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Abstract

The partition coefficients (Kq.) and diffusivities (Dg.) of compounds in mammalian dermis were examined through an analysis of in vitro
permeation data obtained from the literature combined with experimental results with the test permeant, *H-testosterone. The literature data
involved 26 compounds ranging in molecular weight from 18 to 476 Da and four species—human, guinea pig, rat and mouse. Testosterone was
studied by permeation and desorption measurements employing excised human dermis in the presence and absence of external serum albumin.
Mathematical models for both K4, and Dy, were developed. The Ky model involved ionization, binding to extravascular serum proteins and
partitioning into a small lipid compartment. The Dy, model employed a free diffusivity with a liquid-like size dependence multiplied by a binding
factor derived from Ky .. An additional analysis considered in vivo dermal concentration profiles of topically applied permeants. Literature data for 5
of 6 permeants were shown to be well described by a previously published model for capillary clearance in the dermis, which leads to an exponential
decay of concentration with depth. Computed decay lengths (1/e values) ranged from 210 to 920 um, and the corresponding clearance rate constants
kge ranged from 0.9 x 107 to 14 x 10~*s~! (n=8). Departures from the exponential decay profile are discussed in terms of non-uniform capillary

clearance and incomplete attainment of a steady-state.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The study of transport of exogenous substances within the
deeper skin layers lags that of transport in stratum corneum
(SC). This may be understood on the basis that the SC has
long been acknowledged as the principal barrier for skin perme-
ation. Deeper layers, including the viable epidermis and dermis,
are most often lumped together and treated as a homogeneous
layer (McCarley and Bunge, 2001) whose depth extends as far
as the locus of the superficial dermal capillaries (Auton et al.,
1994; Shah, 1996); thus, for any given skin permeant, the inher-
ent assumption of a rapid and absolute clearance through the
microcirculation in the upper dermis is effectively applied. This
treatment has been followed extensively both in experimen-
tal and theoretical studies since it is simple, has proven to be
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adequate for many skin permeants (Scheuplein and Bronaugh,
1983), and does not require in vivo experimental procedures.
However, the simple picture of an absolute clearance occur-
ring at an artificially imposed boundary within the dermis is
less than satisfactory for a number of problems: (a) transdermal
drug delivery when the SC barrier has been seriously compro-
mised (Amsden and Goosen, 1995; Riviere and Heit, 1997,
Bauerova et al., 2001; Joshi and Raje, 2002); (b) topical applica-
tion of vasoconstrictive agents (Benowitz et al., 1992; Sommer
et al., 2003); (c) contact sensitization thresholds (Kimber et
al., 1999) and other problems in which skin concentrations are
key (Monteiro-Riviere et al., 1990, 1993); (d) effect of old age
and environmental/pathological conditions on topical delivery
(Flynn and Stewart, 1988; Roberts and Walters, 1998).
Experimental studies that focus on transport in the dermis in
vivo are relatively rare. There are a few in vivo results available
for human (Kammerau et al., 1975; Schaefer and Zesch, 1975;
Zesch and Schaefer, 1975; Schaefer et al., 1978; Wagner et al.,
2002), rat (Siddiqui et al., 1989; Hueber et al., 1992; Singh and
Roberts, 1993a,b; Gao et al., 1995; Gupta et al., 1995) and pig
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Nomenclature

Binding factor partition coefficient multiplier in dermis

accounting for solute binding to albumin and par-
titioning into dermis lipids

BSA  bovine serum albumin

AC concentration difference across a membrane

Cie dermis concentration

Co dermis concentration at dermal-epidermal junc-
tion

Dyq aqueous diffusivity

Dyge effective dermis diffusivity

Dgee  diffusivity of freely diffusing permeant in dermis

DPM  disintegrations per minute

E exponential decay factor for dermis concentration

Jon fraction non-ionized

fu fraction unbound to albumin

Nde dermis thickness

HSA  human serum albumin

Jss steady-state flux

kde effective dermis clearance constant

Kfree microscopic dermis clearance constant

kp permeability coefficient

Kae dermis/water partition coefficient

Kfree dermis/water partition coefficient for anon-bound
solute

Koct octanol/water partition coefficient

m mass of tissue

M solvent molecular weight

Ming amount desorbed from tissue

MW solute molecular weight

n number of observations

Peyp capillary permeability

Pae dermis permeability (DgeKge)

PBR  protein binding ratio (or fraction bound)

PBS phosphate-buffered saline

0 capillary blood flow rate

2 squared correlation coefficient (Pearson’s)

Rae diffusive resistance of dermis

s root-mean-square deviation from fit

S capillary surface area

n diffusive time lag

T temperature

Va molar volume at the boiling point

Zed depth of dermal—epidermal junction

Greek letters

¢ Wilke—Chang polarity factor

o volume fraction of aqueous region of dermis

dhver ~ volume fraction of fiber phase of dermis

PDlip lipid volume fraction of the (primarily aqueous)
fluid phase of dermis

n viscosity

0 density

(Monteiro-Riviere et al., 1993) skin. In vitro studies are more
numerous and will be discussed later; the n-alkanols have been
particularly well studied (Scheuplein, 1978; Singh and Roberts,
1996; Cross et al., 2003b). Theoretical modeling of transport
within the dermis has been mostly of a compartmental nature
(e.g.,Guyetal., 1982; Siddiqui et al., 1989; Bookoutet al., 1997;
Higaki et al., 2002), an approach that provides insights as to rele-
vant tissue levels but is difficult to generalize for new permeants.
Diffusion/spatially distributed clearance approaches are limited
to a rather complex, random-walk model (Kubota and Maibach,
1994) and two relatively similar models, one for isolated dermis
(Gupta et al., 1995) and another for the whole skin (Kretsos et
al., 2004). The latter two describe the exponential decay with
depth of permeant concentration in the dermis for didanosine
and salicylic acid, respectively. A diffusion-based, single-layer
exponential decay scheme was also used to describe transport
through full-thickness excisional wounds in rat skin (Cross and
Roberts, 1999).

In this study, we first address the question of the parti-
tion coefficient (Kqe) and diffusivity (Dge) of low molecular
weight permeants in the dermis and the effect of protein bind-
ing and lipid partitioning on these parameters. Our conclusions
are based on a literature analysis and experimental results
with testosterone, a steroid hormone that is moderately pro-
tein bound in plasma. Mathematical relationships for K4 and
Dye for compounds ranging in size from water (MW 18.0) to
betamethasone valerate (MW 476.6) and possessing low-to-
moderate degrees of protein binding are developed. We then
analyze available in vivo skin concentration data in terms of
a previously published model (Kretsos et al., 2004) which
describes the relationship between transport and clearance pro-
cesses in the dermis. Based on the steady-state version of the
model, we characterize these processes in terms of the ratio
of the volumetric, first-order, clearance rate coefficient k4o to
the effective diffusivity Dge. This relationship combined with
the independent mathematical model for Dg. leads to general
estimates of the magnitude of kg.. The key components of the
dermis—permeant interaction are identified and the applicabil-
ity and limitations of the present analysis are discussed. The
ultimate goal of this effort is the development of a predictive
tool for permeant concentration and clearance in the lower skin
layers.

Nomenclature throughout the manuscript is as follows: the
ratio of steady-state flux Jg to concentration difference across
the membrane AC for isolated dermis studied in a diffusion cell
is the permeability coefficient kp,. For ahomogeneous membrane
of thickness Age,

ke = Jss _ Dge K ge
P7ACT h
de

ey

where Dye and K. have been previously defined. In experimen-
tal work, Eq. (1) is often corrected for boundary layer effects
(Khalil et al., 2006). The property more directly comparable
between species or between dermis preparations having different
thicknesses is the permeability Py, defined as

Pae = kphde = DgeKge ()
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For most in vitro studies in which steady-state diffusion is
achieved, the quantities measured include kp, hge and Kge. The
value of Dy, is then calculated by rearranging Eq. (2):

kph
Dde _ ptde
Ke

3

In other studies the quantities measured are kp, hge and the lag
time 71, for achievement of steady-state flux. In this case the value
of Dye is estimated as

2
_ hge

= o1 “

D de

The diffusive resistance of the tissue in an in vitro experiment
is

. . 1 hde
Rge (in vitro) = . = DKo’
P eAde

&)

This value should be distinguished from the effective diffusive
resistance in vivo, which to a good approximation may be taken
to be (Gupta et al., 1995; Kretsos et al., 2004)
1
Rge (invivo) & —— 6)
¢ Kden/Ddckde
Eq. (6) results from the assumption of a first-order capillary
clearance which is completed within the confines of the dermis.

