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INTRODUCTION

It has now been demonstrated that the skin provides a
viable route of delivery for potent, systemically active drugs.
Further, topical application of dermatological drugs is the
logical choice for the treatment of skin diseases. In both
situations, the medication is often administered under occlu-
sive conditions, in which the application site is covered, nor-
mal transepidermal water loss is impeded, and skin (and, in
particular, stratum corneum) hydration is increased. Gener-
ally, hydration of the stratum corneum (SC), the principal
barrier to transdermal drug delivery, is believed to enhance
the rate of percutaneous absorption (1). However, the mech-
anism by which this effect is induced remains unclear. The
SC consists of terminally differentiated keratinocytes em-
bedded in a lamellar intercellular lipid matrix (2). Recent
research has suggested that the continuous lipid domain con-
stitutes an important, tortuous pathway for molecular trans-
port through the SC (3). Significantly, it has been shown that
water permeability across the SC is highly dependent upon
the hydrocarbon-chain disorder of the SC lipids (4). It is
logical, therefore, to ask the question, ‘‘Does hydration af-
fect intercellular lipid organization in the SC?°” The answer
should permit one to hypothesize a causative link between
hydration and enhanced SC permeability. In this note, we
address this issue using the technique of infrared spectros-
copy (5).

MATERIALS AND METHODS

Human and porcine stratum corneum (HSC and PSC,
respectively) were obtained and prepared as described pre-
viously (6). Following isolation from the epidermis, SC was
dried in vacuo overnight. The dehydrated SC was suspended
in 99.5% D,0 (Cambridge Isotope Laboratories, Cambridge,
MA) for approximately 8 hr and was then dehydrated again
as before. After this second dehydration, a section of the
deuterium-exchanged SC was subjected to infrared (IR)
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Technical Note

spectroscopy (Analect FX-6200 Fourier transform infrared
spectrometer, Irvine, CA). The sample was sealed between
two IR-transparent, ZnS windows, and the ensemble was
mounted in the path of the IR beam. The sequence of dehy-
dration, hydration with D,0O, and dehydration again was
designed (a) to remove as much H,O from the SC as possi-
ble, (b) to exchange any tightly associated H,O with D,0,
and then (c) to dehydrate the membrane in preparation for
the controlled hydration procedure below.

Further pieces of SC were placed into either a D,0O-
saturated or a H,O-saturated hydration chamber (contain-
ing saturated potassium sulfate solution which maintained
the relative humidity at 95%). Every 30 min thereafter, a
piece of SC was removed, weighed (to measure the percent-
age weight gain due to water uptake), and subjected to IR
spectroscopy. The effect of hydration on SC lipid organiza-
tion was evaluated by the frequency shift in the absorbance
due to the C-H asymmetric stretching vibration, which oc-
curs at about 2920 cm~!. It has been shown that this IR
spectral feature originates predominantly from the SC inter-
cellular lipid hydrocarbon chains (6).

All spectra were recorded at ambient temperature
(20-25°C) and represented the average of 64 scans collected
over a 2-min period. The instrumental resolution (2.7 cm ™!
was improved to 0.1 cm ™' using a center-of-gravity algo-
rithm (7).

RESULTS AND DISCUSSION

It should first be noted that the procedure for preparing
dehydrated SC did not remove the most tightly bound H,O
molecules. It was still possible to observe a residual O-H
stretching vibration signal in the spectrum of the dehydrated
membrane (data not shown).

Representative spectra of HSC hydrated for a period of
2 hr in H,O and in D,O are shown in Figs. 1A and B, re-
spectively. Hydration with H,O leads to a substantial aug-
mentation of the broad O-H stretching absorbance centered
at about 3200 cm ~ . On the other hand, uptake of D,O does
not significantly alter the spectrum in this region, but it does
cause the appearance, as expected, of a new, large absor-
bance (O-D stretching) at about 2500 cm ™.

