
international Journal of Pharmaceutics, 64 (1990) 7-25 

Elsevier 

7 

DP 02142 

Quantitation of simultaneous diffusion and metabolism 
of P-estradiol in hairless mouse skin: Enzyme distribution 

and intrinsic diffusion/metabolism parameters 

Puchun Liu ‘, WilIi~ I. Higuchi I, Abdel-Harm Ghanem ‘, Tan&z Kurihara-Bergstrom 2 
and William R. Good 1,2 

I Department of Pharmaceutics, University of Utah, Salt Lake City, UT 84112 (i7.S.A.J and 2 Pharmaceuticals Division, 

Ciba-Geigy Corporation, Arhiey, NY 10502 (U.S.A.) 

(Received 20 June 1989) 
(Modified version received 28 February 1990) 

(Accepted 28 February 1990) 

Key words: P-Estradiol; Hairless mouse skin; Diffusion; Metabolism; Biophysical model; Enzyme 
distribution; Intrinsic parameters 

This paper describes a systematic experimental and theoretical study of the simultaneous diffusion and metabolism of Bestradio 
(Ezp) in hairless mouse skin (in vitro). The strategy involved (a) considering a general three-layer skin model (stratum comeum, 
epidermis, and dermis), (b) considering three possible enzyme distributions (Model A: homogeneous enzyme distribution across both 
epidermis and dermis; Model B: homogeneous enzyme distribution in the epidermis; and Model C: homogeneous enzyme 
distribution in the ‘basal cell layer’ only of tire epidermis), and (c) carrying out a wide range of independent diffusion experiments so 
that a ‘best’ model may be deduced in which all of the experimental data are consistent with the model and a single set of transport 
and metabolism parameters. The various diffusion/metabolism experiments included using three skin membranes (dermis, stripped 
skin, and full-thickness skin), two membrane configurations (transport of permeants in the direction: stratum comeum -+ epidermis 
-+ dermis, and in the reverse direction), two permeants (E,s and estrone, E,, the principal metabolite), and measuring three fluxes 
(forward fluxes of Es8 and Et and the back flux of Et). Analysis of all of the experimental data demonstrated that Model C was 
superior to Models B and A; within the uncertainties of the experiments and model fitting, Model C agreed well with the data in all 
instances while the predictions of Models B and A exhibited signific~t deviations from the experimental data. 

Introduction 

Transdermal and topical drug delivery research 
has often only focussed upon the diffusion aspects 
and ignored dermal metabolism. Recent evidence 
from in vitro and in vivo experiments has shown 
that cutaneous metabolism may significantly in- 

Correspondence: W.I. Higuchi, Department of Pharmaceutics, 
University of Utah, Salt Lake City, UT 84112, U.S.A. 

fluence local drug action, toxicity and delivery 
through skin (Ando et al., 1977; Noonan and 
Wester, 1983, 1987; Bucks, 1984; Kao and Hall, 
1987; Martin et al., 1987). 

Quantification of the dermal metabolism be- 
havior of a drug in the context of simultaneous 
transport and metabolism is important in any 
systematic approach to the design of drugs and 
drug formulations for dermal and transdermal ap- 
plications. Most previous dermal metabolism stud- 
ies have been of a rather descriptive nature, and a 
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need exists for quantitative approaches for assess- 
ing the influence of dermal metabolism on dermal 

and transdermal drug delivery. 
This paper describes a quantitative biophysical 

model approach to the mechanistic understanding 

of diffusion and concurrent metabolism of p- 
estradiol (EZP) in hairless mouse skin. The strategy 
involved (a) considering a general three-layer skin 

model (stratum corneum, epidermis, and dermis), 
(b) considering three possible enzyme distribu- 
tions as depicted in Fig. 1 (Model A: homoge- 
neous enzyme distribution in epidermis and der- 
mis, Model B: homogeneous enzyme distribution 

in the epidermis, and Model C: homogeneous 
enzyme distribution in the ‘basal cell layer’ of the 

epidermis only), and (c) carrying out a wide range 
of independent experiments so that a ‘best’ model 
may be deduced in which all of the experimental 

data may be consistent with the model and a 
single set of transport and metabolism parameters. 
The various transport/metabolism experiments 

included using three skin membranes (dermis, 
stripped skin, and full-thickness skin), two mem- 

brane configurations (transport of permeants in 

the direction: stratum comeum + epidermis + 

dermis, and in the reverse direction), two per- 

Model C 

Fig. 1. Enzyme distribution models used in data interpretation. 

meants (E,, and estrone, E,, the principal 
metabolite), and measuring three fluxes (e.g., for- 

ward fluxes of E,, and E, and the back flux of 
E,). The proposed procedures combine experi- 
ments and biophysical models in a unique way 

and provide the means for factoring out and quan- 
tifying the influences of diffusion, metabolism, 
and the enzyme distribution in the overall process. 

Materials and Methods 

Materials 

[6,7-3H]E,, (60.0 Ci/mmol) and [6,7-3H]E, 
(51.8 Ci/mmol) were obtained in their ethanol 
solutions from New England Nuclear (Boston, 
MA). Further purification was carried out by 
HPLC with an associated fraction collector (see 

HPLC-FC-LSC identification-separation-assay 
method) until the radiochemical purity was in 
excess of 97%. The ethanol was evaporated with 
the aid of a nitrogen stream before [3H]E28 or 
[ 3H]E, was used for diffusion/metabolism experi- 

ments. 

Unlabelled E,,, E,, estriol (E3), and E,-sulfate 
(Sigma, St Louis, MO) were used as standards in 
methanol (Baker, Phillipsburg, NJ). Normal saline 
(McGraw, Irvine, CA) was used for all experi- 

ments as a bulk phase solution. Analytical grade 
acetonitrile and diethyl ether (Baker) were used in 
the preparation of the HPLC mobile phase. 

Skin preparations 

A male hairless mouse, strain SKH-HRl, 12-15 
weeks old (Temple University, Philadelphia, PA), 
was killed by spinal dislocation. Two pieces of the 
skin preparation were obtained from the abdomi- 
nal region of each mouse. Three kinds of fresh 
membranes (full-thickness skin, stripped skin, and 
dermis) were prepared. Full-thickness skin, con- 
sisting of stratum comeum, viable epidermis and 
dermis, was obtained freed from adhering fat and 
other debris. Stripped skin, consisting of the epi- 
dermis and the dermis, was obtained after the 
stratum corneum was removed by a cellophane 
tape (Scotch tape, 3M Co., St. Paul, MN) strip- 
ping technique (Yu et al., 1979b). Dermis was 
obtained by removing the epidermal half of the 
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skin by using a dermatome (Yu et al., 1979b). The 
dermis thickness was measured with a micrometer 

before and after the experiment by sandwiching 
the membrane between two glass slides (Yu et al., 
1979b). 

A stripped skin homogenate supematant was 
prepared by homogenizing the minced and 

weighed stripped skin tissue in a homogenizer 
tube (Bellco Glass, Vineland, NJ) for about 5 min 
with an appropriate amount of PBS (phosphate 

buffer solution, pH 7.3) to give a 10% homo- 
genate. The homogenate was centrifuged for 5 min 
at 3000 rpm in a microcentrifuge. The sediment 
was resuspended, rehomogenized, and centrifuged 
again, and this procedure was repeated for a total 

of three times. All of the above steps were carried 
out at about 4” C. 

