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Abstract
We set out to explore the applicability of small-angle neutron diffraction (SAND) to the localization of biomembrane components by studying the general anesthetic n-decane in a model lipid bilayer system composed of dioleoyl-phosphocholine
(DOPC). Samples in the form of planar membrane multilayers were hydrated by varied mixtures of deuterated and protonated
water, and examined by the means of SAND. Neutron scattering length density (NSLD) profiles of the system were then
reconstructed from the experimental data. We exploited the significantly different neutron scattering properties of hydrogen
and deuterium atoms via labeling in addition to water contrast variation. Enhancing the signals from particular components
of bilayer system led to a set of characteristic membrane profiles and from their comparison we localized n-decane molecules
unequivocally in the bilayer’s hydrocarbon chain region.
Keywords General anesthetics · n-Decane · Lipid bilayers · Small-angle neutron diffraction · Contrast variation

Introduction
The lipid bilayer, as the main structural component of biological membranes, is responsible for many of their properties and functions. The solution to a number of problems in
medicine and pharmacology, and the food industry as well
as many other fields of application is inextricably linked to
the structure and properties of the lipid bilayer (Pabst et al.
2014). Our understanding of biomembranes is built around
the fluid mosaic model (Singer and Nicolson 1972; Nicolson 2014), although it has evolved to include the notions of
crowding (Engelman 2005) and rafts (Simons and Ikonen
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1997). The specific functions occurring in the membranes
are then plausibly correlated with the peculiar properties
of their various components (Lee 2003, 2004). In addition
to the main building blocks of lipids and proteins, these
comprise many other additives of smaller or larger size that
interact with membranes and in turn affect the structure and
function of the biomembrane system.
Alkanes, similar to alcohols, are known to possess high
biological activity and can act as general anesthetics (Forman and Chin 2008). It is believed that such pharmacological effects are the results of their interactions with biomembrane components. The origin of the anesthetic effect from
alkane compounds has been understood both in terms of
their specific interactions with membrane proteins, and/
or through the structural changes made to lipid bilayers.
Despite the importance of their effect, neither mechanism
is described adequately. For example, the dependence of the
alkanes’ anesthetic effect established experimentally correlates with the length of their aliphatic chains in an intriguingly non-monotonic way: growing with the increasing number of chain carbons, while the anesthetic effect suddenly
drops for the compounds exceeding ten carbons (so-called
“cut-off effect”) (Balgavý and Devínsky 1996).
Two fundamental hypotheses for the alkanes’ anesthetic
effect have been proposed. One assumes a vacant space of
finite dimensions in the structure of specific proteins, where
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only alkanes with appropriate length can fit. These molecules stabilize the structure of the protein and hamper conformational changes, thus affecting its biological functions
(Franks and Lieb 1978). The other theory suggests that anesthetic effects stem from the structural changes to the lipid
bilayer induced by interactions of general anesthetic compounds with membrane constituents (Haydon et al. 1977;
Elliott et al. 1985). For instance, a study of hexane-loaded
lipid systems reported bilayer structure collapse at a level of
30 mol% hexane incorporation (Jacobs and White 1984a).
However, the same experiments conducted on unsaturated
lipid systems showed only negligible structural changes for
molar ratios up to 1:1 (Jacobs and White 1984b). In this
case, the unsaturated lipids appear to form a much more
accommodating structure that is capable of absorbing significantly more alkane without disruption. Moreover, detailed
investigations of lipid systems with n-decane (another compound from the series of higher n-alkanes with the general
formula CH3(CH2)8CH3) suggested in addition two regimes
for its incorporation into lipid bilayers, both perpendicular
to and parallel with the chain orientations (Kučerka et al.
2002). A system of unsaturated lipids loaded with enough
alkane molecules to stimulate their incorporation in both the
