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The stratum corneum is considered to be tile diffusional barrier of mammalian skin for water and most solutes. The intercellular 
lipid multilayer domains of the stratum comeum arc believed ~.o bc the diffusional pathway for most lipophilic solutes. 
Fluidization of the lipid multilayers in the presence of ethanol is frequently conceived to result in enhanced permeation. Current 
investigations address the effeel of ethanol on the phasc behavior in terms of stratum corneum lipid alkyl chain packing, mobility 
and conformational order as measured by Fourier transform infrared (FTIR) spcc~",,scopy. Phospholipid multilamellar vesicles 
were also studied as model systems. There appeared to be no effect of ethanol on either the solid-solid phase transition or the 
gel phase interchain coupling of the stratum corneum lipids. However, there was a reduction in the mobility of the alkyl chains in 
the presence of ethanol. Possible mechanistic relationships between the current FTIR spectroscopic results with available 
literature data of ethanol induced lipophilic solute penetration enhancement through the skin are discussed. 

Introduction 

Current interest in transdermai delivery of medici- 
nal agents into systemic circulation has prompted the 
use of solvents (penetration enhancers) to reduce the 
barrier properties of the skin. The outer layer of the 
skin, the stratum corneum, exhibits the greatest resis- 
tance to diffusion through skin [1-5]. The diffusional 
pathway through the stratum corneum is dependent on 
the physicoehemieal properties of the diffusing solute, 
whereby nonpolar solutes permeate through a iipophilic 
domain and polar solutes diffuse through a more polar 
environment [1-5]. The ordered multilayer structure of 
the stratum corneum interstitial lipids is proposed to 
control the permeation of nonpolar solutes through the 
skin [3]. The thermally dependent increased perme- 
ation of n-alkanols [1,4,5] and hydrocortisone [4,5] 
through the stratum corneum is believed to result from 
fluidization of the lipid multilayers. Knutson et al. [5] 
have also demonstrated an abrupt permeation en- 
hancement of selected solutes through the hairless 
mouse stratum corneum lipids during the gel to liquid- 
crystalline phase transition. 

Correspondence to: K. Knutson, Department of Pharmaceutics/ 
CCCD, University of Utah, 421 Wakara Way, Salt Lake City, UT 
84108, USA. 

Several solvents or penetration enhancers, :;uch as 
oleic acid [6], dimethylsulfoxide [7] and Azone R [8] 
have demonstrated membrane perturbing effects re- 
sulting in permeation enhancement thro~:gh the skin at 
physiologic temperature. Recently, Higuchi et al. [9] 
have shown the enhancement of/3-estradiol and hydro- 
cortisone through hairless mouse skin in the presence 
of ethanol. It was concluded in the latter study th:~t 
ethanol enhances permeation by fluidizing the intersf - 
tiai lipid multilayers, thus reducing the diffusional re- 
sistance of the pathway. Tillotson et ai. [10] demon- 
strated the enhanced efflux of the fluorescent dye, 
6-carboxyfluorescein, from rat intestinal microvillus 
membrane vesicles in the presence of ethanol. How- 
ever, an ethanol induced increase in membrane lipid 
fluidity was not detected. 

Lipid fluidization effects by ethanol have been ob- 
served in model lipid membranes and biomembranes 
with spin probe [11-16] and fluorescence depolariza- 
tion [13,17-20] measurements. The thermotropic 
phases of the lipid membranes are not identified in 
many of the aforementioned investigations [11- 
13,15,17,19,20]. Most biomembranes are in the liquid- 
crystalline phase above room temperature. Therefore, 
the results reported are assumed to reflect the ethanol 
effects on membranes in the liquid-crystalline phase. 
These results agree with the ethanol fluidizing effects 
of lipid membranes in the liquid-crystalline phase re- 
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ported by Pang et al. [14], Chin and Goldstein [16] and 
Harris et al. [18]. 

