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Purpose. To investigate mechanisms of compound-corneocyte interactions in a combined experimental
and theoretical approach.

Materials and Methods. Experimental methods are presented to investigate compound-corneocyte
interactions in terms of dissolution within water of hydration and protein binding and to quantify the
extent of the concurrent mechanisms. Results are presented for three compounds: caffeine, flufenamic
acid, and testosterone. Two compartmental stratum corneum models M1 and M2 are formulated based
on experimentally determined input parameters describing the affinity to lipid, proteins and water. M1
features a homogeneous protein compartment and considers protein interactions only via intra-
corneocyte water. In M2 the protein compartment is sub-divided into a cornified envelope compartment
interacting with inter-cellular lipids and a keratin compartment interacting with water.

Results. For the non-protein binding caffeine the impact of the aqueous compartment on stratum
corneum partitioning is overestimated but is successfully modeled after introducing a bound water
fraction that is non-accessible for compound dissolution. For lipophilic, keratin binding compounds
(flufenamic acid, testosterone) only M2 correctly predicts a concentration dependence of stratum
corneum partition coefficients.

Conclusions. Lipophilic and hydrophilic compounds interact with corneocytes. Interactions of lipophilic
compounds are probably confined to the corneocyte surface. Interactions with intracellular keratin may
be limited by their low aqueous solubility.

KEY WORDS: compartmental model; dual-sorption theory; Langmuir isotherm; partition coefficient;

skin.

INTRODUCTION

In the pharmaceutical field of drug application it is well
established that occlusion effectively enhances skin perme-
ation of hydrophilic compounds by increasing the partitioning
into the SC (1). This principle is used in occlusive semisolid
formulations and transdermal patches. SC hydration may
further vary due to patient skin type (seborhoic/sebostatic),
exposure to sun, wind, cold, air-conditioning, chemicals or
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ABBREVIATIONS: Aqu, aqueous corneocyte domain; c;j,

concentration; Cmax,;, Langmuir saturation constant (maximum

binding capacity); CAF, caffeine; cor, corneocytes; cpe, cornified

cosmetics among many others. However, there is an ongoing
debate on the mechanisms involved in these effects. Espe-
cially the potential influence of compound—corneocyte inter-
action on permeation through human stratum corneum (SC)
is under discussion. For small lipophilic molecules, interac-
tions with keratin or other proteins are usually neglected as
there is a common consent that transport occurs mainly via
the intercellular lipids. For hydrophilic molecules, corneo-
cytes may offer an additional pathway across the SC, such as

usually freeze-dried SC, w,q,=0; SC,hyd, hydrated SC; k;, Langmuir
binding affinity (adsorption coefficient); Kj;, partition coefficient;
Kocyws logarithmical octanol water partition coefficient; ker, keratin;
lip, intercellular SC lipid bilayers; LVP, low viscous paraffin; M1,
compartmental model 1; M2, compartmental model 2; MW, molecular
weight; pK,, acid constant; pro, SC proteins (=ker+cpe); ¢max.s
protein maximum loading capacity; s;, saturation concentration; SC,
stratum corneum; Soer,7.4, Soerensen phosphate buffer pH 7.4; TST,
testosterone; V;, volume; w;, weight; wy, weight of substance within the
incubation solution before equilibration; wg,g, weight of substance
within the incubation solution after equilibration; p;, density; I,

interface; Q;, compartment; <p§ , volume fraction Vi/Vj; w; , weight

. iay.e , Aqu,bound . .
protein envelope; D, diffusion coefficient within corneocytes; fraction W‘/WJ’ wsC.dry ; weight fraction of bound aqueous phase
DCM, dichloro methane; don, Donor; FFA, flufenamic acid; SC,dry,  per weight of dry SC.
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through the controversially discussed continuous desmosome-
corneocyte route (2-8). Meanwhile, there is significant
evidence that the corneocytes are accessible for - at least a
few - permeants. It is unquestionable that water enters the
corneocytes very effectively (9,10). In addition, several larger
hydrophilic and even lipophilic molecules (usually dyes) were
visualized inside the corneocytes either by conventional or high
speed two-photon microscopy (11,12). Boddé et al. found hints
that disintegrating desmosomes serve as an entrance through
the cornified envelope into the corneocytes in the apical SC (13).
In the light of these results, the neglect of compound—-corneocyte
interaction is challenged. This is even more substantial for
predictive models of SC permeability or SC flux.

The gain in knowledge about the SC structure and the
permeant-barrier interaction is reflected in the development
of increasingly sophisticated morphology based mathematical
models for skin transport. In the simplest case, the SC
morphology is approximated by a brick-and-mortar model
with an inaccessible intra-cellular phase. Here, the corneo-
cytes (bricks) simply serve as obstacles reducing diffusive area
and increasing path length (14,15). Some of these models
mimic the anisotropic structure of the SC lipid bilayers (16—
19) by using anisotropic transport in lateral and trans-bilayer
direction (14,15,20,21). Other elaborate models implement a
trans-corneocyte pathway assuming a homogeneous interior
and isotropic intra-cellular transport (21-26). Finally, Wang et
al. used hindered diffusion theory to estimate the corneocyte
diffusion coefficient D, in order to account for intra-
corneocyte keratin forming fibrous obstacles (27-29).

Despite these obvious advances the available experimen-
tal data on compound—corneocyte interactions are still scarce
and too inaccurate to validate morphologically exact diffusion
models. For which substances do corneocyte interactions take
place? Which structures are responsible for the interactions?
Which compound properties are relevant for interactions with
specific structural elements of the corneocytes? And finally,
how could these be evaluated quantitatively?

Corneocytes are filled with a protein network of keratin
intermediate filaments and are surrounded by a cornified protein
envelope (cpe) (30). Together with small hydrophilic hygroscop-
ic molecules—the natural moisturizing factors (e.g. urea, amino
acids, and lactic acid)—keratin provides the major water holding
capacity of the SC thus regulating skin flexibility, firmness, and
smoothness. Hence, water present in healthy skin in vivo, i.e.
about 15-30% per weight of dry SC (31) is tightly bound (32-34).
Through occlusion or in a very humid environment additional
water (up to several times the weight of the dry tissue) may be
taken up by the corneocytes. Finally, water intercalates between
intercellular lipids to occasionally form water pools of vesicle-
like structure but without causing any major disruption of the
lipid bilayers (35,36). Corneodesmosomes mediate cellular
contact between adjacent corneocytes and provide SC cohesion
until they are gradually degraded during desquamation within
the stratum disjunctum. In summary, interactions of a penetrat-
ing molecule with the SC are possible with (1) intercellular lipids;
(2) keratin and proteins of the corneodesmosomes or the
cornified protein envelope; (3) water.

The primary interaction of a compound with intercellular
lipids or water is dissolution of the substance in the liquid phase.
At equilibrium, the ratio of concentrations between two
adjacent non-miscible media, is determined by the partition
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coefficient, i.e. the ratio of solubility in both phases. In contrast,
small molecules interact with proteins by forming complexes. In
simple cases, the number of protein-bound molecules may be
calculated from a Langmuir isotherm. For concentrations far
away from saturation of binding sites the relationship between
free and bound concentration is sufficiently described by a linear
relationship, i.e. in terms of a partition coefficient. Approaching
saturation the concentration of bound substance becomes
independent of free concentration visible as a plateau.

Previous models that take into account the anatomical
heterogeneity of SC in detail assume that interactions with the
protein phase are regulated by a partition coefficient (37,38).
These apply in the limit that compound concentrations are low
and far away from saturation. However, non-linear concentra-
tion influences indicating saturable processes are being repeat-
edly reported in literature. These include binding studies using
isolated keratin protein (39,40) as well as SC-donor partition
coefficients (Ksc/gon) Of a number of compounds (such as
doxycyclin (39), primaquine (40), timolol (41), testosterone,
hydrocortisone, estradiol, progesterone (42), cyanophenol,
iodophenol, and pentyloxyphenol (43)). Even for studies
where no non-linear concentration dependence is reported
(43-45) this may be an effect of a low protein binding constant
or that potential protein binding compounds are denied access
to the binding sites, as for example keratin is mainly found
intra-cellular. The same effect would be caused by an
insufficient compound solubility in the surrounding tissue as
then the maximum binding capacity cannot be achieved. The
non-linear development of the binding isotherm may further
be overcompensated by non-saturable partitioning. This
concept has first been introduced for the adsorption of gases
to glassy polymers as the “dual sorption”-theory but may be
ubiquitously applied to processes with concurrent mobile and
fixed species of the same compound irrespective of the
mechanism of immobilization (46). Chandrasekaran et al.
transferred the concept to the interaction with human epider-
mal membranes and SC using the example of scopolamine
(47). They described the process as a combination of dissolu-
tion creating mobile, freely diffusible molecules and adsorp-
tion producing non-mobile molecules that cannot contribute to
the diffusion process (47). Between mobile and non-mobile
species a rapid exchange compared to the diffusion time-scale
and a local equilibrium is assumed. The authors however
assumed the whole membrane to participate in dissolution and
binding of drug molecules. The aim is now to relate mobile and
fixed drug species to specific SC substructures.

