Passive Permeation of Organic Compounds through
Biological Tissue: a Non-Steady-State Theory

JouN T. PExNisTON,! LAUREL BECKETT, DoNALD L. BENTLEY,
aND Corwin Hanscu

Departments of Chemistry and Mathematics, Pomona College,
Claremont, California 91711

(Received March 8, 1969)

SUMMARY

A theoretical analysis of the penetration of drug molecules to their sites of action in terms
of their lipophilic character is presented. This analysis justifies the parabolic equations
which have been used empirically to describe the relationship between effectiveness of drug

and its lipophilic character.

INTRODUCTION

The recent literature on membrane per-
meability contains extensive discussions of
mediated and active transport involving
sugars, amino acids, and inorganic ions
(1-4). Passive movement of these nor-
mally quite polar compounds through a
cellular membrane is assumed to be neg-
ligible in the presence of special transport-
ing mechanisms. Many other types of
molecules which act on cellular systems
are not transported by specific systems;
for these molecules, passive movement
governs the speed with which they reach
their sites of action.

Passive permeation is particularly impor-
tant for the action of drugs which are not
native to the living system and for which
no special transporting mechanisms exist.
The factors which determine the rate of
passive penetration of a given compound
are quite different from the factors which
obtain when a special mechanism for pene-
tration exists. In the case of active or
mediated transport, the structure, stereo-
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chemistry, size, and charge of the penetrat-
ing molecule are factors determining its
ease of penetration, and great specificity
often exists in such systems. The passive
permeation of molecules depends more on
general physical properties of the molecule
and much less on the small differences
which are crucial in active transport.

The property upon which passive perme-
ation depends is the ease with which the
molecule passes into and through a mem-
brane; i.e., the solubility of the molecule
in the membrane continuum. In consider-
ing the penetration of a molecule to its
site of action, not only must passage
through membranes be considered, but
also absorption to and desorption from
macromolecules. We assume that these two
processes are mathematically similar, but
we shall consider only the former process
in the model of permeation presented below.

Since it is impossible to ascertain the
solubility of the compounds in question in
all of the membranes through which they
must pass, it is important to have a model
reference system which can predict the
general behavior of a molecule as it passes
into and out of a membrane. The easily
measured partitioning of a compound be-
tween water and a relatively nonpolar
solvent provides a good measure of the
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ease with which a molecule will pass
between a membrane of macromolecules
and an aqueous phase. This correlaticn
was discussed by Davson and Danielli
(5), and recent studies have confirmed
that this partition coefficient does indeed
serve as a useful indicator for the behavior
of & compound in a living system. We
have chosen octanol and water as our
reference solvents, and will use P to repre-
sent the partition coefficient in this system
except where another system is explicitly
indicated.

Direct measurements have been made
on the binding of compounds to membrane
and macromolecules. Such measurements
are made at equilibrium, but are other-
wise closely related to the situation of
passive penetration. Equation 1 correlates
1

Lo &o 0.751 log P + 2.301,

n =42, r = 0.960,s = 0.159 (1)

partition coefficient with the binding of
a wide variety of organic compounds to
bovine serum albumin (6). In Eq. 1, C
represents the molar concentration of or-
ganic compound necessary to produce a 1:1
complex with BSA? in equilibrium dialysis;
that is, various concentrations of small
organic compound were placed in equilib-
rium with BSA, and from the binding
results the concentration necessary to affix
1 small molecule per molecule of BSA was
calculated. The equilibrium constant so
expressed is analogous to log 1/C, used
to express relative activity of drugs. In
Eq. 1, P represents the partition coefficient,
n is the number of compounds considered,
r is the correlation coefficient, and s is the
standard deviation. This equation is essen-
tially the same as the earlier reported
result using only phenols (7). The com-
pounds used in formulating Eq. 1 had P
values of about 10-10,000 and were quite
diverse in structure. Among the compounds
included were weakly basic aromatic
amines, weakly acidic phenols, neutral
compounds such as naphthalene and azo-

