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A triphasic, coarse-grained model of mass transport through the human epidermis is developed, consist-
ing of free extracellular water, live cells (keratinocytes), and inert extracellular matrix. The model
accounts for the superposition of active transport of Na+, K+ and Cl� ions across the membrane of kerat-
inocytes, and electromigration driven by an externally imposed electrostatic potential difference. Local
cell volume is regulated by the transmembrane fluxes of water and ions according to a time-delay
scheme which aims to keep the volume between certain thresholds. Numerical simulations reveal that
either weak hyposmotic shocks or negative potential gradients smaller than one millivolt/micrometer
across the epidermis can generate travelling waves in extracellular ion concentration. By monitoring
the transmembrane (Na+�K+ �ATPase) pump flux, we have found that maintaining a higher transepider-
mal potential gradient requires faster active transport through the cells.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Skin is the largest organ of the body and it helps maintain
homeostasis by establishing a chemical and biological barrier be-
tween the external environment and the vulnerable human cells.
Understanding mass transfer through the skin is important for
the clinician, engineer and scientist. More specifically, this under-
standing contributes to improving the treatment of wounds, the
development of better clothes, the synthesis of benign skin care
products, and the improvement of thermal comfort. Emerging
applications include the control of transepidermal drug delivery
through iontophoresis [1], development of tissue-engineered skin
[2], and the formulation of treatments for obesity after elucidating
the role of aquaporins [3]. Finally, understanding the permselectiv-
ity of skin might contribute to the development of bio-inspired ion
exchange membranes for water purification [4].

The barrier function of the skin is related to its ultrastructure
and physiology [5,6]. Human skin is a complex, multilayered tissue
comprising approximately 2 m2 of body surface and contributing
approximately 16% of the body weight of the average adult. The
outermost layer of the viable skin, the epidermis, is a constantly re-
newed stratifying squamous epithelium, varying in thickness from
about 50–800 lm, cf. Fig. 1. The basal cells of the epidermis (stra-
tum basale) proliferate and differentiate as they migrate outwards.
ll rights reserved.

.

Initially columnar, these epidermal cells (keratinocytes) become
rounded, and finally flatten out and die (apoptosis) as they migrate
to the outer layer, the stratum corneum. This outmost layer is less
permeable than the viable layer and its thickness is sensitive to
hydration level variation [6]. Below the epidermis and delineated
by the corrugated basal membrane lies the dermis, a highly vascu-
lar connective tissue tethered by collagen fibers to the subcutane-
ous areas of the skin which is cushioned by adipose tissue. The
contribution of sweat glands and hair to transepidermal transport
is outside the scope of this investigation.

The epidermis forms the primary barrier to mass transfer. Its
viability relies on bulk diffusion of water and nutrients since it is
devoid of any blood circulation. Prior mass transport studies fo-
cused only on the stratum corneum which consists of dead cells,
and did not consider the deeper layers of the epidermis. In steady
state, the stratum corneum has been modelled as a passive barrier
of constant (effective) conductance. For example, Kalia et al. [7]
fit the transepidermal transport data obtained after consecutive
tape stripping to Fickian diffusion models. Such empirical models
fail to reproduce the increase of permeability with hydration. Kast-
ing et al. [8] developed a more sophisticated model employing a
concentration-dependent diffusivity for water to reconcile theory
with experiments.

Ion migration through the skin is ultimately related to an elec-
trostatic potential across the skin, with the skin surface being more
negative than the inner layers. There exist very few investigations
of this interplay owing to the difficulty of measuring ion concen-
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Nomenclature

Ac area of cell membrane
ci molar concentration of ion i
D�mi effective transport coefficient
D�� effective total transport coefficient
F Faraday constant
Ji transmembrane flux of ion i, or net ionic pump flux

when i ¼ p
j�i molar flux of ion i
mi number of moles of ion i
Pi membrane permeability for ion i
Q�K constant for volume induced transmembrane flux, due

to KCl cotransporter
Q�Na constant for volume induced transmembrane flux, due

to NaCl cotransporter
R universal gas constant
Sij source term of ion i in phase j
T temperature
vþ upper threshold for cell volume
v� lower threshold for cell volume
v�i molar velocity vector of phase i
Vm cell membrane potential
Vc cell volume

t time
x spatial coordinate normal to epidermis
X� membrane-impermeable extracellular species with va-

lence -1
zi valence of ion i

Greek symbols
D difference operator
eo permittivity of free space
e dielectric constant of water
hi volume fraction of phase i
s time delay
/K transmembrane flux due to KCl cotransporter
/Na transmembrane flux due to NaCl cotransporter
w electrical potential