2. Materials and methods
2.1. Materials

3H-testosterone, unlabeled testosterone, bovine serum albu-
min (BSA), human serum albumin (HSA) and Dulbecco’s
phosphate-buffered saline (PBS) were obtained from Sigma
Chemicals, St. Louis, MO. Microdialysis cells (1 mL and 5 mL),
microdialysis membrane (Fisher 0866619, cutoff 5000 Da) and
sodium azide were obtained from Fisher Scientific (Hampton,
NH). Soluene-350® and Ultima Gold® XR scintillation fluid
were obtained from Perkin-Elmer Life Sciences (Boston, MA).
Human cadaver skin from two donors, dermatomed to a nomi-
nal thickness of 300 wm, was obtained from U.S. Tissue & Cell,
Cincinnati, OH. The Donor 1 sample was back skin and the
Donor 2 sample was abdominal skin. Tissue preparation and
storage followed skin bank guidelines as previously described
(Kasting and Bowman, 1990; Khalil et al., 2006). Isolated human
dermis was obtained from these samples by heat separation
(55 °C for 2 min) as described in Khalil et al. (2006).

2.2. Protein binding analysis

The binding of 3H-testosterone to BSA and HSA was stud-
ied by equilibrium dialysis at 32 °C using an initial testosterone
concentration of 5 pg/mL and albumin concentrations of 2%
(w/v) in PBS (pH 7.4) preserved with 0.02% sodium azide.
Radioactivity associated with >H-testosterone was measured by
liquid scintillation counting (LSC) using a Beckman Model LS
6500 counter. Dialysis studies were conducted in glass side-
by-side diffusion cells (Khalil et al., 2006) and polycarbonate

dialysis cells using a dialysis membrane with a 5000 Da cutoff.
Both systems gave comparable results, although equilibrium was
obtained more rapidly in the polycarbonate cells due to higher
surface area/volume ratios. After equilibration, unbound testos-
terone concentrations were approximately 1 pg/mL. Pairwise
comparison of results was conducted with the Students’ #-test
(two-sided) using a significance level of p <0.05.

2.3. Dermis partitioning and diffusivity measurements

Diffusivity and partition coefficient for H-testosterone in
excised human dermis were measured by two techniques, per-
meation and sorption/desorption (Khalil et al., 2006). All test
solutions were preserved with 0.02% sodium azide. The perme-
ation studies employed side-by-side diffusion cells (1.77 cm?)
maintained at 32 °C, with a strip of dermis mounted between
donor and receiver compartments, which were stirred by star
magnets driven at 600 rpm by synchronous motors. Both com-
partments were filled with 6 mL of either PBS, PBS +2% BSA
or PBS +2% HSA, and the cells were allowed to equilibrate
for 24 h. Skin from both donors was studied, using a total of
4-6 replicates for the PBS and PBS + 2% BSA treatments and
2 for the PBS + 2% HSA treatment. No difference between the
donors was noted in this small study. To initiate the study, 100 L
of an ethanolic solution of unlabeled testosterone (300 pg/mL)
and 3H-testosterone (50 pCi/mL) was added to the donor cham-
ber, yielding an initial testosterone concentration of 5 pg/mL.
Aliquots (0.5 mL) of the receptor solution were collected peri-
odically and analyzed for radioactivity by LSC. At completion
of the study the dermis was dissolved in Soluene-350% (4 mL
per ~1.2 g tissue) and the sample was divided into two por-
tions. Each portion was mixed with 18 mL of scintillation fluid
and analyzed by LSC. Tissue DPM were corrected for a back-
ground of 50-60 DPM and multiplied by a quench factor of
1.52 determined by adding known amounts of *H-testosterone
to dissolved control tissue samples. Permeability coefficients kj,
were calculated from the linear portion of a plot of cumulative
amount penetrated versus time, and then corrected for bound-
ary layer effects (Khalil et al., 2006). The correction was less
than 3%. Partition coefficient Kg. was estimated as twice the
ratio of the final average radioactivity concentration in the tis-
sue to that in the donor solution; this is equivalent to assuming
a linear concentration profile in the tissue and sink conditions
in the receptor compartment. The thickness hge was estimated
from the wet weight of the tissue using a density of 1.075 g/cm?
(Altshuler et al., 2005). Diffusivity was calculated from Eq. (3).
This method was chosen in favor of Eq. (4) due to better consis-
tency of the flux and tissue concentration data as compared to
extrapolated lag times.

The desorption studies were conducted by equilibrating a
weighed sample of dermis obtained from Donor 1 (back skin)
in a scintillation vial containing 5 pg/mL of testosterone and
2.5 pCi/mL of 3H-testosterone in either PBS, PBS +2% BSA
or PBS + 2% HSA for 24 h at 32 °C, then sequentially desorbing
the tissue samples into solutions having the same composi-
tion, but without testosterone or radioactivity. Replication was
similar to the permeation studies. The tissue was dissolved in



K. Kretsos et al. / International Journal of Pharmaceutics 346 (2008) 64-79 67

Soluene-350% upon completion of the study, and both tissue
and desorption samples were analyzed by LSC. The analysis of
the desorption data followed that of Khalil et al. (2006) using
the linear portion of a plot of fractional amount desorbed versus
the square root of time to estimate Dye. K4e Was calculated from
the total amount desorbed Miy¢, the tissue mass m and density
p, and the equilibrium concentration of the uptake solution Cy
according to Eq. (7):

Mintp
mCqy

Kge = (N
Pairwise comparison of diffusivity and partitioning results was
conducted with the Students’ #-test (two-sided) using a signifi-
cance level of p <0.05.

We note that protein binding, permeation and desorption
studies with testosterone were conducted at 32 °C, whereas the
dermis temperature in vivo is closer to 37 °C (Gowrishankar et
al.,2004). This was an experimental limitation in our laboratory,
due to concurrent work involving stratum corneum. Correction
of the values obtained to 37 °C is considered in Section 4.

2.4. Analysis of diffusivity and partitioning data in dermis

Additional estimates of permeant diffusivities Dge, parti-
tion coefficients Kg. and permeabilities Pge = DgeKge within
mammalian dermis, based primarily on in vitro steady-state
experiments, were collected from the literature (Table 1). In
most cases (24 of the 27 Dy values reported in Table 1), the
original investigators estimated the permeability coefficient k
from steady-state flux experiments in which thickness /4. was
also determined. They separately measured the partition coeffi-
cient K4. through equilibrium experiments. Diffusivity in dermis
Dge was then calculated from Eq. (3). The remaining three val-
ues comprise our estimate derived by combining data from two
different studies (methoxsalen), a previous estimate from our
laboratory (salicylic acid) and a value determined in this study
(testosterone). Other pertinent properties such as molecular
weight, octanol/water partition coefficient, ionization constant,
and fraction unbound in plasma or in albumin solutions were
obtained from the literature. Molar volumes of the permeants at
the boiling point, Vs, were estimated using Schroeder’s method
(Poling et al., 2001). These values were used to estimate the
diffusivities of the permeants in water at 37 °C according to the
Wilke—Chang relationship (Poling et al., 2001):

7.4 x 10~8pM)V/?T

2.—1y _
Dyq(cm”™s™ ) = UV2'6

®)

where ¢ =2.26, M=18.01 gmol~!, T=310K and n=0.6915 cP.

Diffusivities for the n-alkanol series studied by Scheuplein
and Blank (1973) and reported again in Scheuplein (1978)
were recalculated from the measured dermis permeability coef-
ficients using the Kg. values for the even-numbered alcohols
determined later by Cross et al. (2003b). Kqe values for the odd-
numbered alcohols were interpolated from a sigmoidal curve
drawn through the even-numbered Kg. values (Cross et al.,
2003Db).

