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The intercellular lipid lamellae of stratum corneum constitute the major barrier to percutaneous penetration. 
Deuterium magnetic resonance and freeze-fracture electron microscopic investigation of hydrated lipid mixtures 
consisting of ceramides, eholesterol, palmitic acid and cholesterol sulfate and approximating the stratum corueum 
intercellular lipid composition, revealed thermally induced polymorphism. The transition temperature of bilayer to 
hexagonal transition decreased as the ratio of cholesterol to eeramides in these mixtures was lowered. Lipid 
mixtures in which the stratum corneum eeramides were replaced by synthetic dipalmitoyl0hosphatidyleholine did 
not show any polymorphism throughout the temperature range used in the present study. The ability of the 
ceramide.containing samples to form hexagonal structures establishes a plausible mechanism for the assembly of 
the stratum corneum intercellular lamellae during the final stages of epidermal differentiation. Also, the bila~er to 
hexagonal phase transition of these nonpolar lipid mixtures could be used to enhance the penetration of drugs 
through skin. 

Introduction 

Mammalian stratum corneum (SC) is a highly spe- 
cialized tissue with the major function of providing a 
barrier against percutaneous penetration of water and 
other solutes. SC is made up of fully cornified cells that 
are embedded in a matrix of extracellular lipid lamel- 
lae [1]. These extracellular membranous sheets are 
believed to constitute the epidermal water barrier [2] 
and are unique in their lipid composition. The SC lipid 
lamellae contain no phospholipids, the major bilaycr- 
forming lipids in almost all biomembranes, and are 
predominantly made up of ceramides, cholesterol, free 
fatty acids, cholesteryl sulfate and small amounts of 
some less well characterized nonpolar components [3- 
5]. 

The membranous structures of SC originate from 
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the lamellar granules found in the granular layer of the 
epidermis [6,7]. The lameilar granules discharge their 
lipid contents in the form of membranous disks, into 
the extracellular space between the granular and the 
horny layers. These membranous disks then rearrange 
to form the r;xtcnded lamellar sheets of the SC. The 
membrane fusion processes that lead to this reassem. 
bly of the extracellular lipid lamellae of SC are not 
clearly understood. Formation of intermediary struc- 
tures during this reassembly process has been proposed 
[8,9]. This is further complicated by the dramatic bio- 
chemical changes that occur in the lipid composition 
during the final stages of epidermal differentiation 
[3,4]. Also, the water content, ionic strength and the 
pH of the tissue change as the granular layer of the 
epidermis comities to form the SC. 

As part of our effort to understand the interaction 
between the component lipids of SC, we have initiated 
an investigation using solid,state 2H-NMR spec- 
troscopy, whicl-, is an ideal technique for investigating 
the molecular dynamics of lipid aggregates, An under- 
standing of the relationship between the structure and 
molecular packing of the component lipids would en- 
able us to unde:stand the barrier function on a molecu- 
lar level. We report here the results from our 2H-NMR 
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investigation of SC lipid mixtures consisting of SC 
ceramides, cholesterol, cholesteryl sulfate and palmitic 
acid deuterated at the alpha pwition. The ther- 
motropic transitions in these lipid mixtures were inves- 
tigated by following the shape of tilde 2H quadrupolar 
peaks and the magnitude of the qu~drupolar splittings 
as a function of temperature. The presence of signifi- 
cant amounts of saturated free fatty acids in the SC 
lipid lamellae makes deuterated palmitic acid an ap- 
propriate probe molecule, which does not perturb the 
system. Freeze-fracture electron microscopy was used 
to examine the morphological changes resulting from 
the thermotropic transitions. 

M a t e r i a l s  a n d  M e t h o d s  

Lipids 
Ceramides were isolated by preparative thin-layer 

chromatography from chloroform: methanol (2:1, v/v) 
extracts of SC, as described previously [10]. Cholesterol 
and synthetic t.-a-dipalmitoylphosphatidylcholine were 
purchased from Sigma Chemical (St. Louis, Me).  
Cholesteryl sulfate was prepared by reaction of choles- 
terol with excess chlorosulfonic acid in pyridine and 
purified chromatographically. Palmitie acid deuterated 
at the alpha position was purchased from MSD Iso- 
topes (Montreal, Canada) and was recrystallized twice 
from hexane. 

