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Abstract

The objective of this study was to assess the transdermal delivery of drugs using iontophoresis with cation- and
anion-exchange fibers as controlled drug delivery vehicles. Complexation of charged model drugs with the ion-exchange
fibers was studied as a method to achieve controlled transdermal drug delivery. Drug release from the cation-exchange fiber
into a physiological saline was dependent on the lipophilicity of the drug. The release rates of lipophilic tacrine and
propranolol were significantly slower than that of hydrophilic nadolol. Permeation of tacrine across the skin was directly
related to the iontophoretic current density and drug concentration used. Anion-exchange fiber was tested with anionic
sodium salicylate. The iontophoretic flux enhancement of sodium salicylate from the fiber was substantial. As the drug has to
be released from the ion-exchange fiber before permeating across the skin, a clear reduction in the drug fluxes from the
cationic and anionic fibers were observed compared to the respective fluxes of the drugs in solution. Overal, the
ion-exchange fibers act as a drug reservoir, controlling the release and iontophoretic transdermal delivery of the drug.
0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

During oral administration, some drugs undergo
first-pass metabolism in the intestinal tract or in the
liver. Subsequently, the drugs may lose their activity
[1] or give rise to liver toxic metabolites [2].
Transdermal drug delivery offers many important
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advantages over ora drug delivery [2]. A common
aim in the development of new transdermal devices
is controlled delivery of drugs, so that the rate of
drug input into the blood stream is predictable and
reproducible. The transdermal therapeutic systems
act as drug reservoirs and control the penetration rate
of the drug into the blood circulation. When the
device controls the transdermal drug flux instead of
the skin, delivery of the drug is more reproducible
leading to smaller inter- and intrasubject variations.
Obvioudly, release of the drug from the device can
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be controlled more exactly than permeability of
drugs in the skin [3]. The permeability of the skin
changes with age and anatomical site [4], therefore
inter- and intrasubject variations in humans are high.
Problem of variable in vivo delivery is common in
both the passive and iontophoretic drug delivery, and
this restricts the use of transdermal therapeutic
systems [3,5].

One possibility to form a drug reservoir is binding
of the drug with ion-exchange mechanism. Charged
drugs are bound into the ion-exchange groups of the
fiber until they are released by mobile ions. The
complexation of the drugs with ion-exchange resins
is a promising means to achieve controlled drug
release [6,7], to enhance drug stability [7,8], and
drug delivery [9]. Conaghey et a. [6,7] used a
hydrogel containing ion-exchange resins to deliver
nicotine across the skin, but the binding of nicotine
to the ion-exchange resins rendered them unsuitable
for use as passive transdermal devices. In contrast,
iontophoretic current was observed to enhance the
rates of nicotine delivery from ion-exchange resins.
In general, the external conditions, pH, ionic
strength, and temperature affect the drug release
from ion-exchange resins [10-12].

The most commonly used methods to control
iontophoretic drug delivery across the skin are
current density and donor drug concentration, both of
which are directly related to the drug flux [5].
Despite the relative sow down in maximal drug
delivery, additional and more precise control of
transdermal iontophoresis is expected to be achieved
by ion-exchange approach [6,7], with possible reduc-
tion of the high biological variability in drug permea-
tion across the skin. Stability of the drug in agueous
anode or cathode compartments of iontophoretic
devices during storage is a practical concern. Bind-
ing of charged molecules into the ion-exchange
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material has been presented as a method to stabilize
active molecules until they are released by mobile
ions (e.g. Na" or Cl ") introduced into the system at
the time of application [8—10]. Furthermore, poorly
water-soluble compounds may be incorporated into
the agueous formulation by partitioning to the more
hydrophobic polyethylene backbone of the fiber.

The specific objective of this work was to study
the properties of the ion-exchange fibers in the
transdermal drug delivery. In particular, we investi-
gated drug incorporation to the ion-exchange fibers,
drug release from the fibers with and without ion-
tophoresis and flux of the drugs through the human
stratum corneum in vitro. lontophoretic drug delivery
from solution formulations and from the ion-ex-
change fiber were compared. Several model cationic
(tacrine, propranolol and nadolol) and anionic (so-
dium salicylate) drugs were used. Reduction of
variation in the in vitro permeation experiments was
especiadly attempted by ion-exhange approach.
Mathematical modeling and its mechanistical inter-
pretation was used to compare drug release and skin
permeation of both solution and ion-exchange fiber
formulations.

2. Materials and methods
2.1. Chemicals

Tacrine (—HCI), nadolol, propranolol (—HCI), and
HEPES were obtained from Sigma (St. Louis, MO,
USA). Sdlicylic acid (sodium salt) was from Aldrich-
Chemie (Steinheim, Germany). Physicochemical
properties of the model drugs are presented in Table
1. All other chemicals were at least analytical grade
and they were used without further purification.
Deionized water with a resistance of =18 M(}/cm

Table 1

Physico-chemical properties of the drugs studied [21]*

Drug MW (g/mol) pK, logP

Tacrine 198.0 9.8+0.2° 33 Anti-cholinergic
Propranolol 259.1 9.23 32 [-Blocker
Nadolol 309.4 9.39 0.9 -Blocker
Sodium salicylate 160.1 3.0 15 Keratolytic

*MW, molecular weight; pK,, dissociation constant; P octanol /water partition coefficient.

