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INTRODUCTION 

The obJectlve orthis chapter is to identify those biological and physicochemical 

parameters which. determine the rate and extentofchem1cal:penetratlon.across· 

human skin. Therets no question that dennalexposureto tox1csubstances 

represents a major occupaUonal hazard and that successful.anUcipaUon of 

potenUal risk could sign1fIcantly reduce the incidence- of thischrontc health and 

environmental problem. Recent interest in the transdermal delivery of drugs to 

el1c1t systemIc pharmacological effects has stimulated' research into the 

mechanism(s) of percutaneous' absorption and a detailed understanding of the skin's 

barner function. On the basis of this emerging information. it is now feasible to 

. predict, with a reasonable degree orrellab1l1ty,the systemtc exposure of the. body to 

achemtcal follow1ng dermal contact. It should then. prove possible to determine, on 

a ratlonal basis, whether a toxicity problem-is.likely and, if so,. what steps should be' 

taken to min1m1se the- risk. To understand dermal penetraUon and the factors 

which control this route of chemical entry into the body, It is first necessary to 

review the salient anatomtcalfeatures of the skin that control the barrier to 

absorption. Subsequently, we will discuss how: these physiological parameters 

interact with the physicochemical properties of the dermally-contactlng chemical. 

to determine the kinetics and degree ofpenetratlon; 
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SKIN· STRUCTURE 

The skin is the largest organ of the body and covers a surface area of nearly 2 m2 in 

the adult human. The basic structure of skin is a b1laminatemembrane comprising 

the dermis. and epidermis. Although the thicknesses of these layers dJ.ITer from site 

. to· site on the body .. the microscopic' detail is remarkably constant. The' maj or 

determinants of the baITier functionorthe skin are the stratum corneum and the 

viable tissue. lhe two regions which constilule the epidermis. Thevlable epidermis 

evolves from a basal endothelial cell layer. As the cells mature. they migrate 

towards the skin swface and undergo the process of d11Terentlation; In so doing. a 

thin. completely kerat1n1sed cell layer. the stratum corneum, is formed as a 10 IJIll 

thick layer: at the surface. The stratum· corneum can be depicted as a "brick wall" 1. 

The keratin filled. corneocytes· aretpeo bricks and a complex mixture of apolar 

lipids2 form the mortar and confer structuralintegrtty. A prtnc1pal function of the 

stratum corneum is to. provide a bamer. to the transepldermalloss of. tissue water. 

By fOrming' th1s reSistance. it is.consequentlal that the stratum corneum is, also an 

excellent barner to, the inward movement of dermally' contacting materials; 

The d11Tuslon environment of the stratum corneum'is primarily lipophilic (see: 

below). The Viable epidermiS;. on .the other: hand. is. an. essentially aqueous region. 

In addition. the' epldeimisis·avascular. them1croc1rculation of the skin being 

confined to the dennis .. For'a. toplcallyappl1ed chemical to reach the systemiC' 

circulation. therefore .. requires- that it transports through. both. Upophilic and 

aqueous .reglons. A schematic representation of the skin is shown in. Figure 1. 
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In most cases, it is the lipoidal stratum corneum. which provides the rate limiting 

step in absorption3 . However, for very lipophilic substances, slow partitioning 

from the stratum corneum into the less 'attractive' viable tlssue.layer can assume 

overall control of the penetration process. If the' latter situation prevails, then, a 

reservoir of chemical can be establJshed within the stratum corneum and can 

provide a. slow release of the agent into the body over a prolonged period of ~e4 .. 
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ROUTES OF PENETRATION 

Previous discussions concerning, the routes. of chemical penetration across the skin 

(and. in' particular; the stratum corneum) have identified three possible pathways5 

(FJgure2): 

(a) transcellular. 

(b) Intercellular. and, 

(c) appendageal (primarily. follicular). 

On the basis of a number of disparate obseIVatlons over the last 10-15 years. it now 

appears' that, for the majority of compounds. the intercellular route predOminates. 

In man.. transport via the hair follicles, and sweat glands is unlikely on the basis of 

available surface area: in other words. except in isolated regions. humans are not 

very hairy nor does the skin contain a high number. of sweat g~ands. The 

transcellular path. although max1m1sing, the surface area parameter, requires that 

transport takes place through the densely packed corneocytes and that multlple 

partitioning steps between. these: cells and the Intercellular llpidsoccur. It has been 

shown. for example, in experiments local1stng the position of butanol during its, 

passage across the stratum,corneum, that thechem1calis concentrated in. the 

intercellular domains and is excluded, from the" interior of the comeocytes6; Earlier 

studies 7, which Investigated the passage of nicotlnlc acid esters across the skin, 

demonstrated that a transcellular route was, phys1cochemically implaus1ble and 

that the intercellular path was preferred. More recently,. the link between the 

physical' state of the intercell ular lipid and the status of the barrier function has 

been establ1shed8. There' appears to be no- question that fiuidIsatlon of the lipid 

'mortar' Is directly correlated with facilitated stratum corneum transport.. It is 

, appropriate, therefore. to view the stratum corneum as an essentially llpid 

membrane., One should also point out that the lJpids are organised, into broad 

5'-



lamellar sheets and'that these structures can be visualised by careful microscopy9. 

A feature of the lip1d' compositon compr1sJng the Intercellular reg10n is the' high 

fractlon of ceramides and the virtual absence of phospholip1ds. It is possible that 

some of the cerami des act as "rivets" to hold together adjacent lamellae 10. 

Identificatlon of the Intercellular lipid domain· as the transport path has. a 

sIgnl1lcanl ramification from the. standpOint of dermal exposure to toxic materials. 

Another key· study in the determinatlon of barrier properties Involved solvent 

extraction of the stratum corneum 11. When the skin 1s treated with volatile 

solvents. the barrier to chemical transport is· reduced. presumably because of lipid 

extraction Replacement of the lipId restores barrier function. This observation. is 

hIghly relevant: many occupational exposures to toxic chem1cals,are mediated Via 

the solvents In which the chemicals aredlssolved. Hence. not only are these 

materials contactlng the skJn. they are being "delivered" to the. surface In a vehicle 

which itself can compromise· the~ barrier. 

