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Previously, the action of the short chain n-alkanols (from C1 to C5) and isopropanol as possible enhancers on the transport of 
lipophilic and polar/ionic permeants across hairless mouse skin was investigated [1-4]. In the present study, the steady-state 
fluorescence anisotropy was measured as a means of estimating the changes in fluidity caused by the n-alkanols at different 
depths in the stratum corneum lilbid liposomes (SCLL). Some selected experiments with the distearoylphosphatidylcholine 
(DSPC)/distearoylphosphatidic acid (DSPA) liposomes were performed for relative comparisons. The effects of the n-alkanols 
on polarity sensitive parameters such as fluorescence lifetimes, fluorescence quantum yield ratios, and emission maxima were 
studied in the SCLL. The polarity of the bilayer decreased as the fluorescent probe was placed closer to the bilayer center and 
the n-alkanols did not alter this gradient. Assessment of the depth-dependent effects of the n-aikanots using SCLL showed that 
most of the significant changes in fluidity induced by the n-alkanols were observed at intermediate depths (C2-C9) and there was 
little or no increase in fluidity in the deep hydrophobic region close to the bilayer center. These results suggest that the short 
chain n-alkanols work as effective 'fluidizing' agents at the intermediate depths (C2-C9) in the bilayer. 

Introduction 

The stratum corneum of skin has been considered a 
major barr ier  to the percutaneous absorption of drugs. 
Overcoming this barrier  resistance by using transport  
enhancers has been one of the great interests in phar- 
maceutical research. 

Recently, the influences of short chain n-alkanols 
(from C1 to C5) and isopropanol on the transport  of 
lipophilic and po la r / ion ic  permeants  across hairless 
mouse skin were investigated [1-4]. A theoretical model 
was developed and the transport  enhancement  factor, 
E, for the lipoidal pathway of the stratum corneum was 
calculated from transport  experiments at low levels of 
the alkanols present  in saline. An E value of around 
10 was found for lipophilic drugs at 30% ethanol, 10% 
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n-propanol,  2% n-butanol, and 1% n-pentanol. Also, 
pre t rea tment  studies showed that the effects of the 
n-alkanols at these concentrations were reversible as 
far as the lipoidal pathway of the stratum corneum was 
concerned. 

A possible mechanism for the actions of the n-al- 
kanols as transport  enhancers was proposed: the en- 
hancement  effects may be related to the increases in 
fluidity in the appropriate  transport  rate-limiting lipid 
domain(s) [1-4]. Recent  FTIR  studies on the effects of 
short chain n-alkanols on the lipid alkyl chain packing, 
mobility, and conformational order at 37°C in hairless 
mouse stratum corneum and phospholipid liposomes 
[5,6] have indicated little or no increased fluidity of the 
hydrocarbon regions of the stratum corneum bilayers. 
From this, it was hypothesized that it may not be 
appropriate  to consider the average of the hydrocarbon 
regions of the bilayer to represent  the transport  barrier  
and that some specific region such as the semi-polar 
interface of the intercellular lipid bilayers or the or- 
dered hydrocarbon region near  the interface may be 
viewed as the possible rate-limiting microenvironment 
of the lipoidal pathway. 
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In the present study, fluorescence anisotropy experi- 
ments with liposomes, including stratum corneum lipid 
liposomes, were conducted to examine changes in flu- 
idity caused by the n-alkanols in lipid bilayers. The 
general term 'membrane fluidity' encompasses (1) ori- 
entational order of the acyl chains either collectively or 
as segments, (2) rotational diffusion of the same enti- 
ties, and (3) translational diffusion [7]. From fluores- 
cence anisotropy measurements we may infer both the 
orientational constraint (static or structural compo- 
nent) and restriction to the depolarizing rotational 
motions (dynamic or kinetic component) of the probe 
in a lipid bilayer by deducing from existing models 
estimates of the order parameter (S) and the rotational 
correlation time (~b), respectively [8-11]. 

Several recent publications have demonstrated that 
the early work on the determination of microviscosities 
from steady-state anisotropy (rss) measurements as- 
suming isotropic rotation of a probe may be inappro- 
priate since membrane bound fluorophores may exhibit 
anisotropic or hindered rotations. In the case of hin- 
dered rotation, the limiting anisotropy (r~) at long 
times after excitation does not return to zero because 
the fluorescent probe cannot rotate by 90 ° away from 
its original orientation [12-15]. The steady-state 
anisotropy, rss, may thus be frequently resolved into a 
'static' component, r~, which is proportional to the 
square of the order parameter, and a 'dynamic' compo- 
nent, rf. The quantity rf may be related to the rota- 
tional correlation time which is proportional to the 
microviscosity [10,16,17]. Therefore, in lipid bilayers, rss 
may be described in terms of consequences of different 
rotational motions and constraints depending on which 
probe is used [8]. Rod-like linear probes like DPH 
(diphenylhexatriene) may exhibit a wobbling motion 
confined to a double hard-cone. This motion is sensi- 
tive to the packing density of the lipids and is related 
to the order parameter (S = (rJro) °5, where r o is the 
maximum anisotropy). On the other hand, planar, disc 
shaped probes such as anthracene attached to the fatty 
acids (anthroyloxy fatty acids, n-AF) can rotate by 90 ° 
around the C-O bond that attaches the anthroyloxy 
group to the fatty acid. In this case, the steady-state 
anisotropy is related to the rotational correlation time 
of the anthroyloxy group in the bilayer and reflects the 
microviscosity of the probe's local environment. 

The interpretations of steady-state anisotropy data 
for DPH and n-AF have been discussed in detail in the 
literature [16-18] and two empirical relationships based 
on the theory of rotation dynamics in liquid crystals 
have been developed, which relate the steady-state 
anisotropy to the order parameter (S). Furthermore, 
Van der Meer et al. have modified the Perrin equation 
to include hindered rotation in lipid bilayers [17]. Both 
the empirical relationships and the modified Perrin 
equation have been used to describe the rotational 

dynamics of DPH and n-AF in a number of model 
lipid bilayers and naturally-occurring biomembranes 
[8,16-18]. 

