Human Skin is Permselective for the Small, Monovalent Cations
Sodium and Potassium but not for Nickel and Chromium
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ABSTRACT: The molar conductance of excised human skin (Agi,) immersed in electrolyte
solutions comprising four cationic (Na*, K*, Ni?*, and Cr3+) and five anionic (C1-, NO3~, SO42~,
CrO,2-, and Cry0,%") species was determined as a function of concentration in Franz diffusion
cells. Cation transport numbers for four of these electrolytes were measured in Franz cells
by the electromotive force method. Parallel experiments were conducted in solutions alone to
establish the validity of the technique. Molar conductance decreased with increasing concen-
tration, following the Kohlrausch law, over a 4-12-fold concentration range. Molar conductance
and cation transport values at infinite dilution were extrapolated from these data and used to
estimate ionic conductances at infinite dilution. These values were subsequently used to calcu-
late limiting ion mobilities and diffusivities in solution and skin. Results for skin showed the
expected increase in cation permselectivity for monovalent cations and a 40-110-fold reduction
in effective diffusivities with respect to those in solution. However, Ni?* and Cr®* were relatively
less mobile in skin than in solution. Salt diffusivities calculated from ionic mobilities in skin
provided a partial explanation for the difference in allergenic potency of NiCly, compared with
NiSO, and Cr3* versus Cr®* salts. © 2013 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 102:2241-2253, 2013
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INTRODUCTION

The skin has often been stated to be permselective for
cations, based on electro-osmotic flow! and sodium
ion transference numbers.2* But, is this true for all
cations or just the ones that dominate electro-osmotic
flow? How does this permselectivity impact the ab-
sorption of hazardous metal allergens (e.g., Ni** and
Cr?*) or potentially allergenic quaternary ammonium
salts (e.g., cationic hair dyes) when they contact the
skin either as simple salts or as components of more
complex electrolyte solutions? Can characterization
of the skin transport properties of a selected set of
electrolytes, in combination with appropriate elec-
trodiffusion models, lead to an improved capability
to assess the risk associated with dermal exposure
to these substances? We hold that the answers to
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all of these questions are important, a position sup-
ported by a recent request for proposals from the Eu-
ropean chemical industry for skin absorption models
that can (among a list of objectives) effectively deal
with the skin permeation of charged and other highly
hydrophilic substances.?

Considering that there is already a book on metal
ion absorption through the skin® and that sophisti-
cated models for the skin’s polar pathway have been
available for a decade,”® one might anticipate that
the experimental and theoretical basis for a predic-
tive model of ion permeation through skin has already
been established. This, in fact, was our expectation
when we set about trying to produce such a model
under National Institute of Occupational Safety and
Health sponsorship (R01 OHO007529). However, a
close examination of these sources, described below,
convinced us that an unambiguous formulation of the
polar pathway, as it applies to passive permeation of
charged substances, was not yet possible. This finding
was an impetus for the work described here, as well
as an additional theoretical development that will be
reported elsewhere.
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The permeation of common metal allergens
through skin has been studied using both in vitro 10-21
and in vivo®1022-24 methodologies; a summary of
metal salt absorption data through the 1990s can be
found in Ref. 6. However, a close examination of these
data reveals a wide variation in experimental condi-
tions and a lack of comparative data obtained under
standardized conditions; consequently, a systematic
understanding of metal salt absorption has not yet
been achieved. Outstanding questions include the fol-
lowing: Can the low permeability of Cr?* be attributed
to its binding with epidermal tissue or should it be as-
cribed to olation and, hence, steric hindrance??® Can
the observation that nickel chloride is a more potent
allergen than nickel sulfate?® be quantitatively re-
lated to skin permeation? For chromium, an apparent
dichotomy exists between the actual elicitor of the im-
munological response (Cr3+)27 and the oxidation state
that more readily permeates skin (Cr®*).17 This, how-
ever, can be explained by the small but significant
reduction capability of the skin, whereby Cr%+ is con-
verted to Cr®* .27 The risk associated with such expo-
sures is presently addressed on a case-by-case basis
with little theoretical guidance. How should one best
approach the estimation of electrolyte skin perme-
ation, and what specific factors should be included for
a more accurate risk assessment for metal allergen
exposures?

Seemingly unrelated literature discusses the po-
lar pathway in skin”-?28-32 and the perturbing ef-
fect of hydration, electrical fields, and acoustical
fields thereon.?-30-32-36 Sophisticated theories to ex-
plain these effects have been proposed, with at least
two allowing extrapolation to the passive permeabil-
ity 1limit.30-3% However, the existing theories do not,
in our hands, lead immediately to predictions of the
passive skin permeation of metal salts or of other po-
tentially hazardous ionic species. A specific objective
of our work was to develop a polar pathway theory
that yields useful predictions for metal allergen per-
meation through skin following a consumer or work-
place exposure.

