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Abstract
The purpose of the present article is to briefly recount the
contributions of Prof. William I. Higuchi to the area of skin
transport. These contributions include developing fundamental knowledge of the barrier properties of the stratum
corneum, mechanisms of skin transport, concentration gradient across skin in topical drug applications that target the
viable epidermal layer, and permeation enhancement by
chemical and electrical means. The complex and changeable
nature of the skin barrier makes it difficult to assess and characterize the critical parameters that influence skin permeation. The systematic and mechanistic approaches taken by
Dr. Higuchi in studying these parameters provided fundamental knowledge in this area and had a measured and lasting influence upon this field of study. This article specifically
reviews the validation and characterization of the polar permeation pathway, the mechanistic model of skin transport,
the influence of the dermis on the target skin concentration
concept, and iontophoretic transport across the polar pathway of skin including the effects of electroosmosis and electropermeabilization.
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Introduction

A fundamental understanding of the transport mechanisms across the skin and of the barrier properties of the
skin can lead to better designs of topical and transdermal
drug delivery systems, predictions of skin absorption of
ingredients in cosmetic products, and assessments of
safety due to skin exposure to toxic chemicals. Among
these areas, transdermal drug delivery, which serves as an
alternative to oral and intravenous delivery, has made a
significant contribution to medical practice. Success in
drug delivery development can best be achieved by building a fundamentally sound foundation of knowledge
through systematic and mechanistic research. Considering the complex and changeable nature of the barrier
properties of skin, nowhere is this approach more important and needed than in the area of transdermal drug delivery. Prof. William I. Higuchi has been one of the prominent scientists in skin permeation research since the
1970s. His fundamental, systematic, and mechanistic approach to skin permeation research has led to a number
of significant contributions to this field [1]. Included in
the list of contributions of Higuchi’s group that have had
a significant impact on the field of percutaneous absorption and transdermal drug delivery between 1970 and
2000 are: the mechanisms of skin transport, the characS. Kevin Li
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Fig. 1. Relationship between the log P versus the log Koct of the
polar permeants urea, mannitol, sucrose, and raffinose across skin.
The lines represent the predictions from the single lipophilic pathway model from Potts and Guy [9] for permeants of MW ranging
from 60 to 500 Da; square = urea; triangle = mannitol; diamond =
sucrose; circle = raffinose; solid thick line = MW 60; solid line =
MW 200; dashed line = MW 400; dotted-dashed line = MW 500.
Experimental data from Peck et al. [8].

terization of the polar permeation pathway in the stratum
corneum, the effects of the dermis layer and its influence
on the target skin concentration C*, and the flux-enhancing mechanisms of transdermal iontophoresis. The focus
of the present paper is to review these topics.