perpendicular and parallel to lipid chain orientations appears
thus an ideal model case for examining the feasibility of
our experimental technique. Its successful application can
in addition shed some light on the lipid–alkane interactions
and the anesthetic effect in general.
Currently, there are many experimental methods that are
suitable for studying biomembranes on a nanoscale level.
Neutron and X-ray scattering techniques are, for example,
capable of providing dynamical and structural information
(Katsaras et al. 2008). Diffraction methods, in addition,
allow us to characterize the internal membrane structure
by reconstructing the scattering length density distribution
across the bilayer calculated from the Fourier transform of
the diffraction pattern, which is performed without assuming
any model a priori. Moreover, neutron diffraction from oriented multilayer lipid membranes has found its advantages
in lipid studies due to the special properties of neutrons over
X-rays (Fitter et al. 2006).
Neutrons and X-rays interact differently with the matter. X-rays as electromagnetic waves primarily interact
with electrons, and their amplitude of scattering length
increases with atomic number. Conversely, neutrons as
particles are scattered by the nuclei themselves and neutron scattering amplitudes thus depend on the physical
characteristics of the nuclei. For example, the coherent
neutron scattering lengths for the hydrogen isotopes 1H
and 2H (D—deuterium) are significantly different [−3.741
fm and 6.671 fm, respectively (Sears 1992)]. Therefore,
and unlike X-rays, not only can neutrons ‘see’ hydrogen
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isotopes, they can differentiate between them. The contrast variation can then be achieved by exchange of H
 2O/
D2O ratio. This leads to a straightforward determination
of the structure factor phases, which is a necessity for the
evaluation of neutron scattering length density (NSLD)
profile across the unit cell of the multilamellar membrane
by Fourier synthesis (Kučerka et al. 2009). This is another
important advantage of neutron scattering over that using
X-rays.
Yet another advantage of neutrons when compared to
X-ray scattering concerns the possibility of deuterium
labelling (Mihailescu et al. 2011). The NSLD profiles
calculated using the structure factors can give information about the nanostructure of the lipid membranes
(polar headgroups, hydrophilic and lipophilic membrane
sections, membrane thickness, and distances of various
interfaces, to name but a few). The deuterated molecule
or part of it shows a distinct increase in the NSLD profile.
Comparing with the NSLD profile from a reference membrane containing protonated lipid, it is possible to calculate the distribution of deuterium atoms. Therefore, precise
information about the location of deuterated labels within
the lipid bilayer can be obtained in the neutron experiment
(Harroun et al. 2009).
The effect of general anesthetic aliphatic alcohols
(CnOH) has been recently studied by small-angle neutron
diffraction (Petrenko et al. 2010), revealing that both the
bilayer thickness and bilayer surface area in a dioleoylphosphocholine system (DOPC:CnOH = 0.3) increase with
the number of carbon atoms in the alcohol chains (n). Similar results presented in other work (Kondela et al. 2017)
led to a conclusion that the anesthetic effect of aliphatic
alcohols comes most likely from the changes to bilayer
lateral pressure. These changes are presumably borne by
the alcohols incorporating parallel with lipid chains, while
increasing the spacing between lipid headgroups and thus
their hydration. Differentially, the results observed in the
case of the anesthetic n-decane suggested two regimes for
its incorporation into lipid bilayers (Kučerka et al. 2002).
Neither of the studies, however, provides direct information about the location and orientation of the anesthetic
molecules, due to the insensitivity of the experimental
methods used. Neutron diffraction applied to oriented
multilamellar membranes loaded with deuterium-labeled
and unlabeled components can, on the other hand, readily deliver such information. We carefully outline this
experimental approach and demonstrate its use in the
study of membrane structural changes upon the addition of
n-decane. Our results lend themselves to hypotheses concerning the possible mechanism of anesthesia by allowing
us to determine the n-decane location within phospholipid
bilayers.
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Experimental details

