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Abstract

Considerable advances in our understanding of the mechanisms by which drugs permeate the skin barrier have been mad
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 mechanism:
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 emergenc
of transdermal drug delivery research in the 1970s, early approaches to model and predict dermal and transdermal absorption al
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 e In vitro experiments

e In vivo experiments

Topical delivery has been used as a route of medic- ¢ Enhancers
inal delivery for many thousands of years and there e Transdermal
have been considerable advances in our mechanistice Site variation
understanding of the process in the past 60 years or so.e Models
Thereis a period roughly from the 1940s to 1980, which
largely remains unreferenced because of the difficulties It is interesting to see what have been the major
in accessing the information using standard databasesdrivers in the field, with a general appreciation of
This review article considers some of the publications, topical delivery being important overall. Considerable
which we feel have been useful in the development of interest in chemical defence aspects came to the fore in
research in this field. It also demonstrates the range of the 1950s and 1960s. The development of synthetic
techniques used and the strategies adopted to undercorticosteroids clearly shaped formulation develop-
stand percutaneous penetration in its widest context. ment in the 1960s and early 1970s. After the early
It is surprising how much ‘reinvention of the wheel’ 1970s, transdermal delivery started to dominate the
there has been and how many fundamental facts werearea and research interest refocused. More recently,
known many years ago. In many ways, the 1940s, advances in biophysical techniques have contributed
1950s, 1960s and 1970s were the formative years for significantly to the mechanistic interpretation of
our modern understanding of topical and transdermal data.
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 Rothman (1943roduced an excellent review of the

clearly some are interrelated and there is some over- state of the art at the time and appreciated the general
lap between them. One of the most important areas : bp 9

is that of formulation design, but elements of this are importance of the physicochemical properties of the

. ! . . permeant. For example, he described the importance of
included under most of the different headings outlined ¢\ i 2nd showed that the vehicle had a significant

2. General reviews and basic concepts

below. impact on absorption rate. He also showed the impor-
o General reviews tance of skin lipids. Other representative reviews of
e General concepts skin permeability in the 1950s includBdvies, 1950;

e Methodologies Hadgraft and Somers, 1956; Treherne, 1956; Vallette,

e Mechanisms 1953.
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REVIEW ARTICLE
PERCUTANEOUS ABSORPTION

By J. W. HapGrarr, F.P.S., F.R.I.C,, AND
G. F. SoMmErs, B.Sc., Ph.D., F.P.S.

From the Pharmaceutical Department, Royal Free Hospital and The
Pharmacological Department, School of Pharmacy (University of London)

THE application of preparations to the skin for cosmetic and medical
purposes is as old as the history of medicine itself and references to the
use of ointments, salves and pomades may be found in the early records of
Babylonian and Egyptian medicine. In Roman times, drugs were sold
by the “ungentarii” who were the compounders of ointments. Galen’s
formula for cold cream has persisted through the ages and, with some
modification, it is still in use to-day.

Although the use of ointments goes back to antiquity, their use has,
until recently, been largely empirical. It is only with the advances in
dermatology that there has been an appreciation of the requirements of
different ointment bases for different skin conditions. Before 1948, with
the exception of hydrous ointment, official ointments were made with
fatty materials such as soft paraffin, anhydrous wool fat, or beeswax
or combinations of these substances. It was hardly appreciated that the
therapeutic usefulness of an ointment depends as much on the kind of base
used as on the active medicament. To-day, there are available many
different synthetic substances allowing the formulation of a wide variety
of preparations for application to the skin. The clinician has, therefore,
a considerable choice of bases in the prescribing of dermatological
preparations and the pharmacist needs to have an expert knowledge of the
properties of the different preparations. Both should understand the
main principles concerned in percutaneous absorption.

The percutaneous route has been used as a method of drug administra-
tion and, although of strictly limited value, may be useful in particular
circumstances. With the introduction of toxic synthetic chemicals such
as plasticisers in industry, and the use of highly potent insecticides in
agriculture, hazards from the toxic effects after percutaneous absorption
have become very real ones. The study of percutaneous absorption is
of importance also in the elucidation of the normal functioning of the skin.

This review describes the main factors affecting percutaneous absorption,
their assessment and application in preparations used in dermatology and
drug administration.

STRUCTURE AND PHYSICAL PROPERTIES OF THE SKIN
Structure
The skin consists of an outer layer, the epidermis, and an inner layer,
the dermis. The epidermis is a horny layer of keratinised epithelial cells,
rich in lipoids and cholesterol. The thickness of this layer depends much
on the position on the body and is largely determined by the amount

625
Extract from Hadgraft and Somers (1956).

Reprinted with permission from The Journal of Pharmacy and Pharmacology, 1956, 8,
pp. 625-634.
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It is interesting to note, at an early time, that fluorinated compounds requiring appropriate formula-
it was well documented that molecules with bal- tions for optimum delivery. Key researchers in the field
anced partition behaviour (molecules that possess aincludedKatz and Poulsen (1971, 197&)d two of the
log [octanol-water partition coefficient] between 1 and most comprehensive reviews of skin permeation during
3) and good solubility in oils and water permeate the this time frame were co-authored by these researchers.
skin well. Despite this knowledge, very few molecules Contemporaneously with this work, Scheuplein and
have been developed for topical and transdermal useBlank published a series of papers considering the
that possesses these preferred physicochemical charmechanisms of percutaneous absorption and the role of
acteristics. With the more recent commercialisation physical chemistry in the procesBlank et al., 1967;
of transdermal delivery systems, the molecules that Scheuplein, 1965, 1967; Scheuplein and Blank, 1973;
are delivered with most ease are nicotine and nitro- Scheuplein and Ross, 1974 he corticosteroids were
glycerin which have the physicochemical properties known to act as vasoconstrictors and, as will be shown
identified in the 1950s as being important. It is surpris- later, provided considerable insight into formulation
ing that chemical entities that have been specifically effects. Researchers such as McKenzie and Stoughton
designed for topical delivery in recent years are often (McKenzie, 1962, 1966; McKenzie and Stoughton,
very lipophilic and insoluble. This clearly creates prob- 1962 were instrumental in showing the importance of
lems in their delivery, which cannot necessarily be the blanching effect which remains, today, a powerful
overcome by formulation science. tool in determining the pharmacodynamics of topical

