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Bulk fluid flow or volume flow in the direction of counterion flow is a probable mechanism for
enhanced flux of uncharged species by iontophoresis. Both the electrical volume force effect, resuiting
from the interaction of the ‘‘ion atmosphere’’ and the electric field, and an induced osmotic pressure
effect produce volume flow in the same direction as counterion flow through the membrane. Since
each of these effects is proportional to the membrane charge and the imposed electric field, we classify
both as electroosmotic flow. This research develops a detailed theoretical model which allows the
effect of volume flow on flux enhancement to be evaluated. A detailed theoretical result for the
electroosmotic flow coefficient also results from the analysis. The model assumes that transport
occurs in three types of aqueous pores: positively charged, neutral, and negatively charged. For
hairless mouse skin (HMS), pore size, charge, and number are evaluated from transference number,
volume flow, and electrical resistance data. The flux enhancement ratio is J,/J,° = S4a/1 —
exp(—a,)], where i = pore type, and the summation runs over the three pore types. A, is the area
fraction of pore type i effective for transport; J, and J;P are flux of species 1 with and without the
electric field, respectively; and o is given by a; = F(—=A®/RDz, + (—2,)Bar?C (G, + F)). Here
F = Faraday’s constant; — A® = voltage drop; R = gas constant; T = absolute temperature; z,,,' =
charge of pore i; C,/ = charge concentration in membrane pore of radius, r;; B is a known collection
of constants; a is the Stokes radius of the transported solute; G; is a function of membrane charge and
pore radius coming from the electrical volume force effect; and F is a function of membrane charge and
ion mobility arising from the induced osmotic pressure effect. For transdermal iontophoresis, F<<G,
and the induced osmotic pressure effect is not significant. Negative pores dominate electroosmotic
flow and usually dominate flux enhancement. The term proportional to C,,} is the contribution of
electroosmotic flow and will always increase the flux enhancement ratio for anodic delivery of a
positively charged ion (z; > 0) or a neutral species (z;, = 0) in a negatively charged pore. The
theoretical results are consistent with data in the literature.

KEY WORDS: transdermal; iontophoresis; electroosmosis; volume flow; mechanisms of iontophore-
sis; theory of iontophoresis.

transport of nominally neutral species® by application of an
electric field, and later work by Burnette and co-workers

Tontophoresis normally refers to the transfer of ionic
solutes through biological membranes under the influence of
an electric field (1). Pharmaceutical interest has concen-
trated on transdermal iontophoresis, where numerous stud-
ies have shown considerable enhancement of transport via
iontophoresis over that observed in conventional transder-
mal or ‘‘passive’” transport of the same compounds (1). The
traditional interpretation holds that the increased transport is
a direct result of the increased driving force resulting from
the action of the electric field on the ionic solute. However,
Gangarosa and co-workers (2) have observed increased

! Presented, in part, at the 1st National Meeting of the AAPS, Wash-
ington, D.C., November 1986.

2 Lilly Research Laboratories, Eli Lilly & Co., Indianapolis, Indi-
ana 46285.

demonstrated enhanced transport of neutral thyrotropin re-
leasing hormone (3) and mannitol (4) when delivered from
the anode compartment of the apparatus. Electroosmotic
flow was suggested as a possible mechanism responsible for
the transport of neutral species (2—4), but no quantitative
statements could be made due to lack of a satisfactory theo-
retical model for flux enhancement via electroosmotic flow.

When an electrical potential difference is applied across
a “‘porous’’ membrane containing fixed charges (i.e., ionic
groups immobilized in the membrane), bulk fluid flow occurs
in the direction of counterion migration (5-7). Mechanisti-

3 While pH changes at the electrodes during electrolysis resulted in
ionization of the nominal neutral species in some experiments,
their conclusions remain valid for delivery of water, anodic deliv-
ery of thymidine, and cathodic delivery of ARA-A.
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cally, both the electrical volume force on the ‘‘ion
atmosphere”’ and the induced osmotic pressure effect dis-
cussed by Barry and Hope (8,9) contribute to the observed
volume flow. Under conditions of equal temperature, hydro-
static pressure, and solution composition on both sides of
the membrane, the volume flow, J,, in units of volume
time ~! area™!, is directly proportional to the electric field
or, alternately, directly proportional to the negative of the
potential gradient, — d®/dx (5),

J, = Lyg(—d®/dx) (1)

where Ly is a phenomenological coefficient describing the
direction and magnitude of the volume flow resulting from
the driving force, —d®/dx. Equation (1) is the phenomeno-
logical definition of electroosmotic flow, with L, being the
electroosmotic flow coefficient. Since both mechanisms
mentioned above produce volume flow in accord with Eq.
(1), both effects produce electroosmotic flow. Note that the
sign convention gives positive volume flow when the coun-
terions are positive (i.e., the membrane is negative).

Since a neutral species is part of the fluid, it will be
transported with the fluid, although some or all of the solute
may be filtered or “‘reflected’’ from the fluid flowing through
the pores by a sieve mechanism (6,7). Near-zero reflection
would be expected for small molecules, but for molecules
larger than the pore size, reflection would nominally be
100% (6). Our interest is in the contribution of volume flow
to the flux enhancement ratio, J,/J,, where J, is the flux of
species 1 during iontophoresis, and J,P is the corresponding
flux in the absence of an electric field (‘‘passive transport’’).
Since, as a first approximation, solute ‘‘reflection’’ will re-
duce both J, and J, in a given pore by the same factor,
calculation of the flux enhancement ratio for a single pore
does not involve the complexity of estimating solute reflec-
tion.