In this study, we used two model lipid bilayers, 
distearoylphosphatidylcholine (DSPC)/distearoylphos- 
phatidic acid (DSPA) multilamellar liposomes and stra- 
tum corneum lipid liposomes (SCLL). It was hoped 
that the studies with the latter would provide insights 
into the local nature of the actions of the n-alkanols as 
enhancers for the lipoidal pathway of the stratum 
corneum. For the purpose of estimating the changes in 
fluidity at different depths in these liposome bilayers, 
probes positioning at polar head group regions (1- 
anilinonaphthalene-8-sulfonic acid (ANS) and 5-(N- 
hexadecanoyl)aminofluorescein (HAF)), deep in the 
hydrophobic interior close to bilayer center (1,6-di- 
phenyl-l,3,5-hexatriene (DPH)), and at graded depths 
(n-(9-anthroyloxy) fatty acids (n-AF)) were used. We 
tested the hypothesis that the appropriate microenvi- 
ronment for transport is some region between the 
polar interface and the deep interior of the stratum 
corneum bilayers by examining the fluidity values ob- 
tained under the iso-enhancement conditions of E = 10 
(i.e., 30% ethanol, 10% n-propanol, 2% n-butanol, and 
1% n-pentanol). 

Materials and Methods 

Materials 
Ethanol (US Industrial Chemical, Tuscula, IL), n- 

propanol, n-butanol, n-pentanol (Aldrich, Milwaukee, 
WI), borate buffer (pH 9.0) (Fisher, Pittsburgh, PA), 
and normal saline (McGaw, Irvine, CA) were used as 
received. The purity of the alkanol was checked using 
gas chromatography (methyl silicone gum HP-1 column 
in a Hewlett-Packard 5890 gas chromatograph) and 
was more than 98% pure in all cases. All other organic 
solvents were of analytical grade from various sources. 

DPH, ANS, HAF, and n-AF (2 and 9-(9-anthro- 
yloxy)stearic acids and 16-(9-anthroyloxy)palmitic acid) 
were purchased from Molecular Probes (Eugene, OR). 
Thin-layer chromatography of DPH and n-AF on silica 
gel plates developed in chloroform/methanol (90:10, 
v/v) showed only one spot for each probe as visualized 
by long UV light. Stock solutions of DPH and n-AF 
were prepared with N,N-dimethylformamide (EM Sci- 
ence, Cherry Hill, N J) and methanol (Baker, Phillips- 
burg, N J), respectively. ANS and HAF probes were 
used as received. Stock solutions of ANS and HAF 
were made in distilled water and dimethylsulfoxide 
(Mallinckrodt, Paris, KY), respectively. Stock solutions 
of all probes were kept in the dark until use. 

Distearoylphosphatidylcholine (DSPC) and dis- 
tearoylphosphatidic acid (DSPA) (Sigma, St. Louis, 
MO) were used as obtained from the supplier. 



Preparation of liposomes and labeling of fluorescent 
probes 

Stratum corneum lipid liposomes (SCLL) were pre- 
pared as described previously [19]. The liposomes con- 
tained 55% by weight epidermal ceramides, 25% 
cholesterol, 15% free fatty acids, and 5% cholesteryl 
sulfate (a close approximation to the composition of 
the human stratum corneum lipids). Six major ce- 
ramides and a mixture of free fatty acids form mostly 
saturated but heterogeneous microenvironments in the 
SCLL. SCLL were prepared by sonication at pH 9.0 
(borate buffer). They were small unilamellar vesicles, 
ranging in size from 20 to 200 nm, and exhibited a final 
concentration of 3.6 mg lipid per ml. They remained 
stable for several weeks and showed a phase transition 
at 75°C which has been reported to be that of the 
mammalian stratum corneum intercellular lipid [20,56]. 

Phospholipid multilamellar liposomes were pre- 
pared by the method of Bangham et al. [21]. The lipids 
were dissolved in chloroform to give a 96:4 (DSPC/ 
DSPA) molar ratio. The solutions were evaporated to 
dryness under a stream of nitrogen at 70°C (well above 
their phase transition temperature of 58°C) and the 
resulting thin lipid film was vacuum dried (10 -4 Torr) 
for 1 to 2 h to remove the remaining chloroform. 5 ml 
of saline were added to give a final lipid concentration 
of 50 mM. The suspension was vortex-mixed and rapidly 
rotated (approx. 75 rpm) on a Buchi rotary evaporator 
at 70°C for 15 to 20 min. The MLV suspension was 
placed in a vial under nitrogen and cooled overnight. 
The MLV suspension vials were stored in a desiccator 
until use. 

For fluorescence measurements, the SCLL or 
DSPC/DSPA liposomes were divided into two groups, 
one group with fluorescent probes and another without 
probes as light-scattering blanks. Fluorescent probes 
were added directly to each liposome solution contain- 
ing an alkanol at a desired concentration. Liposomes 
with and without probes were incubated in a thermo- 
statically controlled shaking water bath (Model YB-521, 
American Scientific, McGaw Park, IL) above their 
phase transition temperature (80°C for SCLL and 70°C 
for DSPC/DSPA liposomes) for at least 90 min in 
order to allow equilibration of probes with liposomes. 
It has been shown that the time required for complete 
uptake of probes into liposomes was less than 90 min 
[22,23]. 

In the experiments with DSPC/DSPA liposomes, 
the lipid-to-probe molar concentration ratios were 
2000:1 for DPH, 100:1 for ANS, 1000:1 for HAF, 
and 300:1 for n-AF. In the experiments with SCLL, 
the lipid-to-probe concentration (w/v) ratios were 
330:1 for DPH, 660:1 for HAF, and 25:1 for n-AF. 
Final concentrations of probes in the sample were less 
than 5/xM. It has been reported that at this final low 
concentration, the structural perturbation by n-AF in 
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the bilayers might be insignificant [26,28]; also, experi- 
ment at 250 : 1 for n-AF with SCLL yielded essentially 
the same steady-state anisotropy results as at 25 : 1. 