The present study represents a step toward this
objective. Our aim in this investigation was to
determine whether electrical resistance and elec-
tromotive force (EMF) measurements of hydrated
excised skin immersed in appropriate electrolyte so-
lutions could be used to estimate ion mobilities in
the skin’s polar pathway. Because the mobilities are
intimately related to salt diffusivities under passive
conditions,?”-38 a successful application of this ap-
proach could lead to rapid characterization of the
skin transport parameters for a wide variety of ions.
To this end, molar conductance determinations for
10 aqueous electrolytes comprising four cations (Na™,
K+, Ni?*, and Cr®*) and five anions (C1-, NO; , SO2~,
CrOZ‘, and Cro02~, ) were made as a function of elec-
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trolyte concentration. Cation transport numbers for
the four chloride salts were determined by an inde-
pendent method--the EMF method-—involving mea-
surement of diffusion potentials. Extrapolation of
both the conductances (via the Kohlrausch law>®) and
transport measurements to infinite dilution, followed
by subsequent analysis, led to the estimates of ionic
conductances and mobilities in skin. Parallel experi-
ments conducted in the absence of skin allowed ver-
ification of the test method through comparison of
limiting molar conductances and cation transport
numbers with literature values. Finally, the ratio of
conductance measurements in skin and solution al-
lowed an interpretation of the parameters utilized in
the polar pathway theory, yielding the basis for a pre-
dictive algorithm.

MATERIALS AND METHODS
Electrolyte Solutions

KQCI‘207, KQCI‘O4, Na2CrO4, NaQCr2O7, Ni(NOg)z,
NiSO4, and CrCl; were purchased from Sigma—
Aldrich (St. Louis, Missouri) with a stated purity
of greater than 99.5%. NaCl and NiCl, were pur-
chased from Fischer Scientific (Fair Lawn, New
Jersey) with a stated purity of greater than 95%.
Conductivity standard KClI solutions were purchased
from LabChem Inc. (Pittsburg, Pennsylvania). All
electrolytes except KCl were received in solid form
and were dissolved in deionized (DI) water ob-
tained from a commercial filtering system (US Fil-
ter/Siemens Water, Lowell, Massachusetts, set point
15.62 M cm at 25°C) to prepare stock electrolyte
solutions: 0.154 M NaCl and KCI, and 0.0775 M for
the remaining solutions. Six to eight serial dilutions
were made from each stock solution. The concentra-
tions employed in the analysis were 0.0125—0.154
M for NaCl and KCl, 0.0125-0.0775 M for NiCl,,
0.0206—-0.0775 M for CrCls, and 0.0163—0.0775 M
for the remainder of the solutions, respectively. Tests
with NaCl and NiCl, showed that lower concentra-
tions yielded anomalously high molar conductivity
values in our apparatus.

Solution Conductivity Measurements

Modified Franz diffusion cells (0.79 cm?) maintained
at 32°C in aluminum blocks were utilized for all ex-
perimental procedures.?® For the solution measure-
ments, the cells were filled with the appropriate elec-
trolyte solution to a level approximately 0.5 cm above
the ground glass joint. A four-terminal AC resistance
technique was employed, with both driving and sens-
ing electrodes in each compartment. The Ag/AgCl
electrodes were constructed from 5 cm lengths of an
Ag wire (1.0 mm diameter; ~99.999%; Alfa Aesar,
Ward Hill, Massachusetts) electrolyzed in a 0.1 N HCl
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solution. These electrodes were placed in a series
with an Agilent Model 33220A waveform genera-
tor (Agilent Technologies, Santa Clara, California),
a 98.28 k2 resistor (to establish a reference voltage),
and a 1 MQ resistor (to limit current in the circuit).
A sinusoidal signal, 20 Hz and 10 Vp-p, was gener-
ated by the waveform generator, and the voltage drop
across the sensing electrodes was measured with a
Keithley Model 175A digital multimeter (Keithley In-
struments, Cleveland, Ohio). These settings correlate
to a root mean square (RMS) AC current of approx-
imately 7 pA, which is well below that commonly
used in iontophoresis. A switch box allowed the pro-
curement of the voltage across the 98.28 kQ2 resistor,
and the ratio of the voltage drops yielded the solu-
tion resistance Ro1,. Electrolyte solutions were tested
in order of increasing concentration to minimize the
chance of contamination, with thorough rinsing be-
tween solutions of different concentration or compo-
sition.

Electrode design and placement were found to be
important in obtaining reproducible measurements.
To ensure point-source functionality of the electrodes,
the entire length of each electrode was encased in a
heat-shrink tape, allowing only the tips to remain ex-
posed. The electrodes for each compartment were also
taped together to provide extra stability as well as to
ensure the maintenance of parallel, equidistant elec-
trode tips. Taping also allowed for uniform electrode
orientation during insertion into the ports, and served
as an insertion marker for consistency of depth. All of
these factors were important for electrical measure-
ment reproducibility. 4

The cell parameter K, corresponding to the effec-
tive ratio of the path length [/ to cross-sectional area
A, for the diffusion cells was obtained by calibration
with 0.154 M NaCl. Reproducibility considerations in
solution measurements and geometrical restrictions
in skin resistance experiments necessitated the use
of two different electrode separation distances, and
hence, cell parameters. The K values determined from
these measurements were 1.47 and 5.06 cm™! for so-
lution and skin experiments, respectively. Solution
resistance Ry, (22) was converted to specific resis-
tivity p (2 cm) according to p = R,/K, and specific
conductivity o (27! em™!) was calculated as o = 1/p.
Molar conductance Agyn (¢cm? mol~! Q1) for each so-
lution concentration was then calculated as Agn =
o/c, where c is the electrolyte concentration expressed

in mol cm 3.

