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Purpose. The apparent pK, of the fatty acids within hydrated (30 %
w/w) model human stratum corneum (SC) lipid mixtures should be
measured.

Methods. The degree of ionisation of the fatty acids was calculated as
a function of pH using Fourier transform infra-red spectroscopy.
The relative intensity of the stretching bands of the unionized and
ionized carboxylic groups was determined and fitted to the relevant
expression for ionic equilibrium of a monoprotic acid. The pK, was
then calculated for increasing proportion of unsaturated fatty acid in
the lipid mixture.

Results. Values for pK, in the range 6.2-7.3 were found, increasing
with greater proportion of oleic acid. These are some 1.5-3 pH units
higher than the pK,s of fatty acids in molecular solution.
Conclusions. As there exists a pH-gradient across the SC, the degree
of ionisation will aiso vary. In the innermost SC layers, a pH of 7 will
produce 90% ionization of the fatty acids and head-group repulsion
will be great. At the SC surface, the pH of 5 will cause aimost
minimal head-group repulsion, tending to increase crystallinity and
promote a bilayer structure.
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INTRODUCTION

The lipid present within the extracellular space of hu-
man stratum corneum (SC) is vital for maintaining the barrier
property of this membrane. Although its composition is com-
plex, the major components have been identified as free fatty
acids, cholesterol and sphingolipids. The fatty acids repre-
sent with approx. 45 mol% (1) the major component and are
equally divided between saturated (mainly stearic, palmitic
and myristic) and unsaturated (mainly oleic, linoleic and
palmitoleic) acids (2). Studies of the polymorphic behavior
of this SC-lipid combination have shown how a bilayer struc-
ture is formed. The hydrated fatty acids produce by them-
selves a biphasic structure (3), comprising a crystalline
phase of saturated fatty acid and an H; phase of unsaturated
fatty acid (4). A lamellar gel phase is first formed on the
addition of cholesterol (5), which apparently promotes incor-
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poration of the unsaturated fatty acids into a bilayer that
would otherwise be geometrically unfavorable for them. This
bilayer structure is maintained on addition of ceramides, but
now shows an additional high-temperature L, - H; transition
directly subsequent to the L, - L, transition observed with-
out ceramide (5).

It is well known that the polymorphism of hydrated,
charged lipids can be influenced by the degree of ionisation
of their head groups. The question arises, therefore, if the
degree of ionisation of the 45 mol% fatty acids present in the
SC lipids is an important factor for bilayer structure and,
hence, for maintaining barrier property. The pH within the
SC gradually changes from pH S on the SC-surface to pH 7
in the upper viable epidermis (6). As a consequence of this
pH-gradient, the degree of ionisation of the fatty acids within
the SC-lipid bilayers may also vary across the SC. The pK,
for medium- and long-chain (C = 10) fatty acids molecularly
dispersed in water is approx. 4.8 (7). Recent work has
shown, however, that both pure fatty acid bilayers (8) and
fatty acids contained within phospholipid bilayers (9, 10)
have pK,s of = 8.0. Does such a pKa shift occur with SC-
lipid bilayers, and, if so, are the fatty acids still ionized? In
this paper we determine the pK, of two representative fatty
acids within model SC lipid bilayers as a function of the ratio
of unsaturated/saturated acid. The results help provide in-
sight into the role of pH and fatty acid ionization in main-
taining the barrier property of the SC’s lipid fraction.

