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A one-dimensional mass-transport model describing the disposition of a volatile liquid applied topically
to human skin in vitro is described. The physical model consists of three layers—the vehicle (VH), stra-
tum corneum (SC) and viable tissues (VT). Each layer is considered to be homogeneous except for the
uppermost portion of the SC, which is considered to be peeling off in scales or desquamating and is
subject to almost instantaneous capillary sorption during the initial application of liquid. This behavior is
captured by a parameter defined as the fractional deposition depth fgep. Its influence is shown here by
means of parametric simulation studies. The diffusion/evaporation model is described and analyzed from
a scaling approach, and solved for the case of a permeant having the properties of ethanol, a common
solvent for the deposition of solutes on skin, using a finite difference/finite element code that allows for
Transient exposure the moving boundary problem associated with the VH. The advantages relative to prior computational
Scaling analysis models for percutaneous absorption are that this improved model can readily be extended to describe
Skin the skin disposition of solutes from binary or multi-component mixtures or to describe combined heat
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and mass transfer in skin, two problems that have not been quantitatively addressed heretofore.
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1. Introduction

Although all life forms depend upon membrane-like structures
for their existence, nowhere is this more dramatically demonstrated
than in the skin (Potts and Francoeur, 1991). Skin is the largest or-
gan in the human body, covering a surface area of approximately
2m? and receiving about one-third of the total circulating blood
(Singh and Singh, 1993). Owing to its immediate proximity to the
environment, skin is naturally exposed to a variety of chemical com-
pounds. As a semi-permeable membrane, it can serve as a possible
entry point for a host of therapeutic substances, which serves as the
core concept in transdermal drug delivery. However, many of these
substances have the potential of interacting adversely with the skin
or with the internal physiological systems. Hence, the disposition of
chemical compounds in contact with human skin has evoked sub-
stantial research interest.

The different ways of modeling transport through human skin can
be broadly classified as being either mechanistic or non-mechanistic,
and either transient or steady-state. A general review of the steady-
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state methods along with a critical comparison has been made by
Yamashita and Hashida (2003). The most influential among these
steady-state methods was introduced by Potts and Guy (1992), who
considered skin as a structured lipid membrane characterized by
an octanol-like chemical environment and a strong dependence of
diffusivity on the molecular weight of the permeant. Potts and Guy
provided the first quantitative analysis of a large human skin per-
meability database collected by Flynn (1990). Many variations on
this approach have been proposed, often involving sets of chemical
descriptors that are more complex than just molecular weight or
diffusivity. Collectively, they are called quantitative structure per-
meability relationships (QSPRs). Comprehensive critical analyses
of QSPRs have been provided by Geinoz et al. (2004) and Moss
et al. (2002). Transient skin permeation models were pioneered by
Scheuplein (1965) and Scheuplein and Blank (1971) and comprise
both diffusion models and compartmental pharmacokinetic ap-
proaches. An excellent summary of pioneering work in this field can
be found in the works of McCarley and Bunge (2001). Since then,
considerable progress has been made by several research groups
(Anissimov and Roberts, 2001, 2004; Barbero and Frasch, 2005;
Frasch, 2002; Frasch and Barbero, 2003; Kasting, 2001; Kasting and
Miller, 2006). It should be noted that most of these approaches
have involved non-volatile compounds applied in limited doses to
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human skin. All of these models consider passive diffusion as the
primary transport process in skin and the stratum corneum (SC)
as the rate-limiting barrier for most permeants. These assumptions
are consistent with a large body of experimental data and may be
considered as well established (Scheuplein and Blank, 1971).

Studies on skin absorption of volatile compounds are less com-
mon. These include vapor phase (Del-Valle et al., 2004; Jakasa et al.,
2004; Kezic et al., 2000) and liquid-phase absorption (Batterman
and Franzblau, 1997; Larese Filon et al., 1999; Korinth et al., 2003;
Lockley et al., 2004; Mraz and Nohova, 1992; Semple et al., 2001;
Stinchcomb et al., 1999; Wilkinson and Williams, 2002). However,
these researchers do not perform a quantitative analysis of their data
using diffusion models. In order to bridge the gap between diffusion
modeling and experimental skin permeation data on pure volatile
liquids, Kasting and Miller (2006) proposed a diffusion model (hence-
forth referred to as the KM model) that represented the disposition
of an arbitrary dose of a (potentially) volatile compound applied to
skin. Although the KM model was sophisticated in some respects, it
contained simplifications in order to focus attention on the key as-
pects of volatility and skin solubility of the permeant. In some cases,
these simplifications led to the development of closed-form analyti-
cal solutions. This article attempts to assess the validity of these ap-
proximations and remove some of them in order to develop a more
comprehensive model.