In the 1960s, there were notable reviews by Blank steroid therapyStoughton, 1969
and Tregearlank, 1965, 1969; Blank and Scheuplein,

1964, 1969; Tregear, 1964, 1966\dvances in the

general area of skin permeation throughout the 1950s 3. Methodologies

and 1960s occurred as a result of general research in

chemical defence and there were efforts to identify the ~ Most of the recent advances in our understanding
reasons for the barrier properties of the skin and how of topical and transdermal delivery have resulted from
these properties could be modified in a systematic and application of biophysical techniques that are becom-
predictable way. Mathematical modelling and physic- ing ever sensitive and sophisticated. However, it is
ochemical evaluation of the process of percutaneous evident that some of the techniques had been consid-
penetration came to the fore in the 1960s and influen- ered over 30 years ago. For examettnam (1972)
tial papers byHiguchi (1960,1961andHiguchi (1962) used attenuated total reflectance infra red (ATR) spec-
were published. The seminal paper by T. Higuchi troscopy to examine skin in vivo. Infra Red was also
using very basic and well established, physicochemical used to trace actives and vehicle components on the
principles showed the importance of thermodynamic skin surface Fischmeister et al., 1975Skin conduc-
activity on permeation Higuchi, 196Q. Coldman tivity, the fore-runner ofimpedance measurements, was
et al. (1969)followed these concepts and produced described in the early 19708/6olley-Hart, 1972a.p
topical formulations with volatile solvents. As the sol- The application of nuclear magnetic resonance (NMR)
vent evaporated the permeant became supersaturatetb probe diffusion in stratum corneum and to iden-
and had a transient higher thermodynamic activity (or tify various forms of water was reported in the late
chemical potential). This was the fore-runner of much 1970s Foreman, 1976; Foreman et al., 1979; Packer
of the work conducted in the 1990s and more recent and Sellwood, 1978a)bAt the same time, transmission
years on supersaturation. electron microscopy (TEM) was used to investigate the

Release from semi-solid formulations was shown to ultra-structural details of the skiBfody, 1977. Sub-
follow simple solutions to Fick’s second law of diffu-  stantial research has been conducted on tape stripping
sion and the well known ‘square root of time’ equa- to evaluate bioavailability of topical products but in
tion was applied to show a linear dependence between1971,Marks and Dawber (197 escribed a skin sur-
release and square root of time. Towards the late 1960s,face biopsy technique using cyanoacrylate adhesives
there was interest in the corticosteroids for topical which can be used to estimate agents that have perme-
delivery; this followed the synthesis of more potent ated into or accumulated in the stratum corneum. Other
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methods that were used routinely will be mentioned in changes, which will compromise analyses based on
the sections on in vitro and in vivo evaluations. simple Arrhenius approaches.
With the interest in the clinical applications of
steroids applied topically a number of studies consid-
4. Mechanisms ered the reservoir function of the skixi¢kers, 1963,
1972 and it was found that the applied steroid could
Routes of permeation have been debated for many persistin the skin for a significant period of time (days).
years and the precise mechanism of transfer acrossThis has implications for dosage regimens of steroids
the stratum corneum has not been unequivocally deter-and the reasons underlying this reservoir function of
mined. There is a weight of evidence that suggests thatthe skin remain to be elucidated.
the intercellular route is important and in 1975 Elias
recognized that ‘intercellular regions of the stratum
corneum comprise an expanded, structurally complex, 5. In vitro experiments
presumably lipid-rich region which may play animpor-
tant role in percutaneous transpofEligs and Friend, There has been a plethora of different cells to deter-
1975. The structure of the stratum corneum was exam- mine percutaneous absorption in vitro and it is impor-
ined byMichaels et al. (1975and likened to a brick  tant to select a design where the transport is limited by
and mortar wall. Follicular transport has also had its the skin and not in any stagnant diffusion (non-stirred)
share of proponents as discussedToggear (1961) layers adjacent to the skin surface. The effect of per-
andWahlberg (1968)Scheuplein postulated that there fusion rate in the receptor medium has been shown
was a shunt mechanism at short times during the dif- to influence the results particularly if the permeant is
fusion process, which was overtaken at longer times very lipophilicin nature Crutcher and Maibach, 1959
by general partition and diffusion through the stra- Most static cell designs are based on the publications
tum corneum $cheuplein, 1967 If a route through by Franz in the mid 1970$-¢tanz, 1975, 1978 These
the intercellular channels is significant then stacking were also used in the early tests on in vifrovivo
of the corneocytes is important as this will dictate the comparisons.
path length for diffusionChristophers et al., 1974 It is also interesting to note that information can be
The outer layer of the skin has been recognized for obtained using membranes other than the skin but the
some time as the rate controlling membrane that acts results have to be treated with caution. Various model
predominantly as a lipophilic barrier. Therefore, par- membranes have been used including cellulose acetate
titioning is a dominant physicochemical determinant (Barry and El Eini, 197p and zeolites Qyer et al.,
in controlling absorption. The importance of partition 1979.
coefficients and the whole area of structure activity Clearly most of the information regarding the mech-
relationships (SAR) have been described for weak elec- anisms of penetration has been gained from in vitro
trolytes Clendenning and Stoughton, 196&nd the permeation studies and from the 1940s to the 1980s
steroids Katz and Shaikh, 1965 One of the first there is a vast array of data. Over the decades, atten-
reviews of the available data on SAR and skin per- tion has been paid to the penetration of water and it
meation was published dyien and Tong (1973) is interesting that this small polar molecule has a pro-
In any mechanistic study, it is instructive to deter- found influence on the barrier properties of the skin.
mine how rates are influenced by temperature. This can It is an enhancer, as hydrated skin is, in general, more
lead to a thermodynamic evaluation of the process and permeable than non-hydrated skin but even today the
energies of activation may be determined. This is an precise mechanism of action is unclear. Several pub-
area that has perhaps not received as much attention a$ications examine the penetration of water, examples
anticipated, but there are some early studies that havebeingBettley and Grice (1967Blank (1952, 1953)
probed temperature effectslenby etal., 1969; Blank ~ Burch and Winsor (1946PelLong et al. (1954)dson
etal., 1967. Some of the problems associated with this (1973)andScheuplein and Morgan (1967)
type of study are a change in permeation mechanism Probably the simplest homologous series studied
with temperature as well as possible phase transitionis the alcohols and again Blank's research group
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investigated these in the mid 19608cheuplein and  has been conducted on rhesus monkeys and compar-
Blank, 1973. Part of the problem in evaluating mate- isons made with human skin permeatidigster and
rials like these is that they can themselves influence Maibach, 1975, 1976