\ 
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PHYSICOCHEMICAL, DETERMINANTS, OF SKIN PENETRATION 

The sequential steps involved. in percutaneous absorption are schematically 

illustrated in Figure 3. 

The' 1n1Ual process is the partitioning of the chemJcal into the Upid environment of 

the stratum'corne\llIL The ease ofthls event w1llbe'determ1ned by both the inherent 

attraction of the chemical for the lipIds and the nature of the 'vehIcle' in whIch the 

chem1calis deUvered to the skin suIface-. If the chemical, is·in a soUd' state, e~g., a 

powder. then. the particle size and' polymorphlsmOf the material may contribute. to 

the kinet1cs,ofthls first step in absorption. Thematertalmust be in solution before 

it can partition into the stratum corneum' and hence the dissolution rate can 

contribute to U1.eoverall absorption 12. For an agent that is- a Uquid or in solution, 

the-partition coefficient (Ks / v) between:the appUed phase' and the outer layers of the' 

stratum corneum. is, important. Recent publications have-indicated that the' 

solubility parameter of the- chemical may be a, factor: that should be consIdered in 

predicting Ks/v 13:. 

Having partitioned. into the- stratum corneum~ the chemical must now diffuse 

through the lntercel1ularUpIds., The~diffiJslonalbarrter of the stratum corneum is 

high and has been characteriSed by dUfusion coe11lcIents,as'low as 10-13 cm2/s~ 

However; these values, are frequently based. on a path-length of transport that 

Ignores the tortuoisty- of the intercellular route. As a result. most dUfusion 

coeffiCients, quoted for stratum corneum transport are under;.esUrnates. Further. 

derivation of diffusIon. coefficIents has usually involved. in'vItro measurement of a 

dlITusional lag-ume I4. Unfortunately. experimental detennination of this 

parameter: is subject to consIderable variability. The- use of lag-Urnes to calculate 
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di1fuslon coefficients. therefore. 15. at best, approxJmate and. more typically. 

unreliable; There is general agreement that the d.iffuslonal resistance of the 

stratum corneum increases (Le .• the diffusion coefilclent decreases) as the molecular 

size (or weIght) of the penetrant increases. The dependence on molecular weight 

(MW). however, and whether there is a· ''cut-01l'' In 'MW' beyond which skin transport 

does not occur~has not been.resolved~ It has·been suggested that.cUlTuslon through 

the stratum corneum 15 analogous. to transport through. a polymer network and' that 

the di1Iuslon.coeJIlcient depends exponentially onmolecularvolume15; In the light 

__ of the previous statements concernJ.ng the nature of the di1fuslonal route~ transport 

Is probably modelled better by consideration of a lipid array rather than a 

polymeric matrix.. Therefore, the dependence. of dUTuslon coefficient on molecular 

size would not be expected to be as severe as that gIVen by an exponential relation. In 

l1ne with valuesobtatned for di1Iuslon In liqu1ds~ It is anticipated. that the. di1fuslon 

coeffic1entwill vary as a function of (MW}-b.whereb : O.3-0.1?16~ In predictions of 

the transdermal delivery of drugs. a cube root dependency has been found to be a. 

satisfactory approximatton17. 

The next. step In percutaneous, penetration is, the partitiOning. of the chemical from: 

the lipid environment of the' stratum corneum Into the much more aqueous In 

nature viable' epidenn1S. Chemicals which are' extremely lipophilic will be severely 

rate-llmited by this process due. to their low solubility in the Viable tissue and. the 

resultant slow Interfac1al transfer kinetics at the lipld;"aqueous· boundary. The' 

degree of penetrant lipophillclty which leads to this change in transport contrqlllng 

step Is not precisely defined. However,. on the basis of simulations oethe skin 

transport. process1S' and. from analyses ofexpertmentally determlned absorption: 

data 19; chemicals: with a log (octanol/water) partition coefficIent (log P) greater 

than 3;0 may be expected to beat least partially rate-controlled by the stratum 

corneum to viable epidermis transfer step; The sensitivity of this component. of. 
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percutaneous penetration to the oU/water partition coefficIent of the chemIcal Is 

1llustratedin the discussion ofldnetic modelling below. As statedprev1ously. an 

important ramification of this step being kinetlcally llmit1ng is that a substanUal 

reservoir of chemical can be established in the stratum corneum. For more water-

soluble subslances. of course. interfacial transport across the stratum corneum -

viable'tissue intenacels·afacUe and. rapid .. process that does not tnfiuencethe. 

overall absorption rate. 

Having reached the viable epldennts. the penetrant Is relatlvely free to diO"use 

deeper into the skin towards the. cutaneous microcirculation in the upper dermis. 

The dUIuslon environment resembles an aqueous,proteIn gel20 and Is characteriSed 

by ci1ffuslon coefficIents of the order of 1077-10;-6 cm2/s. As these values are orders 

. of magnttude greater than those representatlve of the stratum. corneum. it follows 

that this dUI uslon· step Is unlikely to determine the' absorptlon rate' unless the outer 

layer of the' skin.1s damaged. 

Finally. the penetrant wUl encounter a, blood~ vessel and gain entry to the systemic 

circulatlon. This will normally be a very efficient process and is one that has been 

charactertsed by a' first-order rate' constant21 of approximately 10-3 s:" 1. It 15 

possIble that certain chemicals may induce Significant changes in cutaneous blood 

flow. Those which cause' vasodtlatatlon, are unlikely to enhance the overall: flux of 

penetrant in the body because of the general efficiency of the process in the 

unperturbed state. Vasoconst.r1ctors. on the other hand: may impede their own 

clearance from the dermiS and. retard the rate of appearance' of the: chem1calin the-

body. Deeper penetration1nto subcutaneous Ussues (fat. muscle).may occur and lead 

to the fonnation- oCa' long-lived. depot22. The prec15emechanlsm by which this 
.. 

occurs 15 not fully understood .. However. simple calculations of transfer rates 
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suggest that passive dlffusion alone cannot be responsible for locallsation of 

topically applied· agents in the deeper tissues of the skin. 

