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Abstract

In this study, human skin permeation data are analysed using a number of physicochemical descriptors.

It is shown that the equilibrium distribution of compounds between the stratum corneum and water
(log K,,) can be correlated with either water-octanol partition coefficients (logP,.) or Abraham solute
descriptors. The latter reveals that partitioning of compounds is governed by solute size and hydrogen-
bond acidity that favour the stratum corneum, and solute dipolarity/polarizability, and hydrogen-bond
basicity that favour water.

For water-skin permeation coefficient (logk,) data it is demonstrated that log P, cannot be used as a
descriptor across a wide range of chemical families, but that logk, can be correlated using Abraham solute
descriptors. These disclose that logk, values are increased by solute size and decreased by solute
dipolarity/polarizability, hydrogen-bond acidity and hydrogen-bond basicity. It is suggested that
different solutes travel through the stratum corneum by the same route, which cannot be distinguished
as an intercellular or transcellular mechanism.

Backward skin permeation is examined and it is demonstrated that factors governing this process can be
rationalized. Furthermore, it is shown that using the Abraham analysis, logP,, can be corrected to
correlate logk,, over a wide range of compounds.

The determination of solute descriptors is also described, indicating that Abraham solute descriptors
can be obtained by substructure summation and partition coefficient measurements, so that dermatolo-

gical properties can be predicted for solutes without the necessity for synthesis.

An area of increasing interest to many important industries
is the penetration of chemicals through the skin. For
example, in the pharmaceutical industry, not only is the
interest in skin for the traditional topical applications, such
as anti-inflammatory agents, but also as an alternative drug
delivery mechanism, which has some biopharmaceutical
benefits such as bypassing hepatic first-pass elimination
and improving compliance (Kai et al 1992). To the cosmetic
industry, skin penetration is important where penetrative
agents are employed to alter skin quality (Barry 1988). Skin
penetration by environmental pollutants is another concern
especially to occupational toxicology, as transdermal
absorption of noxious solutes is acknowledged to be an
important uptake route (Houk & Guy 1988). However,
measurement of the penetration of chemicals into and
through skin is laborious and can involve ethical difficulties
with either human or animal experiments. Hence there is a
need for a method which is capable of predicting and
explaining the physicochemical factors that determine per-
cutaneous penetration. An important starting point for the
development of such a method is an understanding of the
structure of skin.

Skin is composed of three principal layers, the epidermis,
the dermis and subcutaneous fat. The subcutaneous fat is
located below the dermis and functions as a fat storage
layer, with insulating and protecting (shock-absorbing)
properties. It does not have a role in percutaneous penetra-
tion because it is below the vascular system, which is located
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in the dermis (Singh & Singh 1993). The dermis (2 mm) is an
acellular connective tissue which supports blood vessels and
nerves. Hair follicles, sebaceous glands and sweat glands
stem from here to reach the skin surface. Transport of
solutes in this area is rapid, moving via microvascular
blood vessels into the systemic circulation. Above the
dermis is the epidermis, which is essentially divided into
two parts. The inner part is viable epidermis (150 ym) (Houk
& Guy 1988) in which the cells proliferate and then change
to form the dead cells of the stratum corneum. The stratum
corneum (10-15 #m) forms the outermost part and is of
great importance to the study of skin penetration because it
is the principal barrier, the main rate-determining step in
solute penetration. The cells of the stratum corneum are
cornified, containing dense crystallized keratin, which are
often described as being hydrophilic as they contain very
little lipid. The cells are flat, elongated and closely packed.
They are surrounded by an intercellular lipid matrix, the
exact nature of which has, until recently, been rather
unclear. Currently it is understood that the matrix is
composed of lipid and aqueous regions, arranged in layers
(Elias 1981). This intercellular matrix makes up between 10
and 30% of the total volume (Grayson & Elias 1982). A
particularly important property of the stratum corneum, in
the context of this study, is its ability to become heavily
hydrated. Under hydrating conditions, Raykar et al (1988)
report water uptake of as much as 4-76 mg of water per mg
of dry abdominal skin. Values around 2-5mgmg~! are more
common, suggesting that hydrated stratum corneum is
typically about 70% w/w water.

Three possible mechanisms have been suggested for solute
permeation through the stratum corneum. The first can be
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Fic. 1. A depiction of the currently suggested intercellular and transcellular micro routes for solute entry into the

stratum corneum.

described as the shunt route, which provides a parallel
pathway by which solutes can be absorbed by sweat ducts
and hair follicles without hindrance by the stratum
corneum. This mechanism is minimized by having only a
very small fractional area (1072—1073 of total skin area). The
second and third mechanisms are the intercellular and
transcellular routes (Scheuplein 1965, 1978; Barry 1988)
(Fig. 1). For the transcellular route, solutes pass directly
through the corneal cells and intermediary intercellular lipid
matrix, whilst for the intercellular route, solutes diffuse
around the corneal cells in a tortuous manner, remaining
constantly in the intercellular matrix.

