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A two-dimensional diffusion model was developed to predict the absorption of chemicals in humans following dermal contact. A first-
order evaporation rate equation was applied to the skin surface while a perfect-sink boundary condition was imposed at the stratum
corneum/viable epidermis interface. Initially, there was a certain amount of the substance present within the stratum corneum at the
end of the exposure period. Laplace transform techniques were implemented to solve the governing equations and to derive an expression
for the time elapsed before reaching 90% of the final amount of chemical absorbed by the body. This index was 0.43, 2.67, 6.91, and 36.9h
for ethanol, diphenylamine, p-nitroaniline, and benzyl butyl-phthalate, respectively. Simulations show that surface evaporation is important
for highly volatile compounds. A large fraction of the amount of poorly volatile compounds, available in the skin after exposure, was

absorbed into the bloodstream.
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Introduction

A descriptive system, such as physiologically based pharmaco-
kinetic (PBPK) model, is often developed to predict the distri-
bution of chemicals that come into contact with the skin (Poet
et al., 2002). In vivo blood levels of benzoic acid were analyzed
in hairless guinea pigs after topic exposure (Macpherson et al.,
1996). Even though the approach provided useful information
on the fate of toxic chemicals in the body, the emphasis was
placed on several biological tissues and not solely on the skin.
In addition, the well-stirred compartment model, adopted, failed
to explain the absorption and penetration of chemicals through
the skin layers.

Other researchers turned their attention to the skin and
applied a perfect-sink condition at the skin—capillary interface
(Kasting, 2001). This narrow focus allows researchers to
develop models containing a few parameters that can be calcu-
lated from physicochemical properties of the permeant (e.g.,
molecular weight). Evaporation that occurs at the skin surface
is included when studying the dermal absorption of volatile
compounds (Frasch, 2012). After writing the diffusion equation
in one dimension (1D), it is possible to predict the transport of
small and large doses deposited on the upper layer of the stratum
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corneum (Kasting & Miller, 2006). An important study, recently
conducted, discusses a chemical applied to the skin for a finite
period before it is completely removed from the skin’s surface
(Frasch & Bunge, 2015). These researchers obtained expres-
sions for the concentration, flux, and cumulative mass of chemi-
cals absorbed and evaporated in the Laplace domain. A
numerical routine was later implemented to invert the results.
They also estimated the time elapsed before reaching 90% of
the final amount of substance absorbed by the body (#99e,)
following the exposure. The relationship between #99., and a
dimensionless evaporation rate constant was represented by a
fitted exponential decay function. Their approach serves as the
basis for this study, which considers a two-dimensional (2D)
model for the absorption of a topically applied chemical.
Laplace-transform-based procedures are offered to solve the
problem and a method is outlined to calculate #9ge, directly from
the Laplace-domain solution.

Two-dimensional mathematical models have been developed
to describe percutaneous absorption of a drug (George, 2005).
Permeation studies show that lateral diffusion in lipid bilayer
systems may be significant (Johnson et al., 1996). In such cases,
it is relevant to consider diffusion in the directions parallel and
normal to the skin surface. One-dimensional models only cover
the latter case. Current 2-D models do not generally address the
diffusion and evaporation of a chemical or a solvent from the
skin surface. An in silico approach was adopted in Chen et al.
(2015) to predict the percutaneous absorption and disposition
of chemicals in the skin layers. To the best of our knowledge,
no theoretical framework exists for the estimation of #90, after
exposure to VOCs using a two-dimensional transport analysis of
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transdermal absorption. In the case of competitive spreading and
lateral diffusion within the stratum corneum, a 2D model may be
necessary to predict the absorption and distribution of chemicals
in the skin layer.

