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Abstract

Previous permeant partitioning studies with hairless mouse skin (HMS) in the presence of several chemical skin permeation en-
hancers have revealed that, when such enhancers induce significant skin permeability coefficient enhancement, it is accompanied
by significant enhancement in the equilibrium uptake (partitioning) of the permeant into the intercellular lipid component of the
stratum corneum (SC). Particularly, it was found that the 1-alkyl-2-pyrrolidones and the 1-alkyl-2-azacycloheptanones, at aque-
ous solution concentrations that gave skin permeation enhancement (E) of 10 for corticosterone (CS, the permeant), enhanced the
equilibrium uptake of�-estradiol (E2�, a surrogate permeant) from the aqueous phase into the intercellular lipids of HMS SC by a
factor of 5–7. This finding raised the question of whether this uptake enhancement induced by the permeation enhancer under equi-
librium conditions would be essentially the same as that determined kinetically from time-dependent permeation experiments uti-
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lizing appropriate SC membrane models and Fick’s laws of diffusion to treat the data. HMS transport experiments were c
with CS as the permeant and 1-octyl-2-pyrrolidone (OP) and 1-hexyl-2-azacyloheptanone (HAZ) as the enhancers. In tr
experimental data, a one-layer skin transport model (SC only) and a two-layer model (SC layer and the epidermis/der
were both investigated. Both the partition coefficient enhancement (EK) and the diffusion coefficient enhancement (ED) were de-
duced from the data treatment. The results showed that when the total transport enhancement of CS was around 11,EK was in the
range of 6–8 andED was in the range of 1.5–1.9 using both the one-layer and the two-layer models. ThisEK value was found to b
in good agreement with the E2� partition enhancement obtained directly under equilibrium conditions in previous studies
indicates that (a) the rate-limiting domain for the transport of the lipophilic permeants across HMS and the HMS SC inte
lipid domain probed in the equilibrium partitioning experiments are essentially the same, and (b) the total flux enha
(E) of lipophilic permeants across HMS was driven mainly by enhancing the partitioning of the permeant into the rate-
domain (EK) and secondarily by enhancing the diffusion coefficients (ED) of the permeant in the domain. Comparison of the o
layer and two-layer skin model results revealed that non-steady-state transport of lipophilic compounds across HMS w
described by the two-layer model because the dermis/viable epidermis played a significant role in lipophilic permeant
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1. Introduction

As part of the effort to better understand the
mechanism of drug permeation across skin, many
researchers have attempted to elucidate the action of
chemical permeation enhancers in terms of increased
permeant diffusion (D) and partition (K) coefficients.
Some studies have been based on the assumption that
full-thickness skin is a homogeneous membrane in or-
der to simplify the analysis (Foreman and Kelly, 1976;
Hashida et al., 1988; Okamoto et al., 1988). However,
it should be more rigorous to consider skin as a
two-layer membrane, because skin may be considered
as of two main distinctive layers from the standpoint
of transport—the stratum corneum (SC) and der-
mis/viable epidermis (D/E) (Tojo et al., 1987; Okamoto
et al., 1989; Yamashita et al., 1993, 1994, 1995). Other
studies have used SC instead of full-thickness skin
in permeation and drug release experiments to study
the barrier properties of SC (Mitragotri, 2000), in
which case, the transport parametersK andD were
estimated for the SC directly from the analyses of drug
penetration and/or release profiles with mathematical
models based upon Fick’s laws of diffusion.

In previous studies conducted in our laboratory, the
enhancement of the equilibrium partitioning of the
lipophilic permeant, E2�, into the lipid domains of
HMS SC was measured (Yoneto et al., 1998; He et
al., 2003, 2004; Chantasart et al., 2004) in the presence
of chemical permeation enhancers. It was found that
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The objective of the present study was to determine
the enhancement ofK and ofD from transport kinetics
of a model permeant across HMS in the presence
of the chemical permeation enhancers under the
isoenhancement conditions ofE= 10 (Yoneto et
al., 1998; He et al., 2003, 2004; Chantasart et al.,
2004). These coefficients were to be determined by
analyzing permeation data (both non-steady-state
and steady-state) with theoretical transport models
(one-layer and two-layer skin models). The enhancer
effects upon the partitioning of the permeant into
the rate-limiting domain for permeation across HMS
would then be examined and compared to those for
permeant uptake into the HMS SC lipids obtained in
the previous equilibrium partitioning studies.

