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Abstract 
Differential scanning calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy and transmission 
electron microscopy (TEM) have been used to determine the influence of j-cyclodextrin (p-CyD), hydroxy- 
propyl-p-CyD (HP-b-CyD) and y-CyD on the structural properties of the stratum corneum from the hairless 
mouse. 

Some modest changes in the stratum corneum lipid transition temperature were induced by HP-/I-CyD and 
blue shifts were observed in the FTIR spectra of the C-H asymmetric and symmetric stretching of the lipids 
from the stratum corneum. Results from TEM studies indicated that HP-b-CyD caused removal and possible 
disorganization of the lipid matrix that envelopes the corneocytes of the stratum corneum, whereas no effect 
was seen after treatment of the samples with P-CyD and y-CyD. 

These results suggest that HP-B-CyD can increase the permeability of the stratum corneum possibly as a 
result of extraction of lipids, and might thus enhance drug permeation through the skin. 

The stratum corneum is the rate-limiting bamer to percuta- 
neous delivery for most drugs and investigators have attempted 
to increase its permeability. One approach has been to employ 
penetration enhancers, which partition into and interact with 
the constituents of the stratum corneum, thereby reducing the 
barrier function and thus facilitating drug diffusion through the 
skin. Cyclodextrins (CyDs) are cyclic oligosaccharides con- 
sisting of 6, 7 or 8 glucopyranose units, usually referred to as 
a-, p- or y-CyD, respectively. The aqueous solubility of lipo- 
philic substances can be increased by complexation into the 
hydrophobic cavity of cyclodextrins. Some cyclodextrin deri- 
vatives might function as effective penetration enhancers by 
influencing the distribution and partitioning of the drug in the 
skin, or by changing the structure of the impermeable barrier 
(Vollmer et a1 1994; Kim & Chien 1995). 

The process of penetration enhancement has been studied 
using physical techniques (Cornwell & Barry 1993). Using 
differential scanning calorimetry (DSC), Van Duzee (1975) 
observed four endothermic transitions in the stratum corneum 
from man. Changes of these transition temperatures are a 
possible indication of interaction between compounds and the 
stratum corneum (Leopold & Lippold 1995). Fourier-transform 
infrared (FTIR) spectroscopy can be helpful in the elucidation 
of the molecular structure of the stratum corneum and has been 
used in studies of mechanism of action of penetration en- 
hancers (Clancy et a1 1994). 

Methods such as DSC and FTIR spectroscopy provide 
independent yet complementary information about lipid-lipid 
and lipid-protein interactions in the stratum corneum. 
Morphological methods for visualization of the structures of 
stratum corneum, such as scanning electron microscopy 
(SEM), environmental scanning electron microscopy (ESEM) 
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and transmission electron microscopy (TEM) enable the 
determination of the structural basis of the effect of different 
types of penetration enhancer and the impact of different types 
of vehicle on stratum corneum membrane structure (Elias 
1991; Ohara et a1 1994). 

Our purpose in this work was to investigated the influence of 
8-CyD, y-CyD and a derivative, hydroxypropyl-p-cyclodextrin 
(HP-8-CyD) on the stratum corneum from hairless mouse 
using calorimetric and spectroscopic measurement. In addition, 
the morphological characteristics of the stratum corneum were 
analysed by TEM. 

Materials and Methods 

Materials 
P-CyD and HP-P-CyD from Roquette (Lestrem, France) and 
y-CyD and trypsin type I11 from Sigma (St Louis, MO) were 
used as received. All other chemicals were BDH reagent 
grade. 

