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Abstract

The main problem with topical application of compounds to administer drugs to and regulate drug levels in a human body,
is the barrier formed by the intercellular lipid matrix of the stratum corneum (SC). In a search for possibilities to overcome
this barrier function, a good understanding of the organization and phase behavior of these lipids is required. SC lipid model
studies especially provide a wealth of information with respect to the lipid organization and the importance of certain
subclasses of lipids for the structure. Previously, we have shown that electron diffraction (ED) provides detailed information
on the lateral lipid packing in both intact SC (G.S.K. Pilgram et al., J. Invest. Dermatol. 113 (1999) 403) and SC lipid models
(G.S.K. Pilgram et al., J. Lipid Res. 39 (1998) 1669). In the present study, we used ED to examine the influence of two azones
and sebaceous lipids on the lateral phase behavior of lipids isolated from human SC. We established that human SC lipids are
arranged in an orthorhombic packing pattern. Upon mixing with the two enhancers the orthorhombic packing pattern was
still observed; however, an additional fluid phase became more apparent. In mixtures with sebaceous lipids, the presence of
the hexagonal lattice increased. These findings provide a basis for the mechanism by which these enhancers and sebaceous
lipids interact with human SC lipids. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the 1970s the advantage has been recognized

to administer drugs to the body by topical applica-
tion to the skin [3^5]. A problem that has been faced
since then, is the low penetration of most compounds
through the outermost layer of the skin, the stratum
corneum (SC). Therefore, a lot of e¡ort has been put
in the development of (trans)dermal drug delivery
systems to overcome the SC barrier locally and tem-
porary [6^8]. The SC consists of terminally di¡eren-
tiated keratinocytes, referred to as corneocytes, em-
bedded in a lipid-rich intercellular matrix. The main
constituents of this matrix are ceramides (CER), cho-
lesterol (CHOL) and long-chain free fatty acids
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(FFA) [9^11]. These lipids, which are organized in
crystalline lamellae at room temperature, play a
key role in the barrier function of human skin. As
the intercellular matrix forms a continuous pathway
by which most compounds penetrate the SC, the
organization of the lipids in this matrix has drawn
a lot of attention. One of the possibilities to increase
the permeability of the SC to certain compounds is
the (co)application of penetration enhancers. Such
studies on drug delivery in the SC mainly focus on
two topics: (i) the selection of possible candidates
that may act as enhancers and examination of their
enhancing activity by £ux studies [12,13], and (ii)
elucidation of the mechanism of action of penetra-
tion enhancers (e.g., interaction with SC lipids) [14^
16]. The present study is focused on this second
topic.

It has been observed that the permeability of phos-
pholipid membranes and SC lipid lamellae increases
considerably during phase transitions induced by
raising the temperature [17^20]. Based on these stud-
ies, several mechanisms have been postulated that
explain the changes in permeability of such lipid
layers. One mechanism is the transformation of lipid
phases, e.g., crystalline to gel or gel to £uid phases,
as a result of which lattice density is reduced and
alkyl chain mobility increases. However, this £uid-
ization does not explain the sudden increase in per-
meability at the phase transition temperature. As in
lipid mixtures not all lipids undergo a phase transi-
tion simultaneously, di¡erent phases may coexist.
Therefore, a second mechanism postulated is phase
separation, by which the coexistence of phases leads
to the formation of grain boundaries. At these boun-
daries additional penetration pathways are created,
which increase the permeability even more than the
£uidization of lipids during the phase transition [21^
23]. Finally, a third mechanism, occurring in the in-
tercellular matrix of SC, includes disordering of the
stacking of lipid lamellae [24,25].

Penetration enhancers are developed to induce
similar changes in the intercellular lipids in order to
reduce the SC barrier temporary and improve drug
penetration. As penetration of drugs also depends on
the characteristics of the compound itself, like
charge, size, shape and lipophilicity [26,27], the opti-
mal enhancer should be selected in combination with
a certain drug. Therefore, it is important to under-

stand the mechanism by which enhancers a¡ect SC
permeability.

Wide angle X-ray di¡raction (WAXD), Fourier
transform infrared spectroscopy (FTIR) and electron
di¡raction (ED) studies have shown that SC lipids
organize in hexagonal (gel phase) and orthorhombic
(crystalline phase) lattices [1,28^30]. In intact murine
skin a £uid phase has been detected as well, using
WAXD [31]. The presence of this phase in human SC
has not yet been con¢rmed, because the re£ection of
the £uid phase may be obscured by re£ections of K-
keratin in the di¡raction patterns [14,28]. However,
FTIR studies revealed a subpopulation of lipids in a
liquid phase [30,32].