® Our determination.
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was used to prepare all solutions. The pH was set to
7.4 through the addition of either HCI or NaOH. The
ion-exchange fibers Smopex"-102 (-COOH groups)
and Smopex”-108 (-NH, groups) were obtained
from SmopTech Co. (Turku, Finland). Maximal ion-
exchange capacity of the 102-fiber was 8.0 mmol/g
and of the 108-fiber 3.4 mmol/g.

2.2. Preparation of human skin

The membrane tissue was human cadaver skin
from Kuopio University Hospital. Each skin sample
was heated for 2 min in 60°C water [13], and the
epidermis was separated using surgeon’s knife. The
samples were dried at room temperature and cut into
3X3 cm pieces, which were kept in a freezer until
used.

2.3. lontophoretic apparatus

Silver—silver chloride electrodes [14] were used in
al iontophoretic experiments. Ag/AgCl electrodes
were preferred to platinum electrodes to avoid
changes in pH due to electrolysis of water. During
the experiments the electrodes were separated from
the donor and receptor chambers by salt bridges,
which consisted of 1 M NaCl gelled with 3% agarose
inside plastic tubing (diameter 4 mm, length =15
cm). Salt bridges prevented direct contact and pos-
sible reactions of the drugs with the Ag/AgCl
electrodes. The electrolyte that surrounded the elec-
trodes was HEPES (25 mM) buffered saline (0.15
M) at pH 7.4. A constant current (6181C DC current
source, Hewlett-Packard, USA) of 0.1, 0.25, and 0.5
mA /cm” was applied for 12 h, and for the next 12 h,
the passive flux was monitored. The current/voltage
was monitored throughout each experiment (F2378A
multimeter, Hewlett-Packard, USA).

2.4. Preparation of the drug containing ion-
exchange fiber discs

To study drug binding and release, circular discs
(diameter 15 mm) were cut from the cation-
(Smopex”-102) and anion- (Smopex"-108) ex-
change fibers. Polyethylene backbone of the fiber
was grafted by radiation with polyacrylic acid
(Smopex-102) or polyamine (Smopex~-108), thus,

the cation-exchange groups were carboxylic and the
anion-exchange took place by primary amines, re-
spectively. To increase ion-exchange capacity, the
cation-exchange fiber discs were treated with 1 M
nitric acid solution until all sodium had been ex-
changed (3 h). Thereafter, to remove the excess acid,
the fiber discs were washed with purified water until
the pH was about 4.5. The discs were immersed
overnight in a 5% (m/v=50 mg/ml) tacrine (-HCl),
propranolol (—HCI) or nadolol solution (25 ml). The
squeezed discs were then washed repeatedly with a
total of 150 ml of purified water and dried at room
temperature. The weight of the discs was =40 mg
and thickness of the discs was 3 mm. The amount of
adsorbed drug in the fiber discs was determined by
HPLC from the collected washing solutions. Anion-
exchange fiber (Smopex”-108) was also cut into
circular discs, treated with 1 M NaOH solution and
washed with purified water until the pH was 8.5. To
load the drug to the discs, a 5% (m/v) sodium
sdlicylate solution was used. As before, the discs
were then washed and dried, and the absorbed drug
contents were determined by HPLC.

2.5. Drug release from the ion-exchange fiber

Drug release from the cation-exchange fiber discs
was tested in Franz diffusion cells (Crown Glass Co.,
Somerville, NJ) at 25°C. The fiber discs were placed
in the diffusion cells so that one side of the ion-
exchange fiber was exposed to the dissolution
medium (3.0 ml HEPES-buffered saline, pH 7.4).
The surface area of the fiber discs exposed to the
buffer was 0.64 cm?®. Samples were collected at fixed
intervals for 24 h (1, 5, 10, 15, 20, 25, 30 and 45
min, 1, 2, 4, 6, 8, 12 and 24 h) and the drug
concentrations in the samples were determined by
HPLC.

Drug release with iontophoretic current from the
cation-exchange fiber discs was tested in vitro in
Side-by-Side"-diffusion cells (Crown Glass Co. Inc.,
Somerville, NJ). In these experiments the samples
(50 wl) were collected aso from the donor compart-
ment at 1, 2, 4, 6, 8, 12 (current off), and 24 h.