HPLC-FC-LSC identification-separation-assay 

method 

Quantitative and qualitative analyses of E,, 
and its metabolites were performed by interfacing 
an HPLC (high-performance liquid chromato- 
graph) with a fraction collector. Each fraction was 
analyzed by liquid scintillation counting. Fig. 2 is 
a flow diagram for the separation of estrogens and 
their metabolites by the HPLC-FC (fraction col- 

lector)-LSC (liquid scintillation counting) system. 
The HPLC system was a V4 Variable-Wave- 

length Absorbance Detector (ISCO, Lincoln, NE), 
a 1lOB Solvent Delivery Module (Beckman In- 

stitute, San Ramon, CA), and a C6W injector 
(Valco Institute, San Antonio, TX). The species 
were resolved by a reversed-phase column, Re- 
solvex Cl8 (10 pm), 250 X 4.6 mm (Fisher, Pitts- 
burgh, PA) with acetonitrile-water (35 : 65)-diethyl 
ether (90 : 10) at a wavelength of 280 nm. E,, and 
its metabolites were separated and identified by 
comparing their retention times to those of known 
standards. After specific metabolites were identi- 
fied, the radioactive samples were mixed with the 
non-radioactive standard mixture solution to give 
the HPLC chromatograms. Radioactive fractions 
were collected on a FOXY Fraction Collector 
(ISCO, Lincoln, NE) with mode 3 and cycle 0. 
The fraction collector was programmed to give 
fraction sizes based on the peak signals from the 
ISCO detector with a built-in peak separator. 10 

RadIoactIve Sample NonradIoactIve Standard Mixture 

MOBILE 

HPLC 

CHROMATOGRAM 

FRACTION 
RADIOACTIVITY 

Fig. 2. Flow diagram for identification-separation-assay of 
[‘H]Ezk and its metabolites by a HPLC (high-performance 
liquid chromatograph)-FC (fraction collector)-LSC (liquid 

scintillation counting) procedure. 

ml of scintillation fluid (Ready-Solv CP, Beck- 
man) was transferred into each fraction vial for 
scintillation counting (Beckman LS 750). An auto- 
matic quench correction curve programmed into 
the counter converted the cpm into dpm, which 
were then converted into concentration units. 

Two-chamber cell diffusion / metabolism experi- 

ments 

A diffusion cell (Durrheim et al., 1980) con- 
sisted of two half chambers, each having a volume 
of 2 ml and an effective diffusional area of about 
0.7 cm*. In each chamber, a stainless-steel 

(Carpenter stainless type 316L) stirrer with a small 
stainless-steel propeller was driven by a 150 rpm 
constant-speed motor. The thickness of an aque- 
ous diffusion layer for a 150 rpm system was 
found to be 0.010 cm from a benzoic acid dissolu- 
tion rate experiment (Yu et al., 1979b). The aque- 
ous permeability coefficients of E28 and E, for 
this diffusion layer were then estimated to be 
around 1.1 x lop3 cm/s. 
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The skin membranes (full-thickness skin, 
stripped skin, or dermis membrane) were sand- 
wiched between the half cells and clamped. Two 
ml of normal saline were pipetted into both the 
donor and receiver chambers and allowed to equi- 
librate for 10 min at 37 o C. A predetermined level 
of the tritium-labelled solute (E,, or E,) was 
added into the donor chamber and aliquots were 
withdrawn at predetermined time intervals after 
steady state was attained. In many of the experi- 
ments, 100~,ul aliquots were taken from the re- 
ceiver chamber and lo-p1 aliquots from the donor 
chamber. The same volume of saline solution was 
added back to the receiver chamber to keep a 
constant volume. In the experiments with dermis 
and stripped skin, the donor solution was replaced 
at 1 h intervals to keep the donor permeant con- 
centration constant (about 0.2 pg/ml &SW). The 
receiver chamber was always maintained under 
sink conditions (5 10 % of the donor concentra- 
tion). Except when taking a sample, the sample 
port was covered to avoid evaporation during the 
experimental period. 

Incubation experiments with stripped skin homo- 
genate 

The reaction was started by adding 15 PCi 
(0.06 pg) of [3H]E2p to 5 ml of either the homo- 
genate or its supernatant of the stripped skin, 
prewarmed to 37” C in a shaker/bath. Samples 
were taken at predetermined times and analyzed 
by the HPLC-fraction collector-scintillation 
counting procedure as previously described. 

Results and Discussion 

Jitcubation of EJa with stripped skin homogenate 
Since there was no chemical degradation of E,, 

and E, in saline alone, all chemical changes were 
ascribed to enzymatic reactions. Metabolites 
formed by enzymes present in the skin were char- 
acterized from these incubation experiments. Fig. 
3a shows an HPLC chromatogram for the sep- 
aration of E,, and its possible metabolites: E,, 
cu-estradiol (E&, estriol (Es), and the aqueous 
conjugates (C). In order to resolve the two epi- 
merit estradiols (E,, and EZa), diethyl ether was 

ia) 
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Fig. 3. Incubation of f3H]Esa with su~matant of stripped skin 
homogenate. Peak identification: (1) E,-sulfate (a representa- 
tive of the aqueous conjugates}, (2) Es, (3) Es8, (4) Es,, and 
(5) E,. (a) HPLC chromatogram for separation of the nonra- 
dioactive Ea8 and its possible metabolites. (b) A typical chro- 
matogram of a 2 h incubation sample of the supernatant 

containing [3H]E2B and its possible 3H-metabolites. 

used as an organic modifier in the water- 
acetonitrile for the reverse-phase HPLC (Lee et 
al., 1981). Good separation of E, and C (E,-sulfate 
as a representative) was also achieved in this sys- 
tem. Fig. 3b is a typical ~~ornato~~ of a 2 h 
sample from the incubation experiment of E,, 
with the stripped skin homogenate supernatant. 
Radioactivity for each fraction was determined. 
From Fig. 3a, E, was identified as the major 
metabohte of E,,. These results are consistent 
with reported findings in the skin of man and 
other species (Frost et al., 1966; Weinstein et al., 
1968; Longcope, 1980). 17/3-Hydroxysteroid dehy- 
drogenase, located in microsomes of rat skin, is an 
enzyme catalyzing the stereospecific interconver- 
sion of E,, and E, (Davis et al., 1972; Finnen et 
al., 1985). 
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The enzyme leaching problem was examined 
(Liu, 1989) and it was found that no significant 
enzyme leaching occurred from either the dermis 
side ‘or the epidermis side of the stripped skin 
during the experiments. 

Flux determination in the two-chamber diffusion cell 
experiments 

Two-chamber cell diffusion/metabolism ex- 
periments were used to define the metabolism 
(A -+ B) aspects both qua~tatively and quantita- 
tively. The expe~ents with dermis were carried 
out first, followed by stripped skin and then full- 
thickness skin. Fig. 4 represents the typical experi- 
mental results with E,, as the permeant/substrate 
for all three skin membrane cases. At steady state, 
the following equations were used to calculate the 
forward fluxes for the drug (JA,f) and for the 
metabolite (Ja,r) and the back flux for the 
metabohte (J&: 

( 1 dA,,R 
dt 

JBJ = s 

J B,b = s 

(2) 

(3) 

where S is the effective diffusion area, A,,, is the 
drug amount in the receiver chamber, A,,, and 
A B,D are the metabolite amounts in the receiver 
and the donor chambers, respectively, and t repre- 
sents time. In most situations, Eqns 1-3 may be 
employed in a rather straightforward manner. For 
example, according to Eqn 1, we may write 

where I’, is the volume of the receiver solution 
and dC,,,/dr is the change in the receiver solu- 
tion con~ntration of A with time. ~orma~y, Eqn 
4 would be used (as in the present studies) under 

Time (mln) 

Fig. 4. Typical results from the two-chamber cell diffusion/ 
metabolism experiment with E,, as the permeant/substrate: 
accumulated amounts (A,) of Ez8 (A) and E, (H) in the 
receiver and of E, in the donor (0) vs time for (a) dermis, (b) 
stripped skin (configuration l), and (c) full-thickness skin 
(configuration 1). A, was calculated from the chamber con- 
centration at each time (Ci,C,_,,...,C,,C,), the chamber 
volume (V), and the sampling volume ( V,) as 

A,=C,V+<(C;_,+C,_,+ . . . . . +C*+C,) 

In the experiments with dermis and stripped skin, the donor 
solution was replaced at l-h intervals in order to maintain a 
constant donor concentration of the permeants (about 0.2 
ng/ml i5%). The receiver chamber was always kept under 

sink conditions ( < 10% of the donor concentration). 