Preparation of lipid bilayers 
Appropriate volumes of chloroform/methanol (2 : 1, 

v/v) solutions of individual lipids were combined to 
obtain mixtures of the composition shown in Table I. 
The lipid mixtures were dried under a stream of nitro- 
gen and then und~'r vacuum and were then hydrated in 
deuterium-deplet~ ra ter  (Aldrich Chemical, Milwau- 
kee) to a final con,'entration of 50% by weight ot lipid. 
The hydrated mixttJ ~,s were homogenized by stirring 
with a glass rod at,,, the homogenous mixtures were 
then packed in 5 mm NMR sample tubes that were cut 
to a length of 3 cm. The sample tubes were flushed 

with dry nitrogen gas and flame-sealed immediately to 
prevent oxidation of the lipids. The samples contained 
70-80 mg of lipid in a sample volume of 100-150/.d. 
The SC lipid samples were incubated at 80°C and the 
DPPC-containing samples at 65*(2, for 15 rain to assure 
thermal equilibration and homogenization by diffusion 
and were then cooled to room temperature before 
spectral acquisition. 

NMR spectroscopy 
2 H-NMR spectra were obtained at 46.07 MHz on a 

Bruker MSL-300 wide bore spectrometer using the 
quadrupole echo pulse sequence [11]. Complete phase 
cycling was used to minimize error due to non-ortho- 
gonality and gain imbalance of the receiver channels in 
the quadrature detection mode. The ~'/2 pulse length 
was 2.6 Its for the 5 mm solenoid coil. A pulse interval 
of 18 Its and a recycle delay of 400 ms were used. 
Quadrupolar splittings (Avq) were measured as the 
distance between the two horns in the powder pattern 
spectra. Spectra were acquired at different tempera- 
tures, which were controlled by a Druker variable tem- 
perature unit. The system was allowed to equilibrate 
for 15 min at each temperature before the probe 
tuning was readjusted. The samples were allowed to 
equilibrate for 15 rain at each temperature before 
spectral acquisition. Spectra were acquired for the 
samples both after heating and after cooling to a given 
temperature. 

Fre,":.. jiacture electro, microscopy 
,,ater NMR spectral acquisition, small amounts of 

the ceramide-containing samples were incubated at a 
given temperature for 15 min and then quick-frozen 
from that temperature in liquid propane at -190°C, 
The frozen samples were fractured in a Balzars 301 
freeze-fracture apparatus and the fractured surface 
was replicated with platinum-carbon. The Pt-C replicas 
were cleaned in Clorox bleach for 2-3 h, and rinsed 
several times in distilled water. The cleaned replicas 
were examined in a Hitachi H-7000 transmission elec- 
tron microscope operating at 75 kV. 

TABLE ! 

Composition of the lipid mixtu, ¢~ .red ht the present investigation 

M~xturc Mol percent of * 

ceramide ..~hdtesterol palmitic Cho l  DPPC 
acid sulfate 

1 38 38 19 5 - 
2 57 19 ,9 5 - 
3 76 - 19 5 - 
4 - 38 19 3 38 
5 - 19 19 5 57 
6 - - 19 5 76 

* The final mixtures were 50% by weight of lipid in water. 

R e s u l t s  

The composition of different lipid mixtures that 
were investigated in the present study is shown in 
Table I. Mixture 1 containing 38 mol percent of ce- 
ramides, 38% cholesterol, 19% palmitic acid and 5% 
cholesteryl sulfate was taken as a close approximation 
to the in situ lipid composition of SC [3-5], The mole 
ratio of cholesterol to ceramides was changed from 1 to 
0 in mixtures 1-3. In mixtures 4-6, the SC ceramides 
were replaced by DPPC, a well characterized, bilayer- 
forming lipid used as a control in the present investiga- 
tion. 
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Fig, 1. ~-H-NMR spectra of a-CD 2 palmitic acid in the ceramide-containing lipid mixtures shown in Table I, at different temperatures, (A) 
Mixture 1. The spectra were obtained after heating the sample to the temperature shown. The quadrupolar peaks corresponding to the Hit 
phase are clearly visible in the inset which shows the 70 ° and 80 ° spectra at S/N comparable to the lower temperature spectra, (B) Mixture !. 
The spectr~ were obtained after cooling the sample to the given temperature, (C) Mixture 2, (D) Mixture 3, The spectra in C and D were 
obtained after heating the sample to the given temperature. The quadrupolar peaks with a quadrupolar splitting less than 12-13 kHz correspond 

to the hexagonal phase. 

