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Abstract

A physical model has been developed which accommodates simultaneous diffusion /parallel-sequential bioconver-
sion process through hairless mouse skin. The model includes both tape-stripped and full-thickness skin to describe
the diffusion /bioconversion of methotrexate (MTX) dialkyl esters, in which a potential parallel /sequential esterase
metabolic scheme is operative. Simulations are also included to illustrate the behavior of MTX dialkyl esters with
the simultaneous diffusion /bioconversion parameters in which the metabolism stops at the level of MTX monoalkyl

esters.
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profile; Hairless mouse skin simulation; Tape-stripped skin; Full-thickness skin; Methotrexate dialkyl ester

1. Introduction

The skin has been described in great detail
with respect to its physical and biochemical char-
acteristics (Bisser, 1987). Another manner in
which the skin property can be described is in
terms of the ability of drug molecules to diffuse
through its layers. The aim of a mathematical

* Corresponding author.

The computer programs used for data simulation are available
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treatment is to describe the diffusion process
through the skin, taking into consideration the
physical and chemical properties of the drug
molecule and the properties of the membrane.
Such an approach for a compound which is not
only diffusing, but also undergoing biotransfor-
mation, can be very valuable in drug design illus-
trating the relative concentrations of the drug
and its metabolites in the various skin layers. For
instance, with existing knowledge of the physical
properties of a limited number of derivatives,
such as a few homologues in a series, it might be
possible to design new molecules with optimum
permeation and bioconversion parameters.
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A simplified version of the problem of simulta-
neous transport and bioconversion was discussed
by Loftsson (1982) with the permeation of aspirin.
The skin as a whole is represented metabolically
by a single first order rate constant. Provision is
also made for metabolism in the receptor phase.
The final equation describing the process is a
monoexponential expression.

A pharmacokinetic model, which treats the
skin, donor and receptor phases as compartments
has been described by Wallace and Barnett (1978).
This model offers the flexibility of treating the
skin as one or several compartments, c.g., each
layer of the skin can be a compartment. Addi-
tionally, the model incorporates the parallel
(paracellular) transport mechanism, whereby drug
diffuses through various skin appendages (sweat
glands, hair follicles, etc.). The model as de-
scribed does not show a metabolic component to
the skin, although this could be casily accounted
for.

The most significant prodrug simultancous
transport /bioconversion model development was
described in the literature in several articles. The
beginning of this development describes a system,
which depicts the skin as a two ply laminate,
namely the stratum corneum and the cutaneous
tissuc (viable epidermis and dermis) (Ando ct al.,
1977a,b; Yu et al., 1979a). The compound utilized
in the model is vidarabine 5-valerate which is a
prodrug first hydrolyzed to vidarabine, and subse-
quently deaminated, both of these reactions be-
ing enzymatic. This sequential metabolic pathway
and the Fickian diffusion through the simplified
skin membrane are incorporated into the model.
Explicit final equations were developed describ-
ing the concentration vs distance profile for each
of the three compounds. Assumptions in the
model such as first order metabolism, sink condi-
tions, as well as invariant diffusion coefficients in
each layer with distance were utilized.

This model was also extended to accommodate
the tape stripped model, in which the stratum
corncum has been removed (Yu et al., 1979b).
This altered membrane was used for parameter
determinations, such as enzymatic rate constants
and diffusion coefficients. It was found that the
experimental data did not give an optimum fit to

the bilaminate model, requiring a new model with
increased complexity.

This newer physical model utilizing the same
metabolic sequence previously described for vi-
darabine 5'-valerate was developed (Yu ct al,
1980a). The skin has been described both
metabolically and by its diffusion properties as a
three-ply laminate consisting of the stratum
corneum, viable epidermis, and dermis. Each layer
has been assigned diffusion coefficients and
metabolic rate constants with respect to each
chemical species present in that layer. This treat-
ment reflects the lack of homogeneity of cnzy-
matic activity within the viable epidermis and
dermis (Yu et al., 1980b). The viable epidermis is
given more metabolic activity than the dermis,
although this may not be totally accurate, as
discussed later in this report. From a diffusion
standpoint, the viable epidermis in the hairless
mouse represents roughly a 10 pm thick layer, as
compared to a 300-400 gm dermis. It is consid-
crably more lipophilic and amounts to more of a
diffusive barrier to a polar compound than the
dermis (Yu et al., 1980c). Mathematically, this
model is considerably more complicated, al-
though the model assumptions are similar to the
bilaminate case with respect to sink conditions
and uniformity of enzyme activity and diffusivity
within a particular layer. When experimental data
were fitted by this model, there was better corre-
lation than with the bilaminate case.