Two experimental aspects of skin penetration have been
studied and are of particular interest. Firstly, water-skin
partition coefficients (K,) have been determined, in which
excised human skin has been treated as a partitioning phase
(Scheuplein 1965; Scheuplein et al 1969). Secondly, solute
permeation rates through skin (k;) have been determined
(Scheuplein 1965; Scheuplein et al 1969; Roberts et al 1977),
in which the stratum corneum is used as a membrane
between an aqueous donor half-cell and an aqueous accep-
tor half-cell. Although all these experiments have been done
in-vitro, they do not suffer from the often pronounced
differences between in-vivo and in-vitro experiments of
other biological systems, because the principal barrier, the
stratum corneum, is in essence a dead layer in the living
organism (Marks et al 1988).

The data produced by these studies have been analysed by
various workers to find a model capable of explaining the
permeation process and to predict penetration without
recourse to morally objectionable experiments. However,
an issue often neglected by workers concerning these studies,

is that they are conducted in aqueous solution. This has a
profound effect on skin properties and under these con-
ditions the skin becomes hydrated (Scheuplein et al 1969).
Therefore, any deductions from these studies do not directly
pertain to the skin in-vivo, but rather to heavily hydrated
skin. Nevertheless the results are still very useful, because
under normal in-vivo conditions the skin becomes hydrated
easily, and more so under therapeutic conditions, because
drugs are normally administered either in solution (water/
gel solvent vehicle) or with the skin occluded (using a
bandage or patch) which also has a pronounced hydration
effect.

In this paper, we analyse the results from the above
studies in terms of the methodology outlined below, and,
additionally, we compare the results of our analysis with
those of previous analyses.

Methodology

The methodology is based on the general solvation equation
(Abraham 1993a):

logSP = c + 1R, + s7¥ + aSal + bEAY +vVx (1)

In this equation, SP is some property of a series of solutes in
a given system, and the explanatory variables, or descrip-
tors, are solute properties as follows.

R, is an excess molar refraction that can be determined
simply from a knowledge of the compound refractive index
(Abraham et al 1990a). Since R, is almost an additive
property, it is quite straightforward to deduce values for
compounds that are solid at room temperature. The R,
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descriptor represents the tendency of a solute to interact
with a phase through 7 or n electron pairs.

«ll is the solute dipolarity/polarizability (Abraham et al
1991), it being not possible to devise descriptors for these
properties separately. At present some 1000 values of 7% are
known, and it is possible to obtain further values by use of
various water-solvent partition coefficients (Abraham
1993b).

Lol is the sotute effective or overall hydrogen-bond
acidity. For mono-acids, this descriptor was originally
obtained directly from hydrogen-bond complexation con-
stants (Abraham et al 1989), as o}, and in this way values
were found for many types of solutes such as carboxylic
acids, alcohols, and phenols (Abraham 1993b). Now that
the acid scale is established, further values of £af! can be
obtained by use of partition coefficients.

T34 is the solute effective or overall hydrogen-bond
basicity. Again, for mono-bases, this was first obtained
from hydrogen-bond complexation constants, as A%,
(Abraham et al 1990b) and modified and extended
through water-solvent partition coeffients. Leahy et al
(1992) have examined partition in four water-solvent sys-
tems using an equation that resembles equation 1, but
with rather different descriptors. There were a number of
solutes investigated by Leahy et al (1992) for which no
constant 8-value could be found. In other words, for these
solutes the relative effective hydrogen-bond basicity varies
with the solvent system. Abraham (1993b) later showed
that this was also the case with equation 1, but as it
happens, none of these solutes are included in any of the
datasets examined in this work.

Vx is the McGowan characteristic volume that can be
calculated for any solute simply from molecular structure,
using a table of atomic constants (Abraham & McGowan
1987).

The coefficients in equation 1 are found by the method of
multiple linear regression analysis and serve to characterize
the phase in question as follows: the r-constant is a measure
of the propensity of the phase to interact with solute r and n
electron pairs; the s-constant describes the phase dipolarity/
polarizability; the a-constant is a measure of the phase
hydrogen-bond basicity; the b-constant measures the
phase hydrogen-bond acidity; and the v-constant is a
measure of the phase lipophilicity. For cases where log SP
refers to distribution between phases, these constants will
reflect the difference in properties of the two phases.