It is known that azones, like dodecyl azone (DAz)
and oleyl azone (OAz) increase SC permeability and
a¡ect the lamellar organization of intercellular SC
lipids [24,33]. Recently, we studied the in£uence of
these Azones on the lateral packing of intact human
SC using ED [34]. Due to the presence of keratin it
was di¤cult to clearly establish the presence of a
£uid phase. However, our studies revealed an in-
crease in the number of grain boundaries in the lipid
domains, while the orthorhombic packing remained
dominantly present. In earlier ED studies, we already
showed that the lipid packing of untreated human
SC is predominantly orthorhombic; however, in the
outer part of the SC the hexagonal lattice is present
as well [1]. There are indications that sebum may be
responsible for the alterations in the lipid organiza-
tion in super¢cial SC layers [29,35,36]. Sebum is ex-
creted on the surface of human skin and consists of
triglycerides, (mainly short-chain, unsaturated) FFA,
squalene, wax monoesters, CHOL and cholesteryl
esters [37]. Some of these components, like short-
chain FFA, function as penetration enhancers
[15,38^40].

Based on the results from the studies discussed
above, we chose to examine the in£uence of DAz,
OAz and sebaceous lipids on the lateral organization
of SC lipid models. The use of ED may elucidate the
mechanisms of action, including phase transition and
the formation of grain boundaries, but not the pos-
sible disordering of the lamellar organization. An
advantage of using SC lipid models is the absence
of intracellular keratin and the possibility to study
the lipid organization as a function of enhancer con-
tent. The SC models were prepared from lipids
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extracted from human SC that were devoid of trigly-
cerides after puri¢cation. We could demonstrate that
DAz and OAz alter the lipid packing in the SC lipid
model in a di¡erent way compared to sebaceous lip-
ids.

2. Material and methods

2.1. Extraction and puri¢cation of lipids from human
SC

Human skin was obtained from eight di¡erent fe-
male donors, who underwent cosmetic surgery
(mamma reduction). The SC was separated from
the epidermis by a trypsin treatment [41] and subse-
quently the SC sheets from the eight donors were
pooled for lipid extraction. The SC lipids were ex-
tracted using the method of Bligh and Dyer [42] and
stored in chloroform/methanol (C/M 2:1, v/v) at
320³C under gaseous nitrogen until use. For puri¢-
cation, the extracted lipids were applied on a silica
gel 60 (Merck) column with a diameter of 4 cm and a
length of 13.5 cm. By sequential elution, the di¡erent
lipid fractions were collected in separate glass tubes
[41]. One-dimensional high-performance thin-layer
chromatography (HPTLC) was used to establish
the lipid composition in the tubes [43]. Those con-
taining the CER, FFA and CHOL lipids were mixed,
while those containing triglycerides were discarded.
The composition of the ¢nal mixture was determined
again by HPTLC. For quanti¢cation, authentic stan-
dards were run in parallel consisting of 0.1 Wg/Wl for
each of the components CHOL, bovine Cer III and
FFA (Sigma). After charring, the intensities of the
bands were determined using a photodensitometer
(BioRad GS 710) with automatic peak integration
[43].

2.2. Preparation of SC lipid models

Samples were prepared from either puri¢ed SC
lipids alone, or from SC lipids mixed with DAz,
OAz or sebaceous lipids (concentration of 10 Wg/Wl
in C/M 2:1) in the weight ratios 3:1 and 1:1. The
azones were synthesized as previously described and
have a purity better than 97% as determined by nu-

clear magnetic resonance [16]. The sebaceous lipids
are composed of 29.5% palmitoleic acid, 28% trio-
lein, 26% stearic acid oleyl ester, 12% squalene, 3%
cholesteryl palmitate, and 1.5% cholesterol (Sigma).
The preparation method of the samples was similar
to that for SC lipid models in X-ray di¡raction stud-
ies [44]. The mixtures were nebulized onto 400-Mesh
copper grids as described previously [2]. These grids
were covered with a thin carbon ¢lm to increase
stability of the lipid ¢lm. Then the samples were
equilibrated to 60³C during 10 min, hydrated in a
50 mM acetate bu¡er (pH 5) at 60³C, rapidly frozen
in liquid nitrogen and subsequently placed in the
same bu¡er at room temperature. To increase the
homogeneity of the lipid mixtures, the samples
underwent 10 freeze^thawing cycles by alternately
freezing at 320³C and equilibrating to room temper-
ature for 1 h. Finally, the grids were plunge frozen in
liquid nitrogen cooled ethane and stored in liquid
nitrogen until use. The procedure of sample prepara-
tion was repeated four times for each lipid mixture.