Studies of ethanol effects on lipid membranes in the 
gel phase are more limited. A reduction in the gel to 
liquid-crystalline phase transition temperature of phos- 
pholipid bilayers in the presence of ethanol has been 
reported [21-24]. Rowe [21,22] has demonstrated an 
ethanol concentration dependent decrease followed by 
an increase in the transition temperature of model 
phospholipid bilayer membranes. It was concluded that 
ethanol at low concentrations preferentially acts on the 
fluid region of the bilayer resulting in a freezing point 
depression. At higher concentrations, ethanol was be- 
lieved to stabilize the gel phase. The X-ray diffraction 
studies of Simon and Mclntosh [25] have shown that 
high concentrations of ethanol induce an interdigitated 
gel phase in DPPC bilayer membranes under the same 
experimental conditions as the investigations reported 
by Rowe [21,22]. 

Thus, the effects of ethanol on the lipid membranes 
are dependent on the phase of the membrane. Skin 
permeation studies support the concept of ethanol 
induced lipid fluidization [9]. A relationship between 
thermal fluidization nf the stratum corneum lipid alkyl 
chains with alterations in the gel phase packing, mobil- 
ity and conformational order and thermally enhanced 
permeability has been previously established [26]. The 
current investigation addresses the specific influence of 
low ethanol concentrations on the stratum corneum 
lipid multilayer thermotropic phase behavior and the 
lipid structural alterations below the solid-solid phase 
transition (~ 43°0. The altered transport of solutes 
through the stratum corneum is discussed in relation to 
the observed ethanol mediated effects on the stratum 
corneum lipid multUayer structural properties. 

Materials and Methods 

Stratum corneum preparation 
Male hairless mice (SKH-HR-I strain, Skin Cancer 

Hospital, Temple UniversiW, Philadelphia, PA) be- 
tween 56 and 200 days old were used as a source of 
abdominal stratum corneum. A detailed description of 
the enzymatic separation of the stratum corneum from 
the epidermis has been previously reported [4]. After 
vacuum desiccation, the stratum corneum abdominal 
sheets were stored in desiccators over Drierite R (W.A. 
Hammond Drierite, Xenia, OH) until used. 

Stratum ¢orneum samples were rehydrated by sus- 
pending them in a chamber with vapor in equilibrium 
with deuterium exide (D20, Sigma, St Louis, Me) or 
deionized water (H20) for 20 to 42 h. All D20-treated 
sample manipulations were performed in a nitrogen 
atmosphere to prevent deuterium exchange with 
atmospheric hydrogen. 

Distearoylphosphatidylcholine / distearoylphosphatidic 
acid (DSPC / DSPA) and dipalmitoylphosphatidyi- 
choline/dipalmitoylphosphatidic acid (DPPC / DPPA) 
multilameilar vesicle (MLV) preparation 

The DSPC, DSPA, DPPC and DPPA phospholipids 
(Sigma, St. Louis, Me)  were used as obtained from the 
supplier. The vesicle preparation technique has been 
described in detail elsewhere [27]. Briefly, the iipids 
were dissolved in chloroform to form a 96" 4 (DSPC/ 
DSPA or DPPC/DPPA) molar ratio. The solution was 
kept at -4°C until used. A quantity of lipid chloroform 
solution was pipetted into a 500 ml round bottom flask 
and placed on a rotating evaporator (Buchi, Switzer- 
land) with the water bath maintained at 70°C and 50°C 
for the DSPC/DSPA and DPPC/DPPA suspensions, 
respectively. These temperatures arc well above the 
phospholipids' gel to liquid-crystalline phase transi- 
tions. A stream of nitrogen was passed over the solu- 
tion during the evaporation of chloroform resulting in 
the deposition of a thin lipid film onto the walls of the 
flask. The lipid film was vacuum dried (10 -4 Torr) for 
one to two hours to remove the residual chloroform. 
Under a nitrogen atmosphere, 5 ml of D,O were 
added to the flask giving a final lipid concentration of 
50 raM. The suspension was rapidly rotated (approx. 75 
rpm) at the selected temperature until a 'milky white' 
suspension was formed (approx. 15 min). The MLV 
suspension was placed in a vial under nitrogen and 
cooled slowly overnight to room temperature. A 30% 
v/v perdeuterated ethanol/MLV (CD3CDzOD, Sigma, 
St. Louis, Me)  suspension was prepared in a similar 
manner and allowed to equilibrate overnight. 

