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DC current-voltage relationships and sodium ion transport measurements for human allograft skin
immersed in saline buffers have been determined using a four terminal potentiometric method and
diffusion cells of our own design. About three-fourths of the skin samples were deemed suitable for
study on the basis of their high resistivities and similar /~V characteristics. Most of these samples
yielded sodium ion permeability coefficients less than or equal to those reported for human skin in
vivo. The current-voltage relationship in these tissues was time dependent, highly nonlinear, and
slightly asymmetric with respect to the sign of the applied potential. Skin resistance decreased as
current or voltage increased. For current densities less than 15 pA/cm? and exposure times of 10-20
min, this decrease was almost completely reversible; at higher current densities, both reversible and
irreversibie effects were observed. The overall dependence of current on voltage was nearly expo-
nential and was satisfactorily described by an equation of the form j ~ sinh V. Diffusion potentials,
sodium ion membrane transference numbers, and sodium ion flux enhancement factors during ionto-
phoresis were measured for skin immersed both in normal saline solutions and in saline solutions of
differing concentrations. The sign of the diffusion potentials and the value of the sodium ion trans-
ference number (0.51 in normal saline at pH 7.4) indicated a weak permselectivity of the skin for
transport of sodium jon versus chloride. At a current density of 71 wA/cm? and transmembrane
potentials in the range of 1.1-1.6 V, the flux enhancement for sodium ion was three tc five times
greater than that predicted for an uncharged homogeneous membrane according to electrodiffusion
theory. For transmembrane potentials less than 0.17 V, agreement of this theory with the data was

better but still incomplete.
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INTRODUCTION

Electrically enhanced drug delivery through skin, or
iontophoresis, has recently received increased attention as a
means for systemic delivery of ionized drugs (1). The
method has the potential to deliver transdermally drugs
which were previously thought to be unsuitable due to poor
skin penetration. The possibility of programmed delivery
from an iontophoretic device makes such a device an attrac-
tive candidate (in theory, at least) for delivery of drugs re-
quiring nonuniform delivery rates, e.g., small peptide hor-
mones (1-3).

One quickly finds in the laboratory that, while it is pos-
sible to increase the skin penetration rates of many ionic
compounds using iontophoresis, the efficiency with which
this is accomplished is often not very high. Much of the
electric current is carried by ions other than the drug ion of
interest. In particular, the presence of substantial concentra-
tions of sodium and chloride ions in the skin inevitably leads
to a situation in which the drug ion competes as the charge
carrier with one or the other of these small, relatively mobile
ions (4). Since the total amount of current which can be
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passed through the skin is limited by the battery of the ion-
tophoretic device and by the tolerance of the patient to the
treatment, the efficiency of iontophoretic delivery becomes
a key question in determining its practical value for a par-
ticular drug therapy. In order to predict this efficiency, one
must first understand the transport of sodium and chloride
through the membrane. This paper is directed at that ques-
tion.

While the use of human cadaver skin in vitro for study-
ing the passive diffusion of drugs across skin is firmly estab-
lished (5), less is known about the utility of this technique for
studying iontophoretic drug delivery. The use of skin which
has been stored frozen poses the additional question of tis-
sue integrity. In this study we have examined the properties
of frozen, excised human skin and compared the results,
where possible, to in vivo values.

MATERIALS AND METHODS

Materials

Human allograft skin (torso and thigh) was obtained
from the Ohio Valley Skin and Tissue Center, Cincinnati,
OH. The skin was obtained from cadavers with a dermatome
set to 0.25 pm after the hair had been clipped and the skin
washed. The skin was bathed in a solution of antibiotics for
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24 hr, then treated with a 10% glycerol solution (to retard ice
crystal formation), packed in gauze and sealed aluminum foil
packets, and slowly frozen to — 150°C. The freezing rate was
~1°C/min from room temperature to —40°C and —4°C/min
from —40 to —90°C, after which the tissue was quickly
placed in the vapor phase of a liquid nitrogen freezer. The
slow cooling rate allowed water to escape from the cells
during the freezing process, minimizing disruption of the tis-
sue (6). After reception in our laboratory, the tissue was
stored at —80°C for up to 2 months.

Prior to use, the skin was thawed by immersion in luke-
warm water, rinsed with distilled water, and mounted in the
diffusion cells with both sides immersed in a saline buffer. A
thin layer of silicone grease (Dow Corning) was placed in the
ground glass joint to ensure a perfect seal (7). Tests showed
that this procedure did not appreciably affect the resistivity
of the tissues.

22Na(l, specific activity 58 Ci/mmol, radiochemical pu-
rity 99%, was obtained from NEN Research Products/
Dupont Chemicals. The radiolabeled salt was diluted into the
saline buffers to obtain final specific activities between 1.3
and 130 p.Ci/mmol. Dulbecco’s phosphate-buffered saline
(without calcium chloride and sodium bicarbonate), Tris
base, Tris hydrochloride, sodium chloride, and sodium azide
were purchased from Sigma Chemical Co. Distilled, deion-
ized water was obtained from the building supply at Miami
Valley Laboratories.