Two particular applications (Abraham et al 1994a) of
equation 1 are of importance in this work. Firstly, water-
octanol partition coefficients, as logP,,, were shown to
follow equation 2:

log P, = 0-088 + 0-562R, — 1-0547} + 0-034Xal!
— 3460534 + 3-814Vx )

n =613 p=09974 s.d. =0-116 F =23161-6

Here, n is the number of data points, p is the correlation
coeflicient, s.d. is the regression standard deviation and F is
the Fisher F-statistic.

This equation is important in that it shows that the main
factors influencing water-octanol partitions are solute

dipolarity and basicity that favour water, and solute size
that favours octanol. Solute acidity plays a negligible part
because water and wet octanol have very similar hydrogen-
bond basicities. Secondly, the AlogP parameter of Seiler
(1974), defined as AlogPs = logP,, — logP\¢, where the
latter refers to the water-hexadecane system, was shown to
follow equation 3:

AlogPg = —0-072 — 0-093R, + 0-5287 ! + 3-6558a
+ 1396585 — 0-521Vx (3)

n = 288 p = 09833 s.d. =0-173 F = 16463

This shows, for the first time, that the AlogP parameter
reflects not only solute acidity but also solute dipolarity,
basicity and size.

Analysis of Skin Penetration

Determination of solute descriptors

To construct an equation for skin penetration data which is
similar to equations 2 and 3, it is necessary to obtain the five
solute descriptors in the general equation (eqn 1). For the
alcohols (Scheuplein 1965; Roberts 1976) and phenols
(Roberts et al 1977) solute descriptors were readily avail-
able from previous studies. However, for the steroids
(Scheuplein et al 1969) new solute descriptors had to be
determined. Since Vx can be obtained by simple arithmetic,
we are essentially left with four descriptors—R,, all, £4%
and ri—that need to be determined.

R;, Tal! and £8Y were determined by summing the
values for the appropriate fragments shown in Table 1.
The values for these fragments were obtained from
partition coefficients (Abraham et al 1994b). In the case of
R,, a value of 1-15 was used for the unsubstituted hydro-
carbon four-ring steroid system, and the AR, values are the
additional fragment values. Thus for testosterone
R, =1154+0261 (3-carbonyl 4-ene)+0-127 (17-a-
hydroxy) = 1-538, Zal! = 0-32 (17--hydroxy) and 4% =
0-63 (3-carbonyl-4-ene) + 0-56 (17-a-hydroxy) = 119,

Table 1. Fragment values of R,, Zall and Z3¥ for steroids.

Substructure AR,2 Yol b)ils
3-Carbonyl 0-045 0-00 0-56
3-Carbonyl-4-ene 0-261 0-00 0-63
3-Carbonyl-1,4-diene 0-445 0-00 0-63
3-5-Hydroxy 0-115 0-32 0-57
5-Ene 0-055 0-00 0-10
11-Carbonyl 0-045 0-00 0-27
11-8-Hydroxy 0-115 0-25 0-30
17-Carbonyl 0-057 0-00 0-52
17-8-Hydroxy 0-127 0-32 0-56
17-3-COCH, 0-037 0-00 0-51
17-3-COCH,OH 0-332 0-15 0-70
17-a-Methyl-17-3-hydroxy 0-077 0-30 0-60
17-a-Hydroxy-17-3-COCH, 0-234 0-25 0-68
17-a-Hydroxy-17-3-COCH,OH 0-500 0-35 094
3-Hydroxy-1,3,5-triene 0-525 0:56 0-39
11,18-CH-OH® 0-267 0-25 0-57
16-a-Hydroxy-17-8-hydroxy 0-324 0-84 0-83

2 The given AR, values are to be added to 1-15 for the hydro-
carbon four-ring steroid system. ® In aldosterone.
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Table 2. Coefficients of equation 1 for various water-solvent
partitioning systems.