2 The abbreviation used is: BSA, bovine serum
albumin.
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benzene, bulky molecules such as 1-hy-
droxyadamantane and camphorquinone,
and aliphatic compounds such as neo-
pentanol and 2-nonanone. We have found
similar equations with slopes between 0.5
and 0.7 for the binding of aliphatic alcohols
by ribonuclease (6), of miscellaneous mole-
cules by bovine hemoglobin (8), of fatty
acids by BSA (6), of anilines and acetani-
lides by nylon and rayon (9), of barbi-
turates by a variety of homogenized rabbit
tissues (10), as well as various other
examples (11). Recently Scholtan (12)
showed that linear relations of the form
of Eq. 1, based on an isobutyl alcohol-
water reference system, gave very high
correlations for the binding of sulfonamide
drugs, penicilling, tetracyclines, cardeno-
lides, acridines, and steroid guanylhydra-
zones to human albumin. He found simi-
lar equations for the binding of many of
the same drugs to RNA (12). Thus, as far
as we are able to ascertain, the above
work shows that the partition coefficient
can be used to describe quantitatively
the binding, and hence the localization, of
organic compounds by the first biomacro-
molecular structures (protein, lipid, nucleic
acid, or membrane) with which they come
in contact.

The widely cited experimental studies of
Collander (13) indicated that the logarithm
of the rate of membrane penetration (log
Pen) by a great variety of compounds
increased linearly with log P. However,
a recent and more thorough statistical
evaluation of Collander’s results by Mil-
borrow and Williams (14) shows that
Collarder’s results are not strictly linear,
and that in view of the fact that Collander’s
study was limited to molecules with quite
low partition coefficients, his results are
not inconsistent with the postulate of para-
bolic dependence (15) of penetration rate
on the partition coefficient. The theory
presented here predicts that the rate of
penetration will increase, pass through a
maximum, and then decrease as P increases.
Figure 1 shows the type of behavior pre-
dicted by this theory.

In a survey of the literature on the
penetration of sets of organic compounds
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Fia. 1. Concentration in 20th compariment as @
function of log P when t = 10, m = 1

The curve is a parabola fitted to the calculated
points by the method of least squares.

through tissue, we have found that Col-
lander’s evidence of the direct linear rela-
tion between log Pen and log P holds only
within certain limits of log P values. In
fact, instances are cited below where an
inverse relationship between log Pen and
log P gives a much better correlation. In-
sufficient attention has been paid to these
exceptional examples. Equations 2 and 3
are derived from the data of Marzulli et al.
in Table 1. Equations 2 and 3 correlate

Logk = —0.261 (+0.12) log P
— 0.013 (+0.27),
n=2>5r=0971,s = 0.12¢4 (2)
Log k = —0.040 (+0.04)(log P)?
—0.125 (£0.15) log P — 0.040 (+0.15),
n=25r=0997 s =0.048 (3)
the rate of penetration of radioactive
alky] phosphates through human skin (17).
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Most interesting is the fact of the negative
slope of Eq. 2. This indicates that rate of
penetration actually slows down with in-
creasing values of the partition coefficient
for these molecules, which are much more
lipophilic than those studied by Collander.
While Eq. 2 gives a rather good correla-
tion with negative slope, indicating an ap-
proximate inverse relation between log
k and log P, Eq. 3 gives an improved
correlation, indicating the curvilinear rela-
tion between log k and log P. Because of
the relatively narrow range of log P values
of the compounds studied, the degree of
curvature is small but statistically signifi-
cant. One would expect that, including
molecules with much lower log P values,
a more sharply defined parabolic relation
between log k and log P could be estab-
lished. In effect, Collander was studying
molecules falling on the left side of the
parabola of Fig. 1, while Marzulli et al.
were studying a set falling primarily on
the right side. The lowest log P value of
Marzulli and co-workers was —0.51, while
Collander’s highest value of log Poiive o11
was 0.4. Although only five data points
are available, Eq. 3 is a statistically signif-
icant improvement over Eq. 2; F,; =18;
Fi:2 095 = 18.5.

The relationship becomes more significant
if one includes two very lipophilic aromatic
phosphates whose rates were also studied
(17). Because of their great insolubility
we have not been able to obtain accurate
partition coefficients for these, and hence
have excluded them.