The buffer for Study 1, designated Buffer A, was Dul-
becco’s phosphate-buffered saline, pH 7.4, to which 0.02%
(w/v) sodium azide had been added to retard microbial
growth. The ionic composition was 156 mM Na*, 141 mM
Cl™, 10 mM phosphate, 4.1 mM K*, 3 mM N,~, and 0.5
mM Mg™.

For Study 2, a 25 mM Tris - HCI buffer, pH 7.4 at 37°C,
containing 0.02% sodium azide was prepared according to
the manufacturer’s specifications (1:2.62 ratio of Tris base to
Tris - HCI). This solution was divided into three portions,
and NaCl was added to each portion to yield solutions hav-
ing Na™* concentrations of 0.015 M (Buffer B), 0.147 M
(Buffer C), and 1.59 M (Buffer D). Their electrical conduc-
tances and exact Na™ concentrations were calculated from
reference data (8).

Diffusion Cells and Electrical Circuitry

The apparatus has been described previously (9). The
skin was clamped vertically in ground-glass joints (0.7 cm?)
with both sides immersed in a saline buffer and the stratum
corneum facing the donor compartment. The volume of the
donor and receptor compartments was 6 ml.

Current was supplied by means of silver wire electrodes
coated with silver chloride and connected to a constant-
current source. For the constant-voltage iontophoresis
study, a low-voltage power source (Hewlett Packard 6286A,
0-20 V DC) was used in place of the normal 0- to 600-V
supply. The potential difference across the skin was sensed
potentiometrically using calomel electrodes (Fisher, radiom-
eter type) and was corrected for the solution IR drop. The
electrode response was highly linear (> = 0.99999) over the
current range of interest (9). Either a 1.5- or 6-V dry cell was
used in the potentiometer circuit, depending on the magni-
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tude of the signal being measured. The cells were magneti-
cally stirred and maintained at 37 = 2°C by means of heating,
stirring modules. Sampling of the cells consisted of removing
the entire receptor solution for radioactivity determination
and replacing it with fresh buffer.

Experimental Protocol

Although the details differed, each study contained a
similar sequence of procedures conducted over a period of 4
days. Table I shows a time line for both studies. The details
of each procedure are given below.

Initial Resistance Measurements

After a 15- to 60-minute equilibration period in either
Buffer A (for Study 1) or Buffer C (for Study 2), the potential
difference across each cell was determined first with no ap-
plied current, then with a current, I, of 10 pA (or current
density, j, of 14 pA/cm?) imposed across the cell. The po-
larity was such that the epidermal side was positive with
respect to the dermis. The resistance of the tissue at this
current level [the ‘‘chord resistance’ (10)] was calculated
from Ohm’s law. The corrections for zero offset and solution
IR drop were 1-2% of the total signal. Two tissues in Study
1 which were obviously defective were replaced at this time.

Current—Voltage Measurements

Study 1. After initial resistance determination and a fur-
ther equilibration period of 1-3 hr in Buffer A, short bursts of
direct current of alternating polarity and increasing intensity
were passed through each cell (n = 8) and the resulting
potential differences determined. After the maximum inten-
sity for a particular current regimen was reached, the mag-
nitude of the current was reduced in the same stepwise man-
ner. Three current regimens were consecutively imposed: 0
to =10 pA in 2-pA steps, 0 to =50 pA in 10-pA steps, and
0 to =250 A in 50-pA steps. For example, the sequence for
the first regimen was 0, +2, —2, +4, —4 pA, etc. Alternate
samples were tested with the negative polarity occurring
first to avoid biasing the averages. Prior to each sequence
the donor and receptor solutions were exchanged with fresh
buffer. Completion of one sequence (20 readings) required
about 10 min per sample. The flow of current was inter-
rupted for about 5 sec with each polarity change to allow
manual reversing of the leads. There was an overnight break
following the 0 to = 10 pA test regimen.

Study 2. After initial resistance determination and an
overnight equilibration in Buffer C, null potentials (no ap-
plied current) were redetermined, the receptor solutions
were exchanged with fresh Buffer C, and the donor compart-
ments were rinsed and filled with either Buffer B, Buffer C,

Table I. Time Line for Experimental Procedures (Studies 1 and 2)

Day Procedure
1 Mount skin; measure initial resistance
12 Current-voltage measurements
2-3 2Na* passive diffusion
34 22Na* iontophoresis
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or Buffer D (n = 4 per formulation). The ascending portion
of the current sequences from Study 1 was then applied to
each cell. One cell was dropped from the study due to low
resistivity.

Sodium Ion Transport Measurements

Study 1. Following completion of the current-voltage
measurements, the receptor solution was exchanged with
fresh Buffer A and the donor solution exchanged with Buffer
A to which 0.44 uCi/ml of 2?NaCl had been added. The re-
ceptor compartments were sampled 2 and 17 hr postdose for
radioactivity determination. The unidirectional sodium flux,
Jna» Was calculated from the amount of radioactivity pene-
trated between 2 and 17 hr and the specific activity of 2?Na*
in the donor solution. Apparent sodium ion permeability co-
efficients, k,, were calculated as

k, = JIwlC, (1

where C, is the sodium concentration in the donor solution.