2.6. Drug permeation across human skin in vitro

Permeation studies were performed in Side-by-
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Side”-diffusion cells (Crown Glass Co. Inc., Some-
rville, NJ) at room temperature. The human stratum
corneum was clamped between the two identical
halves of the diffusion cell. The area of exposed skin
was 0.64 cm”. HEPES-buffered, physiological NaCl
was placed in the receiver compartments of the
diffusion cells. Drug-containing ion-exchange fiber
discs or the drugs in 5% solution (150 mg/3 ml)
were placed in the donor compartment in the same
buffer. Positively charged drugs were iontophoresed
from the anodic compartment; the negatively charged
drug was delivered from the cathode. Samples (250
wl) were collected from the receiver compartment
and replaced by fresh buffer at 1, 2, 4, 6, 8, 12
(current off), and 24 h.

2.7. Analysis of the drugs

Drug concentrations were analyzed by high-per-
formance liquid chromatography (HPLC) (Beckman
System Gold, Beckman Instruments Inc., San
Ramon, CA, USA). The column was Supelcosil LC-
18-DB (150X4.6 mm; 5 um, Supelco USA), and in
each case the flow-rate was 1.0 ml/min. For tacrine,
the mobile phase included 22% acetonitrile, 1%
triethylamine, and 77% deionized water at pH 6.5.
The detection wavelength was 240 nm. For propran-
olol analysis the mobile phase was 35% acetonitrile
and 65% acetate buffer at pH 4.0; the detection
wavelength was 289 nm. Nadolol was analyzed with
25% acetonitrile, 1% heptane sulphonic acid, and
74% acetate buffer at pH 4.0; the detection wave-
length was 223 nm. In the case of anionic sodium
sdlicylate, the mobile phase included 40% methanol
and 60% potassium phosphate buffer at pH 7.0; the
detection wavelength was 298 nm. Sensitivity of the
analyses were 0.05 ng/ml. Relative standard devia-
tions 100% of propranolol, nadolol and tacrine were
1.16, 2.55, and 2.80, respectively.

2.8 Data analysis

The amount of drug that penetrated through the
human stratum corneum during a given time interval
was calculated from the concentrations measured in
the receptor compartment, which were corrected for
sampling dilution and volume. Drug fluxes (p.g/
cm?/h) were calculated by linear regression of the

permeation curves. All experiments were performed
at least five times.

3. Results and discussion
3.1. Drug release from the cation-exchange fibers

The fiber discs containing cationic drugs were
placed in the Franz cell and the passive drug release
into HEPES-buffered physiological saline was fol-
lowed (Fig. 1 and Table 2). The release rate ob-
served was larger for nadolol (hydrophilic) than for
tacrine and propranolol (both lipophilic), which
shows the dependence of the release rate on the
lipophilicity of the drug.

The release process can be understood as follows.
During their preparation, the fiber discs in hydrogen
form are immersed in a solution of the cationic drug
and chloride ion. The fiber tends to equilibrate with
this bathing solution and then exchanges hydrogen
ions, that compensate the negative fixed charge
groups within the fiber, and cationic drug. If the
concentration of the cationic drug in the solution is
sufficient and if enough time is allowed for this
ion-exchange process, the fiber turns completely to
drug form. If not, which is usually the case, the fiber
contains both cationic drug and hydrogen ions.
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Fig. 1. Passive release of the positively charged drugs from the
cation-exchange fiber Smopex"”-102 into HEPES-buffered physio-
logical saline: tacrine (O), propranolol () and nadolol (A).
Average+standard deviation (n=4).
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Table 2

Drug content and release rate of the cationic drugs from the ion-exchange fiber discs Smopex[-102°

Drug Content (mmol/g) Content (mg) Release rate (wmol /cm?/h)
Tacrine 0.84 7.6 0.060

Propranolol 21 240 0.138

Nadolol 15 17.9 0.84

®The release rate was determined from the initial slope of the curves shown in Fig. 1.

Moreover, chloride ions, although electrostatically
prevented by Donnan exclusion, are always present
in the fiber phase in a concentration such that the
local electroneutrality condition is satisfied. When
these discs are placed in the Franz cell, they tend to
equilibrate with the new bathing solution (HEPES
buffered saling). The ion-exchange process must take
place under open circuit condition, and this implies
that the fluxes of the different species involved must
be coupled through diffusion potential gradients in
such a way that the net faradaic current is zero.
However, when the diffusion coefficient of one ionic
species (the cationic drug in the present case) is
much smaller than the others, the transport of this
species is mostly diffusional and the migrational
contribution to its flux is negligible.