A later development was the construction of a
physical model which was more general than the
previous bi- and trilaminates (Fox ct al., 1979). In
this case the model did not limit itself to first
order metabolism of prodrug or drug molecules.
Provision was made for a saturable or Michaelis-
Menten metabolic reaction. The general model
also included the flexibility of adding an in-
hibitive component to the modcl. An example of
this would be where the prodrug could inhibit the
subsequent metabolism of the active drug or vice
versa. As would be expected, the mathematics arc
even more complicated, entering into the rcalm
of numerical solutions for the equations, €.g., no
explicit solutions for concentration /distancc ex-
pressions could be obtained.

This type of model was utilized to some extent
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in a more recent study by the same group in
which several vidarabine esters were evaluated
for diffusive and metabolic characteristics within
hairless mouse skin {Higuchi et al., 1983).

The purpose of this report is to develop a
model similar in principles to those previously
discussed when the potential metabolic scheme in
skin is a combination of parallel and sequential
steps.

The physical models described in this report
will treat the full-thickness skin as a multilami-
nate utilizing principles similar to that proposed
by Yu et al. (1980a). The most elegant and impor-
tant feature of this model is that the trilaminate,
consisting of a stratum corneum, viable epider-
mis, and dermis, not only is the most appropriate
model, but also has the flexibility to collapse to a
bilaminate (stratum corneum and cutaneous layer)
in terms of either diffusivity or metabolic activity.
In the latter model, the cutaneous layer is a
composite of the viable epidermis and dermis. It
is important to mention that models representing
tape-stripped skin will also be derived. In this
case, the trilaminate will lose one of its layers,
e.g., the stratum corneum. This model will be
referred to as the trilaminate stripped model.

The following mathematical development will
use the general multilaminate approach which
can be utilized for any number of layers. By
employing the proper post-integration boundary
conditions, the full-thickness and stripped models
for both the bilaminate and trilaminate variants
can be derived. These models are self-consistent
in that when the parameters of the trilaminate’s
epidermis and dermis are the same, the model
collapses to a bilaminate. For most compounds,
the stratum corneum is the major rate-limiting
barrier for dermal drug absorption and there may
be little significant resistance boundary and enzy-
matic activity difference between the epidermis
and dermis. Under this circumstance, the mathe-
matical treatment will be greatly simplifies by
collapsing the trilaminate model to a bilaminate
one.

The derivation of the general multilaminate
membrane model begins with the multilaminate
shown schematically in Fig. 1. Each layer is con-
sidered to have the metabolic scheme shown in
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Fig. 1. Schematic diagram of skin depicted as a multilaminate
membrane sandwiched between donor and receptor solutions.

Fig. 2. The quantities, k, ,—k<, represent the first
order metabolic rate constants in the i-th layer.
The letters A-D represent diester, a-monester,
y-monester, and MTX, respectively. With such an
approach, any number of layers can be modeled.
For each layer, the following differential equa-
tions, representing the relationship between con-
centration and distance, can be written:

Dn, d’A/dx?— (ky;+ky;+ks,)A=0 (1)
Dy, d®B/dx? —ky B+k, ;A=0 (2)
De,; d°C/dx® —k, ,C+k,,A=0 (3)
Dy, d°D/dx?+ky B+k, C+kg;A=0 (4)

Some other quantities will need to be defined:

ai:V’J[(kl,i+k2.i+k5.i)/DA,i] (5)
b= L( k3,i/DB,i) (6)
¢ = v’f( k4,1/D(‘.i) (7)
Un(x)=A/K,; (8)
Ug(x) =B/Ky; (9)
Uc(x) =C/Kc,,' (10)
Up(x)=D/Kp, (1)
) / (1\\ kll
Diester ks, > MTX
\kh k
\Y/ 4.

