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Percutaneous absorption
Paul Brisson,* m.d., Ottawa, Ont.

Summary: Clinical effectiveness of
topically applied medications depends
on the ability of the active ingredient
to leave its vehicle and penetrate into
the epidermis. The stratum corneum
is that layer of the epidermis which
functionally is the most important
in limiting percutaneous absorption,
showing the characteristics of a

composite semipermeable membrane.
A mathematicat expression of
transepidermal diffusion may be
derived from Fick's Law of mass

transport; factors altering the rate of
diffusion are discussed.

Resume: Le medicament topique est
efficace a condition que ses ingredients
actifs puissent facilement laisser
I'excipient pour p6netrer dans
I'epiderme. La couche comee,
demontrant les particularites d'une
membrane semipermeable composee,
est la couche epidermique la plus
importante en ce qui concerne

I'absorption percutanee. La diffusion
transepidermique peut etre traduite
sous forme mathematique a partir de
la loi de Fick; I'auteur expose certains
facteurs relies a la vitesse de
diffusion.

Although a great number of prescrip-
tions for topical preparations are writ¬
ten every day, little thought is given
to the mechanisms which underlie lib¬
eration of the active ingredient from
its vehicle and subsequent absorption
in and through the skin. Percutaneous
absorption is becoming an increasingly
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pertinent subject as newer topical
formulations, with allegedly more ef¬
fective bases, appear on the market.
Although it may be an oversimplified
concept, it remains nevertheless true
that the base in which an active in¬
gredient is incorporated will determine,
at least in part, its absorption and
therefore its therapeutic effect on the
skin.

The barrier

One of the most important functions
of the epidermis is to limit free pas¬
sage of fluid and electrolytes from the
highly hydrated underlying tissues to
the outside environment; loss of water
from the skin is roughly one tenth that
which would occur from exposed
muscle. This function of water pre-
servation was acquired as an evolution-
al adaptation, permitting man to sur-
vive in a nonaquatic milieu. Recipro-
cally, the epidermis limits entry of
harmful chemicals from the surface
into the dermis, and by analogy, ab¬
sorption of, chemicals used in topical
medications. It is now well established
that the rate-limiting barrier of the
epidermis resides in the stratum cor¬

neum, or horny layer, and that diffu¬
sion of molecules through this layer is
purely passive. As such, this process
does not require expenditure of meta¬
bolic energy; in fact, dead epidermis
is as effective a barrier as live tissue.
Furthermore, it has been demonstrated
that diffusion characteristics through
stratum corneum remain the same ir-
respective of the direction of transport.
These observations have allowed ex¬
tensive in vitro studies, leading to a
better understanding of the physico-
chemical dynamics involved in percu¬
taneous absorption.

As mentioned, the stratum corneum
is an effective two-way barrier, but is
not a complete one and does allow
selective transport of some molecules
from the surface into the viable epi¬
dermis. Percutaneous absorption and
therefore pharmacological effectiveness
of topically applied medications are
based on this property. The rate of
diffusion may be negligibly low or

relatively high depending on a variety
of factors which will be discussed be¬
low. Once transport across the stratum
corneum has taken place, there is little
impediment to transport across the
remainder of the epidermis into the
dermis.

The stratum corneum

This is the most superficial layer of
the epidermis and represents the spe¬
cialized end-product of keratinization;
it is the single most important structure
responsible for barrier function in the
skin. The relative impermeability of
this horny layer is apparent when its
permeability constant for water (re-
flecting ease of diffusion) is compared
with that of the dermis: this constant for
stratum corneum is 1.1 x 10"7 cm/sec,
while the equivalent for dermis is 1.0 x
10-4 cm/sec, a thousandfold increase
in rate of diffusion. The stratum cor¬
neum is made up of flat, plate-shaped
cells 30 fjb wide and 0.8 fi deep, closely
applied to each other on all sides and
interconnected by many desmosomes.
These cells, also known as corneocytes,
are anucleate and metabolically inert,
and contain many longitudinally ar¬
ranged fibrous tonofilaments in be¬
tween which an amorphous matrix and
remnants of cellular organelles are
found. Since the whole layer is 15 to
20 cell layers deep, its total thickness



averages 15 jjl. Although all cell layers
are involved in barrier function, it ap¬
pears that the lowermost, more com-

pact layers ("stratum corneum con-

junctum") are more impervious. This is
not a universally-held opinion, how¬
ever, and differential permeability may
be accounted for by the nature of the
diffusing molecules used in various
experiments.
An important feature of these cells