the barrier properties of the skin. For example, the  Early work on methyl salicylate examined the effect
neat alcohols can extract the skin lipids and their pres- of temperature and ethanol on its dermal penetration
ence in the skin will influence the solubility properties  (Brown, 1934. Furtherin vivo studies onthe salicylates
of the intercellular channels. Long chain alcohols can have been publishedCftty et al., 1960; Fritsch and
intercalate into the structured stratum corneum lipids Stoughton, 1968 Histamine was examined in the late
and disrupt their packing. This will be a function of 1940s Ghelley and Melton, 1949eserine adgraft
their degree of uptake. The phenols have also beenand Somers, 1954local anaestheticBfockemeyer
investigated Roberts and Anderson, 1975; Roberts and Guth, 195band nicotine Johnston, 1957

et al., 1977 and these also are not without their prob- 30 The Disease of Tobacco Smoking

!ems as high concentrations of phenol can damage the g, the second time—about 6 or 7 minutes after the
integrity of the stratum corneum. Probably the largest application, I estimate—it had reached my elbow.

class of compounds examined have been the steroids At this.point_ the nicotine must haye reached my
which is because of their clinical utility. The major- general circulation because three things happened

; : : simultaneously : (1) I heaved and salivated—3 or 4
ity of the early work was conducted v_wth radiolabelled times, and would undoubtedly have been sick had not
compounds. Not much of the steroids permeated the py stomach been empty : I had not eaten for over 3

skin and analytical methodology as late as the 1960s hours ; (2) All went black before my eyes except for
relied on radiolabelled compounds to achieve adequate myriad minute flashes of light. I retained my central
sensitivity. There are obvious problems associated with field of vision, however, and was able to focus. My
this type of study, for example, it is important to check ind was clear ; (3) and most striking of all, my heart

the integrity of the label during the time course of the ﬁo ;x;ds:dbt;ugto ?;ly;;q:lxgtyand tﬁr?r;ﬁlys;?r; ngei:

experiment. Examples of in vitro studies on steroids along both sides of my neck from the distension of my
include Busse et al. (1969)Chowhan and Pritchard  carotid arteries. Realizing that this must be acute
(1975) Foreman et al. (1978)Foreman and Kelly ~ nicotine poisoning, I hastily applied the cuff of my

; . sphygmomanometer as a tourniquet and raised the
15359(7169)783():heuple|n etal. (196@ndzesch and Schae pressure to 200 mm. I could think of nothing else and

. to do so I lay down on the floor (and wondered if this
Many compounds that are placed on the skin are was the end !). At this point my wife came in and,

ionized but to date, little research has been conductedseeing me on the floor, looking like death (she after-
on the ionization effects. Salicylic acid has been exam- wards told me), 'phoned in a panic to my partner to
ined in the 1970sMarcus et al., 1970together with ~ come at once. However, a few moments later, and
methotrexate\Wallace et al., 1978 The first drug to ~ Defore be came, I noticed, with infinite relief, that my

be admini q d I lami s al pulses were slowing and my vision clearing. In a few
e administered transdermally, scopolamine, is alSO prinutes 1 sat up feeling little the worse. My arm was

subject to ionization over the pH range encountered uncomfortable, however, so I released the pressure in
on, and through the skin and has been investigated bymy sphygmomanometer. Almost immediately I felt
Chandrasekaran et al. (1976) faint—as though I were going to die—but this lasted
only a few seconds, after which I felt well again.

Next day, as I moved the bottle of nicotine, I received
a drip on my middle finger. Precisely the same symp-
toms occurred, but much less severely. Later on the
same thing happened again—the side of my hand

Extract from Johnston (1957).

6. In vivo experiments

There is some commonality in the compounds
examined between the in vitro and in vivo experiments.
In vivo work has been conducted on both animals The account by Lennox Johnston on self-inflicted
and human subjects and animal comparisons made bynicotine absorption is very poignant.

Bartek et al., 1972, 1971In general, rodent skin is
more permeable than human skin and probably the ‘On one occasion | painted an area 3” by 2” on the
best model for human tissue is pig skin. Some work flexor aspect of my forearm with nicotine 5%. In about
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7 minutes | felt wretched—nauseated, headachy andfor many compounds and one that accelerated the der-
faint.’ mal absorption of a spectrum of permeantioiita
and Weber, 1964; Jacob et al., 1964; Stoughton, 1964,
Other compounds include methyl ethyl ketone 1965; Coldman et al., 1971; Chandrasekaran et al.,
(Munies and Wurster, 1965; Wurster and Munies, 1976.