2. Experimental

2.1. Strategy

A direct comparison of the partitioning enhance-
ment data obtained from kinetic transport experiments
and those from the equilibrium partitioning experi-
ments of E2� was not practical due to the D/E layer
being a significant barrier for E2� permeation across
HMS. Moreover, significant E2� metabolism was
observed in E2� transdermal penetration (over 60%
of 3H-E2� converted to metabolites in the receiver
chamber at the end of HMS transport experiments;Liu,
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nder isoenhancement conditions ofE= 10 (aqueou
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athway of SC). An important question raised in th
tudies was: would the equilibrium partitioning e
ancement data of E2� correspond to the partitionin
nhancement of E2� for permeation across the SC d

ermined in transport kinetics experiments? As pa
ur study of the mechanism of action of permea
nhancers, it was considered necessary to addres
uestion. Comparable enhancer effects obtained
quilibrium partitioning experiments and from kine

ransport experiments would suggest that the interc
ar lipid domain probed in the equilibrium partitioni
xperiments is the same as the transport rate-lim
omain for permeation across HMS SC.
989). Because of these difficulties, non-steady-s
2� transport analysis was considered to be
omplicated, and CS was considered as the surr
ermeant for E2� in the present study. On the oth
and, CS was considered not to be an appropriate p
olecule in the equilibrium partitioning experime
ecause of the relative large amount of CS uptake

he non-lipid domain of SC (due to the relatively l
ipophilicity of CS compared with E2�). Preliminary
quilibrium partitioning experiments showed that
ptake of CS into the intercellular lipid domain
MS SC could not be determined accurately. Bec
f this, it was decided to employ a strategy based u
xamining the relationship between the kinetic
educed transport partitioning enhancement of CS

he equilibrium partitioning enhancement of E2�. This
trategy was considered appropriate because pre
tudies had shown similar transport enhancem
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effects of chemical enhancers upon E2� and CS
permeation across the lipoidal pathway of HMS SC
(Yoneto et al., 1995). In the present study, transport
experiments were to be first conducted with both E2�
and CS under the same experimental conditions, and
the transport enhancement of E2� and CS across the
lipoidal pathway of SC were to be determined. Once
the relationship between the transport enhancement
of E2� and CS was established and verified, HMS
transport experiments were to be conducted with CS
to determine theK andD enhancement factors using a
theoretical one-layer skin transport model. A theoreti-
cal two-layer skin transport model was also examined.
In the two-layer model study, the D/E layer of HMS
was to be first characterized in partition and permeation
experiments with stripped HMS using CS and a water
marker, raffinose. Then, the enhancement factors ofK
andD for permeation across HMS SC were to be deter-
mined using the stripped HMS data and the two-layer
skin model.

2.2. Materials

Hairless mice (strain SKH-HR1, 10–12 weeks old)
were obtained from Charles River (Wilmington, MA).
The following were the materials used in the present
study and their suppliers: 1-octyl-2-pyrrolidone (OP),
ISP Technologies Inc. (Wayne, NJ);3H-corticosterone
(3H-CS) and3H-estradiol (3H-E2�), NEN Life Sci-
ence Products (Boston, MA);3H-raffinose, American
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described (Yoneto et al., 1995) in a two-chamber
diffusion cell (each chamber had a 2-ml volume and
an effective diffusion area of around 0.7 cm2). Briefly,
these experiments involve a protocol to equilibrate the
enhancer solution with the HMS before the start of
the transport experiments. The main differences in the
present experiments from those described previously
were the following. First, the protocol of withdrawing
samples from the receiver chamber was carefully
designed to maintain sink conditions in the chamber
to obtain adequate non-steady-state and steady-state
transport data. Specifically, samples were withdrawn
from the receiver chamber every 40 min for full-
thickness HMS and 30 min for stripped HMS in PBS. In
the presence of enhancers (OP or HAZ), samples were
withdrawn from the receiver chamber every 30 min for
full-thickness HMS and 15 min for stripped HMS. In
transport experiments with stripped HMS, the perme-
ant solution in the donor chamber was also frequently
replaced by fresh donor solution to maintain a constant
permeant concentration on the donor side throughout
the transport experiments. The samples from both
donor and receiver chambers were then mixed with
10 ml of scintillation cocktail (Ultima Gold, Packard
Instrument Company, Meriden, CT) and analyzed
with a liquid scintillation counter (Packard TriCarb
Model 1900 TR Liquid Scintillation Analyzer).

The total steady-state permeability coefficient for
full-thickness skin (PT) and the permeability coeffi-
cient for viable epidermis–dermis combination (PD/E)
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adiolabeled Chemicals (St. Louis, MO); metha
HPLC grade), Aldrich Co. (Milwaukee, WI); ethan
100% purity, EtOH), AAPER Alcohol and Chemic
o. (Shelbyville, Kentucky); heptane (HPLC grad
M Science Co. (Darmstadt, Germany); CS
2�, Sigma Chemical (St. Louis, MO). The pur
f the 3H-CS and3H-E2� was checked to be >95%
-Hexyl-2-azacycloheptanone (HAZ) was synthes
t the Chemical Synthesis Facility, University
tah (Salt Lake City, UT). PBS solution was p
ared from phosphate buffered saline (PBS) tab
Sigma Co, St. Louis, MO) and deionized distil
ater.

