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Skin permeation: The years of enlightenment�
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Abstract

Considerable advances in our understanding of the mechanisms by which drugs permeate the skin barrier have been made
over the past 60 years. The key publications, which have influenced the field of skin permeation research are highlighted in the
present review. The methodologies commonly employed for estimation of skin permeability are discussed as are the mechanisms
proposed for skin permeation. The principal findings from the commonly employed in vitro and in vivo models are considered as
well as the applications of enhancers and surfactants for optimization of skin delivery. As these studies presaged the emergence
of transdermal drug delivery research in the 1970s, early approaches to model and predict dermal and transdermal absorption are
also outlined. The published work on skin permeability in this period embodies the fundamental literature sources for consultation
by scientists new to and currently engaged in transdermal drug delivery.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Topical delivery has been used as a route of medic-
inal delivery for many thousands of years and there
have been considerable advances in our mechanistic
understanding of the process in the past 60 years or so.
There is a period roughly from the 1940s to 1980, which
largely remains unreferenced because of the difficulties
in accessing the information using standard databases.
This review article considers some of the publications,
which we feel have been useful in the development of
research in this field. It also demonstrates the range of
techniques used and the strategies adopted to under-
stand percutaneous penetration in its widest context.
It is surprising how much ‘reinvention of the wheel’
there has been and how many fundamental facts were
known many years ago. In many ways, the 1940s,
1950s, 1960s and 1970s were the formative years for
our modern understanding of topical and transdermal
delivery.

The review will not consider the historical devel-
opment of the topic but will separate the major com-
ponents that have, in our view, been influential. We
have chosen to explore the following general areas and
clearly some are interrelated and there is some over-
lap between them. One of the most important areas
is that of formulation design, but elements of this are
included under most of the different headings outlined
below.

• In vitro experiments
• In vivo experiments
• Enhancers
• Transdermal
• Site variation
• Models

It is interesting to see what have been the major
drivers in the field, with a general appreciation of
topical delivery being important overall. Considerable
interest in chemical defence aspects came to the fore in
the 1950s and 1960s. The development of synthetic
corticosteroids clearly shaped formulation develop-
ment in the 1960s and early 1970s. After the early
1970s, transdermal delivery started to dominate the
area and research interest refocused. More recently,
advances in biophysical techniques have contributed
significantly to the mechanistic interpretation of
data.

2. General reviews and basic concepts

Rothman (1943)produced an excellent review of the
state of the art at the time and appreciated the general
importance of the physicochemical properties of the
permeant. For example, he described the importance of
solubility and showed that the vehicle had a significant
impact on absorption rate. He also showed the impor-

s of
;
ette,
• General reviews
• General concepts
• Methodologies
• Mechanisms
tance of skin lipids. Other representative review
skin permeability in the 1950s include (Davies, 1950
Hadgraft and Somers, 1956; Treherne, 1956; Vall
1953).
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It is interesting to note, at an early time, that
it was well documented that molecules with bal-
anced partition behaviour (molecules that possess a
log [octanol–water partition coefficient] between 1 and
3) and good solubility in oils and water permeate the
skin well. Despite this knowledge, very few molecules
have been developed for topical and transdermal use
that possesses these preferred physicochemical char-
acteristics. With the more recent commercialisation
of transdermal delivery systems, the molecules that
are delivered with most ease are nicotine and nitro-
glycerin which have the physicochemical properties
identified in the 1950s as being important. It is surpris-
ing that chemical entities that have been specifically
designed for topical delivery in recent years are often
very lipophilic and insoluble. This clearly creates prob-
lems in their delivery, which cannot necessarily be
overcome by formulation science.

