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Abstract

We have investigated the mechanism through which the penetration enhancer oleic acid acts on stratum corneum (SC) model membranes (b
brain ceramide:cholesterol:palmitic acid, 1:1:1 molar ratio). We used solid state deuterium nuclear magnetic resonance to monitor sudtamultilame
SC dispersions containing either cholesterglpdlmitic acid-d;, or oleic acid-d as a function of both fatty acid concentration (2:2:1:1 and 1:1:1:1
bovine brain ceramide:cholesterol:palmitic acid:oleic acid) and temperature (18)-7Bur results show that below 4G, oleic acid (OA) isin an
‘isotropic’ phase, indicating that it has not incorporated into the lamellar membrane phase. At and above the SC model membrane'’s crystallin:
liquid crystalline melting temperatur&;, = 40-42°C, OA interacts with lamellar SC membranes with a slight dependence on OA concentration.
T does not change upon the exposure of the SC model membrane to OA, nor do we see any significant change in membrane chain disord
monitored by the labelled PA. However, the spectra of both the palmitic acid (PA) and cholesterol SC model membrane components contair
isotropic peak that grows with increasing temperature. Our results thus indicate that oleic acid extracts a fraction of the endogenous SC membk
components, promoting phase separation in the SC membrane system. Reducing the proportion of crystalline lipids and creating more perme
OA-rich domains is a plausible mechanism that explains how OA enhances transdermal penetration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2009 that has been demonstrated to increase the flux of exo-
geneous additives (drugs) through the SC in vitlairf and
Forming the outermost layer of the epidermis, the stratunmPanchagnula, 2003; Yener et al., 2003; Yamane et al., 1995;
corneum (SC) consists of protein-rich corneocytes embeddetakeuchi etal., 1992; Mak et al., 1996low OA acts to increase
in a matrix of lipids. While both components contribute to the SC permeability, however, is not clear. Some have speculated
remarkable impenetrability of the SC, it is notable that the interthat cis-unsaturated fatty acids such as OA “fluidize’ SC lipids.
cellular lipid membranes are orders of magnitude less permeablifferences in lipid packing caused by OAs ‘bent’ 9,t8-
than ordinary mammalian membrané&gster and Maibach, double bond configuration could perturb the crystalline SC lipids
1995. These barrier properties are essential to the SC’s pra-Takeuchi et al., 1998; Barry, 1987; Golden et al., 9&ad
tective role but hinder transdermal drug delivery. In alteringthereby enhance membrane permeability. Indeed, model mem-
the structural organization of lipids, penetration enhancers cabranes of extracted SC lipids exhibit a reductiorjp in the
increase the SC's permeability and aid the transdermal delivengresence of OA as seen by DS@Wdlker and Hadgraft, 1991,
of drugs. Yamane etal., 199%@nd Fourier transforminfrared (FTIR) spec-
Oleic acid (OA) is one such penetration enhand&arfy, troscopy Golden et al., 1987 indicating that OA stabilizes the
1987; Green et al., 1988eviewed inWilliams and Barry, fluid phase.
A growing body of evidence points to phase separation as
the mechanism behind OA's action. With simpler saturated lipid
* Corresponding author. Tel.: +1 604 291 3151; fax: +1 604 291 3592. systems, differential scanning calorimetry (DSC), and fluores-
E-mail address: jthewalt@sfu.ca (J.L. Thewalt). cence experiments have elucidated thatunsaturated fatty
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acids lower the main phase transition temperatilizg @s they 6% (w/w OA/SC). Since the intercellular lipids represent a small
preferentially partition into the fluid phas@©ftiz and Gomez- fraction of the total weight of the SC, the molar ratio of OA taken
Fernandez, 1987; Klausner et al., 1980vestigations of OA-  up by the SC to the native SC lipids must be quite large. Note that
ceramide mixtures with Fourier transform Raman spectroscopwhen using topical application the equilibrium concentration of
and DSC showed that OA also decreaggwf ceramides and an active ingredient in the SC barrier membranes can be difficult
promotes phase separatidfdgrtewig etal., 1998 Using deuter-  to determine, butin the model membrane this quantity is known.
ated OA, IR studies reveal the presence of a fluid phase inducedur results show that for both cases, OA induces phase sepa-
by OA that is distinct from the endogenous SC phase both imation in OA—-SC membranes where crystalline SC components
SC lipid mixtures Qngpipattanakul et al., 199&and in human coexist with an OA-rich phase whose constituents are rapidly
SC in vivo (Naik et al., 199% Furthermore, visual evidence reorienting in all directions.
of OA promoting phase coexistence in SC membrane systems
has been obtained by thermal optical microscoalker and 2. Materials and methods
Hadgraft, 199)1 as well as freeze-fracture electron microscopy