Preparation of hairless mice stratum comeurn samples 
Abdominal full-thickness skin was excized from hairless mice 
(male, one month old, strain CD1 nude, Charles River, Man- 
ston, Kent, UK) and the subcutaneous fat and connective tissue 
were removed using forceps. The stratum corneum was sepa- 
rated from the epidermis after ‘floating’ for 14 h on a solution 
of trypsin type 111 (0.1% w/v) and sodium bicarbonate (0.5% 
w/v) at room temperature. The enzyme digests the nucleated 
epidermal tissue, enabling the remnants to be removed by 
gentle rubbing with cotton wool. The stratum corneum sheets 
were rinsed repeatedly with distilled water, gently pressed 
between paper tissue, spread on filter paper and subsequently 
dried by storage in a desiccator over silica-gel for a maximum 
of two weeks before use. Delipidized stratum corneum samples 
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were obtained by exhaustive extraction of dried stratum cor- 
neum sheets with a mixture of chloroform and methanol (2 : 1, 
v/v) for 24 h, then soaking in acetone for 4 h, hexane for 24 h 
and ethanol-diethyl ether (8 : 92, v/v) for 24 h (Anigbogu et a1 
1995). Lipid extraction was performed at room temperature 
with constant stimng. At the end of the procedure the delipi- 
dized stratum corneum sheets were dried at room temperature 
and stored as described above. 

Preparation of hairless mouse stratum corneum samples for 
DSC and spectroscopic measurements 
Dried stratum corneum samples of known weight were incu- 
bated for 12 h with aqueous solutions of 8-CyD (1.8% w/v). 
HP-8-CyD (20.0% w/v) and y-CyD (6.0% w/v) at room 
temperature. The use of different concentrations of the cyclo- 
dextrin solutions was a consequence of their different aqueous 
solubilities. At the end of the incubation period the samples 
were rinsed with distilled water, dried for several hours over 
silica-gel and re-weighed. All samples were than hydrated to 
3 0 4 0 %  w/w by storage for 3 days in a chamber at constant 
relative humidity (97% at 25°C) containing a saturated 
potassium sulphate solution. The hydration level was defined 
as: [(weight of the hydrated sample - weight of the dry sam- 
ple)/weight of the dry sample] x 100. Untreated and delipi- 
dized stratum corneum samples served as controls. Samples of 
stratum corneum of the same origin were used for treatment 
with the different cyclodextrin solutions. 

DSC measurements 
The DSC studies were performed using a Seiko 2400 (Seiko 
Instruments, Tokyo, Japan) linked to a Seiko 2100 data ana- 
lysis station. Stratum corneum samples (20-25 mg) equili- 
brated to 3040% hydration were hermetically sealed in steel 
pans. The samples were scanned over the temperature range 
0-120°C at a heating rate of 5" min-'. 

Thermograms were examined for phase transition enthalpies 
(peak areas), lipid-phase transition temperatures and transition 
temperature endotherms. The data obtained from stratum cor- 
neum alone were compared with those obtained after treatment 
with the cyclodextrins studied. 

FTIR measurements 
FTIR studies of the stratum corneum were performed using an 
AT1 Mattson Genesis Series FHR spectrometer. Stratum cor- 
neum samples approximately 1 cm in diameter at 3 0 4 0 %  
hydration were sealed between two zinc sulphide IR-trans- 
parent windows using a Perkin-Elmer solution cell as a sup- 
port. The ensemble was mounted in the path of the IR beam. 
All spectra were recorded at ambient temperature (20-25°C) in 
the frequency range 4000-400 cm-' (4 cm-' resolution, 
representing the average of 100 scans). 

Transmission electron microscopy 
Skin samples (1 cm') freshly excized from the abdominal 
surface of hairless mice, were incubated in aqueous solutions 
of 8-CyD (1.8% w/v), HP-B-CyD (20.0% w/v) and y-CyD 
(6.0% w/v) for 12 h at ambient temperature. At the end of the 
incubation the samples were rinsed with distilled water and 
dried with tissue paper. Layers of stratum corneum were 
removed from the skin samples by use of adhesive tape 
(Sellotape), fixed with an aqueous solution of ruthenium tetr- 

oxide (0.3% w/v) for 10 min, then rinsed well in distilled 
water and left to dry. The adhesive tape was removed and the 
remaining adhesive and stratum corneum layers were coated 
with agar (1% w/v) and left to dry. This procedure enabled 
easier handling of the samples during the rest of the processing 
schedule. The samples coated with agar were dehydrated by 
successive immersion in a series of aqueous ethanol solutions 
containing increasing concentrations of ethanol, then embed- 
ded in Spurr resin (Polyscience, Wanington, PA) and 
polymerized at 60°C overnight. Ultra-thin transverse sections 
(40-60 pm) were cut by use of a diamond knife, collected on 
formvar-coated grids, stained with uranyl acetate and lead 
citrate and examined in a Philips 400 transmission electron 
microscope. 