In the 1960s, there were notable reviews by Blank
and Tregear (Blank, 1965, 1969; Blank and Scheuplein,
1964, 1969; Tregear, 1964, 1966). Advances in the
general area of skin permeation throughout the 1950s
and 1960s occurred as a result of general research in
chemical defence and there were efforts to identify the
reasons for the barrier properties of the skin and how
these properties could be modified in a systematic and
predictable way. Mathematical modelling and physic-
ochemical evaluation of the process of percutaneous
penetration came to the fore in the 1960s and influen-
tial papers byHiguchi (1960,1961)andHiguchi (1962)
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fluorinated compounds requiring appropriate formula-
tions for optimum delivery. Key researchers in the field
includedKatz and Poulsen (1971, 1972)and two of the
most comprehensive reviews of skin permeation during
this time frame were co-authored by these researchers.

Contemporaneously with this work, Scheuplein and
Blank published a series of papers considering the
mechanisms of percutaneous absorption and the role of
physical chemistry in the process (Blank et al., 1967;
Scheuplein, 1965, 1967; Scheuplein and Blank, 1973;
Scheuplein and Ross, 1974). The corticosteroids were
known to act as vasoconstrictors and, as will be shown
later, provided considerable insight into formulation
effects. Researchers such as McKenzie and Stoughton
(McKenzie, 1962, 1966; McKenzie and Stoughton,
1962) were instrumental in showing the importance of
the blanching effect which remains, today, a powerful
tool in determining the pharmacodynamics of topical
steroid therapy (Stoughton, 1969).

3. Methodologies

Most of the recent advances in our understanding
of topical and transdermal delivery have resulted from
application of biophysical techniques that are becom-
ing ever sensitive and sophisticated. However, it is
evident that some of the techniques had been consid-
ered over 30 years ago. For example,Puttnam (1972)
used attenuated total reflectance infra red (ATR) spec-
t lso
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s -
t was
d
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ere published. The seminal paper by T. Higu
sing very basic and well established, physicochem
rinciples showed the importance of thermodyna
ctivity on permeation (Higuchi, 1960). Coldman
t al. (1969)followed these concepts and produ

opical formulations with volatile solvents. As the s
ent evaporated the permeant became supersat
nd had a transient higher thermodynamic activity
hemical potential). This was the fore-runner of m
f the work conducted in the 1990s and more re
ears on supersaturation.

Release from semi-solid formulations was show
ollow simple solutions to Fick’s second law of diff
ion and the well known ‘square root of time’ eq
ion was applied to show a linear dependence betw
elease and square root of time. Towards the late 19
here was interest in the corticosteroids for top
elivery; this followed the synthesis of more pot
roscopy to examine skin in vivo. Infra Red was a
sed to trace actives and vehicle components o
kin surface (Fischmeister et al., 1975). Skin conduc
ivity, the fore-runner of impedance measurements,
escribed in the early 1970s (Woolley-Hart, 1972a,b).
he application of nuclear magnetic resonance (N

o probe diffusion in stratum corneum and to id
ify various forms of water was reported in the l
970s (Foreman, 1976; Foreman et al., 1979; Pa
nd Sellwood, 1978a,b). At the same time, transmissi
lectron microscopy (TEM) was used to investigate
ltra-structural details of the skin (Brody, 1977). Sub-
tantial research has been conducted on tape stri
o evaluate bioavailability of topical products but
971,Marks and Dawber (1971)described a skin su

ace biopsy technique using cyanoacrylate adhe
hich can be used to estimate agents that have pe
ted into or accumulated in the stratum corneum. O
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methods that were used routinely will be mentioned in
the sections on in vitro and in vivo evaluations.

4. Mechanisms

Routes of permeation have been debated for many
years and the precise mechanism of transfer across
the stratum corneum has not been unequivocally deter-
mined. There is a weight of evidence that suggests that
the intercellular route is important and in 1975 Elias
recognized that ‘intercellular regions of the stratum
corneum comprise an expanded, structurally complex,
presumably lipid-rich region which may play an impor-
tant role in percutaneous transport’ (Elias and Friend,
1975). The structure of the stratum corneum was exam-
ined byMichaels et al. (1975)and likened to a brick
and mortar wall. Follicular transport has also had its
share of proponents as discussed byTregear (1961)
andWahlberg (1968). Scheuplein postulated that there
was a shunt mechanism at short times during the dif-
fusion process, which was overtaken at longer times
by general partition and diffusion through the stra-
tum corneum (Scheuplein, 1967). If a route through
the intercellular channels is significant then stacking
of the corneocytes is important as this will dictate the
path length for diffusion (Christophers et al., 1974).