.3. HMS permeability experiments with3H-CS

Full-thickness or stripped HMS permeability e
eriments with3H-CS were carried out as previou
f the probe permeants were calculated accordin
he following equation:

T and PD/E = 1

ACD

dQ

dt
(1)

hereA is the effective diffusion area of the diffusi
ell,CD is the concentration in the donor chamber
dQ/dt) is the slope of the steady-state region of the
f the cumulative amount of permeant transported

he receiver chamber versus time. Experiments
un long enough so that the “steady-state” regions
ypically around three to five times longer than the
imes. The enhancement factor (E) of the steady-sta
ermeability coefficients (PSC) for the SC lipoidal path
ay were determined as previously described (Ghanem
t al., 1987, 1992; Kim et al., 1992).



12 N. He et al. / International Journal of Pharmaceutics 297 (2005) 9–21

2.4. Inhibition of3H-CS metabolism and3H-CS
purity check in the transport experiments

It was found in preliminary experiments that a small
percentage of3H-CS could be metabolized by enzymes
existing in HMS (data not shown). This finding is
consistent with the previous findings of catabolic en-
zymes in the viable epidermis layer of HMS (Liu, 1989;
Chantasart et al., 2004). In order to inhibit the
metabolism, cold CS (around 0.2 mg/ml) was used in
the transport experiments with3H-CS, and the pu-
rity of 3H-CS was checked at different time points
(2, 4 and 6 h) during the experiment to monitor pos-
sible metabolism of CS. The3H-CS samples from the
donor and receiver chambers were then assayed with
an HPLC system (Hewlett Packard, Santa Clarita, CA)
and the liquid scintillation counter.

2.5. HMS permeability experiments with3H-E2β
and3H-CS in the presence of 2% EtOH

As explained in Section2.1, CS was chosen as
the surrogate permeant for E2� because preliminary
transport experiments with E2� showed significant
metabolism of the compound in HMS. In order to
compare the results of the model analysis of CS in
the present study and the partition enhancement re-
sults of E2� obtained in the previous study (He et al.,
2003), it was first necessary to compare the steady-
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The transport experiments with3H-E2� and3H-CS
were conducted in the same way as described in Sec-
tion 2.3 except that samples from the receiver chamber
were withdrawn every 40 min for full-thickness HMS
and every 20 min for stripped HMS to maintain sink
conditions in the receiver chamber. One milliliter of the
permeant solution in the donor chamber was refreshed
every 40 min for full-thickness HMS and every 20 min
for stripped HMS to maintain a constant concentration
in the donor chamber. The steady-state permeability
coefficients of3H-CS and3H-E2� were determined
according to Eq.(1) and the enhancement factors were
calculated as previously described (Ghanem et al.,
1987, 1992; Kim et al., 1992).

2.6. Data analysis with the one-layer skin
transport model

The simplest model for skin transport is a one-layer
model based on the assumption that the skin is a sin-
gle homogeneous layer. An analytical solution for the
amount of permeant transport through skin derived
from Fick’s law is shown in Eq.(2) (Okamoto et al.,
1988):

Qt = AK′C0
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f E2� could be mostly inhibited. Preliminary exp

ments showed that E2� metabolism could be signifi
antly inhibited in the presence of 2% ethanol. Un
his condition, less than 10%3H-E2� was metabolize
nd recovered in the receiver chamber throughou

ransport experiments, and such extent of metabo
as believed to have negligible influence on the ste
tate permeability coefficient of E2� (Liu, 1989). Fur-
hermore, 2% ethanol in the system was shown
o have any observable enhancement effects on�
ransport across the lipoidal pathway of HMS SC (Liu,
989). Based on these previous results, transport e

ments were conducted with both3H-E2� and3H-CS in
he presence of 2% ethanol in PBS and in the enha
olutions (OP or HAZ).
× exp(−D n π t)

′ = D

L2 , K′ = KL, P = D′K′ (2)

hereQt is the total amount of permeant transp
hrough skin;A the effective diffusion area;L the ef-
ective diffusion length;D the diffusion coefficient;K
he partition coefficient;C0 the constant concentrati
f permeant at the donor chamber;t the time;P the
ermeability coefficient.

The two reduced parametersK′ andD′ in Eq. (2)
ere defined in order to minimize the number of

ameters for least squares fitting in the model ana
f the experimental transport data. The use of pa
tersK′ andD′ avoids the uncertainties in assign

he L value; it is difficult to assign a value to the
ective path length (L) across SC (Talreja et al., 2001).
nhancement factors ofK for HMS (EK,HMS) andD
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for HMS (ED,HMS) were determined based onK′ and
D′ according to the following equations:

ED,HMS = Denhancer

DPBS
= D′

enhancer

D′
PBS

(3)

EK,HMS = Kenhancer

KPBS
= K′

enhancer

K′
PBS

(4)

where subscripts enhancer and PBS refer to enhancer
solution and PBS conditions, respectively.

It is assumed in the present study that theL value is
constant in PBS and in the presence of the enhancers
for the permeation of lipophilic permeants such as CS
and E2�. This assumption is consistent with the finding
by Yu et al. (2001).