Fig. 2. Theoretical scheme for the parallel /sequential enzy-
matic hydrolysis of a MTX dialkyl ester in an individual layer
of hairless mouse skin.
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where K, ; to K; are the partition coefficients
of each species in the i-th layer.

Pri=KaiDa, (12)
Py, =Ky,;Dy, (13)
P.,=K D, (14)
Pyi=KpiDp, (15)

where P, to P, are the permeability coeffi-
cients of each species in the i-th layer.

The fluxes for each species in the i-th layer are
as follows:

Fx)=-D,,dA/dx (16)
Fy(x)=-Dy, dB/dx (17)
Fo(x)= —Dc, dC/dx (18)
Fp(x)=—Dy, dD/dx (19)

Several assumptions are inherent to these
models. (1) The enzymes, non-specific esterases,
are homogeneously distributed in each layer, ex-
cept for the stratum corneum. (2) The stratum
corneum is essentially permeable to the highly
lipophilic diester prodrug and serves as a barrier
preventing the back diffusion of the more hy-
drophilic a- and y-monoesters and parent MTX.
(3) The enzymatic reactions in the metabolically
active tissues are parallel and sequential in na-
ture and are irreversible. As previously men-
tioned, the rate constants for enzymatic hydroly-
sis are first order. (4) Diffusivities of all species in
each layer are independent of distance. (5) Sink
and steady-state conditions prevail. Most of the
assumptions are based on known facts while some
are supported by our own experimental data (Fort
and Mitra, 1994; Fort et al., 1993, 1994). Al-
though the second assumption, by climinating the
contribution of back diffusion, may not hold true
for long-duration diffusion studies, it will greatly
simplify the mathematical treatment.

The method of obtaining the general solutions
for cach of the concentration-distance differential
equations is the same as with any homogeneous
second order differential equation in the case of
U,. For Uy and U, the method of undetermined
coefticients has been employed. U, is solved by
inserting in the solutions for U,, Uy, and U and

integrating twice. The boundary conditions for all
four differential equations are as follows:

Una(x =0) = Up(x, ) (20)
Fo(x, 1) = Py dU\(x) /dx, (21)

where x,_, Is the boundary or interface between
the previous layer and the layer in question.

Utilizing the above boundary conditions and
the methods for obtaining general solutions, the
final expressions for each species can bc ex-
pressed conveniently in a matrix form.

[ Uy () W
Fp (X))
Ug (x)
Fy (x)
Ug i(x)
Fei(x)
Upi(x)
Fryi(x)

may My, 0 0 0 0 0 0 ]
M M 0 0 0 0 0 0
My Mz My Mgy 0 0 0 0
Mg My My My, 0 0 0 0
mis, Mgy 0 0 miss Mz, 00
Mg My 0 0 Mys My O 0
Mg Mg Mgy Mgy Migs Mg L Mgy

Mgy Migs Mgy Mgy Mg My, 001

[Untx, )]
F/\(xlfl)
Ug(x; 1)
FB(X1 l)
X 22
U('('lel) ( )
F(‘(lel)
Up(x; 1)
LFD(/"IV 1)
where:
m;,, = cosh a,x
sinh a,x
M= =~
Py a;
m;y = —P, ;a;sinh a;x