2.3. Electron di¡raction

The examination of grids using ED has been de-
scribed previously [1,2]. Brie£y, grids were mounted
into a pre-cooled cryo holder (Gatan, Model 626,
Pleasanton, CA) and examined in a Philips EM420
transmission electron microscope (TEM). The TEM
operated at 100 kV, with a condenser lens-two aper-
ture of 30 Wm, a spotsize of 40 nm, and a beam
diameter of approximately 1 or 20 Wm2 from which
ED patterns were obtained. These microscope set-
tings allow a low dose necessary to reduce radiation
damage of the sample. Good recordings on Kodak
electron image ¢lms (SO-163, Rochester, NY) could
be obtained with exposure times varying between 5
and 20 s.

For each lipid mixture, four samples were exam-
ined and the collected ED patterns were interpreted
on basis of the pattern (the hexagonal lattice is char-
acterized by 0.41 nm spacings, the orthorhombic lat-
tice by 0.37 and 0.41 nm spacings, the £uid phase by
a broad re£ection at 0.46 nm) and the appearance of
the pattern (spots, arcs or rings). These data were
analyzed semi-quantitatively using the chi-square
test in the statistical analysis program SPSS 7.5.
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3. Results

3.1. Puri¢ed human SC lipids

It was shown using HPTLC that the isolation of
the extracted human SC lipids has been successful
(Table 1). The exogenous (tri)glycerides were re-
moved, while endogenous components, including
CHOL, FFA, di¡erent classes of CER, and choles-
terol sulfate were still present. ED patterns of sam-
ples prepared from SC lipids before puri¢cation
consisted predominantly of a hexagonal lipid organi-
zation (data not shown). ED patterns of the samples
prepared from the puri¢ed SC lipids were collected
before and after the freeze-thawing cycles (Fig. 1). It
was observed that without homogenizing the sample,
the ED patterns mainly consisted of re£ections at
0.41 nm, indicative of the hexagonal lattice (Fig.
1A). After the freeze^thawing procedure the ED pat-
terns consisted predominantly (see also Fig. 4) of
re£ections at 0.41 and 0.37 nm, indicative of the
orthorhombic lattice (Fig. 1B), although the presence
of the hexagonal lattice cannot be excluded from the
ring ED patterns. The presence of a small amount of
lipids in the hexagonal phase was con¢rmed by the
recording of ED patterns with re£ections located at
0.41 nm only. Furthermore, a broad band centered
at 0.46 nm was sometimes present in the ED pattern,
which is characteristic of a £uid phase. Finally, re-
£ections appeared occasionally as 3 pairs of double

arcs at 0.37 and 0.41 nm (also in SC models mixed
with enhancers) (Fig. 1C).

3.2. Human SC lipids mixed with DAz and OAz

The puri¢ed human SC lipids were mixed with
either DAz or OAz in two di¡erent weight ratios,
viz. SC lipid/enhancer = 3:1 and 1:1. Fig. 2 shows a
number of characteristic ED patterns that were re-

Table 1
Composition of the lipids extracted from eight donors before
and after puri¢cation

Composition Before puri¢cation After puri¢cation

Triglycerides 76.3 6.9
Cholesterol 5.8 26.3
FFA 6.8 17.4
Ceramides 11.1 49.4

Cer 1 6.5 6.8
Cer 2 18.8 25.5
Cer 3+4 36.5 29.5
Cer 5 18.0 19.5
Cer 6 7.9 6.2
Cer 7 12.3 12.5

The amounts of the di¡erent lipid classes are given in percent-
ages. Furthermore, the relative distribution of the ceramide sub-
classes are shown. The presence of the triglycerides is clearly re-
duced. The CHOL/CER ratio and the composition of the
ceramide subclasses did not change signi¢cantly. However, the
FFA/CER ratio is reduced after puri¢cation. This ratio was re-
stored by adding a mixture of FFA according to the in vivo
FFA composition to the puri¢ed SC lipid mixture.