Further analysis of the modified dataset proceeded as fol-
lows. A physical model for solute partitioning in dermis was first
developed based on the average composition of post-mortem
human dermis reported by Bert et al. (1982), later modified by
Bert et al. (1986). Thus, 1 g of fresh dermis was assumed to be
comprised of: 650 mg of water, 300 mg of collagen, 10 mg of
elastin, 11 mg of plasma proteins and a to-be-determined quan-
tity of lipids. The lipid content was not reported by Bert, but will
be shown later to be required in order to fit the partition model to
experimental data for Kg.. An upper limit to the lipid content of
0.03 cm? lipid/cm? dermis is provided by the average value of
27 mg/g reported earlier for post-mortem dermis by Pearce and
Grimmer (1972). Taking the density of the primarily aqueous
fluid phase to be 1.0 g/cm® and the average density of the der-
mis to be 1.075 g/lem? (Altshuler et al., 2005) yields an aqueous
volume fraction ¢,q=(0.65g HyO/g dermis) x (1 cm? H,O/g
H,0) x (1.075¢g dermis/cm? dermis)=0.70 cm?® H,O/cm? der-
mis. Most of the remaining volume consists of collagen and
elastin fibers. This region is inaccessible to solutes and has vol-
ume fraction @aper = 0.30. The lipids are assigned to a small lipid
compartment distributed within the aqueous phase and occupy-
ing a volume fraction ¢y, with respect to this phase. Thus, the
overall lipid fraction of the dermis is ¢1ip¢aq. This definition is
a matter of convenience. Both the aqueous and lipid regions are
assumed to be accessible to small molecule solutes; however,
there are restrictions for macromolecules as discussed below.
Fig. 1 depicts the components of the dermis model.

In the absence of binding to soluble proteins or other con-
stituents, the aqueous compartment leads to a small solute
partition coefficient (relative to the non-ionized form in water)

P
ann

where fyon is the fraction of solute non-ionized at pH 7.4. For
monofunctional acids and bases f,on, may be estimated by the

€))

Kfree =

(bhp

T by = 0.30 T 0,4 = 0.70 1
T
Fiber Aqueous phase = Lipid
phase : components
Albumin- Albumin-
accessible inaccessible
(32%) (68%)

Fig. 1. Schematic diagram of dermis partitioning model based on the human
dermis composition reported by Bert et al. (1982), modified to include a small
lipid component. The aqueous phase (volume fraction ¢,q =0.70 in the diagram)
is considered to be fully accessible to small molecule solutes, but only partially
accessible to extravascular proteins. The glycosaminoglycans depicted in the
diagram are a possible source of the excluded volume. By fitting the model in
Egs. (9)—(11) to the Ky data in Table 1, the final values ¢,q = 0.6 and ¢yip =0.001
were selected (Eq. (20)).
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Table 1
Physicochemical properties and estimated partition coefficients Kqe, diffusivities Dg. and permeabilities Pg. in dermis of studied compounds
Compound MW (Da)  Va® (cm3/mol)  logKoel®  £u© fasold  Kge® Dge x 107 Pge x 107 Species Ref.
(cm?s™1) (cm?s™1)
Water 18.0 21.0 —1.38 0.7" 60 41.78 Human g
Methanol 32,0 42.0 —0.77 0.55F 67 36.88 Human g
Ethanol 46.1 63.0 —-0.31 0.878 0.43" 57 24.32 Human gh
Propanol 60.1 84.0 0.25 043" 50f 21.58 Human g
Butanol 74.1 105.0 0.88 0.764 0.43"  48f 20.88 Human Zh
Pentanol 88.2 126.0 1.56 061" 27 16.78 Human g
Hexanol 102.2 147.0 2.03 0.40 0.86" 16 13.9¢ Human gh
Heptanol 116.2 168.0 2.72 175t 9.9f 17.48 Human g
Octanol 130.2 189.0 3.00 0.066 355" sif 18.18 Human g:h
Decanol 158.2 231.0 4.06 0.025  11.3" Human h
Betamethasone 392.5 423.5 2.01 2.5 7.4 18.5 Human i
Betamethasone 17-valerate 476.6 528.5 3.60 13.6 1.6 21.8 Human i
Methoxsalen 216.2 203.0 1.93 0.09 1.45 7.64 11.1 Human j
Glucose 180.2 161.0 —-3.24 0.65 264 12.8 Human k
Testosterone 288.4 350.0 3.32 0.40 0.20 4.92! 4.1+£0.6™ 25.4" Human -
Hydrocortisone 362.5 406.0 1.61 <0.1 0.72 2.1° 2.85P 5.24 Guinea pig "
Salicylic acid 138.1 133.0 2.26 0.1-0.2 0.14 0.9 8+3 Rat s
Pentanol 88.2 126.0 1.56 1.92 12.3 26.4 Mouse t
Vidarabine 267.2 238.0 —1.11 141 9.5 13.0 Mouse t
Vidarabine 267.2 238.0 —1.11 0.79" 15 12.3 Mouse M
Hypoxanthine arabinoside 267.2 224.0 —2.31 0.81" 13.8 11.6 Mouse v
Vidarabine-5-n-valerate 3514 343.0 1.13 0.94% 9.7 9.6 Mouse M
Progesterone 314.5 385.0 3.87 0.099 4.18 0.41+£0.03 1.8 Mouse *
Desoxycorticosterone 330.5 392.0 2.88 1.64 0.53+£0.11 0.9 Mouse *
11-a-Hydroxyprogesterone 330.5 392.0 2.36 1.21 0.66 £0.14 0.8 Mouse *
17-a-Hydroxyprogesterone 330.5 392.0 3.17 2.64 0.62£0.13 1.6 Mouse *
Corticosterone 346.5 399.0 1.94 1.05 0.444+0.08 0.5 Mouse X
17-a-Hydroxydeoxy- 346.5 399.0 3.08 0.85 0.64£0.11 0.5 Mouse *
corticosterone
Hydrocortisone 362.5 406.0 1.61 <0.1 0.72 0.65 0.44£0.07 0.3 Mouse *
Didanosine 236.2 217.0 —1.24 >0.95 y
Piroxicam 3314 322.0 1.98 0.01 0.11 Y

The experiments were performed at 37 °C and pH 7.4 unless otherwise noted. Compounds are non-ionized at pH 7.4 except for salicylic acid (weak acid, pK, 3.0)
and piroxicam (weak acid, pK; 6.3). Didanosine (weak acid, pKj, 9.12) is about 2% ionized.

2 Molar volume at the boiling point.

b log(octanol/water partition coefficient) (EpiWin Suite®, US EPA, 2006).

¢ Fraction unbound in plasma (Pibouin et al., 1987; Wheeler, 1995; Roberts and Cross, 1999; Moffat et al., 2003).

4 Fraction unbound in a 2% (Singh and Roberts, 1996) or 4% (Cross et al., 2003a) solution of serum albumin.

¢ Direct measurement unless otherwise stated, expressed as Kge/pH7.4 (Eq. (13)).

f Qur calculation as described in text.

¢ Scheuplein and Blank (1973), Pge measured at 25 °C.

b Cross et al. (2003b), room temperature.

! Kubota and Maibach (1993). Experiments performed at pH 4.5. Kye calculated from initial/equilibrium solution concentration difference.
J Estimate based on an in vivo (Kammerau et al., 1976) and an in vitro (Anigbogu et al., 1996) study (7'=32 °C), calculation available on request.
kK Khalil et al. (2006). T=32°C.

! Average of permeation and desorption methods, PBS treatment only.
™ Average of all treatments and methods.

" Permeation study with PBS treatment only.

© Dermis/aqueous buffer value.

P Calculated from Pge and a K4. value from Myglyol 480.

4 Stripped skin value used and adjusted for thickness. Myglyol 480 vehicle.

' Borsadia et al. (1992).

$ Estimate from in vivo study (Kretsos et al., 2004).

' Yu et al. (1980). Dge value calculated from Eq. (4), Kge from Pge/Dye.

! Calculated from solution concentration change.

¥ Yu et al. (1979). Experiments performed at pH 4.5.

W Calculated as average of Pge/Dye.

* Tojo et al. (1987).

¥ Data for these compounds included for calculations in Table 2.
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usual formulas (Florence and Attwood, 2006):

1 .
T[)Ka s weak acid
fnon = I+ 101 (10)
W s weak base

For polyfunctional compounds f;on may be estimated by
more sophisticated formulas. A useful program incorpo-
rating such calculations is ACD/logD™ (ACD Labs Inc.,
www.acdlabs.com). Eq. (9) is predicated on the assumption that
there is no charge exclusion for small solutes in the dermis. Since
charge exclusion is known to be a factor for albumin (Wiig et
al., 2003), this assumption warrants careful evaluation.