Subscripts
i ionic species
j phase
a extracellular fluid phase
b intracellular fluid phase
c extracellular solid phase
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tration profiles in the epidermis [9]. In addition to its relevance in
iontophoresis, the skin surface electric potential has been widely
used for physiological or psychological studies but the mechanism
of its generation has not been elucidated. Denda et al. [10] investi-
gated experimentally the interplay between epidermal ion concen-
tration and endogenous skin surface potential in hairless mice skin
in organ culture, and suggested that the ion flux through the kerat-
inocyte membrane regulates this potential.

To fill several gaps in the area of physiologically-motivated mod-
els of transport through live tissue, the present study focuses on the
transport of water and several ionic species across the viable part of
the epidermis which is devoid of a stratum corneum layer. Water and
ion transport through any viable tissue involves transcellular as well
as paracellular pathways. Therefore, candidate mass transport mod-
els have to account for both local extracellular transport and trans-
membrane fluxes, the later coupled to cell volume regulation. Fifty
years before high resolution images of ion transmembrane channels
became available, their role was modeled by the Goldman–Hodg-
kin–Katz equation, which has been used to correlate intracellular
and extracellular concentrations, permeabilities, and membrane po-
tential [11]. Even water transport across cellular membranes is not
fully understood. A process of solute–water cotransport is proposed
as a possibility, against the so far accepted osmotic transport mech-
anism [12]. Adding to the multitude of pumps and ion channels, a
number of cotransporters coexist in the cell membranes [11]. Ani-
mal cell regulation has not been fully described mathematically,
since the activation and regulation mechanisms of each indepen-
dent pathways are not completely known. As a tool to investigate
the effects of live cells on mass transport in a tissue, the simplified
model proposed by Hernández and Cristina [13] is chosen for the
present study. This generic model accounts for the basic compo-
nents of cell volume regulation, which includes the function of ion
channels for sodium, potassium and chloride, the sodium potassium
pump, and cotransporters which are activated under stress condi-
tions. As more sophisticated and tissue specific models become
available, the various components of the compound model can be
simply substituted for the simplified model.

In anticipation of the ultimately integration of water and ion
concentration measurements obtained with novel techniques
[14,9] towards explaining the barrier function of the whole epider-
mis, a realistic model of the tissue as an active, rather than a pas-
sive, medium is needed. The emphasis of the present study is to
characterize the contribution of electromigration. Specifically, we
aim to model the variation of interstitial (extracellular) water
and the concentration of three physiologically-relevant solutes
(Naþ, Kþ and Cl� ions) through the viable non-swelling epidermis
due to an imposed (exogenous) electric potential difference across
the epidermis. We proceed in two steps: first, we develop a poly-
phasic model including active transport of the three ions through
the membrane of the keratinocytes, and second, we use the model
to predict of response of the epidermis to osmotic shocks and elec-
trostatic gradient effects.
2. Formulation of polyphasic model for epidermis

The viable epidermis is modeled as a volume-averaged porous
medium with three distinct phases: the extracellular fluid phase,
denoted by a, the intracellular fluid phase, denoted by b, and the
extracellular matrix, denoted by c. The extracellular fluid phase
a contains water, Naþ, Kþ and Cl� ions, and larger, less mobile
molecules which are dissolved in water. The cell membrane is
not permeable to these larger molecules, which have a valence
of �1 and are collectively referred as component X� in the mod-
el discussed below. The phase b contains water and the same
three ions, and all non-water-soluble chemicals are assigned to
the c phase. This decomposition in three phases allows a
coarse-grained representation of the tissue. The spatial charac-
teristic scale in the model is larger than the representative ele-
mentary volume (REV), which in turn is larger than the scale
of a single epidermal cell, as shown in Fig. 2. Given the thickness
of the epidermis (x-direction), and in order to maintain separa-
tion of spatial scales, the REV is defined as a long prism with
its principal axis perpendicular to the x–y plane. The x-coordi-
nate defines the direction normal to the skin and pointing to-
wards the ambient air, while the y-coordinate is tangential to
the skin surface. The modeling of each of the three phases is dis-
cussed below.