DPH is known to penetrate the hydrophobic interior 
and the orientation of this probe appears to depend 
critically on the physical state of the lipid bilayer 
[24,25]. Below the phase transition temperature of a 
lipid bilayer, DPH may orient perpendicularly to the 
plane of the bilayer while above the transition it may 
orient randomly [24]. Quantitative studies using the 
F6rster resonance energy transfer methods have shown 
that, for egg lecithin bilayers (a heterogeneous internal 
environment), DPH was predominantly located at the 
center of the bilayer with the transverse orientation 
and, for dipalmitoylphosphatidylcholine (DPPC) bilay- 
ers, a fairly broad spread about the center was ob- 
served [25]. On the other hand, the location of ANS in 
a lipid bilayer is well established. For egg lecithin and 
DPPC bilayers, X-ray diffraction [26], NMR [27,28], 
and excitation energy transfer [29] studies have shown 
that ANS binds to the polar head groups and the 
positive charge of the choline residue appears to play 
an important role [30,31]. Also, an amphipathic probe 
like HAF which contains polar fluorescent head 
groups and nonpolar fatty acid tails locates at polar 
head group regions of dimyristoylphosphatidylcholine 
(DMPC) and plasma membrane vesicle bilayers [32]. A 
series of anthroyloxy fatty acid (n-AF) probes has been 
used for assessing fluidity changes at different depths 
in various bilayers. The relative positions have been 
established by fluorescence quenching [23,33], reso- 
nance energy transfer [33] and NMR [28] methods 
showing that n-AF do position their fluorophores at 
depths in bilayers depending on the point of attach- 
ment to the fatty acid chain. 

Fluorescence measurements and data analysis 
The fluorescence quantum yield of lipophilic probes 

such as DPH and n-AF is sensitive to the polarity of 
the probe's environment. In order to use this parame- 
ter as a measure of polarity, fluorescence emission 
spectra were recorded for each probe in hexadecane, 
liposomes, and aqueous buffer. All spectra were 
recorded at 37°C. Spectral integrals were determined 
by the method of Parker and Rees [36] to compute a 
quantum yield ratio for the probe in a lipophilic envi- 
ronment relative to buffer. In calculating this ratio, we 
used the spectral integral per mol of the probe instead 
of using the spectral integral per absorbance of the 
probe because of the significant differences and errors 
in absorbance among the samples. Lifetime measure- 
ments were made for DPH and n-AF in SCLL and 
hexadecane using an ISS K2 multifrequency phase and 
modulation fluorometer (ISS, Champaign, IL) equipped 
with frequency synthesizer (Marconi Instruments, A1- 
lendale, NJ) and an ISS-ADC interface for data collec- 
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tion and analysis. Samples were excited using the 325 
nm line of an He-Cd Liconix model 4240NB laser 
(Liconix, Sunnyvale, CA). The phase shifts and demod- 
ulation factors were determined at 12 different modu- 
lation frequencies, logarithmically spaced (2, 3, 4.6, 7, 
10.6, 16.2, 24.6, 37.4, 56.9, 86.5, 131.5 and 200 MHz). 
The fluorescence was measured at 37°C through a 375 
nm cut-on filter in a filter channel. Fluorescence life- 
times were determined using a nonlinear least-squares 
program from ISS (ISS187) which minimized the re- 
duced X 2 (the squared deviations between the ob- 
served and calculated phase shifts and demodulation 
factors) for a goodness-of-fit. Following the detailed 
analysis procedure described before [34,35], a discrete 
multiexponential analysis and a continuous distribution 
analysis were compared on basis of the value of re- 
duced X 2. 

Steady-state fluorescence spectra and anisotropy 
measurements were made with an ISS Greg 200 spec- 
trofluorometer (ISS, Champaign, IL) in the photon 
counting mode. 

For anisotropy determinations using ISSPC software 
(ISS, Champaign, IL), the fluorescence intensities were 
measured in the ratio mode through a polarizer ori- 
ented parallel (Iii) or perpendicular (I±) to the direc- 
tion of polarization of the excitation light (the electri- 
cal vector of the excitation). The anisotropy (r) was 
calculated by 

(III - I1~) - G(I-L - I~  ) 

( I l l -  II~)+ 2 G ( I  x - lSi ) 

where I s is the contribution of scattered light for an 
unlabeled liposome solution of the same composition 
as a reference and G is the grating correction factor 
representing the ratio of the sensitivities of the detec- 
tion system for vertically and horizontally polarized 

light, which was measured using horizontally polarized 
excitation. 

The light source for the steady-state fluorescence 
spectra and anisotropy measurements was a 300 W 
Xenon Arc lamp (ILC Technology, Sunnyvale, CA). 
Excitation wavelengths were 380 nm for ANS in 
DSPC/DSPA and 430 nm for ANS in SCLL, 490 nm 
for HAF, 360 nm for DPH, and 365 nm for n-AF. For 
anisotropy measurements, an L-format optical geome- 
try was used, and fluoresence emission was collected 
through a cut-on filter, rather than a monochromator. 
The following cut-on filters were used; 455 for ANS, 
400 for DPH, 515 for HAF, and 420 for n-AF. The 
temperature of the sample was maintained at 37°C 
using a circulating water bath (Techne, Princeton, N J) 
and was checked by means of the Fisherbrand NIST 
thermometer with YSI probe (Fisher, Pittsburgh, PA). 

Results and Discussion 

Fluorescence emission maxima (l~max) and quantum yieM 
ratios (Qr) 

Information on the polarity changes and the posi- 
tions of the probes in the SCLL were obtained from 
the polarity sensitive parameters (i.e., '~'max and Qr). 
The effects of solvent or microenvironment polarity on 
Ama x c a n  be estimated from the Lippert equation which 
shows the relationship of the Stokes' shift to the orien- 
tation polarizability of the solvent molecule and the 
dipole moment change of the fluorophore during the 
excitation [51]. As the polarity of the microenviron- 
ment in a lipid bilayer increases, the Stokes' shift 
increases (i.e., red-shifted) towards lower energy. Qr of 
a sample relative to the reference (each probe in buffer 
alone) was estimated from the Area Under the Curve 
(AUC) of the technical emission spectra. The absolute 
or relative quantum yield determinations using a refer- 

TABLE I 

Fluorescence emission maxima (A.,ax) and quantum yield ratios (Qr) data of n-AF and DPH in buffer, hexadecane and the stratum corneum lipid 
liposome (SCLL) 

Solution 2-AS 9-AS 16-AP DPH 

Amax a Or b Amax Or Amax Or Amax Or 

Without  SCLL 

With SCLL 

buffer 475 1 461 1 470 1 _ c 1 
hexadecane 448 15 441 20 450 23 430 101 

buffer 456 11 440 14 450 11 429 88 
3 0 % E t O H  456 9 440 10 450 9 429 43 
1 0 % n - P O H  456 11 440 17 450 19 429 118 
2 % n - B t O H  456 11 440 17 450 15 429 107 
l % n - P t O H  456 12 440 19 450 11 429 119 

a nm. 
b Calculated from the Area  Unde r  the  Curve (AUC) of emission spectra: Qr = ( A U C x / m ° l ) / ( A U C o / m o l )  where the subscripts, 

represent  any sample and buffer solution (without SCLL) of each probe. 
c Very weak fluorescence. 

x and o, 



ence fluorophore with a known absolute quantum yield 
was not made. Therefore, the measured Or values 
were used only for purposes of internal comparisons. 
Also, the Raman spectrum was measured with buffer 
alone and the contribution of this to the fluorescence 
spectra for each probe in buffer was less than 3%. 

