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Abstract

Mathematical modeling of skin transport is considered a valuable alternative of in-vitro and in-vivo investigations especially consid-
ering ethical and economical questions. Mechanistic diffusion models describe skin transport by solving Fick’s 2nd law of diffusion in
time and space; however models relying entirely on a consistent experimental data set are missing. For a two-dimensional model mem-
brane consisting of a biphasic stratum corneum (SC) and a homogeneous epidermal/dermal compartment (DSL) methods are presented
to determine all relevant input parameters.

The data were generated for flufenamic acid (My, 281.24 g/mol; log Kou/m,0 4.8; pK, 3.9) and caffeine (M 194.2 g/mol; log Koc,m,0
—0.083; pK, 1.39) using female abdominal skin. Kj;,/qon (lipid-donor partition coefficient) was determined in equilibration experiments
with human SC lipids. Kcoriip (corneocyte-lipid) and Kpgsiip (DSL-lipid) were derived from easily available experimental data, i.e.
Ksc/don (SC-donor), Kiip/aon and Kse/psr (SC-DSL) considering realistic volume fractions of the lipid and corneocyte phases. Lipid
and DSL diffusion coefficients Dy, and Dpgy. were calculated based on steady state flux. The corneocyte diffusion coefficient Do, is
not accessible experimentally and needs to be estimated by simulation.

Based on these results time-dependent stratum corneum concentration-depth profiles were simulated and compared to experimental
profiles in an accompanying study.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction investigation such as bioavailability studies, risk assess-
ment of products and consumer protection among others.
Pharmaceutical and cosmetic industries as well as gov- In-vivo studies with humans are considered the “gold-stan-

ernmental institutions share a common interest in skin  dard”. As these are tied to ethical, analytical and economic

concerns much effort has been put into developing reliable

_ , _ in-vitro methods preferentially using human skin. Still the
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Nomenclature

Definitions are given for the symbols used in the main text
in alphabetical order

Co initial concentration of substance within the
incubation solution

Cexsc  concentration within the bottom layer of the
stratum corneum, i.e. the last pool of tape-strips

cinDsL concentration within the topmost layer of the
viable deeper skin layers, i.e. the first pool of
cryo-cuts

cor corneocytes

D apparent diffusion coefficient

dc/dx  concentration gradient

D.,,  apparent diffusion coefficient through the cor-
neocytes

Dpsy.  apparent diffusion coefficient through the viable

deeper skin layers

Der dermis

Diip, apparent diffusion coefficient through the stra-
tum corneum lipids

don donor

DSL  viable deeper skin layers

Epi epidermis

h membrane thickness
Jss steady state flux
K partition coefficient

K.orip partition coefficient between corneocytes and lipids

Kpsi/don Ppartition coefficient between viable deeper skin
layers and donor

Kps1 iip partition coefficient between viable deeper skin
layers and lipids

Ky partition coefficient between skin compartment
i, with i denoting SC, lip or DSL, and donor
compartment j

Kiip/aon partition coefficient between lipids and donor

kp apparent permeability coefficient
Ksc/don partition coefficient between stratum corneum
and donor

Ksc/psp partition coefficient between stratum corneum
and viable deeper skin layers

lip lipids

my mass of substance within the incubation solu-

tion before equilibration

mass of substance within the incubation solu-

tion after equilibration

m; dry mass of skin compartment 7, with 7 denoting
SC, lip or DSL

m; mass of the incubation solution

MEx mass of substance extracted from a skin com-
partment

SC stratum corneum

ODcor relative volume fraction of the corneocyte phase

Diip relative volume fraction of the lipid phase

and insufficient barrier formation limit their significance
for the situation in man.

Therefore mathematical modeling may be a potential
alternative. In-silico approaches include predicting the
apparent permeability coefficient kp of various substances
from easily accessible physical constants like descriptors
for molecular weight, lipophilicity and solvation parame-
ters [1-4]. Furthermore one- or two-compartmental phar-
macokinetic models determine rate constants from
physicochemical and physiological skin properties such as
partition and diffusion coefficients, blood flow and skin
thickness [5]. These allow for estimating the absolute
amount present within a certain compartment after a
defined time. Apart from that diffusion models additionally
predict drug concentrations locally and temporally by solv-
ing the partial differential equations of Fick’s 2nd law of
diffusion [6]. These models describe skin penetration as a
series of partition and diffusion steps which may be quan-
tified in terms of partition coefficients K and diffusion coef-
ficients D.

Several diffusion models with a varying degree of com-
plexity are currently in use. Accordingly the estimation of
model parameters becomes more and more challenging.
The simplest cases consider a homogeneous SC such as
the two-dimensional multi-layer diffusion model of Manitz
et al. [7]. Here input data on Ksc/dons Ksc/epi> Kepi/Ders

Dgyon, Dsc and Dpgy are sufficient. These are readily avail-
able for several compounds from the literature [8,9]. Sub-
scripts indicate the respective skin layers involved in the
partition or diffusion process (don, SC, lip, cor, Epi, Der
and, DSL for donor, stratum corneum, intercellular stra-
tum corneum lipids, corneocytes, epidermis, dermis and,
viable deeper skin layers, i.e. viable epidermis plus dermis).
More sophisticated models describe the stratum corneum
geometry as “brick-and-mortar”, the corneocytes being
bricks and the lipids acting as intercellular mortar [10]. If
only the lipoidal pathway is considered this requires input
data on Kiip/qon, and Dy, [11]. As so far partition coeffi-
cients with extracted SC lipids have only been measured
for a single set of compounds several usually very similar
correlations of Kijip/don With Koci/m,0 according to a power
law (linear free energy relationship) have been suggested
[12-14]. Direct measurements of lateral diffusion coeffi-
cients of a small set of larger compounds (223-787 Da)
and molecular oxygen in extracted SC lipids have been
attempted by fluorescence recovery after photobleaching
(FRAP) [15,16]. From this work also a general relationship
of Djj, on molecular weight could be discerned. If apart
from that the model allows corneocyte access it becomes
crucial to break down the consecutive partition and diffu-
sion steps experimentally according to the anatomical het-
erogeneity of skin. Similar to Kj,/q4on Nitsche et al. related
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Keor/don t0 Koet/u,0 via a power law [13]. Estimates of Do,
have been proposed on the basis of Phillips et al.’s analysis
of hindered diffusion in media with fibrous obstacles and
for the special case of water by spin-echo NMR measure-
ments of mobile protons in guinea pig footpad SC
[19,20]. Using a two-dimensional brick and mortar diffusion
model with homogeneous lipid and corneocyte phases Heisig
et al. were able to simulate non-steady state drug permeation
through the stratum corneum [18]. Based on realistic dimen-
sions the time resolved location of a drug within the stratum
corneum was examined by systematically varying Kcoriip.
Diip, and De,,. An accurate resolution of the lipid channel
has been attempted in [17]. The authors introduced the
dimensionless parameter R to quantify the relative extents
of lateral lipid diffusion and trans-bilayer hopping.
However, up to now an adequate conjunction of all these
elements is missing, i.e. a brick-and-mortar diffusion model
that is based on experimental input data on all relevant par-
tition and diffusion coefficients and that is validated on the
basis of experimental concentration-skin depth profiles.
Therefore, we further elaborate the model of Heisig
et al. [18]. By now the model has been extended by increas-
ing the number of corneocyte layers to 16 and adding a
homogeneous epidermal/dermal compartment [21]. Thus
the model membrane is composed of three different phases:
corneocytes, surrounding lipids and the DSL. A graphical
representation of the relevant parameters is depicted in
Fig. 1. It is assumed that transport within a phase is due
to Fick’s second law. On the interfaces between two phases
partition coefficients K.oriip and Kpgpip allow for an
abrupt change in concentration. The flux across an inter-
face is continuous due to mass conservation. For detailed
information on model geometry, relation to measured
physical quantities and applied numerical methods see
the accompanying publication [21]. This study presents
experimental methods and calculation techniques to deter-
mine partition and diffusion coefficients in detail as needed
for the in-silico diffusion model presented in the accompa-
nying study [21] (Table 1). Several input parameters such as
Kiip/dgon» Diip and Dpgp are determined experimentally.

cor

DSL

Table 1
Overview over partition and diffusion coefficients needed for conclusive in-
silico diffusion modeling of skin transport and their acquisition method

Coeflicients Direct Derived Source

Kiip/don X

Kcor/lip X (KSC/don; I{Iip/don; Eq (6))
Kpsi iip X (Keor/tips Ksc/pss Eq. (7))
Dy, X

Deor X (DSC; Dlip; Kcor/lip; [15])
Dpsi X

Direct parameters may be determined in experiments. Derived parameters
are not directly accessible experimentally but may be determined from
experimentally available data. These together with a reference of the cal-
culation method are presented under “‘source”.