Materials and Methods
Development of the Mathematical Model

A volatile organic compound (VOC) came into contact with the
skin and covered a length /4. (Figure 1). Once inside the stratum
corneum, the chemical was allowed to diffuse in the directions
parallel and perpendicular to the skin surface. A 1D transport
model assumes the concentration only varies in the direction
parallel to the skin surface (x; direction). When calculating
the total delivery rate through the device, the flux is simply
multiplied by the area available for diffusion. This is true of a
solution in a donor cell that is in contact with a flat membrane
of a Franz cell. To include variation along another direction
(x, direction), a line segment is drawn on the skin surface. Cal-
culation of the flux includes changes in the drug concentration
along x; (depth) and x, (length), and no changes in the direction
normal to the x;—x, plane. Just as in a 1D model, the region of
interest is defined as a rectangle. Another choice is to outline
a circle at that interface, which would lead to a cylindrical
coordinate. This contribution examines transport in a Cartesian
coordinate. The notion of equivalent areas can be adopted when
extrapolating the results to a different geometry.
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Fig. 1. Schematic of the two-dimensional absorption model. A
volatile organic compound (VOC) came into contact with the skin
at x; =0 and covered a length /.. A perfect sink condition is
assumed at the corneum/viable epidermis interface x; = /.
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The constant surface concentration of the VOC ¢y, is defined
as

(1)

where K, is the skin—vehicle partition coefficient, and ¢, is
the concentration in the vehicle. Two sections perpendicular to
the skin surface, /4, and k4, are chosen. The main equations
for the absorption and pre-absorption processes are (George
et al., 2004; Simon & Ospina, 2013)

cp = Koy

Oc e e
—=D(=4+Z= 2
ot <8x% * 8x§> @
0 t
pl0x,0) _ Kac(0,x2,1), —hg < x, < 0 (3)
8x1
If t < tep, c(0,x2,8) =1, 0 < xp < e 4)
0c(0,x;,t
If 1> fop, D% = Kc(0,%2,1), 0 < x2 < he  (5)
1
0c(0,x;,t
D% — Kac(0,%2,1), he <x2 <he+h,  (6)
1
dc(x1, —hq, )
ek L LA <x <
8x2 0, 0 S XS ls (7)
ac(xl ) hc + hua t)
b Te Tw <x <
53 0,0<x <[ (8)
C(lSa-XZa t) = 07 _hd S X2 S hC + hu (9)

where D and K. are the diffusivity and evaporation rate
constant, respectively, and /; is the thickness of the stratum
corneum. One-dimensional forms of Equations (5), (6), and
(9) were given in Frasch and Bunge (2015). Degradation of
the chemical, or its binding to the skin, is omitted in the present
model. If these effects become significant for a particular com-
pound, first-order terms can be added to Equation (2). Initially,
no organic compound is found in the skin:

c(x1,x2,0) =0 (10)

After an exposure time ., the VOC starts to evaporate from
the skin (Equation (5)). The parameter 7., is defined as the
period elapsed from the initial contact time with the chemical
to its removal from the skin. The exposure duration is set by
the particular scenario, for example, environmental conditions.
A zero-flux condition is imposed at x, = —h4 (Equation (7))
and x, =h.+ h, (Equation (8)). Evaporation occurs during
and after the exposure period at skin locations close to the affec-
ted areas (Equations (3) and (6)). The perfect-sink condition is
described by Equation (9). The assumption is that all drug reach-
ing the viable epidermis at /g is immediately absorbed into the
bloodstream. A coupled vehicle—skin model is not applied to
describe the VOC dynamics during the first and second time
periods because a concentration gradient is not present in the
device. Accordingly, Equation (4) implies that the surface
concentration remains constant, while Equation (5) describes
elimination of the VOC from a homogeneous source.
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The following dimensionless variables are defined:

X X o . lch] _ hd
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As a result, Equations (2)—(10) become
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Analytical Solution

The problem is split into two parts: a period before and a time
after the absorption of the volatile compound. The first model
is solved with a method similar to the one described in Simon
and Ospina (2013). The Laplace transform of Equation (12) is

_ PClx,y.s)  PClxp.s)
SC(x7y7 ) C(x Vs 0) aXZ ayz (21)
or
_ PCs(x,y,5)  PCy(x,y,s)
sCy(x,p,8) = o2 02 (22)

after using Equation (20). The solution to Equation (22) is
62 (x,y,s) = (C] e"\/a + Czeix\/c_')

(Cssin(yv/=s +¢1) + Cacos(yv/—s + ¢1))
(23)

We apply the boundary conditions (17), (18), and (19) to
Equation (23) and obtain

C(x,y,5) = —Age¥™ 4 dge™ VeV

B Z (nn(y + Ld)) (4,5 — Aye~Grie26n)