(FFEM) (Tanojo et al., 199) Based on these observations, OA 2.1. Model stratum corneum (SC) membrane
is thought to increase transdermal penetrability by creating a
more permeable phase that coexists with the endogeneous SCBovine brain ceramide (Type lll, 99% purity) was a prod-
lipids. The nature of these coexisting phases and the underlyingct of Sigma Chemical Co. (St. Louis, MO, USA). Choles-
mechanism through which OA enhances percutaneous penetrarol (>99% purity, Sigma Grade) and deuterium-depleted water
tion still remains unclear. How does OA influence the structurevere obtained from Sigma—Aldrich Canada Ltd. (Oakville, Ont.,
and phase behaviour of crystalline SC lipids? Does OA affect th€anada) and salts from BDH Chemical Company (Toronto, Ont.,
configurational entropy of the SC lipid chains and induce mem<Canada). Cholesterol-2,2,3,4,4,6{87-98% purity), palmitic
brane disorder? What is the structural organization of OA-SGcid-ts; (98% purity), and oleic acid-9,10,d97% purity) are
mixtures? products of Cambridge Isotope Laboratories (Andover, MA,
To answer these questions, we have investigated the intetdSA). Spectrograde solvents were used (Caledon Laboratories,
actions of OA with a model SC membrane consisting of anGeorgetown, Ont., Canada). Approximately 40 mg of deuter-
equimolar mixture of bovine brain ceramide (BBCer), choles-ated compound was used in each sample. Solutions of lipids
terol (Chol), and palmitic acid (PA)Kitson et al., 1994 in benzene:methanol (7:3) were freeze-dried and hydrated at
using solid state deuterium nuclear magnetic resonaftde ( 90-95°C in a 150 mM NaCl, 4mM EDTA, and 100 mM cit-
NMR). This technique allows for the study of local molecular rate buffer (pH 5.2) prepared with deuterium depleted water and
motions in complex membrane systems that are characterizeélereafter frozen in liquid nitrogen. This freeze-thawing proce-
by more than one phaséd NMR thus provides information dure was repeated five times. Samples were equilibrated at the
about the phase behaviour and conformational order of thdesired temperature before experiments.
model SC constituents. By incorporating labelled OA-HA-
d31, or cholesterol-gl into the SC model membrane and OA 2.2. 2H NMR
mixture, we can monitor the deuterated component indepen-
dently of the other membrane constituents. We have investi- NMR spectra were obtained on a locally built spectrometer
gated how the behaviour of cholesterol, palmitic acid, and oleioperating at 46.2 MHz using the quadrupolar echo technique
acid components of the SC model systems, 2:2:1:1 and 1:1:1(Davis et al., 197% Data was collected in quadrature with 8-
BBCer:Chol:PA:OA, depend on temperature. Investigating theyclops phase cycling. The 9pulse length was gs, inter-pulse
phase behaviour of lipid mixtures as a function of temperaturespacing 4Qss, post time 2@.s, and dwell time 2us. The repeti-
helps to define emerging trends in physical properties that detetion time between acquisitions varied amongst 300 ms, 1s, and
mine lipid interactions near physiological temperature as welb0 s depending upon the percentage of solid in the sample. The
as the dynamics of the relationships between components ofcharacteristic spectral shape observed for deuterium-labelled
complex membranéeVElkova and Lafleur, 2002; Mendelsohn lipids is called a Pake doubletisueh et al., 2003 Pake dou-
and Moore, 2000; Kitson et al., 1994 he rationale for choos- blets are deconvoluted to produce 'dePaked’ spe&ti@ofm et
ing these particular compositions was to treat OA as either al., 1981, Sternin et al., 1938om which the frequency separa-
replacement for, or an addition to, the SC lipids. In the for-tion (quadrupolar splittingAv) of the doublet corresponding to
mer case, OA replaces half the PA. In this way, we were ableach deuteron is easily measured. A reflection of the amount of
to determine the effect of introducing an unsaturated fatty acidrans-gauche isomerisation along the acyl chains, the magnitude
into the SC model membrane without changing the overall rati@f the quadrupolar splitting is directly related to the CD bond
of BBCer:Chol:fatty acid. The latter case, where OA is an addi-order parametersScp, according toAv = (3/2)?qQ/h)Scp,
tive to the well-studied BBCer:Chol:PA SC model membranewhere ¢2qQ/h) =167 kHz is the static quadrupolar coupling
mimics in a controlled way the topical application of OA. Active constant Davis and Jeffrey, 1977 Particular doublets were
ingredients in topical application are assumed to be present “iassigned to deuterons along the carbon chain as described pre-
excess” relative to the lipid content of the SC. For exampleyiously (Fenske et al., 1994 In addition to Pake doublets,
Francoeur et al. (199®bserved that the maximum effect of spectra of SC model membranes often feature a narrow central
OA on the diffusion of piroxicam occurred at an uptake of aboutpeak corresponding to deuterium-labelled lipid that reorients
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rapidly and isotropically. The fraction of labelled lipid under-

