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Abstract 0 A diffusion model for the percutaneous absorption of a
solute through the skin is developed for the specific case of a constant
donor concentration with a finite removal rate from the receptor due
to either perfusion rate or sampling. The model has been developed
to include a viable epidermal resistance and a donor−stratum corneum
interfacial resistance. Numerical inversion of the Laplace domain
solutions were used for simulations of solute flux and cumulative
amount absorbed and to model specific examples of percutaneous
absorption. Limits of the Laplace domain solutions were used to define
the steady-state flux, lag time, and receptor concentration. Steady-
state approximations obtained from the solutions were used to relate
the steady-state flux and the effective permeability coefficient to the
viable epidermis resistance, a donor−stratum corneum interfacial
resistance, receptor removal rate, and partitioning between the receptor
and donor phases. The lag time was shown to be dependent on these
parameters and on the volume of the receptor phase. It is concluded
that curvilinear cumulative amount and flux−time profiles are dependent
on the processes affecting percutaneous absorption, the shapes of
the profiles reflecting the processes most determining transport.

Introduction
The interpretation of percutaneous absorption kinetics

is highly dependent on the assumed mathematical model
representation of transport across the epidermis. This
information is then commonly applied to (1) optimize
topical formulations, (2) develop transdermal delivery
systems, (3) provide risk assessment for skin contaminants,
and (4) predict the effect of physiological processes (such
as changes in dermal blood flow) on the rate of percuta-
neous penetration.1 A number of mathematical models
have been used to describe percutaneous absorption kinet-
ics.2 Most percutaneous absorption kinetic models describe
the time dependency of the cumulative amount of solute
penetrating the epidermis into a sink receptor phase.2 The
models derived recognize constant and depleting donor
concentrations and the resistance of the viable epidermis.
When a constant donor concentration exists, the cumula-
tive amount of solute penetrating the epidermis under
steady-state conditions (Qss(t)) is linearly related to the
exposure time t:

where Jss is the steady-state flux, lag is the lag time, and
A is the area of application. The steady-state flux of solutes
through the epidermis can be expressed in terms of an
apparent permeability coefficient k′p, and the difference in

vehicle (Cd0) and receptor compartment (Cr ss) concentra-
tions:1-4

A number of studies have shown that k′p is defined by the
resistances of both the stratum corneum and viable
epidermis.4-7 Cr ss is defined by k′p, A, Cd0, and the rate of
removal of solute from the receptor compartment, desig-
nated as a clearance Clr:8

It is apparent that an increased Clr will reduce Cr ss (eq 3)
and, accordingly, increase Jss (eq 2). A number of studies
have shown that an increase in perfusion flow rate can
increase percutaneous absorption.9-11 In addition, a num-
ber of studies have shown that percutaneous absorption
of lipophilic solutes is highly dependent on the nature of
the receptor fluid and that certain receptor fluids under-
estimate in vivo absorption.12-19

We are not aware of mathematical expressions describ-
ing the curvilinear Q(t) versus time profiles associated with
nonsink conditions using a diffusion model for epidermal
transport. Guy and Hadgraft20 have given a theoretical
expression for the diffusion-controlled release of a solute
from a slab into a nonsink receptor. Curvilinear Q(t) versus
time profiles also occur when there is depletion in the donor
phase associated with the application of a finite donor.2
Parry et al.21 presented an expression for the accumulation
of solute in the receptor compartment with time when there
was no clearance of solute from the receptor. Guy and
Hadgraft22 reported a pharmacokinetic model in which the
influx into the membrane was assumed to be an exponen-
tial decline in vehicle concentration and the efflux from the
membrane was defined by a first-order rate constant.

In this paper, we derive diffusion equations for the
cumulative amount of solute penetrating through the
epidermis from a constant donor concentration into a finite
receptor volume with a finite removal clearance. Given the
potential contribution of the viable epidermis and unstirred
water layers as a resistance to transport into the dermis
or receptor,1-7 we have included this effect in our deriva-
tions. We have also included the complementary contribu-
tion of the vehicle-stratum corneum resistance, as this is
relevant to transdermal patch delivery with delivery being
controlled in part by a membrane or adhesive patch
component. The Laplace expressions for cumulative
amount-time and flux-time relationships are then used
to define steady-state flux and lag times. These expressions
were also used to characterize the effects of changing
various determinants on the profiles described by the
relationships and to explain experimental data. Given that
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Qss(t) ) JssA(t - lag) (1)

Jss ) k′p(Cd0 - Cr ss) (2)

Cr ss )
k′pACd0

Clr + k′pA
(3)
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many receptor fluids yield percutaneous absorption fluxes
in vitro considerably lower than for in vivo with highly
lipophilic compounds,23 we have also considered the esti-
mation of the apparent permeability coefficient from the
apparent solubility of the solutes in a given receptor fluid.