1965, ephedrine Beckett et al., 1972and nitroglyc- DMSO is a dipolar aprotic solvent and related
erin (Attia, 1972. solvents were also examined as potential permeation
In the 1960s and 1970s, the nicotinates were exam- enhancers with dimethyl formamide and dimethyl

ined, the esters possessed a range of physicochemiacetamide being example$ignro and Stoughton,
cal properties and they permeated the skin to create 1965; Baker et al., 199 Surfactants can also com-
vasodilatation when they reached a triggering level promise the barrier properties of the skin and early
near the dermal vasculature. It was therefore, rela- publications concerning these date from the late 1950s
tively easy to use them as markers for skin perme- (Blank, 1969; Scheuplein and Ross, 1970; Chowhan
ation and they were therefore investigated to probe and Pritchard, 1978 Water has been considered the
both physicochemical and formulation effecédifery ‘universal’ enhancer as hydrated skin is generally more
and Hadgraft, 1979a,b,c; Baker et al., 1969; Cronin permeable. Therefore, anything that alters the hydra-
and Stoughton, 1962; Hadgraft et al., 1972, 1973; tion state of the skin, e.g., urea can be considered as an
Stoughton et al., 1960 enhancerKeldmann and Maibach, 19¥4rhe mech-
It was also possible to use a physiological response, anism of action of a number of accelerants including
that of vasoconstriction, to look at similar effects for DMSO and urea have been examinédlgnby et al.,
the corticosteroids. Release effects from different vehi- 1969. Isopropyl myristate, one of the excipients used
cles were examined together with structure—activity in modern transdermal patches, has been discussed as
relationships and estimates of bio-equivaler®asse a permeation enhancer in past publicatiddadgraft,
et al.,, 1969; Coldman et al., 1971; Feldmann and 1960.
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 8. Transdermal drug delivery
et al.,, 1965; Stoughton, 1959The clinical signifi-
cance of the vasoconstriction effect was reviewed in ~ Towards the middle and end of the 1970s, there
1968 Hadgraft and Sarkany, 19%8The particle size  was considerable optimism about the delivery of drugs
of suspended steroids can influence vasoconstriction,through the skin for systemic effects and this has
and hence, their clinical effect, showing that, in some resulted in a number of commercial patch delivery
circumstances, dissolution of the particle and diffusion systems. The pioneering publications in this field
to the skin surface is comparable to diffusion through described the delivery of scopolamine for travel sick-
the skin Barrett et al., 1966 ness and considered physicochemical properties such
as partition and ionizationQhandrasekaran et al.,
1976; Shaw et al., 1975; Shaw and Urquhart, 3979
7. Enhancers One of the perceived advantages of transdermal deliv-
ery is the lack of first pass metabolism, but the
Ithas been recognized for many years that the skin is metabolic activity of the skin itself should not be
an excellent barrier to the ingress of many compounds overlooked, a feature that has been recognized for
and to increase the therapeutic effectiveness of topical several decades and was reviewed in the mid 1940s
medicines permeation enhancers are needed. Materi(Calvery et al., 1946 A decade later when steroids
als have been examined in the past and, as mentionedvere under consideration the dermal metabolism of
above, the effects of simple structures such as ethanoltestosterone was reported/dtiz et al., 1958 Ando
examined. Real progress on enhancers and their mech-et al. (1977)have also investigated the effects of skin
anism of action did not get underway until dimethyl metabolism on the bioavailability of topically applied
sulfoxide (DMSO) was recognized as a good solvent drugs.
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9. Site variation possible routes of delivery amenable to therapeutic
agents culminated in the analogy of the skin as a “brick

The permeability of skin varies from site to site. It wall” composite. This paper also demonstrated the sig-

is interesting to note that there are reports in the distant nificance of partition behaviour in skin penetration.

literature about ‘flying ointment’, which was used by

witches to make them fly. The preparations contained

hallucinogens from natural extracts and were formu- 11. Conclusions

lated into lipophilic bases. The ointments were applied

on a broomstick, which was held between the legs,  While this review does not purport to be an exhaus-

showing a clear but early recognition of formulation tive list of publications over the time span addressed,

effects, site variations in permeability and prescience it represents papers that exemplify different points and

of transdermal delivery for systemic effecBufton, ones which form the basis of our current knowledge

1972. Smith et al. (1961demonstrated the superior base. There are topics which come in and out of favour

permeability of scrotal skin compared with abdominal and this is reflected in the areas described above. There

skin for a range of permeants. The high permeability is clear need to consider some of the historical work,

of this region has subsequently been used in the trans-some of which is very informative. Knowledge of it

dermal delivery of testosterone. should result in recognition rather than ‘reinvention of
One of the most comprehensive studies of the the wheel for future prospects and developments in

regional variation in skin permeability was conducted (trans)dermal drug delivery.

by Feldmann and Maibach (19674)sing cortisol as

the permeant, these researchers demonstrated the high

permeability of scrotal skinfeldmann and Maibach, References

1967. The permeation of water is also markedly

affected across different areas of the skelfeuplein, Albery, W.J., Hadgraft, J., 1979a. Percutaneous absorption: in vivo
1978. experiments. J. Pharm. Pharmacol. 31, 140-147.
Albery, W.J., Hadgraft, J., 1979b. Percutaneous absorption: interfa-
cial transfer kinetics. J. Pharm. Pharmacol. 31, 65-68.
Albery, W.J., Hadgraft, J., 1979c. Percutaneous absorption: theoret-
10. Models ical description. J. Pharm. Pharmacol. 31, 129-139.
Allenby, A.C., Fletcher, J., Schock, C., Tees, T.F.S., 1969. The effect
of heat, pH and organic solvents on the electrical impedance and

Numerous models have been developed to interpret o ; _
permeability of excised human skin. Br. J. Dermatol. 81, 31—

skin permeation and have subsequently been modi-
fied and improved to predict dermal and transdermal ando, H.Y., Ho, N.F., Higuchi, W.I., 1977. Skin as an active metab-
absorption. The fundamental concepts outlining the  olizing barrier. I. Theoretical analysis of topical bioavailability.
role of physical chemistry in the diffusion of drugs J. Pharm. Sci. 66, 1525-1528. S _
across the skin were published lbyguchi (1960) AttlaZ M.,1972.Th_etrea_tment of angina pectoris with nitroglycerin
The advent of topical corticosteroids led to further ointment. Cardiol. Digest 7, 9-12.