Solvent c r s a b v
Isobutanola 0249 0-480 —0-639 —0-050 —2-284 2-758
Octanol® 0-088 0-562 ~-1-054 —0-034 -3-460 3814
Diethyl ether® 0-462 0-571 —1-035 —0-024 -5-508 4-346
Benzene® 0-017 0490 —0-604 —3-013 —4-628 4-587
Cyclohexane 0124 0-844 —1-800 —-3-727 —4-923 4692
Alkane® 0281 0-647 —1-687 —3-520 —4-848 4326
Hexadecane® 0087 0-667 —1617 —3-587 —4-869 4433

2 Abraham (1993a). ® Abraham et al (1994a).

w5l cannot be easily obtained from fragments unless they
are large and non-interacting (Abraham et al 1994b).
However, since we now only had this one descriptor to
determine (after R,, Zafl, T4 and Vx had been obtained),
we used available partition coefficients of the steroids to
back-calculate it, using established partition coefficient
regression equations (Table 2). In several cases, more than
one partition coefficient had been reported, and then the
back-calculations served to confirm the total assigned set of
descriptors. Partition coefficients of many of the steroids
have been determined in the water-amylcaproate system
(Scheuplein 1965; Scheuplein et al 1969). However, there
were not enough data to obtain a regression equation for
this system, but we used the log P values as a check on the
comparison between the steroids.

11

coeflicients—denoted as K, and defined by equation 4—for
eight alcohols and fourteen steroids, listed in Table 3.

__ [mols of solute absorbed per unit mass dry tissue]
™ ™ [mols of solute in solution per unit mass of water]

(4)

It was noted by Scheuplein et al (1969) that measured water-
amylcaproate partition coefficients gave a guide to permea-
bility, and were more suitable than water-hexadecane
partition coefficients as a model. They, therefore, suggested
that the stratum corneum was a more polar phase than had
been previously understood. More recently, Tayar et al
(1991) have re-examined the data of Scheuplein (1965) and
Scheuplein et al (1969) and showed that there is a reasonable
correlation between logK, and logP,,:

logK,, = 0-51logP, + 0-10
n=22 p=0971

(5)
s.d. = 0-156

Three values of log P, used in equation 5 were estimated; if
these are excluded, equation 6 results:

logK,, = 0-514logP,, + 0-104 (6)

n=19 p = 09694 s.d. =0-163 F = 2655

Although equation 6 is quite good, it yields no information
as to the factors that influence the partitioning process.
Application of equation 1, with the descriptors given in
Table 3, leads to equation 7:

logK,, = —0-027 — 0-374x8 +0-334%at! - 1.674267
Application to water-skin partition coefficients + 1-869Vx (7
Scheuplein (1965) and Scheuplein et al (1969) determined
water-skin (human abdominal stratum corneum) partition n=22 p=09710 s.d. =0-166 F =702
Table 3. Values of water-skin partition coefficients, as log K,,, and permeability coefficients, as logk,. logk,, . values are also given.
Solute logK,, log kpde logk, . fe R, i Soll pits Vx
(log k™) (log k™)
Methanol® -0-22 —6-56 -6-34 0-278 0-44 0-43 0-47 0-308
Ethanol® -022 —6-56 —6-34 0-246 0-42 0-37 0-48 0-449
Propan-1-ol* 0-30 —6-41 —671 0-236 0-42 0-37 0-48 0-590
Butan-1-ol* 0-40 —616 —6'56 0224 0-42 0-37 0-48 0-731
Pentan-1-ol* 0-70 —5-78 —6-48 0-219 0-42 0-37 0-48 0-872
Hexan-1-ol* 1-00 —5-44 —644 0-210 0-42 0-37 0-48 1-013
Heptan-1-ol* 1-48 —5-05 —6-53 0-211 0-42 0-37 0-48 1-154
Octan-1-o01* 1-70 —4-84 —6-54 0-199 0-42 0-37 0-48 1-295
Progesterone 201 —6-38 -839 1-450 329 0-00 1-14 2-622
Pregnenolone 1-70 —6-38 —8-08 1-360 3-29 0-32 118 2-665
17a-Hydroxypregnenolone® 1-63 —678 —841 1-550 3-35 0-57 1-35 2:723
17a- Hydroxyprogesteroneh 1-60 -6-78 -8-38 1-640 335 025 1-31 2-680
Deoxycorticosterone 1-57 —6-90 —8-47 1-674 3:39 0-15 113 2-680
Testosterone 1:36 —6-95 —831 1-540 2-59 0-32 1-19 2-383
Cortexolone 1-36 —7-68 -9-04 1-910 345 0-35 1-57 2739
Corticosterone 1-23 —778 —9-01 1-860 3-43 0-40 1-63 2-739
Cortisone 0-93 —8-56 -949 1-960 3-50 0-35 1-84 2-755
Hydrocortisone® 0-85 —9-08 -9-93 2030 3-49 0:70 1-87 2-798
Aldosterone 0-83 —9-08 -991 2-010 3-47 0-40 1-90 2-689
Oestrone 1-66 —6-00 ~7-66 1.730 3:10 0-56 091 2-156
Oestradiol® 1-66 —7-08 -874 1-800 3-30 0-88 0-95 2:199
Oestriol® 1-36 —795 -931 2-000 3-36 1-40 1-22 2-258
Diethylether® - —5.35 - 0-041 0-25 0-00 0-45 0-731
Butanone® - —590 - 0-166 0-70 0-00 0-51 0-688
2-Ethoxyethanol® - -7-16 - 0-237 0-50 0-30 0-83 0-790

*logK,, and logk values from Scheuplein (1965); ®logK,, and log
dThis is the inward permeation rate and could be describ
Calculated from equation 19. & Equivalent to k, rate constant.