Theory
Figure 1 shows a schematic diagram of the model used

in this work. Both donor and receptor phases are repre-
sented as a well stirred compartments. The transport of
solute through the stratum corneum, referred to in this
section as the membrane, is described by the diffusion
equation:

where Cm(x,t) is the concentration of solute in the mem-
brane at distance x at time t, and Dm is the diffusion
coefficient. We assume there is no solute initially present
in the membrane. The initial condition is therefore:

The boundary conditions at the donor surface (x ) 0) are
defined by the partitioning of the solute between donor
phase and membrane:

where Cd0 is the concentration in the donor phase, Km is
the partition coefficient between the membrane and donor
(Km ) Cm

ss/Cd
ss at the equilibrium between the membrane

and donor).
Donor Surface Boundary ConditionssWhen an in-

terfacial barrier exists adjacent to the membrane in the

donor phase, boundary condition 6 becomes:

where kp
d is permeability coefficient through this barrier.

In the specific case when this barrier is an unstirred
diffusion layer in the donor phase, kp

d ) Ddl/hdl, where Ddl
and hdl are diffusion coefficient and thickness of the layer.

Receptor Surface Boundary ConditionssThe bound-
ary conditions at the receptor surface (x ) hm, hm is effective
thickness of the membrane) are:

where Clr is the removal rate (mL/min) of solution contain-
ing solute from the receptor phase, Vr is the volume of the
receptor, Kr is the partition coefficient between the receptor
and donor (Kr ) Cr

ss/Cd
ss at the equilibrium between the

receptor and donor), A is the area of application, and Cr is
the concentration in the receptor. In eq 8, kp

ve is the
permeability coefficient of solute due to a barrier between
the membrane and receptor. In the specific case of the
viable epidermis or an unstirred aqueous diffusion layer
being the barrier, kp

ve ) KveDve/hve where hve is the thick-
ness of the viable epidermis/layer, Dve is the diffusion
coefficient in the viable epidermis/layer, and Kve is the
partition coefficient between the viable epidermis/layer and
donor (Kve ) Cve

ss/Cd
ss at the equilibrium between the viable

epidermis/layer and the donor). It is also noted that k′p (eq
2) can be expressed in terms of kp

sc and kp
ve by3-8 1/k′p ) 1/

kp
sc + 1/kp

ve, where kp
sc is the stratum corneum permeability

coefficient. We have limited this analysis to pseudo-steady-
state permeability coefficients kp

ve and kp
d for transport in

the viable epidermis and unstirred receptor/donor diffusion
layers, as representation of transport by the diffusion
equation unnecessarily increases the complexity of the
solutions, given that the lag time in the viable epidermis
and unstirred diffusion layers is normally very small. While
Clr in vitro is defined by either sampling rate or flow rate,
Clr in vivo is defined by the sum of removal by blood flow
and clearance by transport into deeper tissues below the
application site.3

Laplace Domain SolutionsWe now consider the
Laplace domain solution of eq 4 with boundary conditions
6-9. The Laplace transform of eq 4 with initial condition
5 is:

where hat over function (ˆ) denotes the Laplace transform.
The Laplace transforms of boundary condition expres-

sions 6-9 are:

Figure 1sSchematic diagram of the model. (A) In vitro and (B) in vivo (see
text for explanations of symbols).
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The general solution to eq 10 is

where A1 and B1 are constants independent of x to be
determined by the boundary conditions, and td is the
parameter with the dimension of time:

Substitution of Ĉm(x,s) in the form of eq 14 to boundary
condition 11 yields for B1:

where dimensionless parameter κd is the relative perme-
ability of the diffusion layer in the donor:

and kp
sc is the permeability coefficient of membrane:

Solving boundary conditions 12 and 13 for A1 with
Ĉm(x,s) in the form of eq 14 and with B1 determined in eq
16 yields expression for A1:

where functions g1(s) and g2(s) are:

and dimensionless parameters κve, ClrN, and VrN are defined
as:

We note that the kinetic interpretations of parameters
introduced here are as follows: td is of the order of
magnitude of the diffusion time through membrane; κve is
a measure of the relative resistance of membrane (1/kp

sc)
to the resistance of the viable epidermis/aqueous layer (1/
kp

ve); ClrN is a measure of the magnitude of the removal
rate from the receptor phase (Clr) relative to transport

through the membrane (kp
scA); VrN is the ratio of the

amount of drug in the receptor phase and membrane (CrVr/
[CmVm]) assuming equilibrium exists between phases.