going isotropic motion is equal to the area of this narrow peak

divided by the total area. In practice this ratio is obtained from (a)
the spectrum prior to Fourier transformation by extrapolating the
decaying exponential wave (which corresponds to the isotropic

peak) back to echo time=0s and dividing this height by the

magnitude of the echo peak (which corresponds to the total
spectral area).

3. Results and discussion x7
3.1. Interpreting the >°H NMR spectra

An introduction to’H NMR studies of SC lipids was previ-
ously presentedHsueh et al., 2003 In brief, this technique ()
can be used to examine the motion of individual species of L__XT
labelled molecules, and is particularly suited to studying the
phase behaviour of lipids in complex mixtures. The obtained —_,&_JL_,_
2H NMR spectra exhibit distinct characteristics depending on
the structure and dynamics of the deuterated membrane com-

ponent. As was previously reported, the SC model membrane (@)

undergoes a melting transition at a temperatfifgs 40-42°C, 14
from a more ordered crystalline state to a liquid crystalline phase mwmlmu
where lipids exhibit axially symmetric motion and conforma-

tional chain disorderKitson et al., 1994; Thewalt et al., 1992 e 5',0 -1(')0 .55 0' 5'0 1(')0 15';@
Below Ty, spectra are dominated by two pairs of Pake dou- Frequency (kHz)

blets, one with a quadrupolar splitting of 126 kHz reflecting _ ) _ o

. . . ~Fig. 1. “H NMR spectra demonstrating the effects of oleic acid on the SC
mothn!ess chains on the NMR tlmesgale, and the other WIﬂl]nodel membrane &=25°C, pH 5.2. (a) 1:1:1 BBCer:Chol:PAsd (control);
a splitting of 64 kHz due to the terminal methyl groups. At () 2:2:1:1 BBCer:Chol:PA<t:0A; (c) 1:1:1:1 BBCer:Chol:PA1:0A; (d)
Tm, the spectrum transforms into a superposition of Pake dow:2:1:1 BBCer:Chol:PA:OA-gl Expanded regions of the spectra are shown in
blets reflecting the gradient in conformational freedom alonghe insets.
the acyl chain. Also, the spectral width decreases by at least a
factor of two demonstrating the presence of axially symmetric The spectrumiiifrig. 1d illustrates the behaviour of the OA in
motion. At h|gher temperature3\¢620C), a second transition 2:2:1:1 BBCer:ChoI:PA:OA-gimixture. This Spectrum consists
occurs where the liquid crystalline phase converts to a phas@ntirely of an isotropic component indicating that OA experi-
where membrane components exhibit a high degree of isotropRnces rapid isotropic motion within a distinct OA-rich phase

motion. and thus is not interacting with the crystalline SC membrane. In
light of the isotropic component of the PAgspectra displayed
3.2. Effects of OA below T, in Fig. 1b and c, it is likely that this phase also contains some