Fig. 1. Stained cross-sections of human epidermis (thin skin), courtesy of the UIUC internet Atlas of histology.

Fig. 2. Representative elementary volume (REV) used for volume averaging in the
epidermis.
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2.1. Active transport through keratinocytes

The b phase consists of keratinocytes. Each cell volume is regu-
lated by osmosis and any osmotic imbalance is corrected by pas-
sive and active ion exchange across the cell membrane.
Potassium, chloride and sodium ions are transported through spe-
cialized ion channels. The sodium–potassium pump ðNaþ � Kþ

�ATPaseÞ uses energy from ATP oxidation to transport ions against
the concentration gradient, keeping the intracellular fluid at high
Kþ and low Naþ concentrations. To represent active cell volume
regulation we adopt the model proposed by Hernández and Cristi-
na [13] which is based on five assumptions: (a) the cells are non-
polarized; (b) all cell volume changes are caused by water move-
ment across the membrane; (c) the stoichiometric pump ratio
3Naþ : 2Kþ is fixed; (d) the cell volume decrease is mediated by
coupling the fluxes of Kþ and Cl�, and the volume increase by
Naþ and Cl� fluxes; (e) constant cell surface area Ac available for
water transport. Assumption (d) pertains to the restoration of the
individual cell to its physiological state. It involves the introduction



Fig. 3. Pathways used in modeling cell volume regulation.
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of two volume threshold values, vþ and v�, which trigger a net KCl
efflux and NaCl influx, respectively. The model uses only the above
mentioned cotransporters as representatives of the plethora of
cotransporters involved in cell volume regulation.

The key equations of the model [13] are listed below, while a
graphical representation of the various cell regulation mechanisms
is portrayed in Fig. 3. The inward transmembrane ion fluxes Ji

through ion channels on the cell membrane follow the Goldman–
Hodgkin–Katz current equation,

Ji ¼ Pi
ziFVm

RT

hciaia � mi
Vc

� �
e

zi FVm
RT

e
ziFVm

RT � 1
: ð1Þ

The intracellular ion concentrations and the cell volume obey the
following ordinary differential equations:

dðmNaÞ
dt

¼Acð�3Jp þ JNa þ /NaÞ; ð2Þ

dðmKÞ
dt

¼Acð2Jp þ JK þ /KÞ; ð3Þ

dðmClÞ
dt

¼Ac JCl þ /Na þ /Kð Þ; ð4Þ

dðV cÞ
dt
¼AcVwPw

X
i

mi

Vc
� hciaia

� �
: ð5Þ

Intracellular electroneutrality is maintained by the sodium–
potassium pump, represented by the flux JP in Eqs. (2) and (3).
The intracellular molar concentrations are represented by the ratio
mi=Vc, where Vc is the cell volume. The term hciaia representing the
extracellular molar concentrations is introduced systematically la-
ter, in the context of the volume averaging scheme. The fluxes due
to cotransporters are represented by the terms /Na and /K, which
are functions of cellular and extracellular concentrations of Naþ

and Cl�, and Kþ and Cl�, respectively. While the cell volume re-
mains between the two specified threshold values v� and vþ, i.e.
while v� < Vc < vþ, the induced fluxes /Na and /K are null. When-
ever the cell volume falls outside the threshold range, and after a
predetermined time delay s, an appropriate volume-induced ion
flux (/Na for Vc < v� and /K for Vc > vþ) is generated according
to the equation below:

/Na;K ¼ �Q �Na;K
v�;þ � V c

v�;þ

����
���� hcNa;Ka i

ahcClai
a �mNa;K

V c

mCl

V c

� �
: ð6Þ

The membrane potential is related to various cell parameters via
the following algebraic equation:

Vm ¼
RT
F

lnðjÞ: ð7Þ

The argument j represents various functions of intracellular and
extracellular ionic concentrations, membrane permeabilities,
Naþ � Kþ � ATPase membrane density, and the rate constants asso-
ciated with the transmembrane pumps. The functional form of the
variable j is presented below,

j ¼ kc þ fc1

lc þ fc2

kc ¼ PNahcNaai
a þ PKhcKai

a þ PCl
mCl

V c

� �
fc3

lc ¼ PNa
mNa

V c
þ PK

mK

Vc
þ PClhcCla i

a
� �

fc3

fc3 ¼
FVm

RT

� �
e

FVm
2RTð Þ

e
FVm

RTð Þ � 1
� �

ð8Þ

The functions fc1 and fc2 represent the sodium–potassium pump cy-
cle, and are dependent on intracellular and extracellular concentra-
tions of the ions Naþ and Kþ and concentrations of ATP and ADP.
More details can be found in Hernández et al. [15].