Following the 17-hr sample, a constant direct current of
50 wA was passed across each cell for 6 hr, with the donor
Ag/AgCl electrode serving as the anode. Periodic potential
readings were obtained, and the receptor solutions removed
for analysis at 2, 4, and 6 hr. The receptor current electrodes
(cathodes) were then removed and recoated with AgCl by
electrolysis in 1 N HCL.

On the following day a permeation sample was ob-
tained, the pH of the donor solutions was lowered to 4.0 by
the addition of 10.4 pl of 1 N HCI per ml of solution, and the
iontophoresis procedure was repeated. Sodium ion mem-
brane transference numbers (fy,, the fraction of the electri-
cal current carried by Na*) were calculated for each time
period from the relationship

na = InaF1(3600)) @

where Jy, is the unidirectional sodium flux expressed as
pmol/cm? hr, F is the Faraday constant, and j is the electrical
current density as wA/cm?. This was a good approximation
since the potential gradient in this study was sufficiently
large that back-diffusion of ions against it should be negligi-
ble (4). The total amount of radioactivity penetrated during
the 3 study days was 1-2% of the amount dosed.

An observed flux enhancement factor J(v)/J(0) for each
cell was calculated as the ratio of the average sodium flux
between 2 and 6 hr during the pH 7.4 iontophoresis treat-
ment to the passive diffusion flux. These values were com-
pared to the theoretical value for an uncharged homoge-
neous membrane immersed in solutions of identical compo-
sition (4):

JWYJ©0) = v/[1 — exp(—v)] 3)
The parameter v was calculated for each cell as
v = zZF{V)IRT “)

where z = +1, R is the gas constant, T is the absolute
temperature, and (V) is the time-averaged potential differ-
ence across the skin between 2 and 6 hr. Average potential
drift during this period was 6% (range, 2-13%) of the initial
value.

Study 2. Following the current-voltage measurements,
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the receptor solutions were exchanged with fresh Buffer C
and the donor solutions were exchanged with Buffer B, C, or
D to which 2 uCi/ml of ??NaCl had been added. Passive
permeation samples were obtained at 2, 4, 6, and 23 hr post-
dose. Periodic potential measurements were made in order
to follow the development of diffusion potentials caused by
the unequal salt concentrations in the cells. Passive unidi-
rectional sodium ion flux and permeability coefficients were
calculated as in Study 1 from the amount of radioactivity
penetrated between 6 and 23 hr.

After 24 hr three constant-voltage regimens, consisting
of target voltages of 57, 114, and 171 mV, were applied con-
secutively to each cell. Constant voltage on our apparatus
was approximated by periodically adjusting the current
source so as to maintain the desired potential difference
across the skin. Each target voltage was applied for 3 hr.
Permeation samples were obtained hourly, and frequent cur-
rent and voltage readings were made. Unidirectional sodium
ion flux and observed active/passive flux enhancement fac-
tors were calculated for each time period, as was the ratio of
the unidirectional flux to the total electrical current. The
latter value should not be interpreted as an electrical trans-
ference number in this study since it included both an elec-
trogenic (charge-carrying) and a nonelectrogenic component
due to the salt concentration gradient, and, furthermore, the
applied potentials were not large enough to prevent back-
diffusion of ions. Nevertheless, it was an experimentally ob-
servable ratio which could be compared with theoretical pre-
dictions.

The observed flux enhancement factors were compared
with the values expected for an uncharged homogeneous
membrane under the electroneutrality approximation (4):

JO) (Inx+v)|[x- exp(—v,) 5
T = \inx 73 | X = exp(—o) )

In Eq. (5), x is the ratio of the total ion concentration in the
donor solution to that in the receptor solution, v is the driv-
ing force defined in Eq. (4), and v, = zF(V)/RT, where (V,)
is the time-averaged diffusion potential present during pas-
sive diffusion.

Observed sodium flux/current ratios were calculated ac-
cording to Eq. (2). They were compared to an approximate
calculation from the electroneutrality model (4) resulting
from the assumption that all current through the membrane
was carried by either sodium or chloride ions:

calc — _fwo & In&)| (x¢ - 1
S ((1 Clh) {1 "Dy [ln(xé) x— &
<CZh - §020> })_' ©
&cin — <10

In Eq. (6), subscript 1 refers to sodium ion and 2 to chloride,
¢, 1s the concentration of species i in the donor solution, ¢,
is its concentration in the receptor solution, and § =
exp(—v). D,/D, is the ratio of chloride to sodium ion diffu-
sivities (or mobilities) in the membrane. Since all the param-
eters in Eq. (6) were known except for D,/D,, this equation
was useful for estimating the diffusivity ratio in the model
which would lead to the observed flux/current ratios.
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Assay for Penetration

Sodium transport through the skin was assessed by de-
termining the total amount of radioactivity accumulated in
the receptor solutions. The gamma radiation resulting from
the decay of 2?Na was measured using a Packard Auto-
Gamma 5530 counter with a counting efficiency of 41% for
%2Na and a counting time of 10 min per sample.