One significant simplification in the KM model was the omission
of viable tissue (VT) (epidermis and dermis) as a participating skin
layer. This effectively limited the analysis of compounds for which
the (base 10) logarithm of the octanol-water partition coefficient
(Koctjw) was less than 3.0 (Cleek and Bunge, 1993). This restriction
can be removed by the methods discussed by Anissimov and Roberts
(2001) or by adding an explicit VT layer, but at a loss of the relatively
simple closed-form solutions (Kasting and Miller, 2006). Thus, the
model to be described in this paper includes VT as a participating
layer, thereby making it a multi-layer model. This means that instead
of a single partial differential equation (PDE), the model consists of a
system of PDEs with coupled boundary conditions (BCs) at the com-
mon interfaces. Another assumption of the KM model involved the
concept of a ‘deposition layer’ in the upper SC, a layer into which
some of the compound of interest was immediately sorbed by cap-
illary action. This assumption followed from structural observations
that the upper 1-3 um of SC is in the process of desquamation and
has lost much of its lipid content. This concept of a deposition region
can be replaced by an instantaneous equilibrium at the liquid-skin
interface combined with a high diffusivity in the upper SC. This con-
cept of a deposition depth is revisited in detail in this paper.

Another feature not included in the KM model is convection or
bulk flow of permeants in each layer. Convection is an integral com-
ponent of mass transfer and is present even in the absence of explicit
fluid flow in the system (owing to a pressure drop and/or other
external driving forces) (Bear and Bachmat, 1990). This concept of
convection arising purely from concentration gradients or density
gradients for binary or higher systems is called diffusion-induced
convection or convection due to densification. Convection is inher-
ently associated with diffusive transport, although it is not always
significant (Cussler, 1997). It becomes progressively more impor-
tant as the solute concentration increases. Convection has previ-
ously been considered in modeling transport through polymeric
membranes (Alsoy and Duda, 2002) and in polymeric membrane
formation via evaporative casting (Lee et al., 2006). If the saturation
solubility or maximum concentration for a permeant in a skin
layer is small, then diffusion-induced convection can be neglected.
This assumption is commonly referred to as the ‘dilute solution
approximation’. However, if the skin concentrations are large, then
omission of convection can lead to erroneous results. In other
words, convection should be included in a generalized predictive

mass-transport model representing skin disposition of chemical
compounds and has been incorporated into the model developed in
this paper.

A final feature not included in the KM model was heat transfer
effects. We studied this problem experimentally by measuring the
surface temperature of ethanol-treated skin with an infrared ther-
mometer (data not shown) and determined that the maximum
change in the forearm skin temperature using a laboratory fan to
accelerate evaporation was about 2°C. The change was not large
enough to warrant development of a combined heat- and mass-
transfer model; consequently the present model is isothermal.

2. Development of the model equations

The concurrent evaporation—-absorption process is shown
schematically in Fig. 1. It involves the application of a known
amount of pure volatile liquid on the top of the skin forming an ex-
plicit vehicle layer (VH) of initial thickness Lg. Structurally, human
skin is a highly stratified barrier with complex structural and phys-
iological aspects (Bouwstra et al., 2002; Menon, 2002; Montagna
et al., 1992; Roberts and Walters, 1998). It consists of two main lay-
ers: epidermis and dermis. The lower layer, dermis, forms the bulk
of skin and is highly vascular, containing active capillaries. The top
layer, epidermis, is devoid of blood vessels and can in turn be sub-
divided into several distinct sublayers. The structure and function
of the individual epidermal layers have been extensively discussed
by Menon (2002). Most importantly, it has been established that
the outermost epidermal layer, the non-viable SC is the principal
barrier to transdermal transport for most compounds (Blank, 1964;
Scheuplein, 1965; Scheuplein and Blank, 1971). Accordingly, the
current model considers skin to be a two-layered membrane. The
top layer is the more resistive SC (having thickness Lgc) while the
bottom layer, henceforth referred to as VT and having thickness
Ly, represents viable epidermis and a fraction of the dermis unper-
fused, that is, devoid of blood vessels. The proposed model does not
consider either swelling or shrinking resulting from intermolecular
interaction between the permeant and the skin; hence the skin layer
thicknesses remain constant throughout the permeation process.
However, for material balance purposes, the amount of permeating
liquid is included in recalculating the initial SC thickness. The origin
of the spatial coordinate system lies at the SC-VT interface. When a
VH layer is present, the volatile compound dissipates from this layer
via two simultaneous mechanisms. At the liquid-gas interface, the
compound is lost by evaporation, while at the VH-SC interface it
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Fig. 1. Schematic of the evaporation-absorption process for a volatile liquid permeant
deposited on skin.
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penetrates via diffusion (and convection) into the SC. This results in
the thinning of the VH film whose thickness is denoted by L = L(t).
When the VH completely disappears, the system is reduced to a
simpler two-layer model. The compound now desorbs from the SC
and VT layers, respectively, through evaporation at the newly formed
SC-air interface and clearance at the lower boundary of the VT.

