionized water (Milli-Q Millipore Sim-
plicity 185, Bedford, Mass., USA) was used to prepare all solu-
tions.

  Cornea 
 Corneas used in the experiments were obtained from pig eyes 

that were collected immediately after the slaughter of the animals 
(Frigorífico Pontal Ltda, Pontal, Brazil). The eyes had not been 
heat treated in the abattoir in any way. They were then kept at 4   °   C 
while transported to the laboratory and used within 1 h of enucle-
ation. Any eye with a collapsed anterior chamber was discarded. 
Corneoscleral buttons were dissected using standard eye bank 
techniques, and care was taken to minimize tissue distortion  [16] . 
Immediately after corneal preparation, the tissue was mounted in 
the diffusion cell and kept in contact with the receiving compart-
ment (HEPES) at 35   °   C.

  Apparatus and Experimental Procedure 
 The vertical diffusion cells that were developed consisted of a 

receiving and a donor chamber fixed together with a clamp ( fig. 1 ). 
The receiving chamber contained two openings: one for the place-
ment of the cornea and another for manual sampling of the re-
ceiving solution. In order to fit the concave cornea appropriately 
in the cell, the opening intended for the cornea placement had its 
edges raised by 2 mm. The area of the cornea exposed to drug dif-
fusion was 0.6 cm 2 , and the receiving compartment volume was 
35 ml. Magnetic stirrers (15 mm) were put at the bottom of the 
receiving compartment to adequately homogenize the contents of 
these chambers at 600 rpm. The cells were placed in an outer bath-
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ing compartment for temperature maintenance at 35   °   C. The re-
ceiving medium consisted of 25 m M  HEPES buffer containing 133 
m M  NaCl, pH 7.4.

  Validation of the Mechanical Elements of the Diffusion Cell 
 Volume of the Receptor Chamber for Each Cell 
 All volumes were measured by gravimetric methods. The cells 

with empty receptor chamber were weighed and then filled with 
Milli-Q water. The difference in the weight after the water addi-
tion (milligrams) was then assumed to be the volume of each cell 
(millilitres), assuming that the water density was 1 g/ml  [17] . All 
the determinations were made in triplicate for each cell.

  Diffusional Area 
 The diffusional area of each cell was calculated by measuring 

the diameter of the main hole in the receptor chamber.

  Temperature Control in the Different Chambers 
 Ten cells were mounted with a laboratory film (Parafim TM ) 

between the donor and the receiving compartments. The receiv-
ing chambers were filled with HEPES buffer solution (pH 7.4  8  
0.1) containing 133 m M  NaCl, and 1 ml of this solution was added 
to the donor chambers. The cells were placed into an outer bath 
filled with distilled water maintained at 35   °   C with a thermostat. 
The temperature of each cell chamber was measured after 10, 15, 
20 and 30 min using a calibrated thermometer.

  Stirring Efficiency 
 Magnetic stir bars (15 mm) were placed in the interior of the 

receiving chamber and maintained at 600 rpm. A solution of 
methylene blue (25  � l) was added to the receiving compartment. 
The time needed for complete homogeneous distribution of the 
dye was measured by visual observation.

  Integrity of the Cornea 
 Electron Transmission Microscopy 
 Porcine corneas were fixed with 2% glutaraldehyde in 0.1  M  

phosphate buffer (pH 7.4) at 4   °   C at the following times: (a) im-
mediately after the slaughter of the animal, (b) after transporta-
tion from the abattoir to the laboratory (30 min), (c) after montage 
of all corneas in the perfusion chambers, (d) after 2 h of the per-
fusion experiment, (e) after 4 h of the perfusion experiment and 
(f) after 6 h of perfusion experiment. They remained in the glu-
taraldehyde solution for 24 h. After this period the tissues were 
maintained in 0.1  M  sodium cacodylate buffer (pH 7.4) until the 
routine process for transmission electron microscopy, when cor-
neas were divided into quarters and refixed in 1% OsO 4  and 0.1  M  
phosphate buffer at 4   °   C for 2–3 h. The samples were then washed 
and dehydrated in a graded series of acetone solutions and embed-
ded in a mixture of araldite and pure acetone (1:   1) for 24 h at room 
temperature. They were then sectioned, stained with uranyl ace-
tate and lead citrate, and examined on a transmission electron 
microscope (Phillips EM208, Eindhoven, the Netherlands) with 
final images from  ! 3,200 to  ! 30,000 or higher for the ultra-
structural analysis of the corneal epithelium.