P . . Baker, B.S., Fountain, R.B., Hadgraft, J.W., Sarkany, 1., 1969. A
Wor_k on the release and uptake of st§r0|ds frqm topical  comparison of some physical properties of four vehicles used in
vehicles Poulsen, 1970 Yotsuyanagi recognized the dermatological preparations. Br. J. Dermatol. 81, 60-64.
complexity of skin and described a two-phase model Barrett, C.W., Hadgraft, J.W., Caron, G.A., Sarkany, I., 1965. The
of permeation‘(otsuyanagi and Higuchi 1972\Nith effect of particle size and vehicle on the percutaneous absorption

the realization that pharmacokinetics could be applied offluocinolone acetonide. Br. J. Dermatol. 77, 576-578.
p pp Barry, B.W., El Eini, D.1., 1976. Influence of non-ionic surfactants

to the different stages in Skin delivery,_several mod- on permeation of hydrocortisone, dexamethasone, testosterone
els were reported to describe permeation and uptake and progesterone across cellulose acetate membrane. J. Pharm.
into the systemic circulationWallace and Barnett, Pharmacol. 28, 219-227.

1978. The evolution of the field of transdermal deliv- Bartek, M.J., LaBudde, J.A., Maibach, H.1., 1972. Skin permeability
in vivo, comparison in rat, rabbit, pig and man. J. Invest. Derma-

ery necessitated the development of predictive methods | \"co" 174 193
for selection of candidate drugs for this route of admin- gartek, M.J., LaBudde, J.A., Maibach, H.1., 1971. Skin permeability
istration. The work ofMichaels et al. (1975pn the in vivo: rat, rabbit, pig and man. Clin. Res. 19, 358.



10

Beckett, A.H., Gorrod, J.W., Taylor, D.C., 1972. Comparison of oral
and percutaneous routes in man for the systemic administration
of ‘ephedrines’. J. Pharm. Pharmacol. 24, 65P-70P.

Bettley, F.R., Grice, K.A., 1967. The influence of ambient humid-
ity on transepidermal water loss. Br. J. Dermatol. 78, 575—
581.

Blank, I.H., 1952. Factors which influence the water content of the
stratum corneum. J. Invest. Dermatol. 18, 433—439.

Blank, I.H., 1953. Further observations on factors which influence
the water content of the stratum corneum. J. Invest. Dermatol.
21, 259-271.

Blank, I.H., 1965. Cutaneous barriers. J. Invest. Dermatol. 45,
249-256.

Blank, I.H., 1969. Transport across the stratum corneum. Toxicol.
Appl. Pharmacol. 3, 23-29.

Blank, I.H., Scheuplein, R.J., 1964. The epidermal barrier. In: Rook,
A.J., Champion, R.H. (Eds.), Progress in the Biological Sciences
in Relation to Dermatology, vol. 2. Cambridge University, Cam-
bridge, pp. 245-261.

Blank, I.H., Scheuplein, R.J., 1969. Transport into and within the
skin. Br. J. Dermatol. 81, 4-10.

Blank, I.H., Scheuplein, R.J., Macfarlane, D.J., 1967. Mechanism
of percutaneous absorption Ill. The effect of temperature on the
transport of non-electrolytes across the skin. J. Invest. Dermatol.
49, 582-589.

Brockemeyer, E.W., Guth, E.P., 1955. A measurement of the effi-
ciency of ointment bases in releasing a local anesthetic. J. Am.
Pharm. Ass., Sci. Ed. 44, 706—709.

Brody, 1., 1977. Ultrastructure of the stratum corneum. Int. J. Der-
matol. 16, 245-256.

Brown, E.W., 1934. The absorption of methyl salicylate by the human
skin. J. Pharmacol. Exp. Ther. 50, 32-50.

Burch, G.E., Winsor, T., 1946. Diffusion of water through dead plan-
tar, palmar and torsal human skin and through toe nails. Arch.
Dermatol. Syph. 53, 39-41.

Burton, R.J., 1972. Witchcraftin the Middle Ages. Cornell University
Press, New York.

Busse, M.J., Hunt, P., Lees, K.A., Maggs, P.N., McCarthy, T.M.,
1969. Release of betamethasone derivatives from ointments. In
vivo and in vitro studies. Br. J. Dermatol. 81, 103-111.

Calvery, H.O., Draize, J.H., Laug, E.P., 1946. The metabolism and
permeability of normal skin. Phys. Rev. 26, 495-540.

Chandrasekaran, S.K., Michaels, A.S., Campbell, P.S., Shaw, J.E.,
1976. Scopolamine permeation though human skin in vitro. Am.
Inst. Chem. Eng. J. 22, 828-832.

Chowhan, Z.T., Pritchard, R., 1975. Release of corticoids from
oleaginous ointment bases containing drug in suspension. J.
Pharm. Sci. 64, 754-759.

Chowhan, Z.T., Pritchard, R., 1978. Effect of surfactants on percuta-
neous absorption of naproxen. 1. Comparisons of rabbit, rat and
human excised skin. J. Pharm. Sci. 67, 1272-1274.

Christophers, E., Wolff, H.H., Laurence, E.B., 1974. The forma-
tion of epidermal cell columns. J. Invest. Dermatol. 62, 555—
559.

Clendenning, W.E., Stoughton, R.B., 1962. Importance of the aque-
ous/lipid partition coefficient for percutaneous absorption of
weak electrolytes. J. Invest. Dermatol. 39, 47-49.