Other parameters needed for conclusive description of skin
absorption, i.e. Koriip and Kpgy iip, cannot be measured
directly and therefore are estimated from accessible exper-
imental data. Furthermore time-dependent concentration-
depth profiles through the SC and the DSL are measured.
These are employed to validate the calculated drug pene-
tration profiles in the accompanying study [21].

2. Material and methods
2.1. Material

The following materials and equipment were used: static
Franz diffusion cells type 6G-01-00-15-12 (Perme Gear,
Riegelsville, PA); BCA-assay kit (Sigma—Aldrich GmbH,
Steinheim, Germany); dialysis membrane Mw-cut-off 12—
14 kDa (Medicell International Ltd., London, Great Brit-
ain, VWR Darmstadt, Germany); Centrisart 1 cut-off
20 kDa (Sartorius AG, Goettingen, Germany), Durapore®
membrane filters, polyvinylidene fluoride, 0.22 pm, 5 cm
(Millipore, Schwalbach, Germany); Multifilm Kristallklar
(Beiersdorf AG, Hamburg, Germany); cryomicrotome
(HR Mark II, model 1978. SLEE, Mainz, Germany); cen-
trifuge (Universal 30RF, Hettich Zentrifugen, Tuttlingen,
Germany); freeze dryer (Alpha 2-4 LSC, Christ, Osterode,
Germany); thickness meter (model 5041, type (VRZ) with

Klipl’d:n

Kmrﬂ#

KDSL."I:.p

DDSL

Fig. 1. Schematic picture of skin anatomy and the main partition and diffusion coefficients involved in skin transport.
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tactile probe (MT) 10B; accuracy =+1 um; Heidenhain
Company, Taunreut, Germany).

2.2. Chemicals

The following chemicals were used: Flufenamic acid
(M 281.24 g/mol; log Koc/n,o 4.8; pK, 3.9 [22]), caffeine
(My 194.2 g/mol; logKoc/mo —0.083; pK, 1.39 [23]),
sodium chloride, potassium chloride, methanol, chloro-
form, trypsin type I from bovine pancreas, standard and
reference lipids for HPTLC analysis: ceramide III and
IV, triolein, oleic acid, cholesterol and cholesteryl oleate
were provided by Sigma-Aldrich GmbH, Steinheim, Ger-
many. Sodium azide, acetonitrile and sodium monohydro-
gen phosphate dihydrate were provided by Fluka Chemie
AG, Buchs, Germany. Citric acid monohydrate, potassium
dihydrogen phosphate, orthophosphoric acid, diethyl
ether, n-hexane, glacial acetic acid 100%, petrolether, iso-
propanol, HPTLC plates, silicagel 60 non-fluorescent, cop-
per sulphate pentahydrate were provided by Merck,
Darmstadt, Germany. Keratin from bovine hoof and horn
was provided by ICN biomedicals, Aurora, Ohio.

2.3. Composition of buffers

All buffer substances were of analytical grade and were
prepared with purified water.

Phosphate-buffered saline (PBS) pH 7.4: 11 contains
NazHPO4 1.44 g, KH2P04 0.2 g, NacCl 8 g, KC10.2 g.

Soerensen phosphate buffer pH 7.4: 11 contains
Na,HPO,4 9.2 g, KH,PO,2 g.

Buffer pH 2.2: 11 contains citric acid monohydrate
20.8 g, Na,HPO, 0.4 g.

Buffer pH 2.6: 11 contains orthophosphoric acid
1.16 ml, KH,PO4 2.04 g.

2.4. 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, Ger-
many. 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. [24].

2.4.1. Preparation of stratum corneum sheets

SC sheets were prepared according to the method of
Kligman [25] by two times 24 h immersion of cleaned full
thickness skin pieces of approximately 12cm? in 0.15%
(w/v) trypsin in PBS. In between as well as afterwards
the pieces were washed three times with PBS and finally
freeze dried. Freeze dried membranes were kept in a freezer
at —18 °C for a maximum of 6 months after surgery.

2.4.2. Preparation of corneocyte sheets
Isolated freeze dried SC sheets were delipidized with 5 ml
chloroform/methanol (2:1 v/v) under occasional agitation.

After 24 h delipidized membranes were removed from the
extraction solution, washed three times in chloroform/meth-
anol (2:1 v/v) and allowed to dry on air under ambient
conditions.

2.4.3. Preparation of dermis sheets

Heat separation of full thickness skin was done accord-
ing to Kligman [25] by 90 s immersion in water of 60 °C.
The epidermis was peeled off with forceps. Leftovers only
comprised of dermis.

2.5. Lipid coated membranes

SC lipids were extracted by 24 h immersion of SC in
5 ml chloroform/methanol (2:1 v/v). Organic solvents were
removed in a nitrogen stream. Lipids of three donor skins
(each of a surface area of roughly 60-80 cm?) were com-
bined, re-dissolved in chloroform/methanol (2:1 v/v) and
adjusted to a final concentration of 2.5% (w/v). Durapore®
membrane filters were cut into 8 approximately equal
pieces (surface area per piece about 4.9 cm?) with a scalpel
and were coated by 30 times dipping into this solution.
After each dip organic solvents were allowed to evaporate.
Coated membranes were equilibrated at 70 °C for 10 min
[26]. Filters were stored in a drying cabinet at 32 °C for
2-5 d before use as such treatment results in the lowest var-
iability of permeability and partition data [27].

The reproducibility of the coating was ascertained by
measuring the increase of thickness and mass. Membrane
thickness was determined with a thickness meter equipped
with a tactile probe to an accuracy of +1 pum averaging val-
ues measured at 5 different sites (before: 114 4+ 6 pm; after
coating: 203 4+ 23 uym). Membrane weight was determined
with an analytical balance to an accuracy of +0.01 mg
(before: 15.82 + 0.25 mg; after coating: 38.35 + 2.77 mg).

2.6. Characterization of extracted stratum corneum lipids by
WAXD

Wide angle X-ray powder diffraction data were collected
at room temperature with an X’Pert PRO PRO 6-0 powder
diffractometer (PANalytical, The Netherlands) with para-
focusing Bragg-Brentano geometry using CuK, radiation
(A=1.5418 A, U=40kV, I =30 mA). Data were scanned
over the angular range of 15-30° (20) with a Xe gas propor-
tional detector equipped with a secondary curved mono-
chromator. Data evaluation was performed in the
software package HighScore Plus.

Lamellar spacings, d, were calculated according to
d = nJ/2sin 0, where n is the diffraction order, A is the wave-
length of the X-ray beam and 0 is the scattering angle.