  Assessment of the Corneal Penetration Barrier 
 The cornea was placed between the donor and the receiving 

compartments of the diffusion cell. The donor compartment was 
filled with 1 ml of a solution containing 10  �  M  fluorescein. Sam-

ples (1 ml) were withdrawn from the receiving solution (HEPES 
buffer solution, pH 7.4) each hour throughout the 6 h of the ex-
periment and replaced with fresh receiving fluid. The fluores-
cence intensities of the receiving solution samples were moni-
tored at 490/512 nm (excitation/emission) using a Hitachi F4500 
spectrofluorometer (Hitachi, Tokyo, Japan).

  The positive control consisted of 1 ml of a solution containing 
10  �  M  of fluorescein diacetate added to the donor compartment. 
Experiments without fluorescein in the donor solution were also 
performed as negative controls. All the experiments were per-
formed in quadruplicates.

  In vitro Ocular Iontophoresis 
 Experiments were performed in vitro using the aforemen-

tioned diffusion cell, and Ag/AgCl electrodes were prepared as 
previously described  [18] . The cornea was placed between the do-
nor and the receiving compartments of the diffusion cell. The area 
of cornea that was exposed was 0.64 cm 2 . The donor compartment 
was filled with 1 ml of a saline solution containing FLU (0.2 mg/
ml), used as a model drug. The positive electrode was placed in 
contact with the drug solution in the donor compartment, and the 
ground electrode was placed in contact with the receiving solution 
(HEPES, pH 7.4, 133 m M  NaCl) to complete the circuit. A constant 
electrical current of 0.5 mA/cm 2  generated by a Kepco APH 
500DM apparatus (Kepco Power Supply, USA) was applied. The 
voltage of the complete circuit and of each cell was measured 
hourly with a voltmeter (Freak, MY-63). Samples of 1 ml were 
withdrawn from the receiving solution each hour for 6 h and re-
placed by fresh receiving fluid. The amount of FLU that perme-
ated across the cornea, i.e. the amount of the drug in the receiving 
solution, was analysed by HPLC. C 18  reversed-phase columns of 
125  !  4 mm (5  � m) were used, with water:acetonitrile:methanol 
(80:   15:   5 vol/vol) as the mobile phase at a flow rate of 1.0 ml/min, 
detection at 210 nm and an injection volume of 50  � l.

  ‘Passive’ experiments were also performed with donor formu-
lations containing 0.2 mg/ml FLU. In these experiments, all con-
ditions were identical to those described above except that no cur-
rent was applied.

e

d

c

b

a
f

  Fig. 1.  Diagrammatic representation of the diffusion cell design. 
Cell components as follows: a = donor compartment, b = mem-
brane, c = receptor compartment, d = water bath, e = magnetic 
stir bar and f = sampling port. 
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  Results 

 Validation of the Mechanical Elements of the 
Diffusion Cell 
 The volumes of the receiving compartment (34.63  8  

0.86 ml) and the diffusion area (0.64  8  0.03 cm 2 ) of the 
cells were found to be homogeneous in the 10 units ana-
lysed.

  The time necessary for the receiving chamber solution 
at the initial temperature of 27   °   C to equilibrate with the 
outer bathing solution temperature of 35   °   C was 15 min. 
Only a difference of 1   °   C was seen between the donor and 
receiving solutions.

  It was visually observed that when a dye was added to 
the receiving solution under stirring with a magnetic bar 
of 15 mm at 600 rpm, it was almost instantaneously ho-
mogeneously distributed in a volume of 35 ml, indicating 
that stirring at 600 rpm is adequate.

  Integrity of the Cornea 
 Electron Transmission Microscopy 
 The corneal epithelium structure was analysed by 

electron transmission microscopy immediately after the 
animal had been sacrificed ( fig. 2 ), after the transporta-
tion period, and during the 6 h of the diffusion experi-
ments ( fig. 3 ).