m,;5, = cosh a,x
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ki 1 1
Mz = m(mSh b;x —cos a;x) E?(l —cosh ¢;x) + ;?(cosh a,x — 1)}
m € + 5 (1 h'a;x)
= ~ —cosh’a, x
Py Pyi(a - b]) PD‘ :
1 1 kaky;
x| — sinh a,x — — sinh b,x . .
a; T t iz = Py Py Py (a} —b})
m 5y = cosh b;x 1 1 x  x
sinh b,x X P sinh b;x — = sinh a,x + priae
Mgy = — ———— i i H i
) PB’ib[ kaik ;i
k + T2
My = —I;——-——L'«——zm(a sinh a;x — b; sinh b,x) Py PoPai(al =)
aiar —b}) 1 1 X X
X|—5 sinh ¢;x — — sinh g x + — — —5
Mgy = W(wsh b x — cosh a,»x) i i i i
M4y = — Py b, sinh b;x F_};-———-(smh a;x—a,x)
M, = cosh b,x DA
K ; 1 —cosh b,
ms; = F——(—»-—%L——j(cosh c;x — cosh a,x) iz = PD,bf( sh b:x)
{a;j—c
¢ k sinh b;x — b;x
2i m£74 T e et
Mgy = = P .b,
= PA,:‘Pci(az‘z - C:Z) D
1 1 75 = 1—cos ¢
X | — sinh a,x — — sinh ¢;x s Py c ,2( €i%)
a; ¢
sinh ¢,c —¢;x
m;ss = cosh ¢;x m, —
sinh ¢;x D.iCi
Mise = Pec, Mz =1 N
Mgy = ﬁﬁ(af sinh a;x — ¢; sinh ¢;x) Py,
a; —¢;
k kyky; 1 h b, 1 "
Mo = ——-——-——2—’—-——(cosh ¢;x —cosh a,x) Mig1 = Py (a?—b?)|b 5, Sinh b;x = a, sinh 4,x
PA,(a - c; ) .
M = ~Pe,c; sinh ¢;x 42
X T_ 2
Mg = COS €, X P (a2 - c})
kyky; 1 h 1 0
Mg = X | — sinh ¢;x — — sinh a;x
m PD,;‘PB,:'(“:'Z - bzz) c; ! a; !
1 1 ksi .
g’i(l - cosh b;x) + ;—z(cosh a,x—1) + . sinh a;x
k4tk21 k3fk”

T PoiPe (aZ=c%) M= p Py (a2 = bY)
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X
b? b?  a?

1 { ! 1

1 1
— cosh a,x — — cosh b;x + — — ——]

kyiks,
i PA.I'PC.f(aiz - C'Z)

l

1 1 1 1
X |— cosh a;x — — cosh c;,x + —5 — —
i i P a;
k5i 1 h
+ —c .
P/\\ia:'Z( osh 4%)
k-.

3
Mgy = 7’ sinh b, x
i
My =1 — cosh b,x
k..

A h
Migs = C_ smn ¢;x

t
My, = 1 —cosh c,x
My =0
Migg = 1
For the full-thickness model the stratum corneum
coefficient matrix is represented by the following:

i ~h/Py; 0 0 0 0 0 O]
0 1 0 0 0 0 0 0
0 0 1 00 0 0 0
0 0 01 0 0 0 0
0 0 0O 01 0 0 0
0 0 00 0 1 0 0
0 0 0 0 0 0 1 0

Lo 0 00 0 0 0 1]

The previous general matrix (Eq. 22) when
evaluated at the thickness of the i-th layer yields
the following matrix equation:

KN N
F/\z FA.:‘*I
UB: UB.:‘-I
FB,i FB.I‘—l
U(,‘.i B Mi U(‘,iAl (23)
F( i F(‘.ifl
UI),i UI)J\]
LFDJ _FDz‘l ]

where M, represents the matrix evaluated at the
thickness, h,. Applying this to each successive
layer results in the following:

i U/\.n —‘ i U/\.() —‘

FA n F/\.()

UB n UBV(J

FB.H FB,()

U Z[MnMnflMZMl]' U (24)
C.n 0

F( n F(‘A()

UD " UD,(]

FD n FD.(]

where the coefficient matrix is the product of
each of the matrices. This resulting matrix can be
expressed as follows:

(mu my 0 0 0 0 0 0
msy My 0 0 0 0 0 0
My My Myy My 0 0 0 0

My My, myy my, O 0 0 0
msy msy; 0 0 mss  mg, O 0
mg  mgy 0 0 Mes Mo, 0 0

Mgy May Mgy Algg Mg Mag Mgy Py

mel Mys Mgy Mgy My My, 0 Py

All the development necessary to yield explicit
concentration-distance expressions through the
entire skin thickness for both the bilaminate and
trilaminate models (each with full thickness and
the tape stripped variants) has been accom-
plished.

Once the parameters for a particular MTX
diester have been inserted (donor concentration,
diffusivities, permeabilities, thickness) it is only
necessary to algebraically solve for the 8 X { vec-
tor {(to the right of the equals sign in Eq. 24).
Depending on whether the model is trilaminate
or bilaminate, stripped or full-thickness, certain
parameters may not be necessary and others will
be zero, either based on sink conditions or lack of
back diffusion across the stratum corneum of
a-monoester, y-monoester, or MTX.