The solution containing species 1 is presumed to also
contain supporting electrolyte (i.e., buffers and other salts
such as NaCl) which carries most of the current. The oppo-
site case, where the drug is an electrolyte which carries most
of the current, is a much simpler theoretical problem which
is addressed briefly under Discussion.

Previous theoretical treatments either have evaluated
the flux enhancement ratio without the electroosmotic flow
contribution (10) or have evaluated only the formal effect of
electroosmotic flow on the flux equations without addressing
a quantitative estimate of the effect on flux enhancement (3).
The main objective of the present research is to present a
more detailed theoretical analysis which will permit, with
evaluation of key parameters from experimental data, a
quantitative estimate of the effect of electroosmotic flow on
flux enhancement via iontophoresis. Secondarily, the result-
ing molecular theory for electroosmotic flow allows an as-
sessment of the relative importance of the two mechanisms
for electroosmotic flow. Separate reports address the exper-
imental determination of volume flow in hairless mouse skin
(11) and the experimental flux enhancement ratios for neu-
tral species and polymeric anions (12).

Phenomenological Theory for Flux Enhancement Ratio

This section develops the formal relationship between
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flux enhancement and electroosmotic flow using a simple
model which treats iontophoresis as equivalent to mass
transfer through a collection of aqueous channels or pores.
The analysis is basically an extension of previous treatments
(3,10).

We focus on transport in a given pore or channel. Fol-
lowing conventional nonequilibrium thermodynamics (13),
the steady-state flux of species 1 relative to the solvent, j,, is
linearly related to the conjugate forces, X, through the On-
sager transport coefficients, /;;, by the relationship,

Jr = 2LX;, 03]

where the summation over j extends over all components in
the system including the species of interest, component 1,
the counterions and co-ions from the supporting electrolyte
(components 2 and 3, respectively), and the membrane (or
pore) itself. The supporting electrolyte is typically NaCl.
Note that the solvent fixed flow, j,, measures flow velocity
relative to the solvent, j, = ¢,(v; — vg), where ¢, is the
concentration of component 1 (mol/cm?) in the membrane
“‘pore,”” and the velocities v, and v, are flow velocities of
component 1 and water, respectively, measured relative to
the membrane. The solvent fixed flux, j,, is related to the
corresponding flux measured relative to the membrane, J,,
by

S =Jy — (el 3)

The volume flow, J,, is the solvent velocity, v,, which in
turn is equal to the ratio, Jy/c,. The thermodynamic forces,
X, are given by the gradients of the electrochemical poten-
tials,

X, = —[anfox + zFod/ax] @

where p; is the chemical potential of component j given in
terms of the standard-state chemical potential, ujo, the con-

centration, ¢;, and the activity coefficient, v;,

B = p.jo + RTIng;vy; )

where R is the gas constant, and T is the absolute tempera-
ture. In Eq. (4), distance is symbolized by x, F is Faraday’s
constant, z; is the signed valence of species j, and @ is the
electrical potential.

To obtain a tractable model, we assume, consistent with
previous workers (3,10), that I,; = 0 for j # 1 and further
assume that activity coefficients are independent of dis-
tance, x. While the latter assumption should be a good ap-
proximation if the concentration of species 1 is low com-
pared to the concentration of other species, which will often
be the case of practical interest, the assumption [;; = 0 (j #
1) is more serious and essentially assumes that the interac-
tion between component 1 and component j is much less
than the interaction between component 1 and the solvent,
which is measured by [;; (13,14). In dilute electrolytes,
where [;,>>1, (i # 1), the neglect of [, (j # 1) is a good first
approximation (13,14). Thus, the model is essentially equiv-
alent to assuming that iontophoresis occurs in large pores
filled with dilute aqueous electrolyte having trace levels of
component 1. Ignoring the interaction of component 1 with
the membrane (i.e., [,;>>1,,) would appear to be the most
serious approximation, particularly if the size of component
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1 was of the same order of magnitude as the pore size. How-
ever, as indicated earlier, interaction with the membrane
would retard both the iontophoretic flux, J;, and the ‘‘pas-
sive flux,”” J,P, by approximately the same factor and
would, as a first approximation, cancel in the flux enhance-
ment ratio.

Subject to the above approximations, combination of
Eq. (1) and Egs. (2)-(5) yields

Jy = =D*@c,/ox) — c,(D*2,FIRT + Lyg)d®lax (6)

where the relationship (14), D,* = RTI,,/c,, has also been
used to replace the Onsager transport coefficient by the
tracer diffusion constant, D,*. Note that D,* represents the
diffusion of component 1 in an electrolye solution of the
same composition as the pore fluid and does not include
interaction with the membrane.* Equation (6) is essentially
the Nernst-Planck flux equation modified to include the ef-
fect of volume flow on transport.