The preparation of electron microscopic samples 
from vesicle suspensions is described by Forte and 
Nordhausen [28]. Samples of the DSPC/DSPA vesicle 
suspension with and without ethanol were examined at 
a magnification of 14550X with a JEM 100CXII trans- 
mission electron microscope (JEOL, Peabody, MA). 
The presence of multilamellar vesicles under both ex- 
perimental conditions was established. No other struc- 
tures were observed. 

Stratum corneum thermal perturbation experiments 
The rehydrated samples were immersed in a solvent 

(D20, 20% (v/v) perdeuterated ethanol/D20, 36.7% 
(v/v) perdeuterated ethanol/D20 or 75% (v/v) 
ethanol (CH 3CH2OH)/H 20) (200 proof, ethyl alco- 
hol, USI, Tuscola, IL) for 6 h. The samples were sealed 
between two zinc selenide discs and placed in a 
Barnes-SpectraTech (Stamford, CT) temperature con- 
trolled cell. Isothermal conditions were maintained 
(:t: 0.25°C) with an Omega (Stamford, CT) temperature 
controller. 

Absorbance spectra (0.5 cm-~ resolution, 256 scans, 
noise level of 0.1, zero fill factor of two and triangular 
apodization) were obtained with a Di~iIab FTS 20/80 



(Cambridge, MA) Fourier transform infrared (FTIR) 
spectrometer equipped with a nitrogen cooled, narrow 
band MCT detector over the 3900 to 900 cm- ' region. 
Individual spectra were recorded at selected tempera- 
tures between 30 and 80°C under isothermal conditions 
over a 4-h period. 

Membrane reuse experimaus 
The rehydrated stratum corneum was placed on a 25 

mm zinc selenide disc wetted with D20 and inserted 
into a H rick (Harrick Scientific, Ossining, NY) sam- 
ple holder. Two 50 #m polyethylene half-spacers were 
placed around the sample. Additional D20 was added 
prior to sealing the sample between the two discs. The 
sample was allowed to equilibrate with D,O for 2-3 h. 
A spectrum (2.0 cm-~ resolution, 1024 scans, zero fill 
fiictor of four, noise level 0.1 and triangular apodiza- 
tion) was obtained at 29°C. The D.~O was replaced in 
the void space between the two zinc selenide discs by 
initially flushing with (1.5 mi of a 30% v/v perdeuter- 
ated ethanol /D20 solution through the ports of the 
sample holder. This was followed by 0.2 ml flushes 
every 10 rain for a total of 2 h. A second spectrum was 
obtained of the sample under identical spectral condi- 
tions. 

Vesicle thermal perturbation studies 
Thermal perturbation FTIR experiments were per- 

formed in a similar manner as previously described. A 
drop of MLV suspension was sealed between two zinc 
selenide crystals incorporating a 50 tzm polyethylene 
spacer. The sample was placed in the controlled tem- 
perature cell and spectra (1 cm- ~ resolution, 256 scans, 
zero fill factor of two, noise level 0.1 and triangular 
apodization) were recorded under isothermal condi- 
tions at selected temperatures between 30 and 70°C 
during a 3-h period. 

The data presented are averages of three samples 
(unless otherwise stated) + the standard deviation. 

Tile wavenumber positions of the CH 2 asymmetric 
and symmetric stretching vibrations wetc dt~i.ermined 
by the center of gravity of the upper 5% (95% of band 
height) of the band. Bandwidth calculations were made 
at 70% of the band height. The algorithms for the 
above calculations are described in the literature [29]. 
The wavenumber positions of the CH e stretching vi- 
brations of the 75% ethanol/H=O-treated stratum 
corneum samples were determined following deconvo- 
lution of the 2960-2800 em-~ spectral region. Decon- 
volution was necessary due to the interference of the 
ethanol methylene stretching vibrations in the region 
of the stratum corneum CH z stretching modes. The 
interferences would otherwise have compromised the 
center of gravity at 95% of band height calculations. 
Spectral deconvolution parameters were varied as 
needed (halfwidth: 8 to 20, K: 2 to 2.5). The stratum 
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Fig. I. Band position of the deconvolved (halfwidth = 8, K = 2) CH, 
scissoring deformation, vibrations (1467 cm- t  band of doublet antJ 
1472 cm -t  singlet) in excess D20 (B), 20% perdeuterated 

e thanol /D20 (O) and 36.7% perdeuterated ethanol/D~O ( zx ). 