Fig. 1. Characteristic ED patterns from puri¢ed human SC lipids. (A) Without treatment, the lipids arrange mainly in a hexagonal
lattice, while a £uid phase can also be observed. (B) After homogenizing by freeze^thawing cycles, the lipids form an orthorhombic
lattice. Higher order re£ections at 0.22 and 0.25 nm are also present. (C) Typical ED pattern that can be explained by three di¡er-
ently oriented orthorhombic lattices rotated over an angle of 60³ relative to each other. This pattern present in the SC lipid models is
frequently observed in intact human SC (arrow marks the 0.41 nm re£ection, arrowhead indicates a re£ection at 0.37 nm, and asterisk
is located in the broad ring at 0.46 nm indicative of a £uid phase).
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corded in these samples. These ED patterns were
interpreted on basis of the type of crystal lattice
and the appearance of the re£ections. Fig. 3 shows
the intensity curves of some of these ED patterns in
which the shoulder on the right side of the 0.41 nm
peak originates from the £uid phase. Fig. 4 shows
the relative distribution pro¢le of the ED patterns
that were classi¢ed into ¢ve di¡erent categories:
ort, orthorhombic; ort*, orthorhombic ^ however,
the hexagonal lattice cannot be excluded; hex, hex-
agonal; hex*, probably hexagonal ^ however, the
presence of 0.37 nm re£ections cannot be excluded;
ort+hex, both orthorhombic and hexagonal lattices
are present. No signi¢cant di¡erences were observed
in the ort/hex distribution pro¢le between the mix-
tures of di¡erent weight ratios. However, the cate-

gory of ort+hex lattices was only recorded in the
mixtures with a ratio of SC lipid/enhancer = 1:1 (w/
w). With both enhancers, the ED patterns of the
mixtures showed predominantly an orthorhombic
packing (Fig. 2A,D,E), although regularly the 0.37
nm re£ection appeared less prominent (Fig. 2B). Fur-
thermore, a broad band around 0.46 nm indicative of
a £uid phase was present more clearly in the mixtures
with enhancers (Fig. 2A,D) and the frequency, by
which the £uid phase was observed, was signi¢cantly
increased with approximately 10% compared to con-
trol samples (from 8% to 19% and 16% for DAz and
OAz, respectively). In mixtures with OAz, the occur-
rence of re£ections as small spots increased from 4%
to 20% (Fig. 2D,E), while this feature remained un-
changed in mixtures with DAz. Upon tilting the sam-

Fig. 2. Characteristic ED patterns from puri¢ed human SC lipids mixed with DAz (A^C) and OAz (D^F). (A) Orthorhombic packing
and £uid phase. (B) The 0.37 nm re£ection is weak. (C) Unidirectionally scattered ED pattern as result of tilting the sample. The £uid
phase is not in£uenced by tilting. (D) Orthorhombic packing and £uid phase; note the spotted appearance of the rings as in powder
di¡raction patterns. (E) Orthorhombic crystals present in mainly three di¡erent orientations. The re£ections appear as spots indicating
that the crystals are probably small and well de¢ned. (F) Hexagonal packing and £uid phase recorded at 40³ (arrow marks the 0.41
nm re£ection, arrowhead indicates a re£ection at 0.37 nm, and asterisk is located in the broad ring at 0.46 nm indicative of a £uid
phase).
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ple, the ED pattern showed unidirectionally scattered
re£ections at 0.41 and 0.37 nm, while the £uid phase
was observed in all directions (Fig. 2C). When exam-
ining the samples at elevated temperatures the £uid
phase is clearly present from 40³C (Fig. 2F).

3.3. Human SC lipids mixed with sebum lipids

The puri¢ed human SC lipids were mixed with
sebum lipids in the ratios SC lipid/sebum = 3:1 and
1:1 (w/w). In Fig. 5, some characteristic ED patterns

Fig. 3. Intensity curves of the ED patterns from, respectively, Fig. 1B and Fig. 2A,D,F. (A) Puri¢ed SC lipids, in which the shoulder
from the £uid phase is relatively weak compared to the 0.41 nm peak. (B) SC lipids mixed with DAz, in which the shoulder from the
£uid phase is clearly present. (C) SC lipids mixed with OAz, in which the £uid phase can be observed. (D) The £uid phase becomes
more apparent in SC lipids mixed with OAz recorded at 40³C. On the x-axis the lattice spacing is indicated.