Results and discussion

All materials required for the preparation of multilayer
model membranes were acquired as follows: dioleoylphosphocholine (DOPC) from Avanti Polar Lipids (Alabaster, USA); unlabeled (C10H22) and labeled (perdeuterated C10D22) n-decane from Sigma-Aldrich (St. Louis,
USA); heavy water from ILL (Grenoble, France); singleside polished Si substrates (111, N-type/Phos-dopant) cut
to 50 mm × 25 mm × 0.5 mm from Crystal GmbH (Berlin,
Germany).
The calculated amounts of DOPC and n-decane were dissolved in chloroform:tetrafluoroethylene solvent (volume
ratio 1:1) to achieve molar ratio of n-decane:DOPC = 2:1.
Solvent (300–400 μl) with around 10 mg of lipid–alkane
mixture was poured onto 50 × 25 mm2 surface of Si wafer
to form multilayered stack of several thousands parallel-oriented bilayers by the rock-and-roll method (Tristram-Nagle
2007). The bulk solvent was evaporated while rocking the
samples in glow-box with the presence of solvent vapor
inside. Such an environment is very suitable for the formation of well-ordered lamellar bilayers (Tristram-Nagle 2007).
The remaining traces of solvent were evaporated under the
vacuum overnight. A total number of three oriented samples (one control sample of pure DOPC, one with unlabeled
and one with labeled n-decane) were prepared. Before each
measurement, samples were equilibrated in a chamber with
relative humidity (RH) 97% over saturated K
 2SO4 solution
at fixed temperature 25 °C (Greenspan 1977). Samples were
hydrated and diffraction intensities were measured subsequently at four different D2O/H2O contrasts (8, 40, 70 and
100% of D
 2O) to allow the determination of structure factor
phases required in Fourier transformation.
Measurements were performed at D16 facility at Institute
Laue-Langevin (Grenoble, France) utilizing small momentum transfer diffractometer and monochromatic neutron
beam of 𝜆 = 4.55 Å (Cristiglio et al. 2015). All data were
acquired as rocking scans that, in addition, provide the quantitative information on the orientation quality of aligned
multilayers. During the experiment, the 2D detector was
fixed at position 12° and the sample was rocked in a range
from − 1° to 12° with step 0.05°. In case of strong intensity
from the first peak, which could oversaturate the detector,
attenuator with the attenuation factor of ~ 11.5 was put in
front of the sample. Afterwards, the detector was moved to
position 27° to cover also higher orders of diffraction, for
which the sample was rocked from 10° to 16° with constant
angle increment 0.1°. Each scan lasted for approximately 1
h, while most of them were repeated immediately to reveal
possible changes in bilayer structure due to variations in
humidity and/or sample deterioration. No significant differences were observed.

Rocking curves corresponding to each of up to five detected
Bragg peaks were analyzed as follows. The Bragg peak
positions were localized from the total intensity accumulated over all of the exposures and plotted as a function of
scattering angle 2θ (Fig. 1a). Subsequently, limits of integration interval corresponding to 20% of peak maximum
were selected for every single Bragg peak along the detector x-axis. The limits of the y-axis were fixed at constant
positions corresponding to vertical angle span ± 2.8° (the
beam size in the vertical direction). The intensities were then
summed within the selected box for each exposure (corresponding to a unique sample angle ω during its rocking) and
plotted as a function of ω (Fig. 1b). Data treatment involved
normalization of detected intensities to the monitor counts
of the incoming beam.
The identification of narrow peaks (𝜎 ∼ 0.05◦) with high
intensities in rocking curves is an evidence for high quality in the prepared samples. We can conclude the presence
of planar bilayers with fairly good parallel orientation with
respect to each other. One can notice two characteristic local
minima clearly visible particularly in the 1st (𝜔 ∼ 0◦ ∧ 5◦ )and 2nd (𝜔 ∼ 0◦ ∧ 10◦ )-order rocking curves (Fig. 1b). At
these sample positions, the incident or diffracted beam
passes along the substrate surface probing a large amount
of sample. Due to this, the absorption of neutrons is significantly enhanced (Xia et al. 2015).
The distinctive shape of the obtained peaks can be
described appropriately by a model assuming two contributions (Fig. 1c). The origin of the sharp and narrow peak
(Lorentz function) recognized atop is attributed to large
lateral domains of highly oriented multilayers (Nagle et al.
2016), while the occurrence of a wider Gaussian peak
situated below is rationalized by the presence of smaller
domains with a broader distribution of orientations (AlsNielsen and McMorrow 2011). Data obtained from fitting
the rocking curves employing the sum of Gauss and Lorentz
functions comprise all the fundamental parameters necessary for further analysis and bilayer structure reconstruction.