(24)
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with
2.2
Gy = [————+5 (25)
(Lu + Ld)
A first-order approximation is
C(x,y,5) = —Aoe"™ + Age V¥'e?Vs
(26)
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Laplace transforms of Equations (13), (14), and (16) are
combined to give:

FC()‘J’S) — wC(x,y, s)} [Heaviside(y + Lq)
Ox x=0
— Heaviside(y)] + {W - wf(x,y,S)} x
x _
=0 ()
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— 1
- [t -]
|: S1x=0
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which incorporates two constants: 4, and A4,. Analytical expres-
sions for 4y and 4; are determined by solving the following two
equations:

Ly
Y(y,s)dy =0 (28)
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and
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with
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_ 1
— Heaviside(y — L,)] — [C(X,%S) - ;] x
x=0

[Heaviside(y) — Heaviside(y — L¢)]

Unique solutions are obtained for 4y and 4; because Equa-
tions (28) and (29) are linearly independent. A closed-form
expression is obtained for the VOC concentration at T = Teyp
by using the residue theorem (Rice & Do, 1995):

Cogx,) + i [f(a;,x,y) e*aﬁfcw}
=1

where —o’ are the poles of the concentration in the Laplace
domain C(x,y,s), Ceq(x, y) is the steady-state (or equilibrium)
concentration and f(.) is a function of the poles. For simplicity,
only the first pole is used. This means that the solution is valid
for Teyp > Tiag (i€., lag time). The lag time is indicative of the

C(x,y7 ‘cexp) = (31)

2
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time required to reach a steady-state flux (Twizell & Kubota,
1994).

The same technique is applied for the period following
absorption of the volatile compound. In this case, Equation
(21) becomes

val 826(3@)’»5) aza(xayv S)
Sc(xvyvs) - C(xvya Texp) = 2 + ayz (32)
and Y(y, s), defined in Equation (30), is reduced to
OC(x,y,s —
Vis) = [% —wC(x,y, s>] (33)
x x=0

The concentration C(x, y, t) is found by inverting C(x,y, s)
numerically (Durbin, 1974).

The cumulative amount of VOC absorbed by the body and
evaporated from the surface of the skin are

M (t / /8 (y.0)| dlde  (34)
—Lg x=1
and
Movep () / / Cluy.o)| dids  (35)
\':O
—Lg

The initial mass of VOC in the skin at the end of the exposure
is

L, 1
M, = / /C(x,y,O)dx dy (36)
-1y Lo

As a result, the normalized absorption by the body and evap-
oration from the skin are given by

T Ly
- QC(x,y,a) _dy|do
Mabs(‘[) J[ 7{1 Ox |x71
M, = T (37)
J | [C(x,»,0)dx|dy
—Lgq 0
and
T Ly o
5 Clx,y,0)| _dv|do
Moy (7) of id €9l o
M, = T (38)
J | [C(x,y,0)dx|dy
—Lgq 0

respectively. At the end of the exposure, the time to reach 98%
of the amount absorbed by the body is estimated by using the
notion of a time constant of a first-order system. The effective
relaxation time (or time constant) is defined by (Collins, 1980;
Simon, 2009)

Teff = /000 Q(t)dr (39)
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where Q(7) is a probability density function:
M, M,
Q(‘E) ( bs( ) bs (T)) (40)
fO abs Mabs(‘L'))dT
Equation (39) can also be written as
M, dM
Teff = 11m< absz(w) —+ abS(S)) X
5—0 s ds
(41)

abs (

. [ Mups(c0) — -
{EE% <) = Mas “N
where M, is the Laplace transform of M, The amount
absorbed is at 98% (or 90%) of the steady-state value when
T=41. or 237, (LeBlanc & Coughanowr, 2009). The
response time is accurate for a first-order system and is a
reliable estimate for diffusive processes (Simon, 2009). More-
over, it is not necessary to derive the Laplace inverse of the
absorbed mass in order to apply Equation (41).