Fig. 4. Distribution pro¢le of the ED patterns recorded in puri¢ed human SC lipid models of control samples (C), and mixtures with
sebum (SB), DAz and OAz in di¡erent weight ratios (SC lipid/enhancer = 3:1 or 1:1). All samples were homogenized by freeze^thaw-
ing cycles. The y-axis shows the relative number of ED patterns recorded in a certain category. ort, orthorhombic; ort*, orthorhombic
^ however, the hexagonal lattice cannot be excluded; hex, hexagonal; hex*, probably hexagonal; ort+hex, both lattices are present in
the same area selected for di¡raction.
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of these samples are shown. The relative distribution
pro¢le of the ED patterns changed upon adding se-
baceous lipids to the isolated human SC lipids in that
the frequency of the hex-category increased from 5%
to 20% (Fig. 4). Thus besides ED patterns that are
characteristic of an orthorhombic packing (Fig. 5A),
hexagonal ED patterns in which the re£ections ap-
peared as rings or arcs (Fig. 5B,C) were regularly
observed as well. The occurrence of a broad re£ec-
tion indicative of the £uid phase and the appearance
of re£ections as small spots did not change signi¢-
cantly.

4. Discussion

An advantage of using SC lipid models in di¡rac-
tion studies is the absence of intracellular keratin,
which makes it possible to establish the presence of
a £uid phase [45]. In intact human SC this re£ection
is obscured by a re£ection of keratin in the di¡rac-
tion pattern. In a previous ED study of SC lipid
models, we used lipids isolated from porcine skin
and showed that ED can be applied to obtain de-
tailed information about the lateral packing [2]. The
lipid mixtures in that study were not hydrated in
order to avoid the formation of ice crystals when
examining the samples at 3170³C. In this study,
however, we mimicked the preparation method of
lipid mixtures used in previous WAXD and SAXD
studies as closely as possible [44]. We were able by
plunge freezing to preserve the lipid organization in

SC lipid models that were hydrated using a bu¡er
(pH 5), while keeping the formation of ice crystals
limited. The ED patterns revealed that the lipids iso-
lated from human SC were also arranged in an or-
thorhombic packing in vitro just as in intact human
SC. However, the ED patterns often appeared as
rings in the SC lipid models. This suggests that rota-
tional misalignment occurs more frequently in com-
parison with intact SC in which the lipid organiza-
tion is often maintained over large areas. As a
consequence, it is more di¤cult to establish whether
the 0.41 nm re£ection in patterns, containing also
0.37 nm re£ections, is derived from the orthorhombic
lattice only or from the hexagonal packing, as well
[2,41]. On the other hand, ED patterns were ob-
served in control samples and mixtures with en-
hancers that consisted of three pairs of double arcs
at 0.41 and 0.37 nm (Figs. 2C and 3E). Similar pat-
terns have more frequently been observed in intact
human SC. These patterns were explained by the
presence of three orientations of the orthorhombic
lattice rotated over an angle of 60³ relative to each
other [1]. It has been hypothesized that these three
orientations are present on top of each other and
constitute the lamellar phase with a periodicity of
approximately 13 nm [46,47]. Such an organization
is in good agreement with molecular models for the
SC lipids proposed by Swartzendruber et al. [47] and
Bouwstra et al. [46,48]. However, it cannot be ex-
cluded that these three orientations are located next
to each other within the same lipid layer. These char-
acteristic ED patterns have not been observed in our

Fig. 5. Characteristic ED patterns from puri¢ed human SC lipids mixed with sebaceous lipids in di¡erent weight ratios. (A) Ortho-
rhombic packing; however, the hexagonal lattice cannot be excluded. (B) Hexagonal packing, ring pattern. (C) Hexagonal ED pattern
in which re£ections are separated in arcs.
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previous study on SC lipid models prepared from
porcine derived CER [2]. This is most likely related
to the hydration state of the lipids in the present
study, although di¡erences in the lipid composition
between the mixtures prepared from human and por-
cine SC lipids cannot be excluded.