The release of the cationic drug from the fiber can
then be modeled as one-dimensional diffusion pro-
cess, with the fiber located in region — 6, <x<0
and the receiving compartment as region 0 < x < .
Due to the stirring of the receiving compartment, a
diffusion boundary layer of thickness &;, can be
assumed adjacent to the fiber, while the bulk of the
compartment §;, <Xx<&8; has a uniform concen-
tration c,(t) of drug. The local concentration of drug
in the donor compartment (fiber) is denoted by c, (X,
t) and that in the receiving diffusion boundary layer
is denoted by cg (X, t). The uniform drug con-
centration cx(t) in the bulk of the receiving compart-
ment &5, <X<Jg IS Cx(t) = Cg (65, t). The diffu-
sion coefficient of the drug in the donor and receiv-
ing compartments is denoted by D, and Dy,
respectively. These coefficients are effective values
that take into account the interaction between the
drug and the ion-exchange fiber. The second Fick’s
law takes then the form:

ac, a°c,

gt D gy’

-8, <x<0 (1)

Jac, 0°C
- L 0, <X< 8, )

Jat T UBL X

and the initial and boundary conditions are

cp(%,0) =c, (3)
Ce (%, 0)=0 (4
(a%x) =0 (5)
I . ©
0o(%52), o =Pa (), @
¢p(0, 1) = Keg (0, 1) (8)

where A is the exposed area of the fiber, V; the
volume of the receiving compartment and K is the
partition coefficient of the drug which is defined as
the drug concentration in the fiber divided by that in
the bathing solution. This coefficient have both
chemical and electrical contributions. The electrical
contribution is such that K tends to be greater than
one, because the cationic drug is electrostatically
attracted by the negative fixed charges in the fiber.
Moreover, since there are no significant differences
in concentration (fixed charge concentration and
ionic concentration within and outside the fiber), the
electrostatic contribution to K is similar for all the
drugs considered. The chemical contribution, how-
ever, depends on the nature of the drug and can be
very different from one drug to another, being
greater than one for the lipophilic drugs and lower
than one for the hydrophilic ones.

Fig. 2 shows the results of the numerical solution
of the above equations for the values 6, =3.0 mm,
6. =0.01 mm, V/A=50.0 mm, and different values
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Fig. 2. Simulation of the passive release experiment from the
cation-exchange fiber. The values of the partition coefficient K
and the diffusion coefficients D, =D, used are: K=1000, D, =
Dy, =10"° cm®/s (curve 1); K=1500, Dy =D, =10"° cm’/s
(curve 2); K=1500, D, =D, =4X10"" cm®/s (curve 3); K=
750, D, =D, =15%10"" cm?/s (curve 4).

of K and D,=Dyg,. Curves 1 and 2 show that an
decrease in the partition coefficient yields larger
values of the initia release rate as well as of the drug
release at long times. Curves 2 and 3 show that an
increase in the diffusion coefficient yields larger
values of the initial release rate but, obvioudly, it
does not affect the equilibrium state (drug release at
long times). Since very large values of the partition
coefficient are required to make the release rates in
Fig. 2 of the same order as those in Fig. 1, it is
concluded that the drugs interact strongly with the
hydrophobic fibers. Furthermore, since the drug
release under equilibrium conditions (attained at very
long times) is dictated only by the partition coeffi-
cient K, it is concluded from Fig. 1 that the K values
of the drugs are in the order K ine<Knadoiol <
Koropranolol- TiS IS @ somewhat surprising observar
tion because the octanol /water partition coefficient P

Table 3

of tacrine and propranolol are very similar and
significantly larger than that of nadolol, P, o<
Poropranoiol = Pracrine (586 Table 1). However, the
interaction of the cationic drugs with octanol is likely
to be different to that with the grafted polyethylene
fibers and therefore only a moderate correlation
between P and K should be expected.

In relation to the diffusion coefficients used in Fig.
2, it is noticeable that curve 4, which could be
compared to that of tacrine in Fig. 1, corresponds to
the lowest value of the diffusion coefficient, while
tacrine has the smallest molecular weight. It must be
stressed, however, that these are effective values that
take into account molecular interactions and not only
the molecular size.

3.2 Drug permeation from 5% (im/v) solution
across human skin in vitro

Transdermal permestion data of the model drugs
across the human skin at pH 7.4 is presented in
Table 3 both under passive and iontophoretic con-
ditions (I =0.5 mA/cm?). The lag-time for permea-
tion was about 24 h in the case of passive flux and
0.5 h in the case of iontophoretic flux (data not
shown). Since all drugs were delivered from a 5%
solution, the differences observed in the passive flux
values are obvioudly related to the nature of the drug.
The hydrophilic drug nadolol exhibits the lowest
flux, thus showing that it hardly enters the skin. The
hydrophobic drugs (tacrine, propranolol and salicyl-
ate) permeate at a much faster rate than nadolol, but
the differences observed do not correlate well with
the octanol /water partition coefficient (see Table 1).

Increase of transdermal permeation during ion-
tophoresis was observed for all drugs. The enhance-
ment factor varied from 70 to 1200, corresponding
the larger enhancement to the more hydrophilic
nadolol, which has been reported earlier [15]. The

Passive and iontophoretic fluxes (ug/cm?/h) across human skin in vitro from a 5% (m/v) solution®

Drug Passive flux lontophoretic flux Enhancement factor
Tacrine 3.00+0.7 220+50 70
Propranolol 0.26+0.07 43+7 170
Nadolol 0.04+0.05 49+7 1200
Sodium salicylate 0.34+0.07 45+6 130

2Direct current iontophoresis (0.5 mA/cm®) was on for 12 h. Average+standard deviation (n=4-7).
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lowest enhancement factor corresponded to tacrine,
which exhibited the largest passive flux. This fact
might indicate some kind of limitation of the per-
meation rate as discussed also in next section.