Fig. 1 shows the 2H-NMR spectra of  the a-deu-  
terated palmitic acid in ccramidc-containing mixtures 
from Table 1, at different temperatures.  Spectra ob- 
tained both after heating and cool; ,~ the sample to any 
given temperature  as shown in Fig. 1A and 1B, indicate 
the reversibility of the thermotropic changes observed 
in this study. For mixture 1 at 25°C, the spectrum 
shows a powder pattern with a Avq of 34.9 kHz. As the 
temperature  was raised, there was a narrowing of the 
quadrupolar  splitting from 34.9 kHz at 25°C to 31.5 
kHz at 60°C. At 70°C, there was an additional pair of 
quadrupolar  peaks with a Avq of  13.4 kHz, while the 
outer  quadrupolar  peaks had a A~,q of 29.8 kHz. At 
80°C, only a remnant  of the outer  quadrupolar  peaks 
was visible, while the inner  pair appeared more intense 
with a Avq of  12 kHz. The appearance of  the inner 
quadrupolar peaks suggests the formation of a now 
phase, presumably a hexagonal (Hit)  phase, with an 
increased mobility of the acyl chains including the 
a-methylcnes. 

2 H-NMR spectra obtained at different temperatures 
from mixture 2 are shown in Fig. 1C, Bilayer to hexag- 
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Fig. 2. 2H-NMR spectra of a-CD~ palmitic acid in the DPPC-COn- 
raining suulplcs irom Table I. (A) Mixture 4. (B) Mixture 5. (C) 
Mixture 6. There is a monotonic decrease in the quadrupolar split- 
ting values and thor,: is no indication of a hexagonal phase with 

smaller quadrupolar splitting, 
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TABLE ii 

2H quadrupolar splitting ralues (A%) as a function of temperature 

Temperature Avq (in kHz) of mixtures 
(°C) 1 2 3 4 5 6 
25 34.91 35.40 a 38.33 40.28 41.02 
45 33,94 35.16 a 34.67 38.33 26.37 
60 31.49 34.42 8.06 30.52 29.05 23.93 
70 29.79 12.94 i 28,32 25.88 22.71 

1 3 . 4 3  . . . . .  
80 29.30 11.96 i 26.61 24.17 21.48 

1 1 . 9 6  . . . . .  

a anisotropic peak, i isotropic peak, 

onal phase transitien seemed to start around 60°C, and 
the transition was complete around 70°C. There was a 
broad central peak at 600C, which resolved into a pair 
of quadrupolar peaks corresponding to the hexagonal 
phase at 70°C. This behavior was seen both during the 
heating and the cooling cycle and was observed only 
for samples with composition corresponding to mixture 
2 in Table I. The reason for this behavior of mixture 2 
is not clear at the present moment. Fig. 1D shows the 
2H-NMR spectra obtained from mixture 3 at different 
temperatures. A spectrum corresponding to a H ~ phase 
was seen at 60°(2 and it changed to an isotropic peak at 
70°C. Fig. 2 shows the 2H-NMR spectra obtained from 
DPPC-containing samples from Table I at different 
temperatures. The DPPC-containing samples did not 
show the additional pair of quadrupolar peaks that 
were seen in the ceramide-containing samples. The 
monotonic decrease in the Avq with the increase in 
temperature indicates the increase in fluidity of the 
bilayer. The Avq values from Figs. 1 and 2 are summa- 
rized in Table II. 

The presence of isotropic peaks in the ceramide- 
containing samples at higher temperaturez, especially 
in mixtures 1 and 3, could be the result of formation of 
an isotrepic phase which disappeared upon cooling the 
sample below 60°(2. The origin of the central peak in 

the spectrum from mixture 1 at room temr, eratur¢ is 
not known. Also, the appearance of the c aide-con- 
taining samples was dif.orent from that of the D P P C  
containing samples. The former showed signs of bulk 
melting at temperatures above 70°C, indicated by the 
oily appearance of the samples, while the latter in.. 
creased in volume up to about 50% at higher tempera- 
tures, with no sign of bulk melting. 

