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Summary

As models for transdermal iontophoretic drug delivery, carboxylate anions were electrochemically driven from aqueous solutions
across excised hairless mouse skin into aqueous buffer solutions. The flux of !*C-anions was measured. Using [!*Clacetate, the flux
increased as the current increased, as the acetate concentration in the donor solution increased, as the pH of the donor solution
decreased, or if the donor solution was not stirred. The composition of the receptor solution had little effect on the acetate flux, as
did turning the skin backwards. Under the same conditions, a comparison of the efficiencies of carboxylate delivery showed
acetate > hexanoate > dodecanoate. Acetate delivery through the perfluorosulfonic acid cation-exchange membrane, Nafion, was
studied for comparison. The mouse skin results are interpreted in terms of iontophoretically driven acetate delivery through
essentially aqueous pathways with similarities to transport through cation-exchange membranes.

Introduction

Passive transdermal delivery of drugs provides
an effective method for controlled release at a
constant rate. A more sophisticated device can be
envisaged in which the delivery rate is controlled
electrochemically. Such a device would provide
the possibility of varying the rate since the rate
would be controlled by the current flowing through
an electrochemical circuit. Specifically, it is possi-
ble to drive ions through the skin by the use of an
applied electrochemical potential. Therefore, ionic
drugs, which otherwise do not permeate skin very
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well, could be delivered at controlled rates.
Numerous publications over several decades de-
scribe experiments in which this approach allowed
drugs to be “iontophoresed” through skin (Com-
eau et al., 1973; Csillik et al., 1982; Gangarosa et
al.,, 1977, 1980; Gordon and Weinstein, 1969;
Okabe et al, 1986; Park et al., 1978; Ragelis
1981a and b; Warwick et al., 1985).

There is, however, little understanding of the
iontophoretic process, and we have undertaken a
project to collect fundamental data. In so doing, it
is anticipated that results revealing the nature of
ion transport in skin will be obtained which will
have significance beyond the present goal. Prece-
dent for the study reported here is most closely
provided by a study of benzoate delivery with a
very similar experimental protocol (Bellantone et
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al., 1986). The iontophoretic delivery of the
carboxylate, salicylate, for plantar wart treatment
has also been reported (Gordon and Weinstein,
1969). We have reported preliminary results on
acetate delivery (Miller et al., 1987) as well as
electrochemical studies of release of several bio-
medically significant ions from polymer films
(Miller et al. 1987; Blankespoor et al. 1985; Zinger,
1984).

Materials and Methods

Maierials

Donor and receptor solutions were prepared
from analytical grade or better reagents with no
further purification (Mallinkrodt, Paris, KY & Al-
drich, Milwaukee, WI). Water to make stock solu-
tions was distilled and deionized with resistance
> 18 M£2/cm. The donor solutions were “spiked”
with 1C labeled sodium salt of appropriate donor
compound (Research Products International
Corp., Mt. Prospect, IL) to give activities of 4-45
pCi/mmol. The receptor solution was Sorensen
buffer (0.027 M NaH,PO,, 0.040 M Na,HPO,,
0.079 M NaCl with pH 7.0). The salt bridges
contained 1.0 M NaCl/3% w/v agar (Bacto-Agar,
Difco, Detroit, MI) with the isolated carbon elec-
trodes immersed in 0.1 M NaCl. This insured that
the '*C anion would not be affected by electroly-
sis, and insulated the cells against pH changes by
H,O electrolysis. The diffusion cells were custom-
made, but are almost identical with commercially
available cells (model VC-100, Crown Glass, Som-
erville, NJ) and were placed in a cell holder with
magnetic synchronous stirrers (similar to model
VCDU-1, Crown Glass) and maintained at 37°C
with a circulating water bath (Model 80, Fisher
Scientific). Current was supplied by a galvanostat
(Model 173, Princeton Applied Research, Prince-
ton, NJ). Nafion membrane was type 117, non-re-
inforced film of 1100 equivalent weight perfluo-
rinated copolymer with a thickness of 0.2 mm
{(DuPont Co., Wilmington, DE). Aliquots for scin-
tillation counting were made with a Pipetman
{(Model P-200, Rainin, Woburn, MA). Scintillation
cocktail was a xylene based mix (Safety-Solve
Research Products International, Mt. Prospect,

IL). Samples were counted on a liquid scintillation
counter (Mark 111 Model 6881, Tracor Analytical,
Elk Grove Village, IL).