2.7. Characterization of extracted stratum corneum lipids by
DSC

Differential scanning calorimetry was performed using a
thermal analysis data system (DSC Q100, TA Instruments,
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Alzenau, Germany). The instrument was calibrated using
indium as standard. Samples of 3-6 mg were heated in
sealed aluminium pans from 0 to 120 °C at a scanning rate
of 5 °C/min under nitrogen purge, with an empty alumin-
ium pan as reference.

2.8. Characterization of extracted stratum corneum lipids by
HPTLC

Separation and quantification of extracted SC lipids has
been performed exactly as described elsewhere [28]. In short,
dried and weighed extracted SC lipids were diluted with chlo-
roform/methanol 2:1 to an appropriate degree and 1-5 pl
was applied to HPTLC silica gel plates together with stan-
dard solutions (triolein and oleic acid 0.7-15 pg; sterols
and ceramides 0.7-7 pg). Solvent systems and quantification
methods were the same as described by Netzlaff et al. [28].

2.9. Determination of drug concentration-skin depth profiles

SC- and DSL- concentration-depth profiles were ana-
lyzed by tape-stripping of the SC and cryo-sectioning of
the DSL [24]. Briefly, full thickness skin was incubated in
static Franz diffusion cells with a diffusion area of
1.76 cm? and an acceptor volume of 12ml at 32+ 1 °C.
Soerensen phosphate buffer pH 7.4 containing 0.05% w/v
sodium azide was employed for both donor and acceptor
solutions. In preliminary experiments it was ascertained
that preservation with 0.05% w/v sodium azide did neither
influence analytics nor penetration. Infinite dose conditions
were ascertained using a donor volume of 500 pl containing
1 mg/ml of FFA or 12.5 mg/ml of caffeine. A higher donor
concentration was chosen for caffeine due to analytical rea-
sons. For both chemicals this corresponds to =50% of sat-
uration concentration. In no experiment the donor
concentration decreased more than 10% of the initial value.
The acceptor concentration reached a maximum of 0.99%
for FFA and 0.22% for caffeine of the saturation concen-
tration (i.e. 1.97% and 0.43% of the donor concentration,
respectively) after the maximum incubation time of 24 h.
Thus at all times acceptor concentrations were smaller than
10% of the saturation concentration, so that perfect sink
conditions were assured. After 1, 2, 6, 14 or 24 h remaining
donor was removed and the surface was cleaned with dry
cotton-swabs. Afterwards the skin was horizontally seg-
mented first by tape-stripping followed by cryo-cutting
according to Wagner et al. [24]. As a slight modification
the first two instead of only one strip were discarded to
prevent potential contamination by residual drug on the
skin surface. Due to analytical reasons tape-strips were
combined in pools according to the following
scheme: #1+2 = discarded, #3-5 = pool 1, #6-10 = pool
2, #11-15 pool 3, # 16-20 = pool 4. Surface parallel cuts
of the DSL were collected according to the following
scheme: #1 = incomplete cuts, #2-5 =4 x 25 um sections,
#6-9 =4 x 25 um sections, #10-11 =2 x25um sections
and #12 = rest of the residual tissue.

FFA was extracted by 2 h shaking at room temperature
with 0.1 N sodium hydroxide. Caffeine was extracted in a
shaking water bath for 2 h at 60 °C with phosphate buffer
pH 2.6 (identical to buffer used in HPLC mobile phase).
Strips were extracted with 3 ml of solvent whereas 1.5 ml
was used for cuts for both substances. The recovery of the
extraction method is 95.35 £4.8.1% for FFA [24] and
87.37 + 5.07% for caffeine.

Concentration-skin depth profiles for the SC were deter-
mined for an incubation time of 1, 2 and 6 h and for the
DSL for 1, 2, 6, 14 and 24 h. For each time point and each
drug three to four replicates were performed. For the SC
the extract concentration is related to the SC concentration
via the volume of SC removed. The SC volume per tape
strip is calculated from the stripping area (1.767 cm?) and
the SC thickness per tape strip. The latter is determined
microscopically via a highly standardized method [24,29].
For the DSL the extract concentration is related to the
DSL concentration via weighing assuming a density of
hydrated tissue of 1 g/cm®.

The concentration of substance extracted from a pool of
strips or cuts is plotted in the middle of the respective depth
segment. Skin depths were calculated as given by Wagner
et al. [24].

2.10. Permeation studies

Steady state flux Jgg of FFA and caffeine through SC,
dermis or SC-lipids were measured in a separate Franz dif-
fusion cell experiment using the respective membrane by
taking samples from the acceptor compartment at time
intervals of 1-36 h. Experimental conditions were as
described under “Determination of drug concentration-
skin depth profiles”. For both compounds the donor con-
centration was 1 mg/ml. Jgs was calculated from the linear
proportion of plotting the cumulative amount of substance
transported per area versus time using a minimum of 5
data points according to a validated method as described
in [30]. For experiments with lipid coated membrane filters
it was assumed that transport is only possible via the pores
of the filter (porosity =70% of the total filter volume
according to the manufacturer). Only the area of the pores
(i.e. 70% of the total area) was considered for calculation of
Jis. Permeation experiments with uncoated filters that had
been treated analogous to the coated membranes (30 times
dipping in methanol/chloroform 2:1; equilibration at 70 °C
for 10 min; storage at 32 °C for 2-5 d) showed no signifi-
cant resistance of the filter material. This proved that the
barrier is formed by the lipids.

2.11. Determination of partition coefficients by equilibration
experiments

2.11.1. Decrease of donor concentration ( Method 1a)

The partition coefficient Kj; between two phases i and j
is the proportion of substance concentration [w/V] between
a receiving phase i and a donating phase j [Eq. (1)].
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Ci
Kijy=— (1)

¢

Relating Eq. (1) to skin partition coefficients ¢; and ¢; are
the concentrations in the respective skin compartment or
the donor, respectively. Assuming a density of 1 g/cm?
for aqueous donor, SC, cor, lip and DSL [31] the volume
of the skin compartment and the donor directly translates
into the mass [Eq. (2)]. Method la determines the concen-
tration in the receiving skin compartment from the concen-
tration decrease in the incubation solution where m, and
mgng are the masses of substance within the incubation
solution before and after equilibration; m; is the dry mass
of the respective skin compartment i.e. SC, cor, lip (i.e.
the mass of lipid on the membrane filter disc) or DSL
and m; is the mass of the incubation solution.

(mo - mEnd) sm;

Ki/' ==
J
MEnd - M;

2)
KSC/dona Kcor/don: Klip/don and KDSL/don were measured
based on the method introduced by Raykar et al. by equil-
ibration experiments [32]. In contrast to Raykar et al. the
original method for determining Kj;,/4on Was modified by
coating Durapore® membrane filters with SC lipids rather
than using test tube walls where they were deposited during
removal of the organic solvent. The filters were prepared
identically to the ones used in permeation experiments
for determining Dy, (q.v.). This ensured setup properties
like lipid organisation to be most comparable between
these complementary sets of experiments. Briefly SC, delip-
idized SC, lipid coated filters, or prepared dermis sheets
were immersed in 10 ml Soerensen buffer pH 7.4 with
0.05% w/v sodium azide containing either 10, 50, 100 or
1000 pg/ml caffeine or 10, 50 or 1000 pg/ml FFA and al-
lowed to equilibrate at 32 °C for 24 h. Afterwards samples
were drawn and analyzed for drug contents.

To exclude unspecific adsorption the test tubes and in
case of Kjip/don non-coated membrane filters were incu-
bated with the drug solution alone. Furthermore to exclude
that substances interfering with analytics are extracted by
the solvent system, the membranes were soaked with the
pure buffer solution for 24 h and underwent the same pro-
cedure as the drug containing solutions. All control tests
proved negative.