Results and Discussion

The four chemicals used in this study (Table I) are taken from
Frasch and Bunge (2015). To carry out the simulation in 2D,
values of L., L4, and L,, corresponding to those reported by
George et al. (2004), were used. Their research focused on the
permeation of a drug applied as an ointment on the skin surface.
The dimensionless region of contact was defined as 0 <y < L.
The data were estimated by assuming the skin was exposed to
the air and that f..p/t.g = 10. The last two rows, containing
1909, values, calculated from the models developed in this inves-
tigation (Z99v,,) and by Frasch and Bunge (2015) (#5.,), will be
discussed later. Figures 2—5 show the absorption of the chemi-
cals into the body and their evaporation from the skin surface.
The amount of ethanol evaporated from the surface of the skin
was higher than the amount absorbed (Figure 2). This obser-
vation is in line with published studies where evaporation was
substantial for highly volatile compounds (Frasch & Bunge,
2015). As the permeant becomes less volatile, more of it is
absorbed into the body. Nearly all the p-nitroaniline that
remained in the skin after an exposure of 12.9 h was absorbed
by the body (Figure 5).

The normalized time constant (7o) decreased with an
increase in the volatility of the chemical (Table I). Once the nor-
malized exposure time and the diffusion area are specified, T
becomes only a decaying function of w and can be used to esti-
mate the time it takes for the body to absorb residual amounts of
a chemical that remain in the skin after the exposure. By
analogy to a first-order process, the absorbed quantity reaches
90% of the steady state at 2.37.¢ (LeBlanc & Coughanowr,
2009). At a fixed w, the time constant (Z.¢) and t9¢0, are inver-
sely proportional to the compound diffusion coefficient in the
skin because t=D/I>. Note that Ty is related to foy by
Toff = teffD/ 15. Similar to the lag time, #. increases with the
diffusional path length /. The lowest value of f9g0,is obtained
for ethanol (0.43 h). This observation can be explained by the
relatively high diffusion coefficient. The effect of w on 7. is
not pronounced for larger values of w. For example, computed
values of 7. are 0.107, 0.106, 0.106 when w is equal to 155,
620, and 1550, respectively. As a result, differences in the time
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Table I. Model parameters and calculation of #9¢«, for four chemicals

L. Simon and J. Ospina

Chemicals Ethanol Diphenylamine Benzyl butyl-phthalate p-Nitroaniline
I cm 0.0015 0.0015 0.0015 0.0015
ey mg/cm’® 789 789 789 789
tag h 0.29 1.34 8.86 1.29
D cm*/h 1.29E-06 2.80E-07 4.23E-08 2.91E-07
w 155 53 0.48 0.06
K cm/h 1.34E-01 9.89E-04 1.35E-05 1.16E-05
he cm 7.50E-04 7.50E-04 7.50E-04 7.50E-04
hq cm 0.00375 0.00375 0.00375 0.00375
hy cm 0.00375 0.00375 0.00375 0.00375
L, 0.5 0.5 0.5 0.5

Ly 2.5 2.5 2.5 2.5

L, 3.0 3.0 3.0 3.0

ky cm/h 8.00E-04 7.70E-03 3.70E-02 8.44E-03
K 0.93 41.27 1311.28 43.55
fexp h 29 13.4 88.6 12.9
Texp 1.67 1.67 1.67 1.67
Tefr 0.11 0.14 0.30 0.39
t909, h 0.43 2.67 36.9 6.91
150% h 0.55 2.68 41.6 7.22

150y Values were obtained by Frasch and Bunge (2015).4, thickness of the stratum corneum; c,, drug concentration in the vehicle; #,g, time lag; D, drug diffusivity in
the stratum corneum; 1, L., Ly, L,, w, as defined in Equation (11); K, evaporation rate constant from the stratum corneum into the surrounding air; k,, permeability
coefficient defined by k, = K, D/l;; K, skin-vehicle partition coefficient; 7..p, period elapsed from the initial contact time with the chemical to its removal from the
skin; A, hq, hy, as defined in Figure 1. Bold values indicate the results calculated using the proposed 2-D model.