Alternative Polar Pathway in Skin Transport

Evidence of an Alternative Polar Pathway in Skin
The evidence of an alternative polar pathway (called
‘shunt diffusion’ at the time) for skin transport in parallel
with the lipoidal pathway was first reported by Scheuplein
et al. [2, 3] in the 1960s. A later study by Ackermann et al.
[4] investigating skin permeation of n-alkanols and hydrocortisone esters showed that the permeability coefficients of these permeants did not correlate with their
ether-water partition coefficients in a manner predicted
from those of transport across a simple lipophilic barrier.
This skin transport behavior was consistent with the alternative polar pathway in skin. Hatanaka et al. [5] investigated the effect of polyethylene glycol solvent upon skin
permeation of lipophilic and polar permeants and found
that the permeability of polar permeants decreased with
increasing concentration of the solvent. This observation
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was attributed to the effect of solvent viscosity upon skin
permeation of the polar drugs across the polar pathway,
similar to common observations for a porous membrane.
It was also hypothesized that the solvent affected the polar
pathway through skin dehydration, again implying the
aqueous nature of the polar pathway. In the evaluation of
a model membrane system to mimic skin permeation, the
same group of authors suggested that the stratum corneum could be described as a membrane having parallel
lipid and pore permeation pathways [6, 7]. The lipid pathway contributed mainly to the permeation of lipophilic
drugs for which the permeability coefficients of the drugs
correlated with their partition coefficients, similar to drug
transport across a silicone membrane. Hydrophilic drugs
mainly utilized the skin pore pathway with relatively constant permeability coefficients similar to transport across
a poly(2-hydroxyethyl methacrylate) membrane. Higuchi and his group systematically studied the characteristics of skin permeation for polar permeants. In these studies, the existence of an alternative pathway that resembles
aqueous pores for permeation across fully hydrated skin
is further supported by evidence such as the (a) deviation
of skin permeability of polar permeants from a lipoidal
permeation model, (b) correlation between skin permeability of polar permeants and skin electrical resistance
(Rskin), and (c) different temperature dependence behaviors between skin transport of lipophilic and polar permeants. The following is a brief review of these topics as
they pertain to the nature of the polar pathway in hydrated skin.
Characteristics of the Skin Polar Pathway
To study the mechanisms of skin transport for polar
permeants, the permeability coefficient (P) of polar permeants was compared with predictions from a single lipoidal pathway model [8]. This lipoidal pathway model describes skin permeation of solutes based upon their octanol/water partition coefficients (Koct) and molecular
weights (MW) [9]. Figure 1 presents the log P versus log
Koct relationships for skin permeation. A comparison of
the experimental data with the lipoidal model predictions
in the figure indicates that the single lipoidal pathway
model significantly underestimates the permeability coefficients of the polar permeants. The experimental permeability coefficients were at least an order of magnitude
higher for urea and up to 3–5 orders of magnitude higher
for sucrose and raffinose than those from the skin lipoidal
pathway model. This deviation suggests the existence of
an alternative pathway for the polar permeants in skin
permeation. It should be pointed out that the majority of
Li /Peck
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Fig. 2. Relationships between the log P and log Rskin for urea (dia-

monds), mannitol (squares), and corticosterone (crosses). Data
from Li et al. [10, 12], Peck et al. [13], and Chantasart et al. [52].
The linear least squares lines suggest a correlation between urea
and mannitol P and Rskin.

meant mannitol, the large scatter of the mannitol data
compared with the urea data is indicative of hindered
transport across a restrictive aqueous pathway and is likely caused by the size difference between mannitol and the
current-carrying ions. The strong correlation observed
for urea can be attributed to more comparable sizes of the
permeant and the background electrolyte ions. In the ideal case, the slope of log P versus log Rskin is expected to be
–1.0. The difference between the slope of the urea and
mannitol correlations in the figure suggests a possible relationship between the effective pore size of skin and its
electrical resistance, resulting in differential transport
across the polar pathway between mannitol and the background electrolyte ions with an increase in Rskin. In contrast to the results of the polar permeants, the lipophilic
model permeant corticosterone demonstrated no correlation between its permeability coefficient and Rskin. This
is consistent with the transport mechanism through the
lipoidal pathway in skin. Together, these results provide
evidence of the existence of an aqueous (polar) pathway
for polar permeants in skin transport.
Activation Energy of Polar Pathway Permeation
The Arrhenius relationship has been commonly used
to study the mechanisms of membrane transport. The
mechanism of skin transport has been studied by examining the effects of temperature upon skin permeation of
lipophilic and polar permeants. Scheuplein [14] investiSkin Pharmacol Physiol 2013;26:243–253
DOI: 10.1159/000351926
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Correlation of Polar Pathway Transport and Skin
Electrical Resistance
The existence of a porous permeation pathway across
the skin is also supported by the correlation between skin
permeability of polar permeants and its electrical resistance [10, 12, 13]. Figure 2 shows the relationships between log P of urea, mannitol, and corticosterone across
skin versus Rskin. The correlation between log P and log
Rskin shown in the figure for urea is consistent with the
relationship expected from an ideal porous membrane.
This result suggests the pathway responsible for skin permeation of urea closely resembles that for the conduction
of current-carrying ions (i.e. sodium and chloride ions)
in skin. For the permeation of the higher MW polar per-