PA. While we see the emergence of an isotropic phase repre-

In Fig. 1, we illustrate the effect of OA on the SC model senting~21% of the PA at 25C, PA-c; spectra also retain
membrane at 25C. Fig. 1a displays the spectrum of the con- characteristics of the lamellar phase at this temperature. These
trol SC model membrane, 1:1:1 BBCer:Chol:P4rdAt this  Observations are consistent with previous FTIR evidence that
temperature, the spectral peaks-#3 kHz are characteristic of OA is phase separated from endogenous SC lipids b&law
the crystalline phase and dominate the spectral lineshape. Nof@ngpipattanakul etal., 1991t is clear that in this temperature
that the small peak at 0 kHz is a signal from residual deuteratet®nge, OA remains in a highly isotropic phase and extracts some
water and is not due to reorienting PA. Replacing half of thePA; whether this interaction involves the incorporation of OA
PA with OA, we incorporated this unsaturated fatty acid intointo the membrane and formation of an inverted micellar phase
the SC model membrane to create a 2:2:1:1 BBCer:Chol:PAbetween leaflets and/or dissolution of crystalline SC components
d31:0A mixture. At 25°C, we observe the emergence of anout of the lamellar membrane remains a question.
isotropic component in the spectrum of the PA-@Fig. 1b).
A more intense isotropic component is seen in the spectrum of.3. Action at and above T,
1:1:1:1 BBCer:Chol:PA-¢h:OA where OA has been added to
the control SC mixtureKig. 1c). These results reveal how OA For the 1:1:1 BBCer:Chol:PAd control SC model mem-
affects the SC lipid phase behaviour both when OA is replacindprane, the onset of the melting transition occurs a@ &Kitson
the PA and when added as an extra component to SC modet al., 1994; Thewalt et al., 1992In the presence of OA,
membranes. the isotropic component of 2:2:1:1 BBCer:Chol:PA®DA
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Fig. 2. 2H NMR spectra as a function of temperature, pH 5.2. (a) 2:2:1:1 BBCer: ChokP®4; (b) 2:2:1:1 BBCer:Chol-gtPA:OA. The isotropic peak has been
truncated to highlight the temperature-dependent spectral changes. Non-truncated spectra are shown in the insets.

spectra that is already visible at 26 grows with tempera- and thus phase separated from the endogenous SC lipids
ture while the underlying spectrum retains characteristics ofOngpipattanakul et al., 1991In accordance with this study,
the crystalline phase up to 4Q (Fig. 2a). By 42°C this we observe that most of the OA is in an isotropic phase.
crystalline component has melted and spectra exhibit fluidn addition, ?H NMR facilitates observations of the small
characteristics. At 50C, the spectrum is a superposition of proportion of OA's non-isotropic behaviour.

an isotropic line and a clearly resolved liquid crystalline

component. 3.4. Percentage isotropy

Fig. 2b displays spectra obtained using labelled cholesterol.

This reveals the presence of a smallisotropic componentd@l25  Quantifying the percentage isotropy provides further evi-
but the spectrum consists almost entirely of a Pake doublet withence that the isotropic component of the OAspectrum

126 kHz splitting reflecting crystalline packing. This signal from decreases dramatically at the transitibig. 4 illustrates how

the crystalline phase is still visible at 42 but has disappeared OAs percentage isotropy attains rainimum of 60% near

by 50°C. At 40°C, there are two Pake doublets with splittings 7,,, demonstrating that its configurational freedom is max-
33.2+ 0.8 kHz and 46.5- 0.4 kHz that signify axially symmet- imally constrained about this temperature. Plotting the per-
ric rotation. As the model membrane system is heated €50 centage isotropy of PA reveals that this SC component gains
these Pake doublets become more prominent. Meanwhile the
intensity of the isotropic peak grows steadily as shown in the
temperature sequencehig. 2b.

From the perspective of OA, spectra of 2:2:1:1
BBCer:Chol:PA:OA-d (Fig. 3 illustrate that between 40
and 42°C, the magnitude of the isotropic component markedly
decreases (not shown). At 42, two Pake doublets cor-
responding to the deuterons at the 9- and 10-C positions
emerge in addition to the isotropic line. These Pake doublets
indicate that the OA is experiencing axially symmetric motion
such as would be expected if it were intercalated in a liquid
crystalline membranefig. 3 shows the spectrum of 2:2:1:1
BBCer:Chol:PA:OA-d at 50°C where the doublets, with
splittings 24.A0.1 and 9.4 0.1kHz, are better defined.
Note that these splittings are much larger than those for the T T T 7