c o r n e u m  C H  2 scissoring deformation vibrational band 
positions were determined from deconvolved spectra 
(halfwidth: 8, K: 2). 

Kesuits 

The presence of a CH 2 scissoring doublet to ringlet 
transition has been demonstrated in model lipid sys- 
tems to result from a change in the gel phase packing 
of the lipid alkyl chains [30]. The transition is present 
in the stratum corneum lipid muitilayers near 43°C 
(Fig, 1). An ethanol effect on the solid to solid phase 
transition and the gel phase packing of the stratum 
corneum lipid alkyl chains appears to be absent. This 
implies that the interchain interactions are similar in 
the three studies. Ethanol effects were also not ob- 
served with stratum corneum in the presence of 75% 
ethanol/water solutions. 

Fig. 2 illustrates the CH 2 symmetric stretching 
bandwidth at 70% height as a function of temperature 
and ethanol concentration. The bandwidth is known to 
be sensitive to the freedom of vibrational and torsional 
motion of the lipid methylene groups within their im- 
mediate environments [31]. The mobility of the stratum 
corneum lipid alkyl chain methylene groups is slightly 
enhanced above the solid-solid phase transition (~ 
43°C). Although the data are erratic due to inter-mouse 
variation, the transition region between 50 and 70°C 
appears to demonstrate a concentration dependent 
increase in bandwidth. Analysis of the regression coef- 
ficients (slope and yAntercept) of the linear portion of 
the transition regions of the three treatments indicates 
that there are significant differences in the y-intercepts 
of the three lines at the 95% confidence level. There 
are no significant differences between the slopes. There 
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Fig. 2. CH, symmetric stretching bandwidth (cm - ~ ) at 70% of band 
height as a function of temperature in excess D:O (11), 20% 
perdeuterated e thanol /D,O (Q) and 36.7% perdeuterated 

ethanol/D,O ( ~ ). 

appears to be no observable ethanol effect on the CH 2 
symmetric stretching bandwidths below 55°C. 

The stratum corneum CH2 s.vmmetric stretching 
band wavenumber positions as a function of tempera- 
ture in the presence of 0, 20 and 36.7% perdeuterated 
ethanol/D20 solutions are shown in Fig. 3. The vibra- 
tional band position reflects the ratio of trans to gauche 
conformers of a lipid alkyl chain [32]. An absorbance 
near 2848 cm -t  indicates a highly conformationally 
ordered (nearly all trans) chain [32], while a shift to 
higher wavenumbers reflects an increase in gauche 
conformer population [31]. No observable shift in band 
position is noted below 55°C in the presence of ethanol 
as compared to D20, 

i!i iti iI 

t i 

30 40 50 60 ~0 80 

TEMPERATURE (C) 

Fig, 3. CH: symmetric stretching band position (em-l)  as deter- 
mined by center of gravity at 95% of band height as a function of 
temperature in excess D20 (11), 20% perdeuterated ethanol/D20 

(O) and 36.7% perdeuterated ethanol/D,O ( z~ ). 
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Fig. 4. CH, symmetric stretching bandwidth (cm- I )  lit 70% band 
h,~ight as a function of temperature for DPPC/DPPA MLV in IIX)% 
D20 ( I ) ,  DPPC/DPPA MLV in 30% perdeuteratcd ethanol/D:O 
([]), DSPC/DSPA MLV in IIX}~ D,O ( ~ ) and DSPC/DSPA 

MLV in 30% perdeuterated ethanol/DeO ( ~ ). 