2.11.2. Extraction of specimen ( Method 1b)

The amount of substance partitioned into the respective
skin compartment may further be determined directly by
extraction [33,34]. The corresponding partition coefficients
KSC/dona Kcor/dons Klip/dom and KDSL/don may then be calcu-
lated substituting (my — mgnq) in Eq. (2) by the extracted
mass of substance (mgy) [Eq. (3)]

Mgy - Mj

(3)

Briefly, samples were taken out of the incubation solution,
washed three times in Soerensen-buffer pH 7.4 and blotted
dry between filter papers. The samples were put into screw-

Ki/' =
J
MEnd - M;

top scintillation vials. The lids were secured with a Teflon
septum. Extraction agents and conditions were the same
as described for skin penetration studies. For both com-
pounds the extraction steps were repeated until the extract
concentration was below the detection limit of the HPLC.

Control samples composed either of the analyte dis-
solved in buffer without any skin or lipid coated filter or
of the respective skin sample, or lipid coated filter
immersed in pure buffer solution were subjected to an anal-
ogous procedure.

To check for completeness of extraction dried untreated
or delipidized SC sheets of 2x3cm were spiked with
ethanolic solutions of FFA or caffeine (20 pl containing
5-100 pg FFA or 1-50 pg caffeine). The solvent was
allowed to evaporate at ambient conditions. Samples were
extracted as described above. 92-107% (w/w) FFA from
untreated SC, 99-105% (w/w) FFA from corneocytes,
91-108% (w/w) caffeine from untreated SC and 93-110%
(w/w) caffeine from corneocytes were recovered.

2.12. 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 tub-
ing with a molecular weight cut-off of 12-14 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 ug/ml). Insolu-
ble keratin fractions were retrieved by freeze-drying.

Increasing ratios of the respective substance to keratin
(0.6, 1, 10, 50, 100, 200, 300, 400, 500, 1000 pg/mg) were
incubated on a magnetic stirrer (500 rpm) at 32 °C, over
24 h, i.e. until equilibration. 1.5 ml of the suspension was
transferred to centrisart tubes (Mw-cut-off 20 kDa) and
centrifuged for 25 min at 2795 g. The supernatant was
diluted with Soerensen buffer pH 7.4 to an appropriate
concentration and transferred into HPLC vials and the
concentration of unbound substance was determined by
HPLC. Samples containing only substance solution with-
out keratin were subjected to the identical procedure and
represented 100% free concentration.

2.13. Quantification of flufenamic acid and caffeine

Samples were analyzed by RP-HPLC using an isocratic
Dionex HPLC system (Lichrospher®) RP-18 column/
125 x 4 mm/5Sum with a LiChroCART® 4-4 guard column
(Merck-Hitachi, Darmstadt); Software: chromeleon 6.50
SP2 build 9.68.

Flufenamic acid: 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.
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Caffeine: mobile phase: 90:10 (v/v) buffer pH 2.6/aceto-
nitrile; retention time: 5.1 4= 0.2 min; flow rate: 1.2 ml/min;
injection volume: 50 pl; detection wavelength: 270 nm;
detection limit: 15 ng/ml; quantification limit: 50 ng/ml.

For both compounds a calibration was performed using
external standards with 0.05-25 pug/ml dissolved in Soeren-
sen buffer pH 7.4. For extraction experiments standards were
dissolved in the respective extraction fluid. If necessary,
unknown samples were diluted to an appropriate concentra-
tion with the same medium as the samples prior to analysis.

2.14. Calculation of partition coefficients

2.14.1. Estimation of the stratum corneum-donor partition
coefficient Kscygon from penetration experiments ( Method 2)

The concentration-SC depth profile of a substance (i.e.
¢(x,t) as a function of position x and time ) can be computed
by using an appropriate solution to Fick’s 2nd law of diffu-
sion. Such a solution which was repeatedly applied for esti-
mating diffusion coefficients in stratum corneum is given
by Eq. (4a) “long times”’ [35-37]. Eq. (4a) converges rapidly
for Dsc t/h* > 1.

X = 2
C(X7 t) = I<SC/doncdon{1 - Z} - Z ﬁKSC/doncdon
n=1

. (ATX —Dgen’n’t 4
- sin (T) exp (T) (4a)
Here, h is the SC thickness (FFA: 14 um, caffeine: 15 pm),
Ksc/don 18 the partition coefficient between stratum cor-
neum and donor vehicle and Dgc is the diffusion coefficient
in the stratum corneum.

At ““short times’ an appropriate solution is given by Eq.
(4b). For Dgct/h* <1, Eq. (4b) converges quickly and
therefore is a suitable solution for Fick’s 2nd law of diffu-
sion ““at short times” [38].

- 2n+2)h +x 2nh — x
clx,t) = KSC/doncdonZO {erf( 2\/% —erf N/ }
(4b)

Both Egs. (4a) and (4b) assume a homogeneous membrane
with an infinite donor and a perfect sink below the mem-
brane, that is the concentrations at the top and the bottom
of the stratum corneum are ¢(0,¢) = Ksc/donCdon and
¢(h,t) = Opg/em?, respectively.

The values of Ksc/qon and Dsc for the 1,2 and 6 h concen-
tration profiles of FFA and caffeine were determined in a
two-step process. First, a simple grid-search was made where
the diffusion coefficient Dgc was varied from 107> cm?/s to
107" cm?/s and the partition coefficient Ksc/don from 1.0
to 300.0. For each pair of Dsc/Ksc/qon Values the root-mean
square deviation between the experimental and calculated
values was computed to assess the quality of this potential
solution. The best 100 results for each substance and incuba-
tion time were then subjected to a non-linear optimization
routine to find the optimal values for Dgc and Ksc/gon. This
procedure assumes that Dgc is not a function of depth, but

rather may vary with time. Thus, potential time-dependent
influences of changes in the SC properties on the diffusion
may be discovered and taken into account. This especially
relates to swelling which is typically observed within the first
hours of a Franz diffusion cell experiment when using aque-
ous acceptor media [24].

Due to the restrictions concerning the extraction proce-
dure of the tape-stripping method explained under Section
2.9 only four data points along the x-axis were available for
fitting. The infinite series was truncated after when the
machine accuracy was reached. For example, in the case
of Eq. (4b), the series was truncated when the next sum-
mand would have been less than the product of the current
sum and the machine epsilon ¢ [39].

2.14.2. Estimation of the stratum corneum viable deeper skin
layers partition coefficient Kscipsy. from penetration
experiments

The ratio of the concentration at the bottom layer of the
stratum corneum cqsc (i.e. within the last pool of tape-
strips) and the topmost layer of the viable epidermis c¢;,psp
(i.e. the first pool of cuts) gives Ksc/pst [Eq. (5)]-

Ksc/pst, = CaxsC (5)
CinDSL
Using aqueous donor media the SC becomes increasingly
fragile with prolonged incubation time until it finally comes
off in large flaps rather than in distinct corneocyte layers.
Therefore tape-stripping is only possible for incubation
times up to 6 h while cryo-cutting of viable deeper skin lay-
ers is still possible after 24 h. Thus experimental data on
Cexsc are available only up to 6 h whereas data on c¢j,psy
are also available for longer times. As cesc proved to be
constant after 1 h for FFA and 2 h for caffeine no further
changes of c¢.sc are to be expected after longer incubation.
For this reason the mean cegc of 1-6 h or 2-6 h was ap-
plied for calculating Ksc/ps. for 14 and 24 h, respectively.

2.14.3. Estimation of corneocyte-lipid-and lipid-deeper skin
layers partition coefficient K o, and Kpsy iy

By definition the (volume) concentration in the SC can
be expressed using the relative volume fractions of the lipid
and corneocyte phase @i, and @cor

¢sc = (qolip + (pcorKcor/lip) * Clip

Consequently,

Ksc/aon = (@rip + PeorKeor/tip) * Kiip/don

holds. Koiip is estimated from Kgsc/ponor and Kiip/Donor
using Eq. (6).

