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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 accompaniec
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 enhance®entLQ for corticosterone (CS, the permeant), enhanced the
equilibrium uptake op-estradiol (EB, 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 enhancementinduced by the permeation enhancer under equi-
librium conditions would be essentially the same as that determined kinetically from time-dependent permeation experiments uti-
lizing appropriate SC membrane models and Fick’s laws of diffusion to treat the data. HMS transport experiments were conducted
with CS as the permeant and 1-octyl-2-pyrrolidone (OP) and 1-hexyl-2-azacyloheptanone (HAZ) as the enhancers. In treating the
experimental data, a one-layer skin transport model (SC only) and a two-layer model (SC layer and the epidermis/dermis layer)
were both investigated. Both the partition coefficient enhancerihtfd the diffusion coefficient enhancemdst) were de-
duced from the data treatment. The results showed that when the total transport enhancement of CS was Browad ihithe
range of 6-8 anffp was in the range of 1.5—-1.9 using both the one-layer and the two-layer modelExMaisie was found to be
in good agreement with the Bdartition enhancement obtained directly under equilibrium conditions in previous studies. This
indicates that (a) the rate-limiting domain for the transport of the lipophilic permeants across HMS and the HMS SC intercellular
lipid domain probed in the equilibrium partitioning experiments are essentially the same, and (b) the total flux enhancement
(E) of lipophilic permeants across HMS was driven mainly by enhancing the partitioning of the permeant into the rate-limiting
domain Ex) and secondarily by enhancing the diffusion coefficiektg of the permeant in the domain. Comparison of the one-
layer and two-layer skin model results revealed that non-steady-state transport of lipophilic compounds across HMS was better
described by the two-layer model because the dermis/viable epidermis played a significant role in lipophilic permeant binding.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The objective of the present study was to determine
the enhancement &f and ofD from transport kinetics

As part of the effort to better understand the of a model permeant across HMS in the presence
mechanism of drug permeation across skin, many of the chemical permeation enhancers under the
researchers have attempted to elucidate the action ofisoenhancement conditions dE=10 (Yoneto et
chemical permeation enhancers in terms of increasedal., 1998; He et al., 2003, 2004; Chantasart et al.,
permeant diffusion) and partition K) coefficients. 2004. These coefficients were to be determined by
Some studies have been based on the assumption thainalyzing permeation data (both non-steady-state
full-thickness skin is a homogeneous membrane in or- and steady-state) with theoretical transport models
der to simplify the analysisHoreman and Kelly, 1976;  (one-layer and two-layer skin models). The enhancer
Hashida et al., 1988; Okamoto et al., 1988owever, effects upon the partitioning of the permeant into
it should be more rigorous to consider skin as a the rate-limiting domain for permeation across HMS
two-layer membrane, because skin may be consideredwould then be examined and compared to those for
as of two main distinctive layers from the standpoint permeant uptake into the HMS SC lipids obtained in
of transport—the stratum corneum (SC) and der- the previous equilibrium partitioning studies.
mis/viable epidermis (D/E)lpjo et al., 1987; Okamoto
etal., 1989; Yamashita et al., 1993, 1994, 190@8her
studies have used SC instead of full-thickness skin 2. Experimental
in permeation and drug release experiments to study
the barrier properties of SCMtragotri, 2000, in 2.1. Strategy
which case, the transport paramet&rsand D were
estimated for the SC directly from the analyses of drug A direct comparison of the partitioning enhance-
penetration and/or release profiles with mathematical ment data obtained from kinetic transport experiments
models based upon Fick’s laws of diffusion. and those from the equilibrium partitioning experi-