Based on equilibrium partitioning of radiolabeled albu-
min, Bert et al. (1982) considered the albumin-accessible and
albumin-inaccessible regions of the fluid fraction of dermis to
be proportioned in the ratio of 0.32:0.68. The concentration of
albumin in the albumin-accessible region was originally esti-
mated to be ~5% (Bert et al., 1982), but was later measured
to be 0.45-0.93 (mean 0.68) of the serum concentration (Bert
et al., 1986). Taking the serum concentration to be 0.6 mM or
4.0% (w/v) for this 67.4kDa protein (Kratochwil et al., 2002)
yields 0.68 x 4.0% =2.7% (w/v). We assumed that a solute will
partition into the albumin-inaccessible aqueous region with a
partition coefficient (with respect to the non-ionized form in
water) of 1/fyon, into the albumin-accessible fluid region with
a partition coefficient of 1/(fufnon), Where f; is the fraction
unbound, and into the lipid region with a partition coefficient
equal to the octanol-water partition coefficient Koc;. Combin-
ing these assumptions with Eq. (9) leads to a calculated dermis
partition coefficient of:

0.32
Ju
= Kfree - Binding factor (11)

Kde/non = Kifree <0'68 + + ¢lipfnonKocl>

where f, is the fraction unbound in a 2.7% albumin solution
at pH 7.4. The reference state (“non”) for Eq. (11) is an aque-
ous solution in which the solute is completely non-ionized. The
quantity in parentheses is identified as the solute binding factor
in dermis. It will appear regularly in the subsequent analysis.
For a small, non-protein bound, hydrophilic solute like glucose,
the binding factor is 1. This factor also distinguishes the freely
diffusing concentration Cfe. from the total concentration Cge.
Thus,

Cde = Cfree - Binding factor (12)
Kg4e may alternatively be expressed relative to a pH 7.4 buffer as

Kde/pH7.4 = fnoane/non (13)

Eq. (11) applies to the case in which a non-ionized solute or
solution thereof is applied topically to full-thickness skin. Eq.
(13) is appropriate for interpreting in vitro experiments in which
the dermis is contacted by an aqueous buffer solution maintained
at pH 7.4.

Values of the unbound fraction f,, for the permeants studied
were either obtained from the literature (Pibouin et al., 1987,

Wheeler, 1995; Roberts and Cross, 1999; Moffat et al., 2003;
Singh and Roberts, 1996; Cross et al., 2003a) or calculated from
the mathematical model described by Yamazaki and Kanaoka
(2004). The value of f; so calculated is equal to 1 — PBR in the
original notation, where PBR stands for “protein binding ratio”
and is equivalent to fraction bound. No attempt was made to cor-
rect the values so obtained to an albumin concentration of 2.7%.
This decision was based on the considerable uncertainties in both
the f,, estimation method and the 2.7% target concentration.

Dermis lipids are largely associated with cell membranes and
may be considered to be immobile. Although it has some mobil-
ity in the dermis, albumin moves more slowly than small solutes
due to its size. Thus, for weakly and moderately bound solutes,
to a first approximation, it too may be considered to be immo-
bile. The combined effect of binding and partitioning on the
diffusivity of mobile solutes is thus (Cussler, 1997; Kasting et
al., 2003)

Dfree

L (14)
Binding factor

Dye
where Dy, is the observed or effective diffusivity and Dy is the
diffusivity in the absence of binding or partitioning. In deriving
Eq. (14) it is assumed that Dye. has the same value for ionized
and non-ionized solute. The permeability of the tissue is given
by

Pie = Dge Kde = Drree Ktree (15)

Note that, to the extent that albumin and dermal lipids may be
considered to be immobile, the permeability is independent of
binding and partitioning, as it must be at steady-state (Cooper,
1974; Kasting et al., 2003). A more detailed analysis of dermis
diffusivity would include the motion of solute bound to albumin.
This elaboration will probably be required in order to explain
the transport of very highly protein bound solutes.

2.5. Analysis of in vivo skin concentration data

A summary of the in vivo skin permeation studies that were
analyzed is shown in Table 2. In these studies, radiochemical
detection was used except by Gao et al. (1995) and Gupta et
al. (1995) where samples were analyzed by HPLC. A specified
dose was applied, confined to a specific skin surface area by
external means in order to avoid spreading. After a time lapse
(Table 2) the skin surface was rinsed and dried, and skin biopsies
were obtained. The biopsies were immediately frozen and sub-
sequently microtomed to obtain 10—60 wm thick sections. The
samples were analyzed to yield concentration as a function of
depth. The amount of replication varied widely between studies
(Table 2).

The data were analyzed according to the distributed diffusion-
clearance model reported previously (Kretsos et al., 2004).
Briefly, the model addresses transient one-dimensional skin per-
meation from a finite or infinite dose with all the skin strata
explicitly represented. Capillary clearance is represented by a
uniform removal rate equal to kge times the local concentra-
tion Cqe at all points in the dermis. In this paper, we consider
its steady-state solution for an infinite dose application with no
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Table 2

In vivo studies of skin concentrations of topically applied permeants

Fig. 5 panel Permeant Species/site n* Time® (min) In Cy E (cm™1)? Dge x 107 (cm? s~ 1P kge x 10% (s71) kiree x 10% (s71) Ref.
a Hydrocortisone Human 1 1000 —7.01 £ 0.17 43.0 £ 39 7.7 14.2 16.6 ¢
b Retinoic acid Human 1 100 - - - - - d
c Methoxsalen Human/breast® 1 100 —11.05 £ 0.16 20.8 £ 2.0 9.0 39 16.8 f
d Piroxicam Yorkshire pig/dorsal 8 720 10.76 £ 0.10 128 £ 1.0 5.4 0.9 32 g
e Hydrocortisone Hairless rat/dorsal 4 360 2.17 £ 0.59 375 £ 13.0 7.7 10.8 12.6 h
f Testosterone Hairless rat/dorsal 4 360 5.10 +£ 0.36 48.2 + 8.0 2.2 5.1 22.3 h
g Didanosine Fisher rat/dorsal’ 7 360 0.58 £ 0.06 109 £ 0.6 19.4 23 2.3 i
h Didanosine Fisher rat/dorsal 6 360 1.76 £ 0.07 23.0 £ 0.8 19.4 10.3 10.4 k
- Salicylic acid Wistar rat/dorsal 3 120 - - §+3! 742! 20.8 m

The concentration data and regression analyses are shown in Fig. 6. Regression constants In Cy and E and were calculated from these data according to Eq. (17). Dg. was derived from Egs. (14), (20) and (21) and
kqe was calculated as Dgo E2. Regression results are presented as mean =+ the standard parameter error.
2 Number of subjects (one experiment was performed per subject).
b Time of tissue collection post-application.
¢ Zesch and Schaefer (1975).
d Schaefer and Zesch (1975).
¢ Measurement prior to UV irradiation.
f Schaefer et al. (1978).
& Monteiro-Riviere et al. (1993).
" Hueber et al. (1992).
! The hair was clipped.
1 Gupta et al. (1995).
kK Gao et al. (1995).
! Value from Kretsos et al. (2004).
™ Singh and Roberts (1993b). This study was performed on de-epidermized skin.
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direct transport beyond the lower boundary of the dermis, i.e.,
the dermis is assumed to be semi-infinite. This solution yields
for the dermis an exponential decay of concentration with depth,

kd
Cge = Cp - exp [— - (z — Zed)‘|
Dde
= Cp - exp[—E(z — zed)] (16)
or
k
InCge = InCo — de (Z — Zed)
de
=InCy— E(Z — Zed) )

where the decay parameter is E = 1/kgo/Dge. The sign of the
depth variable z in Egs. (16) and (17) is chosen such that more
positive values reflect increasing depth in the tissue. The skin
surface is taken to be at depth z=0. The pre-exponential fac-
tor, Cop, corresponds to the dermis concentration just below the
dermal—epidermal junction located at depth z.4, whose average
value was taken to be equal to 100 pm. The value of Cy depends
on the properties of all layers, i.e., donor solution, stratum
corneum, viable epidermis, and dermis (Kretsos et al., 2004).
The decay parameter E, which is the inverse of the decay length,
depends solely on properties of the dermis and can be calculated
from the available data. Thus, a linear regression analysis of the
available in vivo skin concentration data was performed based
on Eq. (17). The regression coefficients, 95% confidence inter-
vals and coefficients of variance were calculated with SigmaStat
3.10©(Systat Software Inc., Richmond, CA, U.S.A.).

Consistent with the partitioning and diffusivity models (Egs.
(9)—(14)), it is appropriate to consider kg as an effective param-
eter that is related to a microscopic clearance parameter kfyee
according to

kde Cde = kfree Cfree ( 1 8)

where Cyee is the value defined by Eq. (12). This follows because
the intrinsic clearance rate must be proportional to the freely
diffusing concentration Cyee rather than the total concentration
Cge. Comparing Egs. (12) and (18) one finds

kfree

_ 19
Binding factor 19

kde
The microscopic parameter ke is more likely to be relatable to
capillary bed properties than is the effective parameter kqe.

