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ABSTRACT: The in vitropassive and iontophoretic (applied current density: 0.5mA/cm2)
timolol (TM) permeability from a liquid solution through pig stratum corneum (SC) is
found to be 0.9� 0.5� 10�6 and 3.9� 0.9� 10�6 cm/s, respectively. The in vitro ionto-
phoretic TMdelivery through the combination of artificial porousmembraneswithpigSC
is investigated as well. When the meso-porous PES-30 membrane is applied, the SC
mainly controls the TM delivery. When the microporous NF-PES-10 membrane is
applied, both the membrane and the SC contribute to controlling the delivery of TM.
When the microporous LFC 1 membrane is applied, the TM delivery is membrane
controlled. In all cases, however, the efficiency of theTMdelivery is lowandwouldneed to
be improved for the development of a commercially viable product. � 2003Wiley-Liss, Inc.

and the American Pharmaceutical Association J Pharm Sci 92:1037–1039, 2003
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INTRODUCTION

Transdermal iontophoresis achieves enhanced
transport of a charged drug molecule through the
interaction between it and the applied electric
field (electrorepulsion). The field imposes a force
on the drug molecule, which adds to the pure pas-
sive diffusion driven by a concentration gradient.1

For most drugs, the rate-determining step for
drug transport across the skin is transit across
stratum corneum (SC). According to some re-
searchers,2,3 it would preferable that a rate control
resides within the delivery patch to attain drug
delivery independent of variability in skin perme-
ability. However, other studies have shown that
constant current iontophoresis provides a similar
degree of control for transdermal delivery of
charged drugs.1 In a transdermal patch the arti-
ficial membrane can play an important role in the

control of the drug delivery. If the drug perme-
ability through the membrane is significantly
lower (higher) than through the skin, then the
drug delivery is membrane (skin) controlled.

In a previous study,4 we investigated the per-
meability of timolol (TM, pKa¼ 9.21); a nonselec-
tive beta-adrenergic blocking agent; through
artificial membranes. We found that the incor-
poration of a porous membrane within a transder-
mal TM patch seems feasible. In the present note,
we apply three artificial membranes, a meso-
porous (PES-30) and two microporous (NF-PES-
10 andLFC 1)membranes in combinationwith pig
SC. We place the membrane in between the TM
liquid reservoir and the pig SC as it actually
happens for a transdermal patch.We calculate the
fractional rate control of themembrane (device) by
the equation:

MM ¼ fractional control bymembrane ¼ Qtotal

QM

ð1Þ

where Qtotal and QM represent the amount of the
TM transported in a given period of time under
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steady-state conditions through the combination
of membrane and pig SC and the membrane alone
(in mg/cm2), respectively.5 Thus, MM¼ 1, implies
that the delivery is controlled entirely by the
membrane; however, whenMM< 1, then the SC is
contributing to the control process.

EXPERIMENTAL

We dissolved timolol maleate salt (MW¼ 432.5,
Sigma, The Netherlands) in phosphate buffer
saline solution (PBS) 0.153 M at pH 7.4. Under
these conditions, TM was positively charged. The
concentration of timolol base used was in the
range of 23–25 mg/cm3. The PES-30 (Sartorius,
Germany), NF-PES-10 (Nadir, Germany) and
LFC 1 (Hydronautics, Oceanside, CA) artificial
membranes were purchased. The Institute of
Animal Science and Health (ID-Lelystad, The
Netherlands) generously provided us with pig
skin, and we prepared the SC following the pro-
cedure described in Ref. 6.