1 Kscydon
: (Sc/d - ‘Plip) (6)

Deor K lip/don

Kcor/lip =

Realistic values for the volume fractions of the lipid and
corneocyte phase are @i, = 0.1 and @cor = 0.9, respectively.
These values result from the model geometry used for in-
silico simulations and are founded empirically [21].
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Analogously, Kpsyip is estimated from Ksc/psp and
Kcor/lip Eq (7)

Plip T PeorKeorsii
Kpstip = <M> (7)

Ksc/psL
As Ksc/psL proved to be time dependent, only values at
24 h of incubation were considered. After 24 h Ksc/psL
was constant for both FFA and caffeine.

2.15. Calculation of apparent diffusion coefficients

According to the steady state diffusion equation the
steady state flux Jg is defined as the product of the negative
of the apparent diffusion coefficient D and the concentra-
tion gradient dc/dx Eq. (8). Rewriting dc/dx in Eq. (8) as
the product of the initial donor concentration ¢, and the
membrane-donor partition coefficient Kj; divided by the
membrane thickness /2 and rearranging Eq. (8), D is calcu-
lated according to Eq. (9) [9,40].

de
Jy=-D-— 8
ad Q
b dah o)
Kijjco

Substituting the variables in Eq. (9) with experimental data
on Jgs, the values of Kj;, co, and / for the respective appar-
ent diffusion compartment (i.e. lip, DSL, SC) Dy;,, Dpst.
and Dgc were assessed. In particular Dy, was determined
using Kijip/aon (method 1a), ¢y the donor concentration of
the transport experiment, and / the thickness of the lipid
coated filter (q.v.).

Dpsy, was calculated using Ksc/psp after equilibration
(24 h), and the concentration in the lowest SC segment cgysc.
The thickness h represents the thickness of fully swollen der-
mis (FFA: 3.78 +0.27 mm, caffeine: 3.83 + 0.47 mm;
mean + SD of 5 different sites per piece).

Dgc was calculated using Kijip/don (method 1a), the initial
concentration used in the transport experiment ¢y, and a
SC thickness h of 15 um.

3. Results
3.1. Characterization of extracted stratum corneum lipids

3.1.1. Characterization of extracted stratum corneum lipids
by WAXD

Strong reflections at spacing of 0.41 and 0.37 nm con-
firmed an orthorhombic lateral packing of extracted SC-
lipids [41]. Concomitantly, a broad peak at about 0.4 nm
spacing indicated parts of the lipids to be present in an
amorphous or liquid crystalline state.

3.1.2. Characterization of extracted stratum corneum lipids
by DSC

Mixtures of extracted stratum corneum lipids produced
endothermic transitions at 35 +4 °C and 68 4+ 3 °C. The
blank Durapore® membrane filter showed no transitions

in the inspected temperature range. Durapore® membrane
filters coated with mixtures of extracted stratum corneum
lipids showed an endothermic transition at 71 44 °C.
Due to the low mass of lipids relative to the mass of the fil-
ter the weaker transition at around 35 °C was only present
in 1 of 5 samples.

3.1.3. Characterization of extracted stratum corneum lipids
by HPTLC

The extracted lipid mixture was composed of 4.1 + 1.6%
cholesterol, 3.3 = 1.1% cholesterol esters, 32.6 &= 2.1% tri-
glycerides, 4.3 4 1.4% free fatty acids and 4.3 + 1.5% cera-
mides (total mass of lipid extracted = 100%, n = 6).

3.2. Keratin binding

FFA exhibits a concentration dependent keratin binding
(Fig. 8). Within the observed concentration range the
dependence of the bound (png/mg keratin) versus free con-
centration (pg/ml) at equilibrium at 32°C may be
expressed by a Langmuir adsorption isotherm (r* = 0.983,
%> = 2.5). The maximum mass of FFA that may be bound
by 1 mg of keratin is 77.03 4+ 7.81 pg. For caffeine keratin
binding is negligible (Fig. §).

3.3. Partition coefficients — directly determined values

3.3.1. Kscrion

Equilibration experiments showed a preferred partition-
ing of FFA from Soerensen phosphate buffer into the SC
(Table 2). Extraction (method 1b) proved the decrease of
incubation solution (method la) to be due to a substance
transfer into the SC.

Ksc/don of FFA could further be retrieved from fitting
tape-stripping profiles to Eq. (4a) (method 2, Fig. 2 and
Table 3). This fit seems appropriate for the 6 h profile
whereas the elevated FFA concentrations found in the
lower SC layers after 1 and 2 h are represented less effi-
ciently. Estimates of Kgc/qon are somewhat lower than
values measured by equilibration experiments however,
considering the well-known inter- and intra-individual var-
iability of skin the results are still within a comparable
range.

Like FFA caffeine showed a preferred partitioning from
aqueous medium into the SC however, to a lesser extent
(Table 2). Values measured with method 1b slightly exceed
method la. Again Ksc/qon Was also estimated from concen-
tration-SC depth profiles (method 2) (Fig. 3 and Table 3).
Estimates of method 2 excellently match results of methods
la and 1b.

3.3.2. Kcor/don

Both FFA and caffeine preferably partition from Soer-
ensen phosphate buffer, pH 7.4, to delipidized SC sheets
(Table 2). K.or/don of FFA exceeds caffeine 5-7 times. For
caffeine values measured with method 1b slightly, though
not significantly, exceed method la.
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Partition coefficients of FFA and caffeine between different skin membranes (i) and phosphate buffer pH 7.4 (don) were measured by equilibration
experiments and calculated from the decrease of donor concentration (method 1a, denoted as *Kj/qon) or from extraction (method 1b, denoted as #Kl-/do,,)

i FFA FFA Caffeine Caffeine

* i/don #Ki/don * i/don #Ki/don
SC 16.20 +4.89 (n=9) 16.36 +3.58 (n = 12) 451 £2.73 (n=22) 5.62+£0.61 (n=22)
cor na. 19.67+£7.11 (n=3) 2744+ 1.94 (n=9) 3.76+0.97 (1=9)
lip 20324+ 0.54 (n=4) 23.15£0.51 (n=4) 2.15+0.42 (n=4) n.a.
DSL 5.58+0.94 (n=6) 10.38 £2.51 (n=6) 2224259 (n=14) 5.10 £ 2.04 (n = 14)

Means + SD, n = number of repetitions, n.a. not analyzed.

3
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Fig. 2. Tape stripping of the SC after 1 (filled square), 2 (open circle) and
6 h (filled triangle) incubation with FFA. The concentration-SC depth
profiles are fitted to Eq. (4a) (mean + SD).

Table 3

Kscydaon and Dgc for FFA and caffeine were estimated from fitting the 1, 2
and 6 h concentration-SC depth profiles to Eq. (4a) (denoted as **Ksc/don
and MﬁDSC').

t (h) FFA FFA Caffeine Caffeine

**Ksc/don **Dgc (cm?/h) **Ksc/don **Dgc (cm?/h)
1 9.46+2.34 7.894+3.60*10"% 2.92+0.58 3.97+1.06+*107°
2 812+127 475+144%107% 4.62+0.70 2.98+0.73* 1078
6 588 +040 3.95+0.64%107° 470+023 1.82+0.17*107°

Means =+ SD.

3.3.3. Kiiptaon

For FFA both methods la and 1b are in a compa-
rable range and suggest a preferred partitioning of
FFA from Soerensen phosphate buffer pH 7.4 to SC-
lipids (Table 2). Caffeine also favours the lipophilic
environment although Kji,/aon 1S only about one-tenth
of FFA.