Substitution of A1 from 19 and B1 from 16 to eq 14 yields
the equation for the concentration in the membrane:

Flux of SolutesThe flux of solute into the receptor
phase is given by:

Hence, from eqs 25 and 26:

Amount of Solute AbsorbedsThe cumulative amount
of solute absorbed Q(t) over time t into the receptor can be
derived from the flux-time relationship for a solute:

Or in the Laplace domain:

Hence, from eqs 27 and 29:

Receptor Phase ConcentrationsCombining eqs 26
and 13 yields

Rearrangement yields the receptor concentration Ĉr(s):

Simulations and Data Analysis
Simulations in this section have been performed by numerical

inversion of functions from the Laplace domain to the time domain
using the program SCIENTIST (Micro-Math Scientific software).
Numerical inversion of the Laplace domain solutions were used
in these simulations for simplicity. The inversion of Q̂(s) to the
time domain for arbitrary t is only possible in a form of an infinite
sum of residues of function estQ̂(s) at its singularities and involves
solving bulky transcendental equations. A solution in this form

Ĉm(x,s) )

Cd0Km

s

g1(s) cosh(xstd
x

hm
) - g2(s) sinh(xstd

x
hm

)
g1(s) +

xstd

κd
g2(s)

(25)

Ĵ(s) ) -Dm

dĈm

dx
|x)hm

. (26)

Ĵ(s) )
kp

scCd0

s [( 1
ClrN + VrNstd

+ 1
κve

+ 1
κd

) cosh xstd +

( 1

xstd

+
xstd

κd [ 1
κve

+ 1
ClrN + VrNstd]) sinh xstd]-1

(27)

Q(t) ) ∫0

t
AJ(t′)dt′ (28)

Q̂(s) )
AĴ(s)

s
(29)

Q̂(s) )
kp

scACd0

s2 [( 1
ClrN + VrNstd

+ 1
κve

+ 1
κd

) cosh xstd +

( 1

xstd

+
xstd

κd [ 1
κve

+ 1
ClrN + VrNstd]) sinh xstd]-1

(30)

VrsĈr ) AĴ(s) - ClrĈr (31)

Ĉr(s) )
AĴ(s)

Vrs + Clr
(32)

Ĉm(x,s) ) A1sinh(xstd
x

hm
) + B1cosh(xstd

x
hm

) (14)

td )
hm

2

Dm
(15)

B1 )
Cd0Km

s
+

xstd

κd
A1, (16)

κd )
kp

d

kp
sc

(17)

kp
sc )

KmDm

hm
(18)

A1 ) -
Cd0Km

s
g2(s)

g1(s) +
xstd

κd
g2(s)

(19)

g1(s) ) 1 +
κve

ClrN + VrNstd
+

κve

xstd

tanh xstd (20)

g2(s) ) (1 +
κve

ClrN + VrNstd
) tanh xstd +

κve

xstd

(21)

κve )
kp

ve

kp
sc

(22)

ClrN )
ClrKr

kp
scA

(23)

VrN )
VrKr

VmKm
(24)
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was felt to be of limited value as reliable numerical inversion
techniques are now available.24

Experimental data illustrating the effect of receptor composition
(aqueous solutions containing Volpo N 20 or bovine serum
albumin) and sampling times on the penetration of octyl salicylate
as a 10% solution in liquid paraffin through 20 µm high density
polyethylene membrane were produced by our group.18,25 In
addition, solubilities of octyl salicylate determined in Volpo N 20
6% (9.73 ( 0.21 mg/mL) and 4% bovine serum albumin (0.24 (
0.01 mg/mL)18,25 were used for data interpretation.

Results

The present model shows that, under conditions of
constant donor concentration, the cumulative amount
absorbed Q(t), the flux J(t) and the receptor phase concen-
tration Cr(t) can be expressed in Laplace domain by eqs
30, 27, and 32, respectively. These values have been
expressed in terms of six parameters reflecting both
intrinsic and extrinsic determinants of the resulting time
profiles. The two usual intrinsic variables are the stratum
corneum permeability coefficient (kp

sc) and the diffusion
time through the stratum corneum (td). The extrinsic
variables are κd, κve, ClrN, and VrN. These variables are
determined by receptor (dermal) clearance, receptor (der-
mal) volume (assuming it is effectively well-mixed), recep-
tor phase composition (affinity for solute), viable epidermal
(aqueous diffusion layer) resistance, and the vehicle-
membrane interfacial resistance. We now consider the
effects of each of these determinants on Q(t), J(t) and Cr(t)
versus t profiles. Later we express equations 30, 27 and
32 as steady state approximations and consider the explicit
effects of each determinant.

Receptor (Dermal) ClearancesThe effect of receptor
(dermal) clearance on Q(t) versus t profiles is defined by
ClrN, which expresses ClrKr relative to kp

scA (eq 23). Figure
2a shows normalized plots of Q/(kp

scACd0td) versus t/td for a
specific case where both the relative viable epidermis
resistance (κve) and relative receptor volume (VrN) equal 0.5,
and there is no donor-stratum corneum interfacial resis-
tance (κd f ∞). It is apparent that as ClrN decreases,
corresponding to a reduction in sampling rate, the cumula-
tive amount absorbed decreases in a curvilinear manner.
However, at long times, an apparent steady-state flux is
reached. Figure 2b shows that decreasing the receptor
clearance results in a lower steady-state flux (slope of
relationship), a longer time to reach steady state, and, in
this case, a negative lag time (lag2). Figure 2c and Figure
2b show that the flux is reduced and receptor phase
concentration increased by decreasing the receptor clear-
ance.