Methods

Hairless mice (female, 8-12 wks, SIM: HRS/
hr - hr, Simonson, Gilroy, CA) were sacrificed by
cervical dislocation. Whole-thickness skin was re-
moved and divided along the sagittal plane into
two pieces (left and right sides) with excess adipose
tissue removed by gentle scraping. The skin pieces
were soaked in the receptor buffer solution for
approximately 45 min prior to placing in the cells.
Immediately after skin was placed in the cell, the
appropriate volume of receptor solution (2.5 or 3.5
ml) was pipetted into the cell followed im-
mediately with 3.5 ml of donor solution into the
cell. (Solutions were preheated in a water bath.)
Electrodes were then placed into the cells, and
current with the appropriate polarity was switched
on.

The initial concentration of !“C labelled
material was determined from an aliquot of the
donor solution. Aliquots were withdrawn periodi-
cally from the receptor solution and replaced with
buffer to maintain the volume. The aliquots di-
luted with premixed scintillation cocktail (12 ml)
were analyzed with a scintillation counter after
completion of the experiment. All samples in flux
calculations were corrected for background counts
(approximately 30 cpm). The computational pro-
gram accounted for the small depletion of the
donor solution (less than 1% of 'C label was
transported), and the dilution of the receptor *C
concentration due to aliquot replacement. Samples
were typically two or more times background
within 10-20 min after the beginning of experi-
ment, Flux rates were determined by plotting
cumulative flux (concentration at designated time
plus amounts removed in previously samples) as a
function of elapsed time and performing a simple
linear regression of the points in the steady-state
range. Typically, the experiment was conducted
over a period of 3 h; and a sequence 0.1, 0.3 and
0.5 mA /cm? of skin area was used. The use of
constant current delivery insured that there was a
constant total flux of ions driven across the skin
by the applied potential.



Results

Acetate delivery

A series of experiments was designed to test
various experimental variables, one at a time. A
typical experiment involved the use of 0.1 M
sodium acetate as the donor solution and Soren-
sen buffer as the receptor solution. The cumula-
tive amount of acetate delivered per cm? of skin
area was measured at 3 current levels. Fig. 1
shows typical results. At each current level the
cumulative amount of acetate delivered increased
linearly during the time interval utilized, and the
flux increased with increased current as expected.
The passive flux (I = 0) was very low; only 1-3%
of the flux measured at 0.1 mA /cm?.

The correlation coefficients for plots of acetate
delivered vs time were always at least 0.99. The
slope of the lines gives the flux, J,. The reproduci-
bility of J, from one piece of skin to the next was
typically better than +10%. This variation was
also observed with skin sections from the same
animal. In an experiment in which I was stepped
from 0.1 t0 0.3 to 0.5 t0 0.3 to 0.1 mA /cm?, the J,
values at each current level were within experi-
mental error at the two times. This indicates that
the results do not depend significantly on the
usual protocol of only using 0.1 then 0.3 then 0.5
mA /cm’,
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Fig. 1. Cumulative amounts of acetate delivered from 0.15 M
sodium acetate into Sorensen buffer. Two pieces of skin from
each of two mice.
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TABLE 1

J, for delivery into Sorensen buffer © at 3 currents

Donor J, (pmol /cmz/h)
b
[NaAc] (M) 0.1 mA/cm? 03 mA/cm’> 0.5 mA/cm®
0.025© 0.33 0.78 1.02
0.05¢ 0.68 1.6 2.3
0.075 ¢ 0.86 24 3.5
0.10 ¢ 0.94 2.3 3.5
01549 1.02 3.1 44

2 Sorensen buffer 0.19 M in Na*.

b Sodium acetate concentration, unbuffered.
¢ Average of two runs.

4 Average of 4 runs.

Table 1 and Fig. 2 shows average J, values at
each of the three current levels at donor acetate
concentrations varying from 0.025 to 0.15 M. It
can be seen from the figure that J, is not strictly
proportional to current or to concentration.