In previous studies conducted in our laboratory, the ments of EB was not practical due to the D/E layer
enhancement of the equilibrium partitioning of the being a significant barrier for F2permeation across
lipophilic permeant, ER, into the lipid domains of HMS. Moreover, significant B2 metabolism was
HMS SC was measured/@neto et al., 1998; He et  observed in E@ transdermal penetration (over 60%
al., 2003, 2004; Chantasart et al., 2Dithe presence  of 3H-E2B converted to metabolites in the receiver
of chemical permeation enhancers. It was found that chamber at the end of HMS transport experimelrits,
the partitioning enhancement of E@vas in the range  1989. Because of these difficulties, non-steady-state
of 57 for the studied chemical permeation enhancers E23 transport analysis was considered to be too
under isoenhancement conditionsE¥ 10 (aqueous  complicated, and CS was considered as the surrogate
concentrations for which the enhancers induced a 10- permeant for ER in the present study. On the other
fold permeant transport enhancement for the lipoidal hand, CS was considered notto be an appropriate probe
pathway of SC). An important question raised in these molecule in the equilibrium partitioning experiments
studies was: would the equilibrium partitioning en- because of the relative large amount of CS uptake into
hancement data of [B2correspond to the partitioning  the non-lipid domain of SC (due to the relatively low
enhancement of BRfor permeation across the SC de- lipophilicity of CS compared with BR). Preliminary
termined in transport kinetics experiments? As part of equilibrium partitioning experiments showed that the
our study of the mechanism of action of permeation uptake of CS into the intercellular lipid domain of
enhancers, it was considered necessary to address thisiMS SC could not be determined accurately. Because
question. Comparable enhancer effects obtained from of this, it was decided to employ a strategy based upon
equilibrium partitioning experiments and from kinetic examining the relationship between the kinetically
transport experiments would suggest thatthe intercellu- deduced transport partitioning enhancement of CS and
lar lipid domain probed in the equilibrium partitioning  the equilibrium partitioning enhancement ofEX his
experiments is the same as the transport rate-limiting strategy was considered appropriate because previous
domain for permeation across HMS SC. studies had shown similar transport enhancement
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effects of chemical enhancers uponpEand CS described Yoneto et al., 199p6in a two-chamber
permeation across the lipoidal pathway of HMS SC diffusion cell (each chamber had a 2-ml volume and
(Yoneto et al., 1996 In the present study, transport an effective diffusion area of around 0.7 &mBriefly,
experiments were to be first conducted with botf8E2  these experiments involve a protocol to equilibrate the
and CS under the same experimental conditions, andenhancer solution with the HMS before the start of
the transport enhancement of Eand CS across the  the transport experiments. The main differences in the
lipoidal pathway of SC were to be determined. Once present experiments from those described previously
the relationship between the transport enhancementwere the following. First, the protocol of withdrawing
of E2B and CS was established and verified, HMS samples from the receiver chamber was carefully
transport experiments were to be conducted with CS designed to maintain sink conditions in the chamber
to determine th& andD enhancement factors using a to obtain adequate non-steady-state and steady-state
theoretical one-layer skin transport model. A theoreti- transport data. Specifically, samples were withdrawn

cal two-layer skin transport model was also examined.
In the two-layer model study, the D/E layer of HMS

from the receiver chamber every 40min for full-
thickness HMS and 30 min for stripped HMS in PBS. In

was to be first characterized in partition and permeation the presence of enhancers (OP or HAZ), samples were

experiments with stripped HMS using CS and a water
marker, raffinose. Then, the enhancement factoks of
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, N3pH-corticosterone
(®H-CS) and®H-estradiol H-E2B), NEN Life Sci-
ence Products (Boston, MAJH-raffinose, American
Radiolabeled Chemicals (St. Louis, MO); methanol
(HPLC grade), Aldrich Co. (Milwaukee, WI); ethanol
(100% purity, EtOH), AAPER Alcohol and Chemical
Co. (Shelbyville, Kentucky); heptane (HPLC grade),
EM Science Co. (Darmstadt, Germany); CS and
E2B, Sigma Chemical (St. Louis, MO). The purity
of the 3H-CS and®H-E2B was checked to be >95%.
1-Hexyl-2-azacycloheptanone (HAZ) was synthesized
at the Chemical Synthesis Facility, University of
Utah (Salt Lake City, UT). PBS solution was pre-

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 combinatid?pfg)
of the probe permeants were calculated according to
the following equation:

1 do

and Ppg = — —
Pr DIE AC dr

(1)

whereA is the effective diffusion area of the diffusion
cell, Cp is the concentration in the donor chamber and
(dQ/dt) is the slope of the steady-state region of the plot

pared from phosphate buffered saline (PBS) tablets of the cumulative amount of permeant transported into

(Sigma Co, St. Louis, MO) and deionized distilled
water.

2.3. HMS permeability experiments witH-CS

Full-thickness or stripped HMS permeability ex-
periments witi®H-CS were carried out as previously

the receiver chamber versus time. Experiments were
run long enough so that the “steady-state” regions were
typically around three to five times longer than the lag
times. The enhancement fact&) (of the steady-state
permeability coefficientdsc) forthe SClipoidal path-
way were determined as previously describ@bdgnem
etal., 1987, 1992; Kim et al., 1992
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2.4. Inhibition of*H-CS metabolism antH-CS
purity check in the transport experiments

It was found in preliminary experiments that a small
percentage ofH-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 HMISy, 1989;
Chantasart et al., 2004 In order to inhibit the
metabolism, cold CS (around 0.2 mg/ml) was used in
the transport experiments wittH-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. ThtH-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 witH-E28
and®H-CS in the presence of 2% EtOH

As explained in Sectior2.1, CS was chosen as
the surrogate permeant for Edecause preliminary
transport experiments with B2showed 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 E obtained in the previous studiié et al.,
2003, it was first necessary to compare the steady-
state transport enhancement of both CS an@liBEZhe
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The transport experiments withi-E2B 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 of*H-CS and3H-E28 were determined
according to Eq(1) and the enhancement factors were
calculated as previously describe@hanem 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:

250

22

1
t_,_i

Q: = AK'Co | D - 1)n

x exp(— D/nznzt)l

presence of the studied chemical permeation enhancers

(OP and HAZ) under conditions where the metabolism
of E2B could be mostly inhibited. Preliminary exper-
iments showed that E2metabolism could be signifi-
cantly inhibited in the presence of 2% ethanol. Under
this condition, less than 108t1-E28 was metabolized
and recovered in the receiver chamber throughout the
transport experiments, and such extent of metabolism
was believed to have negligible influence on the steady-
state permeability coefficient of BZLiu, 1989. Fur-

D = 2 K' =KL, P=DK )
where Q; is the total amount of permeant transport
through skin;A the effective diffusion ared; the ef-
fective diffusion lengthD the diffusion coefficientkK
the partition coefficientCq the constant concentration
of permeant at the donor chambéithe time;P the
permeability coefficient.