TABLE 1
Penetration of human skin by (RO);PO

R log P Observed log k* Calculated log k¢ |A log k|
Methyl —0.52 0.020 0.014 0.01
Ethyl 0.98 —0.206 —0.200 0.01
Propyl 2.48 —0.541 —0.593 0.05
Isopropyl 1.88 —0.456 —0.415 0.04
Butyl 3.98 —-1.174 -1.163 0.01

e Unless otherwise indicated, P in this report refers to the octanol/water partition coefficient. The value
of trimethyl phosphate was determined experimentally; the other values were obtained by the additivity

principle (16).

*k is equivalent to the maximum steady-state penetration rate constant (umoles/cm?/min X 10%) as

determined by Marzulli et al. (17).
¢« Calculated using Eq. 3.

Mol. Pharmacol. 5, 333-341 (1969)
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TABLE 2
Penetration of cockroach cuticle by insecticides

Molecule log Potive oit® Observed log &2  Calculated log t,2 |A log ts]
Phosphoric acid —-1.00 1.204 1.256 0.05
Dimethoate —0.469 1.431 1.350 0.08
Paraoxon® 0.609 1.740 1.757 0.02
Dieldrin¢ 1.806 2.505 2.544 0.04
DDT- 2.500 3.190 3.163 0.03

e From Olson and O’Brien (18).
b Calculated using Eq. 5.
¢ Diethyl p-nitrophenyl phosphate.

41,2,3,4,10,10-Hexachloro-6, 7-epoxy-1,4,44,5,6,7,8,8a-octahydro-endo-exo-1,4:5,8-dimethanonaphthalene.

¢ 1,1,1-Trichloro-2,2-bis(p-chlorophenyl)ethane.

Setting the derivative (d log k/d log
P) equal to zero, we can calculate an
ideal lipophilic character for rate of per-
meation of human skin. This value of log
P is —1.58.

Turning to the data of Table 2 on the
penetration of cockroach cuticle by vari-
ous insecticides, we derive Egs. 4 and 5.

Log t12 = 0.543 (£0.21) log Poiive oit
+ 1.639 (20.32),
' n=25r=0978 s =0.198 (4)

LOg tl/z = 0.124 (:t013)(10g P)ﬁliveoil
+ 0.360 (1022) lOg Pojive oil
+ 1.492 (20.22),
n=>5r=0.998 s =0077 (5

Again we find a high significance for Eq.
5 (F;yz = 18). In Eqs. 4 and 5, tl/z is the
half-time of disappearance of radioactive
insecticides from the surface into the
interior of the cuticle. Olson and O’Brien
(18) recognized that their results were not
in agreement with Collander’s hypothesis,
but were unable to suggest a satisfactory
explanation. Again we see in Eq. 4 that
the half-time of disappearance increases
with increase in log P; that is, this set of
insecticides falls on the right side of the
parabola of Fig. 1. The ideal lipophilic
character for the set (log Po, oiiveot1) 18
—1.46.

Still another example of the nonlinear
relationship between permeation and parti-
tion coefficient stems from the work of
Ross (19), who measured the rate of
penetration of a variety of organic com-
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pounds (Table 3) into the aqueous humor
of the eye of the living rabbit. We have
derived Eqs. 6 and 7 from his data in
Table 3.

Log k = 0.280 (£0.09) log P.iher
+ 0.202 (+0.19),
n=7r=0960 s =0.116 (6)

Logk = —0.067 (20.05)(log P)2uper
+ 0.073 (20.16) log Pewher
+0.140 (+£0.11),
n="7r=0992 s = 0059 (7)

For Eq. 7, F1,, = 154; F,, 49 = 7.7. Log
P, from Eq. 7 is 0.55. Unfortunately, Ross’
set of compounds, like Collander’s, is quite
polar, with the highest log Pener for ethanol
of 0.28. The data of Collander and Ross
constitute two sets with moderately good
correlations of positive slope for the log
P term in the simple linear equation. The
much more lipophilic sets of compounds
(Tables 1 and 2) yield reasonable linear
equations with negative slopes of the log
P term. Strangely, none of the four inde-
pendent investigations covers a proper set
of molecules so that log P, can be estab-
lished with much confidence. Nevertheless,
these four examples constitute the strong-
est evidence for an over-all parabolic
dependence of log k on log P as illustrated
in Fig. 1.