  The images showed no differences between the control 
group at time point zero and the corneas fixed at the end 
of the 6-hour diffusion experiment. The corneal epithe-
lium was well preserved, consisting of a basal layer of co-
lumnar cells, approximately 3 layers of wing cells, and 1 
or 2 outermost layers of squamous, polygonally shaped 
superficial cells. As expected, intercellular tight junctions 
(zonula occludens) completely surrounded the most su-
perficial cells, but the intercellular spaces were wider be-
tween basal cells. The superficial cells were normal and 
well integrated after 6 h of experiment. Microvilli ob-
served at the surface of those cells were also preserved. 
Wing cells showed sinusoidal limits, which securely con-
tributes to cell adhesion. They also presented abundant 
desmosomes between cells. Basal cells were normal, with 
a pleated basal surface abutting the stroma. The base-
ment membrane remained intact with abundant hemi-
desmosomes.

  Assessment of the Corneal Penetration Barrier 
 After 6 h of permeation experiments containing fluo-

rescein as a donor solution, the fluorescence values de-
tected in the receiving compartment in 3 h of experiment 
were similar to those found for the negative control ex-

periment (without fluorescein in the donor solution). Af-
ter 3 h they were a little bigger, but not statistically differ-
ent (p  1  0.05), than those found in the control.

  The transcorneal permeation profile of fluorescein di-
acetate, used as a positive control, is shown in  figure 4 .

  In vitro Ocular Iontophoresis 
 The iontophoretic permeation profile of FLU in aque-

ous solution, compared to its passive permeation profile, 
is presented in  figure 5 . Iontophoresis significantly (p  !  
0.05) improved the drug permeation when compared to 
the passive drug delivery. A linear relationship (r  1  0.99) 
was obtained when the amount of FLU in the receptor 
phase was plotted against time. The steady-state flux ob-
tained was 22.67 and 47.55  � g/cm 2 /h for passive and ion-
tophoretic transport, respectively.

  Discussion 

 Most of the work published that investigates the ion-
tophoresis potential on ocular delivery is done only in 
vivo using animal models  [19, 20] . In many cases the high 
number of animals employed, i.e. 50  [21]  to 60  [22]  rabbits 
per study, could be severely diminished using in vitro 
screening before the in vivo studies. The use of the Franz-
type diffusion cells to perform in vitro experiments was 
quickly established as a common method, but there are 
some challenges in adapting these diffusion cells to cor-
neal tissue because of the natural curvature and small 
area of this membrane  [17] . The difficulties on adapting 
these systems especially increase for iontophoretic exper-
iments, in which two electrodes need to be inserted in 
different compartments. Mostly described iontophoretic 
diffusion cell models are vertical, comprised of three 
chambers in the donor compartment for introducing the 
two electrodes separated by a spacer, both over the mem-
brane  [23] . This model, largely used in transdermal ion-
tophoretic research  [2, 4, 24, 25] , comprises a large dif-
fusion  area (approximately 1.5 cm 2 ) that is not suitable 
for the placement of the cornea, which is only about 
1.0 cm 2 .

  The horizontal diffusion cell model could also be used 
for iontophoretic studies through the cornea. In this 
model the membrane is placed vertically between the do-
nor and receiving compartments which have two ports 
for introducing the iontophoretic electrodes on each side 
of the cornea  [26] . Nonetheless, it is more difficult to 
place semisolid formulations, as a gel, in contact with the 
membrane in horizontal cells than in the vertical ones. 
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Also, to completely embed the electrodes a higher volume 
of donor solution should be used as, in some cases, when 
the drug is expensive or the donor solution is comprised 
of materials derived from synthesis or any material not 
available in high quantity, this need of higher volumes 
represents a drawback.

  The modified Franz diffusion cell proposed in this 
work ( fig. 1 ) used the concept of the horizontal model by 
placing one electrode in contact with the formulation and 

the ground electrode in the receiving compartment. 
However, it is still a vertical diffusion cell in which the 
membrane is placed horizontally between the donor and 
the receiving compartments. Also, the sampling port of 
these cells is large enough to make it possible to introduce 
the ground electrode into the receiving compartment 
without any difficulty, eliminating the necessity of using 
special micro-electrodes. It also possesses the capability 
of applying a small volume of donor solution. So it could 