–6

log P FPV

the human skin permeation data compiled to derive the
lipoidal pathway model (86 out of 92) were lipophilic solutes with log Koct greater than 0, and only 2 solutes in this
data set have log Koct less than –1. Thus, such deviations
for polar permeants are not completely unexpected. With
the hypothesis that the skin polar pathway comprises
aqueous pores, the effective pore size of the polar pathway
was characterized. Based on hindered transport theory
and measuring permeability coefficients for polar permeants of different molecular sizes, the effective pore radii
of the polar pathway were determined to be 1.0–2.5 nm
[8, 10]. The small effective pore sizes, comparable to the
molecular sizes of the permeants, suggest a highly restrictive aqueous permeation pathway in skin for polar molecules.
In addition to the effective pore size, the permselective
properties of the polar pathway in skin for passive permeation of ionic permeants were investigated by varying the
ionic strength of the solution in contact with skin [11].
The permeability of a cationic permeant, tetraethylammonium (TEA), was found to increase with decreasing
the ionic strength of the solution. This is consistent with
TEA transport across a porous permselective membrane
of net negative surface charge and the existence of an
aqueous polar pathway in skin for ionic permeants.
In summary, the skin polar pathway is aqueous in nature and is highly restrictive with nanometer effective
pore sizes. The pores of the skin polar pathways are net
negatively charged and are permselective favoring skin
permeation of cationic permeants over anionic permeants. Although the exact location of the polar pathway in
skin is not known and its morphology has not been determined, this transport mechanism provides significantly
higher permeability to polar permeants (with log Koct <
–1) compared to the lipoidal pathway in skin permeation.
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cates a significantly lower activation energy for the polar
permeant (7 kcal/mol). This activation energy value approaches that of diffusion through a free solvent medium
such as diffusion in water. This value is also similar to
those of water transport across delipidized skin [18]. The
differences between the temperature effects upon the permeation of the polar and lipophilic permeants are consistent with 2 distinct mechanisms of skin permeation. This
further supports the existence of an alternative pathway
utilized mainly by polar permeants in the stratum corneum.

Mechanistic Model of Skin Transport

gated the effects of temperature upon skin permeation of
water and noted the different permeation behaviors of
water under different temperatures (e.g. pore diffusion at
low temperature for water). This is consistent with the
existence of an alternative pathway in skin. Another study
on temperature dependence of skin conductivity and permeation also demonstrated 2 distinctive skin transport
mechanisms: one of these mechanisms can be described
as the polar pathway in skin [15]. In this temperature dependence study, the activation energy of ion permeation
across the skin was consistent with the ions primarily diffusing across an aqueous polar pathway in the skin whereas the diffusion of 5-fluorouracil across the skin was consistent with transport across a lipid barrier. In yet another study, the low Rskin (i.e. high permeation of conducting
ions) compared to black lipid films and the low activation
energy of skin electrical conductivity were noted, which
is in agreement with the presence of a conductive skin
pathway [16]. Later, Peck et al. [13] compared the temperature dependence of skin permeation of the polar permeant urea and that of the lipophilic model permeant
corticosterone. Figure 3 presents the effects of temperature upon skin permeation of the polar and lipophilic permeants (i.e. Arrhenius relationships). Based on the slope
in the figure, the activation energy of skin transport for
corticosterone is 23 kcal/mol, which is consistent with
diffusion through a lipid membrane [17]. In contrast, the
temperature dependence of urea in skin transport indi246
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Skin transport models were developed in the 1970s by
Higuchi and his group to describe solute transport across
the skin [19–22]. Later in the 1990s, skin permeability was
studied using the parallel pathway model. Using this parallel pathway model, the permeability of the stratum corneum (PSC) can be divided into the lipoidal and polar
pathway components:
PSC = PL + PP

(1)

where PL and PP are the permeability coefficients of the
lipoidal and polar pathways, respectively. The permeability of the polar pathway can be further expressed as:
PP   P

HD
h

(2)

where D is the effective diffusion coefficient, h is the effective length of the polar pathway in the membrane, and
εP is the effective porosity related to the area fraction of
the polar pathway on the membrane surface. H is the hindered transport factor for passive diffusion and is related
to the ratio of solute molecular size to the effective pore
size of the transport pathway [23]. The parallel pathway
model has been used in the evaluation of chemical penetration enhancers and the examination of quantitative
structure enhancement relationships of the enhancers in
skin permeation studies [24–32]. Because the skin is a
composite of two layers in series of different barrier properties (stratum corneum and underneath tissues, respectively), the total permeability coefficient of skin (PT) can
be described by [33, 34]:
1
1

PT PSC

1
PVE / D

(3)

where PVE/D is the combined permeability of the viable
epidermis and dermis. When the lipophilicity of a solute
Li /Peck
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Fig. 3. Representative Arrhenius plots of skin permeation of urea
and corticosterone. The natural logarithms of P are plotted against
the inverse of absolute temperature; diamonds with dashed line =
urea; squares with solid line = corticosterone. Data from Peck et al.
[13].

increases, skin permeability for the solute increases. For
highly lipophilic permeants, PT can reach the upper limit
of PVE/D (i.e. the viable epidermis and dermis permeability limit). Skin permeation under this condition is generally considered as dermis controlled.