‘sink’ conditions, i.e., where C, R K C, ,, where 
C,,, is the steady-state donor concentration of A. 

It can be shown (see Appendix A), however, 
that Eqns 1 and 4 may significantly underestimate 
JA,r even under sink conditions when dermis re- 
tention (or dermis ‘holdup’) is not negligible com- 
pared to the amount of A in the receiver chamber. 
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In the present study, when VR = 2 ml and when S, 
the area of the skin membrane, is around 0.70 
cm2, Eqn 4 may underestimate the correct JA.p by 
approx. 33% for full-thickness skin experiments 
and by approx. 25% for the dermis and stripped 
skin experiments. A procedure for correcting the 
flux values is .described in Appendix A and has 
been applied where necessary to the experimental 
data. 

Diff~ion / met~b~I~~rn experiments 
Ezp a~ the F~rrne~~t~~ub~trate. In this case 

where E,, is the substrate/permeant, JA,f = J2P,f 
{the forward flux of EZP), JB,f = J,,I (the forward 
flux of Et), and JB,b = Jl,b (the back flux of E,). 
Table 1 summarizes the observed normalized 
fluxes determined in E,, diffusion/metabolism 
experiments with dermis, stripped skin, and full- 
thickness skin. Normalized fluxes are defined as 
the fluxes given by Eqns 1-3, divided by the 
donor concentration of the permeant/substrate. 

No significant metabolism of E,, was found in 
the dermis experiments, indicating dermis is not a 
site for the enzymatic reaction. It is therefore 
concluded that the epidermis is the main site for 
the enzyme activity. 

TABLE 1 

Results with stripped and full-t~c~ess skin 
showed significant fluxes of Et (as the major 
metabolite) in the donor and receiver chambers. 
The flux ratio of metabolite ( Jl,f + J&to-total 
(J,p,r + JI.[ + Jl,b) was 0.73 to 0.85 for stripped 
skin and 0.84 to 0.97 for full-thickness skin. 
Metabolites other than E, were E, and C, the 
fluxes for which were less than 10% of those for 
E,. For full-thickness skin, the forward E,, fluxes 
were essentiahy the same for the two configura- 
tions while the back flux of E, into the donor 
chamber in configuration 1 was much smaller than 
that in configuration 2, this being the case because 
the diffusion barrier of the stratum comeum was 
much greater than that of the dermis. For stripped 
skin, the total forward flux is relatively indepen- 
dent of configuration (configurations 1 and 2). 
The modest difference in back flux of E, between 
the two configurations is consistent with the en- 
zyme being mainly located in the epidermis. 

tbl lThe time-dependence of the enzyme activity 
was also considered in these experiments. The 
enzyme stability during the experimental period 
(< 6 h) was consistent with the fact that the 
concentrations of E,, and E, remained linear 
with time after steady state in all cases. This is in 

Observed normalized fluxes in dqfwion /metabolism experiments with Ezp as permeant/substrate using hairless mouse dermis, stripped 
skin, and full-thickness skin a 

Skin Configu- 

membrane ration ’ 

Normalized flux (X 106) (cm/s) ’ 

( J2&f/c2B.D) ( 4,dc2B.D) 

Decmatomed dermis 1 133.3 f 12.7 e e _ 
(thickness: 225 i: 21 pm) 2 119.0 * 13.4 e e _ 

Full-thickness dermis 1 106.1 + 11.9 d 

(thickness: 250 pm) 2 94.7 f 15.1 d 

Stripped skin 1 22.2 + 7.73 42.3 +12.8 82.6 k24.3 
2 23.8 + 8.51 39.1 ilO. 26.0 + 10.3 

Full-thickness skin 1 1.57 + 0.33 7.01 * 0.17 0.92 + 0.24 
2 1.32 f 0.20 7.14 & 0.63 70.2 f 10.3 

a Expressed as the mean + SD. (n = 4). Metabolites other than E, are E, and C. Compared to the flux for E,, those for Es and C 

are less than 8 and 5% in stripped skin experiments and less than 5 and 4% in full-thickness skin experiments, respectively. 

b Configuration 1: stratum comeum -+ epidermis + dermis; configuration 2: dermis + epidermis + stratum comeum. 

’ Normalized fluxes are defined as the fluxes divided by the donor concentration of the pe~~nt/substrate. 

d This number is the estimated full-t~ckness dermis permeability coefficient calculated from dermatomed dermis data using a 

correction factor (thickness of dermatomed dermis/thickness of full-t~ckness dermis). 

e Fluxes for E, are about 3% of those for Eap. 
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good agreement with our previous results on ini- 
tial rate and long-term incubation experiments 
with the skin homogenate and its supernatant (Liu 
et al., 1986). 

El as the permeant/substrate. The results of 
the diffusion/metabolism experiments for E, as 
the substrate/permeant are reported in Table 2 
where .TA,r = Ji.t, JB,f = J2P,fr ad JB,,, = JZP,b. Here 
Jl,f and 46,f have the same meaning as before 
and J& is the back flux of E,,. First, as was 
found with experiments using E,, as the sub- 
strate, there was very little enzyme activity in the 
dermis. This made possible the direct determina- 
tion of the E, dermis permeability coefficient (with 
the thickness correction) which was found to be 
essentially the same as that for E,,. With stripped 
and full-thickness skin, E,, was found as the 
major metabolite in the experiments with a rela- 
tively small flux ratio of metabolite ( Jzp,r + JZP,b)- 
to-total ( Jl,f -t Jzp,f + JzP,& of 0.15 to 0.3 for 
stripped skin and of 0.3 to 0.7 for full-t~c~ess 
skin. 

Quantitative biophysical modelling 
In the following, we will describe a quantitative 

biophysi~al model for the simult~eous diffusion 

TABLE 2 

and metabolism in the skin for the case where E,, 
is the permeant/substrate. The modelling tech- 
niques and the equations are similar to those 
discussed in the previous work (Yu et al., 1979a) 
on the transport and metabolism of vidarabine 
and its derivatives in hairless mouse skin; the 
reader is referred to this earlier work. Also, as was 
done previously, the first-order approximation for 
enzymatic reactions will be employed; this is a 
good approximation in the present studies where 
all of the substrate concentrations were at trace 
levels. 

