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Abstract

Thermal transitions in desiccated stratum corneum membranes of neonatal rats, mice and rabbits and adult
abdominal human skin were investigated using differential scanning calorimetry (DSC). Four endothermic transitions
at 39–45 (T1), 55–58 (Tx), 68–74 (T2) and 77–86°C (T3) were observed. T1, T2 and T3 were attributed to phase
changes in the intercellular lipid bilayers. Tx was a weak transition, the exact nature of which is unknown. A fifth
transition at 48°C (Ty) was only observed with neonatal rabbit stratum corneum and was attributed to lipid melting.
The DSC results indicated that the temperatures of lipid transitions of human and animal tissues were different
although the patterns of their thermograms were similar. The temperatures of T2 and T3 of human stratum corneum
were higher than those of the animals. DSC of neonatal rabbit stratum corneum showed a lipid transition not seen
in stratum corneum of human or other animal species. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The outermost layer of mammalian skin, the
stratum corneum, acts as the principal barrier to
diffusion of most substances (Scheuplein and
Bronaugh, 1983). It essentially consists of flat-
tened keratinocytes embedded in a matrix of

multi-lamellar lipid bilayers (Elias et al., 1977,
1983).

Thermal analysis techniques such as differential
scanning calorimetry (DSC) and differential ther-
mal analysis (DTA) have been used to study
thermal transitions in mammalian stratum
corneum. Typically, thermal transitions occur at
35–42, 60–77, 70–90 and 95–120°C and are re-
ferred to as T1, T2, T3 and T4, respectively. T1,
T2 and T3 are attributed to phase changes in the
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intercellular lipid bilayers and T4 is associated
with protein denaturation (Barry and Williams,
1995). In human stratum corneum, a fifth tran-
sition at 51–55°C has also been reported and
attributed to the covalently bound lipids of the
corneocyte envelope (Gay et al., 1994; Cornwell
et al., 1996; Naik and Guy, 1997).

Biological factors, such as species variations,
are generally recognized to have impact on skin
permeability. In general, skin permeability in-
creases in the order: human, pig, guinea pig, rat,
and rabbit, but the ranking is not consistent
with change of penetrant (Barry, 1983; Sato et
al., 1991; Walters, 1993). Only a few studies,
however, have investigated the effect of species
differences on the thermal behaviour of stratum
corneum (Rehfeld et al., 1980; Rehfeld and
Elias, 1982; Knutson et al., 1985; Golden et al.,
1987; Hirvonen et al., 1991). These workers
showed different results, probably due to varia-
tions including heating rate, degree of hydration
of samples and sampling methods. In our work,
using identical experimental conditions, we in-
vestigated and compared the DSC thermograms
from neonatal rabbits, neonatal rats, neonatal
mice and adult human abdominal stratum
corneum. Dry samples were used in this com-
parison to avoid any discrepancies that might
arise due to variations in the degree of hydra-
tion of samples. In the present study, we hoped
to detect variations among thermograms of the
different species that may correlate with the re-
ported differences in skin permeability among
these species (Barry, 1983; Sato et al., 1991;
Walters, 1993).

2. Experimental

2.1. Preparation of stratum corneum

Neonatal rabbits (offspring of F1, New
Zealand/California cross), neonatal rats (albino
outbred, Sprague–Dawley) and neonatal mice
(albino outbred, OLAC MF1) were used within
24 h of birth. Stratum corneum sheets were ob-
tained by placing the full thickness skin onto
cotton wool moistened with phosphate buffer

solution (potassium dihydrogen phosphate and
disodium hydrogen phosphate; BDH Laboratory
Supplies, Poole, UK), pH 7.4, containing
0.025% trypsin (type III, bovine; Sigma, St.
Louis, MO) and incubating for 10–12 h at
37°C. After this treatment, stratum corneum
sheets were removed from the skin and the di-
gested material was separated from the stratum
corneum by agitation, in a conical flask, with
distilled water. The cleaning process was re-
peated three times, with fresh distilled water.
The cleaned sheets were then soaked, overnight,
in distilled water at room temperature. Finally,
the membranes were rinsed with fresh distilled
water and dried, overnight, on wire meshes un-
der ambient conditions. Human abdominal skin
was obtained postmortem and stored at −20°C.
Human stratum corneum membranes were pre-
pared as for animal tissue except that the skin
was dermatomed (Citenco, Borehamwood,
Herts, UK) into 400 mm thick layers, before
digestion with trypsin. All samples were stored
in a desiccator, over silica gel, for at least 3
days before thermal analysis. Samples of lipid-
extracted stratum corneum were obtained by
soaking the dried membranes in chloroform-
methanol (2:1 v/v) for 3 h, at room tempera-
ture, followed by overnight soaking in fresh
chloroform-methanol (2:1 v/v). The delipidized
samples were desiccated, as above, before ther-
mal analysis.