As shown in Table I, when n-AF and DPH were in 
the nonpolar solvent, hexadecane, or incorporated into 
the SCLL, Qr values were significantly increased and 
the technical emission spectra were blue-shifted rela- 
tive to those in buffer. This is probably attributable to 
the increased hydrophobicity of the microenvironments 
of the fluorophores. Although there were some varia- 
tions in the Qr values with the n-alkanols in the SCLL, 
it may be concluded from the Qr and ,A.ma x results that 
the n-alkanols under iso-enhancement conditions do 
not appear to significantly alter the polarity of the 
microenvironment in the SCLL, which (as will be seen) 
is consistent with the lifetime results. Furthermore, 
when Ama x values in the SCLL were compared with 
those in hexadecane, all the probes showed the same 
)tma x values (except 2-AS which was red-shifted by 8 
nm) in the SCLL. For the 2-AS case, the result sug- 
gested that the probe was located near the polar inter- 
face and was accessible to water. 

Fluorescence lifetimes 
Fluorescence lifetime data are presented in Table II 

for DPH and n-AF in hexadecane and the SCLL. 
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Lifetime measurements were determined at 37°C where 
the SCLL are in the gel state. 

On the basis of the statistical criteria (reduced X 2) 
showing a goodness-of-fit, the measured phase shifts 
and demodulation factors were analyzed in terms of 
discrete multiexponentials and continuous distribution 
functions. For all the probes used in this study, the 
discrete monoexponential and the unimodal distribu- 
tion fits showed much higher reduced X 2 values (> 50) 
than the double exponential fits (reduced X 2= 1 to 2). 
Furthermore, bimodal distributions and more complex 
functions were not statistically better than the discrete 
biexponential function. We judged from these analyses 
that the discrete biexponential function with the mini- 
mum of free parameters was a good model. 

Most of the membrane-bound fluorescent probes 
including DPH and n-AF are known to display com- 
plex fluorescence decay characteristics. The subject of 
multiexponential decay of DPH fluorescence and the 
existence of a short lifetime component (less than 2 or 
3 ns) has been controversial. In the case of DPH, the 
origin of a second, short lifetime has been attributed to 
irreversible photolytic damage [44,45] or reversible 
photobleaching [46,47] of DPH fluorescence due to the 
prolonged exposure of the lipid or DPH to exciting 
light. Recently, however, Lentz [12] suggested that all 
of the anomalous spectral properties and fluorescence 
decay of DPH (or of a DPH-derivatives) were consis- 
tent with a dual-excited states (lAg*, 1Bu*) model. In 

TABLE II 

Fluorescence lifetime data for n-AF and DPH in the stratum corneum lipid liposomes (SCLL) and hexadecane 

Probe Alkanol ~'1 a (ns) f l  b "r 2 (ns) f2 ( z )  c (ns) red. X 2 a 

2-AS SCLL none e 4.92 0.72 0.71 0.28 3.74 0.7 
30% EtOH 5.15 0.72 0.50 0.28 3.85 1.5 
10% n-POH 5.08 0.75 0.67 0.25 3.98 1.6 
2% n-BtOH 5.03 0.72 0.71 0.28 3.82 1.3 
1% n-P tOH 5.00 0.73 0.70 0.27 3.84 1.7 

Hexadecane 12.43 0.73 1.19 0.27 9.40 2.0 

9-AS SCLL none ~ 8.29 0.72 1.21 0.28 6.31 1.2 
30% E t OH 7.82 0.73 0.55 0.27 5.86 0.9 
10% n -P OH 8.30 0.74 0.81 0.26 6.35 1.3 
2% n-BtOH 8.50 0.76 0.90 0.24 6.68 1.5 
1% n-PtOH 8.80 0.75 0.78 0.25 6.79 1.9 

Hexadecane 9.21 0.78 1.15 0.22 7.44 1.0 

16-AP SCLL none e 11.88 0.87 0.73 0.13 10.43 1.0 
30% E t OH 10.87 0.86 0.54 0.14 9.42 1.7 
10% n-POH 11.51 0.82 0.71 0.18 9.57 1.5 
2% n-BtOH 11.90 0.88 0.82 0.12 10.57 1.2 
1% PtOH 11.30 0.89 0.70 0.11 10.13 1.8 

Hexadecane 11.00 0.88 0.80 0.12 9.78 1.0 

Fluorescence lifetime. 
b Fraction of each lifetime component .  
c Average lifetime, ( r )  = fl~'t + f2~'2. 
d Reduced  X 2, the squared deviations between the observed and calculated phase shift and demodulat ion factor. 
e Buffer alone. 
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DPH, the lAg* state is slightly lower in energy than 
the 1Bu* state (AE = 0.4 to 2.4 kcal/mol), and excita- 
tion is via the symmetry-allowed 1Ag-lBu* transition, 
while emission is a mixture of a relatively strong, 
symmetry-forbidden (long lifetime) 1Ag*-lAg fluores- 
cence and weaker, symmetry-allowed (short lifetime) 
l Bu*-lAg fluorescence [48]. Therefore, DPH in mem- 
branes exhibits a long lifetime (8 to 12 ns) from the 
lAg*-~Ag transition and a shorter lifetime (close to 1 
ns) from the tBu*-lAg transition [49]. Also, it has been 
reported [49] that, as the concentration of DPH in- 
creases (higher than 10 -5 M), DPH dimerizes to allow 
more rapid decay of lAg*-lAg fluorescence (2 to 3 ns). 
In the present study, the final concentration of DPH 
was much lower than 10 -5 M and thus the origin of a 
short lifetime of DPH in the SCLL may not be due to 
the dimerization of DPH. From these considerations, 
the biexponential decay behavior of DPH in the SCLL 
or even in hexadecane as shown in Table II appears 
reasonable and the short lifetime components (close to 
1 ns) may result from the lBu*-lAg fluorescence. 