3.34. KDSL/don

Kpsi/don suggests a preferred partitioning between
aqueous donor and viable skin layers for both compounds
(Table 2). Incubating dermis sheets with caffeine solutions
caused only non-descript concentration changes fluctuating
around zero resulting in an exceptionally large standard
deviation. For both compounds significantly higher

4x10* -

= 1h
I o 2h
o ‘ 4 6h
g 4 — — Fick's 2nd law fit 1h, * =0.989
O 3x10% : : ,
g —— Fick's 2nd law fit 2h, r" = 0.986
= - Fick's 2nd law fit 6h, * = 0.997
]
® 2x10°
=
c
[7]
(%)
=
9 4
O 1x10*4
o
7]
0 T T T — i 1
0.0 5.0x10™ 1.0x10° 1.5x10®

SC depth [um]

Fig. 3. Tape stripping of the SC after 1 (filled square), 2 (open circle) and
6 h (filled triangle) incubation with caffeine. The concentration-SC depth
profiles are fitted to Eq. (4a) (mean + SD).

amounts could be extracted from the viable skin layers
than would have been estimated from the decrease of
donor solution.

3.3.5. KSC/DSL

Figs. 4 and 5 show from bottom to top the time depen-
dency of cgxsc, ¢inpst and Ksc/psp. for FFA and caffeine.
This allows determining Ksc/psi. when equilibrium of par-
tition between stratum corneum and deeper skin layers has
been established. The equilibrium value of Kgc/psp will
later be used to calculate Kjip/psi. (q.v.). For FFA, due to
constant concentrations within the bottom layer of the
SC and rising concentrations at the onset of the DSL,
Ksc/psy decreases steadily until it converges to a constant
value after about 14-24 h (Fig. 4). The ratio of substance
concentration of ¢gysc to ¢jupse 18 approximately 3:1 after
24 h.

For caffeine after initial changes of cgc and
cinpsL. Kscypst, of caffeine levels off to a ratio of 27:1
(Fig. 5).

3.4. Partition coefficients — calculated values

341 K('or/lip
Calculations of K./, are based on experimental values
for Ksc/don and Kiip/aon (Table 4). Kgc/qon Was acquired in 3
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Fig. 4. FFA: Time-dependency of Ksc/psp (top), cexsc as analyzed by
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Table 4

Keorpiip Was calculated from Ksc/gon and Kiip/don Eq. (6)

Coefficients Source FFA Caffeine

Kcor/lip *Ks(j/don 13.; *Klip/don la 0.77 +0.08 2224+1.78
**KSC/don 2, *Klip/don la 0.21 +0.02 2.32 +0.57

Kpstiip Ksc/psis Keorpip 1a/1a 0.26 +0.10 0.08 +0.14
KSC/DSL; Kcor/lip 2/18. 010 + 004 008 + 010

Kpsiip was calculated from Kge/psp and Keoriip Eq. (7). The second
column indicates which values were considered for calculation.

different ways. Since the results from equilibration mea-
surements (method la and b, Table 2) were very similar
*Ksc/don determined by method la was chosen for the cal-
culation. In addition K., Was calculated based on 6 h
values of "Kgc/qon as these were best represented by Eq.
(4a) (Figs. 2, 3 and Table 3). Independent of the input data
Keornip shows FFA to partition reluctantly from a lipo-
philic into a hydrophilic environment. In contrast to
FFA corneocyte uptake of caffeine dominates over
lipids.

3.4.2. KDSL/Zip

Kpsiip suggests partitioning from SC-lipids to DSL
of both FFA and caffeine to be in the same range. Both
compounds prefer the lipophilic environment of the
SC lipids to the more hydrophilic viable skin layers
(Table 4).

3.5. Diffusion coefficients

Fig. 6a—c shows typical amount permeated per area ver-
sus time plots for FFA and caffeine. Steady state flux of
FFA through mainly lipophilic compartments, i.e. SC
and lipids, is ten or five times higher than that of caffeine,
whereas its steady state flux through the more hydrophilic
DSL is only one-tenth of caffeine (Table 5).

As expected from their similar molecular weight (see
material section) usually apparent diffusion coefficients of
both compounds are of the same order of magnitude within
a distinct compartment and increase from SC to lipids to
viable skin layers.

Dgc was further estimated from the decrease of ¢(x,?) as
a function of depth by fitting SC concentration-depth pro-
files to Eq. (4a) (Table 3). For both compounds Dgc
decreases with time. These results range about one order
of magnitude lower than values calculated on the basis of
steady state flux (Table 5).

4. Discussion

Experimental data on relevant skin transport parame-
ters of two test substances, FFA and caffeine, were col-
lected for the validation of an advanced two-dimensional
skin penetration model [21]. This included the SC- and
DSL-concentration-depth-profiles, partition coefficients
and diffusion coefficients. It was further sought to
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experimentally break down the consecutive partition and
diffusion steps according to the anatomical and functional
heterogeneity of the SC.

4.1. Characterization of extracted stratum corneum lipids

4.1.1. Characterization of extracted stratum corneum lipids
by WAXD

The presence of orthorhombic crystalline structures
showed that the lateral packing of the extracted SC lipids
is representative of intact SC [41]. Together with a lamellar
organisation of the SC lipid bilayers an orthorhombic lat-
eral packing has been proposed to be crucial for the excep-
tional barrier properties of skin [42]. Concomitantly
significant amounts of amorphous lipids were detected that
might result from the fairly large amounts of triglycerides
within the samples (see Section 3.1.3).

4.1.2. Characterization of extracted stratum corneum lipids
by DSC

Two of the four endothermic transitions described for
human SC were found. The first at around 35 °C has pre-
viously been implicated with a disordering of the lateral
packing from orthorhombic to hexagonal and hexagonal
to liquid crystalline phase. The second one at approxi-
mately 70 °C results from a disordering of the lamellar
structure [43]. For intact stratum corneum two more tran-
sitions were reported by other authors [44]. As these result
from lipids covalently attached to proteins and protein
denaturation they are not to be expected in isolated skin
lipids.

4.1.3. Characterization of extracted stratum corneum lipids
by HPTLC

The composition of stratum corneum lipid mixtures was
found to be comparable to findings of other authors. For
female abdominal skin de Paepe et al. report very similar
ratios of triglycerides, cholesterolesters and ceramides III
and IV, as well as free fatty acid contents within the same
order of magnitude [45]. The relatively larger cholesterol
fraction reported by this group might be explained by
age related variations. The high amounts of triglycerides
are not surprising since skin originated from plastic surgery
is always contaminated with triglycerides as shown by
Wertz et al. [46].

4.2. Partition coefficients — directly determined values

4.2.1. KSC/don

The uptake of substances from a topical formulation is
governed by a partition process between topical formula-
tion and uppermost skin layer, i.e. the stratum corneum.
This may be quantified in terms of a partition coefficient
Ksc/dgon- Conventionally Kscygon 18 measured by equilibra-
tion experiments where isolated SC is incubated with the
respective donor formulation. In skin penetration or per-
meation experiments as well as in in-vivo application of
drug formulations a concentration ratio identical to this
partition coefficient attunes rapidly at the onset of the
SC. Within the SC directly below the zone of equilibrium
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Table 5
Jss and D for FFA and Caffeine for SC, DSL and SC-lipids

FFA FFA caffeine caffeine

Jss (ug/cm?/h) D (cm?/h) Jys (ng/cm?/h) D (cm?/h)
lip 108.66 4+ 6.51 (n=4) 1.14+02=10"* 21.894+2.0 (n=4) 21407*107*
DSL 2.50 +£0.70 (n=18) 49+43%1073 25.65+4.8 (n=23) 234+4.0%107°
SC 2.314+0.96 (n=28) 1.74+08 %1077 0214+0.1 (n=17) 14+04%1077

D is calculated from the steady state diffusion equation using steady state flux and the product of the concentration in the respective donating com-
partment (i.e. 1 mg/ml for all experiments), the partition coefficient into the membrane and the membrane thickness. (mean & SD; n = number of

repetitions.)

the substance concentration will decrease rapidly due to a
concentration gradient over the membrane.