RESULTS

Skin Resistance and Sodium Ion Permeability Coefficients

The initial resistance values of the skin samples from
Studies 1 and 2 and a third study conducted similarly are
shown in Table II. Sodium ion permeability coefficients for
Studies 1 and 2 are also shown (they were not determined in
the third study). Most of the samples were highly resistive,
having effective resistances under the test conditions of 20—
200 k€, corresponding to specific resistances (resistance X
area) of 14-140 k) cm?. For reasons described in the follow-
ing section, those samples with resistances in the range 20—
50 k) were considered to be marginal, and those with R < 20
kQ were considered unusable. Nevertheless, more than
three-fourths of the samples mounted in these studies ex-
ceeded the 50-kQ (35-kQ cm?) criterion. This was an im-
provement over an earlier study utilizing this skin prepara-
tion (9), where only 4 of 12 samples tested similarly met this
criterion. Length of storage of the excised tissue may be
critical: we observed dramatic decreases in the resistivity of
samples stored at —80°C for greater than 2 months (data not
shown).

While high, these resistance values are lower than those
reported by Tregear (11) for human forearm skin in vivo.
Using a low-frequency AC technique with a driving potential
of 1 V rms, Tregear obtained a mean specific impedance of
880 k2 cm? (range, 590-1170) for skin in contact with a nor-
mal saline solution. Although some of the difference may be

Table II. Initial Resistance and Sodium Ion Permeability Coeffi-
cients for Excised Human Skin in Vitro

Re kpf x 10° Re kpf x 108 R° kpf x 10°
k) (cm/min) k) (cm/min) (k) (cm/min)
197 0.20¢ 150 0.41% 80 1.01¢
192 0.17¢ 148 72 0.92¢

168 0.63% 148 6.08° 53
167 0.31°¢ 127 43 1.03¢
167 0.45¢ 127 42 0.55¢
166 0.10¢ 124 0.90° 34

>150 118 0.767 28

>150 98 13.42¢ 21 19.87%

>150 91 1.08¢ <20

>150 88 0.84¢ 3.5

>150 82 2.13% 1.6

>150

¢ Donor Solution A (0.156 M Na™).

¢ Donor Solution B (0.015 M Na™).

¢ Donor Solution C (0.147 M Na™).

< Donor Solution D (1.59 M Na*).

¢ Effective resistance at 10 pA of 0.7-cm? samples (j = 14 pA/cm?).
f Passive permeability determined prior to iontophoresis.
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due to test conditions, it seems likely that the excised skin
was less resistive than human skin in vivo.

The sodium ion permeability coefficients showed a bet-
ter agreement with in vivo values. In another study (12),
Tregear reported the permeability coefficient for sodium ion
through human forearm skin in vive to be 0.6-1.0 x 1076
cm/min. Most of the values in Table II fall within this range
or lower. We have no explanation for the three samples with
normal initial resistance but anomalously high &, values.
With the exception of these samples, there was a strong
inverse correlation between k, and initial resistance, as
shown in Fig. 1. Surprisingly, the plot of k, versus resistance
was more linear than that versus conductance (the inverse of
resistance). However, a subsequent study in which the ex-
pected proportionality to conductance was observed indi-
cated that this result could be attributed to resistivity
changes in the tissue following the initial resistance determi-
nation (13). In the latter study a much tighter relationship
was demonstrated between &, and tissue conductance mea-
sured immediately after the permeability measurements.

Current-Voltage Characteristic for Skin in Normal Saline
Solutions

Figures 2 and 3 show the mean current-voltage relation-
ship observed for the skin samples in Study 1. The curves
were nonlinear and slightly asymmetric with respect to the
sign of the applied potential. As the magnitude of the current
increased, the transient time for reaching stable potential
readings also increased. For the 0- to £10-pA current regi-
men (Fig. 2a), the voltage was quite stable after 5-10 sec,
and there was little evidence for the production of irrevers-
ible or slowly reversible changes in the skin. This follows
from the minimal amount of hysteresis evident in the figure,
i.e., potentials measured during the descending current se-
quence closely matched those on the ascending sequence.
Longer transient times and increasing amounts of hysteresis
were seen in the 0- to =50- and 0- to *250-pA regimens
(Figs. 2b and c). Rather than waiting to achieve stable po-
tential readings for these ranges, which would have required

kp x 105 cm/min
)

] b

0 — T T

50 - 100 150
Initial Resistance, k(

200

Fig. 1. Sodium ion permeability coefficients of excised human skin
samples (0.7 cm?) versus their initial resistance at a current of 10
pA. Donor solution sodium ion concentrations were either 0.015 M
(open circles), 0.15 M (filled circles), or 1.59 M (filled triangles).
Permeability was determined following the current-voltage mea-
surements but prior to sustained iontophoresis.
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Fig. 2. Mean current-voltage characteristic (» = 7) for human skin
samples immersed in a normal saline buffer. Data obtained with
increasing current magnitude are drawn as filled circles; those with
decreasing current magnitude as open circles. The error bars are 1
SE. (a) 0 to =10 pA regimen; (b) 0 to £50 p.A regimen; (c) 0- to
* 250-p.A regimen.

tens of minutes per reading for the 0- to =250-p.A range, we
chose to record the potential after 15-20 sec and then move
to the next current setting; thus, the shape of the j-V curve
and the size of the hysteresis loop measured for these cur-
rent ranges is related to the speed with which the measure-
ments were made. The use of longer equilibration times
would have led to even greater nonlinearities, since the po-
tential drifted toward lower absolute values as the magnitude
of the current increased.