CD, membrane

Drug concentration
C*

Influence of the Dermis Layer on Target Skin
Concentration C*

CD

Although the dermis is usually not considered as the
major barrier in skin permeation except for highly lipophilic permeants, the dermis is an important layer in topical drug delivery. The key difference between topical and
transdermal drug delivery is the target site of delivery. In
transdermal delivery, the target site is the systemic circulation. Because the systemic circulation can be assumed
as blood sink, the main factor used to evaluate transdermal products is the flux across the skin or particularly the
stratum corneum. The viable epidermis and dermis barriers generally do not have a significant impact on drug
concentration in the systemic circulation during steadystate transdermal absorption. Different from transdermal
delivery, the viable epidermis is the target site in most
topical drug delivery, and the drug concentration in this
tissue layer is related not only to the flux but the dermis
barrier. As can be seen in figure 4, the concentration in
the viable epidermal layer C* (defined as the free drug
concentration in the basal cell layer of the epidermis) is
affected by the dermis [35]:
JTotal
Pdermis

Viable epidermis
Dermis

Stratum
corneum

Fig. 4. Schematic diagram of drug concentration versus position in

the stratum corneum, viable epidermis, and dermis. C* represents
drug concentration at the viable epidermis/dermis interface, CD is
the permeant concentration in the donor.

tions based on C* estimated from the experimental fluxes
are in general agreement with the in vivo antiviral efficacies. These studies not only demonstrate the utility of the
skin transport model approach for predicting topical
treatment efficacies of skin diseases but the importance of
the dermis layer in topical skin delivery.

Iontophoretic Transport across the Polar Pathway

(4)

Electrophoresis and Electroosmosis Theories in Skin
Transport
In general, the flux of an ionic permeant for 1-dimensional mass transfer across a porous membrane can be
described by the Nernst-Planck equation (e.g. Bard and
Faulkner [38]):

where JTotal is the steady-state flux across the skin and
Pdermis is the permeability coefficient of the dermis. The
traditional methods of measuring blood plasma drug
concentration in bioequivalence studies for systemic
drugs do not provide reliable information to determine
the bioavailability of topical drug products. Thus, drug
concentration at the target site is difficult to measure in
topical drug delivery. The concept of using C* to evaluate
topical drug delivery was previously examined with antiviral drugs such as acyclovir, deoxyuridine, and cidofovir
in test formulations in a hairless mouse model for the
treatment of cutaneous herpes simplex virus type-1 infections [35–37]. In these studies, the in vivo antiviral efficacies were measured and compared with C* measured in
an in vivo/in vitro experimental design that approximated the in vivo antiviral treatment protocol. The results
indicate that, over a wide range of efficacies, the predic-

where J is the flux, F is the Faraday constant, Rgas is the
universal gas constant, T is temperature, z is valence of
charge of the permeant, and ψ, C and x are the electrical
potential, concentration and position in the membrane,
respectively. Iontophoresis is a noninvasive drug delivery
method used to deliver drugs across the skin. Common
iontophoresis applications include the delivery of antiinflammatory drugs to treat local inflammation and local
anesthetics to produce analgesia. The advantages of ion-
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where v is the solvent flow velocity. The equation can be
rearranged and integrated with the boundary conditions
C = 0 at x = h and C = CD at x = 0. The integrated form of
equation 6 is:
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where CD is the permeant concentration in the donor, Δψ
is the electrical potential across the membrane, and Pe is
the Peclet number. For a neutral permeant, equation 7
can be simplified to:
J  P

DCD
Pe
h 1  exp Pe

(8)

The Peclet number is a dimensionless number that describes the extent of the effect of electroosmosis to transport:
Pe 

vh
D

(9)