Fig. 3 shows freeze-fracture electron micrographs of 
mixtures 1-3. The lipid mixtures were examined by 
freeze-fracture electron microscopy by quick-freezing 
the samples from the high temperatures at which there 
were indications of formation of a HI, phase by these 
mixtures, as seen by the appearance of the quadrupolar 
peaks with smaller Avq values in the ZH-NMR, The 
closely spaced fracture steps indicate the presence of 
hexagonal phase [12]. DPPC-containing samples 
showed smooth fracture faces, corresponding to the 
lamellar phase, at all temperatures (not shown). 

Discussion 

The results from the present study indicp~e that the 
ceramide-containing mixtures undergo ,hermotropic 
transitions that lead to the formation of Htl  as well as 
isotropic phasc~ at higher temperatures, while in the 

Fig. 3. Fr~¢~e-fracture electron mlcrosraphs of the ceramide-containing samples from Table I. (A) Mixture I. The sampte was maintained at 
80°C, the temperature at which the 2H-NMR spectrum shows the presence of Hu phase in this mixture, for 15 min and then qulck-frozen in 
liquid propane and analyzed by freeze-fracture electron microscopy (FFEM). (B) Mixture 2 The sample was maintained at 70"C for 15 min 

before analysis by FFEM. (C) Mixture 3. Th~ sample was maintained at 60°C for 15 rain before analysis by FFEM. Bar ffi I00 nm, 
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DPPC-containing control samples, the constituent 
lipids remain in the bilayer configuration throughout 
the temperature range used in the present investiga- 
tion. Therrnotropic transitions of stratum corneum 
lipids have been investigated both in hydrated tissue as 
well as in hydrated lipid extracts [13-15]. Several inves- 
tigators have reported thermal transitions of SC lipids 
in the temperature range of 60-80°C based on the 
differential scanning calorimvtry (DSC) thermal pro- 
flies [13-15]. Also, based on the abrupt increase in the 
infrared (IR) peak widths and the wavenumber of the 
C-H absorbance between 60 ° and 80°C, Golden et al. 
[13,14] have suggested that the SC lipids undergo ther- 
mal transitions in this region. This was attributed to 
the increase in the gauche conformers due to an in- 
crease in the fluidity of the acyl chains undergoing the 
thermal transition. However, there has been no report 
of the formation of H u phase it, SC lipids as a result or" 
thermotropic transitions. This could be due to the 
nature of the phase transition in question. While the. 
bilayer to H n transition invoh,es quite dramatic struc- 
tural rearrangement of monolayers of lipids, it has 
been shown to be a low enthalpy process [16] and has 
not been detected by DSC, as in the case of bilayer to 
H u transitions of some phosphafidylethanolamines [17]. 

The appearance of a second pair of quadrupolar 
peaks with smaller dw~ for the ceramide-containing 
mixtures in the present study indicated the presence of 
Hn phase. Theoretically, bilayer to hexagonal transi- 
tion should result in a decrease in the d~,q by a factor 
of 2 [18]. This is due to the additional averaging that 
results from the added motion around the axis of the 
cylinders that are arranged in a hexagonal array in the 
Hit phase. However, the Avq for the inner pair is less 
than one half of the Auq of the outer pair, as shown in 
Table II, suggesting some additional mobility of the 
a-methylcnes of the paimitic acid in the H u phase, in 
the H u phase, the inner aqueous core is surrounded by 
the lipid head groups with the acyl chains facing out- 
ward radially. This would result in a highly disordered 
hydrocarbon ,~nvironment and the effect of such disor. 
der apparently is felt even at the a-methylene of the 
palmitic acid. 

Cholesterol has been shown to condense the lipids 
in the liqt~id.crystalline phase and fluidize the lipids in 
the gel phase of lameilar systems [t9]. The duq values 
shown in Table II for ¢~-CD 2 palmitic acid in the 
DPPC-containing mixtures is consistent with this dual 
role of cholesterol. At 25~C, when the lipid mixtures 
are in the gel phase, mixture 4 containing the highest 
amount of cholesterol among the three mixtures is also 
the most fluid, a~ seen by its smaller duq. At 60°C, 
when the mixtures are in the liquid.crystalline phase, 
mixture 4 is the most rigid due to the condensing effect 
of cholesterol. 