The potential drift was not always in the direction of
decreasing skin resistance. On the descending arm of the -V
cycles, the potentials actually increased with time. Figure 4
shows an example of this phenomenon. The time scale for
the recovery of resistance was longer than that for resistance
loss, and the recovery was not complete. However, Table III
shows that greater than 80% of the initial sample resistance
for each current sequence was recovered after 1-2 hr.

The ascending data from all three current ranges are
plotted together in Fig. 3. The data were nearly linearized by
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Fig. 3. Ascending current-voltage data from Fig. 2 plotted with (a)
a linear current axis or (b) a logarithmic current axis. The smooth
curves are calculated according to Eq. (7), using the parameters in
the last two rows in Table IV.

a logarithmic transformation of the current axis (Fig. 3b).
This type of behavior is characteristic of systems containing
potential-dependent barriers to charge or mass transport
(14). The shape of the curves was satisfactorily described by
the following relationship:

V = (4aRT/F) sinh~ (b)) U

where a and b are adjustable parameters and the other quan-
tities have been described previously. The equation is writ-
ten as shown for comparison with the predictions of ionic
mass transport theories incorporating kinetic limitations. In
one such theory (15), the parameter a is equal to the number
of barriers within the membrane which each ion must cross
and b is the sum of the rate constants for traversing the
barrier. However, for the present purposes, Eq. (7) may be
regarded as a phenomenological means of characterizing the
data.

The parameters a and b in Eq. (7) were determined for
each sample using standard nonlinear regression techniques
(16), and the results averaged. Table IV shows the results of
the fitting procedure. The fitted parameters were similar
whether the three current ranges were fit together or sepa-
rately. Deviations of the data from the fitted curves (as mea-
sured by the mean squared residuals) increased as the mag-
nitude of the current increased. There were small, but sig-
nificant differences between the fitted parameters for
positive and negative polarities, as determined by an F test
on the ratios of the residuals.

One of the eight samples tested was omitted from the
results. This sample had an initial resistance of 43 k), while
the others exceeded 80 k(). The lower resistance sample had
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Fig. 4. Loss and recovery of resistance in a skin sample subjected to
50 pA for 1 min and then tested periodically at a current of 10 pA.
The ordinate is the measured potential drop across the skin. The
resistance loss at 50 wA was nearly complete in 1 min (inset),
whereas the recovery took approximately 90 min. The points to the
left of 1 = 0 represent the potential drop at 10 pA at the start and
finish of the 0 to =50 pA current regimen, which was conducted
immediately prior to the 1-min exposure.

a more linear j~V characteristic than the others, although not
nearly as linear as several samples of expired skin having
much lower resistance values which were studied in a sep-
arate experiment (data not shown). The transitional nature of
the j~V curve for this sample, in combination with the so-
dium ion permeability data in Table II, forms the basis for
the recommendation of a 50-kQ} (35-k{) cm?) resistance cut-
off for in vitro skin samples.

Sodium Ion Transference Number and Enhancement Factor
in Normal Saline During Iontophoresis at 50 pA

Table V shows the membrane transference numbers
(tno) for sodium ion during the iontophoresis portion of
Study 1. There was a time lag evident in the attainment of
steady-state sodium flux at pH 7.4, as measured by radioac-

Table III. Loss and Recovery of Resistance in Skin Following Cur-
rent—-Voltage Studies

Mean = SD
Current regimen n="7 Range
0to =10 pA
Initial PD at I = 2 pA (V) 0.32 = 0.14 0.18-0.56
% of initial PD posttreatment 87 =18 58-109
% of initial PD following
recovery period® ND* ND
0to =50 pA
Initial PD at 7 = 10 pA (V) 0.96 = 0.46 0.61-1.74
% of initial PD posttreatment 70 = 8 57-80
% of initial PD following
recovery period? 8 = 3 81-89
0to =250 pA
Initial PD at I = 50 pA (V) 2.16 = 0.49 1.75-3.11
% of initial PD posttreatment 61 = 3 57-65
% of initial PD following
recovery period” 82 = 3 79-88

“ Recovery period was 1-2 hr.
& Not determined.
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tivity accumulation in the receptor phase. This may reflect a
period during which the membrane was being loaded with
22Na* from the donor solution, rather than an actual change
in sodium flux or transference number. The mean value of
tna from 2 to 6 hr was 0.51 at pH 7.4 and 0.24 at pH 4.0. The
pH 7.4 value was less than the value #, = 0.62 determined
by Burnette and Ongpipattanakul (17) in a similar experi-
ment using freshly excised human thigh skin. Since the con-
centration of cations other than sodium in our system was
very low, it is evident that our tissues were less cation-
selective than those of Burnette. Nevertheless, some
permselectivity was obtained, since the transference number
for Na* in normal saline is about 0.4 (17).