We adopt the concept of a deposition layer as described in Kasting
and Miller (2006). This solvent deposition is assumed to be instanta-
neous, which is a reasonable assumption for volatile solvents since
the time scale for capillary sorption is much shorter than that for dif-
fusive transport. The amount of compound deposited into a unit area
of SC is given by the product of the saturation concentration of the
compound in the SC and the depth of the solvent-deposited region
(henceforth referred to as the deposition depth). The net amount of
liquid left in the VH is the difference between the initial amount
applied and the amount deposited into the SC. The entire system is
assumed to be isothermal at 32°C.

The general conservation equation for mass transport through an
arbitrary barrier layer LY can be written as

ol o o
ot 0z

where t is the time, z is the spatial coordinate, p}Y and nkY, respec-
tively, denote the mass concentration and total mass flux with re-
spect to a stationary reference frame of the permeant in a particular
layer (LY = SC, VT). By definition, the mass concentration is a prod-
uct of the mass fraction (wIL,Y) and the total solution (layer) density.
It can be written as

Y = oY @
Since the SCand VT are assumed to be immobile phases, the mass flux
with respect to a stationary reference frame of a permeant through
these layers can be written as (Bird et al., 1960):

LY -’1]3Y
ng = 3
P 1- wllgy 3)

where jLY is the diffusive mass flux of the permeant with respect to
the mass-average velocity. The diffusive mass flux can be expressed
in terms of Fick’s first law of diffusion (Bird et al., 1960) as

) oY
Jp' =—p"Dpry 65 (4)

where Dpyy is the diffusivity of the permeant inside the LY. Thus,
the governing equations describing mass transport of the permeant
in the SC and VT, respectively, are given by

Bt D 0 1 & 5)
or  psCy; (1_w153C)§

VT 0 1 VT

P _ I L

o =Py [(1w1‘§T) 0z } (6)

In deriving Egs. (5) and (6), the diffusion coefficients in both the
SC and VT have been assumed to be constant since information on
the concentration dependence of the diffusion coefficients is un-
available; however, relaxing this assumption in the model can be
accommodated if this information is supplied. Furthermore, the di-
mensions and densities of the SC and VT have been assumed to be
constant over time. The amount of liquid absorbed almost instanta-
neously into the top layer of the SC was used to recalculate the ini-
tial thickness of the SC. This is a simplified description of the system
that ignores the transient swelling phenomenon in the SC associated
with the absorption of a topically applied solute. Accurate models for

this phenomenon are not available and remain the subject of ongo-
ing research. Egs. (5) and (6) are non-linear second-order PDEs, each
requiring one initial condition (IC) and two BCs for a particular so-
lution. The IC for the PDEs is given by a known initial concentration
of permeant in these layers. For the VT, this is equal to zero:

wfll0=0 (7)

The presence of the solvent-deposited region in the SC means that
a fraction of the SC will have a non-zero concentration in the begin-
ning. This approximation is based on a presumed separation of time
scales between filling of the deposition region by capillary sorption
(seconds) and diffusive permeation through the SC (tens of minutes)
(Kasting and Miller, 2006). The IC can be written as

03Clz0=0 for0<z<(1~ fgep)Lsc (8)
o3| =l for (1 - fyep)lsc <z<L 9)
P20 sat dep/LSC X4 X LSC

where fqe), is the fractional deposition depth and w?at is the satura-
tion composition. The bottom of the VT has a sink condition at which
the permeant concentration goes to zero. This is representative of
in vivo situations for which the permeant is completely cleared by
a network of blood capillaries or the in vitro situation, for which it
is flushed away by circulating buffer solution. This condition can be
written as

(UngiLVE't:O (10)

The BC at the top of the SC will depend on the presence or absence
of the VH (as discussed above) and is given by

0
SC p Pp
Op ILget :KSC/VH )5C forogtgtdepl (11)
SC G
MpILge,t = Mpliger  fOr t>tgep) (12)
where KEC/VH and pl", denote the SC/VH partition coefficient and the

pure component mass density of the permeant, respectively; ng is
the mass flux of the permeant into the surrounding air phase; and
tgepl is the time required for the VH to completely disappear. These
relationships are used in conjunction with appropriate evaporation
mass-transfer relationships (Eqs. (17) and (18)) to ensure continuity
of mass concentration and flux as the VH dissipates. The BCs at the
SC-VT interface remain the same at all times and are given by a
partition relation and continuity of flux:

VT

P

wlsac\o,t= ﬁwl‘{rlo,t (13)
viyscP

gl 0. =3 1o (14)