J
) X -40 -20 0 20 40
corresponding deuterons of 1-palm|toyl-2-oleoyi)(vglycero— Frequency (kHz)

phosphocholine even at°C (Seelig and WaespBacevic, _ o Chol:PAOAG T< 50° o
1978. An earlier FTIR study of deuterated OA revealed that"9: 3 Spectra of 2:2:1:1 BBCer.Chol:PA:OAr-dt 7=50°C, pH 5.2. The

isotropic peak has been truncated. The non-truncated spectrum is shown in the

OA is disordered both below and abog, of SC lipids, jnget.
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3.5. The question of SC membrane disorder
1007
Determining the order parametessp, along PA's hydrocar-
bon chain yields a measure of acyl chain order &t®G0For a
membrane in the fluid phasg&p values provide a measure of
lipid chain conformational order at sites along the acyl chain.
Plotting Scp as a function of carbon position along the acyl
chain yields an order parameter profile that typically exhibits a
plateau in the upper acyl chain region, where the chains are more
orderedScp values decrease towards the end of the chain reflect-
ingincreased conformational freeddrig. Sillustrates the order

80

60

40+

Percentage Isotropy (%)

204

=/ T e parameter profiles of SC membranes in the presence (2:2:1:1
0L : : ‘ . . BBCer:Chol:PA-d1:0A, 1:1:1:1 BBCer:Chol:PA-¢:OA) and
20 30 40 50 60 70 absence (1:1:1 BBCer:Chol:PA4d of OA. In the plateau

Temperature (°C) region,Scp = 0.4 is typical for liquid crystalline membranes con-

Fig. 4. Temperature dependence of the percentage isotropy. 2:2:1:ining high concentrations of cholesterol. Little chang&dp
BBCer:Chol:PA-d;:0A (hollow squares); 1:1:1:1 BBCer:Chol:PA;dOA due to the presence of OA is observed: the greatest increase is
(solid squares); 2:2:1:1 BBCer:Chol:PA:OA-dhollow triangles); 2:2:1:1  fgr carbons 12 to 15 where the order parameters differ by no

BBCer:Chol-@¢:PA:OA (solid c_|rcles). Error is estimated to be W|t_hif_11A: more than 8%. Thus, the PAsdorder parameters for the non-
of the value of the percentage isotropy for model membranes containing;PA-d

and OA-¢ and+3% for those containing CholsdLines connecting the data ISOthpI.C “qu'q _CrySta"me phase of B.Bcer:C_hOI:PAICDA_ are. )
points are for visual aid. nearly insensitive to OA concentration. This observation indi-

cates that PA exists in either a lamellar or isotropic phase and not

inanintermediate state. The unchanged Bfedder parameters
conformational freedom as a function of temperature and disa|so implies that the concentration of OA in the liquid crys-
plays amaximum between 40 and 4Z. The concomitant talline regions of the membrane is low. This is consistent with
increase in PA anddecrease in OA percentage isotropy is @ other reports of OA/propylene glycol induced lipid extraction
strong indication that OA is participating in the liquid crystalline of rat abdominal SC by FT-IR/ARTakeuchi et al., 1993and
phase and that PA is simultaneously extracted out of the crysghase coexistence induced by OA in SC membrakiéesker
talline phaseFig. 4 also shows that the percentage isotropy ofand Hadgraft, 1991; Ongpipattanakul et al., 1991; Tanojo et al.,
cholesterol steadily increases with temperature. This is in cont997). These results appear to differ from previous reports of
trast to the behaviour of PA which displays a marked decreasgAs sterically disordering effects in the superficial SC layers of
in the percentage isotropy immediately ab@yeand reaches a human forearmin vivo using attenuated total reflectance infrared
minimum of 52% at 49C before increasing again. Interestingly, spectroscopyNaik et al., 199% Other studies of OA—SC mix-
the slopes of the percentage isotropy of both cholesterol and Piyres have also reported ‘disorder’ induced by QAKeuchi et
above 50C are similar, suggesting that these two SC compozg|., 1998, 199pbutin such IR measurements, the obtained data is
nents interact. Together wiffig. 2a that shows the absence of an average of the behaviour of OA and SC lipid chains and also an
any crystalline component of PA at and above’@2we can  average over any phase coexistence within the membrane. The
conclude that the minimum in percentage isotropy is due to thgresence of OA-rich domains that form a phase distinct from

conversion of PAto aIIqUId CryStalline phase. Note thatthe IIqUId[he lamellar SC Components provides an exp|anati0n for OA's
crystalline fraction of cholesterol is also increasing dramatically

aroundTy, (Fig. 2).