Skin Conductivity Measurements

Split-thickness human cadaver skin (350—400 pm)
from seven donors was obtained from The New York
Firefighters Skin Bank (New York, New York). All
samples were posterior torso specimens from male
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donors of varying ethnicity. The skin was kept frozen
at —80°C until use. Just prior to use, the skin was
quickly thawed by immersion in distilled water, then
immediately mounted in the diffusion cells. Both sur-
faces were hydrated overnight in DI water with the
receptor solutions maintained at 37°C, yielding a skin
surface temperature of about 32°C. This hydration
procedure allowed any mobile endogenous ions to
leach out of the tissue. After 24 h, the cells were
emptied and five of the six cells were refilled with
the lowest concentration of the test solution. The re-
maining cell was filled with the corresponding con-
centration of NaCl to serve as a control. Conductivity
measurements were carried out as described above,
and the process was repeated for the remaining so-
lutions. Skin samples displaying a resistance Rgkin
less than 25 kQ at any time during the study were
rejected, based on literature reports*4%-4! that spec-
ified this as an acceptable criterion for in vitro skin
integrity. Each electrolyte was tested on three skin
donors, with a minimum of five replicates per donor.
Overall, 30 experiments were conducted for a total of
180 skin conductivity measurements.

Transport Number Measurements

Solution and skin cation transport numbers were
obtained by the EMF method*? for the four elec-
trolytes containing chloride, as it was necessary to
have an ion in common with the Ag/AgCl electrodes
to conduct these experiments. Transport number ex-
periments utilized electrolyte concentrations ranging
from 0.0125 to 0.154 M (NaCl, KCIl) or 0.0125 to
0.0775 M (NiCly, CrCls). Two dialysis membranes
[previously prepared by soaking first in DI water,
then a 30:70 (v/v) EtOH-water mixture, followed by
a thorough rinse] were mounted in Franz diffusion
cells, with the skin measurements utilizing an ad-
ditional intervening layer of skin. The rationale for
this technique was to reduce any spurious contribu-
tions to transport measurements via release of en-
dogenous high-molecular-weight electrolytes from the
skin.*? The system was equilibrated for 24 h. Dur-
ing this time, both compartments were filled with
the maximum electrolyte concentration, and the so-
lutions were stirred to minimize the boundary layer
effects. Ag/AgCl electrodes were likewise simultane-
ously conditioned in a separate vial of electrolyte.
Prior to each experiment, both compartments were
emptied, then refilled with the maximum concentra-
tion in the donor compartment and the lowest concen-
tration in the receptor compartment. The equilibrated
electrodes were inserted into both the donor and re-
ceptor compartments and connected to an Agilent
Model 34410A digital multimeter (Agilent Technolo-
gies, Santa Clara, California). Voltage measurements
were recorded after the values stabilized (10-30 min).
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The measurements were repeated for the remain-
ing electrolyte concentrations by exchanging the con-
tents of the receptor compartment only; the donor
compartment consistently remained at the maximum
concentration. Solution experiments were conducted
at ambient (25 + 2°C) conditions, and skin values
were obtained with the receptor solution maintained
at 37°C, yielding a skin surface temperature (and
donor solution temperature) of 32°C.

Resistance Measurements as a Function of Immersion
Time

The resistances of representative skin samples were
measured in normal saline over an extended time pe-
riod to determine the effects of initial hydration and
extended immersion. Split-thickness cadaver skin
was mounted in diffusion cells (n = 6) with the stra-
tum corneum surface open to ambient air and the
dermis bathed in 0.154 M NaCl (unbuffered) for a
minimum of 4 h. The pH range of these solutions (de-
termined in separate but comparable experiments)
was 6.2—-6.8 initially and 6.0-6.5 after equilibration
with skin, respectively. Saline solution was then in-
troduced into donor compartment and the skin resis-
tance was measured as previously described. Subse-
quent readings were taken every minute and then
at gradually increasing time intervals until 48 h had
elapsed. This procedure was repeated for three skin
donors. The experiments were then repeated using
phosphate-buffered saline with a measured pH of
7.35.

Data Analysis

The conductance data for each diffusion cell were an-
alyzed individually, then averaged over all the cells to
obtain a mean value of A, OF Agkinisoln and its stan-
dard deviation at each concentration tested. These
values were regressed as a function of ,/c according
to the Kohlrausch law (Eq. 1)38:43:44 to obtain limiting
molar conductances at infinite dilution, A, that is:

A =A% —Act? (D

The limiting molar conductance for skin, A%,
was calculated from A%, 4 soln and A%, by sub-
tracting the reciprocals (because the resistances R =
1/A are additive), then inverting the result. The cor-
rection for solution resistance was small, averaging
less than 7%. Electrolyte theory suggests that A° can
be decomposed into additive contributions from the
individual ionic species according to the Kohlrausch
law of independent migration:

A° = Z ViAj (2)
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where v; is the number of ions of species i per mole of
salt*® and A; is the limiting equivalent ionic conduc-
tance of the species.?® We made the assumption that
such a relationship would hold for both solution and
skin. Transport number, ¢, was obtained from EMF
measurements according to the relationship*®

Covzio

v RT [ In
C1y+1

EMF = ———
U4 F 24

3

where v = ) v, is the total number of cations and
anions per mole of salt; z.. is the valence of the ion of
interest; Cy and C; are the donor and receptor elec-
trolyte concentrations; ys and y; are the respective
activity coefficients; and R, T, and F' have their cus-
tomary meanings of gas constant, absolute tempera-
ture, and Faraday’s constant, respectively. Transport
numbers measured in this manner correspond to the
ion that is not reversible with the chosen electrode,
and hence in this situation represent ¢, .5 Transport
numbers at infinite dilution, ¢ °,, were extrapolated
by a linear regression on Cy, the average of the donor
and receptor concentrations. Cation transport num-
bers and the corresponding values for anions were
also calculated via limiting ionic and molar conduc-
tances according to Eq. 4