3. Results
3.1. Testosterone protein binding

The partition coefficient between PBS and PBS + 2% BSA for
radioactivity associated with 3H-testosterone in the side-by-side
diffusion cells was 3.44 £0.14 (n=3), and the corresponding
value for2% HSA was 4.02 £ 0.26 (n = 3). These values translate
into unbound fractions f, =0.29 & 0.01 for testosterone in 2%
BSA and £, =0.25 £ 0.02 for testosterone in 2% HSA. While

Table 3
Partition coefficient and diffusivity of >H-testosterone in dermis

Composition n KaelpH7.4 Dge x 107 (cm?s™1)
Permeation

PBS 4 6.37 = 0.88 443 £ 1.18

PBS +2% BSA 5 2,65+ 048 4.14 +£0.78

PBS +2% HSA 2 1.77 £ 0.54  3.66 £ 0.02
Desorption

PBS 4 5.65 +£5.06 3.82+1.30

PBS +2% BSA 6 1.08 £ 020 525+ 143

PBS +2% HSA 2 1.10 £ 0.09 3.53 £ 0.95
Mean £ S.D. (all determinations) 4.1+0.6

statistically significant, these small differences between bovine
and human albumins would not be expected to have a functional
consequence. The polycarbonate cells yielded f, =0.34 + 0.07
(n=2) for testosterone in 2% BSA, which was not significantly
different from the side-by-side cell result for this solution. All
of our values fall between the value f, =0.2 reported by Singh
and Roberts (1996) for testosterone in a 2% albumin solution
and the value f;, =0.40 for testosterone in plasma reported by
Dollery (1999).

3.2. Testosterone partitioning and diffusivity in dermis

Results of the permeation and desorption experiments with
3H-testosterone in dermis are shown in Table 3 and Fig. 2. The
two methods gave comparable values for diffusivity and parti-
tioning, with only the Kg. value for testosterone in PBS +2%
BSA showing a significant difference between permeation and
desorption. There were no significant differences between the
calculated Dy values of any of the treatment groups. Thus,
we did not distinguish an effect of external serum albumin
on the diffusivity of testosterone in the tissue. The aver-
age value of these measurements over all treatments and
methods of Dge=(4.1+0.6) x 1077 cm?s~! is used for later
analysis.

The partition coefficient Ky, for testosterone between dermis
and the bathing solution was 3 to 5-fold lower in the presence of
external albumin than in its absence. These differences were sig-
nificant for the permeation experiments, but not for desorption.
There were no differences between Ky, for BSA and HSA solu-
tions. The ratio of Ky, in the absence and presence of external
albumin was similar to the partition coefficient between albumin
and PBS solutions in the equilibrium dialysis study (Section 3.1).
Tissue radioactivity at the end of the desorption study was about
15% of the total sorbed.

3.3. Permeant partitioning and diffusivity in dermis
(literature data)

Physical properties and calculated values of partition coef-
ficient (with respect to donor solution) Kge, diffusivity Dge,
and permeability Pge in dermis for the studied compounds are
shown in Table 1. Four mammalian species — human, guinea
pig, rat and mouse — are represented. Molecular weight ranged
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Fig. 2. Results of dermal transport studies with >H-testosterone (mean =+ S.D.).
(a) Permeation data, n=2-5. (b) Desorption data, n=2-6. The inset shows the
initial part of the curves. Key: (A)PBS; (@) PBS + 2% BSA; (O) PBS + 2% HSA.
For desorption, the average values of Miy for the three treatments, respectively,
were 17.8, 3.78 and 4.00 wg/cm? of tissue. The solid lines show the result of
linear regression analyses leading to the parameters in Table 3.

from 18 Da (water) to 477 Da (betamethasone valerate) and log
(octanol/water partition coefficient) ranged from —3.24 (glu-
cose) to 4.06 (decanol). Protein binding propensity, expressed
as fraction unbound in either plasma or albumin solutions, var-
ied over a wide range. Two of the compounds (salicylic acid and
piroxicam) are extensively ionized at physiologic pH; hence, the
concentrations in dermis are modified by ionization as may be
seen from Egs. (9)-(12).

Initial examination of these data showed that Dy, values were
strongly correlated with the size of the permeants, expressed
in Fig. 3a as MW?3. This observation accords with expecta-
tions for diffusivities in either liquids (Poling et al., 2001) or
tissues (Potts and Guy, 1992). The plot suggests a rather steep
dependence of diffusivity on size compared to that expected
in water (dotted line). The n-alkanol diffusivities, recalculated
as described in Section 2.4, fell rapidly with increasing MW,
while the diffusivity values of Tojo et al. (1987) for steroids in
mouse dermis (open diamonds) lay well below the rest of the
dataset. The latter values were obtained on tape-stripped skin
rather than isolated dermis and with 40% PEG 400 donor and
receiver solutions rather than water or aqueous buffer. Our own
experience with this method (Khalil et al., 2006) shows that
artificially low values of dermis permeability may be obtained
from such preparations, probably due to incomplete removal of
the stratum corneum. Hence, we consider Tojo’s Dge values to
be unreliable. However, we show later that they can be brought
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Fig. 3. (a) Diffusivity and (b) partition coefficient with respect to donor solu-
tion of permeants in mammalian dermis (data from Table 1). Key: (@) human;
(V) guinea pig; (A)rat; (¢) mouse (Yu et al., 1979, 1980); (¢) mouse (Tojo
et al., 1987). The dotted line approximates the Wilke—Chang relationship for
diffusivity in water at 37 °C (Eq. (8)) as described in the text.

into closer accord with the remaining data by considering the
effect of binding and partitioning.

Kge values were related to octanol/water partition coefficient
in a non-linear manner (Fig. 3b). An average value of Kg. = 0.6
was observed for non-ionized compounds having log K¢ <2.
For higher values of log K, K4e values rose sharply to a maxi-
mum value of 13.6 (betamethasone valerate). Kg. values for the
steroids in Tojo et al.’s (1987) study showed a similar depen-
dence on log Ky, but lay below the other values. The lower
values may be understood on the basis of the non-aqueous solu-
tions employed in this study. Consequently, neither the Dge or
Kge data from Tojo et al. (1987) were included in the following
analyses.

According to the model presented in Section 2.4 and summa-
rized in Egs. (9)—(12), the increase in Kqe With increasing solute
lipophilicity shown in Fig. 3b results from two factors—binding
to extravascular albumin and partitioning into dermis lipids.
Since these two factors are correlated (Kratochwil et al., 2002;
Yamazaki and Kanaoka, 2004) and the existing data are sparse,
their rigorous deconvolution was not possible in the present
analysis. An estimation of the relative contribution of the two
factors was made as follows. Fraction unbound f;, was calculated
for each permeant using the method of Yamazaki and Kanaoka
(2004). The results are tabulated in Table 4. The value ¢,q =0.6
was then selected to fit Eq. (9) to the K¢ values for hydrophilic
permeants (Fig. 3b). Next the parameter ¢y;p in Eq. (11) was



K. Kretsos et al. / International Journal of Pharmaceutics 346 (2008) 64-79 73

adjusted to achieve a suitable correspondence with the exper-
imental values of Ky for lipophilic permeants. The result was
¢1ip =0.001. These two choices yielded an explicit form for Eqgs.
9)-(11), i.e.,
o 0.32
Binding factor = 0.68 + —— + 0.001 fion Koct
fu 20)

0.6
—— - Binding factor
non

Kde/non =

The fit to the Ky, data provided by Eq. (20) was of comparable
quality to that resulting from a non-linear regression analysis
of Eqgs. (9)—(11), expressed as base 10 logarithms, against the
experimental values of log Kg.. The regression analysis (not
shown) yielded a slightly lower value of ¢,q and a slightly higher
value of ¢yjp than did the sequential fitting procedure. Statisti-
cal analysis of both fits yielded n=22, s=0.22 and *=0.76,
where n is the number of observations, s the root-mean-square
deviation of the data points from the fitted line and % is the
coefficient of determination, equal to the square of Pearson’s
correlation coefficient r. A plot of this relationship is shown in
Fig. 4a. Values of the binding factors and Ky calculated from

Eq. (20) are shown in Table 4. While the agreement displayed
indicates the experimental values are satisfactorily described by
Eq. (20), it does not guarantee that the absolute Ky values are
correct for in vivo analyses, as will be discussed. Furthermore,
the analysis did not unequivocally establish the significance of
the parameter ¢yp. A fit with ¢yip =0 yielded a 17% increase in
the sum of squared residuals versus Eq. (20), and the associated
probability of ¢;, =0 based on random variation in the dataset
was p=0.15. The primary advantage of the choice ¢yjp =0.001
was better agreement of Eq. (20) with the Ky, values for the
two most lipophilic permeants, betamethasone valerate and
decanol.