The outer layer of the skin has been recognized for
some time as the rate controlling membrane that acts
predominantly as a lipophilic barrier. Therefore, par-
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changes, which will compromise analyses based on
simple Arrhenius approaches.

With the interest in the clinical applications of
steroids applied topically a number of studies consid-
ered the reservoir function of the skin (Vickers, 1963,
1972) and it was found that the applied steroid could
persist in the skin for a significant period of time (days).
This has implications for dosage regimens of steroids
and the reasons underlying this reservoir function of
the skin remain to be elucidated.

5. In vitro experiments

There has been a plethora of different cells to deter-
mine percutaneous absorption in vitro and it is impor-
tant to select a design where the transport is limited by
the skin and not in any stagnant diffusion (non-stirred)
layers adjacent to the skin surface. The effect of per-
fusion rate in the receptor medium has been shown
to influence the results particularly if the permeant is
very lipophilic in nature (Crutcher and Maibach, 1969).
Most static cell designs are based on the publications
by Franz in the mid 1970s (Franz, 1975, 1978). These
were also used in the early tests on in vitro–in vivo
comparisons.

It is also interesting to note that information can be
obtained using membranes other than the skin but the
results have to be treated with caution. Various model
membranes have been used including cellulose acetate
( ,
1

ch-
a vitro
p 980s
t tten-
t d it
i pro-
f kin.
I ore
p y the
p pub-
l ples
b
B
(

died
i oup
itioning is a dominant physicochemical determin
n controlling absorption. The importance of partit
oefficients and the whole area of structure act
elationships (SAR) have been described for weak e
rolytes (Clendenning and Stoughton, 1962) and the
teroids (Katz and Shaikh, 1965). One of the firs
eviews of the available data on SAR and skin
eation was published byLien and Tong (1973).
In any mechanistic study, it is instructive to de

ine how rates are influenced by temperature. This
ead to a thermodynamic evaluation of the process
nergies of activation may be determined. This i
rea that has perhaps not received as much attent
nticipated, but there are some early studies that
robed temperature effects (Allenby et al., 1969; Blan
t al., 1967). Some of the problems associated with

ype of study are a change in permeation mecha
ith temperature as well as possible phase trans
Barry and El Eini, 1976) and zeolites (Dyer et al.
979).

Clearly most of the information regarding the me
nisms of penetration has been gained from in
ermeation studies and from the 1940s to the 1

here is a vast array of data. Over the decades, a
ion has been paid to the penetration of water an
s interesting that this small polar molecule has a
ound influence on the barrier properties of the s
t is an enhancer, as hydrated skin is, in general, m
ermeable than non-hydrated skin but even toda
recise mechanism of action is unclear. Several

ications examine the penetration of water, exam
eingBettley and Grice (1967), Blank (1952, 1953),
urch and Winsor (1946), DeLong et al. (1954), Idson

1973)andScheuplein and Morgan (1967).
Probably the simplest homologous series stu

s the alcohols and again Blank’s research gr
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investigated these in the mid 1960s (Scheuplein and
Blank, 1973). Part of the problem in evaluating mate-
rials like these is that they can themselves influence
the barrier properties of the skin. For example, the
neat alcohols can extract the skin lipids and their pres-
ence in the skin will influence the solubility properties
of the intercellular channels. Long chain alcohols can
intercalate into the structured stratum corneum lipids
and disrupt their packing. This will be a function of
their degree of uptake. The phenols have also been
investigated (Roberts and Anderson, 1975; Roberts
et al., 1977) and these also are not without their prob-
lems as high concentrations of phenol can damage the
integrity of the stratum corneum. Probably the largest
class of compounds examined have been the steroids
which is because of their clinical utility. The major-
ity of the early work was conducted with radiolabelled
compounds. Not much of the steroids permeated the
skin and analytical methodology as late as the 1960s
relied on radiolabelled compounds to achieve adequate
sensitivity. There are obvious problems associated with
this type of study, for example, it is important to check
the integrity of the label during the time course of the
experiment. Examples of in vitro studies on steroids
include Busse et al. (1969), Chowhan and Pritchard
(1975), Foreman et al. (1978), Foreman and Kelly
(1976), Scheuplein et al. (1969)andZesch and Schae-
fer (1973).