J. Hadgraft, M.E. Lane / International Journal of Pharmaceutics 305 (2005) 2—12

Coldman, M.F., Lockerbie, L., Laws, E.A., 1971. The evaluation of
several topical corticosteroid preparations in the blanching test.
Br. J. Dermatol. 85, 381-387.

Coldman, M.F., Poulsen, B.J., Higuchi, T., 1969. Enhancement of
percutaneous absorption by the use of volatile: nonvolatile sys-
tems as vehicles. J. Pharm. Sci. 58, 1098-1102.

Cotty, V.F., Skerpac, J., Ederma, H.M., Zurzola, F., Kuna, M., 1960.
The percutaneous absorption of salicylates as measured by blood
plasma levels in the rabbit. J. Soc. Cosmet. Chem. 11, 97-112.

Cronin, E., Stoughton, R.B., 1962. Percutaneous absorption of nico-
tinic acid and ethyl nicotinate in human skin. Nature 195,
1103-1104.

Crutcher, W., Maibach, H.1., 1969. The effect of perfusion rate on in
vitro percutaneous penetration. J. Invest. Dermatol. 53, 264—269.

Davies, R.E.M., 1950. Penetration of dermatological vehicles.
Pharm. J., 74-76.

DelLong, C.W., Thompson, R.C., Kornberg, H.A., 1954. Percuta-
neous absorption of tritium oxide. Am. J. Roent. Rad. Ther. Nucl.
Med. 71, 1038-1045.

Dyer, A., Hayes, G.G., Wilson, J.G., Catterall, R., 1979. Diffusion
through skin and model systems. Int. J. Cosmet. Sci. 1, 91-100.

Elias, P.M., Friend, D.S., 1975. The permeability barrier in mam-
malian epidermis. J. Cell Biol. 65, 180-191.

Feldmann, R.J., Maibach, H.I., 1965. Penetration of 14C hydrocorti-
sone through normal skin. The effect of stripping and occlusion.
Arch. Dermatol. 91, 661-666.

Feldmann, R.J., Maibach, H.l., 1966. Percutaneous penetration of
14C hydrocortisone in man. Il. Effect of certain bases and pre-
treatments. Arch. Dermatol. 94, 649—-651.

Feldmann, R.J., Maibach, H.l., 1967. Regional variation in percu-
taneous penetration of 14C cortisol in man. J. Invest. Dermatol.
48, 181-183.

Feldmann, R.J., Maibach, H.l., 1969. Percutaneous penetration of
steroids in man. J. Invest. Dermatol. 52, 89-94.

Feldmann, R.J., Maibach, H.l., 1974. Percutaneous penetration of
hydrocortisone with urea. Arch. Derm. 109, 58-59.

Fischmeister, 1., Hellgren, L., Vincent, J., 1975. Infrared spec-
troscopy for tracing of topically applied ointment vehicles and
active substances on healthy skin. Arch. Dermatol. Res. 253,
63-69.

Foreman, M.1., 1976. A proton magnetic resonance study of water in
human stratum corneum. Biochim. Biophys. Acta 437, 599—-603.

Foreman, M.1., Bladon, P., Pelling, P., 1979. Proton NMR studies of
human stratum corneum. Bioeng. Skin 2, 48-58.

Foreman, M.I., Clanachan, 1., Kelly, I.P., 1978. The diffusion of
nandrolone through occluded and non-occluded human skin. J.
Pharm. Pharmacol. 30, 152-157.

Foreman, M.1., Kelly, 1., 1976. The diffusion of nandrolone through
hydrated human cadaver skin. Br. J. Dermatol. 95, 265-270.
Franz, T.J., 1975. Percutaneous absorption on the relevance of in

vitro data. J. Invest. Dermatol. 64, 190-195.

Franz, T.J., 1978. The finite dose technique as a valid in vitro model
for the study of percutaneous absorption in man. Curr. Prob. Der-
matol. 7, 58-68.

Fritsch, W.C., Stoughton, R.B., 1963. The effect of temperature and
humidity on the penetration of C14 acetylsalicylic acid in excised
human skin. J. Invest. Dermatol. 41, 307-311.



J. Hadgraft, M.E. Lane / International Journal of Pharmaceutics 305 (2005) 2—12

Hadgraft, J.W., 1960. Isopropyl myristate in ointments and creams.
Pharm. J., 509-510.

Hadgraft, J., Hadgraft, J.W., Sarkany, ., 1972. The effect of glyc-
erol on the percutaneous absorption of methyl nicotinate. Br. J.
Dermatol. 87, 30-36.

Hadgraft, J., Hadgraft, J.W., Sarkany, I., 1973. The effect of thermo-
dynamic activity on percutaneous absorption. J. Pharm. Pharma-
col. 25, 122—-123.

Hadgraft, J.W., Sarkany, I., 1968. Ointments and creams: clinical
significance of formulation. Br. J. Clin. Pract. 22, 455-456.

Hadgraft, J.W., Somers, G.F., 1954. A method for studying percuta-
neous absorption in the rat. J. Pharm. Pharmacol. 6, 944-948.

Hadgraft, J.W., Somers, G.F., 1956. Percutaneous absorption. J.

Pharm. Pharmacol. 8, 625-634.

Hellman, L., Bradlow, H.L., Adesman, J., Fukushima, D.K., Kulp,
J.L., Gallagher, T.F., 1954. The fate of hydrocortisone-4-C14 in
man. J. Clin. Invest. 33, 1106-1115.

Higuchi, T., 1960. Physical chemical analysis of percutaneous

absorption process from creams and ointments. J. Soc. Cosmet.

Chem. 11, 85-97.
Higuchi, T., 1961. Rate of release of medicaments from ointment

bases containing drugs in suspension. J. Pharm. Sci. 50, 874-875.