The model for hairless mouse skin is composed 
of n layers where n may be 3 or 4. In the steady 
state, we may write 

Dv3,1 
d2G, - - k,C2p = 0 
dx2 

D 
d2C, 

I,{ dx2 - + kiC2@ = 0 

The first term describes diffusion according to 
Fick’s second law of diffusion. The second term 
represents the skin metabolism as a first-order 
reaction of E,, + E,. The D terms are the diffu- 

Observed normalized fluxes in diffusion/metabolism experiments with E, as permeant/subsrrate using hairless mouse dermis, stripped 
skin, and full-thickness skin a 

Skin Configu- 

membrane ration b 

Dermatomed dermis 1 

(thickness: 218 * 34 pm) 2 

Normalized flux (X 106) (cm/s) ’ 

(J,.f/cl,D) (J2a,r/hd 

130.7 & 20.6 e 

121.7 + 18.0 e _ 

(J2@.b/cl.D) 

e 

e 

Full-thickness dermis 1 114.1 * 15.2 d 

(thickness: 250 pm) 2 106.2 f Il.1 d 

Stripped skin 1 71.4 + 19.6 14.2 + 4.73 17.0 st_ 7.23 
2 83.6 + 31.9 8.63 + 2.22 6.38 & 1.94 

Full-thickness skin 1 13.1 * 2.02 4.95 f 1.65 1.53 f 0.43 
2 12.1 f 3.50 2.73 * 0.91 26.3 + 9.06 

IL Expressed as the mean f S.D. (n = 3). Metabolites other than E,@ are E, and C. Compared to the flux for Eap, those for Es and C 
are less than 10 and 8% in stripped skin experiments and less than 8 and 5% in full-thickness skin experiments, respectively. 
b Configuration 1: stratum comeum -) epidermis --) dermis; configuration 2: dermis + epidermis -+ stratum corneum. 
fl Normalized fluxes are defined as the fluxes divided by the donor concentration of the permeant/substrate. 

This number is the estimated full-thickness dermis permeability coefficient calculated from dermatorned dermis data using a 
correction factor (thickness of derrnatorned dermis/thickness of full-thickness dermis). 
’ Fluxes for E2# are about 2% of those for E,. 
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sion coefficients and the k terms are the first-order 
enzyme rate constants. The C terms are the con- 
centrations and the coordinate x (0 < x I h 
(thickness)) is the depth in the membrane. The 
subscripts 2/I and 1 refer to E,, and E, and i 
corresponds to the i-th layer of the skin.~ Full- 
thickness skin is then considered as a three-layer 
(stratum corneum, epidermis, and dermis) or a 
four-layer (stratum corneum, basal layer of epider- 
mis, the remainder of the epidermis, and dermis) 
membrane as depicted by Model A, B, or C (see 
Fig. 1). The D and k, in general, may have differ- 
ent values for the different components of a mem- 
brane, but they are assumed to be constant within 
a particular membrane component or a subcom- 
ponent (see Model C discussion). The thicknesses 
are assigned values of 20, 20 and 250 pm for 
stratum corneum, epidermis, and dermis, respec- 
tively. For Model C, the basal layer will be as- 
sumed to be the lower one-third of the epidermis. 

The fluxes (J) of E,, and E, at x = x may be 
expressed as: 

(7) 

(8) 

We also have 

at x = h, J1 =Jl,f and Jzp= J&t (9) 

at x = 0, J1 = -Jlsb and Jzs = Jza,f + J,,f + Jl,b 

(10) 

Also, the boundary fractional concentrations are 

at x-h, C,,=Oand C,=O (11) 

at x = 0, CZp = 1 and C, = 0 (12) 

Eqns 5 and 6 may be solved analytically (Yu et al., 
1979a, 1980b) or numerically (Hsu, 1981) with 
these boundary conditions as described below 
when the experimental flux data are available (see 
Appendix B). Computer iterations were performed 

to fit the calculated fluxes to the experimental 
data. Three parameters were adjusted in best fit- 
ting the data from each set of experiments to each 
model. The epidermis permeability coefficients for 
E,, and E, and the first-order enzyme rate con- 
stant were first simultaneously deduced using 
stripped skin experimental fluxes and the prede- 
termined dermis permeability coefficients of E,, 
and E, (see Tables 1 and 2). Then these prede- 
termined epidermis and dermis permeability coef- 
ficients were used with the full-topless skin ex- 
perimental fluxes to deduce simult~eously the 
‘best’ value for the stratum corneum permeability 
coefficients of E,, and E, and the enzyme rate 
constant. 

Experimental examination of the enzyme distribu- 
tion models 

The purpose of this section is to examine the 
three enzyme distribution models (Fig. 1) and to 
determine which one may best represent the ex- 
perimental facts. A best model is that for which 
the experiments with different skin membranes 
and different configurations are consistent with 
the model and a single set of transport and 
metabolism parameters. 

Firstly, Model A may be eliminated from fur- 
ther discussion as the experiments with dermis 
have led to the conclusion that there is little 
enzyme activity in the dermis (Tables 1 and 2). 
Therefore, the main question is: does Model B or 
C best represent the facts? 

For Model B, data analysis has revealed im- 
portant inconsistencies in a number of places (Ta- 
ble 3). The parameter values deduced from the 
different experiments show large variations in the 
case of Model B. Firstly, the four independent 
experiments have yielded significantly different 
values for the enzyme rate constant, k. Secondly, 
the permeability coefficient values for the two 
species in the epidermis and in the stratum 
corneum deduced from the best-fitting procedures 
show a large dependence upon the experimental 
configuration, and the differences are clearly out- 
side the range of experimental uncertainties. 

For Model C, however, the results of the inde- 
pendent experiments were found to be self-con- 
sistent within the framework of the model. As can 
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TABLE 3 

Examination of Model B (epidermis-distribution model): diffusion And metabolism parameters deduced from Model B a 

Parameter b Stripped skin Full-thickness skin Average 

Configuration ’ Configuration ’ 
1 2 1 2 

k (s-l) 0.11 * 0.02 0.66 f 0.16 0.10 f 0.03 0.30 + 0.04 0.30 + 0.30 d 

PzS,= (x 104) (cm/s) 7.61 + I.41 23.1 f 9.60 15.4 * 11.4 d 

PI,, (x 104) (cm/s) 0.21 f 0.07 e 6.45 f 1.82 3.33 f 3.62 d 

P 28,s ( X 109 (cm/s) 9.70 * 3.15 2.12 f 0.64 5.91 f 4.64 d 

p,., (x 106) (cm/s) 0.94 + 0.29 = 9.52 f 2.02 5.23 + 4.88 d 

’ Expressed as the mean f S.D. (n = 4) determined with dermis permeability coefficients of Ez8 and E,: PZB,d = 1.0 X 10m4 cm/s 
and P,,d = 1.1 X 10e4 cm/s. 
b k: first-order enzyme rate constant in the epidermis; P28,c and PI,e: epidermis permeability coefficient of Elfi and E,; P28.s and 
J’,,s: stratum comeum permeability coefficient of Ez8 and E,. 
’ Configuration 1: stratum comeum + epidermis -+ dermis; configuration 2: dermis + epidermis -+ stratum comeum. 
d Significantly different. 
’ Out of the physically meaningful range. 

be seen in Table 4, the best-fit values of the 
parameters deduced from the different experi- 
ments were the same within the experimental er- 
rors. The k values of about 0.70 s-l were deduced 
from four different experiments. The epidermis 
permeability coefficients and the stratum corneum 

permeability coefficient for E,, and E, were de- 
duced from two independent experiments, and the 
p&rameter values in each case were essentially the 
same. Table 5 shows the comparisons between the 
experimental data and the fluxes calculated with a 
single set of the parameters from Models B and C. 

All of these results collectively demonstrate that 

Model C described the results quite well and is 

clearly superior to Model B. 