Lately we established experimental methods to quantify
the tendency of compounds to interact with the corneocytes
in terms of a corneocyte-intercellular lipids partition coeffi-
cient (Kcorip) (48). Although this method provides a general
idea of the overall extent of corneocyte uptake, it does not
allow insight into the mechanism of interaction. The question
is how to analyze the contributions of the individual structural
elements of the SC experimentally. Techniques have been
reported how to adopt equilibration experiments so as to
determine a compound’s affinity to SC lipids. However, to
our knowledge only two data-sets of experimentally mea-
sured partition coefficients into extracted SC lipids are
reported for a very limited set of compounds. These are a
series of 11 hydrocortisone esters from Raykar er al. and
caffeine (CAF) and flufenamic acid (FFA) from our own
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works (37,48). Usually this problem is circumvented by
employing a correlation between the lipid-donor partition
coefficient (Kjpaon) and the octanol-water partition coeffi-
cient (Kocyw) according to a power law (linear free energy
relationship) (14,38,49).

Similar correlations have also been proposed to exist
between the corneocytes—water partition coefficient (Keorw)
and Kocyw (37,38,50,51). Furthermore, partition coefficients
into delipidized SC and callus shavings have been proposed
as a model to investigate compound binding to corneocyte
proteins (37,42,52). There are several shortcomings of these
methods. Lipid extraction with methanol/chloroform cannot
remove the ®-OH-acylceramides covalently attached to the
cpe (53). This may lead to an overestimation of protein
binding of lipophilic compounds. Treatment with organic
solvents will denature the corneocyte proteins so that binding
properties will most probably be very different from intact
SC. Finally, like intact SC delipidized SC and callus will
hydrate significantly during incubation with aqueous media so
that again it is not obvious whether substance uptake is due to
protein binding or dissolution in the corneocyte water phase.
These shortcomings may be overcome by using isolated
pulverized animal keratin instead. Binding studies using
keratin from bovine hoof and horn have been done in the
past with a focus on fungicides and anti-malaria drugs
(39,40,54,55). The pattern of keratin proteins depends on
species, tissues, as well as states of terminal differentiation
(56,57). The amino acid composition of human and bovine
epidermal keratins is relatively comparable which most
probably reflects identical function (58).

Uptake into aqueous SC domains has so far only been
investigated indirectly by comparing SC-water partition coef-
ficients estimated from the decrease of the donor concentra-
tion (method 1) and from the extraction of the SC after
equilibrium (method 2) (37). This method is based on the
assumption that the dissolution properties of water inside the
SC are identical to bulk water. Recently, it was shown that
significant portions of water are tightly bound to SC structures
and are therefore unavailable for compound dissolution (32—
34). Ignoring bound water leads to wrong estimates of Ksc/don
according to method 1 and therefore of the uptake into
aqueous domains of the SC (59,60). The aim is now to
investigate partitioning into aqueous stratum corneum
domains directly by measuring Kscigon at clearly defined
hydration levels. This will be possible by switching to a non-
aqueous donor such as low viscous paraffin (LVP) to avoid the
uncontrolled excessive hydration that happens with an aque-
ous donor. SC may now be used dry or gradually hydrated and
a series of equilibration experiments may be performed with SC
of known water content as displayed in Fig. 1. At zero hydration
the SC-LVP partition coefficient (Kscvp) Will exclusively be
determined by the intercellular lipids and accessible proteins
(Fig. 1B). With increasing hydration Kgc/yp should be
influenced depending on the affinity of the molecule to water
if the aqueous domain is accessible for drug molecules (Fig. 1C).
By measuring Kscpvp at different hydration levels it can be
tested whether water uptake has a linear influence on Kgcyvp
indicative of a partitioning process.

We could recently show that corneocyte interactions
need to be taken into account for both the hydrophilic
caffeine (CAF; logKocyw —0.08) and the lipophilic flufenamic
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acid (FFA; logKocyw 4.8) (48). In the case of FFA, keratin
binding had been suspected to be responsible for the
observed corneocyte interaction while this could be ruled
out for CAF (48). Apart from that dissolution within the
aqueous corneocyte domain is imaginable for both com-
pounds CAF being highly soluble in water and FFA being a
weak acid exhibiting a pH dependent aqueous solubility (pK,
3.8; (61)). Naegel and coworkers demonstrated the signifi-
cance of the corneocyte involvement for the shape of the SC
concentration-depth profiles of both FFA and CAF through
numerical modeling on the basis of experimental input values
on all relevant partition and diffusion coefficients (23). For
both compounds their mechanism of corneocyte interaction
shall now be clarified. The original set of compounds has
been extended by testosterone (TST; logKoeyw 3.32) as it is
practically insoluble in water but stands a good chance to bind
to keratin due to its high lipophilicity. TST is in contrast to FFA
non-ionizable and therefore its aqueous solubility is indepen-
dent of pH. In addition, CAF and TST are typical examples of
reference compounds recommend by the internationally
accepted guidelines 427 and 428 of the Organization for
Economic Cooperation and Development (OECD) for
performing system suitability tests for skin permeation experi-
ments (62,63). For all three compounds Kgcpvp Was measured
as a function of SC hydration and donor concentration.

In order to interpret the experimental results quantita-
tively two constitutive compartmental models of SC are
formulated. These allow an easy prediction of Kgc/gon as a
function of membrane composition, in detail SC hydration,
and donor concentration. The spatial resolution is given by
the compartments that are defined and is limited by the
degree to which reliable estimates of input parameters are
available. To quantify compound interactions with individual
compartments the two elements of the “dual-sorption”-theory
(47), i.e. non-saturable dissolution and saturable binding were
applied to individual compartments in terms of partition
coefficients and Langmuir binding isotherms. Input data was
either experimentally derived or found in theoretical param-
eter studies. Calculations are evaluated by comparing results
with independently determined experimental Kscpyp Dis-
crepancies between measurements and predictions are inves-
tigated by systematically varying critical input parameters.

THEORY
Definition of Compartments and Interfaces

We assume a compartmental composition of the SC of
lipids and corneocytes, i, and Q... Two main states of the
SC will be discussed. These are “hydrated SC” (SC,hyd) and
“dry SC” (SC.dry). The latter is an artificial state obtained by
freeze-drying of excised SC which is only relevant for the in
vitro situation. Nonetheless, it will be useful for illustrating
the effect of SC water content and protein binding. “SC,dry”
is composed of a lipid and a protein compartment

Qscary = Liip + 2pro (1)
“SC,hyd” additionally contains an aqueous compartment

Qschyd = 2scary + Laqu (2)
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The first three corneocyte layers of SC are shown in contact with an aqueous donor medium. Magnified view
into a fully hydrated corneocyte with keratin bundles, cornified envelope, water of hydration, adjacent lipid

channel and aqueous donor.
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Cross-section of “dry SC” in contact with a
non-aqueous donor. Magnified view into a dry
corneocyte with adjacent lipid channel and
non-aqueous donor. Compartments and interfaces.
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Fig. 1. A Upon contact with an aqueous donor water invades into the corneocytes. B, C Incubating excised SC with a non-
aqueous donor such as low viscous paraffin allows working at a defined hydration state. Compartments and interfaces used in
the compartmental models of “dry SC” (B) and “hydrated SC” (C). Not drawn to scale.
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Such a compartmental composition in dry and hydrated state
will be discussed as “Model 17 (M1). As an extension of M1,
Qpro Will be further subdivided into a keratin and a cornified
envelope sub-compartment in “Model 2” (M2)

-Qpro = Oyer + -Qcpe (3)

The membrane is in contact with an inert donor medium Q44,.
Adjacent compartments are separated by interfaces Ijip don,
Faqu,lip> Fpro,lipa and Fpro.aqu in M1 and [‘lip,don’ Faqu,lipa err,aqus
and e jip in M2. By definition Q,q, and Q. do not share a
common interface. The theoretical interface I'gpe ker is ignored
as direct substance exchange between two solids is considered
impossible. An index set I={don,lip,aqu,pro.ker,cpe} will be
used to avoid unnecessary abundant notation. Compartments
and interfaces are then referred to by the symbol ©; and I’ for
i#j and i, j€I (Table I). The composition of the model
membrane with the described compartments and interfaces at
dry and hydrated state is depicted in Fig. 1.

Description of Compound Membrane Interaction

M1 and M2 apply to equilibrium conditions. We consider
the whole SC volume accessible for compounds which is
expressed in the following set of equations for M1 (Egs. 4 and
5) and M2 (Egs. 6 and 7) at dry and hydrated state

_lip . pro
€sC.dry = Psc,dryClip T P5c,dryCpro (4)
_lip . pro aqu
€SChyd = PsC hydClip T PSC hydCpro T PSC hyd Caqu (5)
_lip ker cpe
CSC.dry = Psc,dryClip T P5C,dryCker T P5C aryCepe (6)

_ lip . ker cpe aqu
CSChyd = P5C hydClip T PSChydCker T PsC hyaCepe T PSC hyaCaqu

(7)

with the concentration of a substance within a compartment
being defined as c;=w/V}, i.e. as the weight of the substance in the
compartment relative to its volume. The volume fractions of the
compartments relatively to the volume of the SC are defined as
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gogc = V;/Vsc . Although substantial portions of water are
known to be tightly bound to proteins as a starting point we
assume all water to be available for compound dissolution. This
is in agreement with SC partitioning experiments performed
with sucrose by Raykar et al. who could not find proof of an
inaccessible water fraction within human SC (37).