Results and Discussion 

DSC and IR spectroscopy detect thermally induced structural 
transitions and molecular modifications, respectively. Transi- 
tions in the DSC thermal profile reflect the 'melting' of 
extended structural domains of the lipids; this results in 
changes in the heat capacity. Changes in the IR spectrum, on 
the other hand, reflect changes in vibrational modes and thus 
provide information at the molecular level. Together, these 
methods provide complementary information about the struc- 
ture of the stratum corneum. 

Fig. 1 shows the DSC thermograms of hydrated stratum 
corneum from hairless mouse skin. Three major transitions in 
the DSC profiles of untreated stratum corneum were observed 
at approximately 73, 87 and 104°C. The lipid phase transition 
at approximately 30°C was not observed with all the samples 
examined. Other workers have indicated that this transition is 
not easily detected (Potts et a1 1991). For this reason it was not 
possible to determine the effect of the treatment with cyclo- 
dextrins on this transition which does not seem be of major 
importance when investigating the mechanism of action of 
penetration enhancers (Cornwell & Barry 1993). The transition 
at approximately 104°C is considered to represent the dena- 
turation of protein (Van Duzee 1975). The enthalpy of this 
transition was very sensitive to changes in the water content of 
the stratum corneum. When the water content was below 20% 
w/w this transition could be small or non existent. In this study 
the transitions at 73 and 87°C were regarded as being related to 
the influence of the cyclodextrins on the stratum corneum. The 
extraction of lipids and re-heating of untreated samples of 
hairless mouse stratum corneum were performed to char- 
acterize the origin of the transition temperatures. The ther- 
mogram obtained upon cooling and re-heating of the sample 
showed two main thermally induced transitions at approxi- 
mately 30 and 73°C which remained unchanged upon re- 
heating the sample. In contrast, the highest temperature tran- 
sition, at approximately 104"C, was heat-irreversible and was 
probably a result of the denaturation of proteins. The transition 
temperature at approximately 87°C was slightly altered after 
the second heating of the stratum corneum and was not present 
in the thermogram of delipidized stratum corneum. In the 
thermal profile of delipidized stratum corneum, the three 
transitions that normally occurred below 90°C were absent or 
greatly reduced, whereas the peak at approximately 104°C 
remained, suggesting that the peaks at approximately 30, 73 
and 87°C arise from lipid components. Interpretations of the 
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Treatment of the Transition Transition Transition Endotherm 
stratum comeum temperature temperature shift enthalpy transition 

("C) ("C)* (mJ mg-') ( m W  

Untreated 73.3 f 0.5 - 

20% HP-B-CVD 70.1 f 0.9 - 3.2 
1.8% P-CyD 71.3 310.7 -2.0 

6% y-CyD 7 3 . 0 f  1 . 1  - 0.3 

14.1 f 1.5 - 14.85 f 1 .1  
20.4 f 3.5 - 12.94 f 0.9 
26.3 f 2.7 - 5 . 7 5 f 0 . 3  
22.3 f 2.9 - 6.52 f 0.5 

All the data are summarized as meanfs.e.m., n = 3 .  *Difference between the average of transition 
temperatures of the treated stratum comeum and untreated stratum comeum. 

significance of the endotherm at approximately 87°C are 
contradictory. The parameter is considered by several inves- 
tigators to represent a phase transition of lipids associated with 
proteins (Knutson et a1 1985; Barry 1991), whereas Van Duzee 
(1975) proposed that this transition reflected characteristics of 
both lipid and protein. 