£ =vad/A° (4)

The 10 electrolytes studied contained nine distinct
ionic species—four cations and five anions. The con-
ductance data thus led to 10 relationships of the form
of Eq. 2. The transport number data for the four chlo-
ride salts led to four additional, independent rela-
tionships of the form of Eq. 4. Reported values of A;
for both solution and skin were determined by op-
timizing the values of A; in these 14 equations us-
ing a nonlinear least-squares procedure (SigmaPlot;
SysStat Software, San Jose, California). The weights
for the conductance measurements and transport
number measurements were chosen as the recipro-
cal of the average variance o2 of the A? and ¢°, de-
terminations, respectively. This procedure, which cor-
responds to “experimental weighting” as described
by Bevington,*6 appropriately adjusts the regression
for different magnitudes and uncertainties of the two
classes of data. It should be noted that the problem of
determining A; from the conductance data alone is not
well posed, as the equations are linearly dependent.

The uncertainties in the optimized values of 2;
were determined by an auxiliary procedure in which
the value of A; for each ion was systematically var-
ied around the optimum; the regression for the other
eight A; was repeated, and the sum of squared resid-
uals (SSR) was recalculated. Confidence limits on the
A; in question at two levels of uncertainty, 95% and
67%, were calculated by means of an F-test on the
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ratio of SSR to its value at the optimum, SSRyi,.%6 As
there were 14 equations and nine unknowns in these
fits, there were five degrees of freedom and the crit-
ical values of F were 4.39 (95% confidence) and 1.49
(67% confidence). Thus, the confidence limits reflect
the values of A; at which SSR was increased by factors
of 4.39 and 1.49, respectively.

Conventional (not absolute) mobilities u; at infinite
dilution were calculated according to Eq. 5:

u; = A/ |z F (5)

where 1; is expressed on a molar basis, and z; is the
valence. Conventional mobilities are generally used

in electrochemistry, as they represent the drift veloc-
ities under the force exerted by a unit electric field
(1 V cm™1). The Stoke’s ionic radius r; for each ion
was then estimated by solving Eq. 6 for r;:

u; = |z e/6rrin (6)

where e is the electronic charge, and 5 is the viscosity
of the solution. Ionic diffusivities at infinite dilution

were also calculated from the ionic mobilities accord-
ing to

kT RT

Di=ui—— =u—
|zi| e |z;| F°

(7

Equation 7 reduces to the relationship generally
used for diffusion, D= u,,kT because ”Z“;’I‘ev = Ugps.
Equation 7 is also a modified form of the Nernst—
Einstein equation.?®

Salt diffusivities were calculated according to
the Nernst—Hartley relationship** based on limiting

equivalent ionic conductances (Eq. 8a),

v+ +v)A%AY RT

== (8a)
vy 21| (AL +A0) F? ?

salt =

which is equivalent to other more commonly reported
salt diffusivity relationships.?”-4447 Electroneutrality
(i.e., viz1 + wezg = 0) allows for an equivalent ex-
pression of Eq. 8a in terms of valences and transport
numbers:

p.. _ (Bel+ 12Dt A°RT
salt = |Z+Z,| 2

(8b)

Equations 5, 7, 8a, and the electroneutrality rela-
tionship can be combined to yield equivalent conduc-
tance in terms of salt and ionic diffusivities according
to Eq. 9,

a0 _ (el +)D.D_F?

= 9
salt Dsalt RT ( )
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An attempt was made to relate the values of A%,
and A%, to parameters related to the skin’s porous
pathway as defined by other investigators.”-?2°-32 In
general terms, the permeability of this pathway is
usually defined as?®

D H(op)

L (10)

P skin =

where ¢ is porosity, D,q is aqueous diffusivity of the
permeant, H(%,) is the hindrance factor, 7 is tortuos-
ity, and L is the membrane thickness. In Eq. 10, 1, is
the ratio of the permeant radius to that of the pore,
Ap=rs/1,, and should not be confused with ionic con-
ductance. We show in Appendix 1 that the following
relationship holds for each electrolyte:

AO 1 —/80in
ka _ eH(A)h (¢t )0l 11D
Agoln tL (¢4t )skin

where & is the corresponding electrode separation dis-
tance during skin conductivity measurements and ¢,
are the transport numbers. In calculating the con-
ductance ratio in Eq. 11, A%, values measured at
25°C were multiplied by 1.15 to correct them to 32°C;
this corresponds to an increase in electrolyte con-
ductance of approximately 2% for every 1°C rise in
temperature.*®4? For our calculations, we used A =
4.07 cm and a hydrated SC membrane thickness L =
0.0043 cm (43 pm)®® to allow an estimate of ¢/t to
be derived from the molar conductance ratio and Eq.
11. As the permeants were small with respect to the
estimated pore size, we used the Renkin model for
hindrance of a spherical permeant diffusing through
a cylindrical pore as recommended by Deen.’' The
value of H (1), based on the larger of the two ionic
radii was thus given by

H(p) = (1 — Ap)%(1 — 2.1044, + z.ogxg - 0.95Af;)
0<A,<04 (12)

The pore radius was taken to be 32.5 A in ac-
cord with previous estimates.”® This value differed
slightly from the 28 A value used by Tang et al.3® to
calculate their ¢/t values. We furthermore employed
the tortuosity model of Tezel and Mitragotri® to es-
timate t for each electrolyte. Finally, porosity ¢ was
calculated as the product of r and ¢ /z. Details of this
analysis are given in Appendix 2.

