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Previous studies suggest that bulk fluid flow by electroosmosis is a significant factor in iontophoresis
and may provide an explanation for the observed enhanced transport of neutral species. In a charged
membrane, the solution carries a net charge and thus experiences a volume force in an electric field,
which causes volume flow (J,) in the direction of counterion flow. J, data were obtained for hairless
mouse skin (HMS) as a function of pH, concentration of NaCl, current density, and time. Volume flow
was measured by timing fluid movement in horizontal capillary tubes attached to the anode and
cathode (Ag/AgCl) compartments. By convention, the sign of J, is taken as positive when the volume
flow is in the same direction as positive current flow. Experimental mean values were in the range 0
to +37 pl/cm? hr, depending on the experimental conditions. Volume flow of this magnitude is large
enough to have significant impact on flow of both ions and neutral species. The positive sign for J,
indicates that HMS is negative in the pH range studied (3.8-8.3). J, decrease with time, decrease with
increasing NaCl concentration, are much lower at pH 3.8 than at the higher pH’s, and increase with
current density. Effective transference numbers, determined from membrane potential measurements,
showed significant pH dependence, consistent with a small negative charge on the membrane at mid
pH’s and charge reversal around pH 4. Both electrical resistance and J, data indicate changes in
transport properties occur when HMS is subjected to an electric field.

KEY WORDS: transdermal; iontophoresis; electroosmosis; volume flow; transference number; elec-

trical resistance.

INTRODUCTION

In the first paper in this series (1), a theoretical analysis
was employed to demonstrate that volume flow via elec-
troosmosis can be an important factor in flux enhancement
by iontophoresis. In this paper, the experimental foundation
of the preceding theoretical analysis is presented. Specifi-
cally, volume flow data and related supplementary data for
hairless mouse skin (HMS) are presented.

Bulk fluid flow or volume flow occurs in the direction of
counterion migration when an electrical potential difference
is applied across a ‘‘porous’’ membrane containing fixed
charges (i.e., ionic groups immobilized in the membrane)
(2-4). This volume flow is referred to as electroosmotic flow.
Under conditions of equal temperature, pressure, and fluid
composition on both sides of the membrane, a potential gra-
dient, —dd/dx, produces electroosmotic volume flow, J,
(units of volume time ~! area~ '), in direct proportion to the
potential gradient,
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J, = Lyg(—ddldx) 4]

where L is the electroosmotic flow coefficient. Note that
the sign convention gives positive volume flow when the
counterions are positive (i.e., the membrane is negative).
Volume flow will enhance or retard the flux of the solute of
interest, ionic or neutral, depending on whether the flux of
interest is with or against the volume flow *‘stream.”’

In 1924, Rein (5) reported the results of a series of in-
vestigations on volume flow across excised human skin.
Rein measured flows equivalent to J, values of =100 pl hr !
cm~? in water at neutral pH and current densities of 1 mA/
cm?. Note that, assuming a solute moves with the solvent, a
volume flow of 100 ul hr~! cm ~ 2 is equivalent to delivery of
2 mg hr~* cm~2 from an external solution of 20 mg/ml. The
addition of NaCl appeared to decrease J,, but because of
lack of reproducibility, this conclusion is uncertain. At pH 3,
J, was essentially zero. At pH values less than 3, transient
negative J, values were observed. Thus, the data indicate
that above pH =~ 3, human skin is negatively charged, and
below pH = 3, human skin is weakly positively charged.

The main objective of this research was to obtain quan-
titative volume flow data on hairless mouse skin to allow a
more quantitative interpretation of the role of volume flow in
iontophoresis studies. Volume flow data were obtained as a
function of pH, NaCl concentration, and current density.
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Electrical resistance data were measured by a DC technique
to aid in the interpretation of the volume flow data, and
transference numbers of Cl~ were measured as a function of
pH at several NaCl concentrations in an attempt to charac-
terize the electrical charge of the skin as a function of pH.