A noticeable shift to lower temperatures in the gel 
to liquid-crystalline phase transition is observed above 
55~C (Fig. 3). This reduction in the transition tempera- 
ture is concentration dependent. A greater shift in the 
trans to gauche population is observed for the 36.7% 
solution at temperatures between 55 and 70°C. Analy- 
sis of the data at 65°C indicates that both ethanol 
concentrations induce a significant shift in band posi- 
tion compared to the 100% D20 samples (unpaired 
Student's t-test, P < 0.05). A further reduction in the 
transition temperature was observed with stratum 
corneum in the presence of a 75% ethanol/water 
solution. Reductions in the gel to liquid-crystalline 
phase transition temperature of model phospholipid 
bilayer membranes in the presence of ethanol have 
also been reported with spectroscopic turbidity [21-23] 
and DSC [24] measurements. 

Ethanol effects on the thermotropic phase behavior 
of model phospholipid MLV suspensions (DPPC/ 
DPPA and DSPC/DSPA MLVs) have been investi- 
gated. Figs. 4 and 5 show the CH 2 symmetric stretch- 
ing vibrational bandwidths at 70% height and 
wavenumber positions, respectively, as a function of 
temperature of the vesicle suspensions in 0 and 30% 
perdeuterated ethanol/MI.N suspensions. Below the 
gel to liquid-crystalline transition at 41 and 58°C for 
DPPC/DPPA and DSPC/DSPA MLV suspensions, 
respectively (Fig. 4), a significant decrease in the band- 
width is observed indicating a decrease in chain mobil- 
ity. This is also evident at temperatures throughout the 
transition and above. A shift of the band position (Fig. 
5) to lower wavenumbers is observed below the gel to 
liquid-crystalline transition temperature with ethanol 
present indicating an increase in conformational order 



. . .  2854 o, 

t 

N 
~[ 2853 o, 
u,  

0 
ZL 
0 

IM 
I "  2852 O, Z 
u4 
0 
I-, 

Z 

28S~ o. 

;~850 0 

1 

i t" i , ;  , , ,  
o o • O O O fl O o 6 o • a 

30 40 50 60 70 

TEMPERATURE (C) 

Fig. 5. CH 2 symmetric stretching band position (cm- i )  as deter- 
mined by center of gravity at 95% band height as a function of 
temperature for D P P C / D P P A  MLV in 100% D20  (B) ,  
DPPC/DPPA MLV in 3{)% perdeuterated e thanol /D20 (13), 
DSPC/DSPA MLV in I(H)% D20 (,~) and DSPC/DSPA MLV in 

30% perdeuterated e thano l /D:O ( z~ ). 

of the alkyl chains within the bilayer. Above the transi- 
tion, a shift to higher wavenumbers is observed com- 
pared to the control, suggestive of an increase in chain 
conformational disorder. 

The precision with which both the C H  2 symmetric 
stretching bandwidth at 70% height and center of 
gravity at 95% height are measured in the model 
phospholipid vesicle systems should be noted. It is 
apparent that the variability observed in these same 
measurements in stratum corneum can be attributed to 
mouse to mouse variation. Therefore, individual stra- 
tum corneum samples were studied before and after 
ethanol treatment. This procedure eliminates the ef- 
fect of inter-mouse variability, as well as site to site 
differences within the same animal, The differences in 

TABLE i 

Reuse ,experiment with DzO to perdeuterated ethanol/D:O exchange 

Sample CH 2 asymmetric CH 2 symmetric 
stretching stretching 

A C G .  A BW b ACG a A BW b 

I +0.10 - 1.36 +0.13 -0.86 
2 + 0.45 - 3.59 + 0.08 - 1.45 
3 + 0.04 - !.54 + 0.01 - 0.67 
4 -0.15 - 1.80 -0 .06 -- !.68 
5 +0.06 - 1.67 +0.10 -0.93 
6 0.00 - !.17 +0.01 -0.77 

a ACG = Band position in presence of perdeuterated e thanol /  
D20-Band position in presence of D20 solution. 

D, ABW = Bandwidth in presence of perdeuterated e t h a n o l / D 2 0 -  
Bandwidth in presence of DuO solution. 