Statistical Analysis

One-way analysis of variance (ANOVA) was per-
formed on the NaCl molar conductances at infinite
dilution A%y, measured in each of the experiments,
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Figure 1. Molar conductance at 32°C of split-thickness human skin immersed in aqueous
electrolyte solutions comprised of (a) NaCl, (b) NiCls, (c) CrCls;, and (d) KsCry07. The solid lines
show linear regressions of the data according to Eq. 1.

with skin donor as the blocking variable. A p value of
less than 0.05 was considered to be significant. A #-
test was conducted to assess whether the experimen-
tal values of A%, were significantly different from
literature values. A difference corresponding to p <
0.05 was considered to be significant.

RESULTS

Representative Kohlrausch plots for electrolytes in
skin are shown in Figure 1; the corresponding plots
for solutions are provided in the Supplementary
Material associated with this manuscript. Skin and
solution equivalent conductances at infinite dilution
(A%kin, A%omn) obtained from these data are shown in
Table 1. These are molar conductances expressed on
a charge equivalent basis per standard notation in
the literature.?®-42 To relate these values to the molar
conductances shown in Figure 1, it should be recog-
nized that A% (NiCly) = 2A° (1NiCl,). Solution con-
ductances were in agreement with the literature val-
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ues to within a maximum error of 16%, with an RMS
deviation of 10%. The largest deviations were for the
two dichromate salts (+16% for both), followed by
NiSO4 (—15%). Agreement for the monovalent elec-
trolytes, NaCl and KCl, was within 1%. The RMS
variation of the A%, determinations, calculated over
all electrolytes, was 9%.

Also shown in Table 1 are A%gin/Ason © ratios. The
most notable feature is that skin conductances were
about 1%—-3% of the solution values; equivalently, skin
resistance when immersed in a specific electrolyte
was higher than that of the electrolyte solution alone
by a factor ranging from 36 to 114. NiCly; and CrCl;
yielded the lowest ratios of A%uin/Asom © at 0.88%
each. These ratios reflect the low value of porosity &
for the skin’s polar pathway, as well as possible other
factors including steric hindrance H(%;) and tortuos-
ity 7 (cf. Eqs. 10 and 11). The A%, values and any
derived associated quantities must, therefore, be con-
sidered to be effective properties of the membrane,
not absolute values of electrolyte properties within
the pores.

DOI 10.1002/jps
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Table 1. Limiting Equivalent Conductances of Selected Electrolytes in Aqueous Solution and Skin, Determined as
Described in the Text

Salt A% (cm2 mol~1 Q~1)e Obs Lit A%in (em2 mol 1 @ 12 A0y /Agn® x 100c  References?
NaCl 127 4+ 8(38) 126.0 4.06 £ 1.59(45) 2.78 38
1/2NiCl, 120 + 12(10) 123.3 1.22 £+ 0.08(15) 0.88 55
1/3 CrClg 141 4+ 5(15) 143.3 1.43 £ 0.45(15) 0.88 49,54
1/2NiSOy4 100¢ £ 6(15) 1175 2.01 4+ 0.40(14) 1.74 52
1/2Ni(NOg)q 121 £+ 9(5) 121 1.88 £ 0.35(15) 1.35 49
1/2NasCrOy 134 £+ 6(5) 135.2 2.12 +0.35 (14) 1.37 49
1/2NayCryO7 132 £+ 30(5) 113.8 2.22 4+ 0.40(14) 1.46 49
1/2K5CrOy4 158 + 2(15) 145.1 2.35 + 0.22(14) 1.30 49,53
1/2K,CryO; 158 + 6 (15) 136.8 2.59 + 0.44(15) 143 49
KCl1 150 + 12(15) 150 2.12 + 0.39(15) 1.23 38

a25°C; values expressed as mean + SD [number of determinations].

532°C; values expressed as in Footnote (a).

¢ A%, values corrected to 32°C as described in the text.
dReference for literature value of A%n.

ep < 0.05.

fp = 0.0085.

The average skin conductance value for NaCl
(mean + SD, n = 45) was 4.06 + 1.59 cm? mol ! @1,
reflecting considerable variability between skin sam-
ples. ANOVA analysis of these conductances, with
donor as the blocking variable, showed no significant
difference between the various skin donors (p = 0.18).
This analysis also revealed that the variance between
conductance determinations within skin donors ex-
ceeded that between skin donors. This is not usually
the case for passive diffusion measurements in skin
and may be related to the Franz cell electrode con-
figuration and resulting asymmetrical electric field
(making electrode positioning critical). Whatever the
reason, no adjustment for donor was made in further
analysis of these data. The RMS variation of the A%y,
measurements, calculated over all electrolytes, was
23%. A comparison with the 9% variation observed
for A%, determinations highlights the intersample
variability of skin tissue.

Cation transport numbers in skin for the four
chloride salts, plotted versus average electrolyte
concentration Cy;, are shown in Figure 2. Lim-
iting transport numbers, calculated by regres-
sion of these data versus Cy, are shown in
Table 2. Various investigators have extrapolated 7
on either a /c 38 or ¢ 4245 basis; because the plots in
Figure 2 were linear and ¢, values were nearly con-
stant, we chose ¢ as our basis. However, similar calcu-
lations based on ./c revealed no statistical difference
in the results of the ionic conductivity analyses. Cor-
responding plots for the solution EMF measurements
may be found in the Supplementary Material.