Higuchi, W.I., 1962. Analysis of data on the medicament release
from ointments. J. Pharm. Sci. 51, 802—804.

Horita, A., Weber, L.J., 1964. Skin penetrating property of drugs
dissolved in dimethylsulphoxide (DMSO) and other vehicles.
Life Sci. 3, 1389-1395.

Idson, B., 1973. Water and the skin. J. Soc. Cosmet. Chem. 24,
197-212.

Jacob, S.W.,, Bischel, M., Herschler, R.J., 1964. Dimethyl sulphox-
ide: effects on the permeability of biologic membranes (prelim-
inary report). Curr. Ther. Res. 6, 193-198.

Johnston, L., 1957. The Disease of Tobacco Smoking and its Cure.
Christopher Johnson, London, pp. 28—42.

Katz, M., Poulsen, B.J., 1971. Absorption of drugs through the skin.
In: Brodie, B., Gillette, J. (Eds.), Concepts in Biochemical Phar-
macology, 28. Springer-Verlag, Berlin, pp. 103-174.

Katz, M., Poulsen, B.J., 1972. Corticoid, vehicle and skin interaction
in percutaneous absorption. J. Soc. Cosmet. Chem. 23, 565-590.

Katz, M., Shaikh, Z.1., 1965. Percutaneous corticosteroid absorption
correlated to partition coefficient. J. Pharm. Sci. 54, 591-594.

Lien, E.J., Tong, G.L., 1973. Physicochemical properties and percu-
taneous absorption of drugs. J. Soc. Cosmet. Chem. 24, 371-384.

Malone, T., Haleblian, J.K., Poulsen, B.J., Burdick, K.H., 1974.
Development and evaluation of ointment and cream vehicles for
a new topical steroid, fluclorolone acetonide. Br. J. Dermatol. 90,
187-195.

Marcus, F., Colaizzi, J.L., Barry, H., 1970. pH effects on salicy-
late absorption from hydrophilic ointment. J. Pharm. Sci. 59,
1616-1620.

11

McKenzie, A.W., Stoughton, R.B., 1962. Method for comparing per-
cutaneous absorption of steroids. Arch. Dermatol. 86, 608—610.

Michaels, A.S., Chandrasekaran, S.K., Shaw, J.E., 1975. Drug per-
meation through human skin: theory and in vitro experimental
measurement. Am. Inst. Chem. Eng. J. 21, 985-996.

Munro, D.D., Stoughton, R.B., 1965. Dimethylacetamide (DMAC)
and dimethylformamide (DMFA) effect on percutaneous absorp-
tion. Arch. Derm. 92, 585-586.

Munies, R., Wurster, D.E., 1965. Investigation of some factors influ-
encing percutaneous absorption. Ill. Absorption of methyl ethyl
ketone. J. Pharm. Sci. 54, 1281-1284.

Ostrenga, J., Haleblian, J., Poulsen, B., Ferrell, B., Mueller, N., Shas-
tri, S., 1971. Vehicle design for a new topical steroid fluocinonide.
J. Invest. Dermatol. 56, 392-399.

Packer, K.J., Sellwood, T.C., 1978a. Proton magnetic resonance
studies of hydrated stratum corneum. Part 1. Spin-lattice and
transverse relaxation. J. Chem. Soc. Faraday Trans. Il, 1579—
1591.

Packer, K.J., Sellwood, T.C., 1978b. Proton magnetic resonance stud-
ies of hydrated stratum corneum. Part 2. Self-diffusion. J. Chem.
Soc. Faraday Trans. Il, 1592—-1606.

Poulsen, B.J., 1970. The use of models in estimating vehicle effects
on the activity of topical corticosteroid formulations. Br. J. Der-
matol. 82, 49-52.

Puttnam, N.A., 1972. Attenuated total flectance studies of the skin.
J. Soc. Cosmet. Chem. 23, 209-226.

Roberts, M.S., Anderson, R.A., 1975. The percutaneous absorption
of phenolic compounds: the effect of vehicles on the penetration
of phenol. J. Pharm. Pharmacol. 27, 599-605.

Roberts, M.S., Anderson, R.A., Swarbrick, J., 1977. Permeability of
human epidermis to phenolic compounds. J. Pharm. Pharmacol.
29, 677-683.

Rothman, S., 1943. The principles of percutaneous absorption. J.
Lab. Clin. Med. 28, 1305-1321.

Sarkany, I., Hadgraft, J.W., 1969. The influence of formulation on
topical corticosteroid activity. Br. J. Dermatol. 81, 98-102.

Sarkany, I., Hadgraft, J.W., Caron, G.A., Barrett, C.W., 1965. The
role of vehicles in the percutaneous absorption of corticosteroids.
An experimental and clinical study. Br. J. Dermatol. 77, 569—
575.

Scheuplein, R., 1978. Site variations in diffusion and permeability.
Physiol. Pathophysiol. Skin 5, 1731-1752.

Scheuplein, R.J., 1965. Mechanism of percutaneous absorption. I.
Routes of penetration and the influence of solubility. J. Invest.
Dermatol. 45, 334-346.

Scheuplein, R.J., 1967. Mechanism of percutaneous absorption. II.
Transient diffusion and the relative importance of various routes
of skin penetration. J. Invest. Dermatol. 48, 79—-88.

Scheuplein, R., Ross, L., 1970. Effects of surfactants on the perme-
ability of epidermis. J. Soc. Cos. Chem. 21, 853-873.

Marks, R., Dawber, R.P.R., 1971. Skin surface biopsy: an improved Scheuplein, R.J., Blank, I.H., 1973. Mechanism of percutaneous

technique for the examination of the horny layer. Br. J. Dermatol.
84, 117-123.

McKenzie, A.W., 1962. Percutaneous absorption of steroids. Arch.
Dermatol. 86, 611-614.