An examination of some of the model approxima- 
tions and assumptions 

A more complete consideration of the various 
metabolic pathways. The preceding model analy- 
sis for the case in which E,, was the 
permeant/substrate neglected metabolites other 
than E, and also neglected the back reaction of 
E, + Ez8. Therefore, it would be instructive (a) to 
consider a more complete metabolism model for 

the case in which E,, is the permeant/substrate 

TABLE 4 

Examination of Model C (basnl layer-distribution model): dijlusion and metabolism parameters deduced from Model C a 

Parameter b Stripped skin Full-thickness skin Average 

Configuration ’ Configuration ’ 
1 2 1 2 

k (s-l) 0.82 f 0.14 0.69 f 0.15 0.70 f 0.13 0.63 + 0.18 0.71 f 0.20 
P2B,e ( x 104) (cm/s) 2.18 + 0.43 1.99 + 0.75 2.09 + 0.73 
PI e ( x IO4 ) (cm/s) 2.47 + 0.86 2.16 + 0.71 2.32 + 0.73 
P,i,s (x 106) (cm/s) 9.42 + 1.20 8.36 f 1.91 8.89 f 1.93 
PI,, ( x 106) (cm/s) 10.8 + 1.39 11.5 f 2.53 11.1 f 2.75 

a Expressed as the mean f SD. (n = 4) determined with dermis permeability coefficients of E,8 and E,: P,p,d = 1.0 X 10m4 cm/s 
and P,,d = 1.1 X 10V4 cm/s. 
b k: first-order enzyme rate constant in the epidermis; P28,e and P I.e: epidermis permeability coefficient of EzS and E,; Pzs.s and 
P,,,: stratum comeum permeability coefficient of E,# and E,. 
’ Configuration 1: stratum comeum --, epidermis + dermis; configuration 2: dermis + epidermis + stratum comeum. 
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TABLE 5 

Normatired fluxes in diffusion /metabolism experiments with ET8 as pet-meant/substrate using hairless mouse skin membranes: 
comparisons between experimentul and model calculations n 

Configu- Shin Normalized flux Experiment Model B Model C 
ration b (cm/s) 

1 stripped skin (J2&f/C2@,D) x lo5 2.22 + 0.71 1.99 + 4.41 2.96 + 0.82 
(J1,JCZ.D) x 105 4.23 f 1.28 6.67 f 1.71 4.22 k 1.15 
(Jl,b/~2&D) x lo5 8.26 f 2.43 49.1 * 9.55 10.3 + 2.99 

1 Full-thickness skin (J2&f/c2,3,D) x lo6 1.57 * 0.33 0.85 f 1.00 1.54 * 0.40 
( Jl,f/C2&D) x lo6 7.01 f 0.17 5.49 rir 0.22 5.70 & 1.65 
(Jl,b/C2,,Dt x lo6 0.92 it 0.24 0.30 + 1.00 0.57 & 0.20 

2 Stripped skin (&s.r/c,,o> x 105 2.32 f 0.82 7.66 f 4.66 2.58 4 0.75 
(Jl,f/C2/3,D) x lo5 3.91 * 1.05 1.24 f 2.74 3.90 1 1.10 
(Jl.b/C2fl.D) x lo5 2.60 f 1.03 0.25 + 1.05 1.75 f 0.55 

2 Full-thickness skin (J2&f/c2,9,D) x lo6 1.32 It 0.20 0.73 + 1.08 1.49 + 0.40 
(Jl,f/cZ&D) x lo6 7.14 + 0.63 4.38 f 0.55 6.56 rt 1.92 
(Jl.b/C2,3,D) x lo5 7.02 + 1.03 8.00 + 1.00 6.61 rf: 1.80 

a Experimental data were copied from Tables 1 and 2. Model calculations were carried out with Models B and C. The single set of 
diffusion/metabolism parameters (average + SD.) in Table 3 were used for Model B calculations and those in Table 4 for Model C 
calculations. 
b Configuration 1: stratum comeum -+ epidermis + dermis; configuration 2: dermis -+ epidermis + stratum comeum. 

and (b) also to model the case for which E, is the 
permeant/substrate. The more general case has 
been numerically analyzed using the following 
equations for the basal cell layer in Model C with 
the three enzyme rate constants (k,, ~ 1, k, _ 28, 

and k,,,, for the reactions of E,, -+ E,, E, -+ 
E,,, and E, + E, + C, respectively). 

03) 

d*C, 
Dl------ dx2 

+kza-1C28-(kl~2P+kl~3C)C~=0 

04 

D 
d=C,c 
-+k 3c dx2 *-xc, = 0 05) 

where C,, is the sum of the concentrations of E, 
and C and D30 is the diffusion coefficient for E, 
and C. The stripped skin experimental fluxes for 
E,,, E,, and E, and C (Tables 1 and 2) from four 
different experiments (E2@ and E, as the per- 
meant/substrate in the two configurations) were 

used for this analysis with Model C by assuming 
the same permeability coefficient (or diffusion 
coefficient) for each species in dermis and epider- 
mis. All of the transport parameter values used in 
the analysis were taken from Tables 1 and 4. 
Table 6 summarizes the results of this more com- 
plete analysis. First, the relative constancy of the 
rate constants from the different experiments again 
supports Model C as being most valid. Secondly, 
as anticipated, the effect of k1_2P, and k,,,, 
together on the dete~nation of k2a_,l, is of the 
order of 10%. The conversion of E,, to E, is 
favored over the reverse reaction; this is in agree- 
ment with the reported in vivo work (Longcope 
and Williams, 1974). Finally, the k,, _,1 values 
deduced from the E, experiments (Table 2) are in 
good agreement with those obtained from E,, 
experiments (Table 1). 

Membrane thickness values used in the models. 
Although we have attempted to apply thickness 
values consistent with anatomy, the exact values 
assigned to the thickness for the stratum comeum, 
epidermis and dermis are not ~port~t because 
the permeability coefficients are the determined 
quantities in the present study. Thus, if a thick- 
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TABLE 6 

A more complete co~~deraiion of the uarious metabolic pathways: analysis of Model C with stripped hairless mouse skin experimental 

fluxes o 

Enzyme 

constant b 

(s-l) 

&s-t 

kt-zp 

k 14 x- 

Ea8 as substrate Et as substrate Mean + S.D. 

Configuration ’ Configuration ’ 
1 2 1 2 

0.93 0.78 0.74 0.73 0.80 f 0.10 
0.079 0.12 0.081 0.16 0.11 f 0.040 
0.0052 0.0010 0.0021 0.0018 0.0025 k 0.0018 

a The mean values of the fiuxes in Tables 1 and 2 were used by considering the minor enzyme reactions of Et -+ Esp and 

E, -+ Es + C with Model C where the eruyme is located mainly in the basal layer of the epidermis (near the derm~epidermal 

junction) and with the same permeability coefficient for each species in dermis and in epidermis (Pa = 1.1 x 10s4 cm/s and 

P, = 2.2 X 10e4 cm/s). 

b First-order enzyme rate constant, kzp _,l, k, _ 2p, and k,, 3C for the reactions of E,, + E,, E, + Ea8, and Et --+ Es + C, 

respectively. 

’ Configuration 1: stratum corneum -+ epidermis + dermis; configuration 2: dermis + epidermis -f stratum comeum. 

tress of 40 pm, instead of 20 pm, is assigned to the 
epidermis, then a diffusion constant that is 2-fold 
larger will be deduced. Also, if a thickness of 40 
pm is used, an enzyme rate constant twice as large 
as that for the 20 pm case will be obtained; 
however, the total count of enzyme per unit area 
of skin will be independent of the thickness as- 
signed. For the stratum corneum and for the der- 
mis, the actual values assigned for the thickness 
are also unimportant as long as the correct per- 
meability coefficients are used. 

Partition coefficient of unity for the epidermis 
and dermis. As the steady-state diffusion of E,,, 
E,, and many other permeants across stripped 
skin is well-approximated by a porous membrane 
model (Ghanem et al., 1987), the partition coeffi- 
cient pertinent to the transport pathway should be 
an aqueous-to-aqueous partition coefficient. 
Physically, this may mean that permeants of dif- 
ferent lipophilicity may have significantly differ- 
ent binding or partitioning tendencies to epider- 
mis or dermis; however, because the binding/par- 
titioning sites (other than the aqueous compart- 
ments) are apparently immobile sites, these do not 
contribute to steady-state permeant transport. 