An example of such a situation can be shown
with the full-thickness bilaminate model. Here
the coefficient matrix (from Eq. 24) is cvaluated
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at its thickness which represents the thickness of
the layer this matrix describes:

(UA.Z i
FA.Z
UB,Z
FB.Z

My My, My Mgy, 0 0 0 0
my My My my 0O 0 0 1]
B ms;, msy 0 0 mss ms, 0 0
My Mg 0 0 Mes Mg 0 Y
Moy Mgy Mgy Mgy Mas Mae Mgy Mgy
Mg My Mgy Mgy Mys Mg, 0 Mgy
—UA‘U )
F/\‘()
UB;()
P‘B 0
: 25
U('.U ( )
F(‘.[D
Ul),()
k_Fl).fl
It follows that:
Fro=—myUyo/m, (26)
Foa=myUy g+ myky, (27)
Fgo=myUyg+myFy g (28)
Feo=mgUy gt mgFy (29)
Fpo=mgUy g +myFy (30)

For the stratum corneum layer which lacks a
metabolic component:

U
F:,.ll 1~k /P, 00 0 0 0 0
U 0 1 00 0 0 0 0
B 0 0 1 0 0 0 0 0
Fsi | _lo o 01 0 0 0 0
Uea 0 0 0O 01 0 0 0
Fe, 0 0 00 0 1 0 0
U 0 0 00 0 0 1 0
Py olo oo D 0 0 0 0 1
LF‘“ | )

U(‘:‘l (3 1)

It can then be obtained that:
U/\.l =Upy— thA,()/PA,I (32)
FA.I T FAp (33)

The cutaneous layer, which is composed of the
viable epidermis and dermis, is also evaluated at
its thickness:

[ Unz ]

Fao

Uy,

Fro

Uc 2

feo

Ui,

o
[ma, map O 0 0 0 0 0 1
Moy My O 0 0 4] 0 0
Moy Mayn Plazy Mayy O 0 0 0
Moy Moygs  Moyz Moy O 0 0 0

- My Mass O 0 Marss  Mag, O 0
Mg Plygy 0 0 Mogs Mg, 0 0
Moz M7y Mlygy Mlagg Hlags MMlag, Magy Moy
Moy Moo Mlagy  Plagy Mlags Mag, () m:mJ
~U/\.l )
Faa
Uy
Fy (34)
Ue s
Feo
Uno
MFI).Z‘J

It follows that:

Ug = —(my Uy + My Fy ) /Mo, (35)
Uci= —(mys Uy +mys: By 1) /Moss (36)
Up= —(my Uy +mop By + myUy

+mysUc 1) /Mysy (37)
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Fig. 3. lllustration of a concentration-distance profile in the
tape-stripped skin for a theoretical set of parameters listed in
Table 1 with different epidermal and dermal parameters.

Thus, all of the needed quantities have been
determined and simulation of a resulting concen-
tration distance profile is relatively simple. Simi-
lar determinations are performed for the bilami-
nate stripped, trilaminate stripped and trilami-
nate full-thickness models.

Briefly, the operative specific boundary condi-
tions for each of the other three models are as
follows: For the full-thickness trilaminate model,

J.J. Fort, A.K. Mitra / International Journal of Pharmaceutics 107 (1994) 9-21

the same conditions are utilized as in the above
example for the fluxes and concentrations at the
donor and receptor planes. The only difference is
that an intermediary viable epidermal layer exists
and the algebra is slightly more complicated.

For the stripped models (bilaminate and tril-
aminate), the stratum corneum is absent, there-
fore, there is a finite flux for all four species not
only at the receptor, but also at the donor plane.
This accounts for the back diffusion of mo-
noesters and MTX which has been actually ob-
served in tape stripped experiments. Also, for
mathematical simplicity, sink conditions are oper-
ative for monoesters and MTX at the donor
plane. Obviously, since there is no stratum
corneum, it is mathematically eliminated from
this model, and its matrix is not utilized in the
calculations.