The two reduced parameteks andD’ in Eq. (2)

thermore, 2% ethanol in the system was shown not were defined in order to minimize the number of pa-
to have any observable enhancement effects dh E2 rameters for least squares fitting in the model analysis
transport across the lipoidal pathway of HMS S@i( of the experimental transport data. The use of param-
1989. Based on these previous results, transport exper-etersK’ and D’ avoids the uncertainties in assigning
iments were conducted with botH-E28 and®H-CSin the L value; it is difficult to assign a value to the ef-
the presence of 2% ethanol in PBS and in the enhancerfective path lengthl() across SCTalreja et al., 2001
solutions (OP or HAZ). Enhancement factors & for HMS (Ex nms) andD
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for HMS (Ep nms) were determined based ¢l and ~ whereCr is the total concentration 6H-CS or3H-
D’ according to the following equations: raffinose in D/E andCp is the concentration GfH-CS
or3H-raffinose in the aqueous compartment of D/E. Itis

D D! - )
Ep.ms = —onhancer_ enhancer ©)) assumed that the binding constant is z&gw Q) for raf-
Deas Dpgs finose; this permits calculatingfrom the3H-raffinose
K K Cr value and theR for 3H-CS from itsCr value.
E _ enhancer_ enhancer 4
KHMS = — = (4)
PBS PBS

2.8. Characterization of D/E of HMS:
where subscripts enhancer and PBS refer to enhanceretermination of membrane tortuosity
solution and PBS conditions, respectively.

Itis assumed in the present study thatlthealue is The lag time {ag,o/e) for 3H-CS transport across the
constant in PBS and in the presence of the enhancersD/E layer was determined in permeation experiments
for the permeation of lipophilic permeants such as CS with stripped HMS by extrapolating the steady-state
and EB. This assumption is consistent with the finding  slope of*H-CS permeation data to the time-axis in cu-
by Yu et al. (2001) mulative amount versus time plots. The tortuosity val-

ues of D/E were calculated according to the following
2.7. Characterization of the combined dermis and equations:
viable epidermis (D/E) layer of HMS: partition

experiments of raffinose and CS with stripped HMS Koje = &(1+ R) (6)
. . Py = Ko 2PE @)
Stripped HMS was prepared as described previously * P& = “DE o
(Yoneto et al., 1996 A portion of the stripped HMS 12 . 14 R
(~0.1g) was sandwiched between two hemacytometer agDE= —DE — pETD/E(L + R)e (8)
cover glasses (Scientific Products, McGaw Park, IL) 6Dp/e 6Pp/e
and its thickness was measured with micrometer r .. — rpehpe (9)

calipers. The stripped HMS was then weighed and

equilibrated in 10ml PBS or enhancer/PBS solution WhereKpse is the partition coefficient of CS for D/E

with appropriate amount ofH-CS or 3H-raffinose calculated frone andR of D/E for CS obtained in the

for 3h. The 3h time point was chosen according to Previous sectiorPpe is the steady-state permeability

time-dependent preliminary data at 1 and 3h. After Coefficient of CS across stripped HMSye is the ef-

equilibration, the membrane was taken out of the so- fective diffusion path length of CS through D/E, which

lution with tweezers and blotted on Kimwigsissue ~ €quals the product of the D/E thickness/) and tor-

paper. The thickness of the stripped HMS was mea- tuosity o/e)-

sured again after equilibration. The wet, stripped HMS

was then weighed, and the content was extracted in 2-9- Data analysis with the two-layer skin

either 6 ml of EtOH or PBS fo?H-CS or3H-raffinose, ~ transport model

respectively. The extraction time was 6h, determined

by preliminary time-dependent data at 1, 2, 6, and 20 h Atwo-layer numerical skin transport model was de-

for 3H-CS and®H-raffinose. After the first extraction,  Veloped for the study of permeant transporting across

the stripped HMS was transferred into another 6 ml the SC and D/ERig. 1). This model divides the SC and

EtOH or PBS for the second extraction to check the D/E intoanumber of layers characterized by partition,

completeness of the first extraction. The amount of diffusion, and dimension parameters. A hypothetical

3H-CS or3H-raffinose in the extraction solution was adueous interface layer was created between the SC

determined by the liquid scintillation counter, and the and D/E layersKig. 1) with a concentration o€; to

porosity €) and binding constantRj of D/E were account for the instantaneous equilibrium between SC

calculated according to the following equation: and D/E at the interface. The permeant concentration
in the donor chamber was assumed constant, which