Pe is proportional to the ratio of transport by convection
to that by diffusion. Particularly, Pe increases when the
molecular size of the permeant increases; the velocity of
convective solvent transport is relatively independent of
permeant molecular size but the diffusion coefficients of
the permeants decrease with increasing molecular size,
and hence the ratio of electroosmotic flux to passive flux
increases with permeant molecular size (i.e. an increase
in electroosmotic flux enhancement). Peck et al. [42]
studied the electroosmotic transport behavior across a
synthetic membrane and skin and showed that flux enhancement due to electroosmosis was related to the molecular size of a permeant, which is consistent with the
predictions from equation 9.
Under physiological pH conditions, electroosmosis enhances the transport of positively charged ions across the
skin during anodal iontophoresis and retards the transport
of negatively charged ions during cathodal iontophoresis
[45]. For neutral molecules, anodal iontophoresis of skin
enhances the transport of neutral molecules by electroosmosis. These results suggest that the polar pathway in the
stratum corneum is net negatively charged at physiological
pH. To understand the behavior of skin electroosmosis
and the properties of the polar pathway, the influences of
electrical potential and permeant molecular size upon skin
electroosmotic transport were systematically studied with
model polar permeants. Figure 5 shows the electroosmotic transport behavior of skin for urea and mannitol during
anodal and cathodal iontophoresis and sucrose during anodal iontophoresis. When the electrical potential across
the skin increases, the Pe number increases. In addition,
the enhancement due to electroosmosis (or Pe number)
was strongly molecular weight dependent as predicted by
Li /Peck
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tophoresis include its ability to enhance drug delivery in
a noninvasive manner, control drug delivery with customized input kinetics to achieve the desired therapeutic
effects, and reduce the onset time of drug action. The
flux-enhancing mechanisms due to the electric field (i.e.
direct field effect, electrophoresis, or electrorepulsion) in
skin iontophoresis have been extensively studied and
shown to be in agreement with the Nernst-Planck model
for monovalent ionic permeants. For permeants of multiple charges, however, a discrepancy between the experimental and theoretical values was observed [39, 40]. The
discrepancy can be attributed to the failure of the Einstein
relation between electrophoretic mobilities and diffusion
coefficients to predict the electrophoretic mobilities of
these permeants in practice (e.g. electrophoretic effect,
relaxation effect, and/or counterion condensation in
nonideal solution) [39]. In this case, the experimentally
determined electrophoretic mobilities of the permeants
should be used; transdermal iontophoretic transport enhancement was shown to be consistent with predictions
using the experimental electrophoretic mobilities of the
permeants such as those determined using capillary electrophoresis [40].
In addition to the direct field effect, the effects of electroosmosis and its contribution to iontophoretic transport should be considered when the ionic permeants have
low charge to molecular size ratios or when neutral molecules are the permeants. Electroosmosis is the convective solvent flow resulting from the momentum associated with the movement of the excess counterions in the
double layer (Debye-Huckel layer) adjacent to the surface
of the pores in a charged membrane. Thus, the extent of
electroosmosis is related to the thickness of the double
layer and the ionic strength of the solution in the pores of
the skin. Through these relationships, skin electroosmosis has been used to characterize the skin polar pathway
[41–43].
To incorporate the effects of convective solvent transport due to electroosmosis in electrotransport across skin
during iontophoresis, the Nernst-Planck equation can be
modified [44]:
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Fig. 5. Peclet number (Pe) of electroosmotic transport versus applied electrical potential across skin; squares = sucrose; triangles =
mannitol; diamonds = urea. Positive applied potential denotes anodal iontophoresis and negative potential denotes cathodal iontophoresis. A negative Peclet number indicates electroosmotic flow
from cathode to anode. The dashed and dashed-dotted lines represent the extrapolations of the Peclet numbers from the positive
potential (anodal iontophoresis) to negative potential (cathodal
iontophoresis) for mannitol and urea, respectively, assuming a single-pore charge membrane model. Data from Li et al. [49] and
Peck et al. [42]. Cathodal iontophoresis data of sucrose are not
available.
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Fig. 6. Relationships between the transdermal flux enhancement

under AC iontophoresis across skin and AC frequency; open triangles = mannitol; closed triangles = TEA. The dashed line represents the fitting of the AC iontophoresis model to the experimental
data. Data from Yan et al. [48].