Heterogeneity analyses of n-AF by Matayoshi and 
Kleinfeld [50] demonstrated that the decay of n-AF in 
the phospholipid liposomes or in nonpolar solvents was 
also biexponential. These investigators proposed two 
discrete excited states (S Fc, S~ °) which are different in 
molecular configuration. The $1Fc (first excited state, 
Franck-Condon geometry)-S1 E° (first excited state, 
equilibrium geometry) transition involves an intra- 
molecular relaxation process occurring during the life- 
time scale. They associated a short lifetime component 
(1 to 2 ns) with S Fc and a longer component with S[ °. 
Their results also showed that photobleaching or the 
presence of a microheterogeneous site was not a prob- 
able origin of the short lifetime component for n-AF. 

Two lifetime components were observed in all of 
our lifetime measurements (Table II). In the case of 
n-AF, the longer lifetime accounted for 70-80% of the 
observed fluorescence, and 80-90% in the case of 
DPH. The n-alkanols had no significant effects on the 
mean lifetimes or on the fractions of the lifetimes of all 
the probes. However, a gradual increase in lifetime was 
observed as the probe moved deeper towards the bi- 
layer center (3-4 ns at C2, 6-7 ns at C9, 7-9 ns at C16, 
and 9-11 ns at the bilayer center). Also, the lifetime of 
2-AS was significantly lower in the SCLL than in 
hexadecane. This is probably due to the close proximity 
of 2-AS to the polar headgroups. The lifetimes of 
n-AF and DPH are known to be strongly dependent 
upon the dielectric constant (polarity) of the solvents 
but independent of the viscosity [12]. 

Therefore, in summary, it may be stated that firstly, 
there exists a polarity gradient in the SCLL bilayer, the 
polarity decreasing with depth in the bilayer; secondly, 
the n-alkanols under iso-enhancement conditions do 
not appear to change the polarity in the SCLL; thirdly, 
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Fig. 1. Steady-state anisotropy (r~) of DPH (open symbols) and ANS 
(closed symbols) as a function of the ethanol concentration in the 

DSPC/DSPA liposomes. 

these results are consistent with the fluorescent probes 
positioning at graded depths in the bilayer; fourthly, 
the n-alkanols do not significantly alter the fluorescent 
lifetimes of the probes positioned in the SCLL and 
therefore the steady-state anisotropy, rs~, values may 
be directly associated with fluidities of the microenvi- 
ronments. From this, it may be concluded that fluores- 
cent probe studies with n-AF and DPH positioned at a 
graded depths, from the lipid/water interface to the 
bilayer center, may yield information on the fluidity 
and polarity of the microenvironment where they are 
located in the SCLL. 

Steady-state anisotropy 
DSPC /DSPA multilamellar liposomes. Changes in 

the steady-state anisotropy (rss) with changes in the 
alkanol concentration using DPH as a hydrophobic 
probe and ANS as a polar head group region probe 
with DSPC/DSPA multilamellar liposomes as a model 
bilayer consisting of saturated and homogeneous alkyl 
chains are shown in Figs. 1-4. The r~ was measured at 
37°C which is below the phase transition temperature 
(55°C). 

With ethanol (Fig. 1), rs~ for DPH decreased mono- 
tonically up to 10%, leveled off at the higher concen- 
trations (15-30%), and then dropped off sharply at 
50% ethanol. Quasi-elastic light scattering and vesicu- 
lar permeability studies (unpublished data) showed that 
50% ethanol dissolves or lyses these liposomes. The r~ 
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Fig. 2. Steady-state anisotropy (rss) of DPH (open symbols) and ANS 
(closed symbols) as a function of the n-propanol concentration in the 

DSPC/DSPA liposomes. 
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Fig. 4. Steady-state anisotropy (r~) of DPH (open symbols) and ANS 
(closed symbols) as a function of the n-pentanol concentration in the 

DSPC/DSPA liposomes. 

values for ANS decreased monotonically up to 50%. 
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Fig. 3. Steady-state anisotropy (r,s) of DPH (open symbols) and ANS 
(closed symbols) as a function of the n-butanol concentration in the 

DSPC/DSPA iiposomes. 

The results obtained with n-propanol, n-butanol, 
and n-pentanol (Figs. 2-4) were similar. The r~ for 
DPH exhibited a modest biphasic pattern in each in- 
stance and the rss values for ANS were relatively 
constant over the concentration ranges investigated. 

The percent change in rs~ for DPH and ANS for 
each of the n-alkanols at iso-enhancement concentra- 
tions (i.e., 30% ethanol, 10% n-propanol, 2% n-butanol. 
and 1% n-pentanoI) is presented in Table III. Positive 
values represent decreases in anisotropy in the pres- 
ence of the n-alkanols, indicating increases in fluidity. 
The increases in fluidity at the polar interface (ANS 
results) decreased with increasing chain length of the 
n-alkanols: the largest increase in fluidity here took 
place with 30% ethanol, the effects were only about 

TABLE III 

Percent change in the steady-state anisotropy (r~s (%)) of DPH and 
ANS induced by the n-alkanols under iso-enhancement (E = 10) condi- 
tions in the DSPC / DSPA h'posomes 

rss (%)=[{rss (buffer)-  rss (alkanol)}/rss (buffer)l×100. 

Alkanol rss (%) 

ANS DPH 

30% ethanol 63.3 8.7 
10% n-propanoi 16.7 - 2.9 
2% n-butanol 10.0 10.9 
1% n-pentanol 3.3 - 1.3 
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Fig. 5. Depth-dependent effects of the n-alkanols under iso-enhance- 
ment (E= 10) conditions on the steady-state anisotropy (r~s) ob- 
tained with n-AF (2-AS, 9-AS and 16-AP) in the DSPC/DSPA 
liposomes. Symbols: open circles (buffer); closed circles (30% 
ethanol); closed squares (10% n-propanol); closed diamonds (2% 
n-butanol); closed triangles (1% n-pentanol). The means of the rss 
values in the presence of n-aikanols (closed symbols) were statisti- 
cally different from those in buffer (open symbol), P < 0.05, Student's 

t-test, except in 30% ethanol at C-2 region. 

one-fourth as large with 10% n-propanol and they 
diminished even further with n-butanol and n-penta- 
nol. Fluidity changes in the deeper hydrocarbon region 
close to the bilayer center were not indicated by the 
DPH results under iso-enhancement (E = 10) condi- 
tions. 