Cr=¢(1+ R)Cp (5) was true in all transport experiments carried out in
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CipE

/ Cm-1,DE CmD/E dC2, D/E
CopE
/ dr
_ p2[C1p/e — 2C2 p/E — C3 piE]
x2¢(1+ R) ’
dCm.D/E
Lpe ""= dt
e P2[(Cm—1,0/e — Cn,0/E) — 2(C,0iE — Kp/ECR)]
— SCl #7777, int ARRRRR 2 = ,
ayers interface layer D/E layers xgs(l + R)
Fig. 1. Scheme for the two-layer skin model. dOr

=2p2A(C —C
Q p2A(Cp.piE — CR)

(10)
the present study. The receiver chamber concentration

was kept at sink conditions. The transport data of full- wheret is the time;Dsc the diffusivity in SC;Ksc the
thickness HMS was analyzed with aleast squares fitting partition coefficient of SCl.sc the effective diffusion

software Scientist (MicroMath, Salt Lake City, UT) us-
ing the two-layer transport model to obtain partition co-
efficient (Ksc) and diffusion coefficientlsc) of SC.
KgcandDg of SC were then calculated according to
the definitions oK’ andD’ in Eq.(2): Kgc = KscLsc;
Dy = Dsc/L%c. The enhancement &5 and Dy
(Ex sc andEp sc, respectively) was calculated accord-
ing to Egs.(3) and (4)

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

dC1sc
dr
_ P1[2(KscCp — Ci,s¢) — (Cisc — Cas0)]
X1 ’

dCz sc
dr
p1lC1sc— 2C2sc — C3.sc]

)

x1
dC, sc
U dr
P1l(Cr-1,5c — Cu,sc) — 2(Cy,sc — CiKsc)]
X1 ’

Ci = p1Cnsc+ PZCLD/E’
P2KpjE + p1Ksc
dC1.pE
dr
_ p2[2(CiKpe — C1pE) — (C1.o/E — C2,0E)]
x2¢6(1+ R)

)

pathway length in SCx; =Lsc/n representing diffu-
sion path length in each SC laygy; = Dsc/x1, repre-
senting permeation coefficient of each SC layethe
porosity of D/E;R the binding constant of CS in the
D/E; tp/e the tortuosity in D/Ehp/e the thickness of
D/E; Lp/e =hotp/e the effective diffusion path length
of CS across each D/E layeg = Lp/e/m, representing
diffusion path length in each D/E layep; = Ppem,
representing permeation coefficient of each D/E layer;
Athe effective surface are@g the cumulative amount
of permeantin the receiver chamb¥g;, Vi the volume

of the donor and receiver chambers, respectively;
the concentration in the donor chamber which is kept
constant;Cr the concentration in the receiver cham-
ber which is assigned a zero val@; scto Cy sc the
concentration of CS in the middle position of each SC
layer; C1,p/e to Cmp/e the concentration of CS in the
middle position of each D/E layeg; the concentration

of CS in the interface layer.

To test the number of layers of SC required to obtain
accurate results with the skin transport mod&l- and
Dg values were determined with different numbers of
layers of SC when the number of layers of D/E was
kept constant at 20. The results showed that when the
number of layers of SC was equal to or above 16, the
values ofK - and D5 were convergedHigs. 2 and R
Similar results were found with the analysisigf - and
Dg-when different numbers of layers of D/E were used
and the number of SC layers was kept constant at 20.
Based on these results, it was determined that when
SC was divided into 20 layers and D/E was divided
into 20 layers in the two-layer skin transport model for
the least squares fitting analysis, the numbers of layers
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Fig. 2. K¢ vs. number of SC layers in the two-layer model when
the number of D/E layers is fixed at 20.
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Fig. 3. Dg 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 influencelgfc on Kgc

and Dg in the two-layer skin model analysis. In this
analysis, thé scvalue was varied from 0.003t0 2.0 cm.

3. Results

3.1. Permeation and purity check data®f-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 previouslyGhanem 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

Table 1

Steady-state corticosterone (CS) permeability coefficients and the pufi-GfS for the permeation experiments with HMS

Purity of 3H-CS  Purity of stock
3H.CS (%)

Purity of3H-CS at

EC

SIS°

Pr (10-%cm/s} Ppe (10-% cm/s}t Psc (10-6 cm/s}

Solution

at donor chamber

(%)°

receiver chamber

(%)°

98+1
98+1
98+1

98+1
98+1
99+1

9H1
98+ 2

99+1

0.29+0.06
3.4+1.2

0.29+0.05 34t5

3.2£09

PBS

11.8t4.4

1.0
1.0

50+ 10

OP (2.0mM)
HAZ (4.3mM)

11.5£3.3

3.3+0.7

55+ 8

3.1+ 0.5

a8 Mean+ S.D. (1> 3).

b Solubility ratio: (CS solubility in enhancer solutiaB )/(CS solubility in PBSSy); Sx/S corrects for any activity coefficient differences between the activity coefficient in PBS

and that in the enhancer solution.