2.2. Volume-averaged transport equations

The mathematical formulation of transport in phases a and b
hinges on the development of generic porous medium models, as de-
scribed in Bear and Buchlin [16]. In the following, subscripts denote
the phase j, angle brackets h�i denote volumetric phase averages, and
h�ij denotes the corresponding intrinsic volumetric phase averages
over a given phase j. The ratio of the two averages defines the volu-
metric fraction hj, which represents the fraction of the total volume
occupied by phase j. Each phase is considered incompressible and
the exchange of matter between phases is accounted for by a source
term hSji in the conservation equation for each phase j, as follows:

ohcji
ot
þr � hcjv�j i ¼ hSji j ¼ a;b; c: ð9Þ

The molar velocity of j phase is expressed by v�j . By expanding the
concentration into a product of volume fraction of the phase and
the intrinsic concentration of each phase, and assuming that both
phases a and b constitute dilute solutions, it is convenient to re-
write Eq. (9) as

ohj

ot
þr � hjhv�j i

j þ
h _cj _v�j i
hcjij

 !
¼ hSji
hcjij

: ð10Þ

The numerator on the third term represents hydrodynamic disper-
sion. It consists of the product of deviations of local concentration _cj

and molar velocity _v�j from its local average value, and it can be ne-
glected for the bulk phases.

It is known that epidermal cells migrate outwards with a time
scale on the order of days, which is much slower than the time scale
for diffusive transport in the extracellular fluid phase. The extracel-
lular matrix for the viable epidermis is assumed to be inert (not
exchanging ions or solvent), and does not shrink or swell due to
water and ion transport through the viable layer. As a consequence,
the molar velocities v�b and v�c are null and the local volume fraction
of the solid phase, hc, is constant in time. Since no chemical reactions
are taken into account in any of the phases, the sum of source terms
is zero. In the viable epidermis, the use of Eq. (10) for the intracellu-
lar phase reveals that the source term corresponds to a local change
in volume fraction of the b-phase. The equation for velocity of the
extracellular fluid phase can be obtained from Eq. (10):

r � ðhahv�ai
aÞ ¼ 0: ð11Þ

Similarly, the evolution equation governing the average concentra-
tion ci of each solute i in the composite medium can be obtained by
volume-averaging the mass conservation equation for each solute
over the representative elementary volume:



C.V. Falkenberg, J.G. Georgiadis / International Journal of Heat and Mass Transfer 51 (2008) 5623–5632 5627
X
j

oðhjhcijijÞ
ot

¼ �
X

j

r � ðhjhj�iji
jÞ �

X
j

r � hcijv�j i; j ¼ a; b; c:

ð12Þ

When two subscripts are used, henceforth, the first denotes the
ion and the second the phase. Two models for the average diffusive
flux will be considered here. The first corresponds to neutral sol-
utes and the second to charged solutes (ions). The choice of which
model is appropriate for our case depends on whether electroki-
netic flux is significant. Neglecting bulk molar concentration vari-
ations, the average diffusive molar flux j� for the first case is
given by the Fickian constitutive equation

hj�iji
j � �D�mirhcijij; ð13Þ

where D�mi is the effective transport coefficient, which is different
from the molecular diffusion coefficient D because the former ac-
counts for the diffusion over the complex extracellular space.

Combining the coefficients of molar diffusion and dispersion
(the latter emerging from the last term of Eq. (12)) into an effective
total transport coefficient D��, the governing equation for solute
transport through the composite medium representing the viable
epidermis is obtained from a combination of Eqs. (12-13):

oha

ot
hciaia þ

ohciaia

ot
ha þ

ohb

ot
hcibib þ

ohcibib

ot
hb

¼ þrha � ðD��rhciaia � hca
iaihv�ai

aÞ þ har � ðD��rhciaia

� hciaiahv�ai
aÞ: ð14Þ

Note that there are no transport terms intrinsic to the b phase. Such
simplification is justified by discontinuity of such phase and slower
mass transport across the cellular membrane than in the intracellu-
lar phase. The terms pertaining to the extracellular matrix vanish
since phase c is assumed to be incompressible and does not ex-
change mass with the rest. The intracellular values for concentra-
tion and volume fraction are given as a function of time by
integrating the active keratinocyte model discussed in the previous
section, so that Eq. (14) can be integrated for the concentrations of
each ion i in a phase, given the absolute velocity hv�ai

a. The above
model is strictly valid for non-charged solutes in dilute solutions.