Finally, since the VH layer consists of a single component, an instan-
taneous material balance on this layer results in an ODE (instead of
a PDE) and is written as

L

Phgr =—nf+nl, . (15)
where dL/dt is the velocity of the liquid-gas interface. Eq. (15) is
coupled with Egs. (5) and (6) and needs an IC. This is given by the
initial thickness of the VH:

L(0) =Ly (16)

In order to complete the description of the model, an expression
for the gas-phase flux of the permeant from the VH is required. The
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simplest description involves the use of a lumped parameter or mass-
transfer coefficient. The expressions for the gas-phase flux from the
VH and SC are given by Eqgs. (17) and (18), respectively:

ng = kevapploj (]7)

G o O3 Le.t
Npliget = kevapﬂpT (18)
sat

where kevap is the evaporative mass-transfer coefficient describing
permeant flux into the ambient gas phase. Eq. (18) assumes that the
maximum evaporation rate from the surface of a permeant soaked
SC cannot be greater than the evaporation rate from the free sur-
face of the liquid itself. When wf’clLsc = w?at, the evaporation rate in
Eq. (18) is exactly the same as Eq. (17), thereby maintaining a con-
tinuity of evaporation rates as observed through experiments. Thus,
Eq. (15) can be rewritten as

dL —pSCDpSC ow’y
0 ) 0 P 19
PPt evapPp 1- wls,c 0z rlg (19)

The one-dimensional nature of the model described here war-
rants a comment. The surface roughness of healthy skin is compara-
ble to the thickness of the SC and varies with site and age (Fujimura
et al.,, 2007), resulting in a microscopic surface area that is quite vari-
able and substantially larger than the apparent surface area (Fischer
et al., 1999; Fiedler et al., 1995). Furthermore, there is three-
dimensional structural variation within the VT layer, as it is com-
prised of viable epidermis and dermis, which have a complex
interface involving a pattern of ridges (the so-called Reti ridges)
(Montagna et al., 1992). Our working approximation is that viable
epidermis and dermis have similar transport properties (Kasting
et al., 2008), eliminating the need to describe the latter variation.
The surface roughness effect is accommodated in the present model
by calibration of the evaporative mass-transfer coefficient, kevap,
versus experimental data. The microscopic dynamics are effectively
averaged by this process.

3. Approximation (scaling) analysis of model equations

The differential equations for any (transport) model can be ana-
lyzed to assess the importance of each phenomenon involved in the
process. This is known as an ‘approximation analysis’ and its merit
has been identified by several researchers (Bear and Bachmat, 1990;
Deen, 1998; Krantz, 1970, 2007). Here, this is done using scaling
analysis, which involves non-dimensionalizing the describing equa-
tions so that the significant terms are scaled to be of order one,
which leads to a minimum parametric representation of the pro-
cess. The resulting dimensionless groups that appear in the dimen-
sionless describing equations permit assessing the importance of the
terms (such as the unsteady-state or convective transport terms)
with which they are associated. This systematic technique of scal-
ing analysis has been discussed in detail by Krantz (1970, 2007) and
Krantz and Sczechowski (1994). The advantage of scaling analysis
is that it provides general criteria in terms of dimensionless groups
that must be very small in order to justify certain assumptions in
the describing equations.

For the given problem, the independent and dependent vari-
ables are non-dimensionalized in terms of the following parameters
(known as scale factors):

L

z5 -z and L[*=— (20)

t* = t =
VI Lyr Loy

L S
to ’ SC LSC ’
In Eq. (20), to is the observation time, which is taken to be the
duration of the dynamic process such that t* is always scaled between
0 and 1. Lg¢, Lyt and Ly serve as the scale factors for the SC, VT

and (initial) vehicle thicknesses. Although the mass fraction is a di-
mensionless quantity, a separate scale factor (for each layer) is in-
troduced in order to restrict its value to be between 0 and 1. This
substitution puts a bound on the magnitude of the mass fraction for
even a dilute component to o(1). When a separate scale factor is in-
troduced for the mass fraction of one component, the scale factor
for the mass fraction for the other component (its complement) is
taken to be unity.

¢ wpl
Wher = ———— and ofyr= (21)
P (K§C/VHPI%/ ) e (K\F/)T/SCKEC/VHpI(;/ o'

The interfacial displacement velocity is scaled with an independent
scale factor (and not as thickness scale divided by the time scale).
Since it is the rapid evaporation that mainly causes the interfacial
displacement, we can write it as

dLY 1 dL
(a> - kevap (a) (22)

The scale factors in Eqs. (20)-(22) result in the following set of
dimensionless describing equations, along with the corresponding
dimensionless groups.