If the increase in Kg4e with increasing lipophilicity is due to
binding to relatively immobile but non-contiguous constituents
of the dermis, as we have postulated, then it follows logically
that the effective dermis diffusivities Dy must be related to
lipophilicity in an inverse manner (cf. Eq. (14)). Consequently,
we employed Eq. (20) in conjunction with Eq. (14) to estimate
values of Dy from the Dge values in Table 1. The results of
this calculation are shown in Table 4 and Fig. 4b. Dy values so
calculated were still related to MW in an inverse fashion, but the
dependence was weaker than that for Dge. A linear regression

Table 4
Calculated fractions unbound, binding factors, partition coefficients Kge, diffusivities Dg. and permeabilities Pg. in dermis of studied compounds
Compound f? Binding factor KuepH7.4 Diree X 107 Pae x 107
(Eq. (20)) (Egs. (13) and (20)) (cm?s~!; Eq. (21)) (cm?s~!; Eq. (15))
Water 0.863 1.05 0.63 106.6 64.0
Methanol 0.783 1.09 0.65 73.1 43.9
Ethanol 0.700 1.14 0.68 57.6 34.5
Propanol 0.576 1.24 0.74 48.4 29.0
Butanol 0.423 1.44 0.87 42.2 25.3
Pentanol 0.272 1.89 1.14 37.6 22.6
Hexanol 0.190 247 1.48 342 20.5
Heptanol 0.105 4.24 2.54 314 18.9
Octanol 0.082 5.59 3.35 29.2 17.5
Decanol 0.030 22.84 13.70 25.7 15.4
Betamethasone 0.193 2.44 1.46 14.2 8.5
Betamethasone 17-valerate 0.047 11.52 6.91 12.5 7.5
Methoxsalen 0.206 2.32 1.39 20.9 12.6
Glucose 0.961 1.01 0.61 23.6 14.1
Testosterone 0.061 8.03 4.82 17.3 10.4
Hydrocortisone 0.263 1.94 1.16 14.9 8.9
Salicylic acid 0.113 3.51 2.10 28.1 16.8
Didanosine 0.950 1.02 0.61 19.7 11.8
Pentanol 0.272 1.89 1.14 37.6 22.6
Vidarabine 0.832 1.06 0.64 18.2 10.9
Vidarabine 0.832 1.06 0.64 18.2 10.9
Hypoxanthine arabinoside 0.931 1.02 0.61 18.2 10.9
Vidarabine-5-n-valerate 0.364 1.57 0.94 15.2 9.1
Progesterone 0.036 16.98 10.19 16.4 9.8
Desoxycorticosterone 0.091 4.94 297 15.8 9.5
11-a-Hydroxyprogesterone 0.144 3.13 1.88 15.8 9.5
17-o-Hydroxyprogesterone 0.070 6.73 4.04 15.8 9.5
Corticosterone 0.204 2.34 1.40 15.4 9.2
17-o-Hydroxydeoxy-corticosterone 0.076 6.09 3.66 15.4 9.2
Hydrocortisone 0.263 1.94 1.16 14.9 8.9
Piroxicam 0.143 2.92 1.75 15.8 9.5

Kge and Py are calculated with respect to pH 7.4 buffer for comparison to the data in Table 1.

2 Calculated by method of Yamazaki and Kanaoka (2004).
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Fig. 4. (a) Experimentally determined dermis/buffer partition coefficients plot-
ted vs. those calculated from Eq. (20). The solid line is the line of perfect fit.
(b) Calculated diffusivity of Table 1 permeants in the absence of binding and
partitioning. The solid line represents Eq. (21) and the dotted line approximates
the Wilke—Chang correlation. The symbols are the same as those in Fig. 3.

of the data in Fig. 4b versus molecular weight, excluding those
from Tojo et al. (1987), yielded

log Dfree = —4.15 — 0.655log MW

21
n=21, s =0.176, r2 = 0.682 @h

No improvement in the correlation was found by substi-
tuting Va for MW. Indeed, these parameters are themselves
highly correlated—for the present data subset, V4 =1.057 MW
(r*=0.937). Other relationships consistent with the data in
Fig. 4b may be found. For example, a regression of 10g Dfree
versus MW!73 yields 7% =0.698 and s=0.172. Such a relation-
ship would suggest a steeper dependence of Dgee on MW than
that predicted by Eq. (21). It is not possible to ascertain from
these data alone the exact functional form; consequently, extrap-
olation of Eq. (21) beyond the molecular weight range examined
in this study (18-477 Da) should be done cautiously. The size
dependence described by Eq. (21) (Dfree X MW —0.655 )isclose to
that for aqueous diffusivity (Eq. (8)). The uncertainty in the slope
(—0.655 +0.103) contains within it the Wilke—Chang value of
—0.6. Hence, it may be stated that the Dge. values in Fig. 4b
are equivalent to aqueous diffusivities divided by a factor of
approximately 3.7.

Assuming the stripped skin values from Tojo et al. (1987)
can be dismissed, there is little evidence in Fig. 4b for species
differences in the value of Dyee. The uncertainty in Dy, relative
to the prediction from Eq. (21) increases with molecular weight,
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Fig. 5. Permeability Pge = DgeKge Of solutes in the dermis. The experimental
data are from Column 9 of Table 1. The solid line represents the values of Pge
calculated from Eq. (15) (Table 4, Column 6). The symbols are the same as those
in Fig. 3.

most likely reflects the increasing influence of binding and par-
titioning on the experimental measurements—factors that are
only approximately accounted for by Eq. (14).

Fig. 5 shows that experimental dermis permeability val-
ues Pg. (Table 1) decreased steadily with increasing molecular
weight of the permeant. The trend was reasonably well described
by the model calculation, Pge = KfreeDree (Eq. (15)), bearing
in mind that the partition coefficients for this comparison are
expressed relative to pH 7.4 buffer. The slight lack of fit of the
model to the data may arise because the experimental datasets
for Kge, Dge and Pg. were comprised of slightly different sub-
sets of the compounds in Table 1. It may be stated that the
correspondence for Py is satisfactory.

3.4. In vivo skin concentration profiles and capillary
clearance

The results of the analysis of in vivo skin concentration data
are shown in Fig. 6 and Table 2. The distributed clearance model
(Eq. (16) or (17)) predicts an exponential decay of concentra-
tion with depth for compounds that are cleared uniformly in the
dermis. Fig. 6 shows that most of the measured concentration
profiles correspond reasonably well to this model. The average
coefficient of determination (%) for linear regressions according
to Eq. (17) was 0.81, and half of the studied compounds yielded
2 >0.88. Retinoic acid (Fig. 6b, r> =0.486) was an exception.
This compound was excluded from further investigation due to
the poor representation of the data by Eq. (17). The issue is
addressed further in Section 4.

Exponential decay factors, E = y/kge/Dge, derived from
this analysis are shown in Table 2. Values of E ranged from
(10.94+0.6)cm™~! for didanosine in rat to (48.2+8.0)cm™!
for testosterone in rat. The single human value was
(43.04+3.9)cm™ for hydrocortisone. These values translate into
characteristic lengths of 210-920 wm for a 1/e-fold fall in con-
centration. Examination of Fig. 6 shows that several of the
studies (Panels b, d, e, f and h) would support a more gradual
decrease of concentration with depth in the lower dermis. Such
profiles would be expected if clearance in this region were lower
than in the papillary dermis. This possibility, which may be antic-
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Fig. 6. In vivo skin concentration vs. depth profiles taken from the studies listed
in Table 2. The points represent the mean of 1-8 experiments as shown in the
table. Panels (a—c) show human skin data, (d) is pig and (e-h) are rat. Solid lines,
linear regression; dotted lines, prediction interval; dashed lines, 95% confidence
interval. (a) Hydrocortisone (mol/L); (b) retinoic acid (mol/L); (c) methoxsalen
(mol/L); (d) piroxicam (DPM/section); (e) hydrocortisone (nmol eq/cm3); (f)
testosterone (nmol eq/cm3); (g) didanosine (mg/g); (h) didanosine (mg/g).

ipated from studies of skin microvasculature (Braverman, 1997),
leaves open the possibility of concentration profiles extending
into the underlying fat and muscle layers, as recently reviewed
by Lee and Maibach (2006).

