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 Introduction 

 The protecting barrier properties of mammalian skin 
are generally accepted to be founded on the very thin out-
ermost skin layer, the stratum corneum (SC). A highly 
ordered intercellular lipid matrix consisting of ceramides 
(CER), cholesterol (CHOL) with its derivatives and free 
fatty acids is arranged around protein-filled flat cells, the 
corneocytes. This coherent system substantially limits 
uncontrolled transepidermal water loss and prevents the 
unwanted absorption of substances  [1, 2] . At the same 
time, those barrier properties can be obstructive for the 
dermal treatment of various skin diseases requiring a cer-
tain amount of drug to penetrate into skin. Acceleration 
of drug absorption can be facilitated by application of so-
called penetration enhancers. Enhancer activity is pre-
sumably based on interaction with the SC lipid matrix 
and/or SC protein components, disordering or fluidizing 
effects on the SC lipids  [3] , and introduction of phase sep-
aration  [4] . However, the exact mode of action is not yet 
fully elucidated on a molecular level. Synergetic effects
in terms of drug flux enhancement have also been de-
scribed, e.g. for myristic acid isopropyl ester (referred to 
as isopropyl myristate or IPM – a pharmaceutically used 
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 Abstract 

 In order to elucidate the mode of action of the lipophilic pen-
etration enhancer isopropyl myristate (IPM) on a molecular 
scale, we investigated oriented quaternary stratum corneum 
(SC) lipid model membranes based on ceramide AP, choles-
terol, palmitic acid and cholesterol sulfate containing 10 
wt% IPM by means of neutron diffraction. Our results indi-
cate that IPM affects the lamellar lipid assembly in terms of 
bilayer perturbation and disordering. Phase segregation oc-
curred, indicating that IPM is not likely to mix properly with 
the other SC lipids due to its branched structure. We used 
selective deuterium labelling to localize the penetration en-
hancer, and could successfully prove the presence of IPM in 
the two coexisting lamellar phases. We conclude that IPM’s 
mode of action as penetration promoter is presumably 
based on incorporation into the SC lipid matrix, extraction of 
certain SC lipids into a separate phase and perturbation of 
the multilamellar lipid assembly. 
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liquid wax with well-established skin tolerability) in 
combination with alkanols  [5, 6]  and with propylene gly-
col  [7] . Although it was also reported that IPM decreases 
hydrocortisone permeation through human skin  [8] , the 
ester is assumed to change the SC microstructure by in-
sertion into the lipid lamellae where it is largely retained 
due to its high lipophilicity  [5, 6] . Furthermore, the wax 
presumably liquefies the SC lipids due to its branched 
structure  [7] , which is supposed to account for the en-
hancer activity of IPM. 

  In recent years, the benefits offered by the neutron dif-
fraction technique for the structural investigation of the 
SC lipid matrix in model membranes were highlighted in 
numerous works  [9–11] . By using a simplistic model, the 
bilayer architecture of a membrane based on CER[AP], 
CHOL, palmitic acid (PA) and cholesterol sulfate (ChS) 
was revealed to be highly dependent on the phytosphin-
gosine type CER[AP] which dictates the bilayer size due 
to its unique properties  [12, 13] . A preceding study eluci-
dated the mode of action of the penetration enhancer ole-
ic acid on a molecular level  [14] . It was shown that the 
position of lipid molecules within the model bilayers can 
be determined by specific deuterium labelling of molecu-
lar groups which can help shedding a light on the mode 
of enhancer activity on a molecular scale.

  In the present work, we investigated the impact of 
IPM on the structure of a quaternary SC lipid model sys-
tem based on CER[AP], CHOL, PA, and ChS which has 
been described before  [13] , containing either the proton-
ated compound IPM (referred to as sample Basic_IPM) 
or the specifically deuterated compound IPM- d  3  which 
was received from chemical synthesis (sample Basic_
IPM- d  3 ). In order to allow for a sufficient strength of the 
deuterium label to localize the enhancer, we decided to 
add an amount of 10 wt% IPM to the model membrane. 
The composition of the oriented multilamellar model 
membranes to be investigated by means of neutron dif-
fraction can be found in  table 1 , and the chemical struc-
tures of the synthetic SC lipids used for sample prepara-
tion are displayed in  figure 1 . Local contrast enhance-

ment by the deuterium label enabled us to directly 
localize the position of the liquid wax inside the mem-
brane lipid lamellae. 