2.3. Electromigration flux

In the case of charged solutes exposed to an electrical field, an
additional solute flux is generated. The flux in Eq. (13) needs to
be augmented by the addition of the electromigration flux to yield
the Nernst–Planck equation [17,18]:

j�i ¼ �D rci þ
ziFci

RT
rw

� �
: ð15Þ

By analogy to the Fickian diffusion problem, volume-averaging the
second term on the right hand side of Eq. (15) gives the following
expression for the average electrokinetic flux,

hj�e;iji
j � � ziF

RT
D��hcijijrhwi: ð16Þ

In general, the electrical potential w is given by invoking classical
electrostatics:

r2hwai
a ¼ � F

eeo

X
hciaiazi: ð17Þ

When extracellular electroneutrality is violated, the right-hand
side of (17) is not negligible, but the model becomes very complex,
since the Poisson Eq. (17) has to be solved coupled with Eqs. (12)
and (15). Fortunately, electromigration caused by deviations of
electroneutrality due to the small differences in solute diffusion
coefficients is negligible [17,19], so (17) reduces to Laplace’s equa-
tion. However, the electromigration flux is not negligible in the
case of externally imposed static electric field, as it will be shown
in the next section.

3. Results

3.1. Physical and numerical parameters

The living epidermis has a thickness between 30 lm and
130 lm, and features the highest water content in the skin, ranging
from more than 70% (in the basement membrane) to 15% (top of
the stratum corneum layer). For the current investigation we con-
sider a stratified medium confined in a homogeneous layer and
limit the model to transport in one dimension, x (normal to the epi-
dermis), since it is the direction of greater gradients, while volume
averaging occurs in the y–z plane, as shown in Fig. 2. For definitive-
ness, we consider initial volume fractions ha ¼ 0:2, hb ¼ 0:4 and
hc ¼ 0:4, and a tissue thickness of 60 lm and 100 lm, with a trans-
epidermal profile that is initially uniform in space.

Most of the parameters used for cell regulation are taken from
[13]. The reference (initial) condition for extracellular concentra-
tions are hcNaaia ¼ 14� 10�5 mol=cm3, hcKaia ¼ 1� 10�5 mol=cm3,
hcClaia ¼ 14� 10�5 mol=cm3, hcXaia ¼ 1� 10�5 mol=cm3. Intracel-
lular concentrations are hcNabib ¼ 1:84� 10�5 mol=cm3, hcKbib ¼
13:20� 10�5 mol=cm3, hcClbib ¼ 3:02� 10�5 mol=cm3, hcXaia ¼
18:00� 10�5 mol=cm3. The membrane permeabilities for Naþ;Kþ

and Cl� are 10�7;5� 10�7 and 10�6 cm=s, respectively, while the
water permeability is Pw ¼ 1:5� 10�2 cm=s. We should note in
passing that the ratio between water and ion channel permeability,
Pw=Pi, is of order 105. Since transcellular ion transport is much
slower than that for water, the cells act as ion point sinks or
sources.

The corresponding resting membrane potential (defined as
intracellular minus extracellular potential) is Vm ¼ �41 mV. We
fix the time delay to s ¼ 10 s and the magnitude of the coefficients
for the induced fluxes to Q �Na ¼ 0:1 cm4=ðmolsÞ and
Q �K ¼ 10 cm4=ðmolsÞ. The volume and area of the cell are modified
so that the geometry of the cell represents the keratinocytes. The
approximate diameter for the cells is 10 lm [20], and the corre-
sponding cubical cell has volume 10�9 cm3 and surface area
6� 10�6 cm2. The model assumes constant area for the cellular
membrane and in order to accommodate the 5% increase in cell
volume, the fixed surface area becomes Ac ¼ 6:2� 10�6 cm2. It is
assumed that half of the cell volume is available for the cytoplas-
mic fluid, so Vc ¼ 5� 10�10 cm3.