It could be shown that Ksc/gon determined by equilibra-
tion measurements may be retrieved directly from tape-
stripping experiments by fitting concentration-SC depth
profiles to Eq. (4a) (Table 3). For FFA this method gives
slightly lower values than results from equilibration exper-
iments (Tables 2 and 3). Customary the first one or two
tape-strips are discarded due to contamination with the
donor solution. Bommannan et al. identified this region
to be critical for diffusion processes within the SC [47].
They investigated the SC barrier function by infrared spec-
troscopy and found a disorder of the SC intercellular lipids
that decreases throughout the first three tape-strips and
then becomes constant. Recently these findings could be
transferred to in-vitro tape-stripping of skin. Mueller
et al. found biphasic SC concentration-depth profiles at
steady state for the diffusion of clobetasol propionate from
saturated solutions containing 20% v/v propylene glycol
over heat separated epidermis [48]. They attributed this
behaviour to an increased corneocyte uptake or an
increased intercellular solubility within the stratum cor-
neum disjunctum [48]. This may involve a decrease of the
SC diffusion coefficient in the same region causing the cur-
vature of concentration-depth profiles to be steeper over
the first three tapes than from tape four onwards. In con-
trast Eq. (4a) tacitly assumes constant diffusion and parti-
tion properties throughout the whole SC.

Additionally the significance of fitting the penetration
data to Eq. (4a) is limited for FFA for short incubation
times. Assuming perfect sink conditions at the outflow of
the SC it does not represent the elevated concentration
found in the lower SC after 1 and 2h of incubation
(Fig. 2). Oppositely a fit to Eq. (4a) nicely represents the
6 h profile of FFA. It seems that a so far non-specified
mechanism promotes the penetration of FFA at the begin-
ning of the diffusion process and is later compensated for
by Fick’ian diffusion. It may be speculated that the special
properties of FFA such as binding to keratin or its pH sen-
sitive lipophilicity and solubility may be held responsible
for this behaviour.

For caffeine estimates on Ksc/gon from SC concentra-
tion-depth profiles excellently match results of equilibra-
tion measurements (Tables 2 and 3). Caffeine does not
seem to be as sensitive to depth dependent alterations in

lipid fluidity within the upper SC as FFA. As the altera-
tions of the SC ordering reported by Bommannan et al.
predominantly concern the intercellular lipid channel sub-
stances using the lipid pathway should be affected more
than others. This might explain why estimates of method
2 for FFA deviate from equilibration experiments while
estimates for caffeine do not.

4.2.2. Klip/don

For the in-silico model an accurate anatomical break
down of partition processes was sought. As all corneocyte
layers are embedded in a continuous lipid layer the bound-
ary layer towards the donor solution is in fact lipoidal
rather than cellular. Therefore Kijip/gon instead of Kscydon
is needed to correctly describe the partitioning at the top
of the SC. So far, measurements of lipid partition coeffi-
cients are only known from the original works of Raykar
et al. [32]. Kjip/aon Was determined in equilibration experi-
ments employing extracted human SC-lipids brought up
onto Durapore® membrane filter supports. Lipid coated
membranes have previously been used by other authors
in permeation studies [49-51]. Usually artificial lipid mix-
tures or lipids of animal origin were used. To our knowl-
edge this is the first occasion that these were prepared
completely from extracted human SC-lipids and were
employed to measure partition coefficients.

4.2.3. KSC/DSL

Especially for lipophilic substances the partition step at
the interface between lipophilic SC and more hydrophilic
viable epidermis/dermis may represent an additional hin-
drance against drug permeation. For FFA the increase in
cmpse (Fig. 4, middle) may partly be explained by a
water uptake into the viable skin layers during incubation
in the Franz diffusion cell. This leads to a visible swelling.
The increased volume of water contains additional sub-
stance. A concomitant decrease in pH from 8 to 7.4
should not impair FFA solubility (pK, 3.9 [22]) [52]. In
addition the partitioning process is superimposed by
binding of FFA to viable skin layer proteins. Up to sat-
uration of binding sites this leads to an over-proportional
increase of ¢j,psy and a concomitant decrease of Ksc/psL
(Fig. 4, middle and top). After 24h Ksc/psy then
becomes constant. This value is used for calculating

Kpst iip-
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Fig. 7. Cryo-sectioning of viable deeper skin layers (DSL) after 1 (filled
square), 2 (open circle), 6 (filled triangle), 14 (open square) and 24 h (filled
circle) for FFA with linear regression of the 24 h graph (bold line)
assuming constant membrane properties at steady state (mean 4 SD).
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Fig. 8. The mass of substance bound per mg keratin is plotted against the
equilibrium concentration of free substance within the incubation solu-
tion. Keratin binding data of FFA (filled squares) are fitted to a
Langmuir-adsorption isotherm (solid line) and confidence bands (dashed
lines). Caffeine binding to keratin is negligible (filled triangle)
(mean £ SD).

In contrast, caffeine does not bind to proteinaceous
structures (Fig. 8) and consequently shows no time depen-
dency of cgxse, CinpsL OF Ksc/pse (Fig. 5). For the sake of
consistency again the 24 h values were used to calculate
Kpsiip-

4.3. Partition coefficients — calculated values

4.3.1. K orip

According to Eq. (6) Korsip Was calculated as a second-
ary derived parameter employing experimental data on
Kscydon and Kiipsaon and considering realistic relative vol-
ume fractions of the lipid and corneocyte phase, ¢y, and
d)cor-

By systematically varying ¢i, and ¢o, it can be shown
that naturally occurring variations in lipid channel

dimensions have only a limited impact on Kcoip. For
example variation of ¢y, of +20% reflects in a change of
“Keorpiip £0.7% and  “Keorrip £9.5% for FFA and
“Keorpiip = 1.4% and **Keorpip = 1.3% for caffeine.

As recently reported by Nitsche et al. for highly lipo-
philic compounds, i.e. with a log Ko/m,0 > 5, experimental
results of Kscqon are largely sensitive to the lipid content
and composition of the used skin samples hampering the
significance of estimates of corneocyte hold-up based on
Ksc/gon [13]. This problem was circumvented by determin-
ing both Kscydon and Kiip/don €xperimentally in analogous
setups using identical sets of donor skins and validated
preparation techniques. One of the prerequisites of
Eq. (6) is

Kscaon = @pKiip/don + @corKcor/don

Substituting Kijip/don and Keor/don With experimental results
from equilibration measurements (method 1) a theoretical
Ksc/gon may be calculated. Thus the theoretical Ksc/gon
of FFA is 20.02 4+ 7.68 (based on Kijip/don and Keor/don
determined by method 1b, i.e. extraction of skin specimen)
and 2.68 4 2.42 for caffeine (based on Kiip/qon and Keor/don
determined by method la). These theoretical values of
Ksc/don are both in very good agreement with experimental
results which indicates that a calculation of K.oip on this
basis is valid.

Our analyses show that some degree of corneocyte
uptake may be claimed for both FFA and caffeine (Table
4). In accordance with their octanol-water partition coeffi-
cients K.o/1ip Of caffeine is higher than that of FFA. It must
be kept in mind that alternatively to partitioning into the
corneocytes part or all of the substance could bind to pro-
teins of the cornified envelope or to keratin. Especially
FFA proved a likely candidate for protein binding whereas
no binding was detected for caffeine (Fig. 8).