Limiting ionic conductances, Agl, and Aggn, Ob-
tained from the data in Tables 1 and 2 by the min-
imization procedure described earlier are shown in
Table 3. The uncertainties in these values were based
on F-tests at 95% (solution) and 67% (skin) confidence
levels, as described in the Methods. The uncertain-
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ties in the skin ionic conductance values were much
greater than those for the solutions, a finding that re-
sults directly from the intersample variability in the
skin tissue.

Limiting ionic conductivity values were then used
in conjunction with Egs. 5-7 to calculate ion mobil-
ities, hydrated radii, and effective ionic diffusivities
(Table 3). Finally, in conjunction with the relevant A°
value and Eq. 4, they were used to calculate ion trans-
port numbers for all electrolytes in solution and skin
(Table 2, columns 4 and 5). The transport numbers for
Na™ and K* in chloride solutions are in accord with
those available in the literature.-44? Cation trans-
port number ratios for skin relative to solution were
greater than one for Nat and K*, indicating cation
permselectivity. However, for the metal salts contain-
ing polyvalent cations, these ratios were less than one,
demonstrating anion permselectivity. Possible mech-
anisms for this effect are discussed later.

Time-course resistance experiments were con-
ducted to verify that the level of skin hydration em-
ployed in our approach was not adversely affect-
ing the conductance results by compromising skin
integrity; details of these investigations are fully
discussed in the Supplementary Material. Skin re-
sistance values obtained from these in vitro ex-
periments were comparable to literature in vivo
data.?7-58

Salt diffusivities at infinite dilution (skin and so-
lution) calculated from ionic diffusivities by means of
Eq. 8a are summarized in Table 4. Selected literature
values are included for comparison.

Hindrance values H(A4), based on the chosen effec-
tive radius rs to be the literature value of the larger
ion, were calculated according to Eq. 12. Using these
calculated hindrance values, as well as the calcu-
lated transport numbers from Table 2 (column 5),
porosity/tortuosity estimates for each metal salt were
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Figure 2. Cation transport number in skin as a function of average (donor and receptor)
concentration, Cy, for electrolytes (a) NaCl, (b) KCI, (¢) NiCly, and (d) CrCls. The solid lines
show linear regression of the data to yield extrapolated ¢°, values.

calculated according to Eq. 11. Table 5 summarizes
these results. Also shown are tortuosity estimates
(1) based on the model of Tezel and Mitragotri® (Eq.
B.1, Appendix 2) and porosities (¢) calculated as the
product of ¢ /r and 7. The mean porosity value, ¢ =

(1.43 + 0.61) x 10~*, is within an order of magnitude
of most other estimates of this parameter.”830,31,35
Furthermore, salts tested on the same donors yielded
similar values of ¢. This is expected because ¢ is a
property of the membrane only.”-35

Table 2. Cationic Transport Numbers (t°,) Measured in EMF Experiments and Those Calculated from the Ionic Conductivity Values

in Table 3 According to Eq. 4

Salt Solution EMF® Skin EMF® Solution (Eq. 4) Skin (Eq. 4) ¢ skinjg soln (b)
NaCl 0.41 + 0.04(9) 0.50 £ 0.07(9) 0.40 0.53 1.33
NiCly 0.37 + 0.04(9) 0.32 + 0.03(9) 0.37 0.31 0.84
CrCls 0.46 + 0.05(9) 0.28 + 0.03(9) 0.46 0.27 0.59
NiSO4 - - 0.45 0.25 0.56
Ni(NO3); - - 0.37 0.27 0.73
NayCrOy - - 0.38 0.58 1.53
NayCryO7 - - 0.38 0.54 1.42
KyCrOy - - 0.47 0.61 1.30
K201‘207 - — 0.48 0.57 1.19
KC1 0.50 4 0.05 (3) 0.56 £ 0.11(3) 0.50 0.56 1.12

aMean + SD (no. of determinations).
bRatio of column 5 to column 4.
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Table 3. Limiting Ionic Conductances (1), Mobilities (x), and Effective Diffusivities (D) Calculated from the Data in Tables 1 and 2 as
Described in the Text

A; (cm? mol~1 Q1) u x 10% (cm?2 V-1 g1) D x 107 (cm? s71) Fsoln (A)

Salt Solution® Skin® Solution® Skin® Solution® Skin® Observed Literature¢
K+ 7514+ 2.8 1.42 + 0.56 779 1.47 200.2 3.87 1.21 1.5
Na* 51.1+25 1.26 £+ 0.53 53.0 1.30 136.3 3.42 1.78 2.25
Niz+ 89.9+4.3 1.00 + 0.47 46.6 0.52 59.9 0.68 4.05 3.0
Cr3t 193.8 £ 6.2 1.21 + 0.62 66.9 0.42 574 0.37 4.23 4.5
Cl~ 7594+ 1.6 1.11 £ 0.25 78.7 1.15 202.3 3.01 1.20 1.5
NO3~ 76.1 + 2.0 1.38 £ 0.71 78.8 1.43 202.7 3.76 1.20 1.5
5042’ 110.1 +£8.2 3.01 +1.39 571 1.56 73.4 2.05 3.31 2.0
CrO4%~ 166.2 + 6.8 1.79 +£ 1.36 86.1 0.93 110.8 1.22 2.19 2.0
Cr2072’ 163.7 +£ 6.8 2.13 +1.35 84.9 1.10 109.1 1.45 2.22 2.5d

a25°C; values given as mean + uncertainty at 95% confidence level.
032°C; values given as mean =+ uncertainty at 67% confidence level.
¢Values taken from Ref. 56.

dEstimated value.

