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Anesthetics significantly increase the amount of
intramembrane water in lipid membranes†

Sebastian Himbert, a Lili Zhang,a Richard J. Alsop,a Viviana Cristiglio, b

Giovanna Fragnetob and Maikel C. Rheinstädter *a

The potency of anesthesia was directly linked to the partitioning of the drug molecules in cell

membranes by Meyer and Overton. Many molecules interact with lipid bilayers and lead to structural

and functional changes. It remains an open question which change in membrane properties is

responsible for a potential anesthetic effect or if anesthetics act by binding to direct targets. We studied

the effect of ethanol, diethyl ether and isoflurane on the water distribution in lipid bilayers by combining

all-atom molecular dynamics simulations and neutron diffraction experiments. The simulations show

strong membrane–drug interactions with partitioning coefficients of 38%, 92% and 100% for ethanol,

diethyl ether and isoflurane, respectively, and provide evidence for an increased water partitioning in the

membrane core. The amount of intramembrane water molecules was experimentally determined by

selectively deuterium labeling lipids, anesthetic drug and water molecules in neutron diffraction experi-

ments. Four additional water molecules per lipid were observed in the presence of ethanol. Diethyl ether

and isoflurane were found to significantly increase the amount of intramembrane water by 25% (8 water

molecules). This increase in intramembrane water may contribute to the non-specific interactions

between anesthetics and lipid membranes.

1 Introduction

The first reported use of anesthesia in surgery dates back more
than 150 years ago when diethyl ether was used during a tooth
extraction. Rather than being the result of careful studies and
extended research, the idea to this novel approach for pain
relief was a byproduct of so called ‘ether parties’, popular
among medical and chemistry students.2 Nowadays, numer-
ous anesthetic drugs are known and used every day in hospi-
tals around the world. However, our knowledge of the
molecular mode of action of these drugs is surprisingly
limited. It is an ongoing debate whether anesthetics act by
binding to direct targets, or act through non-specific interac-
tions with the lipid bilayer.3

While the GABAA receptor has been identified as target for
propofol and ethomidate,4 the situation is less clear for other
commonly known anesthetics.3 Based on the Meyer–Overton
correlation, anesthetic potency was found to be directly related
to their lipid solubility.5–7 This correlation suggests an indirect

mechanism where the activity of membrane proteins is modu-
lated by variations in membrane properties in the presence of
anesthetic molecules. Membrane characteristics, such as
hydrophobic thickness, dipole potential, fluidity, curvature,
elastic properties, proximity to phase transitions, and the
degree of lateral microheterogeneity, all vary with membrane
composition and have been shown to have a strong influence
on membrane protein function.3,8,9 A wide variety of molecules
interact with lipid bilayers leading to structural and functional
changes. However, it remains an open question how the inter-
actions of anesthetic drugs differ from other molecules.

As first demonstrated by Ashcroft et al., benzyl alcohol
incorporates in the head group region of lipid bilayers leading
to an increased membrane thickness.1 It was proposed that this
increased head-to-head distance is the result of induced order
of the lipid molecules leading to a radial compressive stress
onto embedded sodium channels, as depicted in Fig. 1. By
using a combination of neutron scattering and Molecular
Dynamics (MD) simulations, it was demonstrated in the case
of the anesthetic drug Ketamine, that physiological quantities
can alter the lateral membrane pressure and may affect the
function of embedded membrane channels.3 However, studies
of different anesthetic molecules did not show a similar
increase in membrane thickness.10

While the effect of anesthetics on a number of membrane
properties has been studied, little attention has been given to
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potential changes in the amount and distribution of intramem-
brane water molecules. In fact, little is known about the effect
of anesthetic drugs on the membrane’s water permeability,
likely due to the challenges related to a precise measurement of
water inside of bilayers. While previous studies reported a
decrease in membrane permeability in a 1 molar ethanol
solution,11,12 Toppozini et al.13 tentatively assigned 2 additional
water molecules per lipid in the hydrophobic membrane core
when the membranes were immersed in a 5 mol% ethanol
solution. However, they could not uniquely distinguish between
ethanol and water molecules from their X-ray diffraction data.