A

B

C

bc

  Fig. 2.  Transmission electron micrographs of the control corneal 
epithelium (time zero), uranyl acetate and lead citrate contrasting. 
 A  A typical corneal epithelium is observed, the corneal epithelium 
was well preserved, consisting of a basal layer of columnar cells 
(bc), 2–3 layers of wing cells (wc) and outermost layers of squa-
mous, polygonally shaped superficial cells (sc). As expected, in-
tercellular tight junctions completely surrounded the superficial 

cells. Original magnification  ! 2,000.  B  Higher magnification of 
superficial cells (sc) and the desmosomes (arrows) between cells. 
A high density of microvilli (mv) is observed on the surface of the 
superficial cells. Original magnification  ! 8,000.  C  Wing cells 
(wc) showed sinusoidal limits with abundant desmosomes be-
tween cells (arrows). Nu = Nucleus. Original magnification 
 ! 8,000.  
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be easily adapted for all kinds of formulations and elec-
trodes available in most laboratories. This modified dif-
fusion cell was shown to be robust, inexpensive and easy 
to handle. No leakage from the donor or receiving com-
partment was observed. It is worth to mention the high 
volume of the receiving compartment. In general, in vitro 
permeation experimental conditions are chosen such 
that sink conditions are maintained  [27] . This means that 
the kinetics of transfer is followed until a maximum of 

10% of the total drug dose has accumulated in the receiv-
ing chamber. In this way, the larger volume of the dif-
fusion cells developed (35 ml) in comparison to the small-
er (6 ml) of the Franz diffusion cell  [26]  is very useful, 
especially in studies using peptides or lipophilic com-
pounds.

  It is also important to consider the integrity of the cor-
nea that is intended to be used as the membrane for in 
vitro diffusion experiments that will be conducted with 

A B

C D

bc

bc

wc

  Fig. 3.  Transmission electron micrographs of the corneal epithe-
lium after 6 h of the permeation experiment, uranyl acetate and 
lead citrate contrasting.  A  The corneal epithelium remains well 
preserved with abundant intercellular tight junctions. Original 
magnification  ! 8,000.  B  Higher magnification of superficial 
cells (sc) and the desmosomes (arrows) between cells. Microvilli 
(mv) are observed on the surface of the superficial cells. They re-

main intact. Original magnification  ! 25,000.  C  Wing cells (wc) 
maintained their normal appearance with abundant desmosomes 
between cells (arrows). Original magnification  ! 40,000.  D  View 
of two basal cells (bc) with a pleated basal surface abutting the 
stroma (St) and Descemet membrane (Dc). The basement mem-
brane showed well-preserved hemidesmosomes (arrowheads).
cm = Cellular membrane. Original magnification  ! 32,000. 
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the developed diffusion cells. This is because, unlike the 
skin that has the stratum corneum, a dead tissue, as the 
main layer responsible for its barrier property, the cornea 
has a live tissue, the most superficial epithelial layers, as 
mainly responsible for its barrier properties. Drugs pen-
etrate the corneal epithelium via the transcellular or 
paracellular route. The transcellular route of permeation 
is limited by the 3 main layers of which the cornea is com-
posed: epithelium, stroma and endothelium, which are 
lipophilic, hydrophilic and lipophilic, respectively. Con-
versely, the paracellular pathway is limited by the cor-
neal outermost layer, the epithelium, mainly because of 

the closely packed arrangement of these cells  [28] . Sev-
eral studies indicate that after epithelial debridement the 
permeation of molecules is highly increased  [29, 30] . In 
this way, the integrity of the cornea and the maintenance 
of the epithelial barrier function have to be preserved to 
adequately interpret the results obtained from the in vitro 
experiments.

  To maintain the corneas, most of the receiving com-
partments in in vitro diffusion experiments are gassed 
with carbogen (95:   5 vol:vol of air:CO 2 ), implying the need 
for either a shaking water bath with regular manual gas-
sing or a rotating air/CO 2  incubator  [31, 32] . The isotonic 
HEPES-based bicarbonate-free buffer that was used in 
the present study as the receiving solution does not re-
quire carbogen gassing, but instead can be exposed to 
atmospheric levels of about 300 ppm CO 2  in a water bath 
at 35   °   C  [33, 34] , which again facilitates the handling of 
the perfusion experiments.