Diffusion coefficient gradient in the epidermis. 
The model calculations summarized in Table 3 
(Model B) and Table 4 (Model C) assumed that 
the diffusion coefficient in the epidermis was con- 
stant. A key question has been whether some 

reasonable diffusion coefficient variation in the 
epidermis would permit satisfactory agreement be- 
tween Model B and the experimental data. In 
order to examine this question, a quantitative 
simulation for the case of stripped skin was car- 
ried out by dividing the epidermis into two parts 
of equal thickness [near stratum comeum (Ns) 
and near dermis (Nd)] and assigning Nd-to-Ns 
diffusion coefficient ratios of 2, 10, and 50 for the 
two parts. It was felt that these calculations would 
represent a ‘best case’ scenario for Model B (espe- 
cially with the ratio of 50). Table 7 represents an 
attempt to examine the experimental E,, results 
with stripped skin via the ‘modified’ Model B. It 
is shown that the deduced k values differ consid- 
erably between configurations 1 and 2, even when 
l&,/L&, = 50 which should be considered an ex- 
treme situation. Also, the deduced D2P,Nd and 
D 1,Nd values generally show differences that are 
much too large at all D.,/D,, ratios. Because it 
was believed it would be instructive, similar calcu- 
lations have been conducted using Model C. The 
results for the modified Model C are presented in 
Table 8. It is observed that the deduced k values 
differ much less between configurations 1 and 2 
for all three D,,/D,, ratios (cf. results for mod- 
ified Model B, Table 7). The modified Model C 
appears to describe the experimental fluxes best 
where the DNJDNs ratio approaches 1.0, thus 
suggesting that Model C with no significant varia- 
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TABLE 7 

Exumination of modified Model B with stripped skin experiments of Ez8: diffusion and metabolism purameters deduced from the modified 
Model B ’ 

DNd/DN, Configuration b k (s-l) DZP.N~ (Cm’,‘+) D,,,, (C’U2/S) 

2 1 0.15 f 0.05 (2.96 + 1.00) x 1O-7 (1.60 zt 0.50) x lo-’ 
2 2 0.50 f 0.13 (7.22 f 2.27) x lO-7 (0.41 + 0.12) x 10-7 

X f S.D. 0.33 -f 0.23 ’ (5.09 f 2.98) x 1O-7 ’ (1.01 f 0.73) x 10-7 c 

10 1 0.17 i 0.06 (1.28 + 0.39) x lO-‘j (8.96 + 2.98) x 1O-7 
10 2 0.34 * 0.11 (2.27 f 0.74) x IO-+ (I.05 f 0.38) x 1O-7 

Xi SD. 0.26 + 0.14 c (1.78 & 0.82) x 1O-6 = (5.02 f 4.78) x 1O-7 = 

50 1 0.16 f 0.05 (0.60 f 0.21) x 10 -5 (4.02 + 1.25) x 1O-6 
50 2 0.30 f 0.09 (0.96 f 0.29) x lo- ’ (0.21 f 0.07) x 10 - 6 

X f S.D. 0.23 + 0.12 ’ (0.78 f 0.32) x lo-’ (2.10 f 2.23) x lO+ ’ 

a The modified Model B is Model B (epidermis-distribution model) with diffusion coefficient variation in epidermis. The epidermis 
was divided into two parts of equal thickness [near stratum corneum (Ns) and near dermis (Nd)]. The Nd-to-Ns diffusion coefficient 
ratios (Dz8,Nd/D28,Ns = DI,Nd/DI,N,) were assigned VaheS of 2, 10, and 50 for the two parts. 
b Configuration 1: stratum comeum -) epidermis 4 dermis; configuration 2: dermis --t epidermis -P stratum corneum. 
’ Significantly different. 

tion of the diffusion coefficient in the epidermis is Bamshed, 1969; Laerum, 1969; Meyer and Neu- 
the best of all models. rand, 1976; Chapman et al., 1977; Yu et al., 

Anatomical and bioc~emica~ basis of ~ode~ C. 1980a; Bickers et al,, 1982). However, it has not 
It has been shown that there are numerous en- been clear as to how the distribution of the en- 
zyme systems beneath the stratum comeum in the zymes might vary with epidermal depth. The en- 
viable epidermis capable of metabolizing drugs zyme activity appears to follow closely the pres- 
(Montagna, 1955, 1962; Weinstein et al., 1968; ence of the mitochondria and ribosomes/endo- 

TABLE 8 

Examination of modified Model C with stripped skin experiments of E_+ diffusion and metabolism parameters deduced from the modified 
Model C n 

DN~/DNS 

2 
2 

~nf~~ration b k (s-l) &&Nd @m*/S) 

1 0.65 f 0.26 (5.05 f 1.89) x 10-7 
2 0.69 f 0.31 (9.00 * 2.90) x 10-7 
X f SD. 0.67 f 0.27 (7.02 f 3.10) x lo-’ 

%?+d @m2/Sf 

(6.06 + 2.40) x 1O-7 
(2.00 f 0.79) x 10-7 
(4.03 f 2.89) x 1O-7 = 

10 1 0.70 f 0.28 (2.03 * 0.81) x lo+’ 
10 2 0.69 4 0.31 (3.51 f 1.41) x 10-e 

X f S.D. 0.70 f 0.28 (2.77 f 1.31) x 10-e 

50 1 0.73 f 0.26 (1.90 f 0.67) x lo-$ 
50 2 0.78 f 0.28 (2.50 f 1.05) x 1O-5 

X& S.D. 0.76 f 0.27 (2.20 i- 0.85) x lo-’ 

(23.2 zt 9.20)x 1O-7 
(7.03 f 2.80) x 1O-7 

(15.1 + 11.5) x 10-7 c 

(10.9 f 4.30) x 10-6 
(3.70 f 1.38) x 1O-6 
(7.30 f 5.15) x 10-6 c 

a The modified Model C is Model C (basal layer-distribution model) with diffusion coefficient variation in epidermis. The epidermis 
was divided into two parts of equal thickness [near stratum comeum (Ns) and near dermis (Nd)]. The Nd-to-Ns diffusion coefficient 
ratios (L&sNd/L&8,Ns = D~,Nd/D~,N~) were assigned values of 2,10, and 50 for the two parts. 
b Configuration 1: stratum comeum -+ epidermis -f dermis; configuration 2: dermis -+ epidermis + stratum comeum. 
’ Significantly different. 



19 

plasmic reticulum in the epidermis (Akin and 
Norred, 1976; Pohl et al., 1976). As epidermal 
cells are keratinized upward from the basal layer, 
they may lose their mitotic potential and general 
enzyme activity. Histochemical methods have 
shown that several enzymes, especially oxidase 
and dehydrogenase, are found in the basal cells 
and become progressively sparser in the spinous 
cells immediately above them (Louviere, 1956; 
Glenner, 1957; Burstone, 1959, 1960; Fand et al., 
1959). Thus, Model C appears to be reasonable 
from the anatomical/biochemical standpoint. 

Appendix A: Assessing the Error in Flux Measure- 
ment Caused by Permeant Retention in Skin Tis- 
sue 

In the two-chamber diffusion cell experiments, 
when the volume of the receiver chamber (V,) is 
small and the amount of permeant partitioning/ 
binding into the skin tissue is large, a systematic 
error may occur in the fluxes determined by Eqns 
l-3. The error arises because the amount of per- 
meant retained in the skin tissue (stratum comeum, 
epidermis, and/or dermis) is not negligible com- 
pared to the amount of permeant in the receiver 
chamber. The important point here is that this 
error may be significant even when quasi-steady- 
state conditions are maintained; in all of the ex- 
periments in the present research, the permeant 
concentration in the donor chamber was held con- 
stant and the receiver chamber concentration was 
under essentially sink conditions (5 10% of the 
donor concentration). 