  Materials and Methods 

 CER[AP] [N-( � -hydroxyoctadecanoyl)-phytosphingosine] 
was generously provided by Evonik Goldschmidt GmbH (Essen, 
Germany). A chromatographic procedure using a silica gel col-
umn and chloroform/methanol gradient was applied to increase 
the purity of the substance above 96% before it was used. PA, 
CHOL, ChS, and tetradecanoic acid isopropyl ester (IPM) were 
purchased from Sigma Aldrich GmbH (Taufkirchen, Germany) 
and used as received. Specifically deuterated 14,14,14- d  3 -tetra-
decanoic acid isopropyl ester (IPM- d  3 ) was received from own 
chemical synthesis [see Synthesis of 14,14,14- d  3 -Tetradecanoic 
Acid Isopropyl Ester (IPM- d  3 )]. All substances used for synthesis 
were purchased from Sigma Aldrich GmbH (Taufkirchen, Ger-
many) except the deuterated compound, tetradecanoic acid-
14,14,14- d  3 , which was received from Larodan Fine Chemicals 
(Malmö, Sweden) and used without further purification. The 
product IPM- d  3  was purified by column chromatography using 
heptane/ether and gradient technique. The isopropanol was 
dried with sodium before use. All solvents were dried and dis-
tilled before use. Thionyl chloride was distilled twice at normal 
pressure. The  1 H NMR spectrum was recorded on a Varian Ino-
va 500 apparatus (International Equipment Trading Ltd., Vernon 
Hills, Ill., USA, with an Oxford Instruments Ltd. superconduct-
ing magnet) at 27   °   C and CDCl 3  as internal standard. The mass 
spectrometric analysis was done using a Q-TOF1 mass spectrom-
eter (Waters Micromass, Manchester, UK). The quartz slides 
(Spectrosil 2000, 25  !  65  !  0.3 mm) used for the neutron dif-
fraction experiments were received from Saint-Gobain (Wies-
baden, Germany). An airbrush device (Harder & Steenbeck, Nor-
derstedt, Germany) was employed to deposit the lipids onto the 
quartz surface. All buffer substances used were obtained from 
Sigma Aldrich. 

  For the preparation of oriented SC lipid model membranes to 
be investigated by neutron diffraction, we used a procedure ac-
cording to the literature  [15] . Appropriate amounts of the syn-
thetic SC lipids dissolved in a mixture of chloroform/methanol
(2:   1 v/v) were combined. Twelve milligrams of the respective final
SC lipid mixture ( table 1 ) were sprayed onto the quartz surface 
using the airbrush device at constant air flow. The solvent was al-
lowed to evaporate first under atmospheric pressure and subse-
quently under reduced pressure ( ! 50 mbar), where the samples 

Table 1.  Composition of the multilamellar SC lipid model membranes investigated by means of neutron dif-
fraction

Sample SC lipid components wt%

Basic_IPM CER[AP]/CHOL/PA/ChS/IPM 19.5/22.5/13.5/4.5/10
Basic_IPM-d3 CER[AP]/CHOL/PA/ChS/IPM-d3 19.5/22.5/13.5/4.5/10
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were stored for 10–12 h. After the solvent was removed complete-
ly, a subsequent annealing procedure was applied, whereby the 
samples were heated to 75   °   C and cooled down to room tempera-
ture in water-saturated atmosphere. Subsequently, the samples 
were hydrated using a buffer solution of pH 9.6, for 5 min, and 
kept at room temperature until the diffraction measurements.