& Blank (1971)f
rate constant.

k

ed as logk,, , but is denoted logk,, for cons1stency

values from Scheuplein et al (1969); “logk, values from Scheuplein
¢ Equivalent to k;
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Equation 7 is not as good statistically as equation 6,
judging by the F-statistic, but it is much more informative.
It shows that the main factors that influence the water-
stratum corneum partitioning process are solute basicity
that favours water and solute size that favours the stratum
corneum. Minor factors are solute dipolarity that favours
water and solute acidity that favours the stratum corneum.
Hence the stratum corneum behaves as though it is slightly
less dipolar, slightly more basic, less acidic and more
lipophilic than water. Comparison with equation 2 shows
also that the stratum corneum is much less lipophilic than
wet octanol (v = 1-869 in eqn 7; v = 3-814 in eqn 2). Indeed,
the stratum corneum is even less lipophilic than wet iso-
butanol (v = 2-758, see Table 2), even though the solubility
of water in isobutanol is 16-:9% w/w at 25°C (Riddick &
Bunger 1970) corresponding to 0-49 mol fraction. The most
likely explanation for this is that the stratum corneum in
equilibrium with water is highly hydrated. This agrees with
suggestions by Elias (1981), Raykar et al (1988) and Barry
(1988). This might also explain why solute basicity affects
water-stratum corneum partition much less than it does
water-octanol partition (b = —1-674 in eqn 7, b = —3-460
in eqn 2); i.e. the presence of a considerable quantity of
water in the stratum corneum confers substantial acidity
that partly counterbalances the very acidic aqueous phase.
The stratum corneum, of course, is not a homogeneous
phase, but equation 7 does suggest that not only the keratin-
filled cells, but also the intercellular lipid phase contains
water, in agreement with current knowledge. The water in
the lipid phase is probably bound to the basic end-groups
which will not, therefore, function so effectively as
hydrogen-bond bases towards (hydrated) solute molecules.

Application to water-skin permeability coefficients
Permeability coefficients were also obtained by Scheuplein
(1965) and Scheuplein et al (1969), given in Table 3 as logk,
with k; in units of cms™'. For the 22 solutes, Tayar et al
(1991), using the three estimated log P, values, found:

logk, = 0-16log P, — 7-15 8
P

n=22 p=0164 s.d. =1-170

Using the 19 measured values only, a similarly very poor
correlation, equation 9, is given:

logk, = 0:1741log P, — 7-121 9)

n=19 p=0176 s.d. =1232 F=05

This very poor correlation is due to the values for the
alcohols and the steroids lying on two distinct lines (Fig. 2).

A much better correlation was obtained by Tayar et al
(1991) with the A log P parameter, if cortisone was omitted:

logk, = —1-36AlogP — 3-38 (10)

n=21 r =0-901 s.d. = 0-498

Tayar et al (1991) explained this correlation on the basis that
the Alog P parameter mainly reflects solute hydrogen-bond
acidity and that this has a retarding effect on permeability
through interactions of the acidic groups in the solute with
basic groups in the lipid phase during an intercellular route.

Log P,

Fic. 2. Log plot of permeability coefficient vs P, for 19 alcohols
(M) and steroids (A) (excluding pregnenolone, 17a-hydroxypreg-
nenolone and oestriol for which measured P, values were not
available).

However, we know from equation 3 that the AlogP
parameter is not just a measure of solute hydrogen-bond
acidity but is a composite parameter involving lipophilicity,
basicity and dipolarity, as well as acidity. AlogP may be
useful as a descriptor for the prediction of further perme-
ability values, but it is of little value in the interpretation of
the permeability process.