(Psc.x/ Psc,0)(Sx /So), where subscripts X and 0 are enhancer solution and PBS conditions, respeGhvahe( et al., 1987; Kim et al., 1992

¢ Enhancement factoE

d Average percent of purity obtained at different time points during the permeation experiments.

€ Average percent of purity obtained on different days.

15
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Table 2
Steady-state permeability coefficients’6f-E28 and3H-CS with full-thickness HMS and stripped HMS in the presence of 2% ethanol

Solution Pr (10~ % cm/s} Ppe (10-8 cm/s} Psc (106 cm/s} SIS EC
Transport experiments wittH-E2B in the presence of 2% ethanol

PBS (2% ethanol) 5% 0.6 49+5 6.0+ 0.9 - -

OP (2.0 mM + 2% ethanol) 185 33+15 39+ 20 13 8.5-4.6

HAZ (4.3 mM + 2% ethanol) 15t 5 32+ 14 28+ 15 14 6.5£3.5
Transport experiments wittH-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% 0.6 40+3 20+ 0.7 11 8.1+ 3.0

HAZ (4.3 mM + 2% ethanol) 1505 37+2 1.6+ 05 1.2 7.H25

a Mean=S.D. (1> 3).
b Solubility ratio: (CS solubility in enhancer solutioB)/(CS solubility in PBSS).
¢ Enhancement factor; s@eable 1 footnote c.

factors of CS transport across HMS are 11.8 and lipophilic model permeants B2and CS. A similar con-
11.5 when the enhancer concentrations are 2.0 andclusion was drawn in a previous studyofeto et al.,
4.3mM for OP and HAZ, respectively. These data 1995. This finding enables us to compare the results
are consistent with the results of previous enhancer of the transport model analysis using CS in the present

studies He et al., 2003; Warner et al., 2003Also
shown inTable 1are the purity check data 6H-CS
(last three columns iffable 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 stock¥H-CS was also determined
and shown ifmable las reference. These data indicate
negligible3H-CS metabolite and impurity.

3.2. Permeation data 6H-E28 and3H-CS with
HMS in the presence of 2% ethanol

The steady-state permeability coefficients 3ef-
E28 and®H-CS in the presence of 2% ethanol in PBS
and the enhancer solutions with both full-thickness
and stripped HMS are shown ifable 2 As expected,
CS permeation across HMS was SC-controllegie
was about 20-200 times higher th&s for 3H-CS
in PBS or in the enhancer solutions. However, the
Pp/e values were only 2-10 times higher th&y
for 3H-E28 under the same conditions, indicating that
E2B permeation was approaching D/E controlled. De-
spite this difference, when thsc 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
of Table 9 for 3H-E2B and 3H-CS were essentially

the same under these conditions. These enhancemen

study and the results obtained in the previous equi-
librium partitioning study using B2 (He et al., 2003,
20049).

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

The transport data ofH-CS across full-thickness
HMS were analyzed by the one-layer skin transport
model (Eqg.(2)). K andD’ were obtained with least
squares fitting of the data and then used to determine
Ex nms andEp nms (Egs(3) and (4). The leastsquares
fittings are generally satisfactory with the one-layer

HAZ
200000
180000
160000
140000
120000
100000
80000
60000
40000
20000

0
500

A data PBS

= model PBS
& data HAZ
®model HAZ]

Cumulative Amount of Permeant
Transported across HMS (dpm)

200
Time (minute)

300 400

Fig. 4. Experimental transport data and model fitting analysis
with the one-layer skin modeK(=6.2x 10-3 and 57x 10~3cm,
'=4.2x 107° and 6.1x 10 °s~! for PBS and 4.3 mM HAZ, re-
pectively). Symbols: triangles, experimental data PBS; squares,

factor data suggest similar permeation enhancementmogel fitting PBS: diamonds, experimental data HAZ: circles, model
mechanisms of the enhancers (OP and HAZ) for the fitting HAZ.
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Table 3
Enhancement factors of partition coefficieBi(ms) and diffusion coefficientEp yms) for H-CS transport across HMS obtained with the
one-layer skin model anBk sc andEp sc obtained with the two-layer skin model

Solution One-layer skin modgl Two-layer skin model

K’ (10_3 cm) D’ (10_5 S_l) Ex Hms Ep,Hms K/SC (10_3 cm) D/SC (10_4 S_l) Ex,sc Ep,sc
PBS 6.4+ 0.4 4.0+£0.3F - - 1.2+0.3 25+0.8 - -
OP (2.0 mM} 38+ 3° 7.7+1.7F 59+06 19-04 7.0+:1.C° 46+1.F 6.0+1.9 1.8+0.9
HAZ (4.3 mM)? 46 + 10° 6.5+1.3° 72415 16+03 92418 3.2+ 1.¢° 7.9+2.8 1.3+ 0.6

2 Agueous concentrations of OP and HAZ that induged 11.
b Mean+ S.D. (> 3).
¢ One-layer model and two-layer model values are significantly diffeppn0(05).