At thiS point. it is possible to identify certain physicochemical parameters which 

can give an indication of a. molecule's ability to penetrate' skin. From the disCUSSlc:)D 

. above. it. is clear that the relative Upoph1Uc1ty of the penetrant 15. a key: 

determinant. Ionised materials are poor penetrants unless they are' able to form 

ion pairS. It can also be shoWn that skin. penetration is inversely related to 

perineant melting point (MP); For example. in Ftgure4. the steady state flux of an 

unrelated group of compounds across exCised human skin in vitro is plotted as a· 

function of penetrant MP23: a linear relationship is seen Not unexpectedly. for this 

same series of compounds •. flux increases proportionately with oil/water partition 

coefficJent However. as indicated above. penetratlondoes not continue to rise-with 

ever-increasing partition coeffiCient. At some point~ the' l1p~ph1l1Clty becomes high 

enough that transfer out of the' stratum corneum is rate-lJm1ttng. Hence~ flux as a 

functlon of partition. coemcient will plateaU' or~,1fthe range of penetrants is 

sufficJently large .. show a parabolic fonn24·. The maximum. in the parabola occurs 

at a value of log P of: approximately 2. The generality of this observatlon. though., is, 

not. at this time. fully establ1shed~. In. conclusion. the following basic rules can be 

deduced:'-

[1]' Chemicals with a' logP between .1. and' 2. will be' well absorbed. 

[2}, Poorly soluble substances are not well absorbed. 

(3) The lower themelUng point of the agent. the better its absorption; . 

(4): Molecules whlchcan hydrogen bond. diITuse more·slowly through the skin; 



STRUCTURE-ACTIVITY RELATIONSHIPS IN, PERCUTANEOUS PENETRATION 

There have been. on the whole, relatively few quantitatlve attempts to relate 

percutaneous absorption to the structure and physicochemical properties of the 

penneant. To do. so requires that systematic evaluation of skin penetration be 

performed on several sets of homologous. or analogous chem1cals. These 

experiments· are, tlme-consum1ngand',do not necessarily address compounds of 

immediate'significance to a particular therapeutic or toxicologic situation., 

Nevertheless, there is noquesUon that, ultimately, these. studies will fonnthe' 

cornerstone on which valid predictions of dermal exposure can be made. It is 

Important, therefore, that this type of approach be: pursued and' encouraged. It is 

equally Important that the experiments. be conducted in as meaningful a fashion as 

possible: that is to say: if a model. system (animal, in Vitro, etc.) is to be used, then 

some attempt to relate the data obtained. to results in humans must be made. In this 
',' 

way, not only may a useful structure-activity relaUonship be derived, but one may 

also gain insight as to the degree, of extrapolation necessary to convert ''model 

system" information into a risk assessment in man.. 

With respect to structure-transport studies .in skin absorpUon. the following specific 

chemical classes, have .been investigated: n~alkano1s25,26: pheno1s27,28. 

phenylboronic aCids29-, steroids30,31, nicotinic acid esters28,32, alkanoic 

aCids33,polynuclear aromaUcs34". and. non-steroidal antHnflammatory drugs35. 

n-Alkanols:' The steady-slate permeabUity from aqueous . solution; of the 

. homologous serIes of n-alcohols through excised human epidermis in vitro has been 

measured25. Theresults, plotted as penneab1lltycoefficienL(Kp) aga1nst log P. are 

shown in Figure 5. Also shown on this graph are the: correspondIng' data for the 
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same molecules permeating full-thickness hairless mouse skin26. The. results for 

human skin are described by the equauon36 : 

10g .. Kp = 0~5410gP - 2.88' (I) 

with a correlation coefficient oCO.98. A slightly improved correlation is obtained if 

the stratum corneum. - waterpartltlon coefficient is used36. The haJrless mouse 

data fit the equation:' 

log Kp =·0.50 log P - 2.52 (2) 

with. again. r = 0.98. It follows that. in this case, a result from the animal model 

would be quite pred!ctlveof human skin absorption. Furtherdiscussion of an1mal 

to man extrapolation is presented below; One may also conclude from these results 

that, within. this series of compounds, a log:-linear relaUonship dependent upon 

parUUoncoeITicient alone IS. perfectly adequate to assess·Kp. As will become 

apparent. however, it is~ not necessarily true that the equaUons above can. be used to 

predict the I{p of a chem1cal.which is not an alcohol. A final point is that the results 

for transport across human el?idermJs hint (and are frequently used to demonstratel 

that a max1rnum Kp value has been' reached. That IS, with nonanol (the most 

lipoph1Uc alcohol considered), the control oCpermeatlon has now transferred to 

slow transfer out of the stratum corneum into the viable tissue. 

Phenols: The permeability of a Wide range of phenol derivatives across human 

epldennls was measured by Roberts: et al.27 The results. plotted. as' a function 6flog. 

p~ are reproduced' in Figure-6;. In. th1s,case,. significant non-linearity in the data. is, 

apparent and a parabolic dependence of log Kpon log P may be determined: 

log Kp = -O.36Uog p)2 + 2.39 log P - 5.2 (3) 

The correlation coeITicient is 0.94. 

In an.attempt to develop sfmple'models for measuring percutaneous penetration, the 

permeabilily characteristics. of organiC liqUid. membranes in a rotating. dUTusion 
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cell have beencons1dered28. The lipId phases employed were isopropyl myristate 

(!PM) and tetradecane (TO) and were chosen to simulate the apolar nature of the 

intercellular domains of the stratum comeum~ Again. a diverse range of phenols 

was considered (although there was not complete coincidence with the Roberts~ 

compounds27) and this allowed an extensive span ofllpoph1llcUy to be evaluated. 