We have applied equation 1 to the 22 solutes used by
Tayar et al (1991) to arrive at an alternative equation to
equation 10, equation 11. We have also used a further three
values given by Scheuplein & Blank (1971)—those for
diethylether, 2-ethoxyethanol and butanone (denoted the
Extra-S set, listed in Table 3)—to yield equation 12:

logk, = —5-333 — 0:62273' — 0-378%aj — 3342537
+1-851Vx (11)

n=22 p = 0-9781 s.d. =0-268 F =937

logk, = —5-194 — 0-567r5' — 0-506Sa} — 3-368L3%
+ 1-767Vx (12)

n=25 p=09780 s.d. = 0-260 F=1101

There is a profound difference between an analysis based on
equation 11 and the analysis of Tayar et al (1991) based on
equation 10. The former shows that the two main factors
that influence permeability are solute hydrogen-bond basicity
that reduces permeability and solute size (or lipophilicity)
that increases permeability. A less important factor is solute
dipolarity that reduces permeability. In striking contrast to
the analysis of Tayar et al (1991), solute acidity plays little
part. This is understandable on the basis that the large
amounts of water in the stratum corneum (as deduced from
the above partition studies) render it sufficiently acidic to
retard the passage of basic compounds but not acidic
compounds. It should be noted that although water has
basic as well as acidic properties, monomeric water is no
more basic than simple alcohols, and bulk water is even less
basic than are bulk alcohols (Kamlet et al 1983).
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Table 4. Values of permeability coefficients, as logk,, and solute
descriptors, for phenols® and alcohols”.

Solute logk, R, #f Zof ¥g¥ Vx
Resorcinol —7-18 0980 1-00 1-10 0-58 0-834
4-Nitrophenol —5-81 1070 1-72 0-82 026 0949
3-Nitrophenol —5-81 1050 1-57 0:79 0-23 0949
Phenol ~564 0-805 0-89 0-60 0-30 0-775
Methyl 4-hydroxy-

benzoate -5-60 0900 1-37 0-69 045 1-132
m-Cresol —537 0-822 0-88 0-57 034 0316
o0-Cresol —536 0-840 0-86 0-52 0-30 0916
p-Cresol —5-31 0-820 0-87 0-57 0-31 0916
2-Naphthol —511 1-520 1-08 0-61 040 1-144
2-Chlorophenol —5-04 0-853 0-88 0-32 0-31 0-898
4-Ethylphenol —5.01 0-800 090 0-55 0-36 1-057
3,4-Dimethylphenol —5-00 0-830 0-86 0-56 0-39 1-057
4-Bromophenol —500 1080 1-17 0-67 020 0-950
4-Chlorophenol —5.00 0915 1-08 0-67 020 0-898
2-Isopropyl-5-ethylphenol —4-83 0-822 0-79 0-52 0-44 1-339
4-Chloro-3-methylphenol —4-82 0-920 1-02 0-65 022 1-038
4-Chloro-3,5-dimethyl-

phenol -4-79 0925 096 0-64 021 1-179
2,4,6-Trichlorophenol —4-78 1010 1-01 0-82 008 1-142
2,4-Dichlorophenol —4-78 0960 099 0-58 0-14 1-020
Benzyl alcohol -5-78 0-083 0-87 0-33 0-50 0916
2-Phenylethanol —5-68 0-811 091 0-30 0-64 1057

*Logk, values from Roberts et al (1977) and ® Roberts (1976).

Another dataset that is suitable for analysis through
equation 1, is that of Roberts et al (1977) (Table 4).
Tayar et al (1991) found only a poor correlation with the
Alog P parameter for this set of phenols:

logk, = —0-37AlogP — 4-43 (13)

n=18 p=0675 s.d. = 0-441

They suggested that possibly the phenols permeate by two
different routes, depending on their lipophilicities. However,
we do not find any such distinction as indicated in equation
14:

logk, = —4-994 — 0-34175' — 1-6915a} — 2:68953%
+1-965Vx (14)

n=19 p = 09696 s.d. = 0-160 F =549

Note that in equation 14 we have one extra datapoint,
compared with equation 13; this corresponds to a phenol
which was ambiguously described as chloroxylenol by
Roberts et al (1977) and which we identified as 4-chloro-
3,5-dimethylphenol.

Comparison of equations 14 and 11 shows that for the
phenols there is a significant term in solute acidity, whereas
for the alcohols and steroids there is no such term. It is likely
that this reflects the particular solute sets, and is not
necessarily due to a fundamental difference in permeation
mechanism.