Fig. 3 shows the variation of the permesation rate
of tacrine with the iontophoretic current density,
from O (passive) to 0.5 mA/cm?, which is consid-
ered the upper limit for safe iontophoresis [16]. The
iontophoretic permeation rate remained constant until
the current was switched off, and its value was
directly related to the iontophoretic current density |
used which is in accordance with several literature
reports [7,17-19]. After current termination the
transdermal permeation rate of tacrine returned
rapidly to the passive level, which indicates that
iontophoretic flux enhancement does not lead to
permanent changes in the skin permeability.

The permeation experiments, either passive or
iontophoretic, involve ternary electrodiffusion pro-
cesses which can be described approximately by the
Nernst—Planck equations under quasi-steady state
conditions. Considering a single transport region 0<
x<é (composed of skin and diffusion boundary
layers) where the concentration and electric potential
changes take place, the effective permeability of
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Fig. 3. Effect of iontophoretic current density on the permeation
of tacrine from a 5% solution across the human skin in vitro.
Current density was 0 (O), 0.10 (0J), 0.25 (>), and 0.50 mA /cm?®
(A). The current was on for 12 h, whereafter passive drug
permeation was followed up to 72 h. The dashed lines have unit
slope in this log-log plot when the iontophoretic current is
different from zero, while in the passive permeation studies the
dashed lines are only indicative of the experimental trends.
Average+standard deviation (n=4-6).

species i is given by P, =D, /8, where the effective
diffusion coefficient D, incorporate the effects of
skin porosity and partitioning between the skin and
the bathing solution. Without loss of generality, the
following expressions are presented for the case of a
cationic drug. The species are denoted by subscripts
i=+ (sodium ion), i=— (chloride ion), and i=d
(cationic drug). The transport equations are then:

J _dg
D, d

F d¢
ZC RT ax”

i=+,—.,d (9)

where J, ¢, and z are the molar flux density, molar
concentration and charge number of species i, ¢ is
the electric potential, F is the Faraday constant, R
the gas constant, and T the absolute temperature. The
flux density J is assumed to be independent of
position because of the quasi-steady state approxi-
mation. The local electroneutrality assumption re-
lates the local concentration values:

c_=c, t¢y (10)

and the boundary conditions for concentration are

c(0)=cyo C4(8)=0 (11)
c.(0)=c,o c.(6)=c,, (12)
c_(0)=Cyo+C,qo C_(8)=cC,, (13)

The electric potential drop within the diffusion
region, A¢ = ¢(8) — ¢(0), can be obtained as:

Ap = —FI c.(0) (14)
c_(0)
where
J,/D, —J_/D_+ J,D, (15)

~J,/D, +J /D_—JD,

Note that D, can be replaced by P, in Eq. (15). The
chloride flux density is obtained by introducing the
expression for the electric potential gradient, d¢/
dx = (RT/F) I'(dInc_/dx), into its flux equation and
further integration, thus yielding:

J.=P_(I'-Dlc_(5) —c_(0)] (16)
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The ratio of sodium to drug flux density:

J. P, c,(8)e™ —c,(0)

=
Ji Py cy(8) €F —¢,(0)

(17)

is determined by multiplying their flux equations by
e"*'R" and further integration. Finally, the current
density equation:

l=FJ, +J,—J) (18)

closes this equation system and allows for its itera-
tive solution.

The theoretical results obtained from the above
equations are compared to the experimental resultsin
Table 4. In the theoretical simulations, the ratio of
permeabilities between sodium and chloride has been
set equal to 2/3, thus being equal to the ratio of their
infinite dilution diffusion coefficients in aqueous
solution. The permeabilities of the chloride ion and
the cationic drug have been used as fitting parame-
ters (though no rigorous fitting procedure has been
applied), resulting in the values P_ =1.5x10"" cm/
s and P,=1.8%x10"° cm/s. This last value could
have been roughly estimated from the experimental
passive flux as the ratio between flux density and
concentration, which yields the value 1.7x10~° cm/
s (the difference in the factor is due to the small
diffusion potential that exists under passive con-
ditions). Table 4 shows that a good agreement
between the experimental and theoretical flux den-
Sities is obtained with reasonable values of the
permeability coefficients, which implies that the
above theoretical modeling can be used for the
description of the permeation process across the
human skin in vitro.