Assessment of the depth-dependent effects of the 
n-alkanols was made using n-AF (2-AS, 9-AS, and 
16-AP). As shown in Fig. 5, there was a modest fluidity 
gradient for the DSPC/DSPA liposomes going from 
the polar interface towards the bilayer center, which is 
consistent with ESR [37] and 2H-NMR [38] results 
obtained with DPPC liposomes. All the n-alkanols 
under iso-enhancement conditions exhibited similar ef- 
fects, with the largest increase in fluidity occurring in 
the middle region (C9). Near the polar interface (C2) 
and near the lipid bilayer center (C16), the fluidities 
appeared to decrease somewhat when the n-alkanols at 
iso-enhancement concentrations were added. 

The biphasic anisotropy profiles for DPH as a func- 
tion of the alkanol concentration (Figs. 1-4) and the 
decreased fluidity at C2 and near the bilayer center 
(C16) (Fig. 5) would be consistent with the induction of 
an interdigitated gel phase (L~I) in the presence of the 

short chain n-alkanols. Interdigitation has been a well 
recognized phenomenon for saturated symmetric and 
asymmetric phospholipid bilayers [39-41]. These alka- 
nols may intercalate and perturb the regions between 
polar head groups and/or  slightly below polar head 
groups. The consequential increase in the interracial 
area makes voids within the bilayer core and thus two 
apposing hydrocarbon chains may interdigitate to mini- 
mize free energy [41]. This interdigitation behavior 
depends on the concentrations of the alkanols [42,43]. 
At relatively high concentrations (higher than 10% 
ethanol, 5% n-propanol, 1% n-butanol, and 0.5% n- 
pentanol), there might be abrupt decreases in the 
bilayer thickness and increases in the order (packing 
density) of the lipid alkyl chains in the DSPC/DSPA 
liposomes. 

Stratum corneum lipid liposomes (SCLL). HAF 
rather than ANS was used as a polar interface region 
probe since it was found that ANS did not bind well to 
the SCLL as indicated by very low fluorescence inten- 
sity. As mentioned before, the positive charge of the 
choline moiety may be required for the binding of ANS 
to the lipid bilayers. Therefore, ANS binds well to 
phosphatidylcholine and sphingomyelin which contain 
choline moieties but does not bind well to the other 
lipids such as phosphatidylserine, phosphatidylinositol, 
phosphatidic acid, cardiolipin, and gangliosides [30,31]. 
Thus, the poor binding of ANS to the SCLL is proba- 
bly due to the lipid composition of the SCLL (i.e., 
ceramides, free fatty acids, cholesterol, and cholesteryl 
sulfate). 

In the present study, the rss was measured with 
HAF in the SCLL and DSPC/DSPA liposomes and 
compared with ANS in the DSPC/DSPA liposomes. 
The effects of 30% ethanol in increasing the fluidity of 
the polar interface region were similar for the SCLL 
(70% change in rss with HAF) and the DSPC/DSPA 
liposomes (59% with HAF). Also, HAF appeared to 
sense the same microenvironment as ANS with the 
DSPC/DSPA liposomes (63%). 

The fluidity changes in the polar interface region 
(HAF results) and the deep hydrocarbon interiors 
(DPH results) caused by the n-alkanols with the SCLL 
under iso-enhancement conditions are shown in Table 
IV. These results obtained with the SCLL were very 
similar to those obtained with the DSPC/DSPA lipo- 
somes (see Table III). The data are consistent with the 
view that, under iso-enhancement conditions, the in- 
creases in fluidity at the polar interface decrease as the 
carbon number of the n-alkanol increases. Although 
the effects were small, there appeared to be some 
increase in fluidity in the deep hydrocarbon region of 
the SCLL with all the n-alkanols at iso-enhancement 
concentrations. 

The steady-state anisotropy data obtained for n-AF 
in the SCLL are presented in Fig. 6. The rs~ patterns 



TABLE IV 

Percent change in the steady-state anisotropy (rss (%)) of  DPH and 
HAF induced by the n-alkanols under iso-enhancement (E = 10) condi- 
tions in the SCLL 

rss (%) ~ [{rss ( bu f f e r ) -  rss (alkanol)}/rss (buffer)] X 100. 

Alkanol rss (%) 

H A F  D P H  

30% ethanol 70.8 9.3 
10% n-propanol 28.5 10.5 
2% n-butanol 6.9 5.2 
1% n-pentanol  5.6 12.0 

with the SCLL differ significantly from those of the 
DSPC/DSPA liposomes (see Fig. 5). First, in buffer 
only, there was little or no change in fluidity in the 
C2-C9 region, followed by a large increase in fluidity 
at C16 for the SCLL, while there was a more modest 
and gradual increase in fluidity for the DSPC/DSPA 
liposomes over this range. This result may be due to 
the heterogeneous (varying chain length) lipid compo- 
sition of the SCLL. Most of the significant changes in 
fluidity caused by the n-alkanols occurred at the inter- 
mediate depths (C2-C9) and there were no significant 
changes in fluidity in the bilayer center region (C16). In 
the upper region (C2), the largest fluidity increase was 
obtained with 30% ethanol and as the chain length of 
the n-alkanol increased, the increases in the fluidity 
decreased. The opposite result was obtained in the 
middle region (C9) with 1% n-pentanol showing the 
largest fluidity increase. 

Quantification of the fluidity parameters from the 
steady-state anisotropy (rss) and lifetime (~) data in the 
SCLL 

As mentioned in the Introduction, rs. may be re- 
solved into the two components, a static part (r~), 
which is proportional to the square of the order param- 
eter, and a dynamic part ( r f ) ,  which is related to the 
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Fig. 6. Depth-dependent  effects of  the n-alkanols under  iso-enhance- 
ment  (E  = 10) conditions on the steady-state anisotropy (r~) ob- 
tained with n-AF (2-AS, 9-AS and 16-AP) in the  S C L L  Symbols: 
open circles (buffer); closed circles (30% ethanol); closed squares 
(10% n-propanol); closed diamonds (2% n-butanol); closed triangles 

(1% n-pentanol).  

rotational correlation time and proportional to the 
microviscosity [10,16,17]. For the purpose of quantifica- 
tion, it is assumed that the rss of DPH is mainly 
determined by its static component (r~) while that of 
n-AF is assumed to predominantly reflect the dynamic 
component (rf). Therefore, it is believed reasonable to 
assume that the fluidity parameters for DPH are in- 
versely proportional to the 'order parameter (S)' (i.e., 
lipid packing density) and those for n-AF are inversely 
proportional to the 'rotational correlation time (~b)' 
(and proportional to the microviscosity); time-resolved 