Fig. 5 presents models that show how this error 
may be assessed for the permeant (e.g., constant 
concentration of E,, in the donor chamber) trans- 
port with single layer membrane (e.g., dermis), 
and with multiple layer membranes (e.g., stripped 
skin and full-thickness skin). The shaded area in 
Fig. 5 reflects the amount (AA) of per-meant re- 
tained in the skin tissue. Since the permeant 
amount in the receiver chamber (AR) is given by 

AR = c,v, (AL) 

where CR and V, are, respectively, the permeant 

(a) one-layer membrane (dermis) 
dermis 

(b) two-layer membrane (stripped skin) 

(c) three-layer membrane (full-thickness skin) 

Fig. 5. Physical models for assessing the error in the flux 
determination caused by permeant retention in skin tissue in 
two-chamber diffusion cell experiments with (a) one-layer 
membrane (dermis), (b) two-layer membrane (stripped skin), 

and (c) three-layer membrane (full-thickness skin). 

concentration and the solution volume in the re- 
ceiver chamber, in the ‘worst case’ (i.e., no sam- 
pling/replacement in the receiver chamber), the 
ratio of the true flux, Jtrue, to the ‘apparent’ flux, 
J appr is approximately given by 

J true A,+AA 
- = 
J (A4 

=PP AR 

For the case of a one-layer membrane such as 
dermis (Fig. Sa), 

AA= 643) 

where K = C&/C, is the apparent permeant par- 
tition coefficient for the membrane and the aque- 
ous solution in the receiver chamber, and V, = Sh,, 
is the effective volume of the dermis and h, is the 
thickness of the dermis. The ratio of the true flux, 
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J true, to the apparent flux, Japp, is therefore given 

by 

For the case of a two-layer membrane such as 
stripped skin (Fig. 5b), near linear gradients are 
assumed within the basal layer for mathematical 
simplicity. The fractional concentrations at the 
layer l/layer 2 interface (C;,, and Cl,*) are given 

by 

C’ 
R, + C1;R, R2 

l/2 = 
4 +R2 

and cl/2= R, + R, (A5) 

where R, = l/P, and R, = l/P, may be termed 
the resistances to layers 1 and 2. The concentra- 
tion build-up at the interface is proportional to 
that in the receiver chamber, i.e., 

C’ -cl,2= R 2R 4 
l/2 CA= R,+R,KCR 646) 

1 2 

Using the area equations for a triangle and a 
parallelogram, we obtain the amount of permeant 
retained in layers 1 (AA,) and 2 (AA,), 

AA, = 
( G/2 - Cl,2)& KC,F: RI =-- 

2 2 RI +R2 

(‘47) 

AA 
2 

= [G-(G,,-c1,2)]Sh2 

2 

+ cc;,2 - G,2)Sh2 

KCRV2 R2 RI 
=p 

2 R,+R, +KcRV2R,+R2 

= KC,V2 
4 + R2/2 

R,+R, 
(A81 

where V, = ShI and V, = Sh2 are the effective 
volumes of layers 1 and 2 and hI and h2 denote 

the thicknesses of layers 1 and 2, and hence we 
have immediately the total amount retained in the 
two-layer membrane (A A = AA, + AA,), and the 
ratio of the true flux, J&, to the apparent flux, 
J app, for the two-layer membrane case: 

J true AA, AA, 
-=l+A+A 
J 

aPP R R 

=l+K(?)( Ryi,) 

+K( 2)( “;1:+“;;;“) (A9 

In configuration I experiments where epidermis (e) 
is layer 1 and dermis (d) layer 2, the true flux-to- 
apparent flux ratio is given by 

J true AA AA, 
-=l+*+T 
J aPP R R 

=l+K(G)( [Cd) 
R, + Rd2 

Re + Rd Gw 

Similarly, the true flux-to-apparent flux ratio is 
also obtained for configuration 2 experiments 
where dermis (d) is layer 1 and epidermis (e) layer 
2. 

J true AAd dA, -=1+r+ A 
J 

=PP R R 

=l+K(?)( Ryi,) 
Rd + k/2 

Rd -‘- fk (All) 

For the case of a three-layer membrane such as 
full-thickness skin (Fig. 5c) where R, = l/P, and 
V, = Sh, are the resistance and the effective 
volume of layer 3, respectively, we may deduce, by 
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analogous reasoning, the following ratio of the 

true flux, J,,,, to the apparent flux, J&, 

J true AA, AA, AA, 
-=l+A+A+A 
J 

aPP R R R 

R, + Rd2 
R,+R,+R, 

R, + R, f R,/2 
R,iR,+R, W2) 

Therefore, the true flux-to-apparent flux ratio is 
obtained for configuration 1 experiments where 
the order of layers is stratum corneum (s), epider- 
mis (e), and dermis (d) 

J true AA AA AA, 
---l+*+y+T 
J 

aPP R R R 

fis + k/2 

R,+R,+R, 

R, + R, + R,/2 
R,+R,+R, @W 

Similarly, the true flux-to-apparent flux ratio is 
obtained for confi~ra~ion 2 experiments where the 
order of layers is dermis (d), epidermis (e), and 
stratum corneum (s) 

J _zEL*+~+5!_$+~ 
J 

aPP R R 

W2 
R,+R,+R, 

& -+ %/2 
R,+R,+R, 

=%+K+Rsf2 
R,+R,+R, (A141 

In terms of pe~eability coefficients, we may 
write 

P Jt,, true _=- 

p JaPP aPP 

and this would apply to dermis (Eqn A4), stripped 
skin (Eqns A10 and All), and full-thickness skin 
(Eqns Al3 and A14). 

The term, K(Vd/VR) may be determined as 

where (Ad/A,,), repreSentS the ratio of amount 
of permeant partitioned between the skin mem- 
brane and the aqueous solution at equilibrium. 
The ratios were experimentally determined when 
the pieces of epidermis/dermis were equilibrated 
in 2 ml pure saline solution. The amount ratios, 
Ad/A,, (about OSO), or the respective apparent 
binding/partition coefficients, K (about 50) were 
found to be essentially the same for E,, and E, 
(Liu, 1989). In a preliminary expe~ent, the E,, 
apparent bind~g/partition coefficient, K, for 
stratum corneum was found to be comparable to 
that for dermis. 

Table 9 summarizes and compares the true 
flux-to-apparent flux ratios in several situations. 
Eqns A4, AlO, All, Al3 and Al4 were used in the 
calculations with the permeability coefficients (Ta- 
ble 4) for the resistance values (R,, R,, and Rd), 
the thickness values (h, = 20, h, = 20, and h, = 
250 pm), and the effective diffusion area (S = 0.7 
cm2). The apparent p~tition/binding coefficient 
(K = 50) was assumed to be the same for dermis, 
epidermis, and stratum comeum. As can be seen 
in Table 9, dermis layer with its relatively larger 
volume, V,, dominates the total retained amount 
in the skin tissue, and the problem of permeant 
retention in skin tissue is less important in config- 
uration 2 situations. 