Table 4

3.3 Drug permeation from ion-exchange fibers
across human skin in vitro

If one wants to achieve steady-state flux of drug(s)
across the skin, concentrations of the drug and
mobile ions in the bathing solution of the donor
compartment need to be constant. In that case direct
current results in constant drug flux across the skin.
The validity of this assumption was confirmed, e.g.
by taking samples in both the donor and receiver
compartments of the diffusion cell. Tacrine con-
centration in the donor chamber and the flux across
the skin during iontophoretic delivery increased for
3—4 h (see Fig. 4). After that, tacrine concentration
in the donor chamber and the flux across the skin
remained constant. This indicates that at steady-state
the amount of tacrine released from the fiber equals
the permeation of the drug across the skin as long as
the current is turned on.

Table 5 shows the iontophoretic fluxes (1=0.5
mA /cm?) across human skin in vitro when the drugs
were delivered from ion-exchange fibers. The fluxes
are smaller than those presented in Table 3 due to the
lower concentration of drug in the donor solution.
Note that not only the drug content in the fiber is
much smaller (see Table 5) than the drug content in
the 5% solution (150 mg), but also the drug has to be
released from the fiber before permeation and time
required for the fiber to equilibrate with the solution
in the donor compartment is larger than the duration
of the iontophoretic experiments, except for nadolol
(see Fig. 1). Thus, the actua drug concentration in
the donor solution is smaller than what could be
deduced from the drug content values in fiber.
Nevertheless, the values of drug content in fiber can

Passive and iontophoretic flux density of tacrine from a 5% solution across the human skin in vitro as determined from the experimental data
in Fig. 3 (by using the data corresponding to longer times in the case of passive flux and the 12-h period in the case of iontophoretic flux)
and from the theoretical approach [Egs. (14)—(18)] with P_=15x10"" cm/s, P, /P_=2/3, and P,=1.8X10"° cm/s

Current density Experimental flux Theoretical flux Experimental enhancement
(mA/cm?) (ng/cm?/h) (ng/cm?/h) factor

0 3.0+0.7 41 1

0.10 25+4 45 8

0.25 100+40 107 30

0.50 22050 211 70
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Fig. 4. Amount of tacrine in the donor () and the receiver compartment (d) during iontophoretic delivery across the human skin from
Smopex”-102 ion-exchange fiber in vitro. Current density was 0.50 mA/cm?®. The current was on for 12 h, whereafter passive drug
permeation was followed up to 24 h. Average standard deviations (n=6).

be used to make an interesting observation. The ratio
of drug flux to drug concentration (in mg/cm®) in
the donor compartment represents a measurement of
the skin permeability to the drug under iontophoretic
conditions. The permeability values estimated from
Table 3 (solution formulations) are 1.2x10 ° cm/s
(tacring), 2.4x10” " cm/s (propranolol), 2.7x10"’
cm/s (nadolol), and 2.5x10™" cm/s (sodium sali-
cylate). Correspondingly, the values of ion-exchange
formulations from Table 5 are 45x10°' cm/s
(tacring), 9.4x10” " cm/s (propranolol), 4.9x 10"’
cm/s (nadolol), and 9.1x10™" cm/s (sodium sali-
cylate). These latter values are probably lower
estimates due to the difference between released drug
and total drug (released plus bound to fiber) in the
donor compartment. The above values show that the

Table 5

effective skin permeability to the different drugs
does not remain constant with the drug concen-
tration, but contrarily decreases with increasing drug
concentration in donor compartment.

The comparison between the passive permeation
rates of tacrine across skin from the 5% solution and
from the cation-exchange fiber is aso interesting.
The passive permeation rate from the solution is
(3.0+0.7) wg/cm?/h (Table 3), while that from the
cation-exchange fiber (7.6 mg in fiber) is 0.003
pg/cm®/h. The factor 1000 between these two
fluxes is explained by the different tacrine con-
centration in the two solutions. While the 5% solu-
tion contains 150 mg of tacrine, the fiber only
releases ~2% (see Fig. 1) of the 7.6 mg it contains,
which amounts only to 0.15 mg.

Drug content in Smopex™-102 (tacrine, propranolol and nadolol) or Smopex”-108 (sodium salicylate) and iontophoretic flux density

(ng/cm?/h) across human skin in vitro from the fiber discs®

Drug Content (mmol/g) Content (mg) lontophoretic flux
Tacrine 0.84 7.6 4.1+0.7
Propranolol 21 24.0 27+6

Nadolol 15 17.9 10.5+1.3
Sodium salicylate 14 25.7 28+5

2Direct current iontophoresis (0.5 mA/cm®) was on for 12 h. Average+standard deviation (n=4-7).
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Fig. 5. lontophoretic tacrine delivery rate across human skin in
vitro as a function of the drug content in the Smopex-102"
cation-exchange fiber. Average+standard deviation (n=4-6).