Simple reflection on the problem leads
to the idea of a nonlinear relationship
and suggests that permeability must first
increase with increasing P, reach a maxi-
mum, and then decrease. In the case when
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TaBLE 3
Penetration of rabbil eye by miscellaneous compounds

Compound log Pether® Observed log k2 Calculated log k* |A log k|
Urea -3.30 —0.86 —0.832 0.03
Glycerol —-2.96 —0.66 —0.665 0.01
Thiourea -2.14 -0.23 —0.324 0.09
Methylthiourea —1.64 —-0.21 —0.160 0.05
Ethylthiourea —1.36 -0.10 —0.084 0.02
Propylthiourea —0.41 0.07 0.099 0.03
Ethanol 0.28 0.18 0.156 0.02

2 From Ross (19).
b Calculated using Eq. 7.

P approaches zero, the compound would
be so hydrophilic as to be unable to enter
a lipid barrier; but as P approaches in-
finity, the compound would become so
lipophilic as to be unable to return to an
aqueous phase from the first lipid barrier
it meets. It is evident, then, that there will
be an intermediate value of P such that
a compound possessing this partition co-
efficient will penetrate a series of lipid
and aqueous barriers most rapidly. We
term this optimum value for penetration
P,.

Another source of evidence concerning
the nature of the dependence of biological
permeability on P is the studies on bio-
logical response to series of related com-
pounds. Studies of this point (11, 20, 21)
indicate numerous instances in which the
biological response (most generally defined
as log 1/C, where C is the molar concen-
tration of drug causing a standard response)
is approximately linear with respect to P
up to a certain point, after which activity
actually falls off with increasing values
of P. While there are a number of reasons
why one might expect such a fall-off, other
than by limitation in rate of penetration
(e.g., metabolism, steric hindrance in trans-
port or at the site of action), it has been
shown (22) (Egs. 8 and 9), using the data
of Soloway et al. (23), not only that the

LogC = 0.64 log P + 0.31,
n =14, r = 0.802, s = 0.303 (8)

—0.54(log P)* + 2.47 log P — 1.05,
n=14,r = 0915, s = 0.214 (9)

rate of localization of a set of benzene-
boronic acids in mouse brain is paraboli-
cally dependent on P, but that this depend-
ence is very closely related to that of a
wide variety of drugs acting on the central
nervous system. The value of 2.3 for log
P, obtained from Eq. 9 is close to the
mean value of 2.0 found (24) for 16 dif-
ferent sets of hypnotics acting in the cen-
tral nervous system. Since no adequate
theory has been proposed to account for
this parabolic dependence of rate of pene-
tration on P, we shall present here a non-
steady-state model to account for the
permeation behavior of molecules.

METHODS

Our model is a simple Kkinetic theory
which is suited to describe cases in which
a steady-state theory is not applicable.
The model used is closely related to those
used in chemical kinetics and is identical
in type with the models of multicompart-
ment analysis (25). It does not assume
any particular picture of membrane struc-
ture, but simply treats the membrane or
macromolecule as a single phase of lipid
character, ignoring the nature of its struc-
ture. The simplest case analyzed here is
represented in Fig. 2.

In this model, compartment 1 has a
given volume, V,, and, at zero time, a
given concentration of solute, 4,. Corre-
sponding values obtain for the other com-
partments. The surface area common to
each pair of compartments is assumed to
be the same for all and is symbolized by

Mol. Pharmacol. 5, 333-341 (1989)
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F1a. 2. A single lipid barrier between two aqueous
compartments

The rate constant for passage from aqueous to
lipid phase is k, and that for the reverse passage is [.

Lipid

S. It is assumed that in living tissue we
are dealing with a “stirred” solution and
that the energy required to form a hole for
the penetrating molecule to move into is
supplied by the system. Time-lapse photo-
micrography has given abundant ev:dence
of the constant movement of cells and
cellular organelles. From this model, dif-
ferential equations governing the concen-
tration of solute in the three compartments
are easily set up.

dAy _ S .,

@ = v, (e~ kY

«% - %(kA, — 2lA, + kAs)  (10)
dAs _ S

b= 7, (s — kA

Assuming the three volumes to be equal,
these equations become equivalent to those
governing two consecutive first-order chem-
ical reactions. The solution to this case
is well known (26) and may be expressed
by an equation involving transcendental
functions.