An important aspect of membrane transport is
consideration of the effects of concentration
polarization near the membrane. This was tested
by conducting an experiment without stirring the
donor solution to enhance the problem. Using
0.025 M acetate the J, values were higher (Table
2) rather than lower as they would have been if
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Fig. 2. Dependence of J, on I and acetate concentration in the
donor solution.
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TABLE 2

J at 3 currents under various conditions ¢

Donor Donor Receptor J (umol /cm? /h)
concn (M) ® conditions © solution ¢ 0.1 mA /o 0.3 mA,/om? 0.5 mA /om?
0.1 Sor 0.94 2.3 35
0.1 0.1 M NaAc 0.99 2.6 45
0.1 pH 4.7 Sor 1.17 3.9 6.4
0.1 pH 4.7 pH 4.7 1.6 6.8 9.5
0.1 19 mM Sor 0.56 1.54 2.2
0.1 1.9 mM Sor 0.57 143 2.1
0.025 Sor 0.33 0.78 1.02
0.025 0.025 M NaAc 0.14 0.36 1.16
0.025 pH 6.0 Sor 0.67 146 24
0.025 pH 4.7 Sor 0.99 24 34
0.025 No Stir Sor 33
# J, are averages of two or more runs.
® Designates total acetate concentration.
¢ No entry means stirred 0.1 M sodium acetate.
9 Sor = Sorensen buffer, NaAc = sodium acetate, pH 4.7 = 0.1 M acetate buffer.
depletion was a determinant, but consistent with TABLE 3
polarization effects. A second concern was with J, for delivery through Nafion °
effects due to the asymmetry of the skin. There-
fore, the skin was turned around, so that acetate Donor Donor A ,
was delivered from the inside of the skin, instead conen (M) pH (pmol/em’/h)
of the epidermal side. This lowered the J, values 0.025 7.52 0.12
by about 15%, only slightly more than experimen- 4.75 13
tal error. 0.10 7.86 0.36

7.86 ° 0.37

475 3.8

05 mAcm?

Ja(umol ecm-2 hr-1)

\-

0 1 1 1

5.0 6.0 7.0 75
pH

Fig. 3. Dependence of J, on pH. Delivery from 0.025 M
total acetate.

* At 0.5 mA /cm using identical donor and receptor solutions.
® Sorensen buffer in receptor.

Because acetate is a weak base, and because the
permselectivity of the skin could depend on the
pH, donor acetate buffer solutions of pH 6.0 and
4.75 were used to look for pH effects. Using donor
solutions which were 0.025 and 0.1 M in rtotal
acetate, the flux values at each current were sub-
stantially enhanced at lower pH. Data (Table 2)
are displayed in Fig. 3. Again at pH 4.75, the
passive delivery rates were enhanced somewhat,
but were still negligible.

The effect of changing the composition of the
receptor solution was also investigated (Table 2).
Replacing Sorensen buffer with sodium acetate



had no appreciable effect. Similarly diluting the
Sorensen buffer by as much as a factor of 100, led
only to a small decrease in J,. Only when the
donor solution was pH 4.75, 0.1 M acetate buffer
was any substantial effect noted. In that one case,
changing the receptor solution from Sorensen
buffer to 0.1 M pH 4.75 acetate buffer raised J,.
It was of interest to see if a cation exchange
membrane would behave like mouse skin for
acetate delivery. A Nafion membrane (a sulfonated
fluoropolymer) was selected for this comparison.
Data are shown in Table 3. The J, values are
smaller for Nafion; but as with mouse skin, an
increase in donor acetate concentration increases
Ja; 0.1 M sodium acetate in the receptor behaves
like Sorensen buffer, and lower pH enhances J,.

Carboxylate ion delivery

An understanding of the relative permeability
of various compounds in passive transdermal
experiments have shown lipid solubility of the
drug to be an important attribute for good trans-
port. In iontophoretic delivery this might also be a
factor; but since the ion is being driven by the
electrochemical potential, it could also be true
that smaller (hydrophilic) ions would be trans-
ported faster. Since the constant current experi-
ment requires a constant total rate of ion trans-
port, the test of relative rate is the efficiency.
Thus, it is expected that an ion which is more
rapidly transported will compete better with other
processes and give a larger number of mol
delivered per Faraday of charge passed.

We selected the series acetate, hexanoate and
dodecanoate to examine the relationship between
size (lipophilicity) and efficiency. The experiments
were all conducted using Sorensen buffer as the
receptor solution and 0.1 M solutions of the
carboxylate salts as donor solutions. In each case
steady state behavior was rapidly achieved at each
of the three current levels. Flux values are re-
ported in Table 4.