2.2. Differential scanning calorimetry

Desiccated stratum corneum samples were
folded and hermetically sealed into 75 m l stain-
less-steel capsules and heated from 0 to 140°C
at 10°C/min, using a DSC7 Differential Scan-
ning Calorimeter (Perkin-Elmer, USA). After the
first heating run, samples were cooled, in their
hermetically sealed pans, to 0°C and then imme-
diately reheated again to 140°C at 10°C/min as
before. Sample weight was about 4 mg for
mouse stratum corneum and 10 mg for the
other species. Because of difficulties in accu-
rately measuring onset temperatures, transition
temperatures reported from all thermograms are
taken from the peak maxima values.
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Fig. 1. DSC thermogram of (A) desiccated neonatal rabbit
stratum corneum and (B) reheated sample.

Fig. 3. DSC thermogram of (A) desiccated neonatal mouse
stratum corneum and (B) reheated sample.

3. Results and discussion

DSC analysis of dry stratum corneum samples
of neonatal rabbits, neonatal rats, neonatal mice
and human abdomen showed three major thermal
transitions, T1, T2 and T3 that occurred at 39–
45, 68–74 and 77–86°C, respectively (Figs. 1–4).
Similar transition values were reported by Van
Duzee (1975), Goodman and Barry (1986),
Golden et al. (1987), Bouwstra et al. (1989), and
several other workers (Barry and Williams, 1995;
Naik and Guy, 1997).

On the second heating, endotherm T3 disap-
peared in the samples of the different species.

However, two endothermic transitions developed
at 37–40°C and 66–73°C, for the animal stratum
corneum membranes, and only one transition at
about 72°C for the human samples. T1, T2 and
T3 were removed by lipid extraction with chloro-
form-methanol (2:1 v/v), and are thus attributed
to lipid phase changes (Winfield and Tylor, 1990;
Cornwell et al., 1996). The transition T1 of hu-
man stratum corneum was minor, difficult to
distinguish and not apparent in all the samples. It
was also lost on the second heating cycle (Fig. 4).
This behaviour agrees with the results of other
workers (Van Duzee, 1975; Cornwell et al., 1996).

Fig. 2. DSC thermogram of (A) desiccated neonatal rat stra-
tum corneum and (B) reheated sample.

Fig. 4. DSC thermogram of (A) desiccated human abdominal
stratum corneum and (B) reheated sample.
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Table 1
The transition midpoint temperatures observed in desiccated stratum corneum membranes from human and neonates of different
animal species (means9S.D.)

Species First heatingna Second heating

T1 Ty Tx T2 T3 T1 T2

39.890.6 4891.6 56.992.7Rabbit 69.591.06 78.691.6 39.591.3 67.991.3
44.390.6 — 55.191.0 70.290.68 77.290.6Rat 39.890.7 68.191.0
43.291.4 — 55.290.7 68.691.0 78.391.1Mouse 37.991.48 66.791.2
41.191.5 — 57.291.6 73.490.3 86.191.27 —Human 72.390.8

a Number of replicates (T1 of human stratum corneum was apparent in only three replicates).

Endotherm T1 of neonatal rabbit stratum
corneum was considerably pronounced compared
with those of the other species (Fig. 1). The
transition temperature of T1 ranged from 39°C to
45°C among the different species tested and on
the second heating this transition occurred at a
similar temperature. The reason for this variation
in the transition temperatures is not understood
and requires further investigation. However, fur-
ther preliminary studies (data not shown) indi-
cated the involvement of free sterols, particularly
cholesterol, in the T1 endotherm.