EXPERIMENTAL

Materials

All chemicals were reagent grade, and the water was
water for injection (Eli Lilly & Co.). Adjustment of solution
pH was made by addition of small quantities of HCl or
NaOH. A pH measurement was made after an experiment to
ensure that excessive pH drift had not occurred. The ion-
exchange membranes used as ‘‘control’’ membranes in the
volume flow and transference number measurements were
obtained from Ionac. The cation exchange membrane (No.
61 CZL 386) was a sulfonic acid type, and the anion ex-
change membrane (No. 204 SXZL. 386) was a tertiary amine
type. Both ion-exchange membranes are 0.6 mm in thick-
ness, have area specific resistances of ~10 Q-cm? in 0.1 M
NaCl, counterion transference numbers of =0.95 in dilute
NaCl, and a high exchange capacity (34 Eq/kg H,0). The
skin was full-thickness dorsal hairless mouse skin (HRS/J,
Jackson Labs, 1 to 6 month-old female), which was removed
after sacrifice by cervical dislocation. The skin sample was
equilibrated prior to use by soaking in the solution of inter-
est. In the EMF transference number experiments, equili-
bration was with the more concentrated solution. The equil-
ibration procedure was either about 2 hr at room tempera-
ture or overnight at =5°C, followed by warming to room
temperature. While there were no systematic difference in J,
results when the two equilibration procedures were com-
pared, the overnight procedure seemed to yield more rapid
stabilization in the electroosmotic flow experiment and
therefore was used for most of the later J, experiments
(NaCl concentrations greater than 0.05 M). Room tempera-
ture equilibration was used for all other experiments.

Apparatus and Procedures

Volume Flow Measurements. The cell design (Fig. 1)
was a modification of the design used by Kobatake and co-
workers (4). The skin (or ion-exchange membrane) was
sandwiched between two stainless-steel plates (0.75-mm
thickness) perforated with numerous 1-mm-diameter holes.
The steel plates prevent volume changes which would result
from deformation of the skin during the experiment yet al-
lows the entire skin or membrane area (3.1 cm?) to be avail-
able for transport.* The steel plates and skin were clamped
between the two large ““O-ring”’ joints of the half cells with
a nylon clamp assembly. The O-ring and both joints were
lightly coated with high-vacuum silicone stopcock grease to
ensure a leak tight seal. The disk-shaped electrodes were

4 Due to rigidity of the ion-exchange membranes provided by em-
bedded fiber, J, data for ion-exchange membranes could be ob-
tained with or without the use of the steel plates. The use of plates
did not cause a significant difference in J,. Moreover, the electrical
resistance of hairless mouse skin appeared to be at least roughly
independent of the use of plates (see Figs. 3 and 4).
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Fig. 1. Schematic of electroosmotic flow cell. Total volume = 120
ml. (a) Skin; (b) 1-mm-thick stainless-steel plate with 1-mm-diameter
holes; (c) No. 20 *“O”’-ring joints; (d) Viton O-ring on stratum cor-
neum side; (e) nylon clamp; (f) Ag/AgCl electrodes; (g) 34/28 inner
standard taper joint containing electrodes; (h) 34/28 outer standard
taper joint; (i) magnetic stirring bars; (j) 1-mm-diameter capillary
tubes; (k) No. 5 O-ring joint to attach capillary tubes; (1) filling tubes.

sealed into the glass of ‘‘inner’” standard taper joints, which
then fit into the “‘outer’’ standard taper joint attached to the
body of each half cell. The electrodes were Ag/AgCl elec-
trodes prepared by thermal decomposition of silver oxide
which had been coated on a silver disk, followed by chlo-
ridization in HCI (6). Magnetic stirring bars driven by water
pressure operated stirring mechanisms located underneath
the open plexiglas water bath (not shown) into which the
assembled volume flow cell was placed. Two horizontal pre-
cision 1-mm (=0.01-mm)-diameter capillary tubes were at-
tached via O-ring joints. Filling tubes with stopcocks were
provided to aid in filling the cell completely without leaving
air bubbles. All solutions were degassed by warming
(=37°C) under vacuum and filled immediately to avoid bub-
ble formation. After filling, the cell was placed in the water
thermostat at 35°C (stable within +0.05°C), which in turn
was in an air thermostat operating at 35 = 0.5°C. This ar-
rangement assured that even the capillary tubes, which were
above the water level in the bath, were temperature con-
trolled. After thermal equilibration, solution was added to
each half-cell through the filling tubes such that the position
of the solution meniscus in each capillary tube was appro-
priate for the volume flow experiment. The position of each
meniscus (i.e., in capillary tubes attached to both dermis and
stratum corneum sides of the cell) was then monitored as a
function of time using a cathetometer (Eberbach, Ann Ar-
bor, Michigan). Normally within an hour, the system would
stabilize in the sense that movement of the meniscus would
be minimal. The experiment would then be started by re-
cording the position of each meniscus as a function of time
for 20-30 min to establish a ‘‘blank’’ volume flow under
conditions of zero current flow (Fig. 2A). Next, the current
would be turned on (General Resistance Model E-35 con-
stant-current source) such that the stratum corneum was fac-
ing the anode, and the position of each meniscus would be
measured as a function of time (Fig. 2B). The current would
then be turned off, and an additional ‘‘blank”’ volume flow
data set would be taken (Fig. 2C). In most experiments, the
second blank would be followed by data collection with the
same magnitude of current flow but with the polarity re-
versed (i.e., dermis facing the anode) (Fig. 2D). Slopes of
each of the position-vs-time curves were determined by lin-
ear regression, and the electroosmotic flow rate, J,, was
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Fig. 2. Typical electroosmotic flow experiment. Each panel shows displacement of the meniscus in the capillary tubes (dermis and stratum
corneum sides) as a function of time. The sequence of the experiment is zero current (top left panel), normal polarity or ‘‘positive current’’
(bottom left), zero current (top right), and reverse polarity or ‘‘negative current’ (bottom right).