The substantial drop in the value of ¢, when the donor
solution pH was lowered from 7.4 to 4.0 may be due to one
or both of the following factors. (1) The negative charge on
the skin would be reduced at the lower pH, favoring the
transport of chloride ions versus sodium ions; and (2) much
higher concentrations of hydronium ion are present at pH 4.
Although still much lower in concentration than Na*, H,O*
has an anomalously high mobility in solution (18) and may
have an even higher relative mobility in the membrane.
However, its mobility relative to sodium ion would have to
be extremely high (>3000) for the second factor to account
completely for the observed effect.

Table VI compares the sodium ion flux at a current of 50
pA with that observed during passive diffusion. The active
flux values are much more consistent than the passive val-
ues, reflecting the fact that constant current iontophoresis
constrains the total ion current to a fixed value, forcing the
flux of major charge carriers like Na* and Cl~ to be rela-
tively constant. (The same does not follow for minor charge
carriers having low mobilities in the membrane.) Also shown
in Table VI are the observed iontophoretic enhancement fac-
tors and those calculated from Egs. (3) and (4) using the
measured potential differences across the skin. The ob-
served enhancement factors were generally three to five
times greater than the calculated values. This is consistent
with the fact that the membrane resistances were substan-
tially reduced at the 50-pA current level relative to their

Table IV. Results of Fitting Eq. (7) to the Current—Voltage Data in

Figs. 2 and 3
Mean parameter value = SD*
No. of
Data set points a log b® MSR°¢
Fig. 2, ascending
data only
—-14to +14
nA/cm? 11 93*x42 —-0.90=0.14 0.0016
—71to +71
wA/cm? 11 7922 —-098 £0.24 0.0109
-360 to +360
wA/cm? 11 83=+13 —1.04 £ 0.19 0.1362
Fig. 3
All data 33 7615 —091 x0.34 0.0521
120 18 88x1.0 —1.02=0.29 0.0183
I<0 18 6620 —0.76 = 0.46 0.0086

¢ Mean and standard deviation for seven tissue samples.
b Units of b are cm¥/pA.
¢ Mean squared residuals in fit (V?).
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Table V. Sodium Ion Transference Numbers During Constant-
Current Iontophoresis (I = 50 p.A) in Normal Saline Buffer

Ina, Mean = SD

pH Time (hr) (n=28)
7.4 0-2 0.39 + 0.05
24 0.50 = 0.06
46 0.53 = 0.04
2- to 6-hr average 0.51 = 0.05
4.0 0-2 0.26 = 0.05
24 0.23 = 0.08
4-6 0.25 = 0.04
2- to 6-hr average 0.24 = 0.02

values during passive diffusion, whereas Eq. (3) follows
from the assumption of constant membrane properties (4).

Current—Voltage Characteristic for Skin in the
Concentration Study

Figure 5 shows the current-voltage relationship for the
skin samples subjected to unequal salt concentrations on
opposite sides of the membrane (Study 2). The curves were
qualitatively similar to those obtained in the first study. Al-
though the model leading to Eq. (7) does not give a simple
closed-form solution for the case of unequal salt concentra-
tions (19), this form was adequate to phenomenologically
characterize the curves. Table VII shows the results. As in
Study 1, an asymmetry between positive and negative arcs
of the j-V curve was evident at two of the three concentra-
tions studied. In each case the asymmetry was in the same
direction: with the epidermal side positive with respect to
the dermis, the samples were more conductive at low cur-
rents and less conductive at high currents than with the po-
tential reversed. In terms of Eq. (7), this means that the
positive arm was characterized by a higher value of a and a
lower value of b.

The three remaining samples from Study 2 had a much
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lower resistivity and yielded bilinear j—V characteristics.
Such a form is expected for homogeneous membranes
bathed in solutions of differing compositions (4). These sam-
ples were not included in the analysis, as the integrity of the
membranes was believed to be compromised.

Diffusion Potential and Sodium Ion Flux in
Concentration Study

Measurable diffusion potentials developed slowly in the
samples subjected to unequal salt concentrations. The evo-
lution of these potentials is shown in Fig. 6. Samples having
a lower salt concentration in the donor compartment (epi-
dermal side) developed positive diffusion potentials, i.e., the
donor solution was positive with respect to the receptor so-
lution. Samples having a higher salt concentration in the
donor compartment developed negative potentials. The sign
of these potentials is consistent with the concept that the
membranes were permselective for sodium ion versus chlo-
ride (4). Their magnitude actually suggests a much greater
degree of permselectivity than do the transference number
calculations, based on approximate calculations using the
electroneutrality model (4). This could (it seems to us) be a
consequence of the net negative charge on skin.

Steady-state unidirectional sodium ion flux values ob-
tained during the passive diffusion stage of this study are
shown in Table VIII. These values were divided by the so-
dium concentration in the donor phase to give the perme-
ability coefficients in Table II. No evidence for a non-
Fickian dependence of flux on concentration was evident in
this small sample; however, substantially more data would
be required to establish this firmly.

Sodium Ion Enhancement Factors and Transference
Numbers During Constant-Voltage Iontophoresis

Following the passive diffusion measurements, the sam-
ples from Study 2 were subjected to three iontophoresis
treatments, during which an attempt was made to maintain
the potential across the skin at 57, 114, and 171 mV. The

Table VI. Theoretical and Observed Enhancement Factors for Sodium Ion Flux During Constant-Current Iontophoresis at 50 pA“

Sodium ion flux
(nmol cm~2 hr™!)