In the present work, a weak transition at 55–
57°C was also observed with the animal and
human abdominal stratum corneum samples. The
intensity of this transition varied inter- and intra-
species. Gay et al., 1994 and Cornwell et al., 1996
also reported this transition and attributed it to
structural changes in the covalently bound lipids
present on the outside of the corneocyte envelope.
However, the exact nature of this transition and
its role in the barrier function of the tissue are
unknown.

The thermogram from samples of rabbit stra-
tum corneum showed an unreported transition at
48°C (Ty) (Fig. 1). This transition was irreversible
on the second heating and thus probably arose
from melting of lipids; its importance will be
discussed later. In their DSC studies, Hirvonen et
al. (1991) reported only two lipid transitions, at
44°C and 68°C, from rabbit pinna stratum
corneum. However, comparison between their
work and the present study is difficult. Hirvonen
et al. used hydrated samples (40%), prepared stra-
tum corneum membranes by a heat separation

method (at 60°C for 2 min), which might have
eliminated Ty, and used mature rabbit tissue.
Also they did not observe T3 in the rabbit pinna
stratum corneum.

A direct comparison of the DSC of desiccated
samples from the different species shows four
endothermic transitions; however, the transition
temperatures varied between the species (Table 1).
The transition temperatures T2 and T3 were
higher from the human samples than from those
of the animals. This may imply that human lipid
molecules are more highly ordered and closely
packed, resulting in a greater barrier stability and
impermeability. Also the appearance of a lipid
transition at low temperature (48°C) in neonatal
rabbit stratum corneum may suggest that the lipid
is ‘softer’ than those of human and the other
animal species investigated in our work. These
observations correlate with the fact that for most
penetrants so far tested, human skin is less perme-
able than those of the animals, and rabbit skin is
the most permeable of those we investigated.

Although stratum corneum of human and ani-
mals displays similar classes of lipids (such as
ceramides, free sterols, free fatty acids and sterol
esters) there are some differences in the distribu-
tion of long-chain fatty acids (C24 and greater) in
the lipid classes (Elias et al., 1977, 1983). Several
authors have suggested that these long-chain satu-
rated free fatty acids can form a relatively stable
hydrophobic barrier (Elias et al., 1977, 1983;
Wertz and Downing, 1982).

It is not known whether the variations observed
in the lipid transitions of the different species are
related to the saturated free fatty acids. Also, do
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the variations in the thermal transitions, due to
subtle variations within the lipid bilayers structure
of these species, explain the inter-species differ-
ences in percutaneous penetration? The answers
to these questions require further investigations to
establish a possible correlation between lipid ther-
mal transitions and skin permeability of the dif-
ferent species.

Variations in skin permeability among species
have also been attributed to several factors, such
as degree of hairiness, variability of growth pat-
tern, differences in sebaceous mechanisms, sweat-
ing and tissue layer thickness (McCreesh, 1965).
However, some of these factors have been ques-
tioned because the physical characteristics of skin
vary widely between man and animals, which may
affect the rate of transdermal permeation. For
example, skins of rabbits, rats and mice lack
sweat glands but abound in hair follicles (Idson,
1975). However, rabbit skin usually shows higher
permeability than other species, even though nei-
ther epidermal structure nor appendageal fre-
quency differs appreciably from species that are
more resistant to penetration (Winkelmann,
1969). Dupuis et al. (1984) attributed species vari-
ations to differences in the number of cell layers
and intercellular volume. Variations in skin per-
meability have also been attributed to the quan-
tity of intercellular lipids (Elias et al., 1983;
Lampe et al., 1983), to the quality and quantity of
stratum corneum lipids (Smith et al., 1982), or to
the amount of skin surface lipids (Sato et al.,
1991). Nevertheless, all these authors have studied
the effect of species variations from a particular
angle, presenting reasonable justifications for their
explanations. These explanations may, however,
not necessarily hold for a wider range of pene-
trants or animal species. Hence, the effect of
species variations on skin permeability requires
further investigation using different techniques
concurrently, such as thermal analysis, lipid anal-
ysis and permeability studies, with the consider-
ation of the structure of the stratum corneum.
This also will enable us to gain more knowledge
and understanding of the nature of the skin per-
meability barrier.
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