Cholesterol is also known to destabilize the bilayer 

structure and induce the formation of hexagonal phase 
in unsatllrated phosphatidylethanolamine.phosphatid- 
yleholin¢ systems [20]. In the present study, as the ratio 
of cholesterol to ceramides is changed from I to 0 in 
mixtures I to 3, several interesting changes are ob- 
served in the 2H spectra shown in Fig. I. First, there is 
a loss of symmetry of tile powder pattern at room 
temperature from mixture I to mixture 3. This has 
been attributed to the increased hydrogen bonding and 
closer packing of the head groups as the amount of 
cholesterol is decreased [I0]. Second, the temperature 
at which the quadrupolar peaks corresponding to the 
lamellar phase are replaced by the quadrupolar peaks 
corresponding to the hexagonal phase decreases from 
around 80°C for mixture 1 to around 60~C for mixtur~ 
3, suggesting that increasing the ceramide content and 
decreasing the cholesterol content concommitantly in 
the SC lipid mixtures, lowers the energy barrier for the 
bilayer to hexagonal transition. There is a significant 
increase in disorder in the H u phase in the absence of 
cholesterol, at least in the region probed by the a- 
methylenes of the palmitic acid, as reflected by the 
decrease in the d~,q from 12 kHz in mixtures I and 2 to 
8 kHz in mixture 3. 

Recognition of polymolphism and the formation of 
the H n phase by the ceramide-containing mixtures in 
the present study is significant to the understanding of 
the SC membrane function in two important ways. The 
formation of the SC intercellular membranous struc- 
tures involves the rcassembly of membranous disks that 
are extruded from the lamellar granules into the extra- 
cellular space between the granular and the horny 
layers of epidermis [6-8]. During this final stage of 
epidermal differentiation, there is a dramatic change in 
the composition of the lipids from predominantly phos- 
pholipids, glycosylceramides and cholesterol to mainly 
cerdmides, cholesterol, and free fatty acids [3)4]. There 
is also a reduced water content due to the cornific~tion 
of the tissue and reduced hydration of the lipids due to 
the loss of polar and ionic head groups. These physio- 
logical factors can regulate the structural preferences 
of lip~ds and could cause the bilayer to hexagonal 
transition isothermally, similar to the thermal transi- 
tion observed in the present study. The hexagonal 
phase involves the formation of nonlamellar inverted 
micelles which are arranged in the form of cylinders in 
hexagonal arrays. Lipid molecules in a membrane bi- 
layer are believed to undergo momentary departure 
from bilayer organization at t.he point of contact an~1 
term intermediary structures such as inverted micelles 
during memt-rane fusion [21-23]. Thus the ability of 
SC lipids to form H n structures establishes a plausible 
pathway for the reassembly of the membranous disks 
into extended lamellar sheets by membrane fusion 
processes involving transient nonlamellar imcrmedi- 
ates, Freeze-fracture electron microscopic investigation 
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of the fusion events involving liposomt~s made from SC 
iipids has revealed ridges at the fusion sites, which 
have been suggested to represent intermediary non- 
lamellar structures [9]. 

The extraordinarily effective barrier property of the 
SC intercellular lipid lamellae has been attributed to 
the highly ordered arrangement of the constituent lipids 
in the bilayer configuration [24]. Molecules like Azone 
[25], ethanol [26], or oleic acid [27] are being used to 
fluidize these bilayers with the aim of enhancing the 
penetration of drug molecules through SC. The results 
from the present study indicate that under appropriate 
conditions, the SC lipid mixtures can be induced to 
form the H n phase, which has a highly disordered 
hydrocarbon core and would have very little barrier 
compared to the highly ordered lamellar phase. Also, 
this is a reversible transition, which could be induced 
temporarily by the addition of molecules of suitable 
geometry, thereby enhance the percutaneous penetra- 
tion of drugs. 

In conclusion, the results presented here indicate 
that the highly heterogeneous lipid mixture of SC is 
capable of undergoing a reversible bilayer-to.hexagonal 
phase transition. A detailed understanding of the lipid 
polymorphism on the molecular level will lead to a 
better understanding of the role of the diverse mixture 
of SC lipids in governing the barrier function of mam- 
malian skin. 