2
Lsc \ 9wpsc 3 1 Owipsc (23)
toDpsc ot* az;c (1- w[S)C)* az;C
2 %
Lo aw;;w _ 9 1 awpw (24)
toDpyr | Ot* 0zir | (1 - ng)* 0zf;

The initial and BCs are written as

Att* = 0, Ll)i—isc = (,UT—;VT =0 (25,26)
Atzi-=1, Wpecli =1 f0r0<t*<@ (27)
SC ’ PSCI1,t* =N to
and
1 aa);sc _ (kevap) <pg> U\)]ﬁgsc
SC * SC
(1—op ) aZSC Psc P Lsc/25cs b*
t
for t* > @ (28)
0

where PSC = Dpsc
meant in the SC.

KgC/VH/LSC represents the permeability of the per-

* * * *
AtzZie =2y =0, wfsclo s = Opyrlos (29)

;awi‘ﬁw%"s_c);_
(1-wpTy Oz \Pyr/ (1 —awpC)* 0z

£ 3
Owpsc

(30)

where Py = DPVTK\I;T/SCKEC/VH/

the permeant in the VT phase.

Lyt is similarly the permeability of

AtZT/T:l, wESChvt* :w;v-l-h‘t* =0 (31,32)
Finally, the coupled ODE is written as
L\ P 1 ow}
(g—)=—1+<, - ){ SCy azsc} (33)
t Kevap / | (1 —awp")* OZgc zt=1
with the corresponding dimensionless IC:
att* =0, [*=1 (34)
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The coefficients of the unsteady-state (first) terms in Egs. (23)
and (24) are the reciprocals of the respective Fourier numbers,

Fogc = Q)LD% and Foyy = tOLDzPVT (35,36)
SC VT

Eqgs. (23) and (24) indicate that if the Fourier numbers are inherently
large (for example, in thin barrier layers), the system will reach a
steady state quickly. Also, at long times, the system will reach steady
state as would be expected. According to o(1) scaling analysis, if the
Fourier numbers are greater than approximately 100, the unsteady
state term can be dropped from the analysis and a quasi-steady
state analysis is sufficient to accurately describe the process (Krantz,
1970, 2007). In such cases, the system can be appropriately described
through the use of ODEs; even if these ODEs are non-linear (due to
the presence of the convection term), they will be much simpler to
integrate.

It is clear that for a combined evaporation-absorption process,
the system response (particularly, the individual fractions of the ap-
plied liquid that evaporate and absorb) will depend on the evapo-
rative mass-transfer coefficient and the permeabilities of the SC and
VT. Scaling analysis reveals the nature of this dependence. In fact,
the system behavior is dictated not by the absolute values of the
system parameters, but by their values relative to each other, ar-
ranged specifically in terms of dimensionless groups, as shown in
Eqgs. (23)-(34). For instance, the rate of displacement of the liquid-air
interface should depend on all the different mechanisms that cause
the VH layer to shrink, which in this case are both evaporation and
absorption into the SC, as shown in Eq. (33). Other than a few excep-
tions, the VT is much more permeable than the SC such that changes
Psc does not significantly alter the ratio Pgc/Pyr. In such cases, for
a constant Pyr, the ratio of evaporated and absorbed fractions of
the applied amount of liquid (henceforth referred to as ‘disposition
ratio’) should depend only on the ratio kevap/Psc. This ratio appears
in Eqs. (28) and (33). If, however, Pyt varies, then even for a fixed
value of kevap/Psc, the ratio Psc/Pyr and, as a result the disposition
ratio will vary. In accordance with the conventional nomenclature
in the engineering literature, it may be called the disposition Biot
number (Bi), representing a measure of the evaporation of the com-
pound into the surrounding gaseous phase relative to its diffusion
into the SC. Thus, we have

pi— Kevap (37)
Pgc

It should be noted that a dimensionless group (y), conceptu-
ally similar to this Biot number and representing the relative
evaporation-absorption tendency, had been introduced in the KM
model (Kasting and Miller, 2006).

In the current system, the SC and VT offer resistances to perme-
ation in series and the equivalent permeability (Pgq) of the system
is given as

1 1 1

— =+ — (38)
Peq  Psc  Pyr

Eq. (38) can be rewritten as

Pgc 1

== =14+ — (39)
PEQ PR

where the relative permeability (Pg) is given as

P = VI (40)