Substance-compartment interactions are modelled de-
pending on the nature of the compartment. At I[jipqon and
I'\quiip partition coefficients K;,; are applied. That is:

ci(x) = Kyjjcj(x) 8)

holds for x € I}, with (i, j)&{(lip, don), (aqu, lip)}.

For all protein compartments Qpro, Qier, and Qcpe We
follow the rationale by Chandrasekaran et al. who suggested a
non-linear dependence assuming a limited number of available
binding sites and described the relationship between protein-
bound and free concentration by a Langmuir-isotherm (47)

_ kicmax,icj(x)
1 + k,’C]'(x)

¢i(x) )
for x &I, with (i, j)=(pro, aqu) for M1 and (i, j) € {(ker, aqu),
(cpe, lip)} for M2. In this sense for M1 we assume Iy, jip to be
an “inert” interface and protein binding only via I, aqu- Due
to the coupling of Q,qu, Qiip, and Lyon Via Kaquiip and Kiip/aon at
Taquiip and Iip gon the free (and thus also the bound)
concentrations will be a function of cqgpn:

Caqu = Kaqu/lipclip = Kaqu‘lipK]ip/donCdon = Kaqu/doncdon (10)

Clip = Kiip/donCdon (11)

From an anatomical standpoint direct lipid-protein contact
can only reasonably be assumed between SC lipids and the
cpe or corneodesmosomes. As a first approach in M2 we are
concentrating on the cpe for the simple reason that informa-
tion on its dimensions are available from literature (30).
This has severe consequences for the description of cgc.
For M1 the concentration within “SC,dry” and “SC,hyd” are
given by
CsCdry = Qolsl%_’hydKlip/donCdon (12)

Table I. Compartments and Interfaces of the Model Membrane in M1 and M2

Compartments and interfaces Symbols Partition coefficients and binding constants Concentrations Model
Donor compartment Qdon Cdon M1
Interface Tip.don Kiip/don SC,dry
Lipid layers Qiip Clip
Interfaces Toroip no interaction

Faqu,lip Kaqu/lip M1
Aqueous compartment Qaqu Caqu SC,hyd
Interface Ihroaqu kpro and Cmax pro
Protein compartment pro Cpro
Donor compartment Qdon Cdon M2
Interface Tip.don Kiipraon SC.,dry
Lipid layers Qiip Clip
Interfaces Laquip and Iepe jip Kiaquiips Kepe and Crmax cpe
Cornified envelope compartment Qcpe Cepe M2
Aqueous compartment Qaqu Caqu SC,hyd
Interface Teraqu Kier and Cmax ker
Keratin compartment Qxer Cker
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as Q2,qu=9, and consequently caqu=Ccpro=0, and by

kprocmax.proKaqu/doncdnn
1+ kproKaqu/donCdon

_lip pro
€sC.hyd =¥5¢ hyd Kiip/donCaon + P5C hya

aqu
+ %SC,hyd Kaqu/don Cdon

(13)
For M2 ¢gc gry and csc pyq are described as
Jdry Jhy
lip
CsC,dry = (Psc‘dryKlip/donCdon
cpe kcpecmax,cpeKlip/donCdon 14
+ Psc.dry (14)

1+ kcpeKlip/donCdon
as Qaquzg, Caqu:Cker:0 and by

Kker kkercmax,kerKaqu,donCdon
SC,hyd
T+ kkerKaqu,donCdon

li
CSC,hyd :Qosgj,hydKlipAdonCdon +o

+ gOCpe kcpecmax,cpeKlip‘donCdon
SC,hyd
i 1+ kcpeKlip,donCdon

+ gog%%hyd Kaqu.donCdon
(15)

Note that in Eq. 9 ¢,(x) depends only on the concentration
¢/(x) but not on the volume fraction ¢ . In other words, at
high SC hydration water intercalates between lipids so that
parts of Q,q, share no interface with Q,,, or Q... Nonethe-
less the bound concentration will still be correctly described
by Eq. 9. This is of course only true if the number of binding

aqu

sites is independent of @g- .
The Special Case of Non-protein Binding Substances

In the special case of non-protein binding substances, the
maximum concentrations cp.y; are identically zero. There-
fore, the terms corresponding to the Langmuir isotherms
vanish and, for both M1 and M2, the same result is obtained
for CsC.dry (Eq 12) and CSC,hyd

lip aqu
CSC,hyd = (PscihydKlip‘donCdon + SoscyhydKaqu,donCdon (16)

respectively.

Calculation of a Theoretical Stratum Corneum-Donor
Partition Coefficient

The theoretical SC-donor partition coefficient is calcu-
lated by applying Eq. 8 to the whole SC membrane and
rearranging for Ksc/qon

Csc
K = 17
SC/don Cdon ( )
Accordingly, in Eqgs. 5, 6, 7, 8, and 9 csc is divided by cgon
to calculate Kgcpnya and Kscgry for M1 (Egs. 18 and 19),

M2 (Egs. 20 and 21) and non-keratin binding substances
(Eq. 22).

lip
KSC,dry/don = ‘PscydryKlip/don

Hansen et al.

kprocmaxﬁproKaqu/don
1+ kprOKaqu/doncdon

__lip pro
KSC,hyd/don _(PscﬂhydKlip/don + SOSC,hyd

+ Qog((lj%hydKaqu/don
(19)

cpe kcpecmax,cperKlip/don
SC.d
Y1+ kcpeKlip/donCdon

(20)

lip
KSC,dry/don = @s(;ydryKlip/don + ¢

lip
Ksc hyd/don = ©sc pyaKiip/don

I @gecrh . kkercmaxAkerKaqu/don
e +kkerKaqu/dnncdon

cpe kcpecmax‘cpeKlip/don
SC,hyd
T+ kcpeKlip/donCdon

+o

+ #5CnyaKagu/aon (21)

li :
KSChyd/don = LpslghydKlip,don + (nglhydKaqu’don (22)
In order to compare calculated with experimental results,
values of Kgc hyd/don Need to be transformed to Kgc gry/don Via
(for the derivation see Appendix B):

Ksc hyd/don
SC,dry
SC.hyd

KSC,dry/don = (23)

Input Parameters

The following paragraph relates the terms in Egs. 18, 19,
20, 21 and 22 to experimentally measured parameters for the
special case of LVP as donor medium and for CAF, FFA, and
TST as model compounds.

The Stratum Corneum Lipid-low Viscous Paraffin Partition
Coeﬁicient K],'p/va

According to the definition of the partition coefficient in
Eq. 8 the upper limit is determined by the ratio of the
saturation concentrations within the two phases (s; and s;). In
this sense Kjip/vp can be expressed as in Eq. 24. In an earlier
publication for CAF and FFA we measured Kjip/qon for don
being Soerensen phosphate buffer pH 7.4 (Soer,7.4) (Eq. 25)
(48). Rearranging Eq. 25 for sy, and substituting it into Eq. 24
Kiip/Lvp is calculated from the measured quantities Kijip/soer,7.4»
SSoer,7.4 and SLvp (Eq 26)

Slip

Kiip/Lve = Stvr (24)
Sli
Kiipsoer7.4 = 5 lp“ (25)
oer,7.
K;; s
Kiip/Lvp = lip/Soer,7.478oer,7 4 (26)

SLvP
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For TST no experimental data on Kjip/socr,7.4 Were available so
that first the lipid-water partition coefficient Kjipn, was in-
ferred from the octanol-water partition coefficient Kocyw as
proposed in (38) (Eq. 27). The aqueous solubility of TST being
pH independent, Ky, was taken to be identical to Kjip/soer,7.4
so that Kjiprvp could then be calculated according to Eq. 26.

)0.78 (27)

Klip/w = (KOct/w
Equation 27 is subject to uncertainty as it relies on a fitting
procedure and depends on the diversity and accuracy of the
underlying database. A number of similar correlations of the
general form

Kiipjw = aKgct/w (28)

have been proposed. Taking a=1 values for b were suggested
in the range of 0.70 to 0.78 (38,49,64-66). Considering both a
and b as being variable, values as high as 0.91 have been
suggested for b (37). The exponent of 0.78 was chosen because
it was derived for a database of experimentally determined SC
lipid—water partition coefficients. A comparison of calculated
values of K, for CAF and FFA with experimentally
determined values shall serve as a test of consistency of estimates
of Eq. 27. For CAF and FFA Eq. 27 predicts Kij;p,, to be 0.87 and
38.37 while experimental values were 2.15+0.42 and 20.32+0.54
respectively (note that for FFA the prediction was corrected for
pH 7.4 as this was used in the experiment (48)). Despite the
experimental and theoretical uncertainty Eq. 27 seems to be a
valuable instrument to estimate Kjp, for TST where no
experimental results are available.

The Aqueous Compartment-low Viscous Paraffin Partition
Coefficient Kqqu1vp

K,quive was calculated for CAF, FFA, and TST as proposed
for Kjippvp from the saturation concentrations in aqu and LVP.
The solvent properties of aqu were supposed to be essentially like
bulk water. For CAF and TST the aqueous solubility is
independent of pH so that ss.e;74 seems a reasonable experi-
mental approximation for s,q,. In contrast for FFA a pH
correction was necessary. Depending on the analytical method
opinions on corneocyte pH vary ranging from moderately acidic
(pH 5.5-6.5; employing surface parallel pH electrodes combined
with tape-stripping (67)) to practically neutral (measuring the
fluorescence lifetime of pH-sensitive dyes, e.g. 2',7'-bis-(2-carbox-
yethyl)-5-(and-6)-carboxyfluorescein (68)). Due to the lipophilic-
ity of the fluorescent dye the latter method exclusively probes the
intercellular lipid channel while information on the corneocyte
pH is most probably not available. Therefore 5.5 and 6.5 seem a
reasonable estimate for the lower and upper margin of the
corneocyte pH. Accordingly the lower margin of K,quivp Was
calculated for FFA using sseer,5.5 and the upper margin of Kaqurve
was calculated using Ssoeres. All analyses for FFA were
performed for both pH-values.