Two kinds of diffusion experiments (configura- 
tion 1) (Methods A and B) were also conducted 
with two pieces of skin from the same mouse. 
Method A is described in Materials and Methods 
and a sampling volume (with replacement} of 0.1 
ml was used for eight data points after steady 
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TABLE 9 

The relarioe retained amounrs (AA/A,) and the true flux-to-apparent jltLr ratios (Jlrue/Jopp) /or dqf erent skin membrane componenls ond 
experimental configurations o 

Membrane Configuration A&/Au AA,/A. AA,/Aa Jtme/J.pp 

Dermis 0.219 1.22 
Stripped skin configuration 1 (e + d) 0.293 0.00587 1.30 
Stripped skin configuration 2 (d -+ e) 0.147 0.0293 1.18 
Full-thickness skin configuration 1 (s + e + d) 0.409 0.0289 0.0138 1.45 
Full-thickness skin configuration 2 (d -t e -, s) 0.0314 0.00629 0.0214 1.06 

a Calculations were carried out with Eqns A4 (for dermis), A10 and All (for stripped skin), and Al3 and Al4 (for full-thickness 

skin). 

state was reached and this situation approximates 
the worst case (i.e., the JaPp in Eqns A4, AlO, All, 
Al3 and A14). In Method B, a sampling volume 
(with replacement) of 1.5 ml was used and a 
plateau was attained in the sampled amount vs 
time plot, this corresponding to J,,,. Theoretical 
simulation for Method A was carried out (i.e., the 
PaPP was calculated from only the amount appear- 
ing in the receiver chamber with a sampling/re- 
placing volume of 0.1 ml for eight times after the 
steady state). Table 10 presents the results of a 
validation study of Eqns A10 and Al3 using Eqns 
A15 and A16. The experimental P,rue/PapP values 
agree reasonably well with the predicted values 
based upon Eqns Al0 and A13. Also, these results 

provide correction factors for flux values obtained 
using Eqns l-3. 

A final important aspect here is to evaluate 
how accurate the simple approach is, where the 
linear approximation in the concentration-dis- 
tance profiles was made in the quasi-steady state. 
Taking the dermis case as an example, a full 
numerical analysis with non-steady state approach 
was carried out accounting for the simultaneous 
diffusion and immobilized retention of E,, in the 
dermis. The results demonstrate that the simple 
quasi-steady-state approach provides a good ap- 
proximation (within 10% deviation) to the more 
rigorous but complicated non-steady-state ap- 
proach after two lag times. 

TABLE 10 

Assessing the error in the flux determination caused bv the permeant retention in Ihe skin tissue: comparison of the IWO kin& of 

experiments and theoretical predictions 

Skin Per- P value (cm/s) ( X 106) * PWUJP.?,, 
meant 

P true P 
aPP Experiment Method A Eqn A10 

simulation b Eqn Al3 ’ 

Stripped skin EV 41.0 f 22.8 34.1 f 3.70 1.20 f 0.45 1.25 + 0.07 1.30 f 0.08 

El 49.0 f 14.4 37.5 * 3.70 1.31 f 0.33 1.25 * 0.07 1.30 rt 0.08 

Full-thickness skin Ells 5.96 f 2.08 3.89 f 1.10 1.53 f 0.16 1.41 f 0.14 1.45 f 0.16 
El 9.19 * 2.94 6.46 f 1.22 1.43 f 0.32 1.41 f 0.14 1.45 f 0.16 

’ Two-chamber cell (configuration 1) experiments were conducted with two pieces of skin from the same mouse using two procedures 

(Methods A and B). In Method A, a sampling volume of 0.1 ml was used for eight times after the steady state and this situation 

approximates the worst case (i.e., the Papp in Eqns A10 and A13). In Method B, a sampling volume of 1.5 ml was used and a plateau 

was attained in the sampled amount vs time plot, this corresponding to Pt,,. The P values, calculated from the normalized total 

forward fluxes, are expressed as the mean f S.D. (n = 3). 

b Theoretical simulation for Method A. 

’ Theoretical prediction for the worst case (i.e., the Pa,,,, in Eqns A10 and Al3 with no sampling) with A,/A,, = 0.50 f 0.16. 
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Appendix B: Mathematical Methods for Solving 
the Diffusion-Metabolism Equations 

Analytical solution 
Eqns 5-8 were solved simultaneously for the 

simultaneous diffusion and metabolism of A (per- 

JI,,+J,,,=nDZp{[coth(ah)-csch(ah)] 

XGSJ + G,,r>> w 

~*~,r + or f + J 
1.b = ~D,~[coth(uIr)C~,s, 

meant/substrate) + B (metabolite) (Yu et al., 
in matrix 1980bj. The sohttion can be written 

form for the i-th layer as: 

- 

A(xi) 

JA(Xi) 

B(xi) 

J&i) 

where 

= 

a, = d- _k_ 
DA,i 

Ax =x, - x;_~ 

cosh( a,Ax) 

- u~D~,~ sinh( aiAx) 

- sinh(a,Ax) o o 

a,D.k.i 

cosh( u,Ax) 0 0 

e [ 1 - cosh( a,Ax)] sinh(“$;; ; aiAx 1 - $ 

aiDA,, sinh( aiAx) 1 -cosh(a,Ax) 0 1 

w 

w 
For the homogeneous enzyme layer (i.e., epi- 

dermis in Model B or the basal cell layer in Model 
C) with thickness Ax = h, the solution may be 
written in terms of fluxes as: 

J ~~,~=uDz~[csc~(~~)C,B,I -coth(ah)C~~,~] 

0% 

-~D,~[csch(ah)C~~,r - coth(~Ir)C~~,~] 

(B5) 

Jl,b= -3c2,,1 - cd - ~G,l - c,,,> 

+ aDzs [ coth( ah) C2p,, - csch( ah) C&] 

(B6) 

038) 

C/%(X,-l) 

JA(x;-I) 

G(x,-1) 

J&LI> 

w 

where CZa,,, C2P,r, and C,,,, C, r are the concentra- 
tions of E,, (permeant/substrate) and E, 
(metabolite) at the left and right sides of the 
enzyme layer, respectively. 

Three parameters (Dzp, D,, and k) may be 
deduced providing the three experimental fluxes 

J1 f and J1 b) 
[::is ll’and 12).’ 

and boundary concentrations 

Numerical approach 
Eqns 5 and 6 were also solved numerically by 

mathematically dividing the enzyme layer into n 

(e.g., 10) equally thick compartments of Ax = h/10 
in width (Hsu, 1981). The subscripts 1 and r repre- 
sent the surface of the enzyme layer at the left and 
right sides, and the subscripts 1, 2,. . . ,lO corre- 

spond to compartments 1, 2,. . . , 10, respectively. 
For compartment 1: 

Du3 (C2P.2 - c2p.d (C2B.1 - C2P.l) 

Ax Ax - Ax 1 - kGp,l 2 
= 0 (B9) 

D, 

-[ 

Ax 
CC,,, - Cd _ h--xC~~d 

Ax 1 + kC2p,, = 0 

2 
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For compartment n (n = 2-9): 

D 

*:p 
(C2P,n+l - Gp,n> h,n - c2p,n-1) 

Ax - Ax I 

- kC2p,, = 0 

Dl 
Ax 

Wl,n+l - Cl,,) _ (Cl., - Cl,,-1) 
Ax Ax 1 

+ kC2p,, = 0 

For compartment 10: 

W) 

(Bl2) 

(Cw,r - %d _ (G,vo - Cd 
Ax Ax I 1 2 

- kGp,,o = 0 (B13) 

4 
Ax 

(c1.r - Cld (Cl,,, - Cl,,) 
Ax - Ax 
2 

ow 
Three parameters ( Dzp, D,, and k) may be 

deduced with the following flux expressions pro- 
viding the three experimental fluxes ( JzP,r, Jr,r, 
and &,) and boundary concentrations (Eqns 11 
and 12): 

Jl,b = - 2 (Cl,, - CLI) 
2 

J 
D2P 

2~,f+Jl,f+Jl.b- Ax - -(czp,, 
2 

W) 

ow 

@17) 

C2PJ 1 @18) 
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