Thepermeab1llties of the phenols,through the. two llpldmode~arepresented as a 

function oflog P in Figure 7. Quadratic fits·to the results give the following 

equations:. 

log Kp (!PM) = -O.4BOog p)2: + 2.32 logP - 2.2 

log Kp rIDl = -O.400ogp)2+2.551og P - 4.0 

[r=0.96) 

[r=O.96) 

(4) 

(5) 

As can be seen from Figures 6 and 7, the organic liqUid models are more penneable 

than humanepiderm1s. Nevertheless, the magnitude of the difference is quIte 

constant and'predictable. (see section below on Miscellaneous CompoundsL The' 

functional dependence of log Kp on log P'is vexy,s1m1l3r for ~e 'real' and 'model' 

systems ( as can be deduced by the s1m1lar1ty of the' coefficIents pre-mulUplying the 

log:P and (logp)2 termsin:eqns. (3); (4) and (5)) .. OnceagaJn~ therefore, a reasonable 

''>, prediction. of the Kp, of a' phenol through. human skin may be obtalnedfrom an 

~ 
"'--, ,~polaUon based on log P or from a model1n vitro experiment. 

overestimate phenol penetration and that the discrepancy is most marked in the 

range 10gP < 2.0. It follows. that the answer to the above' question depends on the 

nature of the penetrant and that this situation is clearly not optimal. 
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Phenylboronlc acids; The percutaneousabsorpUon.ofmeta- and para-substituted 

derivatives showed llnear relationships with log P and with the log (benzene/water) 

partition coefficient29 .. However. because the measurement of skin penetration 

. d11Tered from a simple Kp detenn1nation. it is not possible' to compare the structure-

activity equaUons for this set of compounds with those discussed above. 

Steroids; The steady-state permeability of 14 steroids was measured across human, 

epidermis .in vltro30. The' Kp values are plotted' as, a function offour 

organic/aqueous partlUon coefficients in Figure 9; Linear regression par~eters on 

the results are presented. in Table I. The slopes of the.lJnes are quite consistent and 

the values of the intercepts shift in the d1rection expected. as the solvent dielectric 

constant increases, Scheuple1n et aI.30 also measured stratum corneum - water 

partition. coe1I1clents' (Ksclin this, study:. IJnearregress10n of the permeability data 

with, these values gtves36: 

log Kp = 2.63 log Ksc -7.54 (6) 

with r = 0.93. Clearly. there is discrepancy between t.1lis relationshJp and those 

given in Table' I for the simple organic solvents. Although the exact reason forthis· 

difference cannot be identified. two possibilities may be' suggested. First. the 

technique used to measure KSc' requires that the tissue be' removed' from the' 

remainder of the epidermis; it 15 not mown whether the isolation procedure alters. 

in. any way. the nature' of the stratum corneum. It is also unclear how to separate 

partitioning·frombindtng. Secondly. as the.1ntercellular lJpids·, provide the 

penneation pathway. it is appropriate that a volume correction be applied when 

calculating Ksc. 

In a later study. the steady-state nux of hydrocortisone and of a number of its 21-

esters (acetate throughheptanoate) was measured across hairless mouse skin in 

vitro3 1'. The Kp values detenntned are plottedas,afuncUonofthechem1cals' 
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ether/walerparUUon coefficIent (Ke/w) in Figure 10. The linear relaUonship (r = 
0.95) 18 descrtbedby: 

log Kp = 0.56 log Ke/w - 3.39 (7) 

In, this· case, It. would not be useful to extrapolate from the mouse datato man (see 

Table I), a conclusion in contrast to the sItuaUon for alkanols and, to a. certain 

extent, for phenols~ This. observation reflects- the fact that an: animal model, which , . 

Is, applicable- to vartous classes of penetrant" has not been IdenUfied for human skin 

permeation prediction. 

Nicotinic acid esters: These compounds are potent vasod.1lators when applied 

topically to UIe skin~ Their percutaneous penetration in man has been quanUfied" 

therefore, by UIe Ume to onset of erythema- (skin reddening) following application., 

In an 1n1tiar set of experiments using several nicotlnates32,_ the threshold 

concentraUons (C) necessary to induce visible erythema. we~ determined. The" 

reCiprocals of these concentrations are plotted as a. function of nicotinate 

ether/water partition coefficient (Ke/w) in FIgure 11. A classic parabolic 

relaUonship is observed~. The form of thIs dependency can be explained. on the basis 

of a change in the rate-controlling step of penetration as discussed above (le;, a 

. switch from stratum corneum dilTuslon to slow partitioning' at the stratum corneum 

- viable tissue'interface) ~ This structure-activity relationship must reflect transport 

rather than pharmacologIcal effect since intradermalinJecuon of the different 

nicotlnates has' shown that they are equlpotent32'. 

These results'may be compared'to the penneab1l1ties, (Kp) of a slm1lar range of 

nicotinatesacross a tetradecanemodel membrane28. In Figure 11, the-twosets·o[ 

. data arejtL"ctaposedand can be seen to be remarkably s1m1lar; Thlsfurther'supports 

the hypothesis proposed above ,in wh1ch, phys1cal chemistry rather than 



pharmacology controls the structure"-activity behaviour observed. Q.uadratic fits to 

the data give the following: 

log[ i/C(mMlJ = -0.17 + 0.60 log Ke/w - 0.30 (log Ke/w12 

Iog[Kp(cm/hrlJ = -0; 11 + 0.69 log Kt - 0.27 (log Kt)2 

(8) 

(9) 

(where' Kt is the tetradecane/water partition. coeIDdent)wlth correlation 

coeffidents of 0.90 and 0.99. respectively. Good' coincidence in. the' coefficients is 

apparent. This agreement is.particularly notable (and. potentially. valuable) 

because of the cUfferent nature of the experimental procedures employed. In other' 

words. the results suggest that a measurement of chemical penneation through a 

model membrane system may be predictive of an iIl vivo. non-steady state. short-

term. exposure sUuation .. 

Alkanoic acids: The steady-state permeabllltycoeffic1ents of a number of n.,. 

alkanoic acids have been meaSured across, excised. porc1ne sk1n33~. In: one set of 

experiments. the acids; were delivered in their pure' state and the results are· 

expressed. together w1~ the corresponci1ng melting points. in Figure 12 for the n = 

4-8 homologues. As previously noted. there is an inverse relationship between Kp 

and me lUng point. 