  Synthesis of 14,14,14-d 3 -Tetradecanoic Acid Isopropyl Ester 
(IPM-d 3 ) 
 0.43 mmol (100 mg) 14,14,14- d  3    tetradecanoic acid was sus-

pended in 0.5 ml thionyl chloride. The mixture was allowed to 
stand overnight at room temperature. The excess of thionyl chlo-
ride was removed in vacuum. To the oily residue was dropped a 
mixture of 2.0 mmol (0.12 g) isopropanol and 0.2 mmol (0.16 g) 
dry pyridine, dissolved in 1 ml dry chloroform at 0   °   C over a pe-
riod of 10 min with stirring. After a further hour at that tempera-
ture, the mixture was brought to room temperature and stirred 
for another hour. For workup, the solvent was removed in vacuum 
and the residue was purified by column chromatography with 
heptane and ether with a continuous increase of the polarity of 
the eluent. Yield: 120.4 mg, colorless oil, C 17 H 31 D 3 O 2  (273.46).  1 H 
NMR (400 MHz, CDCl 3 ):  �  = 1.19 (d, 6H, 2 !  [–CH 3 ]), 1.21–1.31 
(m, 2H, [chain]), 1.55–1.63 (m, 2H, [–C H  2 CH 2 CO]), 2.2–2.25
(t, 2H, [–C H  2 CO]), 4.98 (q,  3 J H,H  = 6.26, 1H, [–C H (CH 3 ) 2 ]). ESI-
MS 274.27 [M + ]+H, 296.24 [M + ]+Na.

  Neutron Diffraction Experiment 
 Neutron diffraction experiments were carried out using the 

small momentum transfer diffractometer D16 of the High-Flux 
Reactor at the Institut Laue-Langevin (Grenoble, France). The 
neutron wavelength  �  was adjusted to 4.752 Å. The scattered neu-
tron intensity was recorded during rocking scans ( � -scans, sam-

ple-to-detector distance: 95.0 cm) by the two-dimensional  3 He 
position-sensitive detector MILAND (area 320  !  320 mm, spatial 
resolution 1  !  1 mm). The samples were allowed to equilibrate 
before each measurement in lockable aluminium chambers at 
fixed temperature of 32   °   C and a relative humidity of 58%, achieved 
by a saturated aqueous solution of sodium bromide. Each sample 
was studied at three different D 2 O concentrations in water (100/0, 
50/50 and 8/92, v/v D 2 O/H2O) in order to vary the neutron scat-
tering length density between the lipids and water. From a series 
of equidistant peaks, the spacing between the scattering planes 
(bilayer repeat distance  d ) was calculated using the correlation
 d  = 2  !   n   !   � / Q  n , where  n  is the diffraction order of the peak 
and Q n  is the scattering vector. The latter is correlated with the 
scattering angle 2 �  by  Q  = 4  !   �   !  sin � / � . Calculated  d -spacings 
are presented in  table 2 .

  For the interpretation of neutron diffraction data, commonly 
the neutron scattering length density profiles  �  s (x) are calculated 
by a Fourier synthesis of the structure factors  F  h  according to 
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  Fig. 1.  The molecular structures of the syn-
thetic SC lipids used for sample prepara-
tion. 

Table 2.  Calculated  d  spacings (in Å) for both samples investi-
gated by means of neutron diffraction

Sample Phase A Phase B

Basic_IPM 46.880.14 42.880.6
Basic_IPM-d3 45.980.4 42.580.43
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 The  �  s (x) represent the distribution of neutron scattering 
length density across one unit cell, i.e. one model bilayer, and 
therefore provide direct insight into the molecular arrangement 
of the SC lipids on a nanoscale. The phase of eachF h  is determined 
by the isomorphous replacement method  [16]  .  This is achieved by 
measuring each sample at least at three different D 2 O/H 2 O ratios. 

  The absolute value of  F  h  is received by  

| |h h hF h I A ,  
 where  h  is the Lorentz correction;      A  h  is the absorption correction 
and  I  h  is the integrated intensity of the  h th peak. Data reduction 
to 2 �  versus intensity  I  was performed with the Large Array Ma-
nipulation Program provided by the Institut Laue-Langevin  [17] , 
determination of the peak positions and intensities after back-
ground subtraction was performed using the software package 
IGOR Pro 6.1 (WaveMetrics Inc., Portland, Oreg., USA). A more 
detailed description of the neutron diffraction data evaluation 
can be found in the literature  [18, 19] . 