It is experimentally challenging to probe the water distribu-
tion across a lipid bilayer on a molecular scale. While techni-
ques such as X-ray diffraction provide high-resolution
structural data on a membrane assembly, they fail to contrast
water from lipid and anesthetic molecules just based on their
number of electrons. Neutrons, on the other hand, interact
with the atomic nuclei of atoms and are highly sensitive to
isotopical composition. While being indistinguishable for
X-ray scattering, deuterium (H2) has a coherent neutron scattering
cross section that is B3 times higher than hydrogen (H1).
Hydrating solid supported membranes with D2O thus allows
to contrast water molecules against protonated membranes
and anesthetic molecules.

In this study we investigate the effect of ethanol, diethyl
ether and isoflurane on the intramembrane water distribution
in a lipid bilayer using a combination of MD simulations and

neutron diffraction. Water molecules within the bilayers were
made visible in the experiments through selective deuterium
labeling and we found that anesthetics can lead to a significant
increase of intramembrane water.

2 Results
2.1 Molecular dynamics simulations

MD simulations of a POPC patch containing 128 POPC mole-
cules including 35 water molecules per lipid and 200 molecules
of the respective anesthetic drug were performed. The skeletal
formula of ethanol, diethyl ether and isoflurane are depicted in
Fig. 2(a). Snapshots of the simulations after 200 ns are shown
in Fig. 2(b–e). Ethanol, diethyl ether and isoflurane are depicted
in green, purple and cyan respectively. Water molecules are
represented by white and red spheres symbolizing oxygen and
hydrogen. The lipid tails are omitted for clarity and only the
phosphate atom of POPC is visualized as blue sphere. While
the diethyl ether and isoflurane molecules are located inside
the bilayer, the ethanol molecules are mainly found in the head
group region of the membrane. Partitioning for diethyl ether
and isoflurane appears to be almost complete while the
adsorbed ethanol molecules are in equilibrium with molecules
dissolved in the hydration water layer.

The partitioning coefficient, i.e. the fraction of inserted
molecules as function of simulation time is shown in
Fig. 3(a). Partitioning coefficients of 98 � 1% and 93 � 2%
were determined for isoflurane and diethyl ether, respectively.
In the case of ethanol, 38� 4% of the molecules interacted with
the membrane. While isoflurane and ethanol molecules parti-
tioned within the first 20 ns of the simulations, the final value
for diethyl ether was observed after 200 ns, only.

Scattering length density (SLD) profiles were calculated for
all systems and are graphed in Fig. 3(b). The simulated SLDs for
POPC, ethanol, diethyl ether, isoflurane and D2O are shown as
dotted lines. The scattering contributions of ethanol and
diethyl ether are small and the molecules do not contribute
significantly to the total SLD. Isoflurane led to a significantly
increased SLD in the membrane core as a result of the high
scattering length (5.654 fm14) of the fluorine atoms. The SLD
reaches 5.6 � 10�6 1 Å�2 in the water layer for a pure POPC
bilayer and systems containing diethyl ether and isoflurane.
The SLD is significantly reduced in the water layer in the
presence of ethanol to a value of 5.3 � 10�6 1 Å�2 due to
ethanol’s low partitioning coefficient and the presence of
dissolved ethanol molecules. While the ethanol sample shows
a slight increase of the SLD in the head group region, the SLD
profile of the diethyl ether sample is unchanged as compared to
the pure POPC patch. The integrated SLDs, i.e. the total
scattering contribution, for the different components are listed
in Table 1.