calculated from the product of the cross-sectional area of the
capillary tube and the linear flow rate, dl/dt, corrected for
the blank effect. The mean of the first blank (Fig. 2A) and
second blank (Fig. 2C) was used to correct the flow rate for
the ‘“‘positive current’’ run (Fig. 2B), while the second blank
is used to correct the reverse polarity data (Fig. 2D). Note
that 4 cm of linear movement corresponds to a volume of
only 30 pl.

All volume flow experiments at 1 mA/cm? started with
skin not previously exposed to current flow. Most of the
2-mA/cm? experiments used the same skin sample that pre-
viously was used to generate the volume flow data at 1 mA/
cm?. Several volume flow experiments at 2 mA/cm? (pH 5.8)
were also run using skin not previously exposed to current
flow. The resulting J, data appeared independent of this
variation in procedure.

Electrical Resistance Measurements. Electrical resis-
tance measurements on hairless mouse skin were made using
a DC method (7). The capillary tubes on the volume flow

apparatus (Fig. 1) were replaced by Small Ag/AgCl ‘‘probe”’
electrodes. These electrodes were prepared as described
earlier except that the support for the silver oxide was a
spiral of platinum wire. Constant current was passed through
the cell, and the potential drop (voltage) between the two
probe electrodes was measured with a voltmeter (Fluke,
Model 8020B). The current was reversed, and the potential
drop was again measured. The difference between the two
voltages, with due consideration for sign, was divided by
twice the current to yield the total resistance for the circuit
composed of the skin and solution between the skin and
electrodes. This procedure eliminates error due to bias po-
tential in the electrodes (7). The skin resistance was then
obtained by subtracting the solution resistance, measured in
a separate experiment, from the total resistance.

Transference Numbers. Transference numbers were
determined by a variation of the EMF method (3,8) where
voltage measurements (EMF) of electrochemical cells of the
type indicated in Scheme 1.
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Hg/Hg,Cl,(s)/KCl(satd):NaCl(m,)//membrane//NaCl(m,):
KCl(satd)/HgCl,(s)/Hg

Scheme 1

may be used to evaluate a mean transference number of the
sodium ion, ty,+,

tnat = F EMF/2RTIn{(m v.), Am v.),]
+ 0.5; ot + tg— = 1.00 2

where F is Faraday’s constant, R is the gas constant, Tis the
absolute temperature, vy, is the mean ionic activity coeffi-
cient for NaCl solution of molality m, or m, (m, > m,), and
EMF is the electromotive force (voltage) of the cell. The
EMEF of the above cell is positive (i.c., the dilute solution is
the cathode side) if #,+ > 0.5. The electrodes were calomel
electrodes with a porous ceramic plug serving as the salt
bridge (Corning No. 476242).° The two half-cells of a con-
ventional transdermal diffusion cell (Valia-Chien, Crown
Glass) were filled with solutions at concentrations m, and
m,, allowed to equilibrate for about 0.5 hr, emptied, and
refilled with fresh solution. The electrodes were attached to
both compartments via adapters, and the EMF was then
measured periodically with a digital voltmeter (Orion model
No. 501, Ionalyzer) until a stable reading was obtained (usu-
ally 0.5 to 1 hr).