  The use of HEPES buffer is advantageous for the ion-
tophoretic transport of drugs as well. Buffers and electro-
lytes used to maintain pH and electrochemical milieu in 
the donor and receiving solutions furnish ions that are 
more mobile than the ionized drug molecule and hence 
compete with the drug for carrying the charge, thereby 
reducing the efficiency of the drug to be transported ion-
tophoretically  [35] . The HEPES buffer, however, has large 
ions with low mobility through biological membranes (in 
comparison to other buffer ions, such as phosphate) and 
consequently does not compete with the drug for the 
electrical current. For this reason, HEPES has been large-
ly employed as the receiving medium in iontophoretic ex-
periments  [2, 25, 35] .

  To verify the corneal integrity during in vitro diffu-
sion experiments, the corneal epithelium structure was 
analysed by electron transmission microscopy immedi-
ately after the animal had been sacrificed ( fig. 2 ), after 
the transportation period and during the 6 h of the dif-
fusion experiments. The results showed that the experi-
mental set-up was able to maintain the principal tissue 
structures, once there were no differences observed be-
tween the control ( fig. 2 ) and the cornea after 6 h ( fig. 3 ) 
of diffusion experiments. In addition to the images from 
these experiments, the corneal barrier function was 
evaluated by the determination of the in vitro perme-
ation of sodium fluorescein as a function of time as de-
scribed below.

  Fluorescein has been largely applied to humans for the 
verification of corneal epithelium integrity due to its 
high lipophilicity (water solubility = 1.77  � g/ml) and 
high log p (3.35), which lead to a very low corneal pene-

0

C
u

m
u

la
ti

v
e

a
m

o
u

n
t

o
f

fl
u

o
re

sc
e

in

th
ro

u
g

h
th

e
co

rn
e

a
(µ

/c
m

)
M

2 9

1

Time (h)

1

2

3

4

5

6

7

8

2 3 4 5 6

  Fig. 4.  Cumulative amount of fluorescein measured in the receiv-
ing compartment during 6 h of in vitro permeation across porcine 
cornea from a fluorescein diacetate solution at 10  �  M . Data shown 
are the mean    8  SD of 4 replicates.             

0C
u

m
u

la
ti

v
e

a
m

o
u

n
t

o
f

F
LU

th
ro

u
g

h
th

e
co

rn
e

a
(µ

g
/c

m
)

2

50

100

150

200

250

300

0 1 2 3 4 5 6

Time (h)

Iontophoretic

Passive

  Fig. 5.  Permeation profile of FLU through porcine cornea from an 
aqueous solution (0.2 mg/ml) during 6 h of in vitro passive (no 
current applied) and iontophoretic (the density of the current ap-
plied was 0.5 mA/cm 2 ) experiments. Data shown are the mean        8  
SD of 6 replicates.             



 Iontophoretic Ocular Research: Cornea 
Integrity Evaluation in an in vitro Model   

Ophthalmic Res 2010;43:208–216 215

tration rate  [16, 31] . Thiel et al.  [16] , who also applied this 
method to verify the corneal integrity in a perfusion 
chamber developed by their group, found that around 
5.0  � g/ml of fluorescein permeate the cornea after 6 h of 
experiment. These authors compared the amount of flu-
orescein permeated through normal cornea and cornea 
without the epithelium (positive control), and concluded 
that this low permeability of fluorescein in normal con-
ditions indicated that the epithelial barrier was well pre-
served. Therefore, as the amount of fluorescein found in 
our experiments after 6 h (0.018  � g/ml;  fig. 4 ) was much 
smaller than that found by their group, we presumed that 
the corneal barrier function was preserved in our model. 
Nevertheless, as the corneal epithelium is known to be 
metabolically active, composed mainly of esterases, pep-
tidases and proteases, esterase function can be expected 
 [36] . In this way, the transcorneal permeation of the flu-
orescein diacetate, an essentially non-fluorescent mole-
cule, was also analysed as a positive control. In other 
words, if preserved and metabolically active, corneal ep-
ithelium should have esterases capable of hydrolysing the 
fluorescein diacetate molecules that penetrate the cornea 
to the fluorescent fluorescein  [31] . As expected, when 
fluorescein diacetate was placed in the donor compart-
ment, a high dose of fluorescence was observed in the 
receiving solution ( fig. 4 ) in the first hours, and not only 
after the third hour, as it was observed with fluorescein. 
Toropainen et al.  [31]  also used this method to verify the 
viability of a cell culture epithelial model compared to 
rabbit cornea. They found that fluorescein diacetate per-
meation was 49 and 31 times larger for the cell culture 
epithelial model and the rabbit cornea, respectively, than 
the fluorescein permeation. In our experiments it was 
verified that the permeation of the prodrug was 86 times 
greater than the fluorescein one. This higher increase 
observed in our model can be related to esterase activity 
differences between porcine and rabbit corneas, but also 
to the total period of time of permeation studies. In the 
study mentioned above for the cell culture model, the 
permeation was performed only for 2.5 h and for the rab-
bit’s cornea model for 4 h. In our experiments it was con-
ducted for 6 h. Even so, based only on these experiments, 
it is not possible to assure cell viability, since these results 
only indicate that the esterase activity remained in the 
isolated cornea at least for 6 h. As in vitro iontophoretic 
experiments are normally performed for this period of 
time  [2, 4, 24, 25] , HEPES buffer as a receiving solution 
can be used to maintain the corneal barrier function in-
tegrity and esterase activity in this kind of experi-
ments.