Receptor (Dermal) VolumesFigure 3a shows that the
volume of the receptor phase, as represented by VrN() VrKr/
[VmKm]), eq 24 also affects the cumulative amount-time
profiles. This analysis assumes that this volume is ef-
fectively well-mixed. The curvilinear profiles are less
pronounced as VrN increases. When VrN f ∞, the profile is
equivalent to that for infinite sampling. It is apparent from
Figure 3a that reducing the receptor volume results in the
same steady-state flux when a finite receptor volume exists,
as distinct from the much higher steady-state flux with
sink conditions as defined by VrN f ∞. Figure 3a also shows
that decreasing VrN decreases the time to reach steady
state. Consistent with this observations, VrN affects the
time for Cr(t) to reach steady state, but not the actual Cr ss,
when a finite volume exists.

Receptor Solution CompositionsThe receptor solu-
tion composition will determine the partition coefficient of
the solute between the stratum corneum and receptor
solution Kr and, in turn, ClrN() ClrKr/(kp

scA), eq 23) and

VrN() VrKr/(VmKm), eq 24). Figure 4a shows that as Kr
decreases, the cumulative amount absorbed also decreases.
It is apparent that reduced Kr is associated with a lower
steady-state flux. Given that Kr is also defined by the
solubility in the receptor divided by that in the donor when
Henry’s law applies, similar profiles can be shown for a
given vehicle or donor phase when the receptor composition
is characterized by the solubility of the solute in the
receptor phase.

Figure 4b shows that a decreased Kr (and receptor phase
solubility for solute) leads to a decreased Cr but does not
greatly affect the time to reach Cr ss. It is evident in Figure
4c that experimental data, in which the Volpo N20 con-

Figure 2s(a) Normalized cumulative amount absorbed versus normalized
time profiles for κve ) VrN ) 0.5 and κd ) ∞ based on eq 30 (κve represents
ratio of resistance of membrane, 1/kp

sc, to the resistance of the viable
epidermis/aqueous layer, 1/kp

ve, κd represents ratio of resistance of mem-
brane, 1/kp

sc, to the resistance of the vehicle−stratum corneum interface, 1/kp
d,

whereas VrN defines ratio of receptor−membrane effective distribution volumes).
The curves on each graph represent ClrN values of 0.1, 0.3, 1, 3, 10, and ∞,
with arrows indicating the increase of ClrN (ClrN defines relative rate of receptor
clearance to permeability through membrane). (b) The curve corresponding
to ClrN ) 0.1 from part a (solid line) is presented together with its steady-
state (dashed line) and quasi-steady-state (dash-dotted line) extrapolations.
Intercepts of extrapolations with x axis define negative (lag2) and positive
(lag1) lag times for the steady and quasi steady states. (c) Normalized flux
versus normalized time (t/td). (d) Normalized receptor concentration versus
normalized time.

Figure 3s(a) Normalized cumulative amount absorbed versus normalized
time profiles for different receptor phase volumes (varying VrN) with κve )
0.5, ClrN ) 0.1, and κd ) ∞. On each graph, curves represent VrN values of
0.5, 1.0, 2.0, and ∞, respectively, starting from lower curve (see Figure 2 for
simplistic description of κve, VrN, and ClrN). (b) Corresponding receptor
concentrations Cr normalized for donor concentration Cd0.
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centration in the receptor phase was reduced, is consistent
with lower penetration for receptor phase in which the
solute is less soluble. An even lower penetration is observed
for the BSA receptor phase in which octyl salicylate is 1/40
the solubility in 6% Volpo N20. Figure 4c also shows that
the effects of receptor phase variability on penetration is
diminished as the receptor sampling rate is increased.

Contribution of Viable Epidermis (aqueous diffu-
sion layer)sFigures 5a and 5b show plots of normalized
cumulative amount penetrating versus time when the
resistance of the viable epidermis is 1/10th and 10×,
respectively, that of the stratum corneum. It is apparent
that as the relative resistance of the viable epidermis or
aqueous diffusion layer increases, the steady-state flux is
reduced and the lag time increased. Further, the significant
effect of receptor clearance observed when there is a
relatively low viable epidermal resistance effectively disap-
pears when the relative resistance is high.

Contribution of Vehicle-Stratum Corneum Inter-
facial ResistancesAn effect, similar to that when viable
epidermis is significant, applies when the relative resis-
tance of the vehicle-stratum corneum interface is high.
Figure 5c and Figure 5d show that when this resistance
becomes high, the steady-state flux is reduced, lag time is

increased, and removal clearance effects are less pro-
nounced. The receptor (dermal) concentration (not shown)
is also decreased.