The Langmuir Isotherm Describing Keratin Binding

In M1 the binding properties of the protein compartment
will simplistically be described as keratin. Experimental data on
(maxxer a0d ki, measured with keratin from bovine hoof and
horn is available from literature for CAF and FFA (48) or
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presented here for TST. The maximum binding capacity of a
protein is usually reported in terms of its loading gmax;, i.€. as a
weight fraction relative to the weight of the protein (w/w) rather
than as a concentration cpmay; relative to the volume of the
protein (W/V). @max, is related to cmax,; Via the protein density:

w w
Cmax,ker =
' Vker

Pker = {max kerPker (29)

Wker

It has been argued that with swelling keratin uncoils and exposes
additional binding sites (69). Reported values for gmaxxer and
kyer correspond to maximally expanded keratin as experiments
were performed in “Soer,7.4”. This might be a source for errors
in the case of “dry SC”. This is avoided by restricting keratin
binding to be only possible in hydrated SC.

The Langmuir Isotherm Describing Binding to The Cornified
Protein Envelope

In M2 binding to SC proteins is subdivided into binding to
intra-cellular keratin accessible (as in M1) only from the aqueous
compartment and binding to the cpe accessible only from the lipid
compartment. FOr gmaxker and ki, experimental data is readily
available. In contrast there are no studies reporting the maximum
binding capacity ¢max,cpe OF the binding constant k. to the cpe.
Therefore we performed a theoretical parameter study where
different combinations of Gmay cpe (1, 10, 50, and 100 pg/mg) and
Kepe (10 ml/ug and 10° ml/ug) were tested. Although these
values are arbitrarily founded, they may serve to illustrate the
potential of protein binding via the SC lipids in a range of possible
protein binding constants and binding capacities.

MATERIAL AND METHODS
Material

The following materials and equipment were used: dialysis
membrane MW-cut-off 25 kDa (Medicell International Ltd,
London, Great Britain, VWR Darmstadt, Germany); Centrisart
I cut-off 20 kDa (Sartorius AG, Goettingen, Germany);
scintillation vials borosilicate glass with screw cap (VWR,
Darmstadt, Germany); freeze-dryer (Alpha 2-4 LSC, Christ,
Osterode, Germany); UV/VIS spectrophotometer (Lambda 35,
Perkin Elmer, Rodgau-Jiirgesheim, Germany); Hellma®
precision cells made of Quartz SUPRASIL®, type 100-QS-10
(Hellma®, Muehlheim, Germany).

Chemicals

4-Androsten-17B-ol-3-one (i.e. testosterone), flufenamic
acid, caffeine, sodium chloride, potassium chloride, methanol,
a bicinchoninic acid kit for protein determination, and
Trypsin type I from bovine pancreas were supplied by Sigma
Aldrich GmbH, Steinheim, Germany. Acetonitrile and sodi-
um monohydrogen phosphate dihydrate were supplied by
Fluka Chemie AG, Buchs, Germany. Low viscous paraffin
(density at 20°C 0.818-0.875 g/cm’; dynamic viscosity 25—
80 mPas), citric acid monohydrate, potassium dihydrogen
phosphate, orthophosphoric acid were supplied by Merck,
Darmstadt, Germany. Keratin from bovine hoof and horn
was supplied by ICN biomedicals, Aurora, Ohio.
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Composition of Buffers

All buffer substances were of analytical grade and were
prepared with purified water.
Phosphate buffered saline (PBS) pH 7.4: 1 1 contains
Na,HPO,-2H,0 1.44 g, KH,PO, 0.2 g, NaCl 8 g, KC1 0.2 g.
Soerensen phosphate buffer: is composed of x parts
0.15 M Na,HPO,, and 100—x parts 0.15 M KH,PO, (pH 5.5:
x=3.5; pH 6.5: x=30; pH 7.4: x=80.3)
Buffer pH 2.2: 1 1 contains citric acid monohydrate
20.8 g, Na,HPO42H,0 0.4 g.
Buffer pH 2.6: 1 1 contains orthophosphoric acid
1.16 ml, KH,PO,4 2.04 g.

Skin Samples and Skin Preparation Techniques

Skin samples were taken from Caucasian female donors
undergoing abdominal surgery with the approval of the ethic
committee of the Caritas-Hospital Lebach, Germany. After
removal of subcutaneous fatty tissue full thickness skin was
stored at —26°C for a maximum of 6 months after surgery. For
details see Wagner et al. (70).

Preparation of Stratum Corneum Sheets

SC sheets were prepared according to the method of
Kligman and Christophers (71) by two times 24 h immersion of
cleaned full thickness skin pieces of approximately 12 cm? in
0.15% (w/V) trypsine in PBS. In between as well as afterwards
the pieces were washed three times with PBS and finally freeze-
dried. Samples were kept at —26°C overnight to guarantee
complete freezing and then equilibrated inside the single
chamber system at —40°C. Main drying was performed
overnight at 0.050 mbar, with a shelf temperature of 20°C and a
condenser temperature of —80°C. For the final drying for 2 h the
vacuum was elevated to 0.001 mbar keeping shelf and condenser
temperature as during main drying. During the entire procedure
the temperature of condenser and shelf was permanently
monitored. Dried SC samples had a parchment like, crumply
and brittle appearance. Freeze-dried membranes were kept in a
freezer at —18°C for a maximum of 6 months after surgery.

Preparation of Hydrated Stratum Corneum

A gradual hydration of SC sheets was achieved by
equilibrating freeze-dried SC sheets of known weight over a
15.32% w/w sodium chloride solution or pure water or immersion
in water for 24 h at 32°C in desiccators. The hydrated SC sheets
were weighed again (in the case of SC sheets immersed in water
these were blotted dry between paper filters before weighing).
The level of hydration was calculated as follows: % w/w=100%
(weight hydrated SC—weight dried SC)/weight dried SC.

Determination of Saturation Concentration

An excess of CAF, FFA or TST was suspended in 5 ml
Soerensen buffer pH 5.5; 6.5; 7.4 or LVP in a screw top
scintillation vial. The lid was secured with a Teflon disk. The
mixture was stirred at 500 rpm at 32°C for at least 24 h. Stirring
was stopped and the samples were further kept at 32°C until non-
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dissolved substance had settled down completely. Samples were
drawn from the supernatant without disturbing the sediment and
centrifuged for 5 min at 2795 g. During centrifugation the
temperature of the samples did not change. The samples were
diluted to an appropriate concentration and analyzed via HPLC
or UV spectroscopy. Preliminary experiments had shown that
saturation was complete within 24 h and no filtration was needed.

Keratin Binding

Prior to the experiment water soluble low molecular
weight keratin fractions resulting from the manufacturing
process were removed by classical dialysis using dialysis tubing
with a molecular weight cut-off of 25 kDa. Removal of soluble
keratin fraction was considered to be complete if a BCA-assay
in the supernatant performed according to the standard
protocol provided by the manufacturer was negative (linear
concentration range 0.2-1 mg/ml or 5-25 ug of total protein,
detection limit 0.01 pg/ml). Insoluble keratin fractions were
retrieved by freeze-drying (for the freeze-drying procedure
please refer to “Preparation of Hydrated Stratum Corneum”).

Increasing ratios of TST to keratin (11 steps in the range of
0.025-4.68 pg/mg keratin using Soerensen buffer pH 7.4 as
medium) were incubated on a magnetic stirrer (500 rpm) at 32°C,
over 24 h, ie until equilibration. 1.0 ml of the suspension were
transferred to centrisart tubes (MW-cut-off 20 kDa) and
centrifuged for 20 min at 2,795xg at 25°C. The supernatant was
diluted with Soerensen buffer pH 7.4 to an appropriate concen-
tration and transferred into HPLC vials and the concentration of
unbound substance was determined by HPLC. Samples contain-
ing only substance solution without keratin were subjected to the
identical procedure and represented 100% free concentration.

Determination of Partition Coefficients by Equilibration
Experiments

The substance concentration within the SC was deter-
mined from the decrease of the substance weight within the
donor volume during incubation and normalized to the dry
volume of SC where w, and wg,g are the substance weight
within LVP before and after equilibration

(Wo — Wend) / Vsc.dry
WEnd/VLvp

Ksc ary/don = (30)

Vsc,ary Was determined from weighing freeze-dried SC by
normalizing to the density of dry SC: 1.3 g/em® (72).