The intensity of the isotropic component in the 1:1:1:1
BBCer:Chol:PA-d1:OA mixture also markedly increases below
Tm and attains a maximum at 4C. The decrease in the percent-
age isotropy at temperatures immediately above this maximum
islesserthanthe reduction observedfor 2:2:1:1 BBCer:Chol:PA-
d31:0A and extends over a much smaller temperature range
(40-45°C). Above thistemperature, PA exhibits highly isotropic
behaviour.

Note that the presence of OA does not appreciably decrease
Tm of the SC model membrane as monitored by RA-d his 0.1
is contrary to previous evidence that OA reducesTijeof SC
mixtures famane et al., 1995; Ongpipattanakul et al., 1991, P FE— 5 10 12 14 18
Walker and Hadgraft, 1991; Golden et al., 198¥nother study Carbon Number
also found that OA/ethanol reducd@, of porcine SC lipids, _ ,
but this reduction cannot be isolated from the effects of ethand]'%: > Order parameter profile at 50, pH 5.2. (a) 1:1:1 BBCer:Chol:PAsd

O(squares); (b) 2:2:1:1 BBCer:Chol:PA:dOA (hollow circles); and (b) 1:1:1:1

(Francoeur et al., 1990 BBCer:Chol:PA-d1:0A (solid circles). Error is estimated to be withitl%.

0.4 0O 0o o oo o

0.3
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Order Parameter (S¢p)
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of the SC |ipidS. oriented sample NMR spectrum from the powder spectrum for systems

In summary, we show here that OA exhibits highly isotropic __ With local axial symmetry. Chem. Phys. Lett. 80, 198-202. 5

. . . . . . _Cruziero-Hansson, L., Mouritsen, O.G., 1988. Passive ion permeability of
behaVIOL_jr in SC mixtures and promotes the isotropic motion lipid membranes modeled via lipid-domain interfacial area. Biochim. Bio-
of a portion of the endogenous SC components. At and above phys. Acta 944, 63-72.
Tm, some OA penetrates into the liquid crystalline SC phas®avis, J.H., Jeffrey, K.R., 1977. The temperature dependence of chain order in
while the remaining OA coexists with other SC components Ppotassium pamitate-water. A deuterium NMR study. Chem. Phys. Lipids

in a phase characterized by isotropic behaviour. The increased 20 87-104.

. . . Davis, J.H., Jeffrey, K.R., Bloom, M., Valic, M.l., Higgs, T.P.,, 1976.
interaction between OA and SC membranes at this tempera- Quadrupolar echo deuteron magnetic resonance spectroscopy in ordered

ture can be understood in considering the major changes in hydrocarbon chains. Chem. Phys. Lett. 42, 390-394.
membrane properties that occur at and around the main tramenske, D.B., Thewalt, J.L., Bloom, M., Kitson, N., 1994. Models of stratum

sition temperature. At and abofi, lipid bilayers are known to corneum intercellular membranedd NMR of macroscopically oriented
exhibit increased binding to solutekrandum et al., 2000and multilayers. Biophys. J. 67, 1562-1573. o

. d permeability of small ionBdpahadjopoulos et al Francoeur, M.L., Golden, G.M., Potts, R.O., 1990. Oleic acid: its effects on
Increase p ty . P Jop o stratum corneum in relation to (trans)dermal drug delivery. Pharm. Res.
1973; Cruziero-Hansson and Mouritsen, 1p8$hese observa- 7, 621-627.

tions can be explained by a coexistence of gel and fluid domainsolden, G.M., McKie, J.E., Potts, R.O., 1987. Role of stratum corneum lipid
near the main phase transition and an accompanying increase in fluidity in transdermal drug flux. J. Pharm. Sci. 76, 25-28.
interfacial regions and area per molec@eyziero-Hansson and Green, PG Guy, RH _Hadgraft, J., 1938. Iq vitro and in vivo enhancement
Mouritsen, 1988: Jgrgensen et al., 198&iewed inMouritsen of skin permeation with O!GIC and lauric acids. Int. J. Pharm. 48, 103-111.
! ! g . R ; Hsueh, Y.W., Thewalt, J., Kitson, N., Moore, D.J., 2003. Stratum corneum

etal., 199%. Such alterations in bilayer structure may ultimately  jipid structure: insights from NMR and FTIR spectroscopic studies. In:
influence OA-SC membrane interactions in this temperature Forslind, B., Lindberg, M. (Eds.), Skin, Hair, and Nails: Structure and
region about the main phase transition. Function. Marcel Dekker, New York/Basel, pp. 65—-83.