Steady-State ApproximationssIt is apparent in Fig-
ures 2-5 that a steady-state regime is approached at long
times (t . td) by Q(t), J(t), and Cr(t). For (t . td), the
resulting Qss(t), Jss, and Cr ss are defined by the singularity
at s ) 0. Hence, for Qss(t):

where

Writing eq 33 in an identical form to that described in
equation 1 yields expressions for the steady-state flux, Jss,
and lag time, lag, given by:

The corresponding expression for Cr ss is

Figure 4sEffect of sampling times, sampling rate, and receptor composition
on the amount absorbed versus time plots. A: Simulations with eq 48 of a
rapid sampling rate (solid lines, ClrN ) 12Kr, and VrN ) 0.1Kr) and slower
sampling rate (dashed lines, ClrN ) Kr, and VrN ) 0.1Kr) for two different
partition coefficients Kr (0.5, 10) and td ) 10h; B: corresponding receptor
concentration Cr normalized for donor concentration Cd0; C: experimental data
for 10% octyl salicylate in liquid paraffin (v-v) applied to 20 µm high density
polyethylene membranes18,25 with different receptor fluids and a high sampling
rate for the first eight hours. (O), (0), (4), and (*) represent 10% of Volpo-N
20, 6% of Volpo-N 20, 3% of Volpo-N 20, and 4% of bovine serum albumin
(BSA) in the receptor phase, respectively.

Figure 5s(a,b) Effect of epidermal resistance as described by κve (kp
ve/kp

sc)
on normalized amount absorbed versus normalized time profiles for VrN )
0.5 and κd ) ∞; (c,d) Effect of vehicle−stratum corneum resistance as
described by κd (kp

d/kp
sc) on normalized amount absorbed versus normalized

time profiles for VrN ) 0.5 and κve ) ∞. The curves on each graph represent
ClrN values of 0.1, 1, 10, and ∞ starting from the lower curve, respectively.

Qss(t) ≈ kp
scACd0(t lim

sf0
q(s) + lim

sf0

dq(s)
ds ) (33)

q(s) ) [( 1
ClrN + VrNstd

+ 1
κve

+ 1
κd

) cosh xstd +

( 1

xstd

+
xstd

κd [ 1
κve

+ 1
ClrN + VrNstd]) sinh xstd]-1

(34)

Jss ) Cd0kp
sc[1 + 1

κve
+ 1

κd
+ 1

ClrN]-1
(35)

lag )
td

6(1 +

2(ClrN
2

κd + κveClrNκd + κveClrN
2 ) + 6(ClrN

2 + κveClrN - κveVrNκd)

ClrN(ClrNκd + κveκd + ClrNκve + ClrNκveκd) )
(36)

Cr ss )
ACd0kp

sc

Clr [1 + 1
κve

+ 1
κd

+ 1
ClrN]-1

(37)
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In the absence of a significant viable epidermis and donor
diffusion layer resistance and when sink conditions apply,
the steady-state flux due to transport across the stratum
corneum Jss

sc is given by Cd0kp
sc. Hence, if the steady-state

flux Jss is defined for given values of κd, ClrN, and κve, Jss
sc

can be estimated from Jss, ClrN, κd, and κve using eq 35. It
is to be noted, that when infinite sink conditions apply,
Clr f ∞ so that ClrN f ∞, noting κve ) kp

ve/kp
sc, κd ) kp

d/kp
sc

(eqs 22, 17) and Jss
sc ) Cd0kp

sc, the steady-state flux can be
rearranged into the form:

where k′p is the apparent permeability coefficient defined
in eq 2 and Cd0 is the donor concentration.

The determinants of Jss under nonsink conditions can
be better understood by equating the definition for Jss
defined in eqs 2 and 35:

Hence, after some rearrangement

where kp
r()ClrKr/A) is an “effective” removal permeability

coefficient for the receptor. Equation 39 could therefore be
expressed as:

Hence, the “effective” permeability coefficient recognizing
nonsink condition k′′p reflects not only the stratum cor-
neum and viable epidermis permeability coefficients, but
also the “effective” removal permeability coefficient and
donor interface resistance.

Using eq 32 with s ) 0 and Ĵ(0) ) Jss the steady state
concentration in the receptor phase can be defined as:

The removal clearance is of particular importance in
determining the steady state concentration in the
receptor phase Cr ss. Noting eq 41, eq 42 can be expressed
as

Thus, even if the removal permeability coefficient
kp

r()ClrKr/A) is not rate limiting in epidermal transport, it
may be a significant determinant of local tissue concentra-
tions.