Influence of Concentration of Incubation Solution

Kscigon Was measured based on the equilibration method
introduced by Raykar ez al. (37). The concentration dependence
of Kscigon Was evaluated in a broad concentration range with
dry(d) SC and for the “hydrated state” with SC hydrated over
pure water™ and additionally for exemplary concentrations for
SC hydrated above sodium chloride™ and by bathing in
water™ as described in Preparation of Hydrated Stratum
Corneum (dry weight 6.95-25.45 mg per piece). A SC sheet
was immersed in 2 ml LVP containing 32.20-92.15 ug/ml(d‘h),
57.93-75.49 pg/mIN4D and 57.93 pg/ml™ CAF; 12.12-
403.37 pg/ml¥, 39.17-403.37 pg/ml®™, 12.12 pg/mi™N*D and
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12.12-48.92 pg/ml™ FFA; 9.60-414.45 ng/ml“M, and 9.60-
188.87 pg/mlI™Na TST and allowed to equilibrate at 32°C for
24 h.

To exclude unspecific adsorption to the test tubes these
were incubated with the drug solution alone. Furthermore, to
exclude that substances interfering with analytics are
extracted by the solvent, a piece of SC was soaked with the
vehicle for 24 h and underwent the same procedure as the
drug containing solutions.

All partition coefficients are reported relative to the
volume of dry SC independent of the hydration state of the SC.

Influence of Hydration

SC either freeze-dried or gradually hydrated as described in
“Preparation of Hydrated Stratum Corneum” were subjected to
the procedure as described in “Influence of Concentration of
Incubation Solution”. A minimum of four repetitions was
performed for each hydration state. Afterwards samples were
drawn from the LVP and analyzed for drug contents via UV
spectroscopy.

Quantification of Caffeine, Flufenamic Acid,
and Testosterone

Extraction of Testosterone from Low Viscous Paraffin

The extraction method substitutes the UV quantification
below the lower limit of quantification. The equilibration
experiment was performed as described above. After estab-
lishing equilibrium 1 ml of the donor were transferred into a
glass test tube and 2 ml of methanol were added. The mixture
was vortexed intensely and the non-miscible phases were
allowed to separate at room temperature. A sample was
drawn from the upper phase (methanol) and analyzed by
HPLC/UV-Vis. If necessary, samples were diluted prior to the
analysis. In preliminary experiments the extraction efficiency
in the concentration range of 10-200 pg/ml had been found to
be 95+£5%.

The extraction was performed at cgon 9.6, 24.1, and
188.87 pg/ml using n=5 for each concentration and each
hydration method as well as “dry” SC resulting in overall 60
samples. The samples at 188.87 pg/ml serve as a control that the
results of the extraction method are not different from the UV
measurement and therefore can be combined. A t-test compar-
ing results from extraction experiments at 188.87 pg/ml with all
results from UV measurements above 50 pg/ml found no
statistical differences on the 95% confidence level.

UV-spectroscopy

Samples dissolved in LVP were analyzed by UV-spec-
troscopy at 270, 284, and 250 nm (CAF, FFA, and TST,
respectively) after adding dichloromethane (DCM) up to a
final ratio of LVP/DCM of 1:10. For all compounds a
calibration was performed using external standards containing
3.75-20 pg/ml CAF (limit of quantification LOQ: 3 pg/ml),
3.125-15 pg/ml FFA (LOQ: 1 pg/ml), or 5-15 pg/ml TST
(LOQ: 5 pg/ml) dissolved in the same medium as the unknown
samples, ie. 10% V/V LVP/DCM. If necessary, unknown
samples were diluted to an appropriate concentration with
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10% VIV LVP/DCM. UV cuvettes were sealed with parafilm
and aluminium foil to prevent evaporation of the volatile DCM.

HPLC

Samples dissolved in (Soer,7.4) or methanol were
analyzed by RP-HPLC using an isocratic Dionex HPLC
system (Lichrospher® RP-18 column/ 125x4 mm/ 5 pm with
a LiChroCART® 4-4 guard column (Merck-Hitachi, Darm-
stadt); Software: chromeleon 6.50 SP2 build 9.68.

CAE Mobile phase: 90:10 (V/V) buffer pH 2.6/acetoni-
trile; retention time: 5.1+0.2 min; flow rate: 1.2 ml/min;
injection volume: 50 pl; detection wavelength: 270 nm;
detection limit: 10 ng/ml; quantification limit: 50 ng/ml

FFA. Mobile phase: 80:20 (V/V), methanol/ buffer pH
2.2; retention time: 3.5+0.2 min; flow rate: 1.2 ml/min;
injection volume: 50 pl; detection wavelength: 284 nm;
detection limit: 15 ng/ml; quantification limit: 50 ng/ml

TST. Mobile phase: 70:30 methanol/ water (V/V); reten-
tion time: 4.8 min+0.2 min; flow rate: 1.2 ml/min; injection
volume: 50 pl; detection wavelength: 250 nm; detection limit:
15 ng/ml; quantification limit: 50 ng/ml

For all compounds a calibration was performed using
external standards with 0.05-25 pg/ml dissolved in the same
medium as the unknown samples, i.e. Soerensen buffer pH 7.4
or methanol. If necessary, unknown samples were diluted to
an appropriate concentration with the same medium prior to
analysis.

Software

All calculations were performed with Origin 7.5G SR3,
OriginLab Corporation, Northampton, MA, USA.

RESULTS
Hydration

The aim was to span a wide range of hydration states. This
could be realised by hydrating SC sheets above or within salt
solutions or pure water. Different salt solutions or a saturated
atmosphere have repeatedly been used for hydrating skin.
Commonly, sodium bromide 27% w/w (10), saturated sodium
carbonate (10), potassium carbonate 5.7-1.4 M (73,74), and
saturated barium chloride (75) are used to generate specific
relative humidities in a vapor sealed environment. The mole
fraction of a sodium bromide 27% w/w solution is equivalent to
a sodium chloride 15.32% w/w solution, i.e. 2.62 M.

Due to thermodynamic equilibrium SC hydration should
basically be the same after equilibration above water in a
saturated atmosphere and after immersion. However, there is
microscopical evidence that swelling is profoundly different in
humid air and after immersion, the latter resulting in
significant water uptake into selective zones of the SC (76).
The immersion procedure is relevant for the measurement of
partition coefficient experiments with aqueous vehicles and
for in vitro Franz-diffusion cell experiments with aqueous
donor and acceptor media. In order to investigate possible
influences on Kgsc/qon We additionally investigated SC that
had been hydrated in a saturated atmosphere. Here, no
influence on the SC structure had been reported (76).
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Table II. Sources and Results of Input parameters Used in M1 and M2 for CAF, FFA, and TST
CAF FFA TST

Kiip/soer 2.15+0.42 (6) 20.32+0.54 (6) n.a.
Saqu (mg/ml) 24.87+0.90 pH 6.5: 0.43+0.014 0.02+0.001

pH 5.5: 0.041+0.002
sLyvp (mg/ml) 0.134+3.31x107° 1.18+0.05 0.50+0.06
Kiipive 399.03 35.40 15.67
Kaquive 185.6 pH 6.5: 0.36 0.047

pH 5.5: 0.035
maxxer (Mg/ME) n.a. 77.03+7.08 (6) 2.16+1.36
kier (ml/pg) n.a. 1.28x1073£2.4x107* (6) 0.0517+0.045

n.a. not available

Equilibration of SC sheets over 15.32% w/w sodium
chloride solution, pure water or immersion in water resulted in
hydration of 31 - 79% wiw (n=16), 46-212% wiw (n=83), and
445-780% wiw (n=25). The SC hydration is highly sensitive to
small changes in the relative humidity of the environment
especially during weighting. Therefore the SC water content
that was reached with one hydration method varied rather
largely. Furthermore these variations may be due to quantities
of natural moisturizing factors varying between skins of different
patients. For the evaluation of partition coefficients the accurate
level of hydration of each individual SC sheet was taken into
account instead of using a mean hydration level for all SC sheets
hydrated with the same method.

Input Parameters

Table II gives an overview over the sources and results of
the input parameters needed for the compartmental models
M1 and M2 as introduced in “Theory”. Data gathered from
the literature are marked as such. Further data that have
been determined in the course of this work are presented in
detail below.

Determination of Saturation Concentration

The solubility in Soer,7.4 and LVP is as expected from the
compound lipophilicity i.e. Soer,7.4: CAF>TST; LVP: FFA>
TST>CAF (Table II). As a weak acid the aqueous solubility of
FFA is pH dependent and higher at pH 6.5 than at pH 5.5.

Keratin Binding of Testosterone

TST exhibits a concentration dependent keratin binding
(Fig. 2). The dependence of bound (pg/mg keratin) on free
concentration (pg/ml) at equilibrium at 32°C is expressed by a
Langmuir adsorption isotherm (Eq. 9). The Langmuir adsorp-
tion constant ki, and the maximum loading capacity ¢maxker
were determined by non-linear regression (Table II; yx°=
0.00879; *=0.888). However, due to the low aqueous solubility
of TST the predicted Ggmaxker cannot be confirmed experi-
mentally. The uncertainty of gmax ker 1S irrelevant in the models
as by definition the maximum free concentration available for
keratin binding equals the aqueous solubility of TST
(compare “Definition of Compartments and Interfaces”). At
low ratios of compound to protein the linear part of the
isotherm applies.