Evalulation of J, requires c(x), which may be evaluated
from Eq. (6) if we assume Ohms law and a position-
independent specific resistance in the pore fluid, the latter
being consistent with the model if component 1 is a tracer
species. Steady-state current flow demands that ®/dx be a
constant, while steady-state flux of 1 demands that aJ,/9x =
0. Thus, differentiation of Eq. (6) with respect to x and sub-
stitution of A®/L = ad/ax, where L is the pore length, yields

8%c,/ax* — Bac,lax = 0 @)
B = [2,FIRT + Lyg/D,*I(—A®/L) ®)

Solution of Eq. (7) subject to the boundary conditions, ¢,(x
=0) = ¢,° ¢,{x = L) = 0, gives ¢,(x), which then is used to
evaluate dc,/ax in Eq. (6). The flux enhancement ratio for a
given pore is then given by

J P = o[t — exp(—a)] )]

where J, is the pure diffusion or ‘‘passive’” term, ¢,°D,*/L,
and « is given by

a = [z,FIRT + Lyg/D,*I(—A®) (10)

The flux enhancement ratio is similar to previous results
(10), differing only in that the effect of volume flow is in-
cluded by the term in L.

Theoretical Evaluation of the Electroosmotic Flow
Coefficient Ly

The coefficient, Ly, represents volume flow due to two
effects: (a) the electrical volume force on the ion atmosphere
and (b) the induced osmotic pressure effect discussed by
Barry and Hope (8,9). A schematic of the capillary pore

4 Modification of Eq. (6) to include strong interaction of component
1 with the membrane would involve introduction of the reflection
coefficient, o, as the factor (1 — o) multiplying J, in Eq. (3). The
tracer diffusion coefficient in the pore fluid, D*, would also be
multiplied by the factor (1 — o) to adjust the diffusional mobility
for strong interaction with the membrane. The net effect on Eq. (6)
would then involve multiplication of D,* and Ly by the factor (1
— o). Since the relection coefficient term would cancel in the
calculation of the flux enhancement ratio, this term is omitted from
our analysis.
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model used to evaluate these effects is given in Fig. 1. The
membrane pore is lined with fixed or immobile charges, as-
sumed negative in this example. The ion atmosphere (15) is
the region in the pore fluid which contains a nonzero charge
density, p, arising from mobile ions, which when integrated
over the total volume of the pore must be equal in magnitude
but opposite in sign to the total fixed charge on the pore wall.
While the schematic shows a definite thickness, 1/«, for the
ion atmosphere (i.e., the charge density is zero farther than
1/ from the wall), the ion atmosphere actually dissipates
continuously with increasing distance from the pore wall.
Interaction of the electric field with the ion atmosphere pro-
duces an electrical volume force of magnitude, pE, which is
a driving force for electroosmotic flow (15,16).

Due to Donnan exclusion, the counterion transference
number in a charged membrane is higher than the corre-
sponding transference number in aqueous solution (6). Barry
and Hope (8,9) have shown that the discontinuity in coun-
terion transference number which exists at the phase bound-
ary between external solution and membrane causes effec-
tive concentration polarization at the phase boundaries,
which results in an induced osmotic pressure driving force,
Aw/L. These two forces, electrical volume and induced os-
motic, are balanced by viscous forces and produce volume
flow in the same direction as flow of counterions. The in-
duced osmotic pressure force is time dependent but reaches
steady state quickly (8,9). Note that while the electrical vol-
ume force depends on distance from the pore wall, the in-
duced osmotic force is independent of position.

The combined effect of the two forces is evaluated by a
hydrodynamic analysis similar to that given by Bird et al.
(17) for fluid flow in a capillary tube under the influence of a
pressure difference and a gravitational field. We simply sub-
stitute osmotic pressure difference, Amn, for pressure differ-
ence, charge density for density, and electric field for the
gravitational constant and proceed using essentially the
same mathematical procedure. Using the Gouy-Chapman
approximation (15) to evaluate the charge density and as-
suming that the pore radius, r,, is large compared to the
mean thickness of the ion atmosphere, 1/, yields

BTN,

ool on ;tmosph;re e - Jix
0 /jal/porg wallﬁ///ﬁ//‘

Fig. 1. Schematic of the electrical double layer in a pore and the
fluid velocity distribution in electroosmotic flow. The length of the
arrows denote the magnitude of the fluid velocity, v. The fluid ve-
locity is zero at the pore wall and increases toward a maximum at
the tube center. The pore wall has immobile negative charges, and
the ion atmosphere, of thickness 1/k, has a net positive charge. The
electric field, E, interacts with the positively charged fluid (ion at-
mosphere) to produce a force on the fluid in the ion atmosphere and,
also, produces an induced osmotic pressure force on all the pore
fluid. These forces are balanced by a viscous force, i.e., dv/dz # 0.
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an

where v_ is the volume flow contribution from the Barry and
Hope induced osmotic pressure effect,

v, = (kr, /8nL)(—AD,)

J,=v,_ + vp

12

with k. being defined in terms of the osmotic pressure dif-
ference, A,

Am = k(-AD,) 13)

and v, is the contribution of the electrical volume force,

v, = [F 104~ 2,)r,*CuGlxry//4nL)(—Ad,)  (14)

where G(Krp/2) is a function of the dimensionless group,
kr /2. For a large pore radius (i.e., kr,/2>>1), G(kry/2) =~
(Krp/2)_‘. Other symbols in Egs. (12)-(14) are defined as
follows: F is Faraday’s constant in coulombs per equivalent,
Z. 18 the signed valence of the fixed membrane charges, C,,
is the membrane charge concentration in equivalents of fixed
charges per liter of pore volume, v is the viscosity of the
pore fluid, and A®, is the potential difference across the
membrane in volts. The mean radius of the ion atmosphere is
related to the ionic strength in the pore, which assuming
univalent salts and univalent fixed charges, becomes (15)

Kk = A(C, + O 15

where C is the concentration of co-ions (or salt) in the pore
in moles per liter, and A is a constant, which for water at
35°C is 3.3 10’ cm L.