4.3.2. KDSL/lip

Again an accurate anatomical break down of partition
steps was sought. Therefore our method for calculating
Keorip Was expanded to the partition step at the interface
DSL-lipid Eq. (7). According to the compound lipophilic-
ity partitioning from SC-lipids to viable epidermis of
FFA should be hampered whereas caffeine should prefer
the DSL. Thus Kpgy iip of FFA is to be expected lower than
that of caffeine. Our results suggest otherwise (Table 4).
First, this mirrors the improved solubility of weak acids
like FFA under moderate alkaline conditions within the
DSL. Second, a high binding of FFA to proteins of the via-
ble skin layers, such as collagen, elastin or melanin, will
further raise the concentration within the DSL of this par-
ticular substance and hence will increase Kpgiip- This
behaviour may be investigated by measuring Kpsy/don-
Incubating dermis sheets with FFA led to a measurable
decrease in the concentration of the incubation solution
(method 1a, Table 2). Still, extracted amounts were up to
two times higher than would have been estimated from
analyzing the decrease of the donor concentration (method
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1b, Table 2). In contrast, for caffeine no relevant decrease
in concentration of the incubation solution could be
detected. Still, significant amounts of caffeine were
extracted from the DSL. Consequently FFA enters the
DSL by partitioning or binding to proteins and also by
water of hydration while caffeine will only be dissolved in
water of hydration and will not bind to epidermal or der-
mal proteins. Third, this hints that the solubility of hydro-
philic substances like caffeine in SC lipids may be much
better than usually assumed.

4.4. Diffusion coefficients

4.4.1. Dy,

Lipid coated membranes have widely been used for dif-
fusion measurements. In contrast to our study most of the
cited experiments were performed with lipid mixtures of
artificial or animal origin [50,53]. De Jager et al. could
demonstrate that especially lamellar organisation and lat-
eral packing are highly sensitive to lipid composition and
manufacturing conditions [54]. This problem was circum-
vented by using lipids extracted from human stratum cor-
neum. By DSC measurements it could be shown that the
thermal behaviour and thus the crystallinity of the
extracted stratum corneum lipids on the membrane sup-
port is very similar to the in-vivo situation. What is more
WAXD measurements revealed that a significant portion
of the lipids is present in an orthorhombical crystalline
state. However, due to the presence of amorphous lipids
and the absence of corneocytes the 3D structure of the lip-
ids on the filters will probably be different from the in-vivo
situation. Thus Dy, can only be an approximation. Fur-
thermore co-extracted triglycerides might act as a possible
penetration enhancer in permeation experiments [29] and
thus may lead to an overemphasis of Dgc and Dy;p. How-
ever, our measured values for Dy, queue nicely with litera-
ture data on lipid diffusion coefficients. Lange-Lieckfeldt
and Lee reported that ratios ranging from 10°-10* with
lipid diffusion rates of 107*-107 cm?/s result from SC
geometry reflecting the tortuous diffusion pathway and
the low diffusion area [53]. The ratio of Dy,/Dsc was
6.4 % 10> (Dsc determined according to Eq. (9)) or
1.4 % 10% 2.3 % 10, 2.8 * 10* (Dgc for 1, 2 and 6 h deter-
mined according to Eq. (4a)) for FFA and 1.5 * 10° (Dgc
determined according to Eq. (9)) or 5.3 % 10%, 0.7 * 10°,
1.2 % 10* (Dsc for 1, 2 and 6 h determined according to
Eq. (4a)) for caffeine (Tables 3 and 5). This does not neces-
sarily imply impenetrable corneocytes. They still may act as
a reservoir if the rate of transport is lowest within intercel-
lular lipids and hence determines the overall diffusion
velocity through the SC.

Further, our measured values for Dj;, are in good agree-
ment with lateral diffusion coefficients measured with a
fluorescence recovery technique in extracted stratum cor-
neum lipids [15]. Diffusion within the plane of the lipid
bilayers is believed to be considerably slower than perpen-
dicular to it. However, Johnson et al. found lateral- but not

trans-bilayer diffusion coefficients are sufficient to explain
the overall resistance of solute permeation through the
SC [11]. In addition it has been suggested that lipid bilayers
might be oriented not strictly parallel to the corneocytes
possibly allowing a continuous pathway for lateral diffu-
sion [17].

In view of these facts it is justified to employ our mea-
sured apparent lipid diffusion coefficients as direct input
data for the in-silico model presented in the accompanying
paper [21]. This assumes constant diffusion properties
within all lipid bilayers irrespective of the stratum corneum
depth.

4.4.2. DDSL

Cross et al. reported for a series of aliphatic alcohols an
additional partition step between epidermis and dermis sig-
nificantly influencing maximum flux and apparent perme-
ability coefficient if compound logKoc/m,0 was 2 and
higher [9]. Consequently for caffeine no additional hin-
drance is to be expected (log Koci/m,0 = 0.083 [23]). Like-
wise may be assumed for FFA, as this is completely
ionized within the fully swollen epidermis and dermis
[52]. If transport is indeed homogeneous throughout the
whole viable skin layers the steady state concentration gra-
dient should be linear. Experimental data on the steady
state DSL-concentration gradient are available from sur-
face parallel segmentation of the DSL (Fig. 7). Substituting
de/dx and J psy in Eq. (8) directly by experimental data it
is possible to calculate Dpg;. For FFA linear regression of
24h DSL-cryo-cutting data revealed a slope of the
6.34 * 10 pg/cm* with the intercept with the y-axis at
1.80 * 10% pg/cm’® and a reasonable 12 of 0.823. Thus Dps;.
calculates to 3.9 * 103 4 1.7 * 10~ which is very similar
to estimates on the basis of Jypst, Ksc/psL, Cexsc and fipsp
(Table 5). Therefore diffusion properties are indeed homo-
geneous through the viable skin layers for FFA. Conse-
quently our calculated values for Dpgp for both FFA
and caffeine may be used as direct input data for mathe-
matical modeling of skin penetration [21].

4.4.3. Dgc

Estimates of Dgc from fitting the 1, 2 and 6 h concentra-
tion-SC depth profiles to Eq. (4a) suggest a decreasing dif-
fusion velocity with time for both FFA and caffeine. As
already mentioned water uptake may impact on the SC dif-
fusion properties. On first sight our results seem contradic-
tory to the well-known permeation enhancing effect of
water which is probably due to a disruption of intercellular
SC lipids [55]. However, this effect may probably be antag-
onized by a concomitant increase in path length due to
swelling of corneocytes. As a significant proportion of both
compounds was found to partition into the corneocytes a
decrease in Dgc seems a possible logical consequence. In
contrast to Dy, and Dpgp, Dgc cannot be used as direct
input for in-silico modeling due to the inhomogeneous
character of the SC. However, the accompanying study
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shows that Dgc together with Dy, and Koo, is a powerful
tool to estimate D, [21].

5. Conclusion

Skin transport of drug substances from a topical formu-
lation may be described in terms of partition and diffusion
coefficients that account for abrupt changes in the environ-
mental lipophilicity and diffusion characteristics of the
medium. This study describes methods and data to mea-
sure the relevant partition and diffusion steps involved in
skin transport taking into account its anatomical heteroge-
neity. While several coefficients such as Kjip/daon, Diip and
Dpsp. may be measured experimentally, others such as
Keor/tip» Kpsiiip and Do, can only be determined indirectly.
Equations are presented to calculate K.op1ip and Kpsy iip
from experimentally available data. For two compounds
with different physicochemical properties, i.e. flufenamic
acid and caffeine, the complete data set has been collected
for the case of diffusion from an aqueous donor buffered at
pH 7.4 across human skin. Where available, experimental
and calculated coefficients were compared to literature data
and were found to be consistent.
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