The use of Eq. (2) makes the usual assumption that the
diffusion potential at the KCl salt bridge (denoted by a colon
in Scheme 1) is essentially zero and also assumes that es-
sentially all the current is transported by NaCl. The trans-
ference number is a mean transference number in the mem-
brane and therefore refers to a mean external NaCl concen-
tration of (m; + m,)/2. In our experiments, the ratio m,/m,
was always 2.0. In principle, there is a correction to the
transference number calculated from Eq. (2), which involves
volume flow of solvent (9). This correction is less than our
experimental error and, therefore, is ignored. Activity coef-
ficient data, ., were taken from the literature (10). As a
check on accuracy of the method, EMF transference num-
bers for NaCl in aqueous solution were determined using
concentration cells, where the liquid-liquid junction be-
tween two NaCl solutions is formed in a stopcock (11).
Agreement with the literature (12) was within *0.01 in trans-
ference number. The Hittorf method (8) was used to measure
transference numbers of Na* and C1~ in HMS (pH 6, 0.05
M NaCl, 1.6 mA/cm? for 3 hr) with the results f,y,+ = 0.33

> We also explored the use of Ag/AgCl electrodes in a cell similar to
that shown in Scheme 1 but without the KCl salt bridge (3,8). From
a purist viewpoint, such a cell is superior to Scheme 1 since the
assumption of zero diffusion potential at the salt bridge does not
arise. These cells without the salt bridge were used to determine
the transference numbers for the ion-exchange membranes stud-
ied. Transference numbers for hairless mouse skin at pH 7 and
0.038 M NaCl were also determined without difficulty (mean ¢,-
= 0.56 * 0.03; compared to the mean evaluated using the cell in
scheme 1, - = 0.58 = 0.04). However, at low pH, stable and
reproducible EMFs could not be obtained with the Ag/AgCl cells.
The problem was traced to a component of unknown composition
leaching from the skin at low pH which interferes with the elec-
trode reaction. Since the calomel electrodes in Scheme 1 are iso-
lated from the solution containing the contaminant by the salt
bridge, the interference problem does not arise.
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+ 0.02 and - = 0.65 = 0.03. The corresponding interpo-
lated EMF result, f,+ = 0.39 = 0.04, is in satisfactory
agreement. The Hittorf method could not be used at low pH
due to severe skin damage (i.e., holes) developing during the
experiment. For example, an overnight experiment (pH 4,
1.6 mA/cm?) produced a hole in the skin about 4 mm in
diameter.

RESULTS

DC Electrical Resistance

Figure 3 shows the time dependence of the electrical
resistance of hairless mouse skin in 0.05 M NaCl (pH 6)
during iontophoresis at 1.6 mA/cm?. At selected times, ion-
tophoresis was briefly interrupted, and the DC electrical re-
sistance was determined at current densities of 0.032, 0.32,
and 1.6 mA/cm? (skin sample A) and at 1.6 mA/cm? only for
skin sample B. The initial resistance for 0.032 mA/cm? is off
the scale of the plot (13.7 k2-cm?). The resistance for sample
B at 22 hr (not shown) is 0.52 kQ-cm?, about a 28% decrease
over the 6 to 22 hr time period. The lines connecting the
points have no theoretical significance and may not accu-
rately represent details of the time dependence between the
first two time points.

The effect of current density and pH on the resistance of
hairless mouse skin in 0.05 M NaCl is illustrated by Fig. 4.
The resistance measurements were made after the conclu-
sion of a volume flow experiment run (see Fig. 2). The top
graph (Fig. 4A) shows the variation in resistance with cur-
rent density observed with two skin samples. While the data
show variation in resistance between skin samples, both
samples exhibit a linear decrease in resistance as the current
density increases (mean decrease of =25% between 1 and 2
mA/cm?). The bottom graph (Fig. 4B) gives mean data from
a number of skin samples. Although resistance variation be-
tween skin samples somewhat obscures the current depen-

Resistance{Ohm-cm2)/1000

0 — T T gl
0 2 4 6 8
HOURS

Fig. 3. The DC electrical resistance of hairless mouse skin at se-
lected current densities as a function of time at 1.6 mA/cm?. The
skin was in contact with 0.05 M NaCl (pH 6) at 35°C. Measurements
made without using stainless-steel plates. Open symbols are skin
sample A, and filled symbols are skin sample B. ¢, 0.032 mA/cm?;
A, 0.32 mA/cm?; O and W, 1.6 mA/cm?.
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Fig. 4. The DC electrical resistance of hairless mouse skin as a
function of current density and pH. Resistance measurements made
(using stainless-steel plates) after an electroosmotic flow experi-
ment. The skin was in contact with 0.05 M NaCl at 35°C. (A) Current
density dependence with individual skin samples at pH 5.8; B, skin
sample 178; OJ, skin sample 182. (B) Mean values for various skin
samples at 1 mA/cm? (light texture) and at 2 mA/cm? (dark texture).
Number of replicates ranged from two to five.