Many compounds that are placed on the skin are
ionized but to date, little research has been conducted
o am-
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has been conducted on rhesus monkeys and compar-
isons made with human skin permeation (Wester and
Maibach, 1975, 1976).

Early work on methyl salicylate examined the effect
of temperature and ethanol on its dermal penetration
(Brown, 1934). Further in vivo studies on the salicylates
have been published (Cotty et al., 1960; Fritsch and
Stoughton, 1963). Histamine was examined in the late
1940s (Shelley and Melton, 1949), eserine (Hadgraft
and Somers, 1954), local anaesthetics (Brockemeyer
and Guth, 1955) and nicotine (Johnston, 1957).

ted
n

‘ the
fl out
n the ionization effects. Salicylic acid has been ex
ned in the 1970s (Marcus et al., 1970) together with

ethotrexate (Wallace et al., 1978). The first drug to
e administered transdermally, scopolamine, is
ubject to ionization over the pH range encounte
n, and through the skin and has been investigate
handrasekaran et al. (1976).

. In vivo experiments

There is some commonality in the compou
xamined between the in vitro and in vivo experime
n vivo work has been conducted on both anim
nd human subjects and animal comparisons ma
artek et al., 1972, 1971). In general, rodent skin
ore permeable than human skin and probably
est model for human tissue is pig skin. Some w
The account by Lennox Johnston on self-inflic
icotine absorption is very poignant.

On one occasion I painted an area 3” by 2” on
exor aspect of my forearm with nicotine 5%. In ab
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7 minutes I felt wretched—nauseated, headachy and
faint.’

Other compounds include methyl ethyl ketone
(Munies and Wurster, 1965; Wurster and Munies,
1965), ephedrine (Beckett et al., 1972) and nitroglyc-
erin (Attia, 1972).

In the 1960s and 1970s, the nicotinates were exam-
ined, the esters possessed a range of physicochemi-
cal properties and they permeated the skin to create
vasodilatation when they reached a triggering level
near the dermal vasculature. It was therefore, rela-
tively easy to use them as markers for skin perme-
ation and they were therefore investigated to probe
both physicochemical and formulation effects (Albery
and Hadgraft, 1979a,b,c; Baker et al., 1969; Cronin
and Stoughton, 1962; Hadgraft et al., 1972, 1973;
Stoughton et al., 1960).

It was also possible to use a physiological response,
that of vasoconstriction, to look at similar effects for
the corticosteroids. Release effects from different vehi-
cles were examined together with structure–activity
relationships and estimates of bio-equivalence (Busse
et al., 1969; Coldman et al., 1971; Feldmann and
Maibach, 1965, 1966, 1969; Hellman et al., 1954; Katz
and Poulsen, 1972; Malone et al., 1974; Ostrenga
et al., 1971; Sarkany and Hadgraft, 1969; Sarkany
et al., 1965; Stoughton, 1969). The clinical signifi-
cance of the vasoconstriction effect was reviewed in
1968 (Hadgraft and Sarkany, 1968). The particle size
o tion,
a me
c ion
t ugh
t
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for many compounds and one that accelerated the der-
mal absorption of a spectrum of permeants (Horita
and Weber, 1964; Jacob et al., 1964; Stoughton, 1964,
1965; Coldman et al., 1971; Chandrasekaran et al.,
1976).