MATERIALS AND METHODS

Model Stratum Corneum Lipid Mixtures. The compo-
sition of the model SC lipid mixtures used in this study (Table
1) is based on that of abdominal human SC (2). Only a single
representative saturated (palmitic) and a single representa-
tive unsaturated (oleic) fatty acid were selected. The mole
proportion of unsaturated component to a total free fatty
acid was 0.1, 0.5 or 0.9. Palmitic and oleic acids were both
obtained from Sigma (Munich, Germany), cholesterol from
Aldrich (Steinheim, Germany), and the ceramide from
Avanti Polar Lipids (Birmingham, AL-USA). They all had a
stated purity of = 99 % and were stored under N,. The lipids
(approx. 400 mg in total) were dissolved together in 0.5 ml of
chloroform: methanol (1 : 1), and the solution pipetted on to
a microscope slide and allowed to dry at room temperature.
The lipid film formed was then hydrated with 30 % w/w
aqueous buffer and warmed to 80 °C with continued stirring
using a fine glass rod. The buffer pH was in the range 4 - 11
and of 1.0 M ionic strength (pH 4 - 7.5: potassium biphos-
phate buffer; pH 8 - 11: tris buffer). Each hydrated sample
was examined immediately after its preparation and equili-
bration at the temperature of measurement.

Spectroscopic Measurements. Infrared spectra were
obtained at 25 °C * 0.2 °C using a Phillips PU 9800 Fourier
transform infrared (FT-IR) spectrometer equipped with a
DTGS detector. Each lipid sample was placed in a thermo-
statted Specac 20710 cell having CaF, windows and a 25 pm
teflon spacer. After temperature equilibration, the FT-IR
spectrum of the sample was calculated from 50 interfero-
grams with a nominal resolution of 2 cm™ and a triangular
apodization. A sample shuttle accessory was used to average
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Table 1. Model Stratum Corneum Lipid Mixtures®

Palmitic Oleic Cholesterol
bun acid acid (anhydrous) Ceramide Alog[A " )/[HA)/ApH pKarP r?
0.1 40.5 4.5 27.5 27.5 1.1 6.16 0.992
0.5 22.5 22.5 27.5 27.5 0.80 6.34 0.975
0.9 4.5 40.5 27.5 27.5 0.51 7.32 0.887

4 Each mixture contained 30% w/w water and was buffered to a pH in the range 4-11. All values are
mol %. ¢, represents the relative molar proportion of unsaturated free fatty acid (oleic) to total free
fatty acid. The results for pK%P? were calculated from Fig. 3 according to Eq. 2.

the background spectra over the time of measurement. The
complete optics were continuously purged with dry, CO,-
free air.

The apparent pK, of the fatty acids within each lipid
mixture was determined from its infrared spectrum (10). The
degree of ionization of the fatty acids was first calcula-
ted from the infrared stretching bands of the un-ionized car-
boxylic groups at 1725 and 1530 cm™ for v(c=0)qy; and
v(c =0)y-, respectively. The area under each band was cal-
culated using the ‘Spectra-Calc’ program and normalized rel-
ative to the band area of the symmetric CH, stretching vi-
bration, v,(CH,), at 2850 cm'. In this manner the effects of
any varying sample thickness were compensated. The ratio
of the areas v(c =0)y-/v(c = 0)oy gives the value of [A']/[HA]
for the fatty acids, and was calculated as a function of both
pH and the proportion of unsaturated fatty acid to total free
fatty acid, ¢, (Table 1).

RESULTS AND DISCUSSION

Change in pH has a slight, but measurable, effect on
acyl chain fluidity. The same behavior is seen for the CH,
symmetric stretching frequency, v,(CH,), at each value of
&, examined (Fig. 1). With increasing pH there is at first no
change in v (CH,), which lies at 2849.2 cm™* for ¢, = 0.1
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Fig. 1. pH-dependence of the CH, symmetric stretching band,
v(CH,), of hydrated mixtures containing 27.5 mol% ceramide, 27.5
mol% cholesterol and 45 mol% free palmitic and oleic acids. Rela-
tive molar proportions of oleic to total acid &,, = (O) 0.1, (@) 0.5
and (A) 0.9.

and 0.5, and is a little higher at 2850.1 cm™* for ¢,, = 0.9.
These values are all characteristic of rigid acyl chains for the
fatty acids and ceramide (11). The higher value for ¢,,,, = 0.9
indicates a slightly greater fluidity. In the range pH 7 - 8§,
v(CH,) jumps by approx. 1 cm™, this occurring at slightly
lower pH with increasing ¢,,,. The resulting v, (CH,) remain
too low to indicate a change to fully-fluidized acyl chains,
which lie above 2853 cm! for an L phase (11). The jumps in
v,(CH,) coincide with those pH values determined for the
pK,s of the hydrated lipid mixtures. At pHs below 6 the fatty
acids will, therefore, be almost completely unionised. A
sharp increase in degree of ionisation of the carboxylic acid
groups is then to be expected between pH 6 and 8. The
resulting increase in headgroup repulsion may, therefore,
lead to the observed increased acyl chain fluidity. This oc-
curs despite the high ionic strength used here, which may
induce in itself some crystallinity, owing to decreased head
group repulsion.