Table 1 shows the values of transitions, transition enthalpies 
and endotherm obtained from the DSC thermograms of the 
stratum corneum samples after treatment with aqueous solu- 
tions of 8-CyD, HP-8-CyD and y-CyD (Fig. 1). The transition 
at approximately 87°C was not usually detected in stratum 
corneum samples treated with cyclodextrin solutions. The 
transition temperature at approximately 73°C was clearly 
identified in each thermogram and has been considered as a 
main parameter for comparing the thermal profile of stratum 
corneum samples. It can be seen that treatment with y-CyD did 
not cause changes in the transition temperature, whereas 
treatment with B-CyD and HP-P-CyD caused a small shift to a 
lower temperature. Curiously, the transition enthalpies were 
increased after treatment of the stratum corneum with cyclo- 
dextrins. Yamane et a1 (1995) noted similar behaviour in a 
study of the influence of menthone and nerolidol on the stra- 
tum corneum in man. Shifting the lipid transition temperatures 
to lower values suggests disruption or fluidization in the lipid 
bi-layers, whereas the increase in the transition enthalpies 
suggests an increase in lipid bi-layer organization. Studies of 
small-angle X-ray diffraction (Cornwell et a1 1994) might, 
however, be used to account for this apparently contradictory 
finding. It was suggested that lipid disruption is achieved 
without reducing bi-layer periodicity, indeed some bi-layer 
reflections, possibly arising from lateral bi-layer swelling, 
appeared to be slightly enhanced. This effect might explain the 
observed increase in the lipid peak enthalpies. In addition, the 
endothem of the peak at this transition was reduced in all the 
thermograms of samples treated with cyclodextrins, indicating 
less energy absorption by the sample. 

The ITIR spectra from 2800-3000 cm-' of hairless mouse 
stratum corneum at room temperature and approximately 30% 
hydration are shown in Fig. 2. Of particular interest are the 
peaks near 2850 and 2920 cm-', CH2 and CH3 symmetric 
stretching modes, respectively. The major contribution to the 
C-H stretching peaks of the stratum corneum is the absorbance 
of hydrocarbon chains of the lipids. It can be seen that the 
delipidization of the stratum corneum by the sequence of 
organic solvents dramatically reduced both C-H stretching 
absorbances. The treatment of stratum corneum with aqueous 

Delipidized 

l " " l " " I " " I ' " ' I " " 1  
20 40 60 80 100 120 0 

Temperature(" C )  

FIG. 1 .  DSC thermal profiles of hairless mouse stratum comeum 
hydrated to 3MO% w/w: untreated stratum comeum, untreated 
stratum comeum after re-heating, stratum comeum delipidized by 
use of a sequence of organic solvents and stratum comeum after 
treatment with aqueous solutions of y-CyD (6.0% w/v), 8-CyD 
(1.8% W/V) and HP-P-CyD (20.0% w/v). 

solutions of cyclodextrins reduced the absorbances of the C-H 
stretching. The effect of HP-8-CyD was greatest in this 
respect. Others factors, such as pathlength (sample thickness), 
opacity, etc., can affect the absorbance in a spectrum. These 
possibilities were not considered, because we used stratum 
corneum samples (approximately five samples) from the same 
animal and the pathlength between the transparent windows 
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3000 2900 2800 

Wavenumber (cm-') 

FIG. 2. FTIR spectra of hairless mouse stratum comeum in the C-H 
stretching region between 2800 and 3000 cm-': (i) untreated stratum 
comeum; (iiHv) stratum comeum treated with aqueous solution of p- 
CyD (1.8% w/v), y-CyD (6.0% w/v), HP-p-CyD (20.0% w/v) and 
delipidized stratum comeum, respectlvely. 

Table 2. Mean shifts of the CH2 and CH3 symmetric stretching 
frequencies caused by the different treatments. 

Treatment Frequency shift (cm-') 

CH2 symmetric stretching CH3 symmetric stretching 

1.5f0.2 

HP-B-CyD 9.4 f 0.4 
Kg 3 . 6 f 0 . 3  

1 . 4 f 0 . 1  
4.8 f 0.4 

10.9 f 0.8 

was controlled by spacers 0.1 mm thick. Stratum corneum 
control samples (no treatment) from different animals did not 
show significant differences in C-H stretching absorbances 
(Student t-test, probability < 0.05), probably because of the 
use of animals of the same age and weight. Similar behaviour 
was observed for the amide I band (1656 cm-I), which could 
be used as internal standard. The treatment with HP-p-CyD 
caused a small blue shift of C-H stretching absorbances, i.e., 
approximately 9.4 (*0.4) cm-' and 10.9 (3~0.8) cm-' to 
the CH2 and CH3 symmetric stretching, respectively (Table 2). 
Initial interpretation of these results suggests that the HP-1- 
CyD possibly caused fluidity in the domain of stratum corneum 
lipids, although the resolution of the equipment (4 cm-') and 
results from other work (Legendre et a1 1995) do not confirm 
this possibility. 