Fig. 2. Ethanol absorption into the body (a) and evaporation from
the skin surface (b) after an exposure of 2.9 h to air. The evapor-
ation rate constant is K = 0.13cm/k; 7 is the dimensionless time.
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Fig. 3. Diphenylamine absorption into the body (a) and

evaporation from the skin surface (b) after an exposure of 13.4h
to air. The evaporation rate constant is K= 1.0 x 10 3ctvh 5t
is the dimensionless time.
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Fig. 4. Benzylbutyl-phthalate absorption into the body (a) and
evaporation from the skin surface (b) after an exposure of 88.6h
to air. The evaporation rate constant is K, = 1.4 x 10 %cm/h ; <
is the dimensionless time.

it takes the body to absorb 90% of semi- and highly volatile
compounds should be attributed to the diffusion coefficient
instead of the evaporation rate. The influence of the vapor press-
ure on f.g is more significant at low w values. Frasch and Bunge
(2015) stated that the absorption of 90% of diphenylamine took
four times longer than ethanol because the lag time (/2/6D) of
ethanol (0.29 h) is shorter than that of diphenylamine (1.34 h).

An analytical expression, which did not require an inversion
of Myps(s), was obtained for 7. (Equation (41)). After a
numerical inversion of M ps(s), researchers are able to simulate
two-dimensional diffusion of a chemical into the skin. The
effects of volatility and exposure time can be addressed in the
current platform. A similar problem was solved in one dimen-
sion (Frasch & Bunge, 2015). After fitting a three-parameter
exponential decay function to a set of data, the authors
developed a relationship between w and #9g0,/t4. Their findings,
listed in the last column of Table I, are mostly comparable to the
results shown in this work.

Small differences were observed in the f9qo,values obtained
for the two models. The discrepancy may be attributed to several
factors. It is possible that normal and lateral diffusions contrib-
ute to the observed transport. This would not be revealed in an
analysis based on 1D diffusion. In addition, the method outlined
in this paper is based on a single diffusion coefficient. Because
of the highly anisotropic nature of the stratum corneum lipids
(Wang et al., 2000), the diffusivities are likely to be distinct
for some compounds. Researchers need to compare the
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Fig. 5. p-Nitroaniline absorption into the body (a) and evaporation
from the skin surface (b) after an exposure of 12.9h to air. The
evaporation rate constant is K, = 1.2 X 10 3cmv/h ; 7 is the dimen-
sionless time.

predictions with the experimental data. If skin absorption data
are described adequately by a 1D transport equation, metrics
such as f999, and #,0are to be calculated from the 1D results.
In cases where a significant mismatch exists between the predic-
tions and laboratory data, the 2D approach is recommended.
In vitro experiments should be performed to validate the results.
The equations can be extended to the case of an anisotropic
diffusion in the stratum corneum. In this case, Equation (12)
becomes
0*C

oc_opc

42
ot Ox? (42)
where 1= D,»/D,;. The parameters D,; and D,, are the dif-
fusion coefficients in the transversal and lateral directions,
respectively. The dimensionless time and parameter w are

defined as: T = ’%‘ and w = %.
2 N

Conclusions

This effort analyzes the absorption of volatile organic com-
pounds into the body and their evaporation from the skin surface
using a two-dimensional transport equation. The study is restric-
ted to cases where penetration and lateral diffusion take place
simultaneously within the skin bilayers. To conduct the analysis,
the amount of chemical in the skin at the end of the exposure
period was obtained from an earlier publication. The current
application considers scenarios in which the exposure time is
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larger than the lag time. Implementation of Laplace transform—
based techniques led to analytical expressions for solute concen-
tration in the skin, the effective time constant (#.¢) and the time
it took to reach 90% of the final amount of chemical absorbed
by the body (#999). Several simulations were conducted to show
the absorption of chemicals into the body and their evaporation
from the skin surface. Calculations show good agreement with
published results based on 1D analyses. For example, after
applying the approach to four chemicals, the amount of ethanol
absorbed by the body was found to be less than the amount eva-
porated from the skin’s surface and into the air. Compared with
their absorption into the body, evaporation was significant for
highly volatile compounds. Poorly volatile compounds, such
as p-nitroaniline that remained in the skin after a finite exposure
period, were nearly all absorbed by the body. If the volatility is
kept constant, the relaxation time (Z.¢) and f9ge, are inversely
proportional to the diffusion coefficient in the skin. In addition
to predicting these trends, the proposed scheme can be used to
estimate concentration gradients in the directions perpendicular
and parallel to the skin surface. The theoretical framework pre-
sented in this contribution should be validated with a number of
experiments to test its applicability and performance.
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