Acknowledgements 

This  s tudy was suppor t ed  in par t  by a g ran t  f rom the  
U n i t e d  Sta tes  Public Hea l th  Service ( A R  32374), N M R  
spect ra  w e r e  acqu i red  using the  Bruke r  MSL-300 spec- 
t r o m e t e r  in the  High-Fie ld  N M R  Facility at the  Uni-  
versity of  Iowa. Facili t ies for e lec t ron  microscopy were  
provided by the Central Electron Microscopy Facility 
at the University of Iowa. 

References 
t Maloltsy, A.G. (1976) J. Invest. Dermatol. 67, 20-25. 
2 Michaels, A.S., Chandra~ekaran, S.K. and Shaw, J.E. (1975) Am. 

Inst. Chem. Eng. J. 21,985-996. 
3 Gray, G.M., White, R.J., William, R.H. and Yardley, H.J. (t982) 

Br. J. Dermatol. 106, 59-63. 
4 Yardley, H.J. and Summerly, R (1981) Pharmacol. Ther. 13, 

357-383. 
5 Wertz, P.W., Swartzendruber, D,C., Madison, K.C. and Downing, 

D.T. (1987) J. Invest. Dermatol. 89, 419-425. 
6 Marti~mz, RJ. and Peters, A. (1971) Am. J. Anal. 130, 93- }20. 
7 Lavker, R.M. (1976) J. UItrastruct. Res. 55, 79-86. 
8 Landmann, L. (1986)J. Imest. Dermatol. 87, 202-209. 
9 Abraham, W,, Wertz, P.W. and Downing, D.T. (1988) J, Invest. 

Dermatol. 90, 259-262. 
10 Abraham. W. and Downing, D.T. {1991 ) Biochemistry, submitted. 
11 Davis, J.H., Jeffrey, K.R., Bloom, M. ,and Valic, M.I. (1976) 

Chem. Phys. Leu. 42, 390-394. 
12 Deamer, D.W., Leonard, R,, Tardieu, A. and Branton, D. (1970) 

Biochim. Biophys. Acta 219, 47-60. 
13 Golden, G.M., Guzek. D.B., Kennedy, A.H, McKie, J.E. and 

Potts, R,O. (1987) Biochemistry 26, 2382-2388. 
14 Golden, G.M., Guzek, D.B., Harris, R.R., McKie, .I.E. and Potts, 

R.O (lq86) ,l, Invest. Dermatol. 86, 255-259. 
15 Van Duzee, B.F. (1975) J. Invest. Dermatol. 65, 404-408. 
16 Cultis, P.R. and dc Kruijff, B. (1978) Biochim. Biophys. Acla 513, 

31-42. 
t7 Van Dijck, P.W.M., De Kruijff, B., Van Deenen, L.L.M., De 

Gier, J. and Demel, R.A. (1976) Biochim. Biophys. Acta 455, 
576-587. 

18 Seelig, J. (1977) O. Rev. Biophys. 10, 353-418. 
19 Yea#e, P.L, (1985) Biochim. Biophys. Acta 822, 267-287. 
20 CuUis, P.R. and de gruijff, B. (1978) Biochim. Biophys. Acta 507, 

207-218. 
21 Verkleij, AJ., Van Eehteld, C.J.A, Gerritsen, WJ., Cuilis, P.R. 

and De Kruijff, B. (1980) Biochim. Biophys. Acta 600, 620-624. 
22 Hope, M.J., Walker, D.C. and Cullis, P.R. (1983) Biochem. 

Biophys. Res. Commun. 1 I0, 15-22. 
23 Verkleij, A.J. (1984) Biochlm. Biophys, Acta 779, 43-63. 
24 Potts, R.O. and Francocur, M.L. (1990) Proc, Natl, Acad. Set, 

USA. 87, 3871-3873. 
25 Stoughton, R,B, (1982) Arch. Dermatol. 118, 474-477. 
26 Ghanem, A., Mahraoud, H. and Higtwhi, W.I. (1987) J. Controll. 

ReI. 6, 75-83. 
27 Francoeur, M.L., Golden, G.M. and Ports, R.O. (1990) Pharm. 

Res. 7, 621-627. 