This scheme was expanded by adding
more phases, with lipid and aqueous phases
in alternation. A drug molecule, in order
to reach its site of action, must interact
many times with serum proteins and cross
several membranes. Thus, a model which
involves traversal of many lipid and
aqueous phases is more realistic. It was
assumed for simplicity that the same k’s
and l's apply to each barrier and that
all the compartment volumes and surface
areas are equal to unity.

The relative volumes of the lipid and
aqueous spaces in this model will not
affect the general form of the results.

Mol. Pharmacol. 5, 333-341 (1969)
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Variation of the volume of the lipid phase
may shift the value of P for which pene-
tration is fastest, but a maximum rate of
penetration will appear for some value of
P in any case.

An irreversible first-order chemical re-
action was assumed to bind solute in the
final phase with a rate constant m. Thus
m is an arbitrary rate constant for a
hypothetical reaction in the last compart-
ment and has no direct relation to k or I
In this way, the last step in the movement
of drug from the point of introduction to
its transfer onto the receptor site can be
treated independently. In simulation studies
m was allowed to vary over a large range
of values and was found to have negligible
effect on the shape of the curve.

While it is possible to obtain an ana-
lytical solution for the simple case
described by Eq. 10, a more general ex-
pression of the problem is susceptible only
to computer analysis. The more general
set of differential equations to be ana-
lyzed is

dA

d—t‘ = —kA,+ lA.

dA,;

T;- = —2lA,; + k(Az.'-x + A2v'+l)
d‘tj#l. = —2kA2"+1 + l(Aig' + A?i+2) (11)
._dx4d’t'_l = —(l + m)An—l

+ kA, s, n odd
= —(k + m)Ansa
+ 1A, n even
dA,
@~ mA

where A; represents the concentration in
the ith phase, and &k and ! are rate con-
stants. Since A4,/A4, does not depend on
AY, an arbitrary initial concentration of
1.0 was used in most cases (10.0 or 100.0
was used in examples with large numbers
of barriers). The general procedure for a
specific n value was to let the partition
coefficient, P = k/I, vary over an interval
and obtain a series of solutions of the set
of equations by integrating over time ¢.
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Values of £k and ! were chosen so that
k-l =1; that is, we have assumed a re-
ciprocal relation between hydrophobic and
hydrophilic character. An increase in lipo-
philic character (an increase in k) results
in corresponding decrease in hydrophilic
character (a decrease in !). Looked at
from another point of view, k-l = constant
is a boundary condition, but the choice of
constant = 1 results in a choice of time
units. Values of k and ! were taken so that
P varied from 0.001 to 1000 with equally
spaced logarithmic values. More extreme
values of P make calculations too time-
consuming and add nothing to our under-
standing. Solution of the n equations was
done by numerical integration, using the
Runge-Kutta fourth-order combined with
Adams-Moulton methods (27, 28) as pro-
grammed for computer use by Richardson
(29). The Runge-Kutta method uses the
idea of a fourth-order power series approxi-
mation to A4;(t 4 At), without using any
previous values of 4; or A;. The primary
drawback is that no error estimate exists;
thus At cannot be altered in the course
of integration. The accuracy of the Runge-
Kutta integration is approximately five
places for appropriately chosen At. The
method of Adams and Moulton uses a
table of backward differences in dA;/dt
to obtain a predicted value of A;(t 4 At).
A corrected value can then be obtained and
the difference used to estimate error. The
step size At can thus be halved or doubled
to increase accuracy or efficiency of inte-
gration. Most of the integration for these
equations used a series of five backward
differences initially generated by Runge-
Kutta integration for use with the Adams-
Moulton method with variable step size.
The error, which can be arbitrarily bounded
within the limits of the computer, was
set at <1075,

A regression analysis was performed on
the data to obtain an equation of the form

Log A, = a(log P)2 + blog P + ¢ (12)

The resulting curve was then plotted
against the points as shown in Fig. 1.
Equation 12 is derived (15) from the hypo-
thetical relationship
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(log P 3_ log Pa)’] (13)

In Eq. 13, A is the probability that a
molecule will reach the last compartment
in a fixed time under standard conditions.