An extension of the analysis is to combine the two
datasets. This can be done because both research groups
used the same methodology and the same skin type (human
abdominal). Furthermore, the combined dataset can be
extended by two datapoints—those for benzyl alcohol and
2-phenylethanol (denoted the Extra-R set)—obtained by
Roberts (1976). This leads to equation 15:

logk, = —5-048 — 0-5867; — 0-633%as}’ — 3-48158Y
+1-787Vx (15)

n =46 s.d. = 0249 F =2350

Clearly, the equation has not collapsed on combination of
the two datasets. We suggest, therefore, that as well as being
the best equation for the alcohols, steroids and phenols, it is
also the best general equation available for application to
new compounds. On this basis, there is no dual mechanism
within these classes of compounds. Indeed, any division into
intercellular and transcellular routes is arbitrary, bearing in
mind that the intercellular phase, and the cells themselves,
both contain lipids and both will be to some extent
hydrated. The interpretation of equation 15 follows closely
that of equation 12, except that it appears that solute acidity
retards permeation to a small extent.

p = 0-9789

Further Analysis of the log P, Model

Fig. 2 shows, for the alcohols and steroids, that when logk,
is plotted against logP,, the data splits into two distinct
groups, one for the alcohols and one for the steroids. Our
analysis shows that this is mainly due to the difference in the
volume term in the logk, and log P, regressions (compare
eqns 2 and 12). In order to extend our analysis, we have
correlated the phenolic logk, values of Roberts et al (1977)
with logP,, equation 16. The correlation is much better
than for equation 8 because the dataset covers a congeneric
series within which the volume does not vary very much.

logk, = 0689 10g Py, — 6915 (16)

n=19 p = 0-8509 s.d. =0-311 F =446

Thus for congeneric series—such as alcohols, steroids and
phenols taken separately—reasonable correlations are
obtained between log P, and logk,. The reason for this is
not that there are different mechanisms but is simply due to
the lack of variation of the solute descriptors within each of
the series (see Tables 3, 4). The alcohol series best illustrates
this, where the 7%, Safl and TBY values remain the same
and only the Vx descriptor varies. However, if all of the
logk, data used in this work are taken as a whole, log P,
provides only a very poor correlation, illustrated by equa-
tion 17 and Fig. 3.

logk, = 0-386log P, — 6-787 (17)

n=43 r = 0-3609 s.d. = 1-094 F=61

The reason for the very poor correlation of logk, against
log P, can be understood by comparing the equations 2 and
15. The main difference is that the coefficient in Vx is much
larger for the log P, regression (3-814) than for the logk,
regression (1-787). This suggests that if the regression of
log k,, against log P, were adjusted by the incorporation of
a corrective term in Vx, a much better regression would be
obtained:

logk, = 0-81210g P, — 1-474Vx — 5631 (18)

n =43 p = 09581 s.d. = 0-340 F =2239
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Log P,

FiG. 3. Log plot of permeability coefficient vs P, for all 43 available compounds. ll Alcohols, A steroids, ¢ Extra-S,

O phenols, & Extra-R.

This simple volume correction to logP,, transforms the
scatter diagram in Fig. 3 to a reasonably linear relationship
shown in Fig. 4. Conversely, the scatter plot of logk;, against
log P, that has always been held as evidence of a two-route
mechanism of permeation, is shown to be no more than an
artefact due to the use of a model solvent that is too
lipophilic compared with the stratum corneum.

The relationship between equations 15 and 18 explains
how Takahashi et al (1993) were able to correct log P, by a
mol. wt descriptor in order to correlate logk, values for
six narcotic analgesics, since mol. wt is roughly proportional
to volume. It explains also how Potts & Guy (1992) were
earlier able to set out equations 19 and 20 for the prediction
of logk, values using a similar data set to the one we have
used:

logk, = —6:2 + 0-7410g P, — 0-0108MV  (19)

n=42 p =091

logk, = —6:0 + 0-70log P, — 0:0050MW  (20)

n=42 p =091

For a much larger data set, a similar equation to equation 20
had n = 89 and p = 0-82 (Guy & Potts 1993). In the above
equations, MV is the calculated molar volume and MW is
the mol. wt. Our own version of equation 20 is:

logk, = —5-740 + 0-851 log P, — 0012MW (21}

n =43 p = 09628 s.d. =0-321 F =2536

Modification of the logP, descriptor by either a volume
term or the mol. wt thus provides a useful predictive
equation (Potts & Guy 1992). However, our analysis
through equations 15 and 18 well illustrates the theoretical
reason for the success of such predictive equations. In
practical terms, our own equations using the modified
logP,; descriptor, equations 18 and 21 yield standard

©0 ©

10 , i
-4 -3 -2

Log P

FiG. 4. Log plot of permeability coefficient vs volume adjusted P, for all 43 available values. ll Alcohols, A steroids,

& Extra-S, O phenols, [] Extra-R.
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deviations of around 0-33 log units in log k,, as compared
with an s.d. value of 0-25 for the full equation (eqn 15).
Thus, provided it is not too difficult to determine or
estimate the descriptors in equation 15, it still seems
worthwhile to use the full equation to estimate any value
in logk,,.