The molecular diffusion coefficients are DNa ¼ 2:03� 10�9 m2=s,
DK ¼ 1:38� 10�9 m2=s, DCl ¼ 2:11� 10�9 m2=s, and the fourth sol-
ute X�, which does not permeate across the cell membrane, is as-
signed a molecular diffusion coefficient of DX ¼ 10�11 m2=s. We
finally need to prescribe the dependence of the extracellular dis-
persion coefficient with the volume fraction of phase a. Assuming
a homogeneous ‘brick and mortar’ wall-like distribution of kerati-
nocytes, the following expression for the ratio K2 ¼ D=D�� is ob-
tained from a correlation we developed based on the results of
Chen and Nicholson [21]

K ¼ 2:28156� 5:21948 ha þ 15:6529 h2
a � 19:1835 h3

a

þ 7:46849 h4
a ð18Þ

The transcellular transport Eqs. (2)–(5) are four first-order or-
dinary differential equations and are integrated using a fourth-or-
der Runge–Kutta method. Our numerical scheme was validated by
comparing its predictions with the single cell case [13]. The extra-
cellular transport model consists of three advection-diffusive-reac-
tive partial differential Eq. (14), along with the contribution of (16)
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in the case of electromigration, which are integrated using finite-
difference discretization via a third-order implicit Adam’s method
(including a three nodes upwind scheme). After temporal and spa-
tial convergence of the numerical scheme was verified [22], the
numerical time step was set at 5� 10�4 seconds and a uniform
mesh with 101 nodes was used in the x direction.

3.2. Externally imposed osmotic shocks

Hyposmotic/hyperosmotic shocks are imposed at the lower (ba-
sal) boundary ðx ¼ 0Þ by decreasing/increasing extracellular con-
centrations of Naþ and Cl�, while imposing zero ionic flux at the
upper (appical) boundary ðx ¼ 100 lmÞ. The time delay in cell reg-
ulation is set to s ¼ 10 s. The change in concentration at the lower
boundary is introduced as a ramp of 5 s duration with a total de-
crease/increase of the two species concentrations corresponding
to 10% of the initial values. Subsequently, the concentrations on
the lower boundary are kept constant for the remaining time of
the simulation. The osmotic shock is imposed in such a way that
both species have equal concentrations at all times at the lower
boundary and electroneutrality is locally maintained.

We focus here on the response of the epidermis to a hyposmotic
shock. The extracellular concentrations of Naþ and Cl� undergo a
10% decrease by ramping to the final value within 5 s, and are
maintained fixed at that value for the remaining simulation time.
Fig. 4 shows the response of the extracellular volume fraction as
a function of space and time. After an initial undershoot and within
a minute from the imposition of the shock, a train of propagating
waves appears, with amplitudes that decay in time. The initial
undershoot in extracellular volume fraction coincides with an
overshoot of cellular volume (not shown here), which is a result
of extracellular water flowing into the cell to compensate for high-
er internal salinity. The extracellular ion concentrations exhibit
similar propagating waves which coincide in wavelength with that
of the extracellular volume fraction, as seen in Fig. 5 for Naþ.

Having performed analogous simulations for hyperosmotic
shocks (reported in [22]), we have found that only in the case of
the hyposmotic shock is the initial undershoot of extracellular vol-
ume followed by a series of propagating waves, starting from the
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Fig. 4. Viable epidermis response to hyposmotic shock. Spatio-temporal variation of extr
the basal surface of the epidermis ðx ¼ 0Þ.
basal side of the layer ðx ¼ 0 lmÞ where the shock is initially im-
posed. This result is consistent with the observations from the sin-
gle cell response in an infinite medium. We hypothesize that these
waves are caused by the delayed (by s ¼ 10 s) activation of the cell
membrane cotransporters introduced in the model of Hernández
and Cristina [13], in conjunction with the high value of the con-
stant Q �K for volume-induced flux given by Eq. (6). Our hypothesis
is motivated by the observation that the amplitude of the volume-
induced flux of the Kþ ion is larger than that for the Naþ ion by two
orders of magnitude ðQ �K � Q �NaÞ. We have shown [22] that for
smaller values of Q �K, the undershoot and periodic waves vanish.
The existence of wave-like solutions of the model formulated here
is characteristic of excitable reaction–diffusion systems [23], but
this constitutes a problem whose mathematical nuances need to
be addressed in the future.