Table 4. Salt Diffusivities at Infinite Dilution in Solution and
Skin Calculated According to the Nernst—Hartley Relationship,

been postulated to explain the permeation of highly
hydrophilic species such as sugars and inorganic

Eq. 8a ions—substances to which SC lipids are essentially

Deart x 107 (cm? s~1) impermeable.’® The weaker temperature dependence

X - of SC permeability to these species as compared with

Solution Skin lipophilic compounds provides one of the strongest

Equation 8a Literature Equation 8a arguments in support of this statement.??-6 Further

NaCl 163 390 support comes from the fact that the specific resis-

NiCl, 113 115 (Ref. 55) 141 tance of human skin even when measured in vivo

CrCl; 124 122 (Ref. 54) 1.07 (590-1170 kQ cm?) after a 5 min equilibration in nor-

NiSOy 066 1.02 mal saline®® is less than that of a single phospholipid

Ni(NO3), 113 1.50 bilayer (~1 MQ cm?).51-62 It has been argued that the
NagCrOy 126 2.14 . . .

NayCryOr 197 9.35 polar pathway is mainly an artifact of the damage

KyCrOy 158 145 (Ref. 53) 294 incurred when skin properties are manipulated elec-

K2CryOr 155 2.48 trically or acoustically.53-%4 But the fact that individu-

KCl 202 3.39 als experience skin sensitization to metal allergens—

even with mild but recurring exposures such as to

the back of a watch®—argues that it plays an im-

DISCUSSION portant role in dermal exposure. In the case of com-

promised skin, such as the hands of nurses, hair-
dressers, and cement workers, the polar pathway be-
comes quite significant. We note that Tregear,%¢ many
years ago, reported passive permeation of sodium and
bromide ions in vivo in humans. The polar pathway

The question of the existence of an aqueous-
continuous permeation pathway through the SC has
engendered much discussion. Such a pathway has

Table 5. Porosities (¢) and Tortuosities (r) Associated with Ion
Transport Through Hydrated Human Skin In Vitro, Calculated as
Described in the Text

Salt elt x 105 T & x 104
NaCl 4.11 7.32 3.01
NiCly 1.28 6.67 0.85
CrCls 1.40 5.61 0.75¢
NiSOy4 2.10 6.67 1.40¢
Ni(NO3)s 1.82 6.67 1.216
NayCrOy 2.02 7.32 1.47%
NayCreO7 2.19 7.09 1.26
KyCrOy 1.71 7.56 1.286
K5Crs 07 2.01 7.09 1.4206
KC1 1.56 8.08 1.55
Mean £ SD 1.43 £ 0.61

aSalts tested on skin donors 3,4,5.
bSalts tested on skin donors 4,5,6.
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is thought by many to be comprising a combination of
shunt pathways in skin appendages and defects in SC
lipids.”-2-31:67-70 On the basis of the in vitro studies, it
is size selective with effective pore radii in the range
of 25-35 A‘7,29,30,34,35

To address the relationship of the present mea-
surements to permeability of human skin in vivo, we
conducted the normal saline skin conductivity exper-
iments summarized in the Supplementary Material.
The average tissue resistance after a 48-h immersion
in buffered saline was greater than 100 kQ cm?. On
the basis of the comparison of these results with other
published values of skin resistance,?4%%7!1 we con-
sider that the in vitro model is a reasonable represen-
tation of human skin in vivo, even after immersion
for up to 2 days.
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Figure 3. Skin mobility relative to solution as a function
of ionic radius of cations (e) and anions (o); solid line cor-
responds to cationic regression. Restriction resulting from
size is clearer for cations than anions because of the greater
variation in ionic radii.

Quantitative modeling of the skin’s polar path-
way has largely been based on the permeation of
uncharged, hydrophilic permeants under passive,?’
iontophoretic,”>""* or sonophoretic®3%:32:34-36 condi-
tions. Although a few ions like sodium,2457.58
chloride,® and tetraethyl ammonium?® have received
attention, wide variation exists in literature perme-
ation data for metal allergens.®1%-?* Development of
a predictive skin absorption model requires either ac-
curate permeation data or diffusivities for the per-
meants of interest, in addition to other parameters
unique to the polar pathway—porosity, hindrance fac-
tor, and tortuosity.

According to Cussler,?” conductance measurements
offer a facile approach for characterizing the diffu-
sion of strong electrolytes such as metal salts through
membranes. For potential measurements to be indica-
tive of passive diffusion ion permeability, one must
assume that the ions permeate entirely through the
membrane, without any endogenous membrane ions
contributing to the total ion permeation. In this study,
we investigated the conductivity of hydrated skin im-
mersed in electrolyte solutions and found an inverse
linear correlation between molar conductance values
and the square root of concentration, similar to the
Kohlrausch behavior displayed in solutions alone (cf.
Fig. 1). Skin equivalent conductances at infinite dilu-
tion, A%uin, were of primary interest as a conservative
estimator for risk assessment. We found a 36-114-
fold reduction in skin molar conductances compared
with those in solution, which could be interpreted on
the basis of microporous membrane properties (Eq.
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11). In Table 1, these values are reported on a charge
equivalent basis to provide a clearer picture of the
restrictions imposed by membrane diffusion. The fact
that the ratio A%gin/AOsoln is substantially lower for
salts of divalent and trivalent ions as compared with
NaCl is evidence of such restrictions (Table 1). For
cations, there is evidence that hydrated ionic radius
may play an important role in this selectivity. This
may be seen from Figure 3, which shows that the ra-
tio of ionic mobility in skin to that in solution falls
off with increasing hydrated radius. The trend for an-
ions is less compelling; however, the size range of the
tested species was small.