The structural organization of the isotropic, OA-rich phaseJain, A.K., Panchagnula, R., 2003. Transdermal drug delivery of tricyclic

. . . . . . . antidepressants: effect of fatty acids. Methods Findings Exp. Clin. Phar-
is still unclear. Isotropic motion could occur in vesicles dis- o000 00

tinct from the lamellar phase or oily droplets embedded in thegrgensen, K., Ipsen, J.H., Mouritsen, O.G., Zuckermann, M.J., 1993. The
lamellae. Rapidly reorienting molecules in oily droplets could effect of anaesthetics on the dynamic heterogeneity of lipid membranes.
serve as a mechanism to transport exogenous lipophilic sub- Chem. Phys. Lipids 65, 205-216.

stances through the SC membrane barrier. Promoting pha&¥son: N.. Thewalt, J., Lafleur, M., Bloom, M., 1994. A model mem-

. . . . . . brane approach to the epidermal permeability barrier. Biochemistry 33,
separation in this way would also result in an increase in the ;0. 1=

interfacial area (leaky grain boundaries) between pha&&s (  kjausner, R.D., Kleinfeld, A.M., Hoover, R.L., Karnovsky, M.J., 1980. Lipid
and McConnell, 1973; Cruziero-Hansson and Mouritsen, 1988 domains in membranes. Evidence derived from structural perturbations
and thereby further enhance percutaneous permeability. Future induced by free fatty acids and lifetime heterogeneity analysis. J. Biol.
microscopy studies with lipophilic fluorescent probes will pro- _Chem. 255, 1286-1295. _

. . L . Mak, V.H.W.,, Potts, R.O., Guy, R.H., 1990. Percutaneous penetration
vide Complementary \_llsual mSIthS into the structure of the enhancement in vivo measured by attenuated total reflectance infrared
non-lamellar phase. Finally, our results show that the complex  spectroscopy. Pharm. Res. 7, 835-841.
but mainly crystalline lipid bilayers characteristic of the SC’s Mendelsohn, R., Moore, D.J., 2000. IR determination of conformational order
intracellular membranes can exist in dynamic equilibrium with ~ and phase behavior in ceramides and stratum corneum models. Methods
different structural organizations of lipids. This indicates thatthe Enzymol. 312, 228-247.

. -, . _Mouritsen, O.G., Jagrgensen, K., Hgnger, T., 1995. Permeability of lipid bilay-
structure, and therefore function, of the SC permeability barrier ers near the phase transition. In: Disalvo, E.A. Simon, S.A. (Eds.),

can be modified by the application of appropriately chosen exo- permeability and Stability of Lipid Bilayers. CRC Press, Boca Raton,
geneous lipids. pp. 137-160.
Naik, A., Pechtold, L.A.R.M., Potts, R.O., Guy, R.H., 1995. Mechanism of
oleic acid-induced skin penetration enhancement in vivo in humans. J.
Acknowledgements Control. Rel. 37, 299-306.
Ongpipattanakul, B., Burnette, R.R., Potts, R.O., Francoeur, M.L., 1991. Evi-

. . . . dence that oleic acid exists in a separate phase within stratum corneum
Financial support was provided by the Natural Sciences and lipids. Pharm. Res. 8, 350-354.

Engineering Research Council (NSERC) of Canada. ACR Wagytiz, A., Gomez-Ferandez, J.C., 1987. A differential scanning calorimetry
supported by a Women in Engineering and Science (WES) Fel- study of the interaction of free fatty acids with phospholipid membranes.
lowship of the National Research Council of Canada (NRC) Chem. Phys. Lipids 45, 75-91.

and NSERC Julie Payette Scholarship. MEMPHYS_CentePapahadjopoulos, D., Jacobsen, K., Nir, S., Isac, T., 1973. Phase transitions
for Bi b Phvsi is funded by the Danish Nati | in phospholipid vesicles. Fluorescence polarization and permeability mea-
or Biomembrane . ySICS IS Tunae y the Danis ationa surements concerning the effects of temperature and cholesterol. Biochim.
Research Foundation. Biophys. Acta 311, 330-348.

Seelig, J., Waespéax“:evk’:, N., 1978. Molecular order inis and¢rans unsat-
urated phospholipid bilayers. Biochemistry 17, 3310-3315.
References Sternin, E., Bloom, M., MacKay, A.L., 1983. De-pake-ing of NMR spectra.
J. Magn. Reson. 55, 274-282.