  Also important for the in vitro iontophoretic experi-
ments is the membrane charge. The corneal epithelium is 
negatively charged above its iso-electric point (pI 3.2) 
 [10] . Consequently, when an electrical current is applied, 
cationic compounds have a prevalent ratio of transport 
over anionic ones. Therefore, if the negatively charged 
characteristic of the cornea is maintained in the proposed 
in vitro model when an electric current is applied, a flux 
of counter ions from the membrane to the ground elec-
trode is expected and, consequently, a solvent flow in the 
anode-to-cathode direction occurs. This phenomenon is 
called electro-osmosis, and it is the main responsible phe-
nomenon for the delivery of neutral molecules by ionto-
phoresis  [37] . To verify the existence of the electro-osmo-
sis and, consequently, guarantee that the negative charg-
es were still present in the corneal surface after the 
dissection process, FLU (MW 306.27 g/mol) was used as 
a model drug in the iontophoretic experiments. FLU is a 
hydrophilic, non-ionized molecule at physiological pH; it 
cannot undergo electrorepulsion when delivered by ion-
tophoresis  [38] . It is an antifungal compound largely used 
in the treatment of fungal keratitis  [39] . It is also a stable 
compound with easy quantification.

   Figure 5  shows that iontophoresis of the solution con-
taining FLU improved around 2 times this drug corneal 
permeation when compared to the passive drug delivery, 
indicating that the drug has benefited from the electro-
osmotic flow. This fact supports the concept that the elec-
tric characteristics of the excised cornea are maintained 
in the proposed in vitro   model. Moreover, the linear re-
lationship obtained when the amount of FLU in the re-
ceptor phase was plotted against time indicates that both 
the drug’s passive and iontophoretic transport can be de-
scribed by zero order kinetics. The fact that the drug 
achieved a steady-state flux when electric current was ap-
plied is another indication that the barrier function of the 
cornea is constantly maintained under the experimental 
conditions for 6 h.

  Conclusion 

 This work presented a simple glass Franz diffusion cell 
type modification for the use in passive and iontopho-
retic in vitro ocular drug delivery investigations. The re-
sults are experimental evidence that the diffusion cell 
was able to maintain the temperature, homogenization, 
integrity of porcine epithelial corneal structures, barrier 
function  and  electrical characteristics throughout the 
6 h of permeation experiment, without requiring CO 2  
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gassing when the receiving chamber was filled with 25 
m M  of HEPES buffer solution. In this way this system 
represents a reliable, easy and inexpensive alternative to 
perform predictive in vitro passive and iontophoretic oc-
ular research.

  Acknowledgement 

 The authors would like to thank the Fundação de Amparo
à Pesquisa do Estado de São Paulo (FAPESP) and National Coun-
sel of Technological and Scientific Development (CNPq) (proc. 
565361/ 2008-2), Brazil, for supporting this research. 

 References 

  1 Eljarrat-Binstock E, Domb AJ: Iontophore-
sis: a non-invasive ocular drug delivery. J 
Control Release 2006;   110:   479–489. 

  2 Gelfuso GM, Figueiredo FV, Gratieri T, Lo-
pez RF: The effects of pH and ionic strength 
on topical delivery of a negatively charged 
porphyrin (TPPS 4 ). J Pharm Sci 2008;   97:  
 4249–4257. 