2.7. Characterization of the combined dermis and
viable epidermis (D/E) layer of HMS: partition
experiments of raffinose and CS with stripped HMS

Stripped HMS was prepared as described previously
(Yoneto et al., 1995). A portion of the stripped HMS
(∼0.1 g) was sandwiched between two hemacytometer
cover glasses (Scientific Products, McGaw Park, IL)
and its thickness was measured with micrometer
calipers. The stripped HMS was then weighed and
equilibrated in 10 ml PBS or enhancer/PBS solution
with appropriate amount of3H-CS or 3H-raffinose
for 3 h. The 3 h time point was chosen according to
t fter
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whereCT is the total concentration of3H-CS or3H-
raffinose in D/E andCP is the concentration of3H-CS
or3H-raffinose in the aqueous compartment of D/E. It is
assumed that the binding constant is zero (R= 0) for raf-
finose; this permits calculatingε from the3H-raffinose
CT value and thenR for 3H-CS from itsCT value.

2.8. Characterization of D/E of HMS:
determination of membrane tortuosity

The lag time (tlag,D/E) for 3H-CS transport across the
D/E layer was determined in permeation experiments
with stripped HMS by extrapolating the steady-state
slope of3H-CS permeation data to the time-axis in cu-
mulative amount versus time plots. The tortuosity val-
ues of D/E were calculated according to the following
equations:

KD/E = ε(1 + R) (6)

PD/E = KD/E
DD/E

LD/E
(7)

tlag,D/E = L2
D/E

6DD/E
= hD/EτD/E(1 + R)ε

6PD/E
(8)

LD/E = τD/EhD/E (9)

whereKD/E is the partition coefficient of CS for D/E
calculated fromε andRof D/E for CS obtained in the
previous section.PD/E is the steady-state permeability
coefficient of CS across stripped HMS.LD/E is the ef-
f ich
e
t

2
t

de-
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d tical
a e SC
a
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ime-dependent preliminary data at 1 and 3 h. A
quilibration, the membrane was taken out of the

ution with tweezers and blotted on Kimwipes® tissue
aper. The thickness of the stripped HMS was m
ured again after equilibration. The wet, stripped H
as then weighed, and the content was extracte
ither 6 ml of EtOH or PBS for3H-CS or3H-raffinose
espectively. The extraction time was 6h, determ
y preliminary time-dependent data at 1, 2, 6, and

or 3H-CS and3H-raffinose. After the first extractio
he stripped HMS was transferred into another 6
tOH or PBS for the second extraction to check
ompleteness of the first extraction. The amoun
H-CS or3H-raffinose in the extraction solution w
etermined by the liquid scintillation counter, and
orosity (ε) and binding constant (R) of D/E were
alculated according to the following equation:

T = ε(1 + R)CP (5)
ective diffusion path length of CS through D/E, wh
quals the product of the D/E thickness (hD/E) and tor-

uosity (τD/E).

.9. Data analysis with the two-layer skin
ransport model

A two-layer numerical skin transport model was
eloped for the study of permeant transporting ac
he SC and D/E (Fig. 1). This model divides the SC a
/E into a number of layers characterized by partit
iffusion, and dimension parameters. A hypothe
queous interface layer was created between th
nd D/E layers (Fig. 1) with a concentration ofCi to
ccount for the instantaneous equilibrium between
nd D/E at the interface. The permeant concentra

n the donor chamber was assumed constant, w
as true in all transport experiments carried ou
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Fig. 1. Scheme for the two-layer skin model.

the present study. The receiver chamber concentration
was kept at sink conditions. The transport data of full-
thickness HMS was analyzed with a least squares fitting
software Scientist (MicroMath, Salt Lake City, UT) us-
ing the two-layer transport model to obtain partition co-
efficient (KSC) and diffusion coefficient (DSC) of SC.
K′

SC andD′
SC of SC were then calculated according to

the definitions ofK′ andD′ in Eq.(2): K′
SC = KSCLSC;

D′
SC = DSC/L2

SC. The enhancement ofK′
SC andD′

SC
(EK,SC andED,SC, respectively) was calculated accord-
ing to Eqs.(3) and (4).