In regards to the oft-repeated statement that the
skin is permselective for cations,!™ Table 2 shows
that this is not always the case. It is permselective
for the monovalent cations Na™ and K*. However,
just the opposite effect was found for the polyva-
lent ions Ni2* and Cr3t, at least with the counte-
rions tested; this is in accord with the literature.?
The degree of cation permselectivity is quantified by
the skin/solution transport number ratios shown in
Table 2. The reduced transport numbers for poly-
valent cations may in part be related to pH, as the
solutions were intentionally left unbuffered. For ex-
ample, Gammelgaard et al.l” reported pH values of
4.2 and 2.9 for 0.5% potassium dichromate and 0.034
M CrCl;3 solutions, respectively. Let us assume sim-
ilar pH values prevailed in the present conductivity
experiments. As the isoelectric point of skin is ap-
proximately 4.0 (range 3—4.6),27-" the skin would
be positively charged in CrClg solutions and close to
neutral in Ky;CryO7 solutions. These conditions would
favor the permeation of C1~ versus Cr®*, but would
not explain the cation permselectivity for KyCreO7.
Thus, the hydrated size of the polyvalent cations
(Fig. 3) is a more likely factor contributing to their
poor permeation. Furthermore, both Ni?t and Cr?*
have been shown to bind to skin proteins; Ni?* does
so reversibly,'2%0 whereas Cr?" binding is stable.!!
Such binding may well play a secondary role in the low
diffusivities of these two species in skin (Table 3) and
associated cation transference numbers (Table 2).

The salt diffusivity estimates in skin (Table 4, col-
umn 4) suggest a mechanism for the higher allergenic
potency of NiCly (Dga¢ = 1.41 x 10~7 em? s71) versus
NiSO4 (Dgait = 1.02 x 1077 cm? s71).26 These findings
support the Fullerton et al.'® data on the compara-
tive effect of counterion on nickel salt permeation.
They also align with the Gammelgaard et al.!” find-
ing that oxyanions of Cr®* are better skin permeants
than Cr3t, a key result in understanding the aller-
genic properties of chromium.2” Confirmation of these
predictions with controlled ion permeation measure-
ments is warranted.
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CONCLUSIONS

Conductivity measurements for 10 electrolyte solu-
tions, in combination with EMF transport measure-
ments for the four chloride salts in the absence and
presence of skin, were used to obtain skin and solution
ionic mobilities, diffusivities, and transport numbers.
Transport numbers show a permselectivity for mono-
valent cations (i.e., Nat and K™) in the skin and an
inverse dependence on hydrated radius for cation mo-
bilities, reflecting hindrance restrictions in the skin
for Ni?t and Cr®* compounds. Effective ionic diffu-
sivities in skin were significantly reduced (~36-114-
fold) versus solution values. When interpreted on the
basis of existing polar pathway theory, these results
were consistent with a tortuosity factor of 5-7 and a
membrane porosity of (1-2) x 10~ for ion permeation
through hydrated stratum corneum.

Effective diffusivities for the salts in skin calcu-
lated from the ionic diffusivity values reported here
may aid in predictive skin permeation modeling for
metal allergens. Moreover, it seems likely that these
results can be extended to the organic ions of interest
to industrial concerns and regulatory bodies through
additional experimentation and modeling. The ratio-
nale for such research is to improve the risk assess-
ment process for highly polar constituents of topical
formulations.
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Appendix 1
DERIVATION OF Eq. 11

Consider the space between the sensing electrodes in
the diffusion cell to consist of two media in series,
the aqueous electrolyte solution and the skin. The
permeability of the skin in terms of the polar pathway
parameters can be defined as

D H(L)

L (A1)

P skin =

Likewise, the permeability of the aqueous solution
alone can be defined as

(A.2)
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where K, the partition coefficient, equals 1. Thus, a
ratio of these two terms yields

Pyin _ eH(DR
P soln - L

(A.3)

However, permeability is also proportional to dif-
fusivity, as calculated by the Nernst—Hartley** rela-
tionship (Eq. 7b). Expressed in conductance terms for
solution only, this would be

T _
}E_MAO (tthf)soln (A4)

Psoln X Dsoln =
F2 |Z+Z| soln

and likewise for the polar pathway in skin

T _
BT+ 121 o (44 ) (AS)

Pskin X Dskin = . i
F2 |Z+Z_ | skin

A ratio of permeabilties in terms of conductivities
yields

Pskin _ Agkin (t+t— )skin

= (A.6)
Psoln Aglon (t+t— )soln
Hence, combining Eqgs. A.3 and A.6 yields:
Aok- eH(Mh (t+t— )soln
SKIn — A.
A° L (t+t7)skin (A1

slon

which is Eq. 11 in the text.

Appendix 2

TORTUOSITY AS A FUNCTION OF PERMEANT SIZE
ONLY

Although a variety of geometrical arrangements for
a porous pathway in stratum corneum may be envi-
sioned, a cubical lattice of cylindrical pores has been
used for the sake of simplicity. Tezel and Mitragotri®
assumed such a model. This approach yielded an
equation for tortuosity based on several permeant and
membrane parameters. A least squares fitting of their
equation under conditions specific to passive diffu-
sion (see full details in the Supplementary Material)
yielded a simpler relationship for passive tortuosity
based solely on permeant size, rs (A):

T =0.2705exp [88.7418/(rs + 24.4491)] (B.1)
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