Our result for the electrical volume force contribution to
volume flow is self-consistent only when the pore radius is
large compared to the thickness of the ion atmosphere. The
more sophisticated derivation given by Manning (16) for
electroosmotic flow in the absence of the induced osmotic
pressure effect does not suffer from this limitation. Note that
our results [Eq. (11)] indicate that the electrical volume force
and induced osmotic effects are additive. Assuming that ad-
ditivity would be preserved in a more sophisticated treat-
ment of the combined effects, we may use the Manning re-
sult for the electrical volume force contribution, resulting in
a self-consistent result for G(kr,/2) regardless of the thick-
ness of the ion atmosphere, thereby giving

G() = [coth(y) — 1/ylly

where y = «r,/2. Note that for large y, G(y) approaches 1/y,
and for small y, G(y) approaches %5.

We now consider the evaluation of k.. Barry and Hope
(8) show that the steady-state osmotic pressure difference,
Am, is given in terms of the current density, i, by

(16)

Am = 4Anit(1 + Bv)~YF(DIRT) an

where At, is the difference in counterion transference num-
ber between the membrane phase and the aqueous solution
phase, 7 is the thickness of the unstirred aqueous boundary
layer, and D° is the electrolyte diffusion coefficient in bulk
solution. The term, B, is defined by the expression, B =
4wRT/D°. Here, @ is a membrane permeability coefficient
defined by

J, = 2RTwAc (18)
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Equation (18) is essentially a diffusion equation relating the
flux of electrolyte, J,, to the concentration difference, Ac, (in
moles/cm?) between the solutions in contact with the mem-
brane. Using irreversible thermodynamics (11) to relate i/D°
to transference numbers and potential difference, A®, the
constant, k_, may be written®

k, = 2 10°F)(Frim L)1 + Br)~NAL/LL°) X
°Cry + O), (19)

where C is the concentration of co-ions (mol/liter) in the
pore, t,° and t,° are transference numbers of counterion and
co-ion in the external solution, and At, is the difference be-
tween transference numbers of counterion in the membrane,
t,, and in the external solution, 1,°, At, = t, — 1,°. The
relative viscosity of the fluid in the pore, v,, enters from our
use of the Stokes—Einstein relationship to relate ionic mo-
bility in a pore to mobility in the external solution where the
viscosity is essentially that of pure water. The parameter, f,
is the fraction of total membrane area which is pore area.
Similarly, B may be written

Br = Kp(finLDI(Cpy + 20/(C,, + O/, (20)

The membrane solution electrolyte distribution coefficient,
K3, is defined by K,; = C/C, where C is the concentration
in the external solution as moles per liter. As a first approx-
imation, consistent with our pore model,® K,; may be writ-
ten (6)

Ky = (C201{[1 + 2CIC)"1"* -1} @n

Note that K,; is also the distribution coefficient for the co-
ion. Equations (19) and (20) contain implicit dependencies on
C,, through the transference numbers. We now express the
transference numbers in terms of C,, to obtain an expression
explicit in C,, dependence. Since the transference number of
species i is proportional to the product of the concentration
of that ion, C;, and its single ion conductivity, \,, we may
write

22

since the single ion conductivity of the fixed charge is zero.
As a first approximation, we assume that the ratio of ionic
mobilities in the membrane phase is the same as the corre-

; = M(Crp + O/M(Cr, + ©) + M€

3 Our derivation is developed from a description of transport phe-
nomena in terms of membrane fixed Onsager transport coeffi-
cients, L;. Consistent with our model, we take L; = 0 (i#j), but
the result given in Eq. (19) is probably independent of this assump-
tion. We also assume, consistent with Barry and Hope, that the
electrolyte concentration in the uvnstirred layer is constant in
planes parallel to the membrane surface. This assumption is fully
consistent with a pore model for membrane transport only if lateral
diffusion between pore openings is fast compared to diffusion
through the unstirred layer, i.e., if the distance between pores is
small compared to the thickness of the unstirred layer. Based on
estimated values for pore area fraction and mean pore size (dis-
cussed later), we estimate that the mean distance between pores is
at least one order of magnitude less than the thickness of the
unstirred layer in typical transdermal iontophoresis applications.