3.3. Shocks induced by electrostatic potential difference

By a scaling analysis of Eqs. (13) and (16), we can estimate the
magnitude of the potential difference that is required across the
epidermis so that the induced ion flux (electromigration) becomes
comparable to the diffusive flux:

Dw ¼ O
RT
ziF

Dci

ci

Dxw

Dxc

� �
: ð19Þ

For a normal physiological temperature T ¼ 310 K, the above yields

Dw ¼ 26:7
Dci

ci
mV ð20Þ

Assuming that the electrostatic and concentration profiles have
equivalent length scales ðDxw ’ DxcÞ, Eq. (20) implies that an
external potential difference of Dw ¼ �2:67 mV would induce a
concentration difference ðDciÞ that is 10% of ci. This potential differ-
ence is indeed very small. For comparison, the well known drug
delivery method of iontophoresis uses a potential on the order of
1 V , but it is more likely that at such voltages, the transport con-
duits include large pores in the epidermis [24].

In order to study the interaction between electromigration in a
viable tissue and the cell regulation mechanisms, the following
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Fig. 5. Variation of extracellular Naþ concentration for 10% decrease of Naþ and Cl� concentrations at x ¼ 0.
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simulations are performed. At time t ¼ 0, a linear electric potential
profile is imposed between the boundaries x ¼ 0 and x ¼ 60 lm,
with the outer boundary ðx ¼ 60 lmÞ more negative than the in-
ner. This profile satisfies Laplace’s equation. The numerical simula-
tion is repeated for three potential differences across the layer,
chosen to be 1, 2 and 5 times the value �2:67 mV. Ion concentra-
tion gradients are generated as a result of diffusion and electromi-
gration fluxes. The effect of imposing a potential difference of
Dw ¼ �13:35 mV (the highest of the three) on the extracellular
fluid volume fraction is shown in Fig. 6, and on the extracellular
Naþ concentration is shown in Fig. 7. In a fashion analogous to
the hyposmotic shock response, the cell regulation mechanisms
again generate a propagating, albeit weaker, wave across the
epidermis.
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Fig. 6. Epidermis response with electromigration. Spatio-temporal variation of extracellu
tissue.
A comparison between the responses for all three potential dif-
ferences at the position x ¼ 50 lm is presented in Fig. 8. (For all
ions, the greatest variations take place near the upper boundary,
where zero mass flux is prescribed.) The simulation with the larg-
est applied potential is also repeated with no cells inside the layer
(hb ¼ 0 and ha ¼ 0:2). Fig. 8a–c depicts the extracellular concentra-
tions of Naþ;Cl�, and Kþ, for Dw ¼ �2:67 mV, Dw ¼ �5:34 mV and
Dw ¼ �13:35 mV. The impact of the electric field is greater on
extracellular Naþ concentration than on that for the Cl� ions. The
extracellular Naþ concentration reaches a peak of more than twice
its initial value, while the Cl� concentration suffers a decrease as
low as 30% of its initial magnitude. The comparison with the re-
sponse of the layer devoid of cells (solid line) is particularly reveal-
ing. The impact that the transmembrane fluxes and cell volume
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Fig. 7. Extracellular Naþ concentration for electric potential difference of 13:35 mV across 60 lm-thick epidermis.
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regulation have on ion extracellular concentrations for
Dw ¼ �13:35 mV can be seen by comparing the dash line with
the solid line. Finally, the Naþ � Kþ � ATPase pump flux Jp (normal-
ized by its initial value) is plotted in Fig. 8d. Noting that this prop-
erty correlates with the intensity of the local cell activity, it is clear
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Fig. 8. Impact of imposed electric potential Dw across 60lm-thick epidermis. Extracellul
divided by its initial value. All plots correspond to position x ¼ 50 lm.
that the transmembrane pump flux increases with increasing po-
tential difference. Consequently, the higher the potential differ-
ence, the faster is the active transport, and the stronger is the
effect that the live cells have on the extracellular ion concentration
profiles across the epidermis.
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4. Discussion

Motivated by the need to develop biophysically consistent mod-
els for transepidermal water transport, we have focused on model-
ing the redistribution of water and solutes in the human epidermis
consisting of live swellable cells embedded in the tissue, and on the
effect of transepidermal electric potential on this redistribution.
We have employed a model of cell volume regulation available in
the literature [13] to represent active transport through cells
embedded in a non-deformable tissue. The active cell model is
integrated with a passive biphasic transport model for extracellu-
lar transport. Electroneutrality is maintained in the intracellular
and extracellular spaces since the combination of all passive and
active fluxes carry the same amount of positive and negative
charges across the cell membrane and the cells are modeled by
point sink/sources.