Mechanism of Corneocyte Interaction—Experimental
Results

Experimentally, two ways of substance-corneocyte inter-
actions can be identified at least qualitatively. These are an
involvement of SC water and binding to proteins. As
described, a non-aqueous donor allows working with SC at
defined water content so that the role of hydration on the SC-
donor partition coefficient can be investigated. Figure 3A
shows that only Kgc gry/don Of the highly water soluble CAF
depends on wgg',,, . For the lipophilic poorly water soluble
compounds FFA and TST the degree of membrane hydration
does not influence the SC partition coefficient (Fig. 3B, C).
Therefore, for the lipophilic compounds we will not distin-
guish between the hydration methods in the further course of
this article. It is further evident that with increasing hydration
KSC,dry/don of CAF is hlgher than KSC,dry/don of FFA and TST
indicating a higher affinity to hydrated SC of CAF compared
to FFA and TST.

Furthermore, a dependence of Ksc aryidon ON Cqon indicates
an underlying saturable process such as binding to a limited
number of available protein binding sites. Figure 4 shows the
results for FFA and TST which were already known to bind to
isolated bovine keratin in a saturable fashion. For both
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Fig. 2. The Langmuir isotherm accurately represents the concentra-
tion dependence of TST binding to keratin. (n=3 for each level of
Csoer7.4; Standard deviation displayed as error bars; for most points
the size of the error bars falls within the size of the symbols).



The Role of Corneocytes in Skin Transport Revised

A

1400
1200 - L
1000 -

800

KSC,dryIdon

600 4 >4
400

200 1

aqu
SC,dry

1400 4
1200 -
1000 -

800

600

Ksc,dryldon

400 4

200 1

1400
1200 A
1000 A

800

KSC,dryIdon

600
400
200 1

Taxx e Fx P ¥ wox ¥

-

M L)

0 2 4 6 8

aqu

D dry

Fig. 3. Experimentally measured Ksc gry/aon Of the hydrophilic CAF
(A) increases with progressive SC hydration. For the lipophilic
compounds FFA (B) and TST (C) SC hydration has no influence
on Ksc.aryidon- (0pen square dry SC, filled circle hydrated above NaCl,
open triangle hydrated above water, filled star hydrated in water; each
point is a measurement of an individual piece of SC).
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compounds a concentration dependence of Ksc gry/don 1S present
in the concentration range below 50-100 pg/ml. This is more
pronounced for FFA than for TST. As expected Ksc arydon Of
the non-keratin binding CAF does not depend on concentration

at a defined wgg',,, (results not shown).

Mechanism of Corneocyte Interaction—Comparison
of Theoretical and Experimental Results

Non-keratin Binding Compounds: Caffeine

Figure 5A compares experimentally determined Ksc dry/don
measured at different SC hydration levels (open squares) with the
values predicted (bold solid line) according to Eq. 18 (dry SC)
and Eq. 22 and Eq. 23 (hydrated SC). Remember that for non-
keratin binding substance there is no difference between M1 and

M2. For the predictions the same range of wgly, Was chosen
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Fig. 4. Kgc arydon Of keratin binding substances FFA (A) and TST
(B) were measured as a function of donor concentration. Ksc ary/don
increases in the lower concentration range whereas it is relatively
constant at high concentrations. The different symbols indicate the
applied hydration method (filled square dry SC, open triangle
hydrated SC; n=2-15; standard deviation displayed as error bars).
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the impact of hydration on Ksc dry/don (0pen squares experiment; dashed line linear fit of experimentally determined Ksc ary/

don Against Wiy ;s straight line calculated Ksc arydon for 0 < w

Seary < 8. B, Cresults of the optimization strategies: B effect of

a reduction of s,q,; C effect of an increasing bound water fraction. D The experimental data is compared to optimized
predictions (open squares experiment; bold dashed line s,q, reduced to 15 mg/ml; bold straight line bound water fraction of

, aqubound __
WsCary = 0.34).

as in the experiment. A linear regression provides for the
experimental results a slope of 137.11+9.11 and an offset of
31.45+25.99 (expressed as mean=SE; r*=0.869). The slope
signifies the increase of Kgcgrygon due to an uptake of 1 g
water per 100 g dry SC. The offset is determined by Ksc aryidon
at zero hydration which indicates the affinity of CAF to the
lipid compartment. Due to the substantial scatter of the
experimental data the estimated offset is subject to a high
variation. In both experiment and prediction Kgc gry/don
depends linearly on iy, . The compartmental model
overestimates the impact of wg‘gdry on Kscdrydon and
suggests a steeper slope than seen in vitro as well as a higher
offset. Predicted values for slope and offset are 241.28 and
159.94 (compare to “Mechanism of Corneocyte Interaction—
Experimental Results”).

For CAF it could be shown earlier that it does not bind to
keratin. Therefore no concentration dependence of Ksc ary/don
was expected. Nonetheless, to confirm the theory a range of
concentrations was tested. Any influence of concentration on
partitioning should have produced a deviance from the theory.
This was not the case as shown e.g. in Fig. 5.

Two possible influencing factors were investigated on a
theoretical level in order to evaluate their potential to influence

the affinity of CAF to the aqueous compartment. This is first s,qu
that directly enters K,quaon (see “the Aqueous Compartment—
Low Viscous Paraffin Partition Coefficient K,qu1vp”). The
influence of a systematic decrease of s,qu 0n Kscaryidon at
increasing wgcgdry in steps of 5 mg/ml starting with sgeer 7.4 iS
shown in Fig. 5B. As s,q, is reduced a progressive hydration
leads to a more shallow increase of Ksc dry/don With wg%lfdry with
Saqu best mimicking the experimental slope.

As a second influencing factor the volume fraction of the
aqueous phase available for compound uptake was investigated.
So far we considered the whole aqueous phase accessible for
compound dissolution although it is well known that substantial
portions of water are bound to SC proteins and natural
moisturizing factors. It has long been recognized for liposomes
that water that is bound strongly to lecithin is not accessible for
compound partitioning (60). This concept has also been adopted
for hydration of SC keratin (77). Hadgraft ez al. as well as others
determined a portion of wg‘éﬂi;""d =0.34 as bound water
(wé%?;}fymnd being the weight of bound water per weight of dry
SC) which would consequently be unavailable for partitioning.
Any additional water is considered free water with dissolution
properties exactly as bulk water. A bound water fraction can

easily be implemented into the model. wg‘gi‘y’und is transferred
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to apgguhl;‘;““d as described in “Appendix A” which is than
subtracted from ‘Psc hyd -
lip K aqu aqu,bound K
#sC hyallip/don T { |PSChyd ~ ¥SC hyd aqu/don
Ksc dry/don = SCdry
#SC hyd
(31)
To illustrate the dependence of Kg¢ aryidon ¢ on w;%udbound the level
of g%“ht;%“"d was varied (Fig. 5C). For Wscdry < gpg%“;lt;(y’“"d the

modulus in Eq. 31 is zero so that the term describing the affinity to
the aqueous compartment is deleted. In other words if the
number of water molecules within the SC is smaller than the
number of water binding sites then all water will be bound and
none will be available for compound dissolution. Ksc gry/don Will
now exclusively be determined by uptake into the SC lipids and
Ksc dryidon agalnst Wsc dry gives a straight line parallel to the x-axis
(Fig. 5C). For gl 4y > ap;‘éudbound any additional water will again
be available for compound dlssolution and Kscaryidon iNCreases

s (Fig. 5C). However, the slope will depend on

linearly with wgc 4
aqubound  aqu,bound
S i Wt MY = (.34 is indicated by a bold
SC.dry
aqu,bound __

the height of wyc 4y
dotted line. Figure 5D compares the estimate for wge g,y

0.34 (bold dotted line) and s,q,=15 mg/ml with the expenmental
data (open squares). Both correction strategies offer an equally
good representation of the slope of the experimental data. The
problem of overemphasising the offset of the experimental curve
is not solved by either correction strategy.

Keratin Binding Compounds: Flufenamic Acid
and Testosterone

Figure 6 compares predictions of M1 for varying degrees
of SC hydration in the range of wgl'y, =0 —8 (Egs. 18 and
19) with experimental results on the dependency of Ksc ary/don
on cqon- Experimental data are shown as means and standard
deviation for dry (open squares) and hydrated SC (open
triangles). Results predicted with M1 are shown as lines (bold
dashed line: wil'y,, = 0). Figure 6A gives the results for FFA.
Here, additionally, two different values for pH,q, were
considered in the theoretical analysis. In M1 according to Eq.
18 Ksc.aryraon for dry SC is exclusively influenced by the
compound affinity to the lipid compartment. As the lipid
concentration ¢y, is described via a simple proportionality
(Eq. 8) M1 predicts Kgc aryidon Of dry SC to be independent of
Cdon- M1 implicates a donor concentration dependence only for
hydrated SC which is accounted for by a Langmuir isotherm
(Eq. 9). Considering a pH,q, of 5.5 (which was approximately
the lower margin of pH-values investigated in SC (67)) the
solubility of FFA in the aqueous compartment is very low
(Table II). This leads to a very low K,qu/don Which enters Eq. 19
in the term describing the compound affinity to the aqueous
phase and the Langmuir isotherm quantifying protein binding.
Therefore at pH,q, 5.5 M1 predicts Ksc dry/don t0 be practically
independent of SC hydration and independent of donor
concentration. At pHgq, 6.5, which would be approximately
the upper margin of pH values investigated in human SC (67),
K quidon 1s an order of magnitude higher than at pH,q, 5.5. The
effect on Ksc aryraon is however still limited. Compared to dry
SC M1 predicts that hydration of the SC provokes a four to
five times elevated Kgc gry/aon- Finally, the absolute level of
hydration is rather unimportant such as in the range of
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Fig. 6. M1: Comparison of experimental and calculated Ksc grydon as
a function of cgo, for varying “’sc dry for A FFA and B TST
(experimental results: dry SC (filled square); SC hydrated (open
triangle)). Calculated results, A: (1) Wil =05 (2) pHaqu=5.5; 0 <
wg‘}"drv <8; (3) pHaqu=6.5; 0 < wg%udr <8;B:(I) wg%udr} 0;(2)
0< ws(é”dry < 8 ). For FFA the 1nﬂuence of the pHaqu was 1nvest1gat-
ed using the upper and lower margin determined by a tape-stripping
method with surface parallel pH electrodes (67).