TABLE Ii 

Reuse experiment with DzO to D20 exchange 
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Sample CH 2 asymmetric CH 2 symmetric 
stretching stretching 

ACG ~ ABW b ACG " ABW h 

1 + 0.07 - 1.68 - 0.03 + 0.02 
2 + 0.12 + 0.36 - 0.04 + 1.23 
3 -0.13 +0.66 +0.07 + 1.54 

a ACG = Band position in presence of replacement D20-Band posi- 
tion in original D20  solution. 

b ABW = Bandwidth in presence of replacement D20-Bandwidth in 
original D20 solution. 

center of gravity at 95% band height (ACG) and band- 
width at 70% height (ABW) for both the CH 2 asym- 
metric and symmetric stretching vibrations tbr six sam- 
ples before and after treatment with 30% perdeuter- 
ated ethanol/D20 are listed in Table I. The differ- 
ences in band position (ACG) appear to oscillate about 
zero indicating there are no significant shifts in band 
position of either the asymmetric or symmetric band in 
the presence of ethanol. However, the bandwidth dif- 
ferences are negative demonstrating a significant (non- 
parametric Sign test, P < 0.05) narrowing of both the 
CH 2 stretching vibrational bands in the presence of 
ethanol. The results of control experiments with stra- 
tum corneum samples treated identically as in the 
membrane reuse experiments described above arc 
shown in Table II. The replacement solvent was 100% 
D20 instead of 30% perdeuterated ethanol/D20. 
There is a fluctuation about 0 for both the CH 2 asym- 
metric and symmetric stretching band positions. How- 
ever, the bandwidth differences are not negative as was 
observed in the ethanol treatments (Table I). Most 
samples gave a positive increase in bandwidth after the 
second treatment with 100% D20. 

Discussion 

It is evident from the current infrared data that 
ethanol does not significantly alter the degree of stra- 
tum corneum lipid inter-alkyl chain interactions (Fig. 
1). The chains remain densely packed below 43°C with 
strong interchain coupling. There appear to be minimal 
effects on the less densely packed gel phase (Fig. 2) 
above 43°C. The mobility of tbP upid methylene func- 
tional groups is slightly enhanced in the presence of 
low ethanol concentrations. Increased chain mobility 
may be related to the reduction in the gel to liquid- 
crystalline phase transition temperature (Fig. 3). The 
shift in the phase transition temperature has been 
observed with model phospholipid vesicle membranes 
in the presence of ethanol [21,22,24]. 
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Rowe [21,22] has suggested that ethanol prefer- 
entially acts on the liquid crystalline regions of the 
lipid bilayers. This is consistent with spin label [11-16] 
and fluorescent probe [17-19] measurements of 
liquid-crystalline phase lipid membranes where ethanol 
has been demonstrated to fluidize the alkTl chains. The 
DSPC/DSPA and DPPC/DPPA vesicles show a sig- 
nificant decrease in conformational order (Fig. 5) above 
the gel to liquid-crystalline phase transition demon- 
strating ethanol interaction with the fluid lipids. It is 
suggested by Rowe [21,22] that the presence of ethanol 
results in a freezing point depression of the lipid aikyl 
chains. Jain and Wu [24] have argued that the interpre- 
tation of freezing point depressio'~ rcsultbtg in the shift 
in the transition temperature is not valid, two assump- 
tions are violated: (1) equimolar concentrations of dif- 
ferent solutes give equal effects on the transition, and 
(2) lipid bilayers and biomembranes can be approxi- 
mated by bulk solvent properties. It should be noted 
that further reduction in the lipid freezing point should 
result with increasing ethanol concentrations. How- 
ever, an increase in the transition temperature of DPPC 
bilayers has been observed with high ethanol concen- 
trations [21,22]. 