model. Representative least squares fittings of the trans-data with Eq(5) assuming the binding constaRt 0,

port data are shown ifig. 4 for the PBS and HAZ and it was found that the values were essentially
conditions (4.3 mM). The average values Kf D/, constant with and without the presence of the en-
Ex nms and Ep Hvs are shown inTable 3 The data hancersg =0.6440.02. TheR values of CS for D/E
show that the enhancement of permeant partitioning were then determined using EqS) and (6)and the
into the transport rate-limiting domain of HMS is sig-  3H-CS partitioning data. From the transport lag time of
nificantly higher than the enhancement of permeant dif- CS with stripped HMS, the tortuosity valuesy(g) of
fusion in the domaing<0.05,t-test). When the total  the diffusion path of D/E for CS were also determined
flux enhancemen&) was 11.8 for OFEk yms was 5.9 using Eqgs.(6)—(9). These results are summarized in
andEp pms was 1.9. For HAZ withE of 11.5,Ex Hms Table 4 As can be seen in the table, thkevalues
was 7.2 andEp yms was 1.6. This suggests that the increased approximately 30% and the tortuosity values
transport enhancement of CS across HMS was mainly decreased approximately three times in the presence
driven by partition enhancement in the rate-limiting of the enhancers. These D/E parametersR and
domain of HMS. The data also show essentially the tp/;g) were then used in the two-layer model analysis
same enhancement valuds (ms and Ep yus) for below.

both enhancers (OP and HAZ) under the isoenhance-

ment conditions ofz ~ 11. This is consistent withour ~ 3.5. Data analysis with the two-layer skin

hypotheses of the mechanism of action of permeation transport model

enhancers discussed in previous and present studies

(Yoneto et al., 1995; Warner et al., 2003; Chantasart  The two-layer transport model was applied to each

et al., 2004; He et al., 2004 set of the CS transport data to obtain the least squares-
fitting K5 and Dgc of CS in PBS, OP (2.0mM), and
3.4. Parameters for D/E HAZ (4.3 mM). Representative least squares fittings of

the transport data with the two-layer model are shown
As described in the experimental section, the poros- in Fig. 5for the PBS and HAZ conditions. As shown

ity (¢) of D/E was determined from th&H-raffinose in Fig. 5 the least squares fittings were satisfactory
Table 4

Parameters for D/E layer of HMS

Solution Ppe (10-%cm/s) Lag time (min) RP To/E®

PBS 34+5 3449 3.6+0.1 7.242.6

OP (2.0mM) 5Gt 10 7+ 4 4.54+0.2 2.3+1.1
HAZ (4.3mM) 55+ 8 9+ 6 4.3+0.4 24413

a8 Mean+S.D. (> 3).
b Determined using porosity) of 0.64 (see SectioB.4).
¢ Thickness of D/Elfp/e) was in the range from 0.018 to 0.023 cm.
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PBS HAZ 4. Discussion

3 E 10000 - - 200000

ED 90001 s # - 180000 4.1. Correlation between the enhancement of

& w8000 A 1 F 160000 e . - .

2 7001 s L1600 partitioning in the transport rate-limiting domain

Ty o0 L K o000 (4448 and that in the intercellular lipid domain of HMS
1R s [ 100000 o ota HAZ SC

< 40007 L] [ 80000 | g odel HAZ

22 3000 L F 60000 —

Zg woy L8 = 40000 Previous studies with chemical permeation en-
g E o] g | | | [ o hancersarner etal., 2003; Chantasartetal., 2004; He
“ 0 10 20 300 400 500 et al., 2004 have suggested that the microenvironment

Thue: (atlivate) of the enhancer site of action and the macroscopic SC

Fig. 5. Experimental transport data and model fitting analysis intercellular lipid F}has.e are bOtIh well reprlesepted by
with two-layer skin model K5-=0.9x 10~2 and 9.1x 10-3cm, _(W&ter'saturat_ed) |QU|d!-F)th'in0 -t W‘T"S also found
Dic=3.1x 1074 and 3.8< 1045t for PBS and 4.3mM HAZ, in these previous partitioning experiments that the

respectively). Symbols: triangles, experimental data PBS; squares, partitioning enhancement of B2with the intercellular
quel fitting PBS; diamonds, experimental data HAZ; circles, model |ipidS of HMS SC was in the range of 5—7 under the
fitting HAZ. isoenhancement conditions®f 10 for the enhancers
studied. A significant finding in the present study is
¢ thatthe partition coefficient enhancement of permeants
deduced from the model analyses of relevant HMS
SC transport data was in the range of 6-8 when

data again show significantly higher permeant parti- the. tot_al (transport) enhar_lcement. was arounq_ 11,
tioning enhancement into the transport rate-limiting Which is remarkably consistent with the partition
domain of HMS than the enhancement of permeant dif- coeﬁ|C|th e.nhancem.entl of perme'ants obt_amed from
fusion in the domaing< 0.05,t-test). Although the ab- the _equmbrlum _part|t|on|n_g expe_rlm_ent_ with HMS
solute values ok’ andDg obtained by the two-layer SC in the previous studies. This finding provides
model analysis are different from those obtained with quantitative evidence that the rate-limiting domain
the one-layer modeEx sc andEp sc values for both for t.he transport of the model permeants through the
OP and HAZ are esséntially the sameERg s and lipoidal pathway of HMS SC and the intercellular