Comparison of Equilibrium (log K,,) and Kinetic
Measurements (logk,)

The Scheuplein dataset of Table 3 contains the results of
two different types of measurement: the equilibrium water-
stratum corneum partition (log K,) and the permeation rate
(log k,) from water through the skin. If the stratum corneum
is the principal barrier to permeation from water through
the skin, i.e. the forward direction, it will also be the
principal barrier to permeation in the reverse direction, i.e.
through the stratum corneum back into the water. We refer
to the rate of the reverse direction as k;, , . This quantity can
be obtained from the equilibrium partition and the forward
permeation through equations 22 and 23.

logK,, =logk,/k, . (22)

logk,, ., =logk, —logK, (23)

The regression equation for logk,, ., based on equation 1
and using the dataset in Table 3, is given by equation 24,
which is very different to the logk, equation (eqn 11).

logk, . = —5304 — 024775 — 0-716Za 3 — 1-670£6Y
Phack
—0-018Vx (24)

n=22 p = 09849 s.d. =0-242 F = 1375

A possible explanation for this can be found in the work of
van de Waterbeemd et al (1981), who compared the rate
constants for solutes going into, kf*, and out of, k™,
octanol at the interface of a water-octanol system (also see
discussion by Dearden (1990)) with the equilibrium constant
logP,.,. They suggested that when the inward rate constant
kb is proportional to the equilibrium constant log P, then
the rate controlling step is k; (see Fig. 5) and that the
backward rate constant k$* is diffusion-controlled at the

stagnant stagnant
aqueous organic
diffusion diffusion
layer layer .
Bulk aqueous ! - Bulk organic
i
] l "
kl k k1
S (_} S é} N (3 S
K k K
2 2 2
. \kobs
|
kobs s .

FiG. 5. The interfacial transfer of a solute, S, described by a three-
step mechanism for the water-octanol system. Adapted from van de
Waterbeemd et al (1981).

stagnant organic layer (kj in Fig. 5). Since in our work we
find that the regression equations for logk, (inward rate
constant) and logK,, (equilibrium constant) are similar
whilst that for logk, (backward rate constant) is very
different then this suggests, following on from the ideas of
van de Waterbeemd et al (1981), that logk, , could be
entirely or partially diffusion controlled. This is supported
by the fact that the coefficients in equation 24 (except that
for the small acidity term) are smaller than those in equation
11, implying that structural effects have a smaller effect on
logk,, . than on logk,.

Pback

Conclusions

Analysis of water-skin partition coefficients, logK,,, by the
solvation equation (eqn 1) shows that the main factors
involved are solute basicity that favours water, and solute
size or lipophilicity that favours the stratum corneum. These
results can be rationalized if stratum corneum is highly
aqueous (as would be expected under hydrating condi-
tions), and hence is somewhat acidic but still less acidic
than bulk water. A similar analysis of stratum corneum
permeability coefficients (logk,) for alcohols, steroids, and
phenols shows that logk, is greatly retarded by solute
basicity, slightly retarded by solute dipolarity and acidity,
and greatly increased by solute lipophilicity. These perme-
ability results can be rationalized on the same basis as the
water-skin partition coefficients.

Unlike previously published models, it has been demon-
strated that skin permeability coefficients can be accounted
for by a single high quality regression equation covering a
wide and disparate set of chemical functionality. This
indicates that it is likely there is only a single penetration
mechanism rather than several mechanisms. This conclusion
is very important, particularly in the context of the absorp-
tion of toxic chemicals where predictions of dermal absorp-
tion and dermal toxicity depend crucially on whether a two-
route (Fiserova-Bergerova et al 1990) or a one-route
mechanism applies (Guy & Potts 1993). Our findings sup-
port the conclusions of the latter workers.

Comparison of the regression equations for log K, logk,
and logk, . suggests that the physicochemical factors
controlling logk,, , are very different to those controlling
log K, and logk,. This can be rationalized on the basis that
logk,, . is largely diffusion controlled.

Although there is a reasonable correlation of water-
stratum corneum partition coefficients with logP,, the
latter cannot be used to correlate water-stratum corneum
permeation coefficients for different families of solute.
However, if log P, is corrected by a solute volume term, a
good correlation is found between logk, and the corrected
log P, term, which could be used to estimate further logk,
values. Our analysis also explains the success of the correla-
tions based on log P, and mol. wt.
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