0< wgc({judr <8 an increasing wgc(ljudry influences KSC ,dry/don

negligibly (Fig. 6A). The range of Ksc dry/don predicted by M1
within the pH,q, range of 5.5 and 6.5 includes the major
portion of the experimental values. At pH,q, 5.5 M1 further
correctly predicts the independency of hydration. However,
obviously in both cases M1 is not able to correctly express the
concentration dependence of Kgc dry/don at 10W c4on that was
seen in the experiment.

Figure 6B shows the results for TST. Experimental
partition coefficients were in the range of 1.81+0.24 to
50.13£22.53. In the concentration range below 50 pg/ml
Ksc,aryaon increases with decreasing cgon. In contrast M1
predicts Kgc dryaon Of 6.28 for dry SC and 8.47 to 11.42 for
hydrated SC, both being independent of wgly. as well as
Cdon- Due to the similar K,quwdon 0f FFA at pH,q, 5.5 and
TST the influence of hydration on Kgc dgrydon is similarly
negligible as for FFA.

The predictions of M2 (Eq. 20 and Eq. 21) are shown in
Fig. 7 (left hand-side FFA, right hand-side TST). Figure 7A1
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and B1 were calculated assuming kae:IO’3 ml/pug which
would be considered as a kind of lower margin where the
compound affinity to the cpe is very limited. This is combined
with different levels of maximum binding capacity gmaxcpe Of
1, 10, 50, and 100 pg/mg, ie. from a rather moderate to a
substantial maximum binding capacity. Furthermore the
influence of the aqueous compartment was considered by
predicting Ksc dryidon for the lower and upper limit of SC
hydration i.e. w4, =0 (bold lines) and Wiy, =8 (thin
lines). (Al and B1) At kclf,ezlo_3 ml/ug a Gmax,cpe=1 pg/mg is not
sufficient to provoke a concentration dependence of Ksc dry/don-
With increasing gmaxcpe tWo effects are obvious: (1) the
concentration dependence at low c4o, becomes more
pronounced, ie. the slope of Ksc drydon against cqon becomes
steeper, (2) Kscaryidon in the whole concentration range is
increased, with the increase being more pronounced at lower
Cdon- AN INCrease in Gmaxcpe however does not lead to an
increased influence of wgcé‘fdry on Ksc dryidon- These trends are
evident both in the predictions for FFA and TST. For TST at
identical combinations of K pe and gmaxcpe the slope of the curve
at low c4on, i.e. in the range where the cpe shows its influence, is
slightly less steep than with FFA.

Figure 7A2 and B2 were calculated assuming kcpe=
10° ml/ug, i.e. an upper margin marking a high compound
affinity to the cpe. This is again combined with different levels
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of Gmax.cpe Of 1, 10, 50, and 100 pg/mg. Again the influence of
the aqueous compartment was considered by calculating the
results for the lower and upper limit of SC hydration wil'y,, =
0 (bold lines) and wil'y,, = 8 (thin lines). Now, already even
for gmax.cpe=1 mg/mg there is a (however limited) non-linear
concentration influence on Ksc dry/don- In general, compared to
the estimates with kepe=10" ml/ug (1) the absolute height of
the predicted Ksc gry/don 18 higher, especially in the lower range
of cqon, (2) the slope of Ksc drydon against cqon is steeper
(the first partially being a consequence of the second).

In Fig. 8A1 and B1 the experimental results are shown
together with that combination of gmaxcpe and Kkep. that
achieves the best prediction according to M2 (again A marks
the results for FFA while B will be TST). These are for both
FFA at pHaqu 5.5 and TST: gmaxcpe=10 pg/mg and kepe=
10° ml/ug. There will probably be further suitable combinations
Of Gmax,cpe and kcpe being able to correctly express the
experimental results. Therefore it was tested whether the
binding parameters measured with bovine keratin could
serve to give a first estimate of the binding properties of
the cpe (Fig. 8A2 and B2). For FFA these estimates express the
experimental results at low cqo, less correctly than the
“optimized” set of Gmaxcpe and kcpe. However, the overall
trend of the experimental values is expressed in the simulation.
For TST the estimate using gmax ker and ki, for describing the
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Fig. 7. M2; systematic variation of cpe maximum binding capacity ¢max,cpe (1, 10, 50, and 100 ug/mg) and cpe binding constant k.,. A FFA; B
TST. AI+BI kepe=107 ml/pg. A2+ B2 kepe=10° mlipg (bold lines: wel'y, = 0 ; thin lines: Wiy, =8 ).
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Fig. 8. M2; comparison of experimental results of FFA and TST with optimized binding parameters for cpe (AI: FFA: gmax,
cpe=10 pg/mg, kCW:lO3 ml/pg, pHaqu=5.5; BI: TST: gmaxcpe=10 pg/mg, kcpe:103 ml/pg). Assuming the binding properties of
the cpe to be identical to Ker, i.e. ¢max,cpe =Gmaxker aNd Kepe=Kier Was a good first estimate of Ksc aryiaon (A2: FFA, B2: TST)
(experimental results: dry SC (filled square); SC hydrated (open triangle)). Calculated results: (1) wg‘gdry =05Q2) gy = 8)-

binding properties of the cpe expresses the experimental data
better than the “optimized” set of gmax,cpe and kepe.

In summary, M2 however, not M1 is able to predict the
concentration dependence of Kscgryidon that is seen in the
experiment. It shall be noted that the predicted influence of
hydration on Kgc dry/don for protein binding permeants with
limited water solubility is profoundly different from hydro-
philic compounds. For protein binding compounds hydration
acts in a two-state fashion: there is a visible difference in
Ksc dry/don at zero hydration (wg%lfdry = O) compared to any

other hydration state (wg‘g‘dw >0) . However, there is
practically no differentiation according to the actual water
weight fraction at wily,, >0 . This is equally predicted by
model M1 and M2 for both FFA and TST and is depicted
e.g. in Figs. 6, 7 and 8. This is also in line with Fig. 3B and C
which shows that the hydration method does not influence

Ksc dryidon of FFA and TST.

DISCUSSION

The theoretical analysis offers a very simple method to
predict the influence of the SC water content on SC partitioning.
In addition, the presented experimental setup allows an easy
investigation of the effect of hydration on Kscgryive In
contrast, the Franz cell, an experimental setup that is often used
in in vitro skin permeability measurements, is not suited for

addressing this kind of question as the skin membrane will
always be fully hydrated through the aqueous acceptor medium.

As a first approach to describe the interactions of CAF
with the aqueous domain quantitatively the solubility in the
aqueous SC compartment was assumed to be comparable to
physiological buffer. However, this led to an overestimation
of the impact of hydration on Kgc dry/aon- TWO strategies were
followed in order to reduce the affinity of CAF to the
aqueous compartment. Both the reduction of the aqueous
solubility and the introduction of a non-accessible water
fraction could successfully reduce the slope of Ksc ary/don With
“-’SC dry - The aqueous solubility of CAF depends on temper-
ature, and may be increased by the presence of organic acids
or their alkali salts, e.g. benzoates, salicylates, or citrates,
while no such effect is reported for phosphate ions contained
in the Soerensen buffer (78). Although Kasting et al.
advocated for a shallow transition from bound to free water
state which could result in a likewise shallow transition of
solubility a two-state analysis was sufficient to reduce the
dependence of Ksc dry/don OL w;%ljdry to values as found in
vitro (9,69). The picture may be significantly complicated if
the binding sites of water and drug compounds are identical.
Then the magnitude of the binding constant would determine
whether the drug is able to displace water from its binding
site. However, both strategies fail to reduce the overestimated
offset of the predicted Ksc gry/don at wSC dry = =0 as this is only
influenced by the compound affinity to the lipid compartment
Eq. 18. According to “The Stratum Corneum Lipid-Low
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Viscous Paraffin Partition Coefficient Kj,vp” this was
calculated from Kiip/soer,7.4» SSoer7.4» and spyp. Prerequisite
for Eq. 26 is that all interacting phases are non-miscible. It is
known that at high hydration levels water intercalates into SC
lipids. The improved hydrophilicity of the lipid bilayer could
promote the lipid affinity of hydrophilic compounds such as
CAF such that the experimental value for Klip/Soer,7.4 is
slightly overestimated. Equally, a penetration of LVP into SC
lipids should lower the affinity of CAF to the SC lipids as the
solubility of CAF in LVP is significantly lower than in SC
lipids (Kjipive of CAF is highly positive). Both mechanisms
could account for an overestimation of Kjpvp of CAF and
thus of KSC,dry/dOn at wg(éu,dry =0.