Upon mixing the isolated human SC lipids with
the enhancers DAz and OAz, the lateral lipid pack-
ing remained predominantly orthorhombic. Appar-
ently, these enhancers do not provoke a transition
from orthorhombic to hexagonal. A similar conclu-
sion was drawn in an earlier study in which these
enhancers were applied to intact ex vivo skin
[34,49]. However, in samples mixed with DAz and
OAz, the £uid phase became more pronounced and
could be observed more frequently. Upon tilting, the
appearance of the broad re£ection at 0.46 nm did not
change, which suggests that the £uid phase does not
have a lamellar arrangement. These ¢ndings suggest
that the two azones may form separate domains be-
tween the SC lipids, while the orthorhombic lipid
organization remains locally present. This is in agree-
ment with another study using SC models composed
of CER 3/CHOL/FFA (C16^18), in which it was
concluded that the crystalline phase was not a¡ected
by incorporation of Azone0 [50]. Yet, it cannot be
excluded that SC lipids are dissolved in the enhancer-
rich phase as was suggested by Engblom et al. [51].
Otherwise, azones may be inserted into the endoge-
nous SC lipids. Such assumptions may be con¢rmed
by the observation that the 0.37 nm re£ection of the
orthorhombic lattice appeared less apparent several
times in mixtures containing the enhancers, suggest-
ing that changes occurred in the organization of the
SC lipids. Furthermore, especially in the SC lipid
models mixed with OAz, many randomly oriented
well-de¢ned crystals were observed, which was indi-
cated by the appearance of spots in the ED patterns.
Between these separate crystal domains new penetra-
tion pathways may arise, which results in increased
permeability. Also in intact SC treated with OAz, the
re£ections appeared more frequently as spots com-
pared to the re£ections in ED patterns of control SC
[34].

The e¡ect of the sebaceous lipids on the SC lipid
organization di¡ers from that of the two enhancers.
These lipids did not promote the presence of a £uid
phase. Instead, a hexagonal packing was observed

more frequently. It has been suggested by Bonte et
al. [35] that sebaceous lipids are highly miscible with
lipids extracted from human SC, as was indicated by
SAXD studies. In our samples, the CER/CHOL/
long-chain FFA ratio, as present in intact SC, may
be changed to a mixture in which the relative amount
of long-chain FFA has decreased. Since the presence
of long-chain FFA is required for the formation of
the orthorhombic lattice [41,45], inhomogeneous dis-
tribution of long-chain FFA will be in favor of the
formation of the hexagonal lattice. Whether only the
presence of short-chain (unsaturated) FFA in sebum
promotes the hexagonal packing or other (non-polar)
components as well, remains a topic for further in-
vestigations.

The observation that the appearance of the hexag-
onal packing is increased in mixtures with sebaceous
lipids is consistent with a recent study on intact hu-
man SC, in which we demonstrated that in the super-
¢cial SC layers the hexagonal packing was more fre-
quently observed, while it was absent in the deeper
layers of the SC [1]. We suggested that this observa-
tion may be related to the presence of sebaceous
lipids. It has been demonstrated that sebum compo-
nents penetrate into the outer part of the SC [36] and
Bontë et al. [35] already suggested that this may alter
the endogenous lipid organization. Furthermore,
other authors already indicated that some com-
pounds present in sebum act as penetration en-
hancers [38^40,52,53]. The present study indicates
that the enhancing activity is most likely achieved
by inducing a transition from the orthorhombic to
the hexagonal packing of SC lipids. Such a change in
alkyl chain packing and mobility may a¡ect trans-
port of small molecules through lipid bilayers [54]

From the results of the present study, conclusions
can be drawn with respect to the mechanisms by
which penetration enhancement can be achieved.
Golden et al. [55] already stated that penetration
enhancers should be su¤ciently similar to the endog-
enous SC lipids to intercallate, but di¡erent enough
to alter the structure in order to increase SC perme-
ability. The molecular architecture of the Azones,
however, is quite di¡erent from SC lipids [56]. It
has already been observed that these enhancers do
not intercallate in the lamellae but disrupt the lamel-
lar organization [24,51]. Therefore, these enhancers
are most probably present in a separate £uid phase
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and it is unlikely that this phase has a lamellar ar-
rangement. Such a £uid domain may function as a
penetration pathway and consequently increase SC
permeability. Alternatively, disruptions of the lamel-
lar organization may lead to the presence of separate
crystals as seems to be the case in mixtures with
OAz. This may result in an increase of grain boun-
daries, which are also sites where permeability is en-
hanced.