Even though the preceding mathematical de-
velopment is not extremely difficult conceptually,
the mathematical operations, e.g., matrix multi-
plication, algebraic solution for unknown quanti-
ties, and the actual calculation of the concentra-
tion of each species at each distance x are next to
impossible manually. With the aid of a microcom-
puter and the BASIC programming language, all

SC V. Epi Dermis
v L
T \ ——
6E~6 - L
~ 23
31 . s
355—6- % s |
E I i
c 4E—6" © 054 L
§ 3E—6_ 0 S0 lﬂ&“mﬂm 350 a0
€
£ 2e-6{ Pr——
Q F e R
1E~6 4 -—-::l:’n'tt:;oostcr
+ + = y-=moncester
0 el '
0 50 100 150 200 250 300 350 400

Distance (u)

Fig. 4. Illustration of a concentration-distance profile in the full-thickness skin for a theoretical set of parameters listed in Table |
with different epidermal and dermal parameters. Inset emphasizes stratum corneum concentration gradient.
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Table 1
Parameters for demonstration of stripped and full-thickness
skin concentration-distance profiles

Parameter Fig. 3 Fig. 4
P, (cm/h) - 6.0x 1074
P,Epi (cm? /h) 6.0x107* 0.6
PLEpi (cm? /h) 6.0x107* 0.6
P.Epi (cm? /h) 6.0x10~* 0.6
PpEpi (cm? /h) 6.0x107% 0.6
k,Epi (1/h) 200 20000
k,Epi (1/h) 400 40000
k4Epi (1/h) 100 1000
k,Epi(1/h) 200 20000
ksEpi(1/h) 50 50000
P,Derm (cm® /h) 5.0x1073 5
PyDerm (cm? /h) 50x1073 S
P:Derm (cm? /h) 50x1073 5
PpDerm (cm? /h) 5.0%1073 5
k,Derm (1/h) 20 2000
k,Derm (1/h) 40 4000
kyDerm (1/h) 10 1000
k 4Derm (1 /h) 20 2000
ksDerm (1/h) 5 5000

Epidermis thickness, 0.001 c¢m; dermis thickness, 0.04 cm;
donor concentration, 2X 10~2 M; stratum corneum thickness,
0.005 cm.

that is required is the insertion of the parameters
for a prodrug into one of four computer pro-
grams which simulate trilaminate stripped, trilam-
inate full-thickness, bilaminate stripped, and bil-
aminate full-thickness models, and the entire
concentration-distance profile for a prodrug is
generated.

2. Discussion

An illustration of profiles resulting from hypo-
thetical sets of parameters inserted into the tril-
aminate model (full-thickness and stripped) have
been presented in Fig. 3 and 4. In Fig. 3, simula-
tions from the trilaminate stripped models have
been illustrated which employed different epider-
mal and dermal parameters. The full-thickness
counterpart of this is shown in Fig. 4. All of the
parameters utilized in the generation of these two
figures are presented in Table 1.

At this stage of development these models are
only intended to be used for illustrative purposes.

They serve as useful means of delineating certain
critical parameters of a drug molecule that can
affect its concentration-distance profile. An ex-
ample of this type of illustration will be shown
with a series of compounds like the MTX dialkyl
esters for which some experimental parameters
are available (Fort and Mitra, 1989).

For the MTX dialkyl ester series, the experi-
mentally determined parameters such as the full-
thickness and stripped permeabilities (Fort et al.,
1993, 1994), have been utilized with other arbi-
trary but reasonable parameters. Dipropyl MTX
and diisopropyl MTX are given identical perme-
abilities in the dermis and epidermis. Dibutyl
MTX is given an epidermal permeability based
on the linear decline of this parameter from
dimethyl MTX, to diisopropyl MTX. With these
compounds it is not explicitly known what the
enzymatic rate constants for bioconversion are
within the skin layers. However, the relative rate
constants for this series of compounds have been
determined in homogenates (Fort and Mitra,
1989). Dermis diffusivities are obtained from the
literature for similar compounds (Yu et al., 1980c),
on which there does not seem to be a great
structural dependence. Moreover, an adjustment
has been made for molecular weight, e.g., the
diffusivity is decreased proportionally to the cube
root of the molecular weight. According to the
experiments conducted in this project where the
dermal and epidermal hydrolysis rates are com-
pared, the dermis is found to have ester hydro-
lase activity roughly 10-times that of the epider-
mis in the same area of the skin. However, when
a slightly less complicated model utilized by Yu et
al. (1980a) was iterated with extensive experimen-
tal data it was shown that the viable epidermis
had a more significant esterase metabolic compo-
nent than the dermis in the intact skin. It is also
obvious from the data in the present work that
when considering the stripped skin studies, the
donor flux of monoesters averages 5-10-times
that of the receptor monoester fluxes. This can
only occur if the concentration gradient is skewed
toward the donor side of the membrane. Such a
gradient would be present for two reasons: (1) if
the epidermal permeability was lower than the
dermis, which it is; and (2) if the epidermal rate
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constants are greater than that for the dermis.
From extensive experimentation with the models
by varying the parameters, it has been shown that
to consistently produce higher theoretical donor
monoester fluxes over the receptor, both condi-
tions are necessary. Therefore, for the sake of
this illustrative procedure, the epidermal rate
constants are considered exactly 10-times those of
the dermis.