dence, the resistance measured at 2 mA/cm? was always less
than the resistance measured at 1 mA/cm? (mean decrease of
=15% between 1 and 2 mA/cm?). There also appears to be a
slight trend of increasing resistance with increasing pH, al-
though none of the differences are statistically significant
even at the 90% confidence level. Additional data (not
shown)® demonstrates that the skin resistance decreases as
the concentration of NaCl increases, the reciprocal of resis-
tance increasing roughly linearly with NaCl concentration.

¢ Data obtained at 1 mA/cm? after a volume flow experiment are as
follows: (a) pH 5.8—728 = 57 (0.05 M), 201 = 6 (0.5 M); (b) pH
8.3—791 = 90 (0.05 M), 710 = 90 (0.1 M), 418 + 48 (0.25 M), 214
+ 27 (0.5 M).
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Volume Flow

Volume flow at neutral and slightly alkaline pH is es-
sentially constant over the 0.5-hr time period used in the
typical experiment to determine the initial volume flow, J,,
(i.e., a plot of meniscus position vs time is linear; see Fig. 2).
However, over longer periods of time, a reproducible de-
crease in J, with time was observed (Table I). The 1- and
2-hr data at pH 5.8 (Table I) were generated by regression
analysis on 0.5-hr segments of the meniscus position-vs-time
curve. The mathematical relationship between J, and time
(Table I, footnote a) is strictly empirical. The standard errors
give the impression that the mean J, values between the 1-hr
and the 2-hr time points are not significantly different. How-
ever, most of the standard error originates from a systematic
difference in J, between the skin samples. The ratio, J,(2
hr)/J,(1 hr), is 0.86 with a standard error of 0.04. The time
dependence at pH 3.8 is much more extreme, particularly at
2 mA/cm®. Here, the data were generated by regression anal-
ysis on 15-min segments of the meniscus position-vs-time
curves. Although the absolute reproducibility between sam-
ples was poor, J, measured with 1.0 mA/cm? was always
positive at time zero—with two of the five skin samples
showing significant decreases in J, after about 15 min of
current flow. At a current density of 2.0 mA/cm?, one of the
samples gave a negative J, at time zero which remained
relatively constant with time. The other four samples gave
positive J, values at time zero. J, was roughly constant for
two of these samples, but the other two samples gave large
negative J, at the 0.38-hr time point. A negative value of J,
means simply that the volume flow is from cathode to anode,
indicating that the membrane charge is positive. Thus, the
volume flow at low pH shows significant variation between
skin samples with frequent examples of negative volume
flow. While negative volume flow of even greater magnitude
may have been observed had the duration of the pH 3.8
experiments been longer, long runs at low pH run the risk of

Table I. Time Dependence of Volume Flow Through Hairless
Mouse Skin at 35°C in 0.05 M NaCl: Anode on Stratum
Comeum Side

No. of Runs Time (hr) J, (Wl/hr cm? = SE)
pH 5.8; current density, 1.0 mA/cm?®
7 0.0 11.2 = 0.8
3 1.0 72+1.0
3 2.0 6.2=*1.0
pH 3.8; current density, 1.0 mA/cm?

5 0.0 82 = 1.8
5 0.38 3.6 x 1.6°
pH 3.8; current density, 2.0 mA/cm?

5 0.0 3.9 + 4.0¢
5 0.38 0.0 = 3.0°

2 Data well represented by J, = 11.2 exp(—-0.422 1), R =
—0.9991.

b Range, 3.3 to 13.0; two of five samples show a sharp decrease after
about 15 min.

¢ Range, —0.6 to +8.5.

¢ Range, —10.0 to + 15.0.

¢ Range, —10.0 to +5.8.
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severe skin damage. Although current flow at pH 3.8 obvi-
ously produced changes in J,, these changes were not a
result of holes in the skin. Skin resistance measurements
made after the volume flow experiments at pH 3.8 are com-
parable to those made after measurements at pH 5.8 (Fig.
4B).