  3 Kalia YN, Naik A, Garrison J, Guy RH: Ion-
tophoretic drug delivery. Adv Drug Deliv 
Rev 2004;   56:   619–658. 

  4 Lopez RF, Bentley MV, Delgado-Charro MB, 
Guy RH: Iontophoretic delivery of 5-ami-
nolevulinic acid (ALA): effect of pH. Pharm 
Res 2001;   18:   311–315. 

  5 Eljarrat-Binstock E, Orucov F, Aldouby Y, et 
al: Charged nanoparticles delivery to the eye 
using hydrogel iontophoresis. J Control Re-
lease 2008;   126:   156–161. 

  6 Zhang L, Zhang JJ, Wang LY, Xia HY: Ocular 
pharmacokinetics and availability of topi-
cally applied baicalein in rabbits. Curr Eye 
Res 2009;   34:   257–263. 

  7 El Kamel AH: In vitro and in vivo evaluation 
of Pluronic F127-based ocular delivery sys-
tem for timolol maleate. Int J Pharm 2002;  
 241:   47–55. 

  8 Mosteller MW, Gebhardt BM, Hamilton 
AM, Kaufman HE: Penetration of topical cy-
closporine into the rabbit cornea, aqueous 
humor, and serum. Arch Ophthalmol 1985;  
 103:   101–102. 

  9 Reichl S: Cell culture models of the human 
cornea – a comparative evaluation of their 
usefulness to determine ocular drug absorp-
tion in-vitro. J Pharm Pharmacol 2008;   60:  
 299–307. 

 10 Jarvinen K, Jarvinen T, Urtti A: Ocular ab-
sorption following topical delivery. Adv 
Drug Deliv Rev 1995;   16:   3–19. 

 11 Majumdar S, Hingorani T, Srirangam R, et 
al: Transcorneal permeation of  L - and  D -as-
partate ester prodrugs of acyclovir: delinea-
tion of passive diffusion versus transporter 
involvement. Pharm Res 2009;   26:   1261–
1269. 

 12 Hornof M, Toropainen E, Urtti A: Cell cul-
ture models of the ocular barriers. Eur J 
Pharm Biopharm 2005;   60:   207–225. 

 13 Tegtmeyer S, Papantoniou I, Muller-Goy-
mann CC: Reconstruction of an in vitro cor-
nea and its use for drug permeation studies 
from different formulations containing pilo-
carpine hydrochloride. Eur J Pharm Bio-
pharm 2001;   51:   119–125. 

 14 Xiang CD, Batugo M, Gale DC, et al: Char-
acterization of human corneal epithelial cell 
model as a surrogate for corneal permeabil-
ity assessment: metabolism and transport. 
Drug Metab Dispos 2009;   37:   992–998. 

 15 Zeng YJ, Yang J, Huang K, et al: A compari-
son of biomechanical properties between 
human and porcine cornea. J Biomech 2001;  
 34:   533–537. 

 16 Thiel MA, Morlet N, Schulz D, et al: A simple 
corneal perfusion chamber for drug penetra-
tion and toxicity studies. Br J Ophthalmol 
2001;   85:   450–453. 

 17 Cordoba-Diaz M, Nova M, Elorza B, et al: 
Validation protocol of an automated in-line 
flow-through diffusion equipment for in vi-
tro permeation studies. J Control Release 
2000;   69:   357–367. 

 18 Green PG, Hinz RS, Kim A, et al: Iontopho-
retic delivery of a series of tripeptides across 
the skin in vitro. Pharm Res 1991;   8:   1121–
1127. 

 19 Berdugo M, Valamanesh F, Andrieu C, et al: 
Delivery of antisense oligonucleotide to the 
cornea by iontophoresis. Antisense Nucleic 
Acid Drug Dev 2003;   13:   107–114. 

 20 Frucht-Pery J, Raiskup F, Mechoulam H, et 
al: Iontophoretic treatment of experimental 
pseudomonas keratitis in rabbit eyes using 
gentamicin-loaded hydrogels. Cornea 2006;  
 25:   1182–1186. 