The actual parameters used in this stripped
skin illustration are listed in Table 2. The hypo-
thetically stripped skin profiles for MTX and
dipropyl MTX are shown in Fig. 5 and 6, while
the full-thickness skin profiles are shown in Fig. 7
and 8. Full-thickness skin parameters are also
listed in Table 2. To compare the profiles from
equimolar applied concentrations of compounds
having different parameters, the same donor con-
centration of each compound has been utilized in
the simulations.

With a compound like MTX that is not metab-
olized as it crosses the stripped skin, the gradient
in the membrane is perfectly linear. With the
diesters, as the metabolic component increases,
the gradient becomes slightly non-linear. The ef-

Table 2

3.00

2.504

2.00

1.501

1.00 4

Concentration (mM)

0.50 4

150 200 250 300 350
Distance (i)

Fig. 5. Illustration of a concentration-distance profile in the

tape-stripped skin for a reasonable sct of parameters assigned

to MTX (from Table 2).

0 50 100 400

fects of differences in diffusivity between the
epidermis and dermis on the concentration gradi-
cnt are apparent. It is very steep in the epidermis
and less so in the dermis. This is true irrespective
of whether or not the parent drug is further
metabolized.

In using the same parameters from the stripped
skin simulations, it can be shown that the most
important factor in attaining high concentrations

Parameters for stripped skin and full-thickness skin concentraton-distance profiles

Parameter Stripped skin Full-thickness skin

MTX DPMTX MTX DPMTX
P, - - 5.644 %10 ° 1.162x 10 #
PAEpi (cm?/h) 3978 x 10 7 2494 x 10 ° 3.978 < 10 ° 2494 % 10 7
P,Epi (cm?/h) - 3862 x107° - 3.862 % 10 7
P.Epi (cm?/h) - 3.862% 1077 - 386210 °
P, Epi (cm?/h) - 3.978 X 10 O - 3978 % 10 °
k Epi(1/h) - 12.295 - 12.295
k,Epi(1/h) - 21.555 - 21.555
k,Epi (1/h) - %1073 - 1x 103
k,Epi (1/h) - Ix 10 3 - Ix10 2
k<Epi(1/h) - 1x 107" - 1x10°°
P,Derm (cm?/h) 46x 1077 435x 1073 4.6x107° 435x107°
PiDerm (cm?/h) - 447x 10" ° - 447 %10 °
P.Derm (cm? /h) - 447 x 1073 - 447x 1077
P,Derm (cm?/h) - 46x 1073 - 46 x 10773
k,Derm (1 /h) - 1.230 - 1.230
k,Derm (1/h) - 2.156 - 2.156
kyDerm (1/h) - 1x107° -~ 1x107°
k,Derm (1/h) - 1x107° - Ix107°
ksDerm (1/h) - 1x10°° - Ix10°°

Epidermis thickness. 0.001 cm; dermis thickness, 0.04 cm: donor concentration, 2 X 107% M; for full-thickness skin, the stratum

corneum thickness = 0.005 cm,
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Fig. 6. Illustration of a concentration-distance profile in the

tape-stripped skin for a reasonable set of parameters assigned
to DPMTX (from Table 2).