Volume flow in hairless mouse skin is compared to vol-
ume flow in cation and anion exchange membranes in Fig. 5,
and the effect of pH on volume flow in hairless mouse skin
is shown in Fig. 6. The light textured bars refer to measure-
ments made at 1 mA/cm?, while the darker texture refers to
2 mA/cm?. Since the anion-exchange membrane is positively
charged, the counterions are negative and flow from cathode
to anode, thereby producing a negative volume flow. Both
the cation-exchange membrane and hairless mouse skin pro-
duce positive volume flow. With ion-exchange membranes,
the same value of J, is obtained when the polarity on the
volume flow cell is reversed, as expected. However, with
hairless mouse skin, reversal of polarity places the anode on
the dermis side of the skin sample, resulting in a significantly
larger J, than when the anode faces the stratum corneum.
The data in Figs. 5 and 6 refer to measurements with 0.05 M
NaCl in contact with the membranes. Variation in J, with
variation in concentration of NaCl is shown in Fig. 7. Error
bars give the standard error in the mean when the error bar
is larger than the plotting symbol. Experimental values of the
electroosmotic flow coefficient, L., were calculated from
the J, data and corresponding resistance data® using the an-
alog of Eq. (1),

L,. = J /R

where J, has units of pl/hr cm?, i is the current density in
amperes/cm?, and R’ is the area normalized resistance® in
0-cm?. Note that if consistent units are used and flux is
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Fig. 5. The effect of membrane on initial electroosmotic volume
flow: a comparison of hairless mouse skin with cation- and anion-
exchange membranes. All solutions are 0.05 M NaCl at 35°C and pH
5.8. The light texture is 1.0 mA/cm?, and the dark texture is 2.0
mA/cm?.
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Fig. 6. The effect of pH on initial electroosmotic volume flow. All
solutions are 0.05 M NaCl at 35°C and pH 5.8. The light texture is
1.0 mA/cm?, and the dark texture is 2.0 mA/cm?.

normalized to unit membrane area, the ‘‘experimental’’ co-
efficient, L., is related to the coefficient in Eq. (1), Lyg, by
the relation, L., = Ly/L, where L is the thickness of the
transport barrier. The variation of L, with concentration of
Na(Cl is shown in Fig. 8. The sizable standard errors are a
reflection mainly of the uncertainty in the resistance data.®
The smooth curve is the result of a fit of the data to the
theoretical result for L., (1). Since only one point (0.25 M)
deviates from the theoretical curve by significantly more
than the standard error, the agreement is probably within
experimental error.

Transference Numbers

Transference numbers for chloride ion in hairless mouse
skin as a function of pH are compared with corresponding
data for ion-exchange membranes and aqueous NaCl solu-
tions in Fig. 9. The open squares refer to hairless mouse skin
data at a NaCl concentration of 0.038 M, while the filled
squares are corresponding data at a NaCl concentration of
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Fig. 7. The effect of NaCl concentration on initial electroosmotic
volume flow at 35°C. The current density is 1.0 mA/cm? with the
stratum corneum facing the anode. The filled squares are pH 8.3,
and the open squares are pH 5.8.

0.38 M. The triangles represent data for aqueous NaCl so-
lutions at both 0.038 and 0.38 M, as the transference num-
bers for both concentrations were identical (+0.01). Trans-
ference number data given for cation-exchange membranes
(negatively charged) and anion-exchange membranes (posi-
tively charged) refer to 0.038 M NaCl. Other data (not
shown) indicate that higher NaCl concentrations decrease
slightly the counterion transference numbers in ion-
exchange membranes. Note that no buffers were used, so
the solutions contain only NaCl, hydrogen ion, and hydrox-
ide ion. Error bars are given when the error bars are larger
than the plotting symbol. The lines drawn simply connect the

20

15

:

Lve (ul/hr volt cm2)

NaCl Concentration (mol/l)
Fig. 8. The effect of NaCl concentration on the electroosmotic flow
transport coefficient, L., at 35°C. L., is evaluated from initial elec-
troosmotic volume flow data, J,, and the corresponding DC resis-
tance measured after the volume flow experiment. The filled squares
are pH 8.3, and the open squares are pH 5.8.
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Fig. 9. Transference numbers of chloride ion in hairless mouse skin
at 22°C as a function of pH: comparison with ion-exchange mem-
branes and aqueous solution. (1, hairless mouse skin, 0.038 M NaCl;
A, hairless mouse skin, 0.38 M NaCl; A, aqueous NaCl solutions,
0.038 and 0.38 M; x, anion-exchange membrane, 0.038 M NaCl; =,
cation-exchange membrane, 0.038 M NaCl.

data points and may not accurately predict transference
number variation between data points.