McKenzie, A.W., 1966. Comparison of steroids by vasoconstriction.
Br. J. Dermatol. 78, 182-183.

absorption. IV. Penetration of nonelectrolytes (alcohols) from
aqueous solutions and from pure liquids. J. Invest. Dermatol. 60,
286-296.

Scheuplein, R.J., Blank, I.H., Brauner, G.J., MacFarlane, D.J., 1969.

Percutaneous absorption of steroids. J. Invest. Dermatol. 52,
63-70.



12

J. Hadgraft, M.E. Lane / International Journal of Pharmaceutics 305 (2005) 2—12

Scheuplein, R.J., Morgan, L.J., 1967. Bound water in keratin mem- Vallette, G., 1953. Percutaneous absorption. Pharm. J. 20, 461—

branes measured by a microbalance technique. Nature 214,

456-458.

Scheuplein, R.J., Ross, L.W., 1974. Mechanism of percutaneous

462.

Vickers, C.F.H., 1963. Existence of reservoir in the stratum corneum.
Arch. Dermatol. 88, 20-23.

absorption. V. Percutaneous absorption of solvent deposited Vickers, C.F.H.,1972. Stratum corneum reservoir for drugs. In: Mon-

solids. J. Invest. Dermatol. 62, 353—360.

Shaw, J.E., Chandrasekaran, S.K., Taskovich, L., 1975. Use of percu-
taneous absorption for systemic administration of drugs. Pharm.

J., 325-328.

Shaw, J., Urquhart, J., 1979. Programmed, systemic drug delivery by

the transdermal route. Trends Pharmacol. Sci. 1, 208-211.

Shelley, W.B., Melton, F.M., 1949. Factors accelerating the penetra-

tion of histamine through normal intact human skin. J. Invest.
Dermatol. 13, 61-71.

Smith, J.G., Fischer, R.W., Blank, H., 1961. The epidermal barrier.
A comparison between scrotal and abdominal skin. J. Invest.

Dermatol. 36, 337-341.

Stoughton, R.B., 1964. Influence of dimethyl sulfoxide (DMSO) on
human percutaneous absorption. Arch. Derm. 90, 512-517.
Stoughton, R.B., 1965. Dimethylsulfoxide (DMSO) induction of a
steroid reservoir in human skin. Arch. Derm. 91, 657—660.

Stoughton, R.B., 1969. Vasoconstrictor activity and percutaneous

absorption of glucocorticosteroids—a direct comparison. Arch.
Dermatol. 99, 753-756.

Stoughton, R.B., Clendenning, W.E., Kruse, D., 1960. Percutaneous

absorption of nicotinic acid and derivatives. J. Invest. Dermatol.
35, 337-341.

Tregear, R.T., 1961. Relative penetrability of hair follicles and epi-
dermis. J. Physiol. 156, 307-313.

Tregear, R.T., 1964. The permeability of skin to molecules of widely-
differing properties. In: Rook, A., Champion, R.H. (Eds.), Uni-
versity of Cambridge, School of Post-graduate Medical Teaching
and Clincal Research; Progress in the Biological Sciences in
Relation to Dermatology, vol. 2. University Press, Cambridge,
pp. 275-281.

Tregear, R.T., 1966. The permeability of mammalian skin to ions. J.
Invest. Dermatol. 46, 16-23.

Treherne, J.E., 1956. The permeability of skin to some non-
electrolytes. J. Physiol. 133, 171-180.

tagna, W., Van Scott, E.J., Stoughton, R.B. (Eds.), Pharmacology
and the Skin, vol. 12. Appleton Century Crofts Educational Divi-
sion, Meredith Corporation, New York, N.Y., pp. 177-189.

Wahlberg, J.E., 1968. Transepidermal or transfollicular absorption?
Acta Dermatol. Venereol. 48, 336—344.

Wallace, S.M., Barnett, G., 1978. Pharmacokinetic analysis of per-
cutaneous absorption: evidence of parallel penetration pathways
for methotrexate. J. Pharmacokin. Biopharm. 6, 315-325.

Wallace, S.M., Runikis, J.O., Stewart, W.D., 1978. The effect of pH
on in vitro percutaneous penetration of methotrexate correlation
with solubility and partition coefficient. Can. J. Pharm. Sci. 13,
66-68.

Wester, R.C., Maibach, H.I., 1975. Percutaneous absorption in the
rhesus monkey compared to man. Toxicol. Appl. Pharmacol. 32,
394-398.

Wester, R.C., Maibach, H.l., 1976. Relationship of topical dose and
percutaneous absorption in rhesus monkey and man. J. Invest.
Dermatol. 67, 518-520.

Woolley-Hart, A., 1972a. The role of the circulation in measurements
of skin conductivity. Br. J. Dermatol. 87, 213-226.

Woolley-Hart, A., 1972b. A simple technique for measuring skin
conductivity. Med. Biol. Eng. 10, 561-563.

Wotiz, H.H., Mescon, H., Doppel, H., Lemon, H.M., 1956. The in

vitro metabolism of testosterone by human skin. J. Invest. Der-

matol. 26, 113-120.

Waurster, D.E., Munies, R., 1965. Factors influencing percutaneous

absorption. Il. Absorption of Methyl Ethyl Ketone. J. Pharm. Sci.
54, 554-556.

Yotsuyanagi, T., Higuchi, W.1., 1972. A two phase series model for

the transport of steroids across the fully hydrated stratum cor-
nuem. J. Pharm. Pharmacol. 24, 934-941.

Zesch, A., Schaefer, H., 1973. In vitro penetration of radiolabelled

hydrocortisone in various vehicles in human skin. Arch. Derma-
tol. Forsch. 246, 335-354.



	Skin permeation: The years of enlightenment
	Introduction
	General reviews and basic concepts
	Methodologies
	Mechanisms
	In vitro experiments
	In vivo experiments
	Enhancers
	Transdermal drug delivery
	Site variation
	Models
	Conclusions
	References