Barry, B.W., 1987. Mode of action of penetration enhancers in human skinTakeuchi, Y., Yasukawa, H., Yamaoka, Y., Kato, Y., Morimoto, Y., Fukumori,
J. Control. Rel. 6, 85-97. Y., Fukuda, T., 1992. Effects of fatty acids, fatty amines and propylene



A.C. Rowat et al. / International Journal of Pharmaceutics 307 (2006) 225-231 231

glycol on rat stratum corneum lipids and proteins in vitro measured byVelkova, V., Lafleur, M., 2002. Influence of the lipid composition on the
fourier transform infrared/attenuated total reflectance (FT-IR/ATR) spec- organization of skin lipid model mixtures: an infrared spectroscopy inves-
troscopy. Chem. Pharm. Bull. 40, 1887-1892. tigation. Chem. Phys. Lipids 1-2, 63-74.

Takeuchi, Y., Yasukawa, H., Yamaoka, Y., Takahashi, N., Tamura, C.Walker, M., Hadgraft, J., 1991. Oleic acid—a membrane ‘fluidiser’ or fluid
Morimoto, Y., Fukushima, S., Vasavada, R.C., 1993. Effects of oleic  within the membrane? Int. J. Pharm. 71, R1-R4.
acid/propylene glycol on rat abdominal stratum corneum: lipid extractionWartewig, S., Neubert, R., Rettig, W., Hesse, K., 1998. Structure of stra-
and appearance of propylene glycol in the dermis measured by fourier tum corneum lipids characterized by FT-Raman spectroscopy and DSC.
transform infrared/attenuated total reflectance (FT-IR/ATR) spectroscopy. [V. Mixtures of ceramides and oleic acid. Chem. Phys. Lipids 91,
Chem. Pharm. Bull. 41, 1434-1437. 145-152.

Takeuchi, Y., Yamaoka, Y., Fukushima, S., Miyawaki, K., Taguchi, K., Wester, R.C., Maibach, H.l., 1995. Penetration enhancement by skin hydra-
Yasukawa, H., Kishimoto, S., Suzuki, M., 1998. Skin penetration enhanc- tion. In: Smith, E.W., Maibach, H.I. (Eds.), Percutaneous Penetration

ing action ofcis-unsaturated fatty acids with-9, andw-12 chain lengths. Enhancers. CRC Press, Boca Raton, pp. 21-28.
Biol. Pharm. Bull. 21, 484—491. Williams, A.C., Barry, B.W., 2004. Penetration enhancers. Adv. Drug. Deliv.
Tanojo, H., Bos-van Geest, A., Bouwstra, J.A., Junginger, H.E., BoHCE., Rev. 56, 603-618.

1997. In vitro human skin barrier perturbation by oleic acid: Thermal Wu, S.H., McConnell, H.M., 1973. Lateral phase separations and perpen-
analysis and freeze fracture electron microscope studies. Thermochim. dicular transport in membranes. Biochem. Biophys. Res. Commun. 55,
Acta 293, 77-85. 484-491.

Thewalt, J., Kitson, N., Araujo, C., MacKay, A., Bloom, M., 1992. Models Yamane, M.A., Williams, A.C., Barry, B.W., 1995. Effects of terpenes and
of stratum corneum intercellular membranes: the sphingolipid headgroup oleic acid as skin penetration enhancers towards 5-fluorouracil as assessed
is a determinant of phase behaviour in mixed lipid dispersions. Biochem. with time; permeation, partitioning and differential scanning calorimetry.
Biophys. Res. Commun. 188, 1247-1252. Int. J. Pharm. 166, 237-251.

Trandum, C., Westh, P., Jargensen, K., Mouritsen, O.G., 2000. A thermoYener, G., Gonullu, U., Uner, M., Degim, T., Araman, A., 2003. Effect of
dynamic study of the effects of cholesterol on the interaction between vehicles and penetration enhancers on the in vitro percutaneous absorption
liposomes and ethanol. Biophys. J. 78, 4286-2492. of celecoxib through human skin. Pharmazie 58, 330-333.



	Interactions of oleic acid and model stratum corneum membranes as seen by 2H NMR
	Introduction
	Materials and methods
	Model stratum corneum (SC) membrane
	2H NMR

	Results and discussion
	Interpreting the 2H NMR spectra
	Effects of OA below Tm
	Action at and above Tm
	Percentage isotropy
	The question of SC membrane disorder

	Acknowledgements
	References