The equations for the two-layer skin model em-
ployed in the model calculations are given below with
symbols indicated inFig. 1:

dC1,SC

dt

= p1[2(KSCCD − C1,SC) − (C1,SC − C2,SC)]

x1
,

dC2,SC

dt

= p1[C1,SC − 2C2,SC − C3,SC]

x1
,

. . . ,
dCn,SC

dt

= p1[(Cn−1,SC − Cn,SC) − 2(Cn,SC − CiKSC)]

x1
,

p C + p C

dC2,D/E

dt

= p2[C1,D/E − 2C2,D/E − C3,D/E]

x2ε(1 + R)
,

. . . ,
dCm,D/E

dt

= p2[(Cm−1,D/E − Cm,D/E) − 2(Cm,D/E − KD/ECR)]

x2ε(1 + R)
,

dQR

dt
= 2p2A(Cm,D/E − CR) (10)

wheret is the time;DSC the diffusivity in SC;KSC the
partition coefficient of SC;LSC the effective diffusion
pathway length in SC;x1 =LSC/n representing diffu-
sion path length in each SC layer;p1 =DSC/x1, repre-
senting permeation coefficient of each SC layer;ε the
porosity of D/E;R the binding constant of CS in the
D/E; τD/E the tortuosity in D/E;hD/E the thickness of
D/E; LD/E =h2τD/E the effective diffusion path length
of CS across each D/E layer;x2 =LD/E/m, representing
diffusion path length in each D/E layer;p2 =PD/Em,
representing permeation coefficient of each D/E layer;
A the effective surface area;QR the cumulative amount
of permeant in the receiver chamber;VD,VR the volume
of the donor and receiver chambers, respectively;CD
the concentration in the donor chamber which is kept
constant;CR the concentration in the receiver cham-
ber which is assigned a zero value;C1,SC to Cn,SC the
c SC
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Ci = 1 n,SC 2 1,D/E

p2KD/E + p1KSC
,

dC1,D/E

dt

= p2[2(CiKD/E − C1,D/E) − (C1,D/E − C2,D/E)]

x2ε(1 + R)
,

oncentration of CS in the middle position of each
ayer;C1,D/E to Cm,D/E the concentration of CS in th

iddle position of each D/E layer;Ci the concentratio
f CS in the interface layer.

To test the number of layers of SC required to ob
ccurate results with the skin transport model,K′

SCand
′
SCvalues were determined with different number

ayers of SC when the number of layers of D/E w
ept constant at 20. The results showed that whe
umber of layers of SC was equal to or above 16
alues ofK′

SCandD′
SCwere converged (Figs. 2 and 3).

imilar results were found with the analysis ofK′
SCand

′
SCwhen different numbers of layers of D/E were u
nd the number of SC layers was kept constant a
ased on these results, it was determined that w
C was divided into 20 layers and D/E was divid

nto 20 layers in the two-layer skin transport model
he least squares fitting analysis, the numbers of la
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Fig. 2. K′
SC vs. number of SC layers in the two-layer model when

the number of D/E layers is fixed at 20.

Fig. 3. D′
SC vs. number of SC layers in the two-layer model when

the number of D/E layers is fixed at 20.

were large enough to mimic permeation across SC and
D/E. Different values of the SC diffusion path length
were also used to test the influence ofLSC on K′

SC
andD′

SC in the two-layer skin model analysis. In this
analysis, theLSCvalue was varied from 0.003 to 2.0 cm.

3. Results

3.1. Permeation and purity check data of3H-CS in
transport experiments with HMS

The permeability coefficients and enhancement
factors of CS across full-thickness and stripped HMS
in PBS and enhancer solutions were calculated as
described previously (Ghanem et al., 1987, 1992;
Kim et al., 1992). Table 1presents the results of the
permeability coefficients and enhancement factors in
the present study. First, as can be seen from these
data, the solubility correction of CS in the presence of
OP and HAZ is negligible. Second, the enhancement Ta
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Table 2
Steady-state permeability coefficients of3H-E2� and3H-CS with full-thickness HMS and stripped HMS in the presence of 2% ethanol

Solution PT (10−6 cm/s)a PD/E (10−6 cm/s)a PSC (10−6 cm/s)a SX/S0
b Ec

Transport experiments with3H-E2� in the presence of 2% ethanol
PBS (2% ethanol) 5.3± 0.6 49± 5 6.0± 0.9 – –
OP (2.0 mM + 2% ethanol) 18± 5 33± 15 39± 20 1.3 8.5± 4.6
HAZ (4.3 mM + 2% ethanol) 15± 5 32± 14 28± 15 1.4 6.5± 3.5

Transport experiments with3H-CS in the presence of 2% ethanol
PBS (2% ethanol) 0.24± 0.03 43± 9 0.24± 0.06 – –
OP (2.0 mM + 2% ethanol) 1.7± 0.6 40± 3 2.0± 0.7 1.1 8.1± 3.0
HAZ (4.3 mM + 2% ethanol) 1.5± 0.5 37± 2 1.6± 0.5 1.2 7.7± 2.5

a Mean± S.D. (n≥ 3).
b Solubility ratio: (CS solubility in enhancer solution,SX)/(CS solubility in PBS,S0).
c Enhancement factor; seeTable 1, footnote c.

factors of CS transport across HMS are 11.8 and
11.5 when the enhancer concentrations are 2.0 and
4.3 mM for OP and HAZ, respectively. These data
are consistent with the results of previous enhancer
studies (He et al., 2003; Warner et al., 2003). Also
shown inTable 1are the purity check data of3H-CS
(last three columns inTable 1). The purity of3H-CS
in both donor and receiver chambers was checked
throughout the transport experiments (2, 4, 6 or 7.5 h).
The purity of the stock3H-CS was also determined
and shown inTable 1as reference. These data indicate
negligible3H-CS metabolite and impurity.