Deconvolution of the kg values according to Eqgs. (1) and
(20) yielded the kfee values shown in Table 2. There was a trend
toward increasing values of kg With increasing lipophilicity of
the non-ionized solute, as shown in Fig. 7. The trend was not
as apparent when the solute octanol/water distribution coeffi-
cient, equivalent to fion Koct, Was substituted for the partition
coefficient Ko in Fig. 7. This occurred because salicylic acid,
which has a high value of ke, has a high partition coefficient
but a low distribution coefficient at pH 7.4. Implications of these
relationships are discussed later.
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Fig. 7. Microscopic clearance constant kfree = kge-Binding factor (cf. Eq. (19))
of solutes in the dermis, plotted vs. octanol/water partition coefficient of the
non-ionized solute. Values of kge are listed in Table 2 and the binding factors
are calculated in Table 4.

4. Discussion

Estimation of skin and deep tissue concentrations of topically
applied compounds plays an important role in the development
of new topical drug therapies, whether they are intended for skin
or for underlying muscles and joints (Siddiqui et al., 1989; Singh
and Roberts, 1993a, 1996). It also provides key information
related to skin toxicities including irritant and allergic contact
dermatitis (Kimber et al., 1999). Unlike systemic percutaneous
absorption, which is usually dominated by the barrier properties
of stratum corneum, skin concentrations always reflect a balance
of permeation through the stratum corneum, partitioning, diffu-
sion and (sometimes) metabolism in the viable skin layers and
capillary clearance in the dermis. Hence, a good understanding
of transport properties of epidermis and dermis is essential to
predicting skin concentration profiles.

Considerable progress has been made toward interpreting
skin and lower tissue concentrations in terms of compartmental
pharmacokinetic models, as outlined in the Introduction. This
approach meshes well with systemic pharmacokinetic descrip-
tions of drug distribution and transport; however, it is more
effective for interpretation of existing data than for predic-
tion of the skin concentration profile of a new substance. The
diffusion-based approach described herein represents an alterna-
tive to compartmental models that can be more directly related
to transport properties of the tissue and the physicochemical
properties of the permeant. Consequently, it has more poten-
tial as a predictive tool than does the well-stirred compartment
approach.

Considering each layer of the skin to be a homogeneous
medium with an associated loss mechanism (e.g., capillary
clearance or metabolism), three properties within the layer are
required to describe diffusive transport in vivo—a partition coef-
ficient, K; a diffusivity, D; and a clearance constant k. These
parameters are discussed, in turn, below. Egs. (5) and (6) show
the way in which these parameters combine to yield the diffu-
sive resistance of the dermis Ry for in vitro and in vivo studies,
respectively, when kg, is interpreted purely as capillary clear-
ance.
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Partition coefficients K4 for solutes between dermis and
buffer solutions were clearly related to the lipophilicity of the
solute (Fig. 3b). We have described this behavior in terms of
a model in which the solute binds reversibly to extravascular
serum proteins (primarily albumin) and partitions into dermis
lipids (Egs. (9)-(12) and (20)). The latter are loosely inter-
preted as including both the cell membranes associated with
the dermis cellular constituents and lipids associated with the
pilosebaceous unit, which is more accurately described as an
invagination of the epidermis into the dermis. However, for a
diffusion model employing a slab geometry, the pilosebaceous
lipids are spatially associated with the dermis layer. The bind-
ing model adequately described Ky, values obtained from in
vitro experiments employing isolated dermis from four mam-
malian species (Fig. 4a). However, it should be noted that the
methodology for these studies involved immersion of the tissue
in aqueous buffer solutions. Diffusible protein within the tissue
may have equilibrated with the external solutions, leading to
calculated K. values lower than the effective in vivo value. The
error incurred would be expected to increase with the degree
of protein binding of the solute. Consequently it is reasonable
to project that highly lipophilic or protein bound solutes may
have higher K. values in vivo than those calculated from Eq.
(20). Protein leakage from the tissue might explain why only a
tiny lipid component (¢, = 0.001, much less than the value sug-
gested by Pearce and Grimmer’s, 1972 analysis) was required
in Eq. (20) to match the experimental K4 values in Table 1.
This hypothesis could be tested by in vitro studies in which tis-
sue protein levels are preserved by careful sample handling and
isolation from the bathing solution by a dialysis membrane.

The partition coefficient K. for testosterone between dermis
and buffer solutions was 1.1-2.6 (mean 1.65) when the buffer
contained 2% albumin and 5.6-6.4 (mean 6.01) when it did not
(Table 3). Approximately 15% of the radiolabel was irreversibly
bound to the tissue in these studies. These values indicate that
testosterone does bind to dermis components other than albumin;
otherwise the K. value from the 2% albumin buffer would have
been less than 1 due to exclusion (Bert et al., 1982). The value of
Kjge calculated from Eq. (20) using the estimated f;, value of 0.061
is4.82 (Table 4). The agreement with the observed mean value of
6.01 £ 0.51 from the albumin-free buffer is reasonable. Thus, the
comparison lends a degree of confidence to the use of Eq. (20) to
predict dermis/buffer partition coefficients. It is noteworthy that
a large variability in experimental K4. values was sometimes
observed; e.g., testosterone desorption from dermis into PBS
yielded Kge =5.65+5.06 for n=4 samples (Table 3, row 4).
This variation resulted from high testosterone uptake by one of
the samples for which Ky = 13.2. Despite the high uptake, the
Dge value obtained by the analysis of the desorption profile for
this sample was similar to the other samples. The variation in
Kge appears to reflect intrinsic variability in tissue properties,
possibly in the number of hair follicles or another factor related
to lipid content.

Diffusivities in dermis (Dge) for 27 skin permeants are
reported in Table 1 and plotted as a function of (molecular
weight)?3 in Fig. 3a. The plot of log Dge versus MW was
approximately linear. However, a stronger correlation as well

as logical consistency with the physical model for partitioning
was obtained by factoring out the effect of binding by means of
Eq. (14). The resulting values of Dy, that is, diffusivity unen-
cumbered by binding, are shown in Fig. 4b. Over the range of
permeants studied, Dy had a size dependency consistent with
diffusion in a liquid environment. For a given size solute, the
absolute value of Dgee Was approximately 3.7-fold lower than
diffusivity in water at 37 °C.

A case can also be made for a stronger size dependence for
Dyiee than that implied by Eq. (21). A regression of 1og Dfyece
versus MW 73 yielded a slightly better correlation than Eq. (21)
(Section 3.3). The degree of improvement becomes even larger if
an attempt is made to temperature-correct the diffusivity values
to a common temperature of 37 °C. Under the assumption that
the viscosity of interstitial fluid in dermis changes with tem-
perature as does that of water, one can estimate the effect of
temperature on Dy from the Wilke—Chang relationship (Eq.
(8)). Precedence for this procedure in collagenous tissues is
provided by Bashkatov et al. (2003). Using this approach, the
multiplicative correction factors for Dye (or Dyee) values deter-
mined at 25 °C or 32 °C that should be applied to correct them
to37°Care 1.34 and 1.12, respectively. When the data in Tables
1 or 4 are temperature-adjusted in this manner, the major effect
is to increase the Dy values for the lower molecular weight
permeants, since most of these data represent n-alkanols studied
at 25 °C by Scheuplein and Blank (1973). Regression analysis
of the temperature-adjusted dataset (not shown) yielded

log Dfyee = —4.38 — 0.207 - MW!/3

n=21, s=0.195, r>=0.7718 22
Eq. (22) may be compared with the power law relationship for
the temperature-adjusted dataset (cf. Eq. (21)), which yielded
§=0.201, *=0.698. Eq. (22) is presented as a tentative upper
limit for the size dependence of diffusivity in dermis, whereas
Eq. (21) represents the lower limit. A thorough assessment of
these relationships will require more closely controlled studies
as well as experimental data for larger permeants. We recom-
mend Eq. (21) as a working model, in part because it allows
for greater mobility of serum proteins and of cells which are
known to slowly traverse the dermis, albeit by more than purely
diffusive mechanisms.

Extrapolation of Eq. (21) to a solute the size of albumin
(67.4kDa) yields Dfee =4.9 x 1078 cm? s~ !, about 25-fold less
than the Dy values for the larger solutes in Table 1, but only
3-fold less than the uncorrected Dg. value for betamethasone
valerate. Convective flow due to lymphatic contractions or other
mechanical forces could increase the mobility of soluble proteins
beyond the purely diffusive value. This comparison reinforces
the concept that protein mobility and lymphatic flow should be
considered in a transport model for large solutes in the dermis
or those that are highly protein-bound.