D‑spacing determination
The most straightforward parameter obtained from SAND
measurements corresponds to D-spacing—the distance
between repeating unit cells. By virtue of the high quality
of examined samples, some higher orders of Bragg reflections (up to the 5th) have been detected. This is essential
not only for the fine bilayer profile reconstruction discussed
later, but also for precise D-spacing determination. The values of D-spacing have been established from peak positions
using the relation D = 2𝜋h∕qh . For each contrast variant of
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Table 1  D-spacing values (in
Å units) corresponding to the
multilayers of DOPC with
protonated (H) or perdeuterated
(D) n-decane molecules,
and hydrated with various
H2O + D2O mixtures

% D2O

H

D

8
40
70
100
Mean

50.5
51.4
52.0
51.1
51.3

51.2
51.4
51.6
51.1
51.3

the system, a linear fit to the peak position qh vs. peak order
h dependence has been performed as displayed in the inset
of Fig. 1b. From the fit slopes, we have derived the series of
four D-spacing parameter values (Table 1) that fell typically
within the ± 1 Å interval. Finally, the mean of these values
has been considered in further calculations.
The total D-spacing comprises two thickness quantities.
It is a sum of DB (the total thickness of bilayer) and DW
(the thickness of the water layer in-between the bilayers).
Thanks to the contrast variation approach discussed below,
it is possible to perform a decomposition of the two parameters based on the water distribution profile (see “Contrast
variation”).

Neutron scattering length density profiles

Fig. 1  The typical experimental data processing shown for the example of sample C10H22 + DOPC in 8% D2O:H2O mixture. a The total
sum of diffraction patterns obtained during the rocking of the sample
while the area detector was positioned at 12°. Rectangles demarcate
the areas, within which the intensities were summed for the construction of rocking curves. b The rocking curves for diffraction peaks
1–5 (the 5th peak was obtained at detector position 27° not shown
in a). Red lines represent combination of Gauss and Lorentz functions fit to the data. The inset shows a linear fit to the peak positions
(qh = (4𝜋∕𝜆) sin 𝜔) vs. peak order dependence. c The contribution of
both Lorentz and Gauss functions to the total fit in the case of the
first-order peak
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Another quantity extracted from experimental rocking
curves besides the peak positions is the magnitude of these
diffraction peaks. Both forms of information can then be
utilized in the reconstruction of NSLD profiles. The method
has been originally developed for X-ray scattering (Finean
and Burge 1963); however, with the subsequent benefit
and increased accessibility of neutron sources, it has been
extended also to neutron scattering (Schoenborn 1976).
Most importantly, the method has found its application in
many structural studies of biological membranes (Kučerka
et al. 2013). The general principle employed is the fact that
there is a relation between scattering length density profiles
of membrane and scattering form factors via inverse Fourier transform. The precise procedure leading to the NSLD
profile determination that we followed in this work has been
described elsewhere (Kučerka et al. 2009). We summarize
briefly its key points and the application to our system of
interest.
NSLD distribution 𝜌 along the z-axis perpendicular to the
membrane plane with its origin in the center of the bilayer
can be expressed as

𝜌abs (z) =

F0abs
D

+

hmax
)
(
2𝜋hz
12∑
.
Fh cos
k D h=1
D

In this, the values of D-spacing are established from
peak positions as described above. Fh are scattering form
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factors corresponding to the diffraction peaks of order h .
Their magnitudes are related to the diffraction peak intensity
Ih and can be
√ determined (considering experimental setup)
as ��Fh �� = ± CL Cf C𝛼 Ih . Coefficient CL denotes the Lorentz
factor for the angular velocity correction CL = sin (2𝜃). Cf
represents the correction of detected intensity with regard
to incident neutron flux that is changing according to the
actual rotation angle of sample 𝜔 (equal to 𝜃 in the case of
symmetric diffraction scans such as those performed in our
measurements) (Kučerka et al. 2009):
�
�
L sin (𝜃)
,
Cf = 1∕erf
√
8𝛿
where L is the sample length and 2𝛿 is the beam width. The
last coefficient C𝛼 assumes the absorption of neutrons by the
sample during its rocking and can be expressed as (Worcester and Franks 1976)