3.2. Permeation data of3H-E2β and3H-CS with
HMS in the presence of 2% ethanol

The steady-state permeability coefficients of3H-
E2� and3H-CS in the presence of 2% ethanol in PBS
and the enhancer solutions with both full-thickness
and stripped HMS are shown inTable 2. As expected,
CS permeation across HMS was SC-controlled;PD/E
was about 20–200 times higher thanPT for 3H-CS
in PBS or in the enhancer solutions. However, the
PD/E values were only 2–10 times higher thanPT
for 3H-E2� under the same conditions, indicating that
E2� permeation was approaching D/E controlled. De-
spite this difference, when thePSC values were delin-
eated in the assessment of permeation enhancement
induced by the chemical permeation enhancers (OP
or HAZ), the enhancement factors (the last column
o ly
t men
f ment
m the

lipophilic model permeants E2� and CS. A similar con-
clusion was drawn in a previous study (Yoneto et al.,
1995). This finding enables us to compare the results
of the transport model analysis using CS in the present
study and the results obtained in the previous equi-
librium partitioning study using E2� (He et al., 2003,
2004).

3.3. Data analysis with the one-layer skin
transport model

The transport data of3H-CS across full-thickness
HMS were analyzed by the one-layer skin transport
model (Eq.(2)). K′ andD′ were obtained with least
squares fitting of the data and then used to determine
EK,HMS andED,HMS (Eqs.(3) and (4)). The least squares
fittings are generally satisfactory with the one-layer

Fig. 4. Experimental transport data and model fitting analysis
w
D -
s ares,
m odel
fi

f Table 2) for 3H-E2� and 3H-CS were essential
he same under these conditions. These enhance
actor data suggest similar permeation enhance

echanisms of the enhancers (OP and HAZ) for
t

ith the one-layer skin model (K′ = 6.2× 10−3 and 57× 10−3 cm,
′ = 4.2× 10−5 and 6.1× 10−5 s−1 for PBS and 4.3 mM HAZ, re
pectively). Symbols: triangles, experimental data PBS; squ
odel fitting PBS; diamonds, experimental data HAZ; circles, m

tting HAZ.
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Table 3
Enhancement factors of partition coefficient (EK,HMS) and diffusion coefficient (ED,HMS) for 3H-CS transport across HMS obtained with the
one-layer skin model andEK,SC andED,SC obtained with the two-layer skin model

Solution One-layer skin modelb Two-layer skin model

K′ (10−3 cm) D′ (10−5 s−1) EK,HMS ED,HMS K′
SC (10−3 cm) D′

SC (10−4 s−1) EK,SC ED,SC

PBS 6.4± 0.4c 4.0± 0.3c – – 1.2± 0.3c 2.5± 0.8c – –
OP (2.0 mM)a 38 ± 3c 7.7± 1.7c 5.9± 0.6 1.9± 0.4 7.0± 1.0c 4.6± 1.9c 6.0± 1.9 1.8± 0.9
HAZ (4.3 mM)a 46 ± 10c 6.5± 1.3c 7.2± 1.5 1.6± 0.3 9.2± 1.8c 3.2± 1.0c 7.9± 2.8 1.3± 0.6

a Agueous concentrations of OP and HAZ that inducedE 
 11.
b Mean± S.D. (n≥ 3).
c One-layer model and two-layer model values are significantly different (p< 0.05).

model. Representative least squares fittings of the trans-
port data are shown inFig. 4 for the PBS and HAZ
conditions (4.3 mM). The average values ofK′, D′,
EK,HMS andED,HMS are shown inTable 3. The data
show that the enhancement of permeant partitioning
into the transport rate-limiting domain of HMS is sig-
nificantly higher than the enhancement of permeant dif-
fusion in the domain (p< 0.05,t-test). When the total
flux enhancement (E) was 11.8 for OP,EK,HMS was 5.9
andED,HMS was 1.9. For HAZ withE of 11.5,EK,HMS
was 7.2 andED,HMS was 1.6. This suggests that the
transport enhancement of CS across HMS was mainly
driven by partition enhancement in the rate-limiting
domain of HMS. The data also show essentially the
same enhancement values (EK,HMS andED,HMS) for
both enhancers (OP and HAZ) under the isoenhance-
ment conditions ofE 
 11. This is consistent with our
hypotheses of the mechanism of action of permeation
enhancers discussed in previous and present studies
(Yoneto et al., 1995; Warner et al., 2003; Chantasart
et al., 2004; He et al., 2004).