 21 Kralinger MT, Voigt M, Kieselbach GF, et al: 
Ocular delivery of acetylsalicylic acid by re-
petitive Coulomb-controlled iontophoresis. 
Ophthalmic Res 2003;   35:   102–110. 

 22 Frucht-Pery J, Mechoulam H, Siganos CS, et 
al: Iontophoresis-gentamicin delivery into 
the rabbit cornea, using a hydrogel delivery 
probe. Exp Eye Res 2004;   78:   745–749. 

 23 Glikfeld P, Cullander C, Hinz RS, Guy RH: 
A new system for in vitro studies of ionto-
phoresis. Pharm Res 1988;   5:   443–446. 

 24 Lopez RF, Bentley MV, Delgado-Charro MB, 
et al: Enhanced delivery of 5-aminolevulinic 
acid esters by iontophoresis in vitro. Photo-
chem Photobiol 2003;   77:   304–308. 

 25 Lopez RF, Bentley MV, Begona Delgado-
Charro M, Guy RH: Optimization of ami-
nolevulinic acid delivery by iontophoresis. J 
Control Release 2003;   88:   65–70. 

 26 Camber O: An in vitro model for determina-
tion of drug permeability through the cor-
nea. Acta Pharm Suec 1985;   22:   335–342. 

 27 Bronaugh RL, Stewart RF: Methods for in vi-
tro percutaneous absorption studies. IV. The 
flow-through diffusion cell. J Pharm Sci 
1985;   74:   64–67. 

 28 Ashton P, Wang W, Lee VH: Location of pen-
etration and metabolic barriers to levobuno-
lol in the corneal epithelium of the pigment-
ed rabbit. J Pharmacol Exp Ther 1991;   259:  
 719–724. 

 29 Vorwerk CK, Tuchen S, Streit F, et al: Aque-
ous humor concentrations of topically ad-
ministered caspofungin in rabbits. Ophthal-
mic Res 2009;   41:   102–105. 

 30 Yee RW, Cheng CJ, Meenakshi S, et al: Ocu-
lar penetration and pharmacokinetics of 
topical f luconazole. Cornea 1997;   16:   64–71. 

 31 Toropainen E, Ranta VP, Vellonen KS, et al: 
Paracellular and passive transcellular per-
meability in immortalized human corneal 
epithelial cell culture model. Eur J Pharm Sci 
2003;   20:   99–106. 

 32 Monti D, Saccomani L, Chetoni P, et al: Ef-
fect of iontophoresis on transcorneal perme-
ation ‘in vitro’ of two beta-blocking agents, 
and on corneal hydration. Int J Pharm 2003;  
 250:   423–429. 

 33 Freeman RD, Fatt I: Environmental influ-
ences on ocular temperature. Invest Oph-
thalmol 1973;   12:   596–602. 

 34 Elaut G, Vanhaecke T, Heyden YV, Rogiers 
V: Spontaneous apoptosis, necrosis, energy 
status, glutathione levels and biotransforma-
tion capacities of isolated rat hepatocytes in 
suspension: effect of the incubation medi-
um. Biochem Pharmacol 2005;   69:   1829–
1838. 

 35 Nair V, Panchagnula R: Physicochemical 
considerations in the iontophoretic delivery 
of a small peptide: in vitro studies using ar-
ginine vasopressin as a model peptide. Phar-
macol Res 2003;   48:   175–182. 

 36 Lee VH, Carson LW, Kashi SD, Stratford RE 
Jr: Metabolic and permeation barriers to the 
ocular absorption of topically applied en-
kephalins in albino rabbits. J Ocul Pharma-
col 1986;   2:   345–352. 

 37 Guy RH, Kalia YN, Delgado-Charro MB, et 
al: Iontophoresis: electrorepulsion and elec-
troosmosis. J Control Release 2000;   64:   129–
132. 

 38 Mathy FX, Ntivunwa D, Verbeeck RK, Preat 
V: Fluconazole distribution in rat dermis fol-
lowing intravenous and topical application: 
a microdialysis study. J Pharm Sci 2005;   94:  
 770–780. 

 39 Sonego-Krone S, Sanchez-Di Martino D, Ay-
ala-Lugo R, et al: Clinical results of topical 
f luconazole for the treatment of filamentous 
fungal keratitis. Graefes Arch Clin Exp Oph-
thalmol 2006;   244:   782–787.   