For the sebaceous lipids an alternative mechanism
of changing the SC lipid arrangement may result in
an increased permeability. Possibly, sebum compo-
nents may intercalate between the SC lipids and in-
duce a transition from an orthorhombic to a hexag-
onal lateral packing. As a result of this phase
transition, the mobility of the alkyl chains of the
endogenous lipids increases. Whether this indeed
leads to an increased permeability remains a subject
for further investigation.
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inger, H.E. Boddë, In vitro human skin barrier perturbation
by oleic acid: thermal analysis and freeze fracture electron
microscopy studies, Thermochim. Acta 293 (1997) 77^85.

[26] T.X. Xiang, B.D. Anderson, In£uence of chain ordering on
the selectivity of dipalmitoylphosphatidylcholine bilayer
membranes for permeant size and shape, Biophys. J. 75
(1998) 2658^2671.

[27] R.H. Guy, R.O. Potts, Structure-permeability relationships in
percutaneous absorption, J. Pharm. Sci. 81 (1992) 603^604.

[28] J.A. Bouwstra, G.S. Gooris, M.A. Salomons-de Vries, J.A.
van der Spek, W. Bras, Structure of human stratum-cor-
neum as a function of temperature and hydration ^ a
wide-angle X-ray di¡raction study, Int. J. Pharm. 84
(1992) 205^216.

[29] D. Bommannan, R.O. Potts, R.H. Guy, Examination of
stratum corneum barrier function in vivo by infrared spec-
troscopy, J. Invest. Dermatol. 95 (1990) 403^408.

[30] B. Ongpipattanakul, M.L. Francoeur, R.O. Potts, Polymor-
phism in stratum corneum lipids, Biochim. Biophys. Acta
1190 (1994) 115^122.

[31] S.H. White, D. Mirejovsky, G.I. King, Structure of lamellar
lipid domains and corneocyte envelopes of murine stratum
corneum. An X-ray di¡raction study, Biochemistry 27 (1988)
3725^3732.

[32] C.L. Gay, R.H. Guy, G.M. Golden, V.H.W. Mak, M.L.
Francoeur, Characterization of low-temperature (i.e.6 65³C)
lipid transitions in human stratum corneum, J. Invest.
Dermatol. 103 (1994) 233^239.

[33] A.J. Hoogstraate, J. Verhoef, J. Brussee, A.P. IJzerman, F.
Spies, H.E. Bodde, Kinetics, ultrastructural aspects and mo-
lecular modelling of transdermal peptide £ux enhancement
by N-alkylazacycloheptanones, Int. J. Pharm. 76 (1991) 37^
47.

[34] G.S.K. Pilgram, A.M. Engelsma-van Pelt, H.K. Koerten,
J.A. Bouwstra, The e¡ect of two azones on the lateral lipid
organization of human stratum corneum and its permeabil-
ity, Pharm. Res. 17 (2000) 796^802.

[35] F. Bonte, P. Pinguet, A. Saunois, A. Meybeck, S. Beugin, M.
Ollivon, S. Lesieur, Thermotropic phase behavior of in vivo

extracted human stratum corneum lipids, Lipids 32 (1997)
653^660.

[36] H.M. Sheu, S.C. Chao, T.W. Wong, J.Y.Y. Lee, J.C. Tsai,
Human skin surface lipid ¢lm: An ultrastructural study and
interaction with corneocytes and intercellular lipid lamellae
of the stratum corneum, Br. J. Dermatol. 140 (1999) 385^
391.

[37] D.T. Downing, J.S. Strauss, Synthesis and composition of
surface lipids of human skin, J. Invest. Dermatol. 62 (1974)
228^244.

[38] R.O. Potts, V.H. Mak, R.H. Guy, M.L. Francoeur, Strat-
egies to enhance permeability via stratum corneum lipid
pathways, Adv. Lipid Res. 24 (1991) 173^210.

[39] M.L. Francoeur, G.M. Golden, R.O. Potts, Oleic acid: Its
e¡ects on stratum corneum in relation to (trans)dermal drug
delivery, Pharm. Res. 7 (1990) 621^627.

[40] R.R. Burnette, B. Ongpipattanakul, Characterization of the
pore transport properties and tissue alteration of excised
human skin during iontophoresis, J. Pharm. Sci. 77 (1988)
132^137.