3.4. Parameters for D/E

As described in the experimental section, the poros-
ity (ε) of D/E was determined from the3H-raffinose

data with Eq.(5) assuming the binding constantR= 0,
and it was found that theε values were essentially
constant with and without the presence of the en-
hancers,ε = 0.64± 0.02. TheR values of CS for D/E
were then determined using Eqs.(5) and (6)and the
3H-CS partitioning data. From the transport lag time of
CS with stripped HMS, the tortuosity values (τD/E) of
the diffusion path of D/E for CS were also determined
using Eqs.(6)–(9). These results are summarized in
Table 4. As can be seen in the table, theR values
increased approximately 30% and the tortuosity values
decreased approximately three times in the presence
of the enhancers. These D/E parameters (ε, R and
τD/E) were then used in the two-layer model analysis
below.

3.5. Data analysis with the two-layer skin
transport model

The two-layer transport model was applied to each
set of the CS transport data to obtain the least squares-
fitting K′

SC andD′
SC of CS in PBS, OP (2.0 mM), and

HAZ (4.3 mM). Representative least squares fittings of
the transport data with the two-layer model are shown
in Fig. 5 for the PBS and HAZ conditions. As shown
in Fig. 5, the least squares fittings were satisfactory

Table 4
Parameters for D/E layer of HMSa

Solution PD/E (10−6 cm/s) Lag time (min) Rb τD/E
c

P 34 ±
O 7 ±
H 9 ±

cm.
BS 34± 5
P (2.0 mM) 50± 10
AZ (4.3 mM) 55± 8

a Mean± S.D. (n≥ 3).
b Determined using porosity (ε) of 0.64 (see Section3.4).
c Thickness of D/E (hD/E) was in the range from 0.018 to 0.023
9 3.6± 0.1 7.2± 2.6
4 4.5± 0.2 2.3± 1.1
6 4.3± 0.4 2.4± 1.3
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Fig. 5. Experimental transport data and model fitting analysis
with two-layer skin model (K′

SC= 0.9× 10−3 and 9.1× 10−3 cm,
D′

SC= 3.1× 10−4 and 3.8× 10−4 s−1 for PBS and 4.3 mM HAZ,
respectively). Symbols: triangles, experimental data PBS; squares,
model fitting PBS; diamonds, experimental data HAZ; circles, model
fitting HAZ.

with the two-layer skin models. The average values of
K′

SC,D′
SC,EK,SCandED,SCobtained with the two-layer

model are shown inTable 3, and theEK,SC andED,SC
data again show significantly higher permeant parti-
tioning enhancement into the transport rate-limiting
domain of HMS than the enhancement of permeant dif-
fusion in the domain (p< 0.05,t-test). Although the ab-
solute values ofK′

SCandD′
SCobtained by the two-layer

model analysis are different from those obtained with
the one-layer model,EK,SC andED,SC values for both
OP and HAZ are essentially the same asEK,HMS and
ED,HMS obtained with the one-layer model (Table 3),
respectively.

To test the influence ofLSC on theK′
SC andD′

SC
results,LSC value was varied in one set of the transport
data (in 4.3 mM HAZ). The results are shown inTable 5.
TheK′

SC andD′
SC values obtained using the two-layer

skin transport model are seen to be independent of the
value ofLSC.

Table 5
K′

SC andD′
SC obtained with the two-layer model with differentLSC

values obtained from one transport data of CS in 4.3 mM HAZ
solution

LSC (cm) K′
SC (10−2 cm) D′

SC (10−4 s−1)

0.003 1.00 3.10
0.0127 1.00 3.10
1.0 0.97 3.19
2.0 0.98 3.15

4. Discussion

4.1. Correlation between the enhancement of
partitioning in the transport rate-limiting domain
and that in the intercellular lipid domain of HMS
SC

Previous studies with chemical permeation en-
hancers (Warner et al., 2003; Chantasart et al., 2004; He
et al., 2004) have suggested that the microenvironment
of the enhancer site of action and the macroscopic SC
intercellular lipid “phase” are both well represented by
(water-saturated) liquidn-octanol. It was also found
in these previous partitioning experiments that the
partitioning enhancement of E2� with the intercellular
lipids of HMS SC was in the range of 5–7 under the
isoenhancement conditions ofE= 10 for the enhancers
studied. A significant finding in the present study is
that the partition coefficient enhancement of permeants
deduced from the model analyses of relevant HMS
SC transport data was in the range of 6–8 when
the total (transport) enhancement was around 11,
which is remarkably consistent with the partition
coefficient enhancement of permeants obtained from
the equilibrium partitioning experiment with HMS
SC in the previous studies. This finding provides
quantitative evidence that the rate-limiting domain
for the transport of the model permeants through the
lipoidal pathway of HMS SC and the intercellular
lipid “phase” probed in the equilibrium partitioning
e par-
t tion
e that
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eduction for CS across HMS were also observed
ll the permeation enhancers studied to date u

he isoenhancement conditions ofE= 10 (then-alkyl
nhancers, branched alkanols, and enhancers
carbon–carbon double bond in their alkyl cha
arner et al., 2003; Chantasart et al., 2004; He e
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laboratory; i.e., total flux enhancement of lipophilic
permeants across HMS is mainly driven by enhancing
the partitioning of the permeant into the rate-limiting
domain and to a lesser extent by enhancing diffusion
coefficients.