Polynuclear aromatics: Recently. Roy et al.34 have determined the in vitro 

percutaneous penetration of several compounds chosen to represent those: typically 

found in refinery streams. The experlmentaIprocedure:1nvolved .the use o[excised 

rat skin: (dennatomed to a, thicknessof350 )lIll)' and ofa. receptor phase~ which 

contained a· small (6%) concentration of nonlonic surfactant to ensure' adequate 

solubility of the lipophilic penetrants .. The data (expressed, as· % of applied dose 

absorbed. within 96 hours of exposure) were' analysed by multivariate· regression. 

The equation. derived'~ .which best. characterised the data sel,contaJned four 

independent. variables: molecular: surface. area •. molar refiactivity .. molecular 
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moment of inertia, and molecular symmetry. The coincidence between observed 

and predicted absorption is. shown in Figure 13. With the exception of two outliers. 

there is good agreement between expeI1ment and theory. The authors concluded 

from their interpretation of the results that skin permeation was not a particularly 

selective process and that the molecular deSCriptors idenUfied. would impact 

primarily on dissolution and dilfusion phenomena. However. an. alternative: 

presentation of the results also implicates (as. one might expect from the preceedlng 

discussion) partitioning as a key factor in the determination of percutaneous 

penetration. In FIgure 14. skin permeation. again expressed as·% of appUed dose 

absorbed~ Is plotted as a function oflog P: The data for the $.rtng polynuclear 

aromatics (PNA) are plotted separately from those for the 4- and·5-nng compounds. 

It can be seen that the two groups Ue on separate lines and that. in combination. the 

effect is to produce an apparent parabolic structure-act1v1ty relationshIp. In 

constructing Figure 14:,. the- data point for carbazole (a: 3-ring PNA). for which 

absorpUon was 90% and log P = 3.51. has been ignored. Once ag~ therefore, there 

would appear to be evidence for a change in the rate-determfn1ngstep of skin. 

penetration. as the'l1pophilicily of the penneant becomes large.. For the PNAs,. 

however, the'maximum absorption occurs at a higher log Pthan that Seen for the 

. other molecular groups considered above .. The re'ason for this. diJIerence is not 

understood. It is possIble that the methodology' employed', may be a contributory' 

factor; For example" rat skin is much more permeable than human skin and~ Is less. 

discr1m1natory" as a result, to penneant propert1es~ The cumulative dose' absorbed 

at 96 hours is also an imprecise parameter to character1se, penetration because it 

contains essentially no kinetic infonnat1on. It is·d1fficult, therefore~ to extrapolate 

these' results. to man Nevertheless, the' pattern of behaviour observed. is consistent 

with that demonstrated by other chemical classes discussed in this Chapter and 

therewould appear to be no reason to predIct anomalous structure-skin absorpUon 

relationshIps for the PNAs .. 
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Non-steroidal anti-inflammatory drugs (NSAIDs); Yano et al.35 measured the skin 

permeability of 18 NSAIDs in vIvo in humans. The chemicals tested Included a set 

of'etght salIcylate derivatives. Percutaneous absoIpUonwas quantlfied as the % of 

the applied dose whIch was not recoverable by surface washing following a 4-hour 

contact period. The chemiCals (0~5mg) were administered in 10 III ofelther acetone 

or methanol. The results are ,plotted' in FIgure. 15 as a function of the chem1cals~ log. 

Pvalues~ The set of sallcylates is hIghllghted'in the figure but is seen. to COincide 

completely with the general pattern of the (once again) parabolic structure-acUvity 

relation; 

log[% dose abs;)= 0.42 + 1. 14 log P'- 0.23(log p)2 (10) 

with r=0.96. The coeffiCients describing this set of experiments-may be compared'. 

favourably with those characterising. the nicotinic acid ester data described above 

(eqns. (8) and (9)). Although the coinddence may reflect thesimtlartty in structure 

between the two sets, of compounds. the, agreement is, nevertheless remarkable given 

the disparate methodology employed in the three investigaUons. 

Mlsce]]aneous;. The studies:considered so far have focussed upon chemical 

permeants of simIlar structure; ThtS may not be' typical of the occu paUonal' 

exposure situation in which contact with· diverse materials may occur. An 

Important question. 15 whether absorption as a' fUncUon of physIcochemical 

properties can be predicted for a Wide range of compounds? Quantitative and, 

extensIve informaUon. which can be used to address this issue. is lacking; However. 

there have been two recent efi"orts37.38'to measure percutaneousabsoIJlUon of 

unrelated chemicals and to correlate the behaviour seen with basic chemical. 

,properties. 
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In these experiments, the steady-state fluxes of barbItone, phenobarbitone, 

butobarb1tone~ amylobarbltone; hydrocortisone, nicotine, salicylic acId, and 

lsoquJnoline were measured across excised human skin in vitro and across four 

lipid impregnated model membranes in' the rotating diffusIon cell. It was found that 

isopropyl myrtstate (IPM) and tetradecane agci1n. provided. model membranes. the 

transport properties of which followed clasSlc2I behaviour: Kp- values increasing, 

with the corresponding lipid/water partition coefficIent (see Figure 16). For IPM 

andtetradecane. the log Kpversus log K data lie on a common line: 

log Kp = O. 71 log K - 0.03 (r=O.971 (ll) 

The' span of log K values 15 smaller than those consIdered earlIer and this explains 

why a parabolic dependence is not seen with these data. Also shown in Fig).lre lSare 

the Kp results for human skin transport plotted- against the log K values for 

tetradecane/water: The resulUng~ correlation: 

log Kp= 0.66 log K - 2.02 (r=O.89) (12)~ 

is strikingly parallel to the-model.membraneresults and. again implies the 

usefUlness· of, in particular. tetradecane as a lipoidal representation of stratum' 

corneum. As·obsexved with the phenols and. as expected:\the ~kin 15 more resistant 

""­
to'permeation than the Simple organic liquidmembrane;- 'I"perewould appear-to~be 

I 
between a 10· and: 100-fold d1lTerence in permeability coefficIent It Is conceivable' 

that this,discrepancy resultsJrom,the fact that stratumcornefm transport involves, 

permeation via. the intercellular (lipId~tllled). channels. and' t:h3,t only a fraction of 
. ) 

the skin surface: can-act •. therefore; as "productive" area. The- npids, in stratum 

corneum are mown to occupy 5-1'5% of the total membrane-volume39; given that. 

for the tetradecane. system. essentially all of the' membrane Is 'available' for solute 

transport. then the magnitude of the dill'erence between skin and model 

permeabllIUes is plausIble ... 
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CALCULATIONS, OF BODY EXPOSURE FROM SKIN ABSORPTION DATA 

There have been a number of 1nvesUgationsdesJgnedtoevaluate percutaneous 

absorption in man40: The majortty of these studies have: involved topical 

application of the chemical in quesUon toa small area on the ventral forearm. 