~ Psc

The dimensionless group Py is similar to the parameter B intro-
duced by Cleek and Bunge (1993) representing the relative perme-
ability of SC and epidermis. It is clear from Eq. (39) that for large

values of Pg, Pgg will be nearly equal to Pgc. The o(1) scaling analysis
predicts that for Pg values greater than approximately 100, the pres-
ence of the VT will be virtually undetectable. In this case, a monolayer
skin model (with only a SC) is sufficient to describe the permeation
characteristics for that particular permeant. On the other hand, if Pg
is less than approximately 100, it should be included in the analysis.
Also, Eq. (33) shows that the interfacial displacement velocity (slope
of the curve depicting changing VH layer thickness with time) will
depend on Bi. For Bi values greater than or equal to approximately
100, the second term in the right-hand side of Eq. (33) will be negli-
gibly small. In this case, evaporation dominates the skin disposition
process and the change of the VH thickness due to permeation of
permeant into the SC is negligible compared to evaporation at the
free surface. In such cases, the normalized slope is equal to —1 at
all times. However, for Bi values less than approximately 100, this
term cannot be neglected. In such cases, the magnitude of the slope
is significantly larger than —1 and its magnitude increases progres-
sively with decreasing Bi. In the case where kevap is negligibly small,
Eq. (33) is not valid and Eq. (19) must be rescaled to obtain a dif-
ferent expression since kevap is no longer a good scale for the inter-
facial displacement velocity. However, for volatile solvents kevap is
sufficiently large that this situation does not occur.

4. Solution methodology

Egs. (1)-(19) were solved numerically using a finite differ-
ence/finite element-based subroutine DO3PPF from the NAG®
(Numerical Algorithms Group) mathematical library (NAG®). The
solution is obtained using the method of lines. The PDEs are dis-
cretized in space, and the resulting ODEs are integrated in time

Table 1
Model equations for transformed coordinate system

Owi" _ Desc O 1 Ow;© (43)
ot 12 025 | (1- ) 0z
Owy" _ Dpr O 1 Gl (44)
ot = L2 027 |(1-oT) 027
wp|vey =0C (45)
wfﬂzsgvo:O f0r0§25f<] *fdep (46)
wf,c|zs[v0 = ngt for 1 7fdgp <z<1 (47)
opfhe=0 (10)
0
wffh,t:K;’C/VH% for 0< ¢ < taepl (1)
p*Dpsc 0wy’
m aZSPC ) = kevappﬂ(w,sf\,,[) fort> Ldepl (48)
0 Dpvy Ocp” _ 5 Dpsc  Owit (49)
Lyr(1 - wp") 027 or  Lsc(1 —wy°) 02€ |
dL p5Dpsc Ot
o8t _ 4 o P 50
Pp dt Kevap Pp + Lsc(1 — o) 02C |5, (50)
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using the Gear method, which is suited for stiff problems for which
the temporal gradients can be very large. Trial simulations were
performed with increasing mesh sizes. A mesh size of 201 nodes was
determined to have sufficient numerical accuracy and was used to
generate the simulation results reported here.

Although DO3PPF can solve multiple PDEs, an important restric-
tion lies in the fact that the spatial location of the boundaries (on
which BC are imposed) for all the individual PDEs in the system must
be the same (They are represented in the NAG® manual (NAG®,
2006) as x = a and x = b.) This condition must be satisfied irrespec-
tive of the system of equations, even if the equations involve sev-
eral layers having different thicknesses. In the model developed here
the transport equations involve three distinct layers, the VH, SC and
VT, each having a different thickness. Hence, the model equations
cannot be solved in their original form. Eqs. (5)-(19) must first be
rewritten through a process of compression and normalization of all
the skin layers. This can be achieved by converting the spatial coor-
dinate (z) from a uniform variable to a layer-specific variable, using
the following set of transformation equations:

AC = é (41)
zw:—% (42)

Egs. (41) and (42) can be used to develop specific equations relat-
ing the expressions for partial derivatives between the old and the
new coordinate systems. Using these expressions, the model equa-
tions can be rewritten for the transformed coordinate system. These
equations are given in Table 1.

5. Representative results

A detailed validation of the proposed model requires real-time
experimental data on skin permeation of pure volatile liquids. The
data-acquisition technique that has been employed for studying the
current percutaneous absorption process is described in an accom-
panying paper (Ray Chaudhuri et al., 2009). In this section, the model
predictions and their implications are presented through represen-
tative simulations. The system behavior of the proposed model is
similar to the KM model (Kasting and Miller, 2006) as well as re-
lated modeling efforts from other groups (Anissimov and Roberts,
1999, 2001; Fernandes et al., 2005). Hence, this section will present
key simulation results in order to highlight the system behavior and
will not revisit the model implications already established in the KM
model (Kasting and Miller, 2006).