at the level of the viable epidermis is the stratum
corneum permeability. The relative concentra-
tions achieved at the epidermal site are roughly
in proportion to the stratum corneum permeabil-
ity values. Another important observation is that
the concentrations generated at the level of the
viable epidermis in both the full-thickness and
stripped skin simulations are proportional to the
differences in permeabilities of the compounds
between these layers, e.g., 100-1000-fold differ-
ences. In the full-thickness case a large reduction
in concentration occurs due to the very steep
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Fig. 7. Illustration of a concentration-distance profile in the
full-thickness skin for a reasonable set of parameters assigned
to MTX (from Table 2). Inset emphasizes stratum corneum
concentration.
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Fig. 8. Illustration of a concentration-distance profiie in the
full-thickness skin for a reasonable set of parameters assigned

to DPMTX (from Table 2). Inset emphasizes stratum corneum
concentration gradient.

gradient across the stratum corneum which is
shown in the insets of Fig. 7 and 8. The concen-
tration on the donor side of the stratum corneum
would be 2 X 107 M.

The highest concentration observed in the vi-
able epidermis is with dimethyl MTX which is
still at best 1 /70 of the donor concentration. It is
important to realize, though, that the concentra-
tions are expressed in terms of the donor and
receptor solutions. Since the exact partition coef-
ficient between the epidermis and the donor solu-
tion is not known for any of the compounds, the
illustrated concentrations do not take partitioning
into account. More lipophilic compounds would
be expected to yield higher concentration in the
epidermis due to partitioning, although dermal
partition coefficients are close to unity (Yu et al.,
1979b).

The main purpose of this exercise is to illus-
trate, in general, the variation in profiles for a
series of diester homologues. From these profiles,
suggestions as to future molecular modifications,
or other system changes can be obtained. If the
goal is to yield the parent compound in the viable
epidermis, the suggestion would be to design a
compound which would be cleaved all the way to
MTX. It is shown with the present homologues,
that those cleaved the most rapidly to the inter-
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mediate monoesters, yield the highest monoester
concentration at the level of epidermis, Complete
regeneration of the parent compound at a high
rate would be extremely advantageous. Since the
most permeable compound, dimethyl MTX, yields
the highest concentration at the level of the vi-
able epidermis, any molecular modification that
would be necessary to yield good bioconversion
tendencies should not compromise on the stra-
tum corneum permeability of the compound. It
may be possible to synthesize a compound vyield-
ing high ester hydrolysis rates as shown with
dipropyl MTX and dibutyl MTX, and utilize pen-
etration enhancers to increase their permeability,
since it shows that the more lipophilic com-
pounds in this series (higher than dimethyl MTX)
had lower permeability.

Although in this discussion, the comparison
between compounds is largely illustrative, it may
be possible in the future to concentrate on one or
two of the presently studied compounds or possi-
bly a new derivative and perform more extensive
simulations. Such simulations would be to further
sub-divide the skin into individual layers to assess
exact dermis and epidermis permeabilities, per-
haps in the presence of enzyme inhibitors. Also,
different concentrations of compounds could be
used to ascertain the degree to which the system
enzymes have become saturated, leading to sub-
sequent K and V, determination. Model ex-
tensions could then be developed which take
these factors into consideration, with the ultimate
goal of comparing more accurately generated
concentration-distance profiles with a profile of
efficacy of a compound applied topically to an
animal or human by a zero-order device. Such an
endeavor can hopefully yield the most sought
after endpoint in rational drug design, a safe and
effective topical drug, in this case an effective
antipsoriatic agent.

In conclusion, our proposed models provide a
predictive tool and can be used as a basis for
developing a research strategy for the discovery
and development of compounds with superior
skin permeation characteristics. The drawbacks
of this approach lies in the fact that several
parameters need to be determined experimen-
tally prior to any actual simulations. Such param-

eters include the thickness of each diffusion bar-
rier, permeability coefficients of a prodrug and its
metabolites, and individual bioreversion rate con-
stant in each layer. In addition, the reliability of a
predicted concentration-time profile can only be
confirmed through microtoming a frozen tissue
sample and analyzing the concentrations of indi-
vidual product in each skin section.

Glossary
Symbol Meaning
k first order metabolic rate constants

ni

in the ith layer
Subscript A-D  diester, a-monoester, y-monoester, MTX
a, b, ¢ hybrid constants obtained from &, ;
and D as shown in Eq. 5-7
diffusion coefficient in a certain layer
partition coefficient
permeability coefficient
flux
matrix evaluated at thickness 4,

YT RD
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