For a number of compounds adsorption to isolated keratin
powder was reported (39,40,54,55). The question is whether
keratin binding is possible in the morphological context of the
membrane. Due to the unique morphology of the human SC a
direct contact between keratin and intercellular lipids is highly
unlikely (53). Therefore in M1 the possibility of lipid—protein
interactions was ruled out completely. Instead it was assumed
that compound keratin interactions will be mediated via intra-
corneocyte water which in turn communicates with intercellular
lipids. However, potentially protein binding compounds usually
are lipophilic and therefore poorly water soluble. This was
tested with the two keratin binding compounds FFA and TST
that differ in their maximum binding capacity and keratin
affinity constant. Varying pH,q, predictions of M1 effectively
showed that if there are substantial FFA concentrations within
the corneocyte water Ksc gryidon Will not so much be concentra-
tion dependent but sensitive to SC hydration. It is therefore
highly unlikely that FFA enters intra-corneocyte water to a
significant extent. It remains to be analysed whether the weakly
acidic corneocyte pH could facilitate the corneocyte solubility of
bases and thus mediate keratin access of lipophilic bases. This
could provide the explanation for the significant concentration
dependence of Ksc gryiaon Of scopolamine (47) although this may
also have been a consequence of binding to the cpe.

Summing up these findings, the concentration dependence
of Ksc aryidon S€€n in the experiment is much more likely to be a
consequence of protein access directly via the lipids and not via
the detour of the aqueous corneocyte phase. This can only
reasonably be assumed for structures as the cpe and corneo-
desmosomes although we did not consider the corneodesmo-
somes explicitly in our analysis. Compared to the major SC
component keratin such structures encompass only a very small
fraction of the whole SC (30). Therefore the main question
addressed with M2 was whether this might be enough to account
for the measured effects. Our theoretical parameter study
systematically varying the binding parameters to the cpe could
show that this is indeed possible if not likely. As this approach is
not feasible for applying the model to a larger database gmax ker
and ki, could be used as estimates for gmax,cpe and kcpe. This
relies of course on the assumption that the binding properties of
the cpe can be expressed by keratin at all, as keratin is only one
of several proteins forming the cpe. In case of TST the
uncertainty of ¢ax ker (compare “Keratin Binding Compounds:
Flufenamic Acid and Testosterone”) becomes relevant. By
definition the maximum free concentration available for binding
to the cpe equals ¢jp,. The lipid solubility of TST is sufficiently
high that the non-linear part of the isotherm is reached. For FFA
(maxker Was estimated with higher certainty as due to a higher

Hansen et al.

aqueous solubility roughly 70% saturation of binding sites were
achieved (48).

The great importance of considering corneocyte inter-
actions of not only water soluble but also lipophilic, protein
binding molecules shall be explained consulting Vieth and
Sladek (79) who provided a kinetic interpretation of the dual
sorption theory. They assumed that the kinetics of immobi-
lization are very rapid compared to the diffusion rate of the
mobile component so that the diffusion is rate controlling and
a local equilibrium between mobile and immobilized species
is always maintained throughout the medium. Only the
mobile species will be able to participate in the concentration
gradient and thus in the diffusion process while the adsorbed
species is completely immobilized and does not participate in
the diffusive flux. This leads to significant differences in the
effective and true diffusion coefficient and a retardation of
adsorption equilibrium as some compound is removed from
the pool of diffusing species. Naegel et al. recently noticed
that the corneocyte diffusivity D.., of FFA is overestimated
when the interaction with the corneocyte phase is described
solely via a partition coefficient (23). The magnitude of the
affinity constant k, representing the ratio of the rate constant
of adsorption and desorption and thus being an indicator of
the binding strength, will influence the extent to which the
effective diffusion coefficient will be reduced compared to a
pure partitioning process. Furthermore, a large German
multicentre-study aiming at a validation of reconstructed
human epidermis models failed irrespective of the skin model
investigated to predict experimental apparent permeability
coefficient of a set of test compounds by established
QSPR (quantitative structure activity relationship)-analyses
that base only on molecular weight and lipophilicity param-
eters such as those mentioned above, or open-source software
such as DermWin and Skinperm (80). It may be speculated
that predictions may be improved when taking into account
protein binding and hydration effects with the help of the
theoretical analysis or the proposed experimental procedure.

After the present experimental findings there can be no
doubt that hydration plays a central role in SC partitioning of
water soluble molecules. Obviously CAF has a higher SC
affinity than FFA and TST. At first sight this is contradictory
to predictions that foot on a positive correlation between
logKocyw and the apparent permeability coefficient
(66,81,82). This means that a hydrophilic compound such as
CAF permeates the skin poorly due to a low affinity to the
highly lipophilic character of the SC. This is evidently true for
aqueous donor media. In addition the cited QSPRs rely on a
lipid permeation pathway that excludes the trans-cellular
route.

CONCLUSION

Equilibration experiments with gradually hydrated SC
using a non-aqueous donor medium are an efficient method to
investigate the impact of water uptake into the SC on SC
partitioning of compounds. Together with keratin binding
studies they offer experimental tools to investigate the
mechanism of corneocyte interactions of compounds partition-
ing into the SC. The corneocytes are a distribution compart-
ment for both lipophilic and hydrophilic compounds.
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Hydrophilic water soluble molecules will predominantly
interact with water that is present within healthy SC in vivo
or additional water that has entered the corneocytes through
hydration in the course of occlusive conditions. For lipophilic
compounds the aqueous compartment does not play a role in
SC partitioning. Although these compounds could be shown to
bind to isolated keratin this is probably meaningless for the SC-
donor partition coefficient. Due to their low aqueous solubility
only a very limited number of molecules will find access to
intra-corneocyte proteins. Thus keratin binding is limited by
the aqueous solubility of a compound. An involvement of
extra-cellular proteins might be of much more importance for
SC uptake of lipophilic protein binding molecules.
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APPENDIX A: THE VOLUME FRACTIONS OF THE SC
COMPARTMENTS

Conventionally water, lipid or protein content within SC
is expressed as weight fractions relative to the weight of dry

SC, for example
hp _ Wip
Wsc, dry —

32
WSC,dry ( )

For convenience and easy comparison with other authors
we also use weight fractions for representation of data.
However, for calculations we need volume fractions relative
to the volume of dry as well as hydrated SC. This section will
explain how weight and volume fractions are related. The
derivation of Spsc hyd from wic dry will be shown here

exemplarily for ‘Psc hyd for M1 but can be done analogously
for all other compartments as well as for M2. We assume dry
SC to be composed of 30% w/w lipids, i.e. "-’SC Cary = 0 3 and
70% wiw proteins wgcy, = wee jz - wlsllé ay=1- Wb, ary =
0.7 . These are empirical values recorded in our lab in vitro
for female abdominal skin of 14 different patients in 136
samples by lipid extraction of freeze-dried SC and weighing.
wé"édw was prev1ously determined to be 0.07 (30) so that
WS dry = WSCdry — Weeary = 0.63 . Due to the definition in Eq.
2 we obtain

lip Wilip

w —_— (33)
SC,hyd —
v WSsC,dry T Waqu

where the last identity results from dividing both numerator
and denominator by wsc ary

Wiip lip
lip WSC.dry Wsc, Jdry 34
WSChyd = Wscay | Wau 1+ (34)
WsCdry | WSCdry SC,dry

Therefore ‘“-’sc nya Varies depending on the extent of SC
hydration Wscthyd In contrast to wyc,, Which is always
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constant. Relating Eq. 34 to the specific densities the volume
fractions of the respective compartments are calculated:

li li PSC hyd
‘Ps?: hyd — sg hyd s (35)
Php
with the density of hydrated SC defined as
1
PSChyd = T, (36)

. pro aqu
W, dry/ Plip + Wsc,dry/ Ppro + wSC,dry/ Paqu

For dry SC and SC lipids the following densities are
reported in literature: pscary=1.3 g/crn3, and py;,=0.973 g/cm3
(72,83). The density of SC proteins can be calculated from
Psc.ary as shown in Eq. 37 for M1.

WsC,dry WsC,dry
PSC,dry = % = Wip | Wpro (37)
SCAry i T o

Dividing both numerator and denominator by wsc ary
Eq. 37 may be expressed in terms of weight fractions:

WSC.dry / WSC.dry B 1

PSCdry = - — 38
Y [Wscary | Wpo/Wscay Wit ay | Ry (38)
- + SC,
Plip Ppro Plip Ppro
pro
w
SC, dry
Ppro = (39)

1 “’sc.dry
PSC.dry Plip

After reorganlsatlon for ppro the protein density was
calculated as 1.52 g/em®. This value is well within the
experimentally determined range (84). We assumed py., and
Pepe to be equal to pyro.

APPENDIX B: TRANSFORMATION OF PARTITION
COEFFICIENTS

According to Eq. 17 the partition coefficients Ksc gry/don
and Ksc hya/don €an be written as

CSC,dry _ W/VSC,dry

Ksc.ary/don = 40
«dry/don Cdon W/Vdon ( )
cschyd W/ Vschyd
Kschyd/don = = 41
-hyd/don Cdon W/Vdon ( )
So that Ksc gryidon and Ksc hyd/don are related via
Vschyd 1
Ksc.dry/don = Ksc,hyd/don viy = Kschya/don —scay (42)
SCd SC.hyd
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