Wh1lethese data are oCconslderablevalue, It Is usefulto lmowhow'(orwhether) one· 

can extrapolate the find1ngsto a~'rear exposuresituaUon in an occupational or 

environmental setting. To do so. requires two key pieces of infonnaUon: FIrst, and 

relaUvely easily. the area of contact between the chemlcatand skin must be lmown. 

If one assumes that the amount of chemical absorbed"1nto the body Is a linear 

function of contact area (an assumption for which no'contrary evidence exIsts), then 

a" simple correction can be made~ Second, and more d1JIlcult, the relative 

. permeability of the' forearm compared to other anatomic Sites must. be understood. 

The latter information; Is avaIlable for: only three cases, namely for 

hydrocorUsone41 and. for the pesticides; malathion and parath1on42. The results 

from these studies indicate that lhe skin of the genllalla is. OD' average. 25 Urnes 

more permeable than that of the forearm: that oCthe' trunk: Is 2.5 Urnes more 

permeable,. while theJace and head is approxImately 5-fold more permeable~ 

Absorption across leg skin. is s1m1lar to that on: the' forearm. 

Giventhls data-. it is. possible to calculate relative body exposures on the basis on 

forearm data al'one' or. on the basis' ofdlfferentIal' penetration at specifiC skin 

sttes43; For example. it can be shown that total'bodyexposure based on foreann 

absorption data will underestimate actual exposure' by a .factor of 2; One can also 

demonstrate that an exposure limited to the hands and. face could result in 3:to 4-

fold. higher absorption compared to that estimated from the slnglevalue of forearm 

permeability. 
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While these calculations are usefully illustrative. itmust be emphasised that they 

are based on. a small amount of infonnation from only three compounds. 

Therefore. before one can use the approach precUctively for compounds. which. are 

not closely s1m1lar to hydrocortisone. malathion and parathion. it will be 

necessary to" assess skin penelraUon~ asa funcUon. of anatomic pos1tion. for a'range 

of chemiCals- or-diverse physicochemical characterisUcs. 
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MATHEMATICAL MODELLING OF SKIN PENETRATION 

Percutaneous absorption is complex and involves many variables. To model this 

process mathematically. therefore. is a. substantJal task. Inevitably. one runs the 

rtsk either of formulaUng a. model. which is simplistic and Incapable of subtle 

predicUon .. or of produCing a simulaUon too complex for tesUng in any reasonable 

experimental system: Hence; there is· a need. to tread' a. delicate path between these· 

extremes if progress is to be made~ Anidealmodel.w1l1be su1Ilclently flexible to 

incorporate the important Variables of skin penetration and will be both sensitive 

to the biology and condition of the skin. and to the physicochemical charactertstics 

of the permeant. The schematic shown in Figure 171ncludes the key steps of 

percutaneous absorption and' a' number of additional processes. which may impact 

upon the overall kinetics and extent of penetration. Clearl~; a mathematical model 

which completely described' the scheme as shown would be· extremely complicated . 

and could only be handled by an emdent computer. To explore the possible utll1ty 

ora model. therefore. requires that the problem. be broken down,into more 

manageable' pieces so that therelaUve sIgnificance of the constituent parts can be 

rationally assessed. 

In the simplest case~ the' problem is treated'. using Fick's laws, of diJIusion and, an 

estimation onotal body burden'followmga,dermal exposure is found. When skin .. is 

contacted with' a chemical.·theamount penetraUnginto'the bodyas,a function of 

time is shown in Figure 18. Two slluationsare 1llustrated:- Inthe:infin1te dose case. 

a .. constant driving force' is maintained on the skin surface and. follOwing a.lag-time 

(tv. the amount of chemical crossing the skin increases linearly with time (the' so-

called steady state situation). In the finite dose: case. the skin Is exposed to a lJrnited 

amountorchemical. Initially •. the amount reachIng the body increases with time' 
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but then slows down as the chemical on the-surlace is depleted: There may be a 

region of the f1n1te dose case which Is coinddent with the steady-state behaviour 

following infinite dosing. However. it is not easy to determine where the two 

situations may overlap~ Most in vitro evaluations of skin penetration have used. an 

experimental design in which the inf1n1te dose situatlOn appUes (see above). At 

steady-state. the Oux (J) of chemical across the skin 15 given by Fick's 1st law of 

dUTusion: 

J=AKp;AC· (13) 

where A is the area of exposed skin. Kp is the permeability coeffident of the 

chemical across the skin and AC Is the dJ(ference (Cd - Cr) in chemical 

concentration between the donor solutlOn on the skin surlace and-the receptor 

solution beneath. the skin. In designing, an 1nfin1te~ dose' experiment. twocrtteria 

should.be·met: U)Cdshould be-suffic1ently large that signJ.ficant depletlOnof. . 

chemical does not occur~ and-lUI Cr should not rise above 1110th.ofthe saturation 

solubility. Under these condiUons 

Kp=J/ACd (14) 

With a lalowledge of Kp •. an,esUmation of body burden following, a. dermal exposure 

can be made. If an area A Is contacted by chemical at concentrationC for a time t. 

then the amount ofchemlcal (M) which wllI-enterthebody is gIven by 

M=AKp.C.t (15) 

-Depending. upon the" anatomic site of contact. eqn. (15) may need to be modUled: to" 

take into· account the- sUe: dependency of penetration as discussed above~-

Some caveats to this approach· shouldbenoted~ The'lnflnitedose technique-often 

produces complete hydration of the skin tissue. It 15 well-documented that 

hydration of skin lowers the barrier to chemical penetration. Secondly. most 

occupational or environmental exposures do not involve an. infinite dose of 

chemical. Typically. contact Urnes wUl be relatively short and. following exposure;. 

the chemical will be-washed from the skin surface; It follows that a predictlon of 
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body burden by eqn.(15) will overestimate the true exposure level. This latter 

contention is appropriate, however, only when the skin is intact. If the bamer is 

broken, then much freer passage is· posslble44, particularly for polar, water-soluble 

chemicals. If thesldn is diseased, then there is also the potential for altered barrier 

functlon~ The extent to. which d.i1Ierent skin diseases impact upon absorption, 

though, is not well-understood. and cannot be ratlonally modelled at this time. 