-

Equation (21) may be obtained from Eq. 117 in Ref. 6 assuming
that the “‘free energy of swelling”’ is negligible and assuming that
the mean activity coefficient in the capillary pore is the same as the
mean activity coefficient in the external solution.
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sponding ratio in the external electrolyte solution, \/A;, =
AN, giving

k., = @2 - 10*F)(fx/n L)C,(1 + B! (23)
with Br given by
Bt = K,(fimL)(C,, + 20)/(t,°Cy, + O (24)

Combination of Egs. (1), (11), (12), (14), and (23) then gives
the final result for the electroosmotic flow transport coeffi-
cient, Ly, as units of cm? sec™! V71,

Lyg = [10* F r,(= 2,)Co/4l[GlKr/2)
+ (L)1 + 1)1

The term in G represents the electrical volume force contri-
bution, and the term involving the unstirred layer thickness,
7, represents the Barry and Hope induced osmotic pressure
contribution.

Note that L given by Eq. (25) is the electroosmotic
flow transport coefficient for a given pore. The correspond-
ing ‘‘experimental”’ coefficient for the membrane as a whole,
L,., may be defined in terms of total volume flow, J,, as
pl/hr cm?, by the expression J, = L, (—A®). Here volume
flow is normalized with respect to the total membrane area.
In a membrane which is a collection of many identical pores,
with a ratio of pore area to total area denoted, f, the rela-
tionship between L and the experimental transport coef-
ficient, L., as wl cm ™2 hr~! V!  is given by

Ly = 3.6 - 105(IL)Lyg.

(25)

(26)

where L is the pore length.

An expression for volume flow, J,, in terms of current
density is useful since data are typically obtained at constant
current. The development of this expression proceeds by
first using *‘Ohm’s law’’ to write the voltage drop, (—A®), in
terms of current density, i, and area-normalized resistance,
R’: (—A®) = iR’. The electrical resistance, R’, is given by
R’ = (L/fp,, where L is the pore length, fis the pore area
fraction, and p, is the specific resistance of the pore fluid,
which may be related to the single ion equivalent conduc-
tance, \;, and ion concentrations in the pores,

p, = 1000/[A,(C,, + C) + MC) @7

Consistent with previous assumptions, we assume that the
single ion conductance at a given ionic strength is inversely
proportional to the viscosity of the medium. This approxi-
mation allows the single ion conductance in the pore fluid to
be related to the corresponding conductance in the external
electrolyte, A;, by, \; = \'/m,, Where m, is the relative vis-
cosity of the pore fluid. Algebraic manipulation then yields

1000/R’ = (fliLn)A°[1,°C,, + C] (28)

where A° is the equivalent conductance of the external elec-
trolyte at the ionic strength in the membrane pore, C,,, + C,
and t,° is the transference number of the counterion in aque-
ous solution. With J, = L .(—A®), combination of Ohm’s
law and Egs. (25), (26), and (28) gives the desired result for
J, as pl/hr cm?,

J, = iy(9 * 10°Fmr,X(— 25) ol Gxr,2)
+ (il D)1 + Br) A C + O (29)

Pikal

where i, is the current density as mA/cm?, and v, is the
viscosity of pure water. The term in curly braces is essen-
tially the specific conductivity of the electrolyte solution in
the pore.

Using the Stokes-FEinstein relationship for the tracer
diffusion coefficient, D,* = kT/6mma, where “a’’ is the
Stokes radius of the diffusing solute, and k is Boltzmann’s
constant, combination of Eq. (10) and Eq. (25) yields the
theoretical expression for the flux enhancement parameter,
a, for a given pore or a collection of identical pores,

a = [F(—A®)/RTKz, + 1.57 - 10_3N°arp2(—zm) X

CulGlkry/2) + (L)1 + 7)™ ']} (30

where N, is Avogadro’s number, —A® is the potential drop
across the membrane as volts, F is Faraday’s constant as
coulombs/Eq, RT is joules/mol, and C,, and C are molar
concentrations of fixed charges and co-ion, respectively, in
the pore.

Magnitude of the Barry—-Hope Induced Osmotic Effect

As the following argument will show, the induced os-
motic pressure effect contributes little in transdermal appli-
cations. The thickness of the unstirred layer, T, in our elec-
troosmotic flow experiments (11) is about 0.08 cm due to the
use of the steel support plates. A value of the same magni-
tude seems plausible for an unstirred in vivo application. The
value of 1 is certainly less in the typical in vitro iontophoresis
experiment (some stirring), values of the order of 1072 cm
being representative (18). Thus, the induced osmotic pres-
sure effect is extremely small, contributing only about 5% to
the measured volume flow in our electroosmotic flow exper-
iments (11) with HMS and being entirely negligible in a typ-
ical in vitro iontophoresis experiment. Noting that the direct
current resistance of fully hydrated human skin following
iontophoresis is about a factor of 10 greater than similarly
treated HMS (19,20), Eq. (28) indicates tht the term, (f/Ln,),
for human skin is about Vo that for HMS, and therefore, the
induced osmotic effect is also about one order of magnitude
smaller. Thus, contrary to the observations made by Barry
and Hope (8,9) for plant cell membranes, volume flow in
transdermal applications is essentially independent of the
induced osmotic pressure effect.