  Since neutrons are scattered by the atoms’ nuclei and not by 
the electrons, the coherent neutron scattering length  b  coh  can dif-
fer markedly for different isotopes. According to the literature, 
b coh  for hydrogen ( 1 H) equals –0.374  !  10 –12  cm and 0.667  !  
10 –12  cm for its isotope deuterium ( 2 H or D)  [20] . Hence, it is pos-
sible to distinguish between protonated and deuterated com-
pounds by means of neutron diffraction. For the localization of 
the deuterium label and therewith of the deuterated penetration 
enhancer IPM- d  3  inside the SC lipid model bilayers, the deuteri-
um density distribution function  �  diff (x) was calculated as differ-
ence profile between the deuterated and the protonated sample:
 �  diff (x) =  �  deut  –  �  prot . The maxima in the  �  diff (x) represent the posi-
tion of the deuterium label within the unit cell. 

  Results and Discussion 

 The neutron diffraction pattern of sample Basic_IPM 
recorded at 32   °   C, 100% D 2 O and 58% relative humidity 
is shown in  figure 2 b.

  First, the neutron diffraction results reveal the occur-
rence of phase separation in the investigated model mem-
branes containing 10 wt% IPM. Whereas the enhancer-
free model membrane composed of CER[AP], CHOL, PA, 
and ChS was reported to feature a one-phase system  [12, 
13] , the presence of the penetration enhancer obviously 
provokes the formation of two clearly pronounced and 
coexisting lamellar phases referred to as phase A and 
phase B. For reasons of simplicity, we will further refer to 
the enhancer-free quaternary model membrane lacking 
IPM as the reference system. In addition to the two lamel-
lar phases, the 1st- and 2nd-order diffraction signals of 
crystalline CHOL were detected and are indicated with 
asterisks in  figure 2 b. The occurrence of such separate 
CHOL domains was described before and has been shown 
not to influence the bilayer assembly of SC lipid model 
systems  [21, 22] . The lamellar repeat distances of the in-
vestigated samples were calculated as described above 
and are listed in  table 2 . In case of sample Basic_IPM, d 
equals 46.8 Å for phase A, and 42.8 Å for phase B, respec-
tively. For sample Basic_IPM- d  3 , the  d  spacings were de-
termined as 45.9 Å (phase A) and 42.5 Å (phase B). There 
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  Fig. 2.  Neutron diffraction pattern recorded at the first detector 
position for sample Basic_IPM at 32   °   C, 58% relative humidity, 
100% D 2 O. Shown are the 1st to 3rd Bragg reflections of phase A 
(L1A/L2A/L3A) and phase B (L1B/L2B/L3B), respectively. The 
first- and second-order diffraction peaks of phase-separated 

CHOL crystals (2theta = 7.49 and 14.84°) are marked with an as-
terisk in  b .  a  Two-dimensional integrated intensity collected dur-
ing an omega scan (sample rocking scan as shown in  c ).  b  Inte-
grated intensity, plotted as log(I) versus 2theta.  c  Omega ( � ) de-
pendency of scattered neutron intensity (reciprocal space map). 
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is rather good agreement of the  d  spacings found for the 
present phase A ( table  2 ) and the reference system of
45.6 Å being reported before  [13] . Since just one compo-
nent, IPM, was added to this model in the present study, 
it appears reasonable that phase A corresponds with the 
membrane structure reported for the reference system, 
and that furthermore the arrangement of the SC lipids in 
phase A is comparable to the reference system. In con-
trast, the lamellar spacing of phase B is comparatively 
smaller. We will refer to that later. Surprisingly, there is a 
small deviation for the lamellar repeat distance of phase 
A in sample Basic_IPM and sample Basic_IPM- d  3 . Al-
though the preparation procedures for both membranes 
were exactly the same, this experimental finding could 
indicate that there are slight variations in the lipid com-
position of phase A of both samples, e.g. a slightly higher 
or lower amount of CHOL and/or fatty acid and/or IPM. 
Yet the difference is quite small, therefore we regard phase 
A in both samples to be equivalent.