The removal permeability coefficient kp
r or ClrN is also a

major determinant of whether lag time is positive or
negative. Rearranging eq 36 yields:

It is apparent that lag time will approach td/6 when κve,
ClrN, and κd are infinitely large. Further, the potential to
have a negative lag time, as shown in Figures 2b and 3a
will only occur when ClrN is small and the receptor volume
is relatively large, so that the term in square brackets in
eq 44 becomes negative.

In summary the data shown in Figures 2-5 arise from
the explicit effects of the vehicle-stratum corneum, stra-
tum corneum, viable epidermal, and “effective” removal
permeability constants on k′′p and, hence, Jss. Jss will be
largely defined by whichever permeability constant is
smallest. The lag time will be determined not only by these
variables but also by receptor volume. Finally, Cr ss is
dependent on the relative magnitudes of Cd0Ak′′p and Clr
(eq 43).

Discussion

The present work has evolved from our overview of
mathematical models in percutaneous absorption2 and the
realization that receptor clearance effects had been only
examined to a limited extent. A major impetus for the
present study was the apparent inconsistency in the results
obtained for the penetration of sunscreens through excised
human skin and polyethylene membranes in vitro.18,25,26

It was not until we experimented with different receptor
compartments as shown in Figure 4c and confirmed that
no receptor depletion had occurred that we become aware
of the dominant role of composition and sampling or flow
rate on the absorption of the lipophilic solutes. Interest-
ingly, the most commonly used receptor fluid remains pH
7.4 phosphate-buffered saline.27 It has been suggested that
Cr(t) should not exceed 10% of its saturation solubility,28

as a consequence a greater variety of receptor phases
ranging from 25% (v/v) aqueous ethanol, 50% aqueous
methanol, various albumin solutions, and various surfac-
tant solutions27 may be necessary when the water solubility
is less than 10 µg/mL.29 However, this principle is com-
promised by effects of solubilizers, particularly on the
stratum corneum.27

The choice of a suitable receptor solution can also be
compromised by a need to maintain skin viability.19

Macpherson et al.30 have reported that the pesticide aldrin
is absorbed through skin into ethanol-water but not
aqueous receptor fluids. However, skin viability was not
supported by an ethanol-water system. It may therefore
be difficult to find a suitable receptor solution providing
both in vivo equivalent “sink” conditions and viability. In
this instance, it may be preferable to estimate kp

r from Clr
and Kr and substitute into eq 41 to find k′p, i.e., 1/k′p ) 1/k′′p
- 1/kp

r. It should be noted that a flow through in vitro
system will facilitate both skin viability31 and consistency
in Clr over time.

Numerical inversion of Laplace transforms defined by
eqs 27 to 32 have been used in this work. The validity of
such an approach has been studied by many authors
including Purves32 who showed that numerical inversion
of the Laplace transform for the two compartment disper-
sion model described by Roberts et al.33 was identical to

Jss ) Cd0( 1
kp

sc
+ 1

kp
ve

+ 1
kp

d)-1
) Cd0k′p (38)

Jss ) k′p(Cd0 - Cr ss) ) Cd0kp
sc[1 + 1

κve
+ 1

κd
+ 1

ClrN]-1

(39)

k′p(1 -
Cr ss

Cd0
) ) ( 1

kp
sc

+ 1
kp

ve
+ 1

kp
d

+ 1
kp

r)-1

(40)

Jss ) Cd0( 1
kp

sc
+ 1

kp
ve

+ 1
kp

d
+ 1

kp
r)-1

) k′′pCd0 (41)

Cr ss )
Cd0A
Clr ( 1

kp
sc

+ 1
kp

ve
+ 1

kp
d

+ 1
kp

r)-1
(42)

Cr ss )
Cd0Ak′′p

Clr
(43)

lag )

td

6[1 +

2( 1
κve

+ 1
ClrN

+ 1
κd

) + 6( 1
κveκd

+ 1
κdClrN

-
VrN

ClrN
2 )

1
κve

+ 1
ClrN

+ 1
κd

+ 1 ]
(44)
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the analytical solution given by them. A better understand-
ing of the behavior of a system is often achieved by an
examination of the limits of the Laplace solution and the
resulting analytical solutions. Such an approach has been
described by Guy and Hadgraft20,22 for other models in
percutaneous absorption.