Alternating Current Iontophoresis
The properties of the skin polar pathway were previously studied using alternating current (AC) iontophoresis. For example, the relationship between flux enhancement and AC frequency of iontophoretic transport across
hydrated skin was investigated to provide insights into the
nature of the polar pathways for both passive and ionto-

phoretic transport across fully hydrated skin [48]. An advantage of AC iontophoresis is that it allows the characterization of the skin polar pathway by controlling pore
induction in the stratum corneum during iontophoresis.
AC iontophoresis of high enough AC frequency also does
not result in significant flux enhancement due to electroosmosis. Parameters such as the effective pore size of the
skin polar pathway under an electric field can therefore be
assessed under ‘passive’ conditions using neutral permeants without any flux enhancement contributions from
electroosmosis. While the present discussion will focus on
the low voltage AC experiments that provide information
regarding the intrinsic properties of the skin polar pathway, the readers can refer to the references for the studies
of the polar pathways induced by electropermeabilization
during high voltage AC iontophoresis [12, 49].
Figure 6 presents the relationships between the flux enhancement across skin and AC frequency under 0.5-volt
AC iontophoresis (symmetric AC without DC offset). At
high AC frequency, the flux approached the passive permeability value, and at low AC frequency, the flux approached the upper limit of AC iontophoretic flux corresponding to one half of the flux expected from direct current iontophoresis (i.e. direct current iontophoresis with
50% duty cycle). The AC flux enhancement versus the AC
frequency profile for TEA in the figure is consistent with
electrotransport across a homogeneous membrane (the
curve fitting of a theoretical AC electrotransport model).

Passive and Iontophoretic Transport
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equation 9. The results of cathodal iontophoresis in the
figure indicate a significant deviation between the experimental data and the predictions from the single-pore
charge type assumption. Although the negatively charged
polar pathway in skin dominated electroosmotic transport
during anodal iontophoresis, there were effectively some
positive and/or neutral pores in the skin at neutral pH,
contributing to the faster than expected permeant transport during cathodal iontophoresis: the deviation between
the apparent Pe numbers during cathodal iontophoresis
and the extrapolated theoretical lines at –0.25 and –0.5 V.
This suggests significant pore charge distribution of the
polar pathway in skin, similar to the hypotheses proposed
in other studies [46, 47].
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Fig. 7. Comparison of experimental and predicted direct-field en-

hancement factors for iontophoretic transport of TEA and MA
with background electrolytes TEAP, TEAB, KCl, and NaF after
corrections of the changes in Rskin during iontophoresis. The direct
field enhancement predicted by the Nernst-Planck model is represented by the solid line; squares = TEA (background electrolyte
KCl); triangles = TEA (background electrolyte TEAB); circles =
TEA (background electrolyte TEAP); diamonds = MA (background electrolyte TEAP); crosses = MA (background electrolyte
NaF). Data from Zhu et al. [50].

However, the AC frequency for achieving the full effect of
iontophoretic enhancement at low AC frequency was lower than anticipated from the stratum corneum thickness.
Using the AC iontophoretic transport model [48], the effective thickness of the stratum corneum determined using
the AC iontophoresis data was 0.3 mm, significantly thicker than the thickness of the stratum corneum. This suggests
that the polar pathway is best characterized as a complex
tortuous intercellular pore structure in the stratum corneum rather than as a straight ‘shunt’ across the stratum
corneum. Particularly, the skin polar pathway can be
viewed as transport across multiple barriers in series with
reservoirs interconnected by tortuous pores in the skin.
Electropermeabilization during Skin Iontophoresis
The Nernst-Planck equation discussed so far (equation 6) is mainly used to describe electrotransport of a
permeant across an inert membrane. This Nernst-Planck
model can be further modified to take into account the
effects of electropermeabiliziation (electroporation) and
hindered transport during skin iontophoresis [39, 50]:
£¦
dC
J  ion ¦¤ H ⴕD ¡¡
¦¦
¡¢ dx
¥¦
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Enhancement factor