[41] J.A. Bouwstra, G.S. Gooris, K. Cheng, A. Weerheim, W.
Bras, M. Ponec, Phase behavior of isolated skin lipids,
J. Lipid Res. 37 (1996) 999^1011.

[42] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extrac-
tion and puri¢cation, Can. J. Biochem. Physiol. 37 (1959)
911^917.

[43] M. Ponec, A. Weerheim, J. Kempenaar, A.M. Mommaas,
D.H. Nugteren, Lipid composition of cultured human kera-
tinocytes in relation to their di¡erentiation, J. Lipid Res. 29
(1988) 949^961.

[44] J.A. Bouwstra, K. Cheng, G.S. Gooris, A. Weerheim, M.
Ponec, The role of ceramides 1 and 2 in the stratum corneum
lipid organisation, Biochim. Biophys. Acta 1300 (1996) 177^
186.

[45] J.A. Bouwstra, G.S. Gooris, F.E.R. Dubbelaar, A.M. Weer-
heim, M. Ponec, pH, cholesterol sulfate and fatty acids a¡ect
the stratum corneum lipid organization, J. Invest. Dermatol.
Symp. Proc. 3 (1998) 69^74.

[46] J.A. Bouwstra, G.S. Gooris, F.E.R. Dubbelaar, A.M. Weer-
heim, A.P. IJzerman, M. Ponec, Role of ceramide 1 in the
molecular organization of the stratum corneum lipids,
J. Lipid Res. 39 (1998) 186^196.

[47] D.C. Swartzendruber, P.W. Wertz, D.J. Kitko, K.C. Madi-
son, D.T. Downing, Molecular models of the intercellular
lipid lamellae in mammalian stratum corneum, J. Invest.
Dermatol. 92 (1989) 251^258.

[48] J.A. Bouwstra, F.E.R. Dubbelaar, G.S. Gooris, M. Ponec,
The lipid organisation in the skin barrier, Acta Derm.-Vene-
reol. Suppl. 208 (2000) 23^30.

[49] J.A. Bouwstra, M.A. Salomons de Vries, B.A.I. Van den
Bergh, G.S. Gooris, Changes in lipid organisation of the
skin barrier by N-alkyl-azocycloheptanones: A visualisation
and X-ray di¡raction study, Int. J. Pharm. 144 (1996) 81^89.

[50] L. Norlen, J. Engblom, Structure-related aspects on water
di¡usivity in fatty acid-soap and skin lipid model systems,
J. Controlled Release 63 (2000) 213^226.

BBAMEM 78053 22-3-01

G.S.K. Pilgram et al. / Biochimica et Biophysica Acta 1511 (2001) 244^254 253



[51] J. Engblom, S. Engstrom, B. Jonsson, Phase coexistence in
cholesterol fatty acid mixtures and the e¡ect of the penetra-
tion enhancer Azone, J. Controlled Release 52 (1998) 271^
280.

[52] H. Tanojo, J.A. Bouwstra, H.E. Junginger, H.E. Bodde, In
vitro human skin barrier modulation by fatty acids: Skin
permeation and thermal analysis studies, Pharm. Res. 14
(1997) 42^49.

[53] C.A. Squier, P.W. Wertz, D.M. Williams, A.T. Cruchley,
Permeability of oral mucosa and skin with age, in: C.A.
Squier, M.W. Hill (Eds.), The E¡ect of Aging in Oral Mu-

cosa and Skin, CRC Press, Boca Raton, FL, 1994, pp. 91^
98.

[54] L.L.M. van Deenen, Chemistry of phospholipids in relation
to biological membranes, Pure Appl. Chem. 25 (1971) 25^56.

[55] G.M. Golden, J.E. McKie, R.O. Potts, Role of stratum cor-
neum lipid £uidity in transdermal drug £ux, J. Pharm. Sci.
76 (1987) 25^28.

[56] J. Hadgraft, J. Peck, D.G. Williams, W.J. Pugh, G. Allan,
Mechanisms of action of skin penetration enhancers/retard-
ers: Azone and analogues, Int. J. Pharm. 141 (1996) 17^
25.

BBAMEM 78053 22-3-01

G.S.K. Pilgram et al. / Biochimica et Biophysica Acta 1511 (2001) 244^254254