The unique organization of stratum comeum as a dual- 
compartment system of lipid-depleted corneocytes embedded 
in an extracellular matrix of non-polar, lipid-enriched lamellar 
bi-layers is well established. Fixation with ruthenium tetroxide 
has been shown to be suitable for characterizing the lipid 
organization of the corneocyte envelope (Hou et a1 1991). Fig. 
3 shows the ultra-structure of stratum corneum layers from 
hairless mouse skin after treatment with cyclodextrin solutions, 
and of delipidized and untreated stratum corneum. In the 
untreated stratum corneum the presence of the multiple 
lamellae filling of intercellular space can be observed. It is 
clear that the lamellae in the outer stratum corneum are closely 

opposed to the cell surfaces and there are several layers con- 
sisting of alternating electron-dense and electron-lucent bands. 
In the delipidized stratum corneum the lipids that form the 
lamellae were removed, and large lucent areas were seen in the 
intercellular space. Treatment with aqueous solutions of j- 
CyD and y-CyD did not cause significant changes in the 
organization of the lipids in the intercellular spaces, and 
lamellae were well defined by electron-dense bands. HP-p- 
CyD, however, significantly changed the lamellar structure, 
suggesting removal of lipids and possibly disruption of the 
organized lipid bi-layer structure. These ultra-structural 
visualizations of the lipid matrix that form the corneocyte 
envelope confirm the DSC and FTIR studies. The treatment 
with /I- and y-CyD did not have any effect on the stratum 
corneum lipid matrix. HP-p-CyD, however, caused extraction 
of the stratum corneum lipids. In fact, HP-p-CyD could extract 
approximately 5 to 10% of cholesterol and some proteins from 
the stratum comeum (Legendre et a1 1995), indicating that this 
cyclodextrin might increase the permeability of the skin. 

On the basis of the capability of cyclodextrins to solubilize 
lipophilic drugs (Brewster et a1 1995) and the presence of free 
lipids in the stratum comeum (Swartzendruber et a1 1987), it 
might be hypothesized that lipids of the stratum corneum 
complex with cyclodextrins. Frijlink et a1 (1991) showed that 
HP-j-CyD forms stable complexes with endogenous choles- 
terol in the bloodstream and suggested that this cyclodextrin 
might be used to reduce the level of cholesterol and lipid- 
proteins in the blood. So, the mechanism of action of cyclo- 
dextrins on the membrane is thought to be via extraction of 
membrane components, i.e. lipids or proteins or both. The 
FTIR and most of the TEM results support this hypothesis. 

It is interesting to consider that the cyclodextrins can also 
improve cutaneous drug permeability as a result of an increase 
in the partition coefficient of the drug into the skin, because its 
aqueous solubility is increased (Uekama et a1 1992). Our 
previous work (Lopez et a1 1996) showed that the permeation 
(flux) of dexamethasone acetate through hairless mouse skin 
increased twofold when this drug was complexed with HP-p- 
CyD. Williams et a1 (1996), however, have found that the pre- 
treatment of skin with ointments containing p-CyD or HP-p- 
CyD resulted in reduced permeation of toluene through the 
stratum corneum in man. In the case of pre-treatment with 
cyclodextrins, the drug can have its cutaneous permeability 
increased only if it does not form an inclusion complex 
(Legendre et a1 1995). It might be suggested that the method 
used to assess the effect of cyclodextrins might influence the 
skin-drug permeation profile. 

From the results obtained in this work it might be suggested 
that the HP-p-CyD caused extraction of lipid from the stratum 
comeum and thus increased permeation of drug through the 
skin. 
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FIG. 3. Electron photomicrographs of lamellar lipid structures in the 
stratum comeum from hairless mouse. a. Untreated stratum comeum, 
showing the lipid lamellae with alternating electron-dense and electron- 
lucent bands; b. delipidized stratum comeum, absence of lipid lamellae; 
c. stratum comeum treated with y-CyD (6.0% w/v); d. stratum comeum 
treated with B-CyD (143% w/v); e. stratum comeum treated with HP-/?- 
CyD (20.0% w/v). Magnification x 60 OOO. 
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