is the thickness of their membranes.
Unlike the plasma membrane of the
viable cells of the epidermis (75 to
100 A), that of cells of the stratum
corneum measures approximately 200
A. However, it retains the structural
features of a biomembrane as described
by Singer, being composed of a viscous
lipid bilayer in which globular proteins
are interspersed. In certain areas these
mobile globular proteins extend all the
way through the lipid phase; it is pos¬
tulated that 10 A pores are formed be¬
tween such proteins at sites of aggrega¬
tion, establishing a connection between
both sides of the membrane. Although
lipids make up only 5% of the chem¬
ical composition of total hydrated
stratum corneum, they represent the
major constituent of the cell membrane
and impart to it its distinctive charac¬
teristics of semipermeability; removal
of lipids from the membrane destroys
its barrier properties.

Physiologically, the stratum corneum
behaves like a composite membrane:
this derives from the fact that the first
structure encountered by a diffusing
molecule is the plasma membrane of
the corneocytes, and since lipids are

major constituents of this membrane,
it follows that the lipid solubility of
this diffusing molecule will be im¬
portant in determining its entry and
transport through the stratum corneum.

The stratum corneum permits a con¬
tinuous, controlled, transepidermal loss
of water by diffusion, about 85 to 170
ml/day under average environmental
conditions. In addition 300 to 500 ml/
day are lost by invisible sweating,
bringing the total daily water loss to
500 to 600 ml/day (0.25 to 1.0 ml/
cm2/hr). This diffusion contributes sub¬
stantially to sustained hydration of the
stratum corneum. However, the relative
humidity of ambient air is even more

important because the water content
of the stratum corneum increases in a
curvilinear fashion with increasing hu¬
midity, from 10 to 20% at 60%
humidity to 70% at 100% humidity.
Thus, this layer can absorb approxi¬
mately six times its own weight in
water, and in doing so will increase in
thickness from 15 to 45 jx. This prop¬
erty of water-binding is related to in¬
creased permeability to diffusing mole¬
cules, as will be explained below.

Methods of study
Many experimental methods of study

of percutaneous absorption are avail¬
able, each with its own relative merits;
a few representative models are men¬
tioned here. The two-chamber method
is a commonly used in vitro system
designed to measure passage of a sub¬
stance from one chamber to another
through a separating membrane; radio¬
active materials are often utilized.
Measurement of decrease in concen¬
tration of a given chemical from a fluid
chamber applied directly to the skin
is a similar, but in vivo technique which
has proved less reliable. Measurement
of disappearance of weak /?-emitting
compounds applied to the skin, or
measurement of their uptake in the
dermis, has allowed fairly accurate
quantitative determinations since, in
these methods, autoradiography may
be used in concert with radioactive
pulse-counting. Less specific and less
accurate experimental models include
various in vivo methods in which the
end-point is a biologic or pharmacologic
effect following application of the test
substance to the skin; the effect may
be local (e.g. vasoconstriction, sweat
gland secretion, ete.) or systemic (e.g.
as determined by plasma cortisol levels
in the case of topical corticosteroid
preparations).

Mathematical expression of
transepidermal transport

Transepidermal transport does not
escape physicochemical laws, and its
expression at the outset follows Fick's
Law of mass transport. Fick's Law
expresses the fact that the flux or
movement of a molecule diffusing
across a membrane is proportional to
the difference in concentration of this
molecule on either side of the mem¬
brane. Thus,

J = Kp x ACs
where J is flux, Kp the permeability
constant, and ACs the concentration
gradient.

Kp, the permeability constant, is a
function of the diffusion constant, Dm,
and is inversely related to the length of
the diffusion pathway, L, which in this
context is synonymous with membrane
thickness.

Dm
Kp=

The diffusion constant, Dm, is a reflec-
tion of the inherent diffusibility and
mobility of a molecule in a membrane
or, stated otherwise, of its intrinsic
ability to break molecular bonds as it
crosses a membrane. The reciprocal of
Dm describes the resistance of a mem¬
brane to transport. Kp, the permeability
constant, represents an expanded con¬

cept of the diffusion constant, taking
into account the length of the diffusion
pathway (L). Comparison of Kp and
Dm for transport of water through
stratum corneum and an erythrocyte
will illustrate these notions. Even
though Dm for the stratum corneum
and an erythrocyte are quite similar
(4.2 x 1010 and 6.5 x 109, respec¬
tively), Kp is widely different (1.1 x 10"7
and 1.2 x 10"2) because membrane
thickness (L) is also highly dissimilar
(15 /jl and 0.008 p.) As a result, flux
(J) is much more rapid through the
erythrocyte than through stratum cor¬
neum (1 ml vs. 0.00001 ml during the
same interval and for a given con¬
centration gradient).