  From these first results, we conclude that the mem-
brane components are not likely to mix properly with 
each other in the presence of IPM. The branched struc-
ture of IPM with a highly mobile terminal isopropyl 
group probably prevents the other SC lipids to arrange in 
a densely packed and stable bilayer structure. Phase sep-
aration may further indicate that the solubility of the 
penetration enhancer IPM is limited in the lamellar 45.6-
Å structure of the quaternary reference system which 
corresponds with the present phase A: after a certain 
limit value of IPM is exceeded, a fraction of the SC lipids 
is sequestered in the arising new lamellar structure. This 
emphasizes the impact of only 10% IPM added to the 
model membrane, and suggests that the enhancer indeed 
is incorporated into the bilayers and interacts with the 
SC lipids. To clarify whether IPM is localized in both 
phase A and phase B, or is accumulated in just one of the 
lamellar structures, the selectively deuterated IPM- d  3  
was applied.

  Furthermore, a distinct perturbation of the state of la-
mellar order was deduced from the shape of the neutron 
scattering signals in the diffraction pattern displayed in 
 figure 2 c. The Bragg sheet intensity is spread over a wid-
er angular range in  � . This observation results from in-
creased lamellar disorder in the model bilayers. Despite 
the still existing multilamellar assembly of the SC lipids, 
the bilayers seem to discover a certain perturbation. A 
possible explanation could be that the alkyl chains are no 
longer arranged in an  all-trans  zigzag structure, but ex-
hibit an increased number of  gauche  defects. This is due 
to IPM, which is incorporated into the model bilayers but 

presumably requires more space due to its branched 
structure. The experimental finding of bilayer perturba-
tion is in line with former reports  [14] , where a similar 
effect was observed after the addition of 10 wt% of the 
penetration enhancer oleic acid to the same quaternary 
model membrane as investigated here. Phase separation 
was not observed in this former work, but based on the 
findings the authors concluded that the introduction of 
 gauche  defects to the SC lipid alkyl chains and SC lipid 
bilayer perturbation considerably contribute to the en-
hancer activity of oleic acid  [14] .

  Since the values of the d spacings are in the same order 
of magnitude for both model membranes studied here, 
further comparison between the samples Basic_IPM and 
Basic_IPM- d  3  was drawn. To gain insight into the bilayer 
architecture on a nanoscale and to prove the incorpora-
tion of IPM into the model bilayers, the neutron scatter-
ing length density profiles � s (x) were calculated for both 
samples and are comparatively displayed in  figure 3  for 
phase A and phase B. Generally, both phases exhibit the 
typical  �  s (x) found for SC lipid bilayers. The two maxima 
that correspond with the hydrophilic bilayer region con-
stituted by the SC lipid head groups are surrounding the 
lipid alkyl chains pointed towards the bilayer center, 
which is indicated by the central minimum. The differ-
ence profiles  �  diff (x) representing the density distribution 
of the deuterium label across the membrane are added.
In comparison to the protonated SC model membrane 
( fig. 3 ), the curve progression for the deuterated sample is 
considerably lifted towards more positive values. This is 
observed for both, phase A and phase B, and arises from 
the presence of the  d  3  label at the respective position with-
in the membrane unit cell. We conclude from this finding 
that the deuterium label and therewith the enhancer IPM 
resides in both observed lamellar phases.

  Yet, the  distribution  of the deuterium label itself ap-
pears to be different in both phases: whereas  �  diff (x) for 
phase B exhibits one maximum, three maxima are ob-
served for phase A. This finding indicates that the ar-
rangement of IPM is different within the two lamellar 
phases. Taking into account that all considerations re-
garding the molecular arrangement of the SC lipids in the 
present system are based on a centrosymmetric bilayer as-
sembly, we interpret the diffraction results as follows. As 
expected from its molecular structure, a certain fraction 
of IPM points its myristoyl side chain towards the bilayer 
center, where the accumulation of positive neutron scat-
tering length density due to the presence of three deute-
rium atoms at the chain end position causes the observed 
maximum in the  �  diff (x) around  x  = 0. Since the central 
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maximum is observed in both lamellar structures, this as-
sembly of IPM is conceivable for both, phases A and B. For 
clarity, a sketch of the proposed assembly of two IPM mol-
ecules has been added to  figure 3 . Due to the hydrophobic 
match  [23] , the C14 chain of IPM will have high affinity 
to the C16 fatty acid (PA) present in the mixture and 
stretches through one hydrophobic bilayer leaflet. The 
more hydrophilic ester group most likely lies in the bi-
layer head group region, where hydrogen bonds with the 
other SC lipid head groups stabilize this arrangement. The 
isopropyl group would then be located near the hydro-
philic bilayer region. Such an interaction of IPM and the 
SC intercellular lipid matrix has been proposed before 
 [24] . Due to the limited number of structure factors F h  be-
ing available in the neutron diffraction experiment, the 
resolution of the Fourier synthesis is limited, which prob-
ably accounts for the comparatively broad dispersion of 
the maximum in the  �  diff (x) ( fig. 3 ). The smeared-out max-
imum might also refer to a relatively broad distribution of 
the deuterium label itself inside the bilayers. As the C14 
alkyl chain of IPM is slightly shortened compared to the 
C16 PA or the C18 chains of CER[AP], it seems likely that 
the terminal methyl group of IPM does not exactly reach 
the bilayer center, and that the CD   3  label therefore is local-
ized slightly beside the position  x  = 0, as schematically 
presented in  figure 3 . Furthermore, since the presence of 
IPM was found to cause  gauche  defects and lamellar dis-
order, the alkyl chains will possess a certain mobility, 