350

where H′ is the hindrance factor of electrophoretic transport, W is the hindrance factor of convective transport
due to electroosmosis, and εion is the effective porosity of
the membrane as a result of electropermeabilization during iontophoresis. The hindrance factors H′ and W are
related to the ratio of solute molecular size to the effective
pore size (or pore radius) of the transport pathway as described earlier. The effective porosity term describes the
extent of electropermeabilization of the membrane under the electric field. Electropermeabilization (pore induction or electroporation) is believed to be a major
transdermal flux-enhancing mechanism during iontophoresis at moderate voltage (e.g. 1.0–10 V) and has been
investigated previously [51]. The effect of pore induction
upon transdermal flux enhancement was illustrated by
the decrease in the Rskin during iontophoresis and the
correlation between transdermal flux and Rskin. It has
been shown that the enhancement factors due to electropermeabilization can be quantified by the changes in
Rskin with excellent agreement between theoretical predictions and experimental data when the molecular size
of the permeant is similar to the ion sizes of the background electrolyte in the solution [50]. Figure 7 shows a
comparison between experimental and predicted directfield enhancement factors of iontophoretic transport of
TEA and methylammonium (MA) across skin in background electrolyte solutions of potassium chloride (KCl),
tetraethylammonium bromide (TEAB), tetraethylammonium pivalate (TEAP), or sodium fluoride (NaF), after taking into account the effect of electropermeabilization (i.e. the changes in Rskin). The results show excellent
agreement between the experimental results and theoretical predictions of the modified Nernst-Planck model
with only modest data scatter when the ion sizes of the
background electrolyte and permeant were approximately the same (e.g. TEA as the permeant and TEAP as
the background electrolyte or MA as the permeant and
NaF as the background electrolyte). When the electrolyte
and permeant sizes are different (e.g. TEA as the permeant and KCl as the background electrolyte or MA as the
permeant and TEAP as the background electrolyte), the
calculated flux enhancement factors using the Rskin data
are inconsistent with model predictions with large variations in the experimental results. This demonstrated that
the flux enhancement due to electropermeabilization
during iontophoresis can be characterized by the changes in Rskin when the background electrolyte ion sizes
matched with the permeant ion sizes.
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William Higuchi’s Mentoring Philosophy and
Influence

The present paper reviewed the topics related to the
transport of polar and ionic permeants across skin under
passive diffusion and iontophoresis conditions with a focus on the transport mechanisms. The skin parallel pathway model consisting of the polar and lipoidal pathways
was first discussed. Despite the lack of knowledge on the
specific structures related to the polar pathway in the stra-

Each of Dr. Higuchi’s graduate students, whether at
the University of Michigan or University of Utah, will
forever remember what it was like to meet one-on-one
with him in his office. Every available inch of counter and
table space was stacked dangerously high with papers,
manuscripts, and journals, and on numerous occasions,
he demonstrated an amazing ability to locate a specific
article from one of the piles in a matter of minutes leading
his students to conclude that he knew the specific location
of every article in every pile. In these meetings, the mood
was mostly serious and remained almost solely focused
on the science at hand. The discussions were always intense and 9 out of 10 times ended with the student silently concluding that he or she would never be able to analyze every angle of the data and that graduation was an
impossible dream. Dr. Higuchi’s approach to mentoring
graduate students molded them into independent scientists capable of standing on their own feet. The effectiveness of his mentoring is evidenced by the success of his
former students over the years in both industrial and academic venues. From his office, filled with stacks of articles
and graduate students’ sweat, his research has spread an
incalculable influence on transdermal drug delivery and
pharmaceutical chemistry in general.
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tum corneum, the contribution of this pathway to skin
permeation of polar and ionic permeants is important.
Another aspect of skin transport that is frequently not
considered is the dermis barrier. A comprehensive model for skin permeation should include the contribution of
the dermis, especially for the permeation of highly lipophilic permeants and for predicting drug concentration
in the skin to understand topical drug delivery. In addition to skin permeation under passive diffusion, the polar
pathway is also responsible for iontophoretic transport.
Under low voltage iontophoresis, the intrinsic properties
of this pathway have been studied. The flux-enhancing
mechanisms of transdermal iontophoresis have been
evaluated and effectively modeled. This information is reviewed in the present paper. For iontophoresis involving
electropermeabilization of the stratum corneum, the polar pathway is likely to be altered under the electric field.
Nevertheless, studies of the transport pathway properties
during iontophoresis can provide insights into the nature
of the polar pathway for understanding and predicting
transdermal passive and iontophoretic drug delivery.
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