In order to check the apparent limitation in the
permeation rate, the iontophoretic permeation rate of
tacrine across the skin was measured from fiber discs
containing different amounts of drug, from 7.6 to
104 mg. The tacrine flux across skin was observed to
increase with increasing concentration, and the vari-
ation was not linear in the whole range considered
(Fig. 5). Since Egs. (1)—(8) alow to state that the
concentration in solution is proportional to the
concentration within the fiber, this non-linearity
cannot be due to the difference between the drug
concentration in solution and the concentration in the

fiber. It is then concluded that the permeation across
skin shows a kind of limiting mechanism at higher
concentrations. This supports the observations re-
ported of a similar drop off in the delivery rates of
nicotine at high concentrations from a hydrogel
containing ion-exchange resins across the skin [7].
This observed non-linear dependence of the ion-
tophoretic drug delivery with the drug concentration
can aso be explained on the basis of the theoretical
modeling presented in Section 3.2. Although both
migration due to an applied electric field and diffu-
sion give a linear dependence of flux with con-
centration, the electrodiffusion process under consid-
eration involves an electric field which is determined
not only by the current density but aso by the
differences in permeabilities of the three transferring
species. Fig. 6 shows theoretical simulations of
passive and iontophoretic fluxes obtained from Egs.
(14)—(18). It is observed that, while the passive flux
is nearly linear with concentration, the iontophoretic
flux shows a non-linear behavior similar to that
presented by the experimental data in Fig. 5. Note
that these simulations can equally be used to inter-
pret results of drug delivery from donor compart-
ments with the drug contained in fiber discs.
Tacrine flux across the skin in vitro was very
reproducible as indicated by the small experimental
standard deviation values (6—17%, Fig. 5). In con-
trast, the standard deviation values for the ion-
tophoretic tacrine fluxes from the solution in Fig. 3

7 —

[}

(=)

(=]
I

150

100

n
(=)

iontophoretic flux (ug em h™)

—_
(=]

I
o oo

N
-

I

(g _wo 8r) xnyy oarssed

1 1
NS}

0.0 0.050 0.10

NI B )

0.15 0.20 0.25 0.30

drug concentration in donor compartment (mM)

Fig. 6. Simulated passive and iontophoretic tacrine delivery rate across human skin in vitro as a function of the drug concentration in the
donor compartment. The parameters used in the simulation are the same as in Fig. 3.
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are rather big (14-37%, note the logarithmic scale).
This may indicate a more precise control of tacrine
delivery and reduced biological variation in the skin
permeation by the use of ion-exchange fiber and,
therefore, the blood concentrations might be pre-
dicted better.

During oral administration tacrine undergoes ex-
tensive first-pass metabolism and its dose-dependent
hepatotoxicity and peripheral cholinergic side-effects
have been observed. It has been postulated that
maintenance of constant levels of tacrine in the brain
may be required to maximize its effects on memory
enhancement [2]. Transderma delivery of tacrine
may minimize above-mentioned problems. Steady-
state plasma concentrations after transdermal drug
permestion can be calculated using equation c =
A X J/CL [3], where A is the surface area for drug
absorption (typically 25 cm?), J is the steady-state
flux density (ng/cm?®/h), and CL is the clearance
from the body. For tacrine CL=150 |/h and the
target plasma levels after oral tacrine ingestion are
5-30 ng/ml [20]. Using these parameters, the pas-
sive tacrine permeation from 5% solution would
result in plasma level of 0.50 ng/ml and the ion-
exchange reservoir will attenuate that approximately
three orders of magnitude. Thus, a need for permea-
tion enhancement is obvious. lontophoretic tacrine
delivery from 5% solution should result in plasma
levels of 4.3 ng/ml at 0.1 mA/cm” and 36 ng/ml at
0.5 mA/cm®. lontophoretic delivery from ion-ex-
change fiber (0.5 mA/cm?) is expected to yield 7.3
ng/ml of tacrine in plasma at steady state. Overall, it
seems that clinically relevant amounts of tacrine may
be delivered transdermally by the ion-exchange fiber
and iontophoresis.

4. Conclusion

Cation- and anion-exchange fibers have been
shown to be promising drug reservoir materials for
iontophoretic transdermal drug delivery. The ion-
exchange fibers may be used to retard and control
drug release from the system. The charged drugs can
be bound into the ion-exchange groups of the fiber
until their release by mobile ions, eg. Na" or Cl .
The release rate is related to the drug lipophilicity,
although the octanol /water partition coefficient only

provides a rough estimate for the behaviour of the
drugs in this kind of grafted hydrophobic fibers.
The combination of iontophoresis and ion-ex-
change fibers may be used to control drug release
and to increase drug permeation across the skin.
Large biological variation of the skin may be re-
duced using ion-exchange fibers as compared to
solution formulations of drugs. However, more work
is needed to optimize and evaluate the suitability of
these materials in controlled release drug delivery.

Acknowledgements

Financial support from TEKES (The Technology
Development Center) and the Academy of Finland
(JH), is gratefully acknowledged. JAM thanks finan-
cial support from the DGICYT (Ministry of Educa
tion and Culture of Spain) under project no. PB98-
0419.

References

[1] J. Bai, L.-L. Chang, Metabolism of acetylneurotensin by
proteolytic activities of intestinal enterocytes, Pharm. Res. 12
(1995) 164-167.