The: straightforward approach detailed. above does not address· the complex sequelae 

of cUffusion arui"partltlonmgJllustrated' inFfgure 17;. To do so requ1resthat non­

steady state solutions to Flck.'s 2nd law of dJ1Iuslon. with approprtate boundary 

conditions, be' obtained. This sophistication has been reported. and relationshIps 

applicable to short contact exposures have been dertved45~4 7. The amount of 

chemical penetrating the skin. can be shown to depend upon basic physicochemical 

parameters, (diIfusion coefficients, partition coemcients~ transport path lengths, 

etc.) and the e1Iect of changes tn. these parameters on thepenetratlon kJnetlcs can be 

explored~. However. experimental determJnaUon of these key descriptors is, d1fficult 

and simple tesung of the model predictions requires sIgnificant approximations 

and assumptions. Furthennore. thlsmore ngorousapproach does not Include other 

important processes. For example; a volatile chemical.will be subject to 

concomitant evaporation and absorpUon; reducing thereby the' total 

bioava1lab1llty. The-- skin is a metabolically acUve organ. and acUvation, Of 

detoxification. of absorbing molecules. is . posslble48~ Little' is known. of the 

. magnitudes. of the possible e1Iects due to these "loss" processes. Again. 

mathematical modelling' has, been carned out49.50 but validaUonof the 

conclusIons deduced, awaits approprtate experimentation;' 

Another approach. which is also based on the physicochem1cal properties of the 

penetrant .. can be adopted. to model skin absorption. In this case. the d11Tusion and 
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partitioning are approximated by a series of first order rate constants51•52 as 

depicted in Figure 19: 

kl describes dUTusion through the stratum corneum. For intact sk1n. this rate 

constant will be relatively small and will depend upon the molecular size of the 

penetrant.. Thls dependency has been suggested to follow a s.\mple cube-root 

function51 although a more. severe exponential function has, been recently 

proposed 15; 

k2 describes, chemical, permeation through the Viable epidem1s .. The rate constant is' 

again size-dependent but has a magnitude characteristic of diffusion through an 

aqueous protein gel20. The value of k2is. therefore' greater than that of k 1. 

k3 measures the-relative affinity ofthechem1cal for the stratum corneum compared 

to' the more aqueous in nature Viable epidermis. The ratio ks/k2 may be regarded •. 

therefore~ as, an effective 'stratum corneum-viable' epidermis' partition coeffiCient of 

the chemical. The larger the value of Its,. the higher the ~ty of the chem1calJor 

the stratum corneum and' the slower the transfer of molecules from stratum 

corneum to. viable tissue._ It has been shown that k3 may be· detenn1ned emplr1cally 

from the octanol/water part1Uon;coeJIiclent (detenn1ned at pH 7A) of the 

chemical51: k3/k2 = PIS. 

14' characterises the ellmination half-life (t1/2) . of the chemical: 

14= ln2/t l/2'. 

The model can be used to predict thepercutaneous.absorption of a d1verse,range~of 

chemicals on the basis, of their molecular weights, and. octanol/water partition 

coefficIents. Reasonably good agreement between the model and in vivo human 

skin penetration data hasbeenfound51 . The correlation Is adequate for the 

prediction of both plasma concentration 53 and urInary excretion rate data51. As· 

an example. the' coincIdence between exper1mental data and model prediction for 

the insect repellant dlethyl':'m-toluam1de is shown in· Figure 20; 
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Other advantages of the kineUc model are apparent. In addiUon to the fact that it is 

a, non-steady state simulation. it can be adapted and expanded to take Into account 

surface evaporaUon of penetrant54• cutaneous metabol1sm55• and di1Terent 

chem1calInput fUnctions (zero-order. first-order. etc.) 18. Furthermore, the 

approach offers. at least. the potential to extrapolate data, acquired in animals to 

man. It is antldpated that the'value of kl will be the most spec1es-depend~ 

parameter since it will be a functlon of stratum corneum thickness, the' number of 

cell layers and, the diffusional path length. It is lJDUkely that. k2: is sign1ficantly 

different between species and~ the partiUoning process betweenl1poph1Uc, stratum 

corneum and hydrophilic viable tissue' (common features, of all an1malmodels and, 

man) should remain quite'constant. Hence. if a scale ofre1aUve kl values for 

di1Terent species could be developed, then the: absorption process in man might be' 

deduced from an animal exper1ment. Of course" the value: of k4 may also depend 

upon the animal used but this parameter can be found with ~laUve ease by 

expeI1ment. Unfortunately. the ability to extrapolate from one species to another 

does not presently exist because of the: paucity of comparaUvedata across animals 

. \ fora wide range of compounds. Although there' have been a few studies56-58 in 
'''-., 

which the'pen~traUon of. a: number of chemicals across d11Terentan1mal skins' has 

been measured. the results are tnsuffident to fonnulate simple rules for human 

( absorption prediction from an1mal data; Qualitatively. however. it ls possible' to 

\ draw the following conclusions: about the predictability. ofabsorptlon, data. from 
I 

I various animal models40: 

1. Small "hairy'" animals (e.g: rats. rabbits). usually yield penetration values much 

higher'than those seen In mari. 

2. The rhesus monkey has been shown tobe'a-valuableInvivo,modelfor human 

percutaneous absorption. 