We performed all transport experiments (pas-
sive diffusion or iontophoresis) in a continuous
flow-through diffusion cell7 following the proce-
dure described in Ref. 4. The SC was very fragile,
and was supported by a dialysis membrane
(MWCO: 5kDa, Diachema, Germany). We applied
a current density of 0.5 mA/cm2, the maximum
acceptable for the iontophoretic transdermal deli-
very. A silver plate electrode and a silver/silver
chloride electrode were used as driving electrodes
in the anode and cathode, respectively. Silver/
silver chloride electrodes were also used as refer-
ence electrodes for the measurement of the elec-
trical resistance. We performed all experiments
for at least 8 h and for 8–12 samples for each
membrane or pig SC. The TM concentration was
determined by HPLC.4

RESULTS AND DISCUSSION

We found that the passive and iontophoretic TM
permeability through supported pig SC was
0.9� 0.5� 10�6 and 3.9� 0.9� 10�6 cm/s, respec-
tively. A typical result is presented in Figure 1.
During the first minutes of the current applica-
tion, the electrical resistance of the SC droped
sharply from 15.8� 6.5 kO cm2 to 2.9� 2.5 kO cm2

and stayed at the lower levels for several hours of
iontophoresis.

In previous work,4 we found that the passive
and iontophoretic permeability of TM through the
dialysis support membrane alone was practically
the same (56.5� 8.0� 10�6 cm/s and 58.5�
6.3� 10�6 cm/s, respectively). The fact that the
overall TM permeability through the supported
pig SC was much lower than through the support
membrane alone indicated that the SC strongly
inhibited the transport of TM. Therefore, the
contribution of the dialysis membrane to the
overall permeability through the SC and dialysis
can be ignored.

In Table 1, we present the overall TM perme-
ability through the rate controllingmembrane and
the pig SC together with the TM permeability
through the membranes alone (found in Ref. 4).
The application of the artificial membranes in
front of the SC caused an increase of the overall
electrical resistance during iontophoresis. This
phenomenon becamemore significant in the order
PES-30�NF-PES-10<LFC 1. Therefore, if the
LFC 1 membrane is used in a TM iontophoretic

Figure 1. Typical result of the TM transport through
supportedpigSCunderpassivediffusion (filled symbols)
and iontophoresis (open symbols).

Table 1. Iontophoretic TM Permeability Through
Rate-Controlling Artificial Membranes Alone and
Their Combination with Supported Pig SC

System
Kp� 106 (cm/s)
Iontophoresis

Elect. Resistance
(kO cm2)

PES-30a 41.0� 8.6 0.2� 0.1
NF-PES-10a 6.7� 0.8 0.4� 0.1
LFC 1a 0.9� 0.1 1.2� 0.1
PES-30þ pig SC 3.2� 0.9 4.4� 3.3
NF-PES-10þpig SC 2.6� 0.9 4.7� 2.4
LFC 1þ pig SC 0.9� 0.1 8.5� 4.7

aResults from Ref. 4.
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patch, the depletion of the electrical power source
(in some commercial products, it is a ‘‘walkman-
type’’ device with batteries) will be faster than for
the other two membranes. For all cases, the mass
balance for TM fits well (with a deviation of�10%)
allowing us to conclude that the adsorption of TM
to the pig SC is not significant.

From the results of Table 1,we calculate theQM,
Qtotal and MM using eq. 1 (with t¼ 24 h and TM
solution of 25mg/cm3).Whenwe applied themeso-
porous PES-30 membrane, the pig SC controlled
the iontophoretic TM delivery (MM¼ 0.1). When
we applied the microporous NF-PES-10 mem-
brane, both the membrane and SC contributed to
controlling the iontophoretic delivery of TM
(MM¼ 0.4). In this case, the membrane worked as
a safe guard and controlled the TM delivery if
for any reason the skin was compromised. When
we applied the microporous LFC 1membrane, the
membrane controlled the iontophoretic TM deliv-
ery (MM¼ 1.0). Fatouros and Bouwstra (Leiden
University, The Netherlands) studied the perme-
ability of TM through human skin under the same
conditions of this work. They reported that the KP

for iontophoresis (current density: 0.5 mA/cm2)
was 3.1� 0.4� 10�6 cm/s (unpublished results,
personal communication), in close agreement with
our findings for the pig SC. Therefore, the pig SC
can be considered as a reasonable model for the
human skin TM iontophoretic studies and the
previous conclusions concerning the overall TM
transport through the membrane and pig SC
would also be valid for the human skin.

In all cases we present in this note the efficiency
was low (1.5–6%). More research is required to
understand the physicochemical parameters (TM
concentration, background electrolyte) that condi-
tion the transport efficiency.
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