In this work we have reported the steady-state flux and
lag time which can be defined from Laplace expressions
as s f 0. The resulting expressions show the interrelation-
ship between receptor phase solubility, receptor phase
volume, and sampling rate on in vitro absorption kinetics,
thus allowing an estimation of k′p when Cr ss becomes
significant. These relationships are also important in
quantitatively interpreting the effects of perfusate flow rate
on percutaneous absorption9-11 and the reported underes-
timated in vivo absorption provided by a number of in vitro
studies on lipophilic solutes.12-19

This model is also directly applicable to in vivo studies
in both humans and animals. The expression given allows
the combined affects of epidermal transport kinetics and
changing blood flow on in vivo absorption to be understood
as codeterminants of plasma concentration-time profiles
after topical application. This effect is most explicitly
apparent in the expressions for the steady-state flux and
lag times. Cooper34 considered some pharmacokinetics of
solutes into a single compartmental model after topical
application. Similar, but more complex expressions, can be
developed when the present model is combined with the
disposition of drugs in the body. The in vivo pharmacoki-
netics are probably best described in terms of the Laplace
transform of plasma concentration Ĉp(s), or another biologi-
cal concentration effect being expressed as a potentially
complex function of parameters describing both the absorp-
tion through skin and disposition kinetics in the systemic
circulation. As discussed by Roberts et al.2 for a case when
plasma concentration does not affect the absorption kinetics
(infinite sink condition), Ĉp(s) can be expressed as a product
of the input into the systemic circulation Ĵ(s) and disposi-
tion in the body Cl(s) ie Ĉp(s) ) Ĵ(s)Cl(s). The solution for
Cp(t) is then most readily obtained by numerical inversion
of the resulting Laplace transform Ĉp(s). The steady-state
plasma concentration in this case is simply Jss/CL, where
CL is the clearance of solute from the body.

Equation 41 is an extension of expressions given by
Scheuplein and Blank35 and Robinson.36 Scheuplein and
Blank35 expressed kp

r in terms of the skin blood flow in the
upper 200 µm of the dermis. They suggested that the
removal permeability coefficient was large in comparison
to the stratum corneum permeability coefficient, except
possibly for small lipid-soluble molecules like octanol and
permeant gases. In reality, the removal permeability
coefficient in vivo is defined by both clearance into perfus-
ing blood and transport into deeper tissues.37 The latter
process, however, normally contributes only 10-30% to the
overall removal clearance (kp

rA/Kr). Benowitz et al.38 sug-
gested vasoconstriction of dermal blood vessels by intra-
venously administered nicotine as a cause for a slowing of
nicotine transdermal absorption.

Importantly, eq 43 shows that even if the removal
permeability coefficient kp

r() ClrKr/A) is not rate limiting
in epidermal transport, it may be a significant determinant
of local tissue concentrations. Increased local tissue con-
centrations have been observed when the local blood flow
has been decreased in perfused skin preparations.39,40 A
reduction of effective blood flow by vasoconstriction41 also
leads to higher local tissue concentrations. A reduced form
of eq 43 corresponding to the case of Kr ) 1, kp

ve, and kp
d not

being rate limiting has been used to explain structure-
permeability absorption relationships:1

Roberts1 has suggested that Clr , kp
scA/Kr for phenols so

that their viable epidermal concentrations reflect those
applied as aqueous solutions. In contrast, for steroids Clr

. kp
scA/Kr, and low concentrations will be found in the

viable epidermis. The resulting expression for Clr .
kp

scA/Kr is:

Equation 46 is now in the same form as the classical
steady-state plasma concentration expression associated
with a constant input rate (Cd0Akp

sc) and clearance from
the body.3

Removal rate in vitro and in vivo is a major determinant
of the apparent lag time. When kp

ve and kp
d are very large,

lag reduces to:

Thus a negative lag is predicted when VrN > (ClrN + 3)
ClrN/6. The remaining complexity of this expression and
the difficulty in estimating lag times accurately from
experimental data provides some justification in recom-
mending that lag time values be interpreted with caution.
In particular, it should be noted that short or negative lag
times may be associated with a long time to reach steady
state. We therefore consider an approximate estimate of
this time when only ClrN is rate limiting. When κve, κd f
∞, the expression for Q̂(s) reduces to:2

Inverting this equation to time domain yields:

where Qss(t) is defined in eq 1,

and γn are roots of equation:

If time to steady state tss is defined as the time for Q(t) -
Qss(t) to become less than [Q(0) - Qss(0)]/e, then tss can be
written as:

where e is the base of the natural logarithm and γ1 is the
smallest root of eq 51. When (ClrN/VrN)1/2 < π/2, it can be

Cr ss )
Cd0Akp

sc

Clr(1 + 1/ClrN)
)

Cd0Akp
sc

Clr + kp
scA/Kr

(45)

Cr ss )
Cd0Akp

sc

Clr
(46)

lag )
td

6(1 +
2ClrN - 6VrN

ClrN(1 + ClrN)) (47)

Q̂(s) )
kp

scACd0

s2

xstd

xstd

ClrN + VrNstd
cosh xstd + sinhxstd

(48)

Q(t) ) Qss(t) + kp
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shown that (ClrN/VrN)1/2 < γ1 < π/2, and the upper bound
on tss is therefore tdVrN/ClrN. Numerical inversion of eq 48
for Q(t) was used to confirm that tdVrN/ClrN is a reasonable
approximation for tss for ClrN < 3 and when lag is negative.
Hence, whereas lag is short or negative for large VrN and
small ClrN, tss is normally long.