The nonlinear response of the cell regulation mechanism be-
comes evident when the tissue is exposed to osmotic shocks im-
posed on one boundary. During the hyposmotic shock, the time
delay component of the cell regulatory mechanism triggers propa-
gating waves in the extracellular medium. Imposition of a hypos-
motic shock for solutes Naþ and Cl� at one boundary of the
extracellular region generates travelling waves in extracellular vol-
ume fraction and ion concentrations because the cells act alternat-
ingly as mass sources and sinks. This is a result of the fact that cell
volume regulation takes minutes (since it involves active solute
transport which is slow) while osmotic equilibration occurs in sec-
onds. A careful review of the literature has not revealed another re-
port of this wave phenomenon. The onset of dispersive (wave-like)
behavior in systems that are typically modeled by diffusive partial
differential equations has an obvious mathematical appeal. The
existence of wave like solutions of the model formulated here is
characteristic of the class of excitable reaction-diffusion systems
described by Grinrod [23]. If this phenomenon is observed experi-
mentally, the generation of travelling waves in live tissue consist-
ing of non-excitable cells might prove to serve an important
physiological function which is as fascinating as that exhibited
by excitable cells (neurons).

Another interesting finding is that imposing a negative electro-
static potential difference as small as Dw ¼ �13:35 mV across a tis-
sue layer of 60 lm thickness is enough to perturb the cell
environment in a way similar to that predicted for a hyposmotic
shock, namely, propagating waves appear in the medium. The
imposition of an electric field of this magnitude or higher results
in electromigration fluxes which are comparable to the ion diffu-
sion flux. This apparently activates the same cell volume regulation
mechanism as for the hyposmotic shock and results in wave-like
behavior in ionic concentrations across the epidermis. Finally, by
monitoring the transmembrane pump flux, we have found that
maintaining a higher transepidermal potential requires faster ac-
tive transport through the cells. This is consistent with the fact that
higher gradients imply higher ionic fluxes, and these fluxes have to
be balanced by the live cells which are trying to maintain internal
equilibrium around certain set points.

By addressing the transport across a live tissue as a combina-
tion of mechanistic processes involving diffusion coupled to ac-
tive transport through the cell phase, rather than simply
treating tissues as passive or dead samples, the present work fol-
lows a physics-based path for the systematic study of all bioma-
terials. In the context of skin tissue modeling, many mechanisms
involved in keratinocytes differentiation and adaptation to new
environments are currently being discovered and explored, but
complete cell regulation models are still unavailable. This work
proposes a rational approach to modeling the redistribution of
water and electrolytes in the epidermis, in terms of a mathemat-
ical model which is based on the fundamentals of continuum
mechanics and mass transport and can additionally accommo-
date any improved models of epidermal cell regulation that will
become available in the future.

5. Conclusions

This work reports the first -to our knowledge- local model for
the redistribution of water and Naþ, Kþ and Cl� ions in the epider-
mis which incorporates active transport through the live cells
(keratinocytes) that comprise it. The molecular flux term contains
both a diffusive and an electromigration flux component (given by
the Nernst–Planck equation). Without the latter, imposition of a
hyposmotic shock at one boundary of the extracellular region gen-
erates travelling waves in extracellular volume fraction and ion
concentrations because the cells act alternatingly as mass sources
and sinks. Imposing an electrostatic potential gradient Dw across
the epidermis, reveals a similar phenomenon. For small potential
gradients (on the order of ðDwÞ=ðDxÞ ¼ 0:5 mV=lmÞ, the cell regu-
lation mechanisms become sufficiently strong to perturb the extra-
cellular profiles significantly. For example, the extracellular Naþ

concentration can deviate relative to that for the case without cells
by up to of 50% of its initial value. Our results indicate that the cell
regulation mechanisms have a strong impact on extracellular ion
and water transport. Since the simplified model adopted here con-
tains coupled ionic transport mechanisms (ion pumps and cotrans-
porters), extracellular imbalances in certain ionic species perturbs
other constituents. Consequently, active transport models have to
be considered an indispensable element of live tissue models.
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