Hitzeman and co-workers [33,34] have demonstrated 
the high degree of ethanol partitioning into the head- 
group region of DPPC bilayers and rat neuronal mem- 
branes. The presence of ethanol in the polar head- 
group region of the lipid bilayers had previously been 
suggested by Jain and Wu [24] and Hui and Barton 
[35]. Ethanol may alter the polar hcadgt'oup inter- 
molecular interactions due to its presence within the 
polar headgroup plane, thus reducing the energy re- 
quired to induce the phase transition resulting in the 
observed reduction in the gel to liquid-crystalline phase 
transition temperature. However, Nagle [36] has sug- 
gested that the polar headgroup interaction energy 
plays a minimal role in the phase transition. Substitu- 
tion of polar headgroups shifts the transition tempera- 
ture by as little as 20°C. The reduction in the transition 
temperature of the stratum corneum in the presence of 
ethanol (Fig. 3) is slight (< 10°C) and could be ac- 
counted for by an alteration in the lipid polar head- 
group interactions. 

Many investigations have focused on the interac- 
tions of short chain alcohols, such as ethanol, on the 
liquid-ce~talline phase of model and biomembranes 
[11-19,33,34]. However, the stratum corneum lipid 
multilayers at physiological temperature (37°C) are 
shown to be den~ly packed and highly conformation- 
ally ordered [26]. The effects of ethanol on the gel 
phase of lipid bilayers can be quite different from that 
in the liquid-custalline phase. This is evident from the 
DSPC/DSPA and DPPC/DPPA vesicle studies (Fig. 
5). Simon and Mclntosh [25] have demonstrated that 
ethanol can induce an interdigitated gel phase in DPPC 

bilayers believed to result from intercalation of ethanol 
between lipid molecules in the polar headgroup region. 
A requirement for interdigitation to occur is that the 
chains must become more highly ordered to enable 
insertion between adjacent chains [25]. The DPPC/  
DPPA data are consistent with the X-ray data which 
also demonstrated increased order. It is possible that 
ethanol may be inducing an interdigitated gel phase in 
the DSPC/DSPA systems. It is reasonable to assume 
that the increased conformationai order in the interdig- 
itated gel phase could also be characterized by de- 
creased alkyl chain mobility. This phenomenon is evi- 
dent in both the DSPC/DSPA and DPPC/DPPA 
vesicle suspensions (Fig. 4). 

The variability observed in Figs. 2 and 3 from aver- 
aged stratum corneum samples gives the misleading 
conclusion that the stratum corneum lipid a l~ l  chains 
are not significantly affected by the presence of ethanol 
below the gel to liquid-crystalline phase transition. A 
large number of stratum corneum studies would be 
required to suggest a statistically significant difference 
in the treatments under these conditions. However, by 
studying each sample before and after treatment with 
ethanol, significant differences can be measured with a 
reasonable number of stratum corneum samples (Table 
1). It is clear that the CH 2 asymmetric and symmetric 
stretching bandwidths decrease in the gel phase at 
29°C with ethanol present. This effect is not evident in 
the control samples (Table ll) which demonstrates that 
the reduced bandwidth (Table l) must be a direct 
effect of ethanol on the stratum corneum lipids. How~ 
ever, there is no corresponding increase in conforma- 
tional order. 

There are fundamental differences between stratum 
corneum lipids and the DSPC/DSPA and DPPC/ 
DPPA vesicles which preclude their ability to function 
as perfect model systems for stratum corneum lipids. 
However, the information obtained from these mem- 
branes may provide qualitati~'e insight into more com- 
plex membranes such as the stratum corneum. The 
magnitude of the decreased chain mobility in the pres- 
ence of ethanol suggests that a limited population of 
the stratum corneum lipid alkyl chains may exist in the 
interdigitated gel state based on the X-ray investiga- 
tions of Simon and Mclntosh [25] for DPPC bilayers 
and the current FTIR vesicle data. The absence of 
increased confo~mational order may result from the 
fact that these chains are naturally highly ordered and 
a further increase in order is not necessary for the 
induction of limited interdigitated phases. 

A preliminary X-ray diffraction experiment with 
hairless mouse stratum corneum under similar condi- 
tions was inconclusive in demonstrating the presence 
of an interdigitated gel phase (Stephen White, personal 
communication). However, the experiment could not 
be performed with the identical piece of stratum 



corneum in the absence and presence of ethanol. Thus, 
inter-animal variation may have inhibited the ability to 
note differences. 