DISCUSSION

The resistances measured in this research are signifi-
cantly lower than those determined by Burnette and Bag-
niefski for HMS (17). However, differences in procedure
make a quantitative comparison difficult. Our procedure
starts with a skin sample that is essentially fully hydrated
(rather than partially hydrated), and prior exposure to cur-
rent in this research refers to currents in the range of 1-2
mA/cm? (rather than 0.16 mA/cm?). Moreover, measurement
of resistance in this research is made at current densities in
the range of 0.032 to 3.2 mA/cm? (rather than 1 pA/cm?). The
closest comparison is that for hydrated HMS (3 hr) with no
prior exposure to current. Our result measured at 32 pA/cm?
for one skin sample is 14 kQ-cm?, compared to 27 kQ-cm?®
measured at 1 pA/cm? (17). Data from Fig. 4 indicate that for
fully hydrated HMS previously exposed to current (1-2 mA/
cm? for =1 hr), the resistance extrapolated to zero current
density is ~0.8 kQ-cm?, compared to a resistance of 6
kQ-cm? measured at 1 pA/cm? after exposure to a current
density of 0.16 mA/cm? for 1 hr (17). Thus, it would appear
that the reduction of resistance upon passage of current de-
pends on the current density.

Initial volume flow, J, in HMS was positive at all pH’s
studied, meaning that electroosmotic flow moved in the
same direction as flow of positive ions. This observation is
direct evidence (1) that the fixed charges lining ‘‘pores’”’ in
HMS, as in human skin (5), are predominantly negatively
charged between pH 3.8 and pH 8.3. While J, in HMS is of
the same magnitude as J, in the ion-exchange membranes,
this observation does not imply the charge densities in the
two membranes are comparable. At a given current density,
J, is roughly proportional to charge density only at a low
charge density (1). J, also depends roughly on the square of
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the pore radius. The ion-exchange membrane data are con-
sistent with theory (1) and the known charge concentration
of =3.5 M if the pore radius is taken to be 4.5 A, which is
reasonable for ion exchangers (3) but much smaller than the
~20 A found for HMS (1). The slight increase in J, for HMS
with increasing pH (Fig. 6) suggests that any increase in
charge density with increasing pH is slight.

One would expect that the charged nature of HMS
would introduce ‘‘permselectivity’’ (13), resulting in the
transference number of the coion (Cl7) being significantly
less than the corresponding value in aqueous solution—the
effect being larger the lower the external electrolyte concen-
tration [i.e., see Eqgs. (21) and (22) in Ref. 1]. The data (Fig.
9) indicate that 1_ in HMS are very close to the aqueous
solution values between pH 4 and pH 8. At higher pH, sig-
nificant permselectivity is evident with the expected concen-
tration effect. At very low pH, ¢_ in HMS become signifi-
cantly larger than the corresponding solution values, sug-
gesting that the pores carry a significant positive charge
below =pH 3. Even at pH 4, the transference number data
suggest that the pores are slightly positively charged (¢_ in
HMS slightly higher than ¢_ in solution). Assuming that all
pores are essentially equivalent in charge density, an analy-
sis of the transference number data at pH 8.3 (1) gives a very
small charge density (0.013 M) for HMS. Although the in-
terpolation line in Fig. 9 suggests a continuous decrease for
t_ in HMS between pH 5.8 and pH 8.3, with due consider-
ation of experimental error, the data are consistent with a
constant charge density of 0.013 M and a constant transfer-
ence number over this pH range. Although a very low charge
density is consistent with the volume flow data if the pore
radius is very large (70 A), other data (14) indicate that the
pore radius must be less than about 25 A. Moreover, the
observation that ¢ _ at pH 4 is greater in HMS than in solu-
tion indicates positively charged pores, which is not consis-
tent with a positive J, at pH 3.8. Thus, the transference
number and J, data appear to be mutually inconsistent. One
might argue that the inconsistency has its origin in the fact
that J, is measured at high current densities, and the EMF
transference numbers are measured at essentially zero cur-
rent. That is, a high current density changes pore charge.
However, transference numbers measured by the Hittorf
method, which employs high current density, are in agree-
ment with those measured by the EMF method, so we must
look elsewhere for an explanation. The argument used to
evaluate pore charge from the membrane:solution transfer-
ence number difference assumes that the ratio of the coion to
counterion mobility is the same in the membrane as in aque-
ous solution. Failure of this assumption could be the source
of the anomaly. However, the Cl~-to-Na™ mobility ratio in
“low’’-charge density (1.8 Eq/kg H,0) cation-exchange res-
ins (15) is actually slightly less than the ratio in aqueous
solution and becomes larger than the aqueous solution ratio
only at higher charge densities. Thus, we suspect that the