Evidence for Pore Heterogeneity in Hairless Mouse Skin

The theoretical results given to this point apply either to
a given pore or to a collection of pores identical in charge
concentration. The theoretical results for electrical resis-
tance, transference number, and L,. do not appear consis-
tent with the corresponding data (11) unless hairless mouse
skin is composed of pores varying in size, with the larger
pores having a much higher concentration of fixed negative
charges. We now show that the assumption of a single value
for C,, for all pores leads to inconsistency. The membrane
charge concentration, C,,, and pore radius, r,, for hairless
mouse skin at pH 8.3 may be estimated using transference
number, resistance, and L., data (11). Calculation of C,, by
fitting the transference number data (11), to Egs. (21) and
(22) (with A/N; = A °IN0), gives C,, = 0.013 + 0.004. A value
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for C,, as well as the group of terms, fin L, may be evaluated
from electrical resistance data (Ref. 11). Using literature
data for conductivity of NaCl at 25°C (13) and R’ data for
HMS in solutions of varying NaCl concentration (11), re-
gression analysis of Eq. (28) with C given by Eq. (21) gives
(fLxw,) = 0.102 = 0.002 cm ™}, C,, = 0.29 = 0.02 M. Since
the conductivity data were at 25°C, m, is relative to water at
25°C. The value of (f/Lv,) is not sensitive to the value of C.
Fixing C,,, at 0.013 M, a fit of the resistance data gives (f/Ln,)
= 0.103, although the fit is poor. The available volume flow
data (11) are not sufficiently presise to determine uniquely
both C,, and r,,. Using the fixed values, C,, = 0.015, and
(fiLm,) = 0.10, a fit of the experimental L, data (Ref. 11,
Fig. 8) to Eqgs. (25) and (26) gives r, = 70 = 8 A. However,
the observed flux enhancement in the presence of a pure
osmotic pressure difference (12) is much too small to be
consistent with an average pore size of 70 A. These osmotic
volume flow data suggest a mean pore size for pure osmotic
flow of ~18 A with an upper limit of ~25 A. With r,, fixed at
18 A, a fit of the L., data gives C,, = 0.14 = 0.02. Thus, it
appears that a different average value of C,, is demanded by
each of the three experiments considered, a result inconsis-
tent with a homogeneous pore system. Comparison of vol-
ume flow data with transference number data at pH 4 (11)
and nonzero flux of glucose from a cathode donor (12) also
are inconsistent with a homogeneous negatively charged
pore system.

We now demonstrate that a heterogeneous pore system
where the larger pores have a larger negative charge is con-
sistent with both the theoretical results and the data. We
approximate the actual pore distribution by three types of
pores: pore type 1 is positively charged pores with a con-
centration of 0.3 M and a radius r./2; pore type 2 is neutral
pores (no charge) with radius r, and pore area fraction arbi-
trarily set at 0.5; and pore type 3 is negatively charged pores
with a charge concentration of 0.3 M and a radius 2r,. This
model is obviously an approximation, as the pore radii in a
real system are not necessarily at the relative size ratio as-
sumed in the model, and the real pore distribution likely
contains a great many more than three types of pores. The
relative number of each type of pore (pore number fraction)
is then determined by a fit of the model to the experimental
transference number data (Ref. 11, Fig. 9). The value of r, is
fixed by fitting the mean of the L., data to the theoretical
model. Table I summarizes the results of these calculations.
Using the pore distribution model defined by Table I and the
appropriate theoretical expressions for resistance [Eq. (28)]
and volume flow coefficient [Eq. (25)], resistance and vol-
ume flow ‘‘data’’ may be calculated. When these ‘‘data’ are
fitted to Egs. (22), (25), and (28) (i.e., treating all pores as
equivalent) to obtain values of C,,, we find that C,, = 0.24
from the resistance data, C;,, = 0.11 from L., data (r, = 21
A), and C,, = 0.013 from transference number data. The
pore distribution model also indicates that the mean pore
radius relevant to pure osmotic flow is 1.30 r, (18 A), which
is consistent with the osmotic flow data (12). The C,, values
are very close to the corresponding observed values gener-
ated in similar fashion using experimental data (0.29, 0.14,
and 0.013, respectively) and, therefore, demonstrate that a
heterogeneous pore system can lead to the observed varia-
tions in C,,.
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Table I. Model for Pore Size and Charge Distribution in Hairless
Mouse Skin at pH 8.3

Pore
Pore charge Number Area
Type Z.) C.e fraction® r (A)° fraction
1 + 0.3 0.604 6.75 0.218
2 0 0.0 0.347 13.5 0.500
0.0489 27.0 0.282

3 - 0.3

2 Magnitude of C,, is selected such that the model is consistent with
electrical resistance data.

% The number fraction of pore type i is determined by a fit of the
model to transference number data.

¢ The pore radii are determined by a fit of the model to volume flow
coefficient data, L,..