which maybe results in a kind of delocalization of the deu-
terated label.

  For phase A, the two additional maxima in the  �  diff (x) 
determined at the position of | x|  = 11.86  8  0.39 Å suggest 
that a certain population of IPM is accommodated in the 
unit cell in a different way as explained above. Based on 
a centrosymmetric bilayer assembly, we regard both bi-
layer leaflets as mirrored equals. Surprisingly, the termi-
nal methyl group with the deuterium label seems to be 
shifted away from the bilayer middle towards the region 
between center and head group moiety. To explain this 
observation, we assume that a fraction of the penetration 
enhancer might be inserted completely into the SC lipid 
bilayer, stretching the myristoyl chain through the bilay-
er center towards the neighbor bilayer leaflet, where the 
deuterated terminal methyl group is localized at the de-
tected position of about 12 Å away from the bilayer center. 
Consequently, the ester group is no longer localized in the 
hydrophilic bilayer region, but has to integrate between 
the more hydrophobic alkyl chain moieties of the other 
SC lipids. Although this arrangement appears unexpect-
ed, such a complete incorporation into the SC lipid bilay-
ers might be conceivable since IPM exhibits a compara-
tively high lipophilicity and is largely retained in the SC 
lipid matrix as highlighted before  [6] . Moreover, a former 
neutron diffraction study revealed that CHOL is im-
mersed in the bilayers of a quaternary model membrane 
in a similar way as proposed here for the molecule IPM, 
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  Fig. 3.         a  The neutron scattering length density profiles for phase 
A of sample Basic_IPM (red) and sample Basic_IPM- d  3  (blue) at 
32 ° C and 50% D2O. The difference profile or deuterium density 
distribution profile is presented as black solid line. For clarity, a 
sketch of the assumed arrangement of the penetration enhancer 
is added to the diagram.  b  The neutron scattering length density 

profiles for phase B of sample Basic_IPM (red) and sample Ba-
sic_IPM- d  3  (blue) at 32 ° C and 50% D2O. The difference profile or 
deuterium density distribution profile is presented as black solid 
line. For better understanding, a sketch of two molecules IPM is 
added to illustrate the presumed enhancer arrangement. Colors 
refer to the online version only.     
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with the hydrophilic OH group positioned inside the hy-
drophobic membrane region in order to allow for maxi-
mum hydrophobic interaction of the steroid ring system 
with the other membrane components  [25] . Further-
more, the penetration enhancer IPM lacks a pronounced  
hydrophilic head-hydrophobic tail  structure, for which 
reason the complete insertion – of at least few IPM mol-
ecules – might be possible. At this point, we have no def-
inite explanation why only phase A shows two different 
arrangements for the penetration enhancer IPM, but it 
might be due to the larger spacing of phase A.