The skin permeation model developed here is capable of predict-
ing the concentration profiles inside the SC and VT, the instantaneous
VH thickness, the instantaneous evaporation and absorption fluxes,
and the cumulative amounts (representing the fraction of the origi-
nal dose) of the evaporation and absorption fluxes, as well as other
quantities that are useful for interpreting the process. Each of these
quantities has special significance depending on the particular field
of study. The most relevant and important indicator for occupational
safety and health is the total amount of liquid penetrated through
the skin, as given by the fraction of the applied dose absorbed. For
studies pertaining to pharmacokinetic bioequivalence, several other
quantities such as the maximum absorption flux of the permeant
(peak flux) and the time required to reach this peak flux are impor-
tant (Anissimov and Roberts, 2001). Furthermore, for toxicological
studies pertaining to allergic contact dermatitis (ACD), the epidermal
concentrations are critically important (more than the absorption
flux or amount penetrated). Also, for studies pertaining to efficacy
and product development of volatile ingredients in fragranced prod-
ucts and insect repellants, the instantaneous evaporation flux is the
relevant quantity. Properties of the system such as the instantaneous

Table 2
Numerical values of physical and transport properties for the ethanol/SC/VT system

Parameter Symbol  Value (units)
Pure ethanol density pVH 780.8 kg/m?
Molecular weight of ethanol MW 46.07 g/[gmol

Pure SC density @ 30% w/w H,0 Jozs 1193.6 kg/m?
Thickness of the SC Lsc 1.34x10° m
Diffusivity of ethanol in SC Dpsc 4.6455x10 4 m?[s
Pure VT density @ 1019.0 kg/m?
Thickness of the VT Lvr 5.00x10~* m
Diffusivity of ethanol in VT Dpyr 5.7100x10-'° m?/s
SC/VH partition coefficient of ethanol KPscjvu 0.3029

VT/SC partition coefficient of ethanol KPvrysc 2.3308
Evaporation mass-transfer coefficient for ethanol Kevap 1.063x10-5m/s
Constant system temperature 32°C

thickness of the VH and concentration profiles of the permeant inside
the SC and VT are extremely difficult to measure experimentally and
results pertaining to these quantities are rare in the literature. Thus,
the validation of the model predictions for these quantities involves
a considerable effort that may not be warranted for volatile organic
solvents. Systems that do warrant such attention due to their com-
mercial importance include water concentration profiles in the SC
(for cosmetic benefits) (Warner et al., 1988; Bouwstra et al., 2003)
and allergen concentration in the VT (Basketter et al., 2007). It is of
interest to note that volatile permeants, including ethanol, are pre-
dicted to have concentration maxima within the skin once the VH
has evaporated, due to simultaneous loss from the upper and lower
surfaces. Such profiles are easily studied with the mass-transport
model developed in this paper (model predictions not shown).

As discussed earlier, the fraction absorbed depends only on the
ratio of the evaporative mass-transfer coefficient and the overall per-
meability of the skin sub-layers. However, a change in the absolute
value of the latter will change both the peak flux and time to reach
that peak flux. For a given permeant, the experimental parameters
that can be varied freely are the initial amount of the liquid (also re-
ferred to as the dose), the ambient airflow velocity (which affects the
evaporative mass-transfer coefficient) and the system temperature.
This article restricts the representative simulations to variations in
the airflow velocity and other experimental conditions, and for a par-
ticular compound, ethanol. Ethanol was the diluent used in earlier
studies of our research group of the less volatile compounds DEET
(Santhanam et al., 2005) and benzyl alcohol (Miller et al., 2006). In
order to interpret the binary system behavior in these studies, the
kinetics of both solute and the solvent must be understood. The ac-
companying paper (Ray Chaudhuri et al., 2009) provides details on
how to estimate the thermodynamic and transport properties for the
ethanol-skin system. The numerical values used here (Table 2) were
chosen to approximately represent the situation of ethanol perme-
ation through human skin. The influence of the fractional deposition
depth (fdep) will be examined in some detail since this parameter is a
relatively new concept that has not been extensively evaluated. The
usefulness of fgep, is reinforced in the accompanying experimental
study of ethanol-skin permeation (Ray Chaudhuri et al., 2009).

5.1. Dose dependence

The scaling analysis predicts that when fdep =0, the fraction ab-
sorbed at steady state should depend only on Bi and not on dose. It
may also seem from Eqs. (23)-(34) that the dimensionless Fourier
numbers would have an effect on the fraction absorbed. Fourier num-
bers are associated with the time derivatives in the describing PDEs
are indicative of transient phenomena. However, the total amount
(or fraction) absorbed is not a transient property of the system but
a cumulative quantity integrated over time that should not depend
on the Fourier numbers. To test this dose dependence, we conducted
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Fig. 2. Cumulative and instantaneous absorption flux profiles with varying doses (5,
50 and 500 pL/cm?): (a) cumulative absorption; (b) instantaneous absorption flux;
(c) absorption flux plotted on a logarithmic scale. The value fge, = 0 was employed
for these calculations.