It is apparent from the data that the stratum 
corneum lipid alkyl chains are not in predominantly 
the liquid-crystalline state in the presence of ethanol at 
physiologic temperature. There is no increase in lipid 
chain disorder nor increased chain mobility as would 
be expected of a 'fluidizing agent'. 

The relationship between enhanced permeation of 
lipophilic solutes such as /3-estradiol and hydrocorti- 
sone through hairless mouse skin in the presence of 
ethanol [9] is complex. Although the lipid aikyl chains 
are highly ordered and densely packed, the region of 
the bilayer that may possess the greatest resistance to 
diffusion is the polar head plane. Raykar [37] has 
suggested the relevance of the polar headgroup region 
to transbilayer passive diffusion. If the stratum corneum 
lipids are separated by the replacement of water with 
ethanol, an increase in the interracial area of the lipid 
bilayers results. The intercalation of ethanol into the 
polar headgroup environment could disrupt the lipid 
intermolecular hydrogen bonding. Pascher [38] states 
that the reduction of interchain hydrogen bonds be- 
tween ceramide lipids should result in an increase in 
the permeability of such membranes. Elias [39] and 
Wertz et ai. [40] have demonstrated that the mouse 
and human stratum corneum has an abundance of 
ceramide lipids present. A significant amount of 24 and 
26 carbon to-hydroxyacid ceramide iipids has been 
identified in human stratum corneum [40]. This class of 
ceramides possesses interlipid hydrogen bonding capa- 
bilities. However, the ethanol-induced increased order 
within the stratum corneum as evidenced by the band- 
width narrowing does not suggest involvement of a 
significant population of stratum corneum lipids. 

Veiro et al. [42] have recently studied the effects of 
n-alkanols on the pretransition of DPPC bilayers. It is 
suggested that ethanol may decrease the energy re- 
quired to form the bilayer ripple (Pa,) phase from the 
lamellar (L#,) phase. In the P#, phase a high degree of 
hydrocarbon is exposed to the aqueous interface. This 
would result in a decrease in the interchain polar 
headgroup interactions which correlates well with the 
loss of the barrier properties of a bilayer due to a 
disruption of the polar headgroup environment. 

Rowe [43] has investigated the thermotropic phase 
behavior of mixed phosphatidylethanolamine (PE) and 
phosphatidylcholine (PC) iipids in the presence of 
ethanol. The question is raised if both an interdigitated 
and non-interdigitated gel phase can exist in the same 
lamella. Boggs et al. [44] have suggested based on ESR 
determinations of the extent of polymixin B induced 
interdigitation in mixed lipid systems that phase sepa- 
ration occurs between the noninterdigitated and inter- 
digitated lipids. Based on the current infrared data, the 
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possible existence of limited interdigitated domains can 
not be eliminated, if limited interdigitated domains 
exist in the stratum corneum, an increase in solute 
permeation through these regions would be expected 
as a result of decreased polar headgroup interactions 
or at the interface between phases. However, the abil- 
ity of ethanol to induce increased order, suggesting 
interdigitation, of stratum corneum lipids must be in- 
vestigated more thoroughly in relevant model systems. 

Under ordinary conditions, a reduction in the diffu- 
sional distance across a membrane would result in 
enhanced permeation~ However, in a densely packed, 
interdigitated phase the decrease in methylene group 
mobility would suggest a greater diffusional resistance 
per methylene group than in a noninterdigitated phase. 
Therefore, the reduced thickness of bilayers alone 
would not be expected to exhibit increased permeabil- 
ity, Other :nechamsrns must be considered to explain 
ethanol-induced enhancement through the stlatum 
corneum lipid multilayers. It has been shown in this 
study that ethanol disorders phosPholipid vesicles in 
the liquid-crystalline state, although increased alkyl 
chain disorder and freedom of motion were not de- 
tected in the curfew: FTIR studies of ethanol-induced 
effects on the stratum corneum at low concentrations. 
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