For other biomembranes, it has been previously re-
ported that an increased level of hydration causes the lipid
hydrocarbon chain-associated C-H asymmetric stretching
absorbance maximum to shift to a higher wavenumber (8).
The interpretation of this observation is that the lipid-chain
disorder has been increased; that is, there is an increased
number of gauche conformers in the lipid alkyl chains, re-
ducing the efficiency of packing and causing the energy
needed to vibrate the C-H bonds to increase (5). For SC
progressively hydrated in H,O, it appeared that this pattern
of behavior was reproduced (Fig. 2). However, reexamina-
tion of Fig. 1A shows that the large increase in the O-H
absorbance can ‘‘bias’’ the peak maxima of the C-H asym-
metric and symmetric stretching absorbances (which occur
at around 2920 and 2850 cm ™!, respectively). In other
words, the greatly enhanced O-H band causes the C-H ab-
sorbances to be located on the shoulder of the broad peak
centered at 3200 cm™!. It is possible, therefore, that this

1064



Hydration and Intracellular Lipid in the Stratum Corneum

B8)

T T +—
3600 2800 2000 1200
WAVENUMBER (cm™)

Fig. 1. Representative IR spectra of HSC hydrated for 2 hr at 95%
relative humidity in (A) H,O and (B) D,0.

effect shifts the apparent maxima of the C-H absorbances to
higher wavenumbers. The experiments using D,O were ob-
viously designed to circumvent this problem. As stated
above, the O-D absorbance occurs at much lower energy
and does not interfere with the location of the C-H absor-
bances (see Fig. 1B). The D,O data in Fig. 2 confirm the
suggestion that hydration with H,O can artifactually influ-
ence the apparent position of the SC lipid C-H absorbances.
When hydrated with D,0, these absorbances show no sig-
nificant shift to higher (or, for that matter, lower) wavenum-
ber. We deduce, therefore, that SC hydration does not lead
to an overall increase in intercellular lipid disorder.
Although this observation provides an exception to
much of the biomembrane literature, the IR findings have
very recently been substantiated by X-ray diffraction exper-
iments. Using small-angle X-ray scattering, Bouwstra et al.
(9) have shown that the interlamellar repeat (or so-called d-
spacing) of HSC lipids is not altered by hydration over the
range O to 40% (w/w). They concluded that increasing the
water content of the SC causes ‘‘no swelling of the lipid
bilayers.”” Similar results have also been obtained by Hou e¢
al. using murine SC (10); these authors report the same d-
spacing both for dry samples and for samples exposed to
excess water. Further, circumstantial support comes from
differential scanning calorimetry (DSC). While SC hydration
causes the phase transition temperatures (7,,) of the inter-
cellular lipids to decrease by 5-8°C (6), these effects are
relatively small compared to changes of up to 80°C which
have been measured for phospholipid systems (11). An ex-
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Fig. 2. Effect of hydration on the maximum frequency of the C-H
asymmetric stretching absorbance from the intercellular lipids of (a)
PSC hydrated at 95% relative humidity (RH) in H,O (filled circles;
each data point is the average of two separate measurements), (b)
PSC hydrated at 95% RH in D,O (open circles), and (c) HSC hy-
drated at 95% RH in D,0 (open squares; each data point is the
average of two separate measurements). Hydration of the SC in H,0
causes the C-H asymmetric stretching absorbance frequency to
shift to a significantly higher wavenumber. Hydration with D,0, on
the other hand, leads to no significant change (higher or lower) in
wavenumber at any level of weight gain.
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planation for this small to negligible effect of hydration on
SC lipids may be the low solubility of water in the lamellae.
Direct measurements of water uptake by SC lipids, and anal-
ysis of the water-dependent freezing-point depression of SC
lipid transitions, suggest that SC lipids are maximally hy-
drated at less than 1 water molecule per lipid (3). In contrast,
lamellar phospholipid systems can take up more than 10 wa-
ter molecules per lipid, even in the solid phase (11). Given
that the head-groups of SC lipids are significantly less polar
than those of phospholipids (12), it is reasonable to expect
that SC lipids have less affinity for water.

The question remains, ‘‘How does hydration lead to
enhanced molecular transport across the SC?’’ The results
presented in this paper strongly imply that increased lipid
alkyl-chain disorder is not the causative mechanism. Alter-
native hypotheses, which should now be explored, include
(a) the possibility that hydration induces lipid phase separa-
tion (thereby creating interfacial defects and reducing diffu-
sional resistance), as has recently been suggested for oleic
acid (12), and (b) the potential action of water on other struc-
tural domains of the SC, such as the intracellular keratin.
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