  For a better understanding, the assumed structural as-
sembly of the SC lipids in the two lamellar phases in the 
presence of IPM is schematically represented in  figure 4  
and compared to the bilayer nanostructure of the refer-
ence system. The latter has been extensively studied and 
described before  [12, 13, 25] . It was shown that the driving 
force for the highly ordered nanostructure of the CER[AP]-
based model membrane is the ceramide itself  [13] , and 
that the lamellar repeat distance remains stable even if the 
fatty acid is replaced by long-chain species  [26] . Probably 
due to strong hydrogen bonds formed between the head 
groups of the CER molecules, a framework with a high 
state of lamellar order is built, and the other membrane 
components such as PA, CHOL and ChS are forced to ar-
range themselves inside the bilayers of short repeat dis-
tance of about 46 Å. We deduce that this bilayer structure 
is still intact after addition of 10 wt% IPM, since phase A 
exhibits a comparable repeat distance like reported for the 
reference system. Consequently, we conclude that 
CER[AP] remains to be the driving force for the formation 
of the bilayer structure, even in the presence of the pene-

tration enhancer. Yet, the lamellar arrangement is strong-
ly impaired and alkyl chain disorder is increased, as seen 
from the neutron diffraction signals. Selective deutera-
tion proved that indeed, IPM is located in this phase A. 

  The occurrence of an additional phase indicates that a 
certain threshold of IPM may be exceeded, which sepa-
rates together with other model membrane components 
in a new lamellar structure, phase B. The spacing of the 
latter is clearly decreased, which could further indicate 
that the presence of the enhancer causes a certain fluidi-
zation of the SC lipid alkyl chains arranged in this phase. 
This leads to stronger interdigitation of the other SC lip-
ids and consequently to a decrease in the lamellar spacing 
 [27] . Moreover, one could speculate that the bilayer-sta-
bilizing impact of CER[AP] is reduced in phase B, maybe 
due to a slightly smaller amount of CER being present in 
this newly formed lamellar structure. A bilayer structure 
altered in such a way with increasingly disordered alkyl 
chains due to the presence of IPM would consequently 
offer a diminished resistance against drug flux and could 
provide an optimal route for the drug molecules travers-
ing the skin barrier. With regard to the mechanism of the 
enhancer activity of IPM, it is therefore conceivable that 
the incorporation of IPM together with its significant
bilayer disordering effects strongly contribute to IPM’s 
ability to increase drug flux through the skin. It was al-
ready suggested by Brinkmann and Mueller-Goymann 
 [24]  that IPM is inserted into the SC lipid bilayers with 
the isopropyl group anchored in the polar region and the 
myristoyl chain pointing towards the bilayer center. The 
present results corroborate the assumption of such an ar-
rangement of IPM. In addition, our study suggests that 

45.6 Å 45.9 Å 42.5 Å

Reference system Phase A Phase B

CHOL

ChS

PA CER[AP], full extended conformation

CER[AP], hairpin conformationIPM

a b c

  Fig. 4.  Schematic presentation of the as-
sumed lamellar structure in the presence of 
10 wt% IPM-         d  3 .  a  Lamellar assembly of the 
components CER[AP], CHOL, PA and ChS 
in the short periodicity phase as reported 
in Kiselev et al. [13].      b  The assumed bilayer 
structure of phase A. As described in the 
text, IPM can be either anchored with its 
ester group in the hydrophilic head group 
region, or completely inserted into the hy-
drophobic membrane region. The bilayer 
repeat distance is comparable to the qua-
ternary reference system. Remarkable is 
the increased lamellar disorder.  c  The 
membrane structure and assembly of IPM 
in phase B. Note the decreased lamellar 
spacing, indicating an increased state of 
lipid fluidity and alkyl chain disorder.   
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IPM might also be completely immersed into the SC lipid 
bilayers, and that IPM causes phase separation in an ori-
ented quaternary SC lipid model based on CER[AP]. The 
stabilizing influence of the ceramide present in the mem-
brane seems to be outbalanced by the perturbing effect of 
the penetration enhancer.

  In conclusion, we successfully localized the deuteri-
um-labelled penetration enhancer and could therewith 
prove the incorporation of IPM into the SC lipid model 
membrane. In the presence of the lipophilic penetration 
enhancer IPM, a dense lamellar arrangement of all mem-
brane components in a single phase is hindered. Our re-
sults provide direct evidence that IPM’s mode of action 

as penetration enhancer results from affecting the bilayer 
architecture of the SC lipids, by introducing phase sepa-
ration, and by direct perturbation of a proper lamellar 
arrangement.
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