Figure 1 shows a plot of the points ob-
tained from a 20-barrier model. Log P
(log k/l) is plotted along the horizontal
axis, and log C, the concentration in the
last compartment when ¢t = 10 and m = 1,
is plotted along the vertical axis. The least-
squares line, which is obtained by fitting
the points to Eq. 12, is drawn through the
points. This is the form of our model when
highly specific steric and electronic effects
can be neglected. The fit is quite good,
and the apex of the parabola comes at
log P = 0.20. Similar curves are obtained
for fewer barriers, with, of course, larger
values for the concentration in the last
compartment.

A=aexp—[

DISCUSSION

It is evident from the above analysis that
the theoretical curve for dependence of
penetration on partition coefficient can be
very closely approximated by Eq. 12. This
equation is identical with that postulated
(15) to describe the dependence of bio-
logical response on partition coefficient.
Equation 14 gives the analogous form of
the equation for biological response.

Logé = —k (log P+ k'log P + k" (14)

The value of A, is directly proportional
to C (the concentration of reagent added
to obtain a given biological response).
Setting d(log 1/C)/d(log P) equal to zero
yields log P,, the value of log P for which
the Dbiological response is strongest and
penetration most rapid. It has been shown
that log P, is a useful constant in the design
of drugs acting on the central nervous
system (20) as well as for antibacterial
agents (21).

Analysis of a number of theoretical
models containing different numbers of
lipid/water barriers and different values of
m showed that in all cases Eq. 12 gave a
good fit to the data obtained. Table 4 shows

Mol. Pharmacol. 5, 333-341 (1969)
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TaBLE 4
Optimum P value for penetration as a function of
number of barriers calculated when
m=1¢t=10

No. of barriers log P,
2 +1.39

3 -0.57

4 +0.90

6 -0.30

10 +0.40

11 —-0.13

19 —-0.07

20 +0.20

that the value of log P, fluctuated on both
sides of zero, depending on the number of
barriers in the model. It approaches zero
(P = 1) as the number of barriers becomes
large.

Figure 1 clearly shows that the model
which has been used (Eq. 14) to treat ex-
perimental data can be justified in terms of
this kinetic theory. This is of great impor-
tance to those who wish to study the action
of organic compounds in biochemical
systems. Experimental results, as well as
our model, show that for the general case
one must expect a nonlinear relationship
between log P and log permeability. In
practice, there are two kinds of “linear”
relations one may encounter in studying
limited groups of congeners. The first is the
very well-known type, where in equations
of the form of Egs. 1 and 2 we find a
positive coefficient with log P. The second,
less usual example occurs when one is work-
ing with a set of highly lipophilic molecules;
if the members of such a set have log P
values considerably beyond zero (Fig. 1),
one finds a “linear” relation between log P
and log C. A good practical illustration of
this is found in the study of Gourevitch
et al. on penicillins [see (30)]; from their
work Eq. 15 has been derived.

Log % — —0.455log ~ + 5.673,

n=20,r=0909,s = 0191 (15)

In this equation C is the CD;, in mice. The
interpretation in terms of our model is
obvious. The penicillins have a large lipo-
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philic moiety; increasing this means tighter
binding to proteins. Tighter binding to the
proteins means a lower probability that an
effective concentration of the penicillins
will reach the reaction sites on Staphylo-
coccus aureus in mice. Since adding a
squared term to Eq. 15 does not improve
the correlation, we assume that we are
considering a set of congeners which would
fall considerably to the right of zero in
Fig. 1. The work on penicillin is, of course,
strictly analogous to the study of the
penetration of human skin by alkyl
phosphates and the penetration of cock-
roach cuticle by insecticides discussed
above. While there are other ways in which
one might rationalize the results with the
penicillins, we think that the model con-
tained in Eq. 11 is the most reasonable
explanation.

We have presented here a theory for the
passive penetration of drugs to their sites
of action. This theory differs from those
proposed for active transport, because most
drugs will not fit the highly specific bio-
logical transport mechanisms. It differs
from those previously proposed for passive
penetration because it recognizes that in
drug action, speed is essential and thus
steady-state analyses of permeation are in-
adequate. In the future, knowledge of the
optimum value of the partition coefficient
for effective penetration in a given organ
may vastly shorten the time required to
develop an effective drug. Thus we believe
that this model has opened exciting new
approaches to rational design of drugs.
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