T A B L E  V 

Effects of  the n-alkanols at the iso-E concentrations on the fluidity parameters obtained with DPH in the straum corneum lipid liposomes (SCLL) 

Alkanol  rs s a ra  ° b S b r ~  c S c 

None d 0.248 + 0.005 0.231 0.777 0.223 0.763 
30% E tOH 0.225 + 0.008 0.200 0.722 0.192 0.708 
10% n-POH 0.222 + 0.007 0.196 0.716 0.188 0.701 
2% n-BtOH 0.235 + 0.003 0.213 0.746 0.206 0.733 
1% n-PtOH 0.178 -I- 0.010 0.137 0.598 0.131 0.585 

a Steady-state anisotropy. Means  and standard deviations of five determinat ions with three independent  experiments.  
b Limiting hindered anisotropy (r®) and order  parameter  (S) calculated from the empirical relationship of r® to r~s (Van Blitterswijk et al. [16]): 

r® = (4/3)rss - 0 . 1 0  for 0.13 < rss < 0.28 and S 2 = r®/r o where r o is the  maximum anisotropy (0.383). 
c Calculated from the empirical relationship of r® to r~ (Van der Meer  et al. [17]): r®= ror2/[ror~ + ( % -  rs~)2/m] where r o = 0.386 and 

m = 1.71 for DPH. 
d Buffer alone. 
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anisotropy decay studies should be helpful in more 
firmly establishing this approach. 

As shown in Table V, the r® values of DPH in the 
SCLL were estimated from the two empirical relation- 
ships of r~ to r~, which were theoretically derived and 
experimentally verified [16,17]. Furthermore, estimated 
roo values were used to calculate the order parameter, 
S (square root of r®/r o, where r o is the maximum 
anisotropy of DPH). It could be seen in Table V that, 
firstly, r® values were close to rs~ values, which sug- 
gests that the static component contributed signifi- 
cantly to the observed anisotropy; secondly, the two 
empirical relationships gave very similar values for the 
order parameter; thirdly, the n-alkanols appeared to 
have induced decreases in the order parameter (i.e., 
decreased lipid packing density), especially with n-pen- 
tanol. 

The order parameter, S, referred to here may be 
associated with that defined and used in 2H-NMR and 
ESR techniques. However, it should be mentioned that 
in the case of DPH, it represents the local order of the 
average location of DPH in the SCLL, while in the 
case of 2H-NMR and ESR studies, it is the local order 
parameter of a particular alkyl chain segment [16]. It 
has been shown that S values of DPH agree with 
2H-NMR values of C10-C12 regions with the DPPC 
liposomes [10]. 

Table VI shows the results with n-AF in the SCLL. 
The rotational correlation times (~b) and the conse- 
quent rotational rates (R) in Table VI represent the 

mean values (actually, harmonic mean for ~b and arith- 
matic mean for R) since most of the membrane-bound 
probes have two $ values which cannot be resolved 
from the steady-state measurement and the Perrin 
equation. In the present study, < $ > and < R > were 
calculated from the Perrin equation under the assump- 
tion of no hindered rotation (r~ = 0). The reasons for 
this assumption are as follows: n-AF is expected to 
have two rotational modes (i.e., in-plane rotation 
(hindered) and out-of-plane rotation (unhindered)) and 
these two modes are dependent on the excitation wave- 
length [7]. However, there is evidence that the rotation 
of n-AF at the excitation wavelength (365 nm) used in 
this study is unhindered (roo = 0) [52]. As mentioned 
before, two empirical relationships for n-AF have been 
developed, which relate rss to r= [17,18]. However, it 
should be mentioned that both empirical relationships 
were obtained from rss and r= data measured at longer 
excitation wavelengths (around 380 nm). At this excita- 
tion wavelength, hindered in-plane rotations are mainly 
detected [7]. Therefore, the ro~ values calculated from 
the rs~ values (measured at 365 nm) using these empiri- 
cal equations may be overestimated. The time-resolved 
anisotropy decay or the differential phase measure- 
ments may be employed for determining the values for 
~bs and r=. However, for a probe with two correlation 
times and hindered rotation, it may not be easy matter 
to obtain the accurate and reliable values from the 
time-resolved measurements. 

As can be seen in Table VI and plotted in Fig. 7, 

TABLE VI 

Effects of  the n-alkanols on the fluidity parameters obtained with n-AF in the stratum corneum lipid liposomes (SCLL) 

Probe Alkanol rs s a (~.) b (ns) (t#> c (ns) ( R )  d (ns -1)  

2-AS none e 0.116 + 0.002 3.74 3.81 0.044 
30% E t OH 0.068 4- 0.002 3.85 1.62 0.103 
10% n-POH 0.090 4- 0.003 3.98 2.56 0.065 
2% n-BtOH 0.092 4- 0.003 3.82 2.55 0.065 
1% n-PtOH 0.102 + 0.003 3.84 3.06 0.054 

9-AS none ~ 0.114 4- 0.002 6.31 6.20 0.027 
30% E t OH 0.096 + 0.005 5.86 4.20 0.040 
10% n-POH 0.082 4- 0.002 6.35 3.52 0.047 
2% n-BtOH 0.080 + 0.002 6.68 3.56 0.047 
1% n-P tOH 0.074 4- 0.0002 6.79 3.22 0.052 

16-AP none e 0.041 4- 0.003 7.73 1.68 0.099 
30% E t O H  0.039 5:0.004 8.11 1.66 0.100 
10% n-POH 0.044 4- 0.003 7.91 1.87 0.089 
2% n-BtOH 0.042 4- 0.002 8.25 1.84 0.091 
1% n-PtOH 0.049 + 0.002 8.42 2.27 0.073 

a Steady-state anisotropy. Means  and s tandard deviations of five determinat ions with three independent  experiments.  
b Average fluorescence lifetime. Two lifetime components  were measured  for all the  probes (biexponential decay). ( r )  = f l r l  + f272 where f 

and ¢ represent  the fractional intensity and lifetime of each component .  
c Average rotational correlation time calculated from the Perrin 's  equation under  the assumption of no steric hindrance in the probe rotation: 

((a) ffi ( ¢ ) / ( ( r  o / r ~ ) - 1 )  where ro  is the maximum anisotropy (0.23 [7]). 
d Average rotational rate (average of  in-plane and out-of-plane rotations of probe). ( R )  = 1 / ( 6 ( ~ ) ) .  
* Buffer alone. 
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Fig. 7. Effects of the n-alkanols under iso-enhancement (E = 10) 
conditions on the average rotational correlation time (< 4> > ) ob- 
tained with n-AF (2AS, 9AS, and 16AP) in the SCLL. Symbols: open 
circles (buffer); closed circles (30% ethanol); closed squares (10% 
n-propanol); closed diamonds (2% n-butanol); closed triangles (1% 

n-pentanol). 