Active/passive enhancement factor

Celi <V> = SD*
ID Passive® Active? \%) Observed Theory® Ratio
1 125.6 1390 1.06 = 0.03 11 42 0.3
2 9.4 1480 1.30 = 0.01 157 52 3.0
3 4.2 1340 1.48 = 0.06 317 59 53
4 1.6 1070 1.55 £ 0.10 683 62 11.0
b 8.5 1360 1.39 = 0.01 160 55 2.9
6 7.8 1380 1.37 = 0.05 176 55 3.2
7 10.1 1520 1.09 = 0.02 150 44 3.5
8 9.7 1420 1.30 = 0.02 146 52 2.8
Geometric mean + SD/ 4.0+%8

¢ All data are from Study 1 and were determined in Buffer A.

& Potential difference across skin from 2 to 6 hr during iontophoresis treatment at pH 7.4
¢ Determined overnight immediately preceding iontophoresis treatment.

4 Average flux from 2 to 6 hr during iontophoresis treatment.
¢ Calculated according to Eqs. (3) and (4).
f Calculated omitting the value for Cell 1.
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Fig. 5. Mean current-voltage relationship for skin samples in Study
2. The error bars are =1 SE, and the smooth curves are calculated
using Eq. (7) and the parameters listed in Table VII. The donor
solution sodium ion concentrations were (a) 0.015 M (n = 3), (b)
0.147 M (n = 3), and (c) 1.59 M (n = 2). The receptor solution
contained 0.147 M Na™ in all cases.

mean potentials (=SD) actually obtained for the six samples
which were usable for this phase of the study (as judged by
tissue resistance and Na* transport) were 54 * 3, 109 = 3,
and 169 = 6 mV. Samples with a low conductivity yielded
more stable potential readings than those with a high con-
ductivity, perhaps because they suffered fewer current-
induced physical changes.

Hourly sodium ion transport measurements showed that
steady-state flux was generally not achieved during the 3-hr
duration of each treatment. In five of the six samples the flux
was still increasing after 3 hr, although the current levels
were steady; however, the declining rate of increase was
indicative of an approach to steady state. Based on this ob-
servation, approximate iontophoretic enhancement factors
were calculated at each value of the potential, using the 2- to
3-hr flux as an estimate of the steady-state value. The results
are shown in Table VIII, along with the predicted values
calculated from Eq. (5). For the samples tested with Donor
Solutions A and B, the observed and calculated enhance-
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Table VII. Results of Fitting Eq. (7) to the Current—Voltage Data in

Fig. 5
Mean parameter value + SD
No. of
Data set points a log b° MSR®
Donor solution B (0.015 M Na*; n = 3)

All data 28 10.0 = 2.5 —0.53 = 0.47 0.1356
I1=0 14 10.8 = 2.2 —0.55 = 0.38 0.0371
I<0 14 92 +31 —0.51 = 0.61 0.0154

Donor solution C (0.147 M Na*; n = 3)

All data 28 7.8 27 —-0.59 = 0.72 0.4283
I1=0 14 11.2 = 3.8 —0.83 = 0.53 0.0116
I<0 14 4.6 £ 1.5 —-0.12 = 1.10 0.0387

Donor solution D (1.59 M Na*; n = 2)

All data 28 8.7 +0.3 —-0.72 = 0.10 0.0765
I1=0 14 9.1 =0.8 —-0.68 = 0.19 0.0302
I<0 14 8.3 0.3 —0.76 = 0.01 0.0572

@ Units of b are cm?/pA.
® Mean squared residuals in fit (V?).

ment factors were in good agreement; however, the samples
tested with Donor Solution C had observed enhancements
two to five times greater than the calculated values. It seems
worth noting that the constant field approximation, Eq. (3),
gives somewhat better agreement with the data than does
Eq. (9), since the enhancement does not fall off at high donor
concentrations under this approximation. However, more
work is required to verify the agreement with either theory.
It seems likely that the generally better agreement of the data
in Table VIII with the homogeneous membrane theories
compared to those in Table VI reflects the much lower
power levels used in the constant-voltage study, leading to
fewer alterations in skin properties.

The ratio of the unidirectional sodium ion flux to the
total electrical current during the constant-voltage ionto-
phoresis study is shown in Table IX. At the 169-mV poten-
tial, this ratio is essentially equal to the sodium ion transfer-
ence number, since the backflow of ions against the potential
gradient may be neglected (4). At lower potentials, a sub-
stantial component of nonelectrogenic salt transport is in-
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Fig. 6. Diffusion potentials for skin samples tested in Study 2. Do-
nor solution sodium ion concentrations were either 0.015 M (open
circles), 0.147 M (filled circles), or 1.59 M (filled triangles).
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Table VIII. Theoretical and Observed Enhancement Factors for Sodium Ion Flux During Constant-Voltage Iontophoresis Experiment

Enhancement factor J(w)/\J(v,)