source of the above anomaly lies elsewhere. We postulate

that not all pores have the same size, and the charge density
varies as the pore size varies. That is, the larger pores, which
have a greater relative contribution to volume flow due to
the dependence of L., on the square of the pore radius (1),
have a greater concentration of negative charges than small
pores. Thus, volume flow reflects the charge in larger pores
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to a much greater extent than does the transference number.
This pore heterogeneity concept is developed quantitatively
elsewhere (1).

Under comparable conditions, J, for HMS is signifi-
cantly less than J, for excised human skin (5), a result in a
accord with a lower net concentration of negative charge in
HMS pores (1). However, volume flow is still capable of
transporting on the order of 0.2 mg/hr cm? of neutral solute
from a donor solution of 20 mg/ml, provided the solute
moves with the solvent. The apparent larger NaCl depen-
dence of J, in HMS is also in qualitative agreement with
theory.

Electroosmotic flow in HMS is significantly lower at pH
3.8 than at the higher pH’s. The initial J, data (Fig. 6) show
this tendency, but even more striking, the average J, over an
iontophoresis run of several hours will be essentially zero or
negative at pH 3.8 because of the strong time dependence at
this pH (Table I), whereas the average J, at higher pH will be
~8 ul hr~! cm~2 (pH 5.8-8.3, 0.05 M NaCl). Similar obser-
vations were made by Rein for human skin (5). Burnette and
Marrero (16) measured higher anodic iontophoretic flux of a
neutral peptide at pH 8 than for the positively charged pep-
tide at pH 4. Their interpretation of this apparent anomaly
postulated greater volume flow at the higher pH, a postulate
qualitatively in accord with our J, data.

Consistent with theory (1), J, is roughly proportional to
current density and decreases sharply as the concentration
of NaCl increases. A modest decrease in J, with time is also
expected when the time dependence in electrical resistance
is recognized. That is, the time dependence in J, at neutral
pH (Table I) reflects, at least in part, the decreasing resis-
tance (Fig. 3) and resulting decreasing driving force for vol-
ume flow, —A®. Changes in membrane properties may also
be responsible for some of the decrease in J,. Note that,
while not statistically significant, the observed relative de-
crease in J, with time is somewhat greater than the corre-
sponding relative decrease in resistance. Some observations
which appear to be beyond the scope of any simple theory
are as follows. (a) J, with the dermis side exposed to the
anode is always significantly larger than when the stratum
corneum is exposed to the anode. We have no explanation
for this effect. (b) Significant changes in membrane proper-
ties occur when HMS is exposed to an electric field, partic-
ularly at low pH. The J, data suggest that, at low pH, some
negatively charged species are being extracted from the
“‘pores,”” which has the effect of changing the charge con-
centration and, in extreme cases, removes enough material
to form holes in the skin. As noted by Burnette and co-
workers (17,18), electrical properties of the skin also indicate
that changes in membrane properties occur as current is
passed. The DC electrical resistance decreases with time,
and Ohm’s law is not rigorously obeyed in that the resistance
decreases with increasing current density (Figs. 3 and 4).

~ Since the conductance of the skin (reciprocal of resistance)

is due to transport of small ions such as Na* and C1™, an
increase in conductance (decrease in resistance) suggests
that either existing ‘‘pores’’ are increased in size (18) or new
“pores’’ are formed. In either case, permeability of the ex-
cised skin has been increased, much of the increase being
irreversible (17).

In summary, both transference number and volume flow
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data indicate that HMS carries a new negative charge at
neutral and alkaline pH and becomes positively charged at
low pH. Heterogeneity in pore charge appears necessary for
both the transference number and the volume flow data to be
fully consistent with theory. Due to a smaller net negative
charge concentration, volume flow is less than in human skin
but is still capable of transporting significant quantities of a
neutral solute if the solute moves with the solvent. While
most features of the volume flow data are consistent with
simple theory (1), HMS is obviously a complex electroki-
netic system which is capable of significant changes when
subjected to an electric field.
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