< 4> > in buffer increased from C2 (3.81 ns) to C9 (6.20 
ns) and then decreased dramatically at C16 region 
(1.68 ns). This result suggests that in the SCLL the 
most viscous (ordered) region is at the middle depths 
and the most fluid region near the bilayer center. The 
decreases in rss caused by the n-alkanols at C2 and C9 
regions may be interpreted to be mainly due to the 
decreased rotational correlation time (or increased ro- 
tation rate of the fluorophore) since there were no 
significant changes in lifetimes. Calculated values of 
< R > as a fluidity parameter for n-AF in the SCLL 
showed around 2-fold increases in fluidity by the n-al- 
kanols under iso-enhancement conditions at the inter- 
mediate depths (C2-C9) and no changes in fluidity 
near the bilayer center; 30% ethanol showed the biggest 
effect at the C2 region and 1% n-pentanol at the C9 
region. 

Relationship of this work to the mechanism(s) of  stratum 
corneum transport enhancement induced by the n-al- 
kanols 

First, lipid extraction has been suggested as the 
principal mechanism by which n-alkanols enhance per- 
cutaneous absorption for the lipoidal pathway of the 
stratum corneum [53]. However, at least in hairless 
mouse skin studies, we have shown that (a) exposure of 

hairless mouse skin to aqueous alkanols at iso-en- 
hancement (E = 10) concentrations do not cause irre- 
versible changes and (b) size changes (measured by 
quasi-elastic light scattering) of SCLL induced by the 
n-alkanols are reversed upon dilution. Therefore, lipid 
extraction cannot explain the effects of the alkanols as 
transport enhancers at these modest n-alkanol levels 
and the likely explanation resides in some kind of 
reversible interaction between the n-alkanols and the 
stratum corneum lipid bilayers. 

The present work and earlier FTIR studies suggest 
the interaction between the n-alkanols and the stratum 
corneum lipids does not lead to gross lipid alkyl flu- 
idization but rather to a 'local' increase in fluidity near 
the polar interface and/or  in a region of intermediate 
depth from the polar interface. The FTIR studies of 
the effects of the short chain n-alkanols at iso-enhance- 
ment concentrations on the stratum corneum lipid and 
phospholipid alkyl chain packing, mobility, and confor- 
mational order have provided no evidence for gross 
lipid alkyl chain fluidization in the gel phase by the 
n-alkanols. These investigations suggested therefore 
that possible mechanism(s) may involve (a) the polar 
head region, (b) the interracial regions between possi- 
ble interdigitated and noninterdigitated phases result- 
ing from the gel phase segregation, and (c) low popula- 
tions of highly mobile gel or liquid-crystalline phases 
[5,6]. 

The present fluorescence anisotropy study supports 
this view that the appropriate microenvironment 
(primary action site) in the stratum corneum lipid 
bilayer for transport enhancement of lipophilic drugs 
induced by short chain n-alkanols is the intermediate 
depth region (C2-C9), where the lipid alkyl chains are 
highly ordered and densely packed, rather than the 
deep hydrophobic interior. The n-alkanols, at iso-en- 
hancement (E = 10) concentrations, induced increases 
in fluidity of around a factor of two in this intermedi- 
ate depth region and caused small increases in fluidity 
in the region near the bilayer center. Thus, the E 
values are not quantitatively proportional to the fluid- 
ity values. Possible reasons for this are the following: 
(a) it is not clear whether the rotational motion of the 
fluorophore should be a correlate of the translational 
diffusion of a permeant. The 'cavity volume' involved 
in the rotational motion of the fluorophore might be 
significantly smaller than the 'free volume' required for 
diffusion of large steroid molecules; (b) the enhance- 
ment factor, E, may be dependent on the molecular 
size of the permeant; Liu [55] found that large steroids 
like /3-estradiol, estrone, and hydrocortisone were en- 
hanced 10-fold by 30% ethanol whereas ethanol as a 
permeant was enhanced only 2- to 3-fold; (c) the en- 
hancement factor accounts for both the permeant's 
partitioning tendency and diffusivity [1]; it is expected 
that lipid fluidization by the n-alkanols in the rate- 
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limiting microenvironment would increase both the 
partitioning tendency and diffusivity for a permeant, 
yielding a squaring effect upon E. 

The present data do not support the view that 
interdigitation is of great importance in the interaction 
of the n-alkanols with SCLL. Firstly, DPH results in 
Table IV showed no increased order under iso-en- 
hancement conditions and the profile of rss as a func- 
tion of the ethanol concentration showed no biphasic 
effect (data not given); secondly, there was no de- 
creased fluidity in the presence of the n-alkanols near 
the bilayer center, which is expected for the interdigita- 
tion phenomena; thirdly, the ethanol induction of the 
interdigitated gel phase is known to be prevented by 
the presence of 20 mol% or higher cholesterol [39]. 
The SCLL contains approx. 25% cholesterol. 

A probable mode of action of short chain alkanols 
in the enhancement of the lipoidal pathway for perme- 
ation may therefore involve the polar head region of 
the bilayer or the region slightly below this polar head 
plane (intermediate depths, C2-C9) or both. Anderson 
and Raykar [54] have pointed out that permeant func- 
tional group contributions to permeant transport across 
stratum corneum are most consistent with the rate- 
limiting microenvironment being significantly more po- 
lar than would be the case for pure hydrocarbon. Short 
chain n-alkanols may solvate the lipid/water interface, 
intercalating and disrupting the interactions of the 
upper regions of alkyl chains and the interactions be- 
tween the polar head groups. This could result in an 
increase in the effective interracial area, increases in 
fluidity of the lipid alkyl chain, and thereby an increase 
in both diffusivity and partitioning tendency for a per- 
meant in these microenvironments of the stratum 
corneum lipid bilayers. 
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