The passive rate (I =0) for hexanoate was
negligible under these conditions. The passive rate
for dodecanoate was not negligible compared to
that at 0.1 mA/cm? so that the actual ionto-
phoretic rate is even lower. Dodecanoate results
may also differ because the concentration exceeds
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TABLE 4

Flux of carboxylate ions

Ton J(pmol /cm?/h)

0.1mA/cm?> 03 mA/cm®> 0.5 mA/cm?
Hexanoate 0.29 0.79 147
Dodecanoate  0.11 0.48 0.58

2 Donor solution 0.1 M sodium carboxylate. Receptor solution
Sorensen buffer.

the critical micelle concentration. It is not known
if this affects the comparison or not.

Discussion

The results confirm that simple anions can be
electrochemically driven across skin at controlled
rates. These rates are controlled by the electro-
chemical current, the pH and anion concentration
of the donor solution, and to a limited extent, the
composition of the receptor solution and the stir-
ring of the donor solution. The results can be
understood, in part, from a consideration of an
ion-exchange membrane model. Indeed, the corre-
lation of results for mouse skin and Nafion make
this model attractive.

Acetate delivery

Consider the results in light of the standard
theory for ionic diffusion through membranes
(Bungay et al., 1986; Meares et al., 1968, 1972),
which has been developed to understand the
transport of simple inorganic ions through such
materials such as ion exchange membranes. One
expects that the electrochemical current will be
carried by a combination of anion transport from
donor to receptor, and cation transport in the
other direction. The efficiency of acetate transport
is then determined by this competition. In the
experiments reported here, the efficiency, mol of
acetate per Faraday of electricity, ranged from 0.1
for 0.025 M sodium acetate as the donor solution
to 0.4 for 0.1 M pH 4.75 acetate buffer as the
donor solution.

These efficiencies, which are less than 0.5, indi-
cate that sodium cations are transported prefer-
entially to acetate anions. Permselectivity of skin
favoring cation transport has been suggested long
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ago (Rein, 1924) and has been demonstrated for
iontophoretic NaCl transport (Burnette and
Ongpipattanakul, 1987). It presumably results be-
cause the pathways utilized for iontophoretic
transport are like those in a cation exchange mem-
brane. At pH 7 the skin is expected to have an
excess of anionic sites and a high concentration of
sodium cations. This is why skin acts like Nafion
in the present study.

The cation exchange membrane model allows
qualitative understanding of the concentration ef-
fects on J, as well as the stirring effect on J,. In
such a membrane the relative flux rates of acetate
and sodium will depend on their activities in the
membrane as well as concentration polarization in
the solutions near the membranes. As donor
acetate concentrations increase, membrane acetate
concentrations also increase and J, should in-
crease as observed. There is also a concentration
polarization due to the permselectivity which raises
the acetate concentration near the stratum corne-
um. This polarization is enhanced in the non-
stirred experiment and leads to the larger J, which
is observed. Because the skin at pH 7 has a
relatively high sodium ion concentration, varia-
tions in the (more dilute) receptor solution sodium
ion concentration should have only minor effects
on J,, as observed. Again, concentration polariza-
tion will take place in the receptor solution, but in
this case it will be mediated by the higher intersti-
tial fluid content of the dermis structure.

Turning now to pH effects, the data show that
as the pH of the donor solution goes down, so that
acetate is replaced by acetic acid, J, increases
(Fig. 3). A qualitatively similar pH effect was
noted for hexanoate. Before considering the mech-
anistic implications of these observations, it is
noted that the results in Fig. 2 using varying
concentrations of unbuffered sodium acetate may
in part reflect the varying pH of these donor
solutions. Thus, 0.1 M sodium acetate has a pH of
7.6 and 0.025 M has a pH of 7.4. Second, we note
that a similar pH effect has been discovered in
studies of thyrotropin-releasing hormone (TRH)
iontophoresis through hairless mouse skin
(Burnette et al., 1986). TRH is a protonated amine
and in more basic donor solutions, where the
amine will be deprotonated, the iontophoretic rate

TABLE 5

Concentrations at various pH for 0.025 M total acetate

pH [Ac™] [HAc] [H*] [OH™]
(mM) (mM) (mM) (mM)
75 25 3x10°° Ix10~% 3Ix1074
6.0 24 1 1x1073 1x10~°
4.75 12.5 12.5 5%1073 2x1077

increased. The authors attributed this ionto-
phoretic transport of the neutral TRH to convec-
tive flow induced by electro-osmosis of water.

In the case of acetate delivery from solutions of
constant total acetate, the higher flux at lower pH
is inconsistent with a simple picture where acetate
ion is iontophoresed and neutral acetic acid is not
transported. That picture would lead to the oppo-
site trend.