Flux Enhancement for a Heterogeneous Pore System

Since the pore distribution defined by Table I is fully
consistent with the transference number, volume flow, and
electrical resistance data, we assume that this distribution
will also give reliable predictions for the flux enhancement
ratio. The flux enhancement ratio for the membrane as a
whole may be obtained by summing the flow contributions
for each type of pore, which gives

JIP = Al —exp(~a)] ™! €3))

where the summation is over all three pores, and «; is the
flux enhancement parameter for each pore type i {(Eq. (30)].
The term, A,, is the area fraction effective for transport of
pore i, defined by

A, = PnrlEPnyr? (32)

where n; and r; are the number fraction and pore radius,
respectively, for pore type i (Table I), P;is the product of the
distribution coefficient for species 1 in pore i, and the reflec-
tion function for component 1 in pore i, P, = K,(1-a;). The
distribution coefficient of component 1 in pore i, K,’, may be
related to the electrolyte distribution coefficient for pore i,
K,; (Eq. D] by K, = (1/K,;)*. The reflection coefficient
for species 1 in pore i, o;, cannot be calculated. However,
assuming that the pore radius given by the model is close to
the actual pore radius, one might reasonably assume that if
the Stokes radius of component 1 is significantly larger than
the (average) radius for pore type i, the reflection coefficient
should be close to unity. The passive, or diffusional, flux is
given by

J,® = (PY(fm,L)kT/6wn.a)c,° (33)
where (P) is the average value of P;
(P) = SPnrilEny? (34)

Theoretical values of flux enhancement for hairless mouse
skin at 37°C with a voltage drop of 1 V are shown in Fig. 2.
The calculations are based on the pore distribution model
described and the theoretical relations presented [Eq. (31)
and all secondary equations]. Calculations are given for an-
ode (+) and cathode (—) delivery of monovalent cations,
monovalent anions, and neutral species with Stokes radii of 4
A (representative of a small molecule the size of mannitol or
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Fig. 2. Flux enhancement ratios for hairless mouse skin in 0.1 M NaCl: calculated from
the theoretical model for a potential difference of 1 V at 37°C. The horizontal variable is
‘‘electrode polarity/permeating species type.’” The contributions of the three pore types
are differentiated by the shading: negatively charged pores, dark shading; neutral pores,
unshaded; positively charged pores, light shading. The reflection coefficient is assumed
to be 0.97 for 10-A species in the small (6.75-A) positively charged pores. All other
reflection coefficients are assumed to be zero.

glucose) and 10 A (representative of a small polymer the size
of inulin). The contribution of the negative pores (pore type
3) is given dark shading, the contribution of neutral pores
(pore type 2) is unshaded, and the contribution of the posi-
tive pores (pore type 1) is given light shading. Since each
pore type is probably a distribution of charge concentrations
and sizes, the reflection coefficient would not necessarily be
unity if the Stokes radius is larger than the mean pore radius,
although it should be close to unity. The reflection coeffi-
cient for 10 A species in the positive pores (6.75 A) is arbi-

trarily taken as 0.97. All other reflection coefficients are
taken as zero.

It may appear surprising that the flux enhancement ratio
for cations or neutral species in negative pores increases as
the size of the transported molecule increases. This is a sim-
ple consequence of the fact that flow of a solute with the
solvent stream (volume flow) is independent of solute size,
whereas flow of solute relative to the solvent stream (diffu-
sion) is inversely proportional to size through the Stokes—
Einstein relationship. Of course, the absolute flux may be
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extremely small even if the flux enhancement ratio is very
large.

As intuitively expected, the flux enhancement ratio is
essentially zero for cathodic delivery of cations and anodic
delivery of small anions. However, due to a small but sig-
nificant contribution from the negative pores, the flux en-
hancement ratio for a large anion delivered from the anode is
nonzero (2.7). Here, the large negative effect of the electric
field:ion interaction [the z, term in Eq. (30)] is offset by a
slightly larger positive effect of electroosmotic flow [the C,,
term in Eq. (30)], and the value of a; is positive. For small
ions the electroosmotic flow effect is not large enough to
offset the unfavorable electric field:ion effect. Of course, in
cathodic delivery of cations, both the electroosmotic flow
and the ion:electric field effects oppose transport in the neg-
ative pores, and the flux of cations is essentially zero. Due to
small contributions from neutral and positive pores, flux en-
hancement ratios are roughly unity for cathodic delivery of
neutral species.

Since flux via electroosmotic flow is proportional to the
product of the pore charge concentration and the square of
the pore radius {Eq. (30)], flux enhancement via electroos-
motic flow is most significant for the large negative pores.
Thus, the largest flux enhancement ratios are for anodic de-
livery of cations. Here, the electric field:ion interaction ef-
fect and the electroosmotic flow effect are both positive.
Due to electroosmotic flow opposing transport in the nega-
tive pores during cathodic delivery, positive and neutral
pores dominate the cathodic delivery of anions. The contri-
bution of positive pores to cathodic delivery of large anions
is small because of the high reflection from the small positive
pores. It should be noted that while the contribution of neu-
tral pores to cathodic flux enhancement is much higher for
large anions than for small anions, the term, {P), is propor-
tionately smaller for larger species. Thus, the product,
{P) - (flux enhancement ratio), for neutral pores is the same
for both 4- and 10-A species, and the net flux, J,, is actually
smaller for the 10-A species due to the inverse relationship
between diffusion coefficient and size required by the
Stokes-Einstein relationship.

As for HMS, the net polarity of the pores in human skin
is negative at neutral pH (4,21). For human skin, transfer-
ence number data (4) at neutral pH may be used to calculate
[Egs. (21) and (22)] a *“‘mean’’ value for C,, of 0.13, which is
a factor of 10 higher than the corresponding C,, for HMS.
This result suggests a greater negative charge and/or a
greater area fraction of negative pores in human skin. Thus,
one might expect {Eq. (29)] greater electroosmotic flow in
human skin than in HMS at the same current density and
NaCl concentration, provided that the pore sizes in human
skin are at least as great as in HMS. Consistent with this
speculation, volume flow in human skin (21) is about a factor
of 7 greater than in HMS (1 mA/cm?, 0.1 M NaCl). Conse-
quently, one would expect that the flux enhancement ratio
for anodic delivery of a neutral species in human skin would
be about a factor of 7 greater than the corresponding flux
enhancement ratio in HMS.