[2] G. Sathyan, W.A. Ritschel, A.S. Hussain, Transdermal
delivery of tacrine. |. Identification of a suitable delivery
vehicle, Int. J. Pharm. 114 (1995) 75-83.

[3] RH. Guy, J. Hadgraft, Rate-control in transdermal drug
delivery, Int J Pharm 82 (1992) R1-R6.

[4] M. Bach, B.C. Lippold, Percutaneous penetration enhance-
ment and its quantification, Eur. J. Pharm. Biopharm. 46
(1998) 1-13.

[5] P. Fiset, C. Cohane, S. Browne, S.C. Brand, S.L. Shafer,
Biopharmaceutics of a new transdermal fentanyl device,
Anesthesiology 83 (1995) 459-469.

[6] O.M. Conaghey, J. Corish, O.I. Corrigan, The release of
nicotine from a hydrogel containing ion-exchange resins, Int.
J. Pharm. 170 (1998) 215-224.

[7] O.M. Conaghey, J. Corish, O.l. Corrigan, lontophoretically
assisted in vitro membrane transport of nicotine from a
hydrogel containing ion-exchange resins, Int. J. Pharm. 170
(1998) 225-237.

[8] R. Jani, O. Gan, Y. Ali, R. Rodstrom, S. Hancock, lon
exchange resins for ophthalmic delivery, J. Ocul. Pharm. 1
(1994) 57-67.

[9] W.J. Irwin, R. Machale, PJ. Watts, Drug-delivery by ion-
exchange. VIl. Release of acidic drugs from anionic ex-
change resinate complexes, Drug Dev. Ind. Pharm. 6 (1990)
883-898.



190 T. Jaskari et al. / Journal of Controlled Release 67 (2000) 179-190

[10] S Akerman, B. Svarfvar, K. Kontturi, J. Nasman, A. Urtti, P
Paronen, K. Jarvinen, Influence of ionic strength on drug
adsorption onto and release from a poly(acrylic acid) grafted
poly(vinylidene fluoride) membrane, Int. J. Pharm. 178
(1999) 67-75.

[11] s Akerman, P Viinikka, B. Svarfvar, K. Jarvinen, K.
Kontturi, J. Nasman, A. Urtti, P. Paronen, Transport of drugs
across porous ion-exchange membranes, J. Control. Release
50 (1998) 153—166.

[12] K. Jarvinen, S. Akerman, B. Svarfvar, T. Tarvainen, P
Viinikka, P. Paronen, Drug release from pH and ionic
strength  responsive  poly(acrylic acid) grafted poly-
(vinylidenefluoride) membrane bags in vitro, Pharm. Res. 5
(1998) 802—-805.

[13] C.L. Gummer, The in vitro evauation of transdermal deliv-
ery, in: J. Hadgraft, RH. Guy (Eds), Drug Delivery Re-
views, Marcel Dekker, New York, 1988, pp. 177—-196.

[14] PH. Green, R.S. Hinz, C. Cullander, G. Yamane, R.H. Guy,
lontophoretic delivery of amino acids and amino acid
derivatives across the skin in vitro, Pharm. Res. 9 (1991)
1113-1120.

[15] J. Hirvonen, R.H. Guy, lontophoretic delivery across the
skin: electroosmosis and its modulation by drug substances,
Pharm. Res. 14 (1997) 1258-1263.

[16] R. Burnette, Transdermal drug delivery, in: J. Hadgraft, R.H.
Guy (Eds.), Drug Déelivery Reviews, Marcel Dekker, New
York, 1988, pp. 247-292.

[17] V. Srinivasan, W. Higuchi, S. Sims, A. Ghanem, C. Behl,
Transdermal iontophoretic drug delivery: Mechanistic analy-
sis and application to polypeptide delivery, J. Pharm. Sci. 78
(1989) 370-375.

[18] C. Behl, S. Kumar, A. Malick, S. DelTerzo, W. Higuchi, R.
Nash, lontophoretic drug delivery: Effects of physicochemi-
cal factors on the skin uptake of nonpeptide drugs, J. Pharm.
Sci. 5 (1989) 355-360.

[19] B. Delgado-Charro, A. Rodriguez-Bayon, R.H. Guy, lon-
tophoresis of nafarelin: effects of current density and con-
centration on electrotransport in vitro, J. Control. Release 35
(1995) 35-40.

[20] A.J. Wagstaff, D. McTavish, Tacrinee A review of its
pharmacodynamic and pharmacokinetic properties, and ther-
apeutic efficacy in Alzheimer's disease, Drugs Aging 4
(1994) 510-540.

[21] C.J. Drayton, Cumulative subject index and drug compen-
dium, in: C. Hansch, PG. Sammes, JB. Taylor (Eds),
Comprehensive Medicina Chemistry, Vol. 6, Pergamon
Press, Oxford, 1990.