4.2. Physico-chemical interpretation of transport
enhancement of lipophilic permeant in HMS
induced by chemical permeation enhancers

Model analyses based on the Fick’s diffusion theory
enable us to elucidate the influence of chemical perme-
ation enhancers on the permeation of drug molecules
across HMS in terms of partition and diffusion coeffi-
cient enhancement for quantitative study of the mecha-
nism of transdermal permeation enhancement. Efforts
have been made in the analysis of drug penetration pro-
files in the presence of chemical permeation enhancers
(Yamashita et al., 1993), and it has been reported that
drug partitioning into skin increased but the diffusivi-
ties in skin were relatively unaffected by chemical per-
meation enhancers during transdermal transport. The
technique of two-photon fluorescence microscopy has
also been applied to obtain the enhancement ofK and
D induced by chemical permeation enhancers in model
compound permeation across full-thickness human
cadaver skin (Yu et al., 2001), and it has been reported
that the permeability enhancement was primarily
caused by an increase in the skin partition coefficient.

It has been generally difficult to obtain quantitative
p SC
b ata.
T d in a
m con-
s ions
a ism
a ns-
p nt of
l y
d into
t cel-
l way
f CS
a
p sent
s d/or
t SC
i

et al., 1988; Raykar et al., 1988; Anderson and Raykar,
1989) have shown that the microenvironment of the
rate-limiting domains for steroidal permeant transport
across SC in buffered saline can be well modeled by the
octanol liquid phase. Recently, work in our laboratory
(Warner et al., 2003; Chantasart et al., 2004; He et al.,
2004) has demonstrated correlations between permeant
transport across SC, the partitioning of chemical per-
meation enhancers into the intercellular lipids of SC,
and the partitioning of the permeants into SC for more
than 30 permeation enhancers of different molecular
sizes. The results of these recent enhancer studies fur-
thermore suggest that the microenvironment involved
in the action of permeation enhancement in HMS SC
is similar to water-saturated liquidn-octanol. Together,
these results indicate that the microenvironment of the
transport rate-limiting domains in HMS SC behaves
like liquid n-octanol in the presence of and in the ab-
sence of the studied permeation enhancers, and that
the enhancers do not significantly alter the polarity of
the microenvironment in the stratum corneum trans-
port rate-limiting domain. It is then logical to suggest
that the permeation enhancers act only by increasing
the free volume and decreasing the microviscosity of
the SC lipid lamellae to enhance permeant partition-
ing into the lipid lamellae. This hypothesis is consis-
tent with previous fluorescence studies with SC lipid
liposomes (Yoneto et al., 1996). It is interesting that
the chemical permeation enhancers do not greatly en-
hance permeant diffusion in the SC intercellular lipids
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.3. One-layer and two-layer skin models in HMS
ransport studies

Because the SC is considered the primary tran
al transport barrier for most permeants, some

ious studies have been based on the assumptio
ull-thickness skin is a homogeneous one-layer m
rane (SC only) to simplify the analysis of transp
ata obtained with full-thickness skin (Foreman an
elly, 1976; Hashida et al., 1988; Okamoto et al., 19
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1991). A more rigorous approach has been to consider
full-thickness skin as a two-layer (SC and D/E) mem-
brane (Tojo et al., 1987; Tojo, 1988; Okamoto et al.,
1989; Yamashita et al., 1994, 1995). In the present
study, the enhancement effects of chemical permeation
enhancers on permeant partition and diffusion coeffi-
cients were analyzed by both the one-layer and two-
layer models. A first impression of the similar enhance-
ment ofK andD obtained in the one-layer (EK,HMS and
ED,HMS) and two-layer (EK,SC andED,SC) skin trans-
port models (Table 3) is that the one-layer skin model
may be adequate for the purpose of studying the en-
hancement effects of permeation enhancers upon the
permeation of lipophilic permeants (e.g., CS) across
SC. However, as shown inTable 3, theK′ andD′ val-
ues are different in the one-layer and two-layer model
analyses (t-test,p< 0.05 in all comparisons). The dif-
ferentK′ andD′ values obtained from the one-layer and
two-layer models imply that the similar enhancement
values obtained in the one-layer and two-layer model
analyses may be somewhat fortuitous. Although the
steady-state permeation of CS across HMS is mainly
SC-controlled (Warner et al., 2001; He et al., 2003),
permeant binding to the D/E (Table 4) can significantly
alter the early-time (non-steady-state) transport pro-
file of the lipophilic permeant. Such effects have been
tested in hypothetical model simulations with Eq.(10)
(unpublished data); e.g., when D/E was removed in the
model simulation, the time to establish the steady-state
concentration profile and transport lag time decrease.
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