DISCUSSION

While the theoretical analysis is based on a very simple
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model which cannot be an exact representation of ionto-
phoresis in biological membranes, the procedure of evaluat-
ing key parameters from experimental data does impose ex-
perimental constraints on the theory. Since the parameter-
ization is based on ‘initial’’ volume flow data (11) and
electrical resistance measured at 1 mA/cm?, application of
the theory to significantly different current densities and
long iontophoresis times involves the implicit assumption
that the pore characteristics (Table I) remain constant. Yet
properties of HMS do depend on current density and time
(11). In quantitative applications of the theory, the only prac-
tical procedure is to assume that such variations may be
attributed to changes in f/Ly,. Electrical resistance data may
be used to estimate f/L v, as well as calculate the appropriate
value of voltage drop in a constant-current experiment,
thereby allowing extension of the theory to experimental
conditions beyond those of the parameterization experi-
ments (12). The available electrical resistance and volume
flow data (11) are consistent with this procedure, although
most of these data are limited to a narrow current density
range (1-2 mA/cm?). Thus, with the possible exception of
experiments involving very high or very low current densi-
ties, the parameterized theory should be at least a semiquan-
titative representation of transdermal iontophoresis in HMS,
although due to defects in the theory, the values of the pa-
rameters [f/Ln,, r,, and C,,] may not correspond exactly
with their intended meaning. A detailed comparison of ex-
perimental and theoretical fluxes in HMS is given in part 111
of this series (12). In general, the theoretical results are in
quantitative agreement with experiment. While the mathe-
matical relations and the concept of a heterogeneous pore
charge distribution are not restricted to HMS, additional
data are needed to parameterize the theory for quantitative
application to membranes other than HMS. The theoretical
calculations (Fig. 2) do appear at least qualitatively consis-
tent with experimental observations on depilatated mouse
skin (2) and human skin (4).

The parameters are consistent with the concept that ion-
tophoretic transport occurs primarily through aqueous shunt
pathways (3,4,19,20) or ‘‘pores.”’ However, there appears to
be a much greater number of pores than the number of hair
follicles and sweat ducts. The density of pores (number/cm?)
may be estimated from the pore distribution model (Table I)
and the pore area fraction, f. Assuming 7, =~ 1, and taking 25
pm for the thickness (L) of the hydrated stratum corneum of
HMS (22,23), values of “‘f’ are evaluated from the respec-
tive values of (flLn,). With r; = 27 A, the pore density of
large negative pores in HMS is calculated at =3 - 108 cm =2,
It should be noted that the calculated density of aqueous
pores is about a factor of 10° greater than the corresponding
density of hair follicles (22). Of course, if one makes the
questionable assumption that the relative viscosity is of the
order of 10°, the pore density and hair follicle density would
be roughly equal. Note also that the calculated pore radius
(27 A) is much smaller than the radius of a hair follicle 46
pm).

It should be emphasized that the flux enhancement the-
ory developed in this report addresses the case where the
drug either is uncharged or, if an electrolyte, is present at
concentrations low relative to the concentration of support-
ing electrolyte. The other extreme, where the drug is an
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electrolyte (ionic components 1 and 4) present at high con-
centrations and therefore carries most of the current, is a
much simpler theoretical problem. Here the drug essentially
becomes the supporting electrolyte. Electroosmotic flow is
only a small pertubation on the ionic flux and may be ignored
as a first approximation, Thus, the flux of component 1 is
given by

Jy = 4lilFlz,|], (35)

where i is the current density, F is Faraday’s constant, z, is
the charge on component 1, and ¢, is the transference num-
ber of ionic component 1. The transference number of the
counterion component (i.e., either component 1 or compo-
nent 4) may be estimated from Eq. (22), where Crefers to the
molar concentration of drug in the pores, and C,_, is the
“‘transference number average’’ pore concentration of neg-
ative charge (0.013 M for HMS and 0.13 M for human skin).
Allowing for nonzero reflection coefficients, the ratio of sin-
gle ion conductivities in the membrane phase is taken as the
product of corresponding conductivity ratio in the external
solution and the ratio of reflection coefficient functions
(1 —-g). It should be noted that the potential for variability in
flux is much less when the drug is present in great excess
than when the drug carries only a small fraction of the cur-
rent. At constant current, the only parameter in Eq. (35)
subject to variation is the transference number. Assuming
small reflection coefficients, the only potential variable is
C» and particularly at high electrolyte concentration, vari-
ations in C,, have little effect on the transference number.
In summary, the proposed theoretical model appears to
be both self-consistent and consistent with the available ex-
perimental data. Although the model is an oversimplified
representation of reality, the theory probably has sufficient

Pikal

validity to serve as a useful ‘‘baseline’’ to aid in the inter-
pretation of mass transfer in iontophoresis.
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