For molecules other than water, and
molecules in solution, another factor
has to be considered the partition
coefficient, Km. This describes how
many solute molecules are available
for diffusion through a membrane, and
is expressed as the ratio of solubility
of a solute in the diffusing membrane
and in its solvent. Therefore, the higher
the Km for a solute, the greater the
ease with which it will leave its solvent,
and the more affinity it will show for
the diffusing membrane. Thus, in-
corporating this factor in the definition
of the permeability constant,

Km x Dm

Pentanol and methanol show com¬

parable diffusion constants (1.33 x 10"9
and 1.85 x 10"9, respectively), but in
aqueous solution pentanol is absorbed
better than methanol in stratum cor¬
neum because pentanol has a higher
partition coefficient than methanol (5
vs. 0.6), showing more solubility in
stratum corneum (lipid) than in water.
The original equation (Fick's Law) may
now be rewritten as follows:

Km x Dm x ACs
J =-

L
Although this equation is valid con-

ceptually, it will break down under
certain experimental conditions; it is
accurate only at low concentrations
of the solute and when diffusion has
reached a steady state. Also, there are
other variables which have to be taken
into account when precise data are

required, viz frictional forces, tempera¬
ture and electrical forces between mole¬
cules.

Pathways of transport
Most authors agree that there are

three possible pathways of transport
through the stratum corneum.
The transcellular pathway (through

the horny cells) is probably the major
one; diffusion proceeding transcellular-
ly is called "bulk diffusion". Lipid-
soluble substances first penetrate the
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lipid-rich cell membrane and make
their way in the cell through the non-

aqueous, nonpolar lipid-rich matrix be¬
tween tonofilaments. Small, polar,
water-soluble molecules gain access to
the protein fraction of the cell mem¬
brane and cross the lipid barrier pre¬
sumably through small pores in between
the protein subunits. Thereafter, dif¬
fusion proceeds through waterlogged
channels (also described as "pores" of
approximately 10 A by some authors)
lined by keratin molecules; these chan¬
nels enlarge when the stratum corneum
is further hydrated, and diffusion is
consequently accelerated.

Diffusion through pilosebaceous
units and sweat glands has been pro¬
posed as another pathway of transport
and is referred to as "shunt diffusion".
Since the stratum corneum invests only
the most superficial parts of these ap-
pendages, there should be little hind-
rance to transport in their deeper
portions. Even assuming rapid flux,
however, only a relatively small number
of diffusing molecules are absorbed,
when it is recalled that the openings
of these appendages account for only
one thousandth to one ten-thousandth
of the total surface area of the body.
Because of rapid absorption, however,
it may be important in the first five
minutes of transport, before steady
state is reached. At this time the trans-
cetlular pathway becomes the pre¬
dominant one. Shunt diffusion may
also be of importance in the percu¬
taneous absorption of molecules with
very low permeability constants, such
as the more polar steroids, and of other
large molecules. The relative unim-
portance of the shunt diffusion path¬
way is suggested by the observations
that diffusion is not impaired in patients
with congenital absence of sweat
glands; that palmar skin, with its high
density of sweat glands, is highly im-
permeable to most diffusing molecules;
that penetration through hair-bearing
rodent skin is quite similar to that
through non-hair-bearing areas.
The third pathway is the intercel-

lular route. This pathway may be in¬
volved in transport of electrolytes
through the skin, since these are ex¬

tremely insoluble in lipid membranes.
Shunt diffusion may serve as an al¬
ternative means of absorption. Except
for electrolyte transport, the inter-
cellular route appears to have no major
role in percutaneous absorption.

Factors altering transport
1. Water: maximum hydration of the

epidermis is followed by a five-
fold increase in permeability. At
60% humidity, molecules diffusing
through intracellular channels en-
counter water molecules which are

tightly bound to keratin molecules
("bound" or "absorbed" water);
hydration of the stratum corneum
causes aggregation of new layers
of water molecules between the
tightly bound layers. These new

layers are referred to as "bulk
water", the molecules of which
are held only by weak hydrogen
bonds, permitting easier diffusion.
Stated in another way, hydration
of the stratum corneum "enlarges"
the pathways of diffusion, and
results in an increase in the per¬
meability constant of both polar
and nonpolar molecules.

Dehydration, paradoxically, also
enhances absorption by causing
damage to the physical structure
of the barrier. When the water
content of the stratum corneum
fails below 10% the layer becomes
brittle and cracks easily. Dehydra¬
tion is a common aftermath of
unfavourable environmental con¬

ditions, e.g. low temperature and
low ambient humidity.