simulations using the parameters in Table 2 and doses of 5, 50 and
500 pL/cmz, which correspond to initial VH thicknesses of 50, 500
and 5000 pm. Fig. 2 shows the results. Although the shapes of the
flux profiles (Fig. 2b) including the peak flux and time to reach the
peak flux are different, the fractions of dose absorbed at steady state
are the same for all doses (Fig. 2a). The system reaches a steady state
for the 500 pL/cm? dose, but not for the smaller doses. Similar re-
sults have been obtained in prior modeling studies (Anissimov and
Roberts, 1999, 2001; Kasting and Miller, 2006). Also, at long times the
absorption flux should decay exponentially (Anissimov and Roberts,
1999, 2001). This behavior can be clearly seen in Fig. 2¢, which shows
a plot of the logarithm of the absorption flux as a function of time.
As noted by Anissimov and Roberts (2001), the slope of the linear
portion of the curves in Fig. 2¢ is a function only of the intrinsic per-
meabilities of the SC and VT. For a given permeant, the slope remains
constant, even if the dose is varied. Fig. 2c confirms this prediction.
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Fig. 4. Profiles for cumulative absorption with varying fg,. A dose of 5pL/cm? was
assumed in the calculations.

When fgep, is non-zero, the cumulative absorption depends on
dose as shown in Fig. 3, which shows a plot of the total absorption
as a function of applied dose. This result stems from the fact that
small doses deposited into the upper SC evaporate more slowly than
solvent residing in the VH layer. For very large doses (greater than
approximately 100 pL/cm?2), the system is insensitive to the numer-
ical value of fyep. This reflects the fact that the VH layer persists
for an extended time under these conditions, so that the initial de-
position of a small fraction of the solvent into the upper SC is in-
consequential. Values of fye,, for ethanol in the range 0.1-0.3 were
derived from experimental skin absorption data by regression anal-
ysis (Ray Chaudhuri et al., 2009). It should be noted that the strong
dependence of absorption on fye,, shown in Fig. 3 is a consequence
of the high volatility of ethanol. Less volatile permeants show much
weaker relationships (Santhanam et al., 2005; Kasting and Miller,
2006; Miller et al., 2006; Kasting et al., 2008).

5.2. Deposition depth dependence

Fig. 4 shows the result of varying fgep, for a small applied dose
(5uL/cm?). It is clear from the figure that for a smaller dose, the
fraction absorbed is dose-dependent. For fyep, = 1, the maximum ab-
sorbed fraction was calculated to be 5.5%. Thus, contrary to the sit-
uation where fgep, =0, the total absorbed fraction is not constant
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although the value of Bi remains the same. Fig. 5 shows the simu-
lation results using a substantially larger dose (500 pL/cm?). Similar
to the finding in Fig. 3, fdep does not have a major impact on the
total absorbed fraction for the larger dose.

5.3. Airflow dependence

For a particular permeant and a constant temperature, the evap-
oration mass-transfer coefficient (kevap) is a function only of the
airflow velocity. The default value of kevap representing laboratory
conditions in a fume hood is 0.38 cm/h (as given in Table 1), cor-
responding to an airflow velocity of 0.74 m/s. In these simulations,
kevap was varied to be 0.1, 1 and 10 times the default value. This
changes only the Bi without altering the Fourier numbers of either
skin layers. The applied dose for these simulations was 50 pL/cm?.
Initially the value fye, = 0 was chosen, which meant that an increase
in kevap should yield a proportional decrease in the total absorbed
fraction. In other words, if the total absorbed fraction is plotted
against the reciprocal of Bi (both quantities on a logarithmic scale)
the result should be a straight line with slope = 1. This result is ev-
ident from the solid squares in Fig. 6. However, this proportional
change is observed only when fqep, is zero. For non-zero fyep, the
relative absorption flux increase is less for a given value of 1/Bi. This
effect is more prominent for higher deposition depths.

S. Ray Chaudhuri et al. / Chemical Engineering Science 64 (2009) 1027 - 1035

6. Conclusions

A mathematical model representing transient mass-transfer per-
taining to skin permeation of pure volatile liquids was presented in
this paper. For small doses the model is sensitive to a parameter de-
fined as the fractional deposition depth of permeant in the SC (fgep ),
which mathematically appears in the ICs for the problem. The sys-
tem behavior is found to be in accordance with the predictions of
scaling analysis as well as with several analytical results in the lit-
erature. The simulation results indicated that the total amount of a
topically applied compound permeating through the skin depends
on the temperature, the vapor pressure of the permeant, the ambi-
ent airflow velocity, the permeability of the SC and VT, and on the
fractional deposition depth (fyep). For a given permeant, the frac-
tion of dose absorbed depends only on system temperature, airflow
velocity, dose and fdep. The proposed model can be used to predict
percutaneous disposition characteristics for pure volatile liquids and
can also be extended to non-volatile liquids.
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