An hydrated mixture of palmitic acid, cholesterol and
ceramide (i.e. free of unsaturated fatty acid) forms a lamellar
gel phase (12). Fig. 1 shows that replacing up to 50 mol% of
the palmitic acid with oleic acid (¢,,, = 0.5) does not induce
greater fluidity. Only after replacing 90 mol% with oleic acid
(dy, = 0.9) is a slight increase in fluidity observed, owing to
partial formation of an Hp; phase (13). In contrast, increasing
¢,, Within an hydrated mixture of the six major SC fatty
acids (i.e. free of cholesterol and ceramide) already pro-
duced some H; periodicity at ¢,, = 0.1 (4). We conclude
that cholesterol promotes incorporation of unsaturated fatty
acids within the lamellar structure. Their phase-separation
as an Hy; phase is thereby hindered. The cholesterol induces
sufficient fluidity of the saturated fatty acids acyl chains to
allow incorporation of the bulky unsaturated fatty acids.

The bands for v(c =0)y; and v(c=0)4 at 1725 cm™ are
clearly identifiable at all values of ¢, (see Figs. 2a-c). With
increasing pH the intensity of the v(c=0)y band gradually
decreases, whilst that of v(c=0),- correspondingly in-
creases. This type of spectral behavior has been observed
with *C-palmitic acid incorporated within a dipalmitoyl-
phosphatidyl choline bilayer (where v('*c=0)qy; = 1665
cm’! and v(**c=0)s- = 1513 cm!) and attributed to an in-
crease in degree of ionisation with increasing pH (10). At pH
5, for example, Figs. 2a-c show that the v(c =0)q band is
much more intense than the v(c=0),- band; the carboxyl
groups of the palmitic and oleic acids are almost fully pro-
tonated. At pHs > 8, the v(c =0)ny band has almost com-
pletely disappeared, whereas the v(c=0),- band has in-
creased greatly because the carboxyl groups are now almost
fully ionised. We exploit this change in relative intensity of
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Fig. 2. Infrared spectra of the 1800 - 1350 cm™! region of hydrated
lipid mixtures containing different relative molar proportions of oleic
to total acid. (A) ¢,, = 0.1, (B) ¢, = 0.5 and (C) &, = 0.9. The
bands corresponding to unionized carboxylic stretching, v(c = 0)oy,
at approx. 1725 cm’, to ionized carboxylic stretching, v(c =0)oy at
approx. 1530 cm™, and CH,-scissoring, o(CH,), at approx. 1470
cm’}, can be observed. pH values are (from the bottom up): 4, 5, 6,
6.5, 7, 7.5, 8, 8.5, 9, 10, 11. o(CH,) showed the same pH-de-
pendency as v,(CH,) in Fig. 1.
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the two bands to calculate the pK, of the fatty acids within
the mixture. The intensities of the v(c =0)gy and v(c=0),-
bands cannot be resolved into the individual contributions
from the palmitic and oleic acids. The ratio of band intensity,
v(c=0)y/v(c=0)og, at any pH is, therefore, equal to the
sum of the contributions from both acids: ([4,,,,] + [4,,])/
([HA,.;,,] + [HA_]). The equation for the relative concen-
trations of the ionized and unionized species of a mixture of
two independent weak acids as a function of pH (14) cannot
be solved for this factor. Consequently, we cannot determine
a separate pK, for each of the two fatty acids in the mixture.
We assign to the lipid mixture an apparent pK, equivalent to
that for a single monoprotic acid:

(H3:0" WA ) + [AGD
([HApalm] + [HAOI])

app _
K =

1)
This gives the following equation for a straight line:

| (Agm] + [A7]
8 \ [HA yaim] + [HA])

Fig. 3 shows the plots of log {(v(c =0)y-/v(c =0)oy)} versus
pH in accordance with Eq. 2 for the three mixtures with ¢,
= 0.1, 0.5 and 0.9.