DMSO is a dipolar aprotic solvent and related
solvents were also examined as potential permeation
enhancers with dimethyl formamide and dimethyl
acetamide being examples (Munro and Stoughton,
1965; Baker et al., 1969). Surfactants can also com-
promise the barrier properties of the skin and early
publications concerning these date from the late 1950s
(Blank, 1969; Scheuplein and Ross, 1970; Chowhan
and Pritchard, 1978). Water has been considered the
‘universal’ enhancer as hydrated skin is generally more
permeable. Therefore, anything that alters the hydra-
tion state of the skin, e.g., urea can be considered as an
enhancer (Feldmann and Maibach, 1974). The mech-
anism of action of a number of accelerants including
DMSO and urea have been examined (Allenby et al.,
1969). Isopropyl myristate, one of the excipients used
in modern transdermal patches, has been discussed as
a permeation enhancer in past publications (Hadgraft,
1960).

8. Transdermal drug delivery

Towards the middle and end of the 1970s, there
was considerable optimism about the delivery of drugs
t has
r ery
s eld
d ick-
n such
a l.,
1 79
O eliv-
e the
m be
o for
s 940s
( ds
w of
t
e kin
m ed
d

f suspended steroids can influence vasoconstric
nd hence, their clinical effect, showing that, in so
ircumstances, dissolution of the particle and diffus
o the skin surface is comparable to diffusion thro
he skin (Barrett et al., 1965).

. Enhancers

It has been recognized for many years that the sk
n excellent barrier to the ingress of many compou
nd to increase the therapeutic effectiveness of to
edicines permeation enhancers are needed. M
ls have been examined in the past and, as ment
bove, the effects of simple structures such as eth
xamined. Real progress on enhancers and their m
nism of action did not get underway until dimet
ulfoxide (DMSO) was recognized as a good sol
hrough the skin for systemic effects and this
esulted in a number of commercial patch deliv
ystems. The pioneering publications in this fi
escribed the delivery of scopolamine for travel s
ess and considered physicochemical properties
s partition and ionization (Chandrasekaran et a
976; Shaw et al., 1975; Shaw and Urquhart, 19).
ne of the perceived advantages of transdermal d
ry is the lack of first pass metabolism, but
etabolic activity of the skin itself should not

verlooked, a feature that has been recognized
everal decades and was reviewed in the mid 1
Calvery et al., 1946). A decade later when steroi
ere under consideration the dermal metabolism

estosterone was reported (Wotiz et al., 1956). Ando
t al. (1977)have also investigated the effects of s
etabolism on the bioavailability of topically appli
rugs.
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9. Site variation

The permeability of skin varies from site to site. It
is interesting to note that there are reports in the distant
literature about ‘flying ointment’, which was used by
witches to make them fly. The preparations contained
hallucinogens from natural extracts and were formu-
lated into lipophilic bases. The ointments were applied
on a broomstick, which was held between the legs,
showing a clear but early recognition of formulation
effects, site variations in permeability and prescience
of transdermal delivery for systemic effects (Burton,
1972). Smith et al. (1961)demonstrated the superior
permeability of scrotal skin compared with abdominal
skin for a range of permeants. The high permeability
of this region has subsequently been used in the trans-
dermal delivery of testosterone.

One of the most comprehensive studies of the
regional variation in skin permeability was conducted
by Feldmann and Maibach (1967). Using cortisol as
the permeant, these researchers demonstrated the high
permeability of scrotal skin (Feldmann and Maibach,
1967). The permeation of water is also markedly
affected across different areas of the skin (Scheuplein,
1978).

10. Models

Numerous models have been developed to interpret
s odi-
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w ical
v he
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e take
i t,
1 iv-
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possible routes of delivery amenable to therapeutic
agents culminated in the analogy of the skin as a “brick
wall” composite. This paper also demonstrated the sig-
nificance of partition behaviour in skin penetration.

11. Conclusions

While this review does not purport to be an exhaus-
tive list of publications over the time span addressed,
it represents papers that exemplify different points and
ones which form the basis of our current knowledge
base. There are topics which come in and out of favour
and this is reflected in the areas described above. There
is clear need to consider some of the historical work,
some of which is very informative. Knowledge of it
should result in recognition rather than ‘reinvention of
the wheel’ for future prospects and developments in
(trans)dermal drug delivery.
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