The dermal clearance values, kqe, reported in Table 2 are
subject to more uncertainty than the diffusivity and partition
values. The kge values were derived from the slopes of in vivo
skin concentration profiles (Fig. 6), interpreted according to the
steady-state limit of a uniformly distributed capillary clearance
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model (Egs. (16) and (17)). The most likely sources of error in
this approach are (1) the assumption of uniform clearance with
depth and (2) the assumption of a steady-state distribution of
permeant in the tissue. The first of these points was discussed
in Section 3.4. To investigate the steady-state transport assump-
tion, we conducted a limited investigation of transient transport
within the skin for the permeants in Table 2, using the multiple
layer diffusion model described in Kretsos et al. (2004). Trans-
port parameters for dermis were taken from the present study,
whereas those for stratum corneum were derived from other
sources (e.g., Wang et al., 2006, 2007). Epidermis was treated
as unperfused dermis, as in Kretsos et al. (2004). The results of
these calculations (not shown) confirmed that a true steady-state
was most likely not reached for several of the studies reported in
Table 2. However, for all permeants but retinoic acid, a pseudo
steady-state was reached, leading to a log-linear concentration-
depth profile in the dermis, albeit one with a somewhat smaller
slope E than predicted from Eq. (17). The maximum departure
of E from the steady-state value was 20%. This departure leads
to a potential 40% underestimate of kge.

We have noted that there are systematic, i.e., non-random,
departures from the exponential decay for several of the datasets
in Fig. 6. In our estimation the most promising areas for refine-
ment include: (i) accounting for the spatial dependence of blood
concentration in the absorbing capillaries (Dedrick et al., 1982;
Gao et al., 1995; Gupta et al., 1995); (ii) development of a
more accurate spatial distribution of dermal capillaries that
includes follicular structures. These refinements are address-
able using microscopic transport models (Kretsos, 2003; Kretsos
and Kasting, 2007). The least successful description of dermal
concentration according to the distributed model was that of
retinoic acid (Fig. 6b). This can be explained in terms of its
extremely hydrophobic character (log K¢t = 6.6) (Takino et al.,
1993) and specific biological functions which lead to facilitated
transport in both extracellular and intracellular environments
(Allen and Bloxham, 1989). In skin it is thought that extra-
cellular retinoic acid is transported by binding to albumin and
(possibly) retinol binding protein, whereas intracellular retinoic
acid is transported by the various cellular retinoic acid binding
proteins (Siegenthaler and Saurat, 1989). Macromolecule trans-
port in the dermis, as we have argued, may be dominated by
convection rather than diffusion. Thus, it is not surprising that
the simple passive diffusion and clearance model presented here
does not account for retinoic acid distributions in skin.

The decomposition of the E factor with the use of Eq.
(16) yielded effective clearance rate coefficients kq. in the
range (0.9-14) x 10~4s~!. Further deconvolution of kg into
the microscopic rate constant kfee according to Eq. (19) yielded
kfree Values in the range (2.3-22) x 10~* s, It must be recog-
nized that capillary blood flow is site- and species-dependent
and is further influenced by body temperature and the presence
of vasoactive agents. Further study of k.. Would most certainly
involve its own decomposition to parameters such as the prod-
uct of the capillary permeability Pc,p with the effective exchange
surface area S and the blood flow rate Q in the dermis. In the
absence of a detailed model for ke, we suggest the use of an
analysis initiated for the peritoneum (Dedrick et al., 1982) and

later adapted for the study of isolated dermis by Gupta et al.
(1995). A comparison of this analysis with ours, assuming that
the concentration of the permeant in the tissue is much larger
than its post-clearance concentration in the blood phase and that
all quantities are volumetrically averaged, yields Eq. (23) which
can be used to understand the factors contributing to kfee:

b= (1 - 23)
free — Pcap S Q

In the limit of a capillary-permeability-limited clearance
kfree = PcapS, while in the limit of a blood-flow-limited clearance
keree = Q. The pattern exhibited in Fig. 7 suggests that both capil-
lary permeability and blood flow have a role in determining kfree-
The more lipophilic permeants, which would be expected to have
higher values of Pc,p, tended to have larger values of kfee than
hydrophilic permeants. Adjustment of the plot to account for
ionization (by plotting fnonKoct rather than K¢ on the abscissa)
improved the correlation with respect to piroxicam, but degraded
it with respect to salicylic acid. We note that, unlike the other
compounds, salicylic acid was applied (as sodium salicylate)
to de-epidermized skin rather than to intact skin (Singh and
Roberts, 1993b). It seems possible that increased skin blood flow
resulting from the surface wound accounts for the high intrinsic
clearance rate in this study.

Although the limited data in this analysis do not support
a detailed model for the intrinsic clearance constant Kkfree,
some degree of estimation is possible. If we consider testos-
terone to have a blood-flow-limited clearance (a reasonable
assumption for a small, lipophilic permeant), then an estimate
0=22x10"*s~! in hairless rat may be derived from these
data using Eq. (23). Note that Q and Pc,,S are per-tissue-
volume quantities which explains their units, e.g., the units of
Q are derived from (cm? of blood s~!)/(cm? of tissue). This
value may be compared with the values Q = (8-20) x 10™#s~!
for the magnitude of cutaneous blood flows measured at vari-
ous anatomical sites of Sprague—Dawley rats by laser Doppler
velocimetry (Monteiro-Riviere et al., 1990). The latter values
are obtained from the original source after conversion of units,
assuming a dermis density of 1.075g/cm® (Altshuler et al.,
2005). The agreement is quite good. A similar argument would
place a lower limit of Q=17 x 10~*s~! for human volar fore-
arm skin based on the hydrocortisone data in Fig. 6a (Zesch
and Schaefer, 1975). By assuming Q=22 x 10~*s~ ! in rat, val-
ues of PcypS for the less rapidly cleared solutes in Fig. 7 may
be deduced from their ke values and Eq. (23). This procedure
yields PeapS=4 x 10~* s~ ! for piroxicam, (3-20) x 10~*s7! for
didanosine and 72 x 10~ s~! for methoxsalen. For comparison,
PeapS values of 4.2 x 107*s land6.6 x 1074s71, respectively,
for Vitamin By, and Cr-EDTA in rabbit skin may be inferred
from Paaske’s work as summarized in Table 4 of Kretsos and
Kasting (2005). Thus, the Pc,pS values estimated from Eq. (23)
are similar to those obtained by different methods. A great deal
is known about the values of P¢ypS in tissues other than skin.
We refer the reader to (Kretsos and Kasting, 2005) for a review
of this subject as it pertains to skin. This treatment may prove
very useful for an order-of-magnitude initial assessment of a
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permeant’s clearance potential. However, a more physiologi-
cally accurate model should account for singular features of the
dermal capillary bed such as the geometry of the capillary loop
and the convective transport processes which may prove impor-
tant in conjunction with substantial protein binding (Kretsos and
Kasting, 2005).

Further steps toward a more quantitative determination of der-
mal transport should include a more systematic measurement of
diffusivities and partition coefficients, including careful reten-
tion of diffusible proteins in the dermis and an investigation of
the impact of freezing and heat separation on the measurements.
This will minimize the variability due to different laborato-
ries and/or experimental methods. Direct measurement of the
protein binding properties of the permeants of interest in albu-
min solutions of an appropriate concentration, perhaps 2.7%
(Bert et al., 1986), should be conducted. Our experience in try-
ing to extend the Yamazaki and Kanaoka (2004) calculation to
the larger database presented by Kratochwil et al. (2002) has
not been reassuring. Finally, to fully understand transport in
the lower skin layers the properties of viable epidermis, which
has a structure substantially different from dermis, should be
separately evaluated. This is a considerable technical challenge
(Khalil et al., 2006).

In this paper, the exponential decay of dermal concentrations
with depth characteristic of a uniformly distributed capillary
clearance was further established through the analysis of pub-
lished in vivo data. A simple method of identifying the key
underlying processes and their characterizing parameters was
employed. Estimates for the values of the dermal transport coef-
ficients were presented. Further systematic studies are needed
for the clarification of (a) the restriction on diffusion imposed by
the dermis; (b) the protein binding effect on both transport and
clearance mechanisms; (c) the details of the relationship between
dermal clearance coefficient, capillary permeability, and blood
flow.
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