C𝛼 =

2𝜇t∕ sin (𝜃)
(
),
−2𝜇t
1 − exp sin
(𝜃)

where t is the sample thickness and 𝜇 absorption length calculated from all nuclei occupying the volume of unit cell
VUC:
∑
Ni 𝜎i
.
𝜇=
VUC
In the latter expression, 𝜎 denotes the total neutron scattering cross section—the sum of coherent and incoherent
scattering cross sections and absorption cross section (Sears
1992) of the ith nucleus, while Ni is its abundance. In our
case, we assumed the beam width (determined experimentally for our setup) 2𝛿 = 0.74 cm, the sample length L = 2.5
cm, and estimated thickness t = 10 µm for each sample. The
specific composition of unit cell in the case of each system has been taken into account for the calculations of 𝜇
coefficients. The small absorption of neutrons can bring up
another crystallographic phenomenon in thin films of thickness exceeding 100 μm. In addition to the reduction of neutron beam intensity by the absorption, it is being reduced by
the diffraction itself. This is known as an extinction effect,
of which both the primary and secondary extinctions may
occur as a consequence of low-mosaicity samples (Bacon
and Lowde 1948). We detected only a marginal distortion
to the measured structure factors, which appeared as a nonlinearity in diffraction factors plotted versus D2O content
(Mihailescu and Gawrisch 2006). Owing to the contrast variation method employed in our experiment, we could estimate
the correction to the extinction effect phenomenologically.
A 15% intensification was required in the case of the firstorder peaks measured at 100% D
 2O contrast conditions only.
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Finally, the scattering phases assuming values of ± 1 in the
case of a centro-symmetric system such as ours have been
attributed to form factors by means of the contrast variation
method (Worcester and Franks 1976; Leonard et al. 2001;
Kučerka et al. 2009). Briefly, the diffraction form factors
measured at different contrast conditions were required to
change linearly as a function of D2O content.
One last correction is inevitable for placing the NSLD
profiles on absolute scale as the experimentally determined
form factors provide ratios between different orders only.
This correction requires two factors that provide the final
scaling and offset. F0abs represents the offset of the profile
and since it corresponds to the forward scattering, it cannot
be measured experimentally. Its value on absolute scale is
calculated utilizing AF0abs = bl − 𝜌w Vl , where A is the area
per lipid, bl is a neutron scattering amplitude of lipid, 𝜌w is
NSLD of water and Vl is lipid volume (Nagle and Wiener
1989). Scaling factor k is then calculated assuming a reference point. Due to the complexity of our systems, we examined several possibilities with the most consistent being the
case when the reference point lay outside of the membrane.
In the calculation, we supposed no n-decane molecules
in water due to their hydrophobic nature, while a certain
contribution (10% dry membrane unit cell NSLD) of membrane has been accounted for due to bilayers not being fully
hydrated. The latter prevents the NSLD profile reaching a
plateau of bulk water level. We define the unit cell of a given
sample by including one molecule of DOPC, two n-decane
molecules (labeled or unlabeled), and a number of water
molecules corresponding to the hydration level (~ 20 in our
conditions). The typical NSLD profiles at various contrasts
calculated for the measurements of unlabeled sample can
be seen in Fig. 2a.

Contrast variation
Scattering contrast between bilayer and ambient water can
be varied by means of changing the content of D2O in the
water mixture hydrating the sample. For instance, in the case
of 100% heavy water, the significant difference in NSLD of
water deuterium and bilayer hydrogen atoms provides the
highest contrast. On the other hand, the zero NSLD of an
8% D2O mixture results in water being invisible to neutrons,
thus enabling the direct recognition of lipid characteristic
features in the profile (see Fig. 2a).
Another often challenging issue that can benefit from
contrast variation approach is the determination of the
boundary between the bilayer and water environment. If we
consider a unit cell without water molecules, its NSLD is not
dependent on the contrast variation [assuming no exchangeable hydrogens (Pan et al. 2014)]. On the other hand, the
NSLD of water changes according to the ratio of heavy
to normal water in the mixture. Therefore, the difference
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2
erf z, z0 , 𝜎 = √
𝜋 ∫0
�

�

z−z0
√
2𝜎

2

e−u du,

which proved to be a suitable model for describing the shape
of the water distributions (Kučerka et al. 2008). The water/
bilayer interface can then be determined as the Gibbs dividing surface (Nagle and Tristram-Nagle 2000): if one starts to
integrate the water distribution from the center of the bilayer
towards its edge, there is a point zG at which the area under
the curve in interval < 0, zG > is equal to the area above the
curve in the rest of the profile < zG , D∕2 >. As a consequence
of the error function definition, zG is identified directly with
its mean position z0 . The σ in error function defines the
width of the interface. Finally, the distance form −z0 to z0
defines the bilayer thickness DB (Klauda et al. 2006).
Comparing the values of D-spacing (51.3 ± 0.6 Å Table 1)
and bilayer thickness DB = 38.6 ± 1.2 Å calculated for the
system with n-decane to the values for pure DOPC bilayer
(D-spacing = 51.7 ± 0.6 Å, DB = 37.5 ± 0.7 Å), one can infer
structural modifications of model membranes induced by the
introduction of n-decane molecules. Interestingly, despite the
high alkane concentration, only a negligible increase of these
parameters has been observed. The results are nevertheless
in accordance with the early investigations of Jacobs et al.
(1984b) studying the incorporation of a similar molecule,
hexane, to DOPC multilamellar vesicles at room temperature. Their study also included systems with rather high hexane to lipid molar ratios (up to 1:1) while reporting minor
structural variations of membranes with increasing hexane
concentration.
Fig. 2  a Profiles of bilayer NSLDs corresponding to different
D2O:H2O contrast variants of system containing C10H22. b Distributions of water probability obtained from mutual subtraction of each
pair of NSLD profiles. Error function fit to the averaged distributions
has been utilized for the determination of water/bilayer interface and
bilayer thickness DB

between two NSLD profiles obtained at different contrasts
corresponds to the water distribution profile (Kučerka et al.
2009). We utilized all four NSLD profiles obtained at various contrast conditions, and obtained six independent pairs
for mutual NSLD profile differences 𝜌1 (z) − 𝜌2 (z). The water
distribution profiles thus obtained (Fig. 2b) were normalized
according to the corresponding difference in water scattering
length densities ( 𝜌w1 − 𝜌w2 ) to interpret them as the probabilities Pw (z) of water occurrence along the profile:

Pw (z) =

𝜌1 (z) − 𝜌2 (z)
.
𝜌w1 − 𝜌w2

Consequently, the average of the water probability profiles was fitted with the sum of two mirrored error functions:
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Isotopic labeling
Based on the same principle of the isotopic substitution of
chemically identical atoms, yet with significantly distinct scattering properties, another contrast variation technique can be
employed in neutron diffraction. Labeled compounds can be
distinguished easily from their unlabeled counterparts, and
their locations concluded from the mutual NSLD profiles comparison. Let us assume two equivalent samples with equal concentrations of protonated and deuterated n-decane molecules
in identical water environment (e.g., 70% D
 2O mixture). From
the chemical point of view, such samples represent a system
with identical distribution of n-decane molecules. The NSLD
profile components other than labeled/unlabeled n-decane
molecules get subtracted upon the subtraction of unlabeled
(𝜌abs
(z)) from labeled (𝜌abs
(z)) sample profiles while revealing
H
D
the label’s actual distribution (Leonard et al. 2001)
abs
Δ𝜌(z) = 𝜌abs
D (z) − 𝜌H (z).

The example of Δ𝜌(z) corresponding to the label distribution in the case of samples hydrated with 70% D2O is
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documented in Fig. 3. In spite of the same water contrast
employed, one can notice that the two profiles do not match
at their edges completely. Partially, it is the consequence of
not fully hydrated samples. Due to this, the NSLD at the
bilayer edge is not equal to the NSLD of water only, but is
slightly (estimated previously to 10%) affected by the NSLD
of a particular bilayer composition in its unit cell. This
phenomenon is more prevalent at low contrasts that result
in smaller differences between NSLD at the edge (water)
and that at the central part of the bilayer, thus introducing
larger experimental uncertainties during the absolute scaling procedure.
The verification of NSLD profile reconstruction accuracy
can be carried out easily by calculating the label amount Δb
(per unit cell) obtained from the NSLD profile difference:

Δb =

∫0

D∕2

AΔ𝜌(z)dz.