Ep 1wis Obtained with the one-layer modefable 3, lipid “phase" probeq i'n the equi]ibrium pqrtitioning
respectively. experiments have similar properties regarding the par-

To test the influence dfsc on the Kis. and Disc titioning enhancer_nent gffects of chemical permeation
results Lsc value was varied in one set of the transport €nNancers upon lipophilic model permeants and that
data (in4.3 MM HAZ). The results are showable 5 these domains are also very likely to be the same.
The K’ and D)y, values obtained using the two-layer It is worthwhile to point out that similar lag time

skin transport model are seen to be independent of thereduchon for CS_ across HMS were glso observed for
all the permeation enhancers studied to date under

with the two-layer skin models. The average values o
Kgc, Dsc, Ex,scandEp scobtained with the two-layer
model are shown iffable 3 and theEx sc andEp sc

value ofLsc. . .

the isoenhancement conditions Bf 10 (then-alkyl

enhancers, branched alkanols, and enhancers with
Table 5 a carbon—carbon double bond in their alkyl chains;
KL and D obtained with the two-layer model with differengc Warner et al., 2003; Chantasart et al., 2004; He et al.,
values obtained from one transport data of CS in 4.3mM HAZ 2004). Although the same model analysis could not
solution be performed rigorously using these previous data due
Lsc (cm) Ko (1072cm) Do (107s™) to the different experimental designs employed in the
0.003 1.00 3.10 present and previous studies, the steady-state perme-
0.0127 1.00 3.10 ability and lag time data of CS with these enhancers
;-g g-g; gig (unpublished data) suggest the same conclusion can

be applied to all enhancers studied to date in our
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laboratory; i.e., total flux enhancement of lipophilic etal., 1988; Raykar et al., 1988nderson and Raykar,
permeants across HMS is mainly driven by enhancing 1989 have shown that the microenvironment of the
the partitioning of the permeant into the rate-limiting rate-limiting domains for steroidal permeant transport
domain and to a lesser extent by enhancing diffusion across SC in buffered saline can be well modeled by the

coefficients. octanol liquid phase. Recently, work in our laboratory
(Warner et al., 2003; Chantasart et al., 2004; He et al.,
4.2. Physico-chemical interpretation of transport 2004 has demonstrated correlations between permeant
enhancement of lipophilic permeant in HMS transport across SC, the partitioning of chemical per-
induced by chemical permeation enhancers meation enhancers into the intercellular lipids of SC,

and the partitioning of the permeants into SC for more

Model analyses based on the Fick’s diffusion theory than 30 permeation enhancers of different molecular
enable us to elucidate the influence of chemical perme- sizes. The results of these recent enhancer studies fur-
ation enhancers on the permeation of drug moleculesthermore suggest that the microenvironment involved
across HMS in terms of partition and diffusion coeffi- in the action of permeation enhancement in HMS SC
cient enhancement for quantitative study of the mecha- is similar to water-saturated liquidoctanol. Together,
nism of transdermal permeation enhancement. Efforts these results indicate that the microenvironment of the
have been made in the analysis of drug penetration pro-transport rate-limiting domains in HMS SC behaves
files in the presence of chemical permeation enhancerslike liquid n-octanol in the presence of and in the ab-
(Yamashita et al., 1993and it has been reported that sence of the studied permeation enhancers, and that
drug partitioning into skin increased but the diffusivi- the enhancers do not significantly alter the polarity of
ties in skin were relatively unaffected by chemical per- the microenvironment in the stratum corneum trans-
meation enhancers during transdermal transport. Theport rate-limiting domain. It is then logical to suggest
technique of two-photon fluorescence microscopy has that the permeation enhancers act only by increasing
also been applied to obtain the enhancemerit ahd the free volume and decreasing the microviscosity of
D induced by chemical permeation enhancers in model the SC lipid lamellae to enhance permeant partition-
compound permeation across full-thickness human ing into the lipid lamellae. This hypothesis is consis-
cadaver skinYu et al., 200}, and it has been reported tent with previous fluorescence studies with SC lipid
that the permeability enhancement was primarily liposomes Yoneto et al., 1996 It is interesting that
caused by an increase in the skin partition coefficient. the chemical permeation enhancers do not greatly en-