2. Mass: absorption is proportional
to mass or concentration of the
molecules applied to the skin up
to a critical point, at which time
this relationship fails; it follows
that there is a limit to the effective
concentration of topical prepara¬
tions.

3. Solubility in lipids has been pre¬
viously mentioned as a factor con-
ducive to increased permeability.

4. Keratolytics enhance absorption by
physically damaging or destroying
the stratum corneum barrier. Sali¬
cylic acid is a well-known example.

5. Lipid and polar solvents (acetone,
alcohol) will result in an increase
in permeability after prolonged ap¬
plication, by chemical alteration of
the horny layer.

6. Surfactants (e.g. soaps) bring the
diffusing substance into closer con¬
tact with the stratum corneum.
Under normal conditions they
have little effect, but after pro¬
tracted usage may lead to partial
barrier breakdown.

7. Dimethyl sulfoxide (DMSO) is a

polar, strongly hygroscopic solvent
showing solubility in both water
and lipids. Application of this sub¬
stance to the skin results in super-
hydration of the stratum corneum
with subsequent increase in per¬
meability. While having no known
effect on plasma membranes, it
may cause changes in keratin fila¬
ments; its in vivo effects are short-
lived.

8. Local hyperemia may cause an in¬
crease in flux or transport by rapid
removal of diffusing molecules as

they arrive in the dermis, and
therefore by increasing the con¬
centration gradient.

9. Increased temperature increases
absorption by increasing mole¬
cular motion.

10. Dermatoses: certain dermatoses,
notably those exhibiting parakera-
tosis (e.g. psoriasis and eczema),
are accompanied by temporary im¬
pairment in barrier function. This
explains why topical preparations
are more effective during the early,
acute phases of these diseases, and
are progressively less so as healing
takes place and barrier function
recovers.

11. Choice of vehicle: since the vehicle
(solvent) is one of the factors
which determine the partition coef¬
ficient, Km, and hence transport of
the diffusing solute, the chemical
natures of the solute, solvent and
membrane constitute basic deter¬
minants of percutaneous absorp¬
tion. The occlusive nature of the
vehicle is also critical; occlusion
leads to increased hydration and
local temperature, which result in
increased permeability. A very oc¬
clusive vehicle or base may be
likened to a polyethylene (Saran
Wrap) dressing; up to a hundred-
fold increase in percutaneous ab¬
sorption has been achieved with
such dressings.

12. Particle size: the smaller the mole¬
cule, the faster its transport. This
factor is more important than
molecular weight, which shows a
variable relationship with absorp¬
tion.

13. Viscosity is inversely related to
flux.

14. Polar groups: in general, the pres¬
ence of polar groups on a molecule
impairs its transepidermal trans¬
port since electrical charges on the
diffusing molecule may interact
with those along the diffusion
pathway.

15. Electrical impedance: electrical re¬
sistance and impedance on the skin
reside almost entirely within the
stratum corneum. A reduction of
impedance is accompanied by a

comparable increase in permeabi¬
lity.

16. Regional variations: percutaneous
absorption varies markedly in dif¬
ferent anatomical areas. If skin
from the dorsal or ventral forearm
is assigned the arbitrary figure 1
in terms of its permeability, skin
from the palm, forehead and
scrotum would show the following
figures, respectively: 0.83, 6.0 and
42.0. It is well documented that
potential irritants are more hazard-
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ous when applied to the scrotum
than elsewhere.

17. Surface sebum film: although orig-
inally this was thought to play a
role in barrier function, its relative
importance is now recognized as
very minor.

As well as being an effective barrier,
the stratum corneum may in a sense
serve as a reservoir for lipid-soluble
molecules. This has been shown to be
true for some topical corticosteroids,
and may be due to the fact that parti-
tion forces favour retention of the lipid-
soluble substances in the lipid com-
partments of the stratum corneum,
rather than transport through the more
aqueous underlying epidermis.

Having considered some of the many
variables involved in percutaneous ab-
sorption, it is evident that the ideal
"base" is yet to be found. Other factors
have to be considered in the choice of
a base and have not been discussed
above because they do not relate di-
rectly to the topic. One such factor -
a pertinent one nowadays - is cos-
metic acceptability, but this alone is
subject matter for another discussion.

I would like to thank Doctor Robert Jack-
son (Ottawa Civic Hospital) and Doctor
Jean-Pierre DesGroseilliers (Ottawa Gen-
eral Hospital) for their assistance in the
writing of this paper.
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