One n-decane molecule contains 22 atoms of hydrogen/
deuterium, providing thus(a total difference
in neutron scat)
tering lengths of Δbr = 22 bD − bH = 22.88 × 10−4 Å, and
45.76 × 10−4 Å when assuming a unit cell containing two
n-decane molecules (due to the n-decane:lipid ratio 2:1).
Table 2 shows the number of hydrogen/deuterium atoms per
unit cell calculated for label distributions obtained above
(Fig. 4). Rather good agreement between theoretical values
and those derived from experimental data corroborates our
results, and provides an estimate for our experimental uncertainties at the level of ~ 10%.
Figure 4 shows a complete series of label distributions
established for all examined pairs of samples (i.e., those

Fig. 3  The example of NSLD profile difference (red) of labeled (blue)
and unlabeled (black) samples in 70% D2O mixture. The difference
reveals the label distribution along the profile, whose integrated area
under the curve is directly proportional to the label amount
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Table 2  The number of
hydrogen/deuterium atoms per
unit cell calculated from the
area under the label distribution
curve (reference value is 44)

% D2O

Number of H/D

8
40
70
100

48
48
47
47

obtained at different contrast conditions). The profiles
exhibit rather similar label distributions in accordance with
the expectations. We attribute the slight discrepancies to
scaling artifacts inherent in the absolute scaling of NSLD
profiles as discussed above. These artifacts can be mitigated
further by averaging over all the different contrasts that
represent an identical system with respect to the n-decane
distribution. Apparently, the label is located in the hydrophobic core with a slightly increased concentration in the
very center of the bilayer. Its abundance clearly diminishes
towards the edges of the profiles. Label presence outside
the membrane can be regarded as negligible, which is also
consistent with the hydrophobic nature of n-decane.
Our results agree nicely with the pioneering study of
hexane partitioning in oriented dioleoyl lecithin multilayers
(White et al. 1981). While low concentration data (0.05;
0.1; 0.2) clearly exhibited hexane location in the center of
the membrane, the higher amount case (0.3) suggested the
incorporation of molecules among the lipid chains further
from the midplane. On the other hand, later works examining even higher hexane contents in the bilayers (up to equimolar ratio) did not manifest progressive intermingle of
hexane towards head groups, and showed its accumulation
in the central 10 Å region instead (Jacobs and White 1984b).

Fig. 4  Label distribution obtained as the NSLD profile difference of
labeled and unlabeled samples at a given water contrast, and averaged
over all the different contrasts
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Computer simulations of hexane partitioning in DOPC
bilayers allow another comparison with our results. The
alkane distribution is interpreted from the point of view of
thermodynamics (MacCallum and Tieleman 2006). The free
energy for partitioning in a lipid bilayer is determined by a
remarkably fine balance between large, opposing terms of
entropy and enthalpy. In the low-density center of a DOPC
membrane, where the acyl chains are disordered (high conformational entropy), the probability of finding free room for
an alkane molecule is significantly larger than in the ordered
region. However, when a pocket is presented close to head
groups, the alkane molecule will be packed much more tightly
with its surrounding (high enthalpy and low entropy). Overall,
partitioning within the acyl chains becomes increasingly unfavorable on moving from the low-density, disordered region (0
Å) to the high-density, highly ordered region (~ 14 Å).
Considering all the available data, one can put forward
a hypothesis on n-alkane molecule localization in DOPC
model membranes. It is conceivable that n-alkanes occupy
the very center of the bilayer until the critical concentration
is reached where there is no more free volume available to
them. After the saturation of the central part, further increase
in n-alkane concentration brings about the encroachment of
their distribution towards the less preferred region of the
ordered acyl chains. Apparently, the critical concentration
is higher than equimolar for hexane, and lower than 2:1 for
n-decane.

Conclusions
DOPC bilayer systems with the addition of protonated or
deuterated n-decane molecules were investigated with the
aim to determine their location within membrane. SAND
experiments carried out on examined multilayers confirmed
the good quality of the samples which enabled a precise data
analysis and high plausibility of the obtained results. NSLD
profiles corresponding to each sample were reconstructed
from experimental data and mutually compared. Exploiting the method of molecular isotopic labeling along with
water contrast variation revealed the distribution of n-decane
within the membranes. Our results unambiguously point to
its location in the bilayer’s hydrocarbon chain region. Based
on this observation, one can speculate that the formation of
a central layer of n-decanes that creates a restriction in the
transfer of ions through the membrane is responsible for
their anesthetic effect.
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