The pH effect on J, could be qualitatively
explained if OH™ was a competing ion being
transported in a parallel process. However, as the
data in Table 5 show the relative mobility of OH~
compared to acetate would have to be variable
and 10*-10% times larger than that of acetate in
order to explain the pH dependence. Thus a paral-
lel process involving OH™ is unreasonable. Also
unreasonable is a simple parallel process in which
acetic acid is passively delivered while acetate is
iontophoretically delivered. The passive J, is too
small and would not respond to the change in
current in the observed manner.

Two types of mechanisms can, however, quali-
tatively explain to pH effect. One involves the
effect of solution pH on the skin properties, and
the second type includes mechanisms in which
acetic acid, proton, and acetate transport are cou-
pled. Consider the former. Since a change in pH
from 7.6 to 4.75 only increases J, by a factor of 3,
this change could be due to a change in the
permselectively of the skin (Rein, 1924), acting
like cation-exchange membrane. In this model the
permselectivity of the skin results from the net
negative charge of the static skin components
which line narrow pathways through which the
ions are transported. As the pH is lowered, it is
expected that the net charge on these components
(which could be protein carboxylates and amines)



will change becoming more positive. This would
tend to favor transport of the anionic acetate, as
observed.

The second set of possibilities involves not the
skin, but coupled transport. One specific explana-
tion is that there is iontophoretically driven acetate
transport with acetic acid being carried along. It is
known that in the ion-exchange membranes
(Meares et al., 1972) and across skin (Gangarosa,
et al, 1980; Burnette et al., 1987) there is a
substantial transport of water (electro-osmosis) as
well as ions and that this water transport can
carry along neutral molecules. In the present case,
there would have to be a net transport of water
from donor to receptor in order to get acetic acid
carried to the receptor. However, the flow is
expected to go in the other direction, as it does for
NaCl (Burnette et al., 1987; Rein, 1924) since it
appears that the efficiency of acetate transport is
less than 0.5. Furthermore, when 0.025 M acetate
at pH 6.0 is used in the donor so that the acetic
acid concentration is 1 mM (Table 5), it can be
calculated that at 0.5 mA /cm? about 1 ml of this
donor solution would have to be transported to
carry along the necessary ~ 1 pmol of acetic acid.
This volume change would have been easily
detected had it occurred. Finally, the data in
Table 5 suggests that this mechanism should give
a special enhancement of J, only near the pK, of
acetic acid.

A more satisfactory type of coupled transport
involves the proton flux as well as acetate and
acetic acid. The data are compatible with the
involvement of iontophoretically driven proton
transport, and it is known that certain membranes
will favor proton transport. For example, the com-
petition between alkali metal ion and proton
transport across ion exchange membranes in an
electrochemical cell has been studied. Bipolar ion
exchange membranes (cation and anion exchange
membranes back-to-back) can give high proton
fluxes compared to alkali metal cation fluxes
(Frilette, 1956, Grossman, 1976). If there is a
substantial proton flux in the mouse skin experi-
ment this complicates the interpretation of J,.
Thus, the pH gradient will affect the acetate,
acetic acid equilibrium as the membrane is
traversed and this will in turn affect J,.
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We conclude that there is a similarity of acetate
transport in skin and in Nafion, and hypothesize
that in iontophoresis an ion-exchange membrane
is a good model for skin. An accurate description
of transport during iontophoresis of acetate
requires an understanding of skin protonation and
proton transport. This is not available and not
easily attained when solutions with some buffer
capacity like acetate are employed.

Carboxylate ion delivery

The data on carboxylate ion delivery (Table 4)
are limited in detail but informative on the point
of interest. They demonstrate that using solutions
of their sodium salts, acetate is iontophoresed
more efficiently than hexanoate and that dode-
canoate has the lowest efficiency. The smaller,
more hydrophilic ion is transported faster under
these conditions than the larger ions. Indeed, the
ratio of efficiencies are quite consistent with the
differing diffusion coefficients expected for ions in
water based upon their size.

This is a most interesting and important result.
It is consistent with the cation exchange model
and suggests that during iontophoretic delivery,
the ions travel along pathways that are essentially
aqueous. These pathways could involve hair fol-
licles, pores, or breaks in the stratum corneum,
but they could also be the hydrophilic domains of
the stratum corneum. The hydration of the stra-
tum corneum is well known, and it would appear
that this hydration may provide pathways of elec-
trochemically driven ion transport. This hypothe-
sis will be tested in future studies.
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