3. Newer models. such as the weanling, (or mini or micro-) pig and the human skin 

grafted rat. offer alternatives' of conSiderable: promise. 
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CONCLUSIONS 

At present. our understancUngof the skin permeation process· has reached a 

reasonable level. General rules governing the penetratlon. of chemicals have been 

established' and the1mpact of structural andlor: physical changes Is, being. 

intensively studied'; However. while correct qualitative statements about 

percutaneous absorptlon. can be made~ there is much less· certainty when' 

quantitative conclusions are required .. Obviously. in the area of risk assessment 

and dermal exposure predictio~ this is a sertous"drawback. In this chapter. we have' 

attempted to highlight those areas. in which progress has been made and those In 

which considerable further work needs to be done .. The discussion on quantitative. 

structure-actlv1ty'relatlonships indicates a fruitful path for additional study. The 

power of this type' of approach has been demonstrated In oth~ fields' ofbiological 

transport and pharmacology - one is optimiSUc that. skin penetraUon will also 

prove amenable to this analysiS. On the other hand •. comprehension of the role of 

skin, metabollsm. for example, and. the opUmal use of animal. model experiments 

rema1nproblems of substance. There is no question. In. our opinion. that the skin is 

a,complex membrane. the transport properties of which deserve greater attention 

and considerable' respect~ Until these' propertles are unravelled~ prediction of 

dermal exposure-to toxic chemJcals will be. at best.,qualitatlve and; In:less 

favourable cirCumstances~ wrong: 
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Figure Legends 

1. A schematic representation of the structure of the skin. 

2.. Potential pathways of drug penetration through the skin. 

3. The sequenUal physicochemical steps,lnvolved'in drug transfer in 

percutaneous absorption. 

4. The relationship between the steady statellux for a number of compounds 

across excised full thiclmessskin and their melUng points. The compounds 

are:- ATR. atropine: CHL. chlorphen1ram1ne: DEC. diethylcarbamazine: DIG; 

dig1toxJn: EPH. ephedrine:. EST: «Estradiol: FEN •. fentanyl: Gm. glyceryl 

tr1n1trate: OUA. ouaba1n::SCOP;. scopolam1ne. 

5; The relationship between, permeability and octanol-water partition 

coefficient or a series· of n-alkanols. The' s1m.ilarlty· between human and 

hairless mouse data. is demonstrated:. 

6. The relationship between the permeability of human, skin and the' octanol­

water partition coeffiCient for a . series: of. phenols. 

7. The relationship between the resistance to transport across model skin lipid 

membranes and the o.ctanol~water partition coeffiCient of a series of 

phenols .. The two model membranes are;- .. tetradecane;· • isopropyl, 

myristate. 



8. The vartation of the penneab1l1ty of human skin with log P for a, sertes of 

phenols. The linear relationship shows the predIcted values based on the 

alcohol data described by equation 1. 

9. The relationship between the permeability of human, skin and val10us 

solvent-water partition coeffi.c1ents for a sertes., of steroids. The' solvents 

are:- •• hexadecane; o • amyl-caproate:: A. ether:' •. ~ octanol The 

lInear relatlonships shown are given In, Table I~ 

10. The relationship between the permeability of haJrless mouse skin and. the' 

ether-water partltioncoefI'lcient for a series of 2 I-esters of hydroCOrtisone .. 

n. A parabolic relaUonship between' the. reciprocal threshold concentration (cl 

required to induce' erythema' and the' ether-water: partition coeffident for a: 

series ofnlcotlnates (0). Also shown is a stmilarrelauonship for the 

permeabilitles across a tetradecane model membrane .1). and the 

telradecane-waler. partition coeffiCient. (the' ether-water partition 

coeffident for cetyl nicotinate has been estimated by extrapolation of the 

values for the lower homologues. The value quoted in reference 32- (log K 

= 1.49) seems implausible). 

12. The relationship between.permeab1l1ty(.) ofporc1ne skin ,and: carbon 

number for a, sertes. of alkanolcaclds. The inverse relationship between 

melting po1ilt (0) and' permeabUlty is also demonstrated. 

13: Th e" percentage dose absorbed through rat skin Within 96 hours has been 

predIcted for a serIes of polynuclear aromatics; The' predIction' includes four 

independent variables. molecular surface area, molar refractivity. 
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molecular moment of inertia. and molecular symmetry (reference 34). Good. 

correlation wtth.exper1IDfmtal" data is shown. 

14;. The relationship" between percentage dose absorbed through rat skin within 

96 hours and log P for a. series of polynuclear aromatic compounds. The 

substances have been separated into ~r1ng compounds. (0) and 4 and 5-rtng 

aromatics ( .)'. 

15~: The percutaneous.absorpUon of a series of non sterOidal anti-Inflammatory 

agents. tncludingsal1cylates (.). plotted as a function oflogP. All the data 

presented In reference 35 has been used with the exception of naproxen 

which was clearly an outlier. The values given for naproxen were:- % 

absorbed~. L3: .log p;" 3.18. 

16. The relationship between permeabllIty and partition coeffiCient for a series 

of miscellaneous compounds. The permeability has been measured across 

excIsed' human skin (W). and membranes 1mpregnated. With Isopropyl 

myrtstate (01 and tetradecane ( • .). 

17. Atypical prof1le showing the amount of substance penetratlngtheskln as a. 

function of time for infinite' and. finite dose; applicatioIl:; 

18. . A kinetic; descrIption. of dermal absorption using first order rate constants. 

19; The·theoreUcal and: expertmental ( •. ) ur1nary excretion. data. for dlethyl-m-

toluam1de~ The theoretical prof1le has been generated us1ng the kinetic 

model and the physicochemical properties of the permeant. 



Table 1. The relaUonships between obsexved steroid permeabWUes and. their 

partition coefficients between various solvents and water. Unear regression 

analysis was applied to the data presented in Figure 9 using the equation log Kp = 
alog K(solvent) -~. R is the correlation coefficient. " 

a ~" R 

solvent 

octanol .1.04 6.51 0.85 

hexadecane 0.81 3.55 0.86 

amyl caproate 1.26 5~21 0.93" 

ether 0.89· 5.17 0.96 
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Figure'tO' 
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Figure.12~ 
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Figure'1a 
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