A number of authors have suggested that the viable
epidermis or aqueous diffusion layer may be a transport
limitation between the stratum corneum and the receptor
phase. This limitation could be due to a desorption pro-
cess22,42 or a viable epidermis/aqueous diffusion layer
resistance.4,6,7 In each case, an infinitely rapid sampling
rate is implicitly assumed. Figure 5 showed that a domi-
nant viable epidermal resistance will reduce the steady-
state flux, increase the lag time, and reduce the effect of
sampling clearance. A comparison of Figures 5a and 5b
shows that the presence of ether viable epidermis or
equivalent transport limitation or a sampling limitation
may be discerned by examining the shapes of the profiles.
A viable epidermis transport limitation will be defined by
a profile which is similar in shape to the traditional profile
in the absence of such a limitation but characterized by a
lower steady-state flux. In contrast, a sampling limitation
is defined by a curvilinear profile with a negative intercept.

The skin first-pass effect may be important in interpret-
ing some percutaneous absorption studies. Hotchkiss43 has
reviewed the vide range of solutes metabolized by skin. As
well as metabolism by skin, there may be an incomplete
availability of solutes from vehicles. Skin microflora has
been shown to metabolize benzoyl peroxide, glyceryl trini-
trate, betamethasone-17-valerate, and estradiol.43 How-
ever, the half-lives for metabolism are often long, limiting
the affect on absorption kinetics. In contrast, irreversible
adsorption (sometimes with chemical reaction) have been
observed with solutes such as hair dyes. Indeed, the
competing adsorption provided by hair for hair dyes and
other solutes44 would reduce availability further. In the
specific case when there is no epidermal resistance and
there is a “perfect” receptor sink, the values for Jss, Qss,
and Cr ss may be reduced to FmJss, FmQss, and FmCr ss

3

where Fm < 1 is the availability of unmetabolized solute
due to metabolism in the epidermis. When the epidermal
resistance is finite or there is not a “perfect” receptor sink
as well as when metabolism or irreversible binding takes
place in the stratum corneum, metabolism will affect both
the flux profiles and time lags due to the diffusive processes
involved. The appropriate model for this situation is
developed in a later paper.

The present analysis has also included a vehicle-
stratum corneum interfacial permeability constant. Such
a term is particularly relevant to transdermal patch
systems where a rate-limiting membrane or adhesive may
affect or control the rate of delivery from the patch
material. The term is also applicable to solutions in which
there is an unstirred layer in the vehicle at the interface
or when there is a partitioning limitation in the transfer
of solute from the vehicle to the stratum corneum. There
has been an assumed flux from a constant donor concen-
tration of solute in the vehicle into the stratum corneum
in certain of the percutaneous absorption kinetics models.22

This assumed flux can also be represented by the vehicle-
stratum corneum interfacial permeability constant defined
in the present model.

The present model has been limited to a constant well-
mixed donor vehicle with various permeability “barriers”
determining transport. In practice, diffusion in the vehicle
may also determine percutaneous absorption. Guy and
Hadgraft45 have recognized such an effect in their evalu-
ation of the effect of applied vehicle thickness on the
percutaneous absorption of solutes. When diffusivity in the

vehicle is rate limiting, with permeability “barriers” present,
the profiles for Q(t) versus t are described by a burst
effect.46 The shapes of the profiles do not differ greatly from
those obtained in this work, assuming a constant donor
concentration but with accumulation to steady state in the
receptor (dermis). Analysis of donor concentrations on the
vehicle-stratum corneum interface before or on completion
of a percutaneous absorption study or varying the removal
rate from the receptor is therefore required to distinguish
these two effects.

Conclusion

This work has shown that the experimental protocol and
in vivo perfusion conditions can markedly affect percuta-
neous absorption kinetics. These need to be recognized in
undertaking percutaneous absorption studies and their
perturbations on the resulting kinetics realized from the
shape of the profiles obtained, as discussed in this work.
Knowledge of the exact conditions can enable actual
permeability coefficients to be estimated from apparent
steady-state fluxes. Such calculations are particularly
pertinent that nonsink receptor conditions be used to
maintain viable skin. A major limitation in assessing the
current literature for structure-skin permeability relation-
ships47,48 is the lack of available experimental information
to make the appropriate corrections to reported steady-
state permeability constants.

A second outcome of this work is the description of the
effects of perfusate flow rate, finite receptor volume, and
viable epidermis/aqueous diffusion layer resistance on
percutaneous absorption kinetics and dermal concentra-
tions. A necessary limitation in the present work to derive
simple Laplace expressions has been the assumption of
well-stirred vehicle and receptor phases. A subsequent
paper will consider the effects of finite donor volume and
epidermal metabolism on percutaneous absorption kinetics.
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