It has been generally difficult to obtain quantitative hance permeant diffusion in the SC intercellular lipids
partition and diffusion data for permeation across SC (the enhancement of diffusion coefficient was around
because of limitations related to the quality of the data. 1.3-1.9), which is expected if the free volume of the
The present transport experiments were conducted in alipid lamellae has been increaseddng and Anderson,
manner to avoid artifacts, such as by maintaining a con- 1998 under these experimental conditions. This re-
stant donor concentration and receiver sink conditions quires further investigation of the relationship between
and minimizing possible interference of metabolism SC lipid lamellae fluidization and permeant partition-
and impurities. The results of the present trans- ing into and its diffusivity in SC lipid lamellae.
port study suggest that the transport enhancement of
lipophilic permeants CS and Bacross HMSismainly ~ 4.3. One-layer and two-layer skin models in HMS
driven by enhancement of permeant partitioning into transport studies
the rate-limiting domain of HMS. Because the intercel-
lular lipids have been suggested to be the main pathway  Because the SC is considered the primary transder-
for the permeation of lipophilic compounds such as CS mal transport barrier for most permeants, some pre-
and EB (Bouwstra et al., 2000 the relatively high vious studies have been based on the assumption that
partition coefficient enhancement found in the present full-thickness skin is a homogeneous one-layer mem-
study suggests either alterations of the polarity and/or brane (SC only) to simplify the analysis of transport
the free volume of the chemical environment of the SC data obtained with full-thickness skifrgreman and
intercellular lipid lamellae. Previous studigsfderson Kelly, 1976; Hashida et al., 1988; Okamoto et al., 1988,
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1991). A more rigorous approach has been to consider Anderson, B.D., Raykar, P.V., 1989. Solute structure—permeability

full-thickness skin as a two-layer (SC and D/E) mem-
brane {ojo et al., 1987; Tojo, 1988; Okamoto et al.,
1989; Yamashita et al., 1994, 1993n the present

study, the enhancement effects of chemical permeation

relationships in human stratum corneum. J. Invest. Dermatol. 93,
280-286.

Bouwstra, J.A., Dubbelaar, F.E.R., Gooris, G.S., Ponec, M., 2000.
The lipid organisation in the skin barrier. Acta Derm. Venereol.
Suppl. 208, 23-30.

enhancers on permeant partition and diffusion coeffi- Chantasart, D., Li, S.K., He, N., Warner, K.S., Prakongpan, S.,

cients were analyzed by both the one-layer and two-
layer models. A firstimpression of the similar enhance-

ment ofK andD obtained in the one-layeE nms and
Ep nms) and two-layer Ex sc andEp 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 g,

SC. However, as shown ifable 3 theK’ andD’ val-

ues are different in the one-layer and two-layer model

analysestftest,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

Higuchi, W.1., 2004. Mechanistic studies of branched-chain alka-
nols as skin permeation enhancers. J. Pharm. Sci. 93, 762—

Foreman, M.1., Kelly, 1., 1976. The diffusion of nandrolone through
hydrated human cadaver skin. Br. J. Dermatol. 95, 265-270.
Ghanem, A.H., Mahmoud, H., Higuchi, W.I., Rohr, U.D., Borsadia,
S., Liu, P.,, Fox, J.L., Good, W.R., 1987. The effects of ethanol on
the transport of estradiol and other permeants in hairless mouse
skin. Il. A new quantitative approach. J. Contr. Release 6, 75-83.
anem, A.H., Mahmoud, H., Higuchi, W.I., Liu, P., Good, W.R.,
1992. The effects of ethanol on the transport of lipophilic and
polar permeants across hairless mouse skin: methods/validation
of a novel approach. Int. J. Pharm. 78, 137-156.
Hashida, M., Okamoto, H., Sezaki, H., 1988. Analysis of drug pen-
etration through skin considering donor concentration decrease.
J. Pharmacobio.-Dyn. 11, 636-644.

values obtained in the one-layer and two-layer model pe N., Li, S.K., Suhonen, T.M., Warner, K.S., Higuchi, W.I., 2003.

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/H#éble 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 EfQ)

(unpublished data); e.g., when D/E was removed in the
model simulation, the time to establish the steady-state

Mechanistic study of alkyl azacycloheptanones as skin perme-
ation enhancers by permeation and partition experiments with
hairless mouse skin. J. Pharm. Sci. 92, 297-310.

He, N., Warner, K.S., Chantasart, D., Shaker, D., Higuchi, W.1., Li,
S.K., 2004. Mechanistic study of chemical permeation enhancers
with different polar and lipophilic functional groups. J. Pharm.
Sci. 93, 1415-1430.

Kim, Y.H., Ghanem, A.H., Mahmoud, H., Higuchi, W.I., 1992.
Short chain alkanols as transport enhancers for lipophilic and
polar/ionic permeants in hairless mouse skin mechanism(s) of
action. Int. J. Pharm. 80, 17-31.

concentration profile and transport lag time decrease. |jy, p., 1989. The influences of ethanol on simultaneous diffusion

Therefore, caution must be exercised in the interpreta-

tion of full-thickness skin transport data using a one-

and metabolism of estradiol in skin. Ph.D. Thesis, University of
Utah, USA.

layer homogeneous skin transport model that ignores Mitragotri, S., 2000. In situ determination of partition and diffusion

the D/E layer.
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