Increasing the proportion of unsaturated fatty acid has a
marked effect on ionisation behavior (Fig. 3). For ¢, = 0.1,
the co-ordinates fit closely to Eq. 2 and give a slope of best
fit of unity (Table 1), as predicted by Eq. 2 for a monoprotic
weak acid. Although Eq. 1 is only an approximation for
these lipid mixtures, it does, therefore, accurately describe
the ionisation behavior using a single apparent pK,. With
increasing &,,, however, the scatter of the coordinates
around the straight lines of best fit increases and the slopes
fall below unity. The latter can only occur if ionisation is
being hindered with increasing &¢,,,. For example, the slope
of 0.5 at &, = 0.9 intimates that only every second carbox-
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Fig. 3. Plot of log {(v(c=0)y-/(v(c =0)n} versus pH for the model
stratuim corneum mixtures containing 27.5 mol% ceramide, 27.5
mol% cholesterol and 45 mol% free palmitic and oleic acids. Rela-
tive molar proportions of oleic to total acid ¢,, = (O) 0.1, (@) 0.5
and (A) 0.9.
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ylic acid group can ionise with increasing pH. Thus, the
palmitic and oleic acids behave differently, with the oleic
being less effected by the titration than is the palmitic acid.
We conclude that if the mixtures behave ideally (as appears
to be the case from Table 1) then each palmitic acid molecule
looses a single proton during ionisation, whereas each oleic
acid molecules looses only a half proton. We find no evi-
dence to suggest that this arises from the structural changes
occurring with increasing &,,,, whereby the L, phase of the
hydrated cholesterol, ceramide and palmitic acid (12) alters
to an Hy; phase of hydrated cholesterol, ceramide and oleic
acid (4, 13). Whatever the cause, it is evident from the po-
sitions and slopes of the lines in Fig. 3 that the reduced ease
of ionisation of the oleic acid compared with palmitic acid
causes pKiP? to increase with greater ¢,,,. The pK2”” values
(Table 1) all lie within the neutral pH-range and are, there-
fore, at least 1.5 pH units larger than those for these two
fatty acids in molecular solution (7). This shift in pK%? of
fatty acids incorporated within colloidal aggregates is caused
by dielectric double-layer effects of the nonpolar lipid envi-
ronment, as discussed in detail by Cistola et al. (8).

The finding that the pK27” of the fatty acids in the model
SC lipid mixtures is higher than previously supposed is im-
portant for understanding their phase behaviour. Consider
the lipid mixture corresponding most closely to that within
intact human SC, i.e. that with ¢,, = 0.5 (cf Table 1). This
mixture has a pKZ?? of 6.3 (Table 1). Tape-stripping studies
have shown that a vertical pH gradient exists within human
SC (6). A pH of 7 in the viable epidermis decreases across
the SC to pH 5 on the SC surface. In the innermost SC
layers, the fatty acids will, therefore, be approx. 90 % ion-
ized, and head-group repulsion will be almost maximal.
Moving outwards, across the SC, the drop in pH will reduce
the degree of ionization to < 10 % at pH 5, and head-group
repulsion will be almost minimal. This decrease in head-
group repulsion of the charge lipids will tend to increase
crystallinity and also maintain a lamellar geometry. A hy-
drated mixture of cholesterol, ceramide and the six major SC
fatty acids (5) shows at pH 5 a lamellar periodicity (X-ray)
and rigid acyl chains (FT-IR). On the basis of the results
presented here, this must be considered to be at least partly
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a result of the pK, shift of the fatty acids (from approx. 5 to
6.3) in the SC lipid bilayers.
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