54 mV 109 mV 169 mV

Cell [Na*] Jo Vo

ID (0.%)] X (nmol/cm? hr) (mV) Obs. Calc. Obs. Calc. Obs. Calc.
1 0.015 0.20 0.4 18 2.7 2.1 4.3 4.7 6.7 8.3
2 1.9 3 2.6 3.0 4.4 6.8 7.9 11.9
3 0.6 23 —a 1.9 —a 4.2 — 7.4
4 0.147 1.00 2.7 0 2.8 2.4 4.7 4.4 6.9 6.8
S 8.1 1 3.8 2.4 4.9 4.3 6.8 6.6
6 66.0 -1 —a 2.5 —a 4.5 —a 6.9
7 1.59 9.77 19.2 -23 9.9 2.5 17.2 3.6 15.0 4.9
8 9.2 -25 9.8 2.5 10.3 3.8 8.7 5.1

“ Anomalous flux after passive flux determination.

cluded. Because the measured sodium flux increased faster
than the current, the observed flux/current ratios also tended
to increase with time; the values reported are those from 2 to
3 hr. They are compared with the approximate values cal-
culated from Eq. (6). A mobility ratio D/Dy, = 1 gave the
best agreement with the observed values.

DISCUSSION

Frozen, excised human skin obtained from skin banks
has received widespread use in skin penetration studies.
Franz (20) and others have shown that such tissue can give
drug permeation rates which are comparable to those ob-
tained with fresh skin in vitro and to the results of human in
vivo studies. Less is known about the utility of this tissue for
studying the permeation of ions. Since ionic penetration
rates through skin are extremely low, it seemed possible that
defects induced by the freezing process might grossly alter
the permeability of the tissue to ions, rendering it useless for
such studies.

The data reported here indicate that it may well be use-
ful. Although the resistivity of the tissue was not as great as
that of human skin in vivo, the majority of tissue samples
mounted in these studies had specific resistances at 10 pA of
=35 kQ cm? and sodium ion permeability coefficients com-
parable to human in vivo values. By prescreening samples to
meet this resistance criterion, it should be possible to obtain
reliable ionic permeation data from frozen, excised skin.

The tissue used in our studies was carefully treated to
minimize the effects of freezing. The key features in its prep-
aration were believed to be the incorporation of glycerol into
the freezing solution, the slow, programmed freezing rate,
and limitation of the storage time while frozen (6). The use of
alternative freezing methods may well give different results.

The DC current—voltage relationship for the skin sam-
ples tested was strongly nonlinear, showing a decrease in
resistance with increasing values of the current. This de-
crease was either wholly or partially reversible, depending
on the magnitude of the current. Such behavior is not com-
patible with homogeneous membrane theories of ionic trans-
port in which equilibrium is maintained at the membrane-
solution interfaces (4). It is reminiscent of the current—
voltage behavior obtained at many electrode-solution
interfaces (14); consequently, it may be possible to explain
the shape of the curves by theories involving restricted in-
terfacial charge transport (15). Equation (7), which stems
from a theory of this sort, provided a satisfactory fit to the
data.

Diffusion potentials, sodium ion transference numbers,
and iontophoretic enhancement factors were also deter-
mined in these studies. Sodium ion transference numbers of
about 0.51 in normal saline, combined with the sign of the
diffusion potentials in the concentration study, provide evi-
dence for a weak permselectivity of skin for sodium ion ver-
sus chloride. This result supports the findings of Burnette

Table IX. Ratio of Unidirectional Sodium Flux to Total Electrical Current During Constant-Voltage Iontophoresis Experiment

Flux/current ratio

54 mV 109 mV 169 mV

Cell [Na*]

ID® M) X Obs. Calc.b Obs. Calc. Obs. Calc.
1 0.015 0.20 0.19 0.16 0.10 0.19 0.08 0.22
2 0.16 0.13 0.26
4 0.147 1.00 0.46 0.54 0.36 0.48 0.34 0.48
5 0.61 0.41 0.35
7 1.59 9.77 1.95 1.04 1.77 0.76 0.69 0.67
8 1.70 1.08 0.47

“ Cells 3 and 6 omitted due to anomalous flux values.
¢ Calculated according to Eq. (6) with Dy/D,; = 1.
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and Ongpipattanakul (17), although the degree of permselec-
tivity may be less in the present study.

The discrepancy between the sodium ion enhancement
factors observed in the constant-current iontophoresis study
and the predictions of the homogeneous membrane theory
can be accounted for by the current-voltage data. Declining
membrane resistance with increasing potential across the
skin leads to sodium fluxes and total electrical current which
increase faster with increasing potential than predicted by
the theory. At the very low potential levels used in the con-
stant-voltage study, the agreement was better but still in-
complete. More data are required for a quantitative compar-
ison under these conditions.

CONCLUSIONS

Frozen, excised human skin has been shown to be a
promising tissue for conducting iontophoresis studies, pro-
vided the tissue is properly prepared and electrically pre-
screened for defects. Ionic transport in this tissue cannot be
adequately predicted by theories involving an uncharged,
homogeneous membrane with equilibrium boundary condi-
tions. A theory incorporating kinetic barriers to charge
transport may better explain the observed phenomena.
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