We note that it is not easily possible to study transmem-
brane water transport if it is not facilitated by, for instance,
a water channel such as aquaporine, within typical simulation
times of hundreds of nanoseconds. Spontaneous events, in

Fig. 1 First proposed by Ashcroft et al.,1 it is widely accepted that
anesthetic molecules incorporate into lipid bilayers. By changing
membrane properties, such as hydrophobic thickness, dipole potential,
fluidity, curvature elastic properties, and lateral membrane pressure, anes-
thetics can change protein conformations and activity.
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comparison, are rare,15–17 and the number of intramembrane
water molecules depends on system size and duration of the
simulations. While some water molecules can indeed be seen
in the MD snapshots in Fig. 2(b–e) (and in the MD videos in the
ESI,† S1–S4), the time-averaged intramembrane water concen-
tration is too small to significantly contribute to the mem-
branes’ SLDs. The MD simulation profiles were used to

determine the contributions of POPC, ethanol, diethyl ether
and isoflurane to the experimental SLD, as shown below.

Umbrella simulations were conducted to determine the
potential mean force (PMF) profile W(z) of water molecules, as
shown in Fig. 4(a). The pure POPC bilayer shows a high energy
barrier of up to B26 kJ mol�1 in the membrane core, in good
agreement with previously published results.18 The addition of

Fig. 2 (a) Skeletal formula of ethanol, diethyl ether and isoflurane. (b–e) Snapshots of the MD simulations after 200 ns of simulation. The lipid tails are
omitted for clarity. A pure POPC bilayers is shown in (a). Ethanol (b) preferably partitioned in the head group region of the bilayers and the simulations
show an equilibrium between adsorbed ethanol molecules and molecules in solution. Diethyl ether in (c) and isoflurane (d) were found to spontaneously
partition in the membrane core.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
4 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 M

cM
as

te
r 

U
ni

ve
rs

ity
 o

n 
4/

8/
20

21
 3

:1
3:

29
 P

M
. 

View Article Online

https://doi.org/10.1039/d0sm01271h


This journal is©The Royal Society of Chemistry 2020 Soft Matter, 2020, 16, 9674--9682 | 9677

ethanol led to a slight decrease in the barrier width while diethyl
ether significantly lowered the energy barrier. Isoflurane was
found to show a negative potential mean force.

The diffusion coefficient of the hydration water molecules
was calculated from their auto correlation function (as detailed
in Materials and methods) and is shown in Fig. 4(b). The
profiles reach values of D E 4 cm2 s�1 at |z| 4 25 Å. In the
case of a pure POPC bilayer, the diffusion constant is increased
in the bilayer center, between both leaflets. This central peak
can no longer be observed in the presence of anesthetic
molecules. In addition, the molecules led to an increase in
diffusivity in the head group region. The combination of the
PMF W(z) and the Diffusivity D(z) allows calculating the water
partitioning coefficient, K, and water permeability P of the
bilayers, as described in the Materials and methods Section.
The relative change in the permeability, K/KPOPC, and the relative
partitioning coefficient, P/PPOPC, are shown in Fig. 4(c and d). The
presence of anesthetic molecules was found to significantly
increase both measures. While the partitioning coefficient K
was unchanged in the presence of ethanol (within the errors), it
increased by factors of 2 and 60 in case of diethyl ether and

isoflurane, respectively. Similarly, the permeability increased by
a factor of 1000 (diethyl ether) and 10 000 (isoflurane), while
ethanol did not alter the permeability. The area per lipid in the
presence of the different compounds was determined to be:
62.84 Å2 (POPC), 67.75 Å2 (POPC/ethanol), 77.90 Å2 (POPC/
diethyl ether), and 77.60 Å2 (POPC/isoflurane).

2.2 Neutron diffraction experiment

The water concentration along the bilayer normal was experi-
mentally determined using neutron diffraction. All experiments
were performed on the D16 neutron diffractometer19 at the
Institut Laue-Langevin (ILL) in Grenoble, France. The setup is
sketched in Fig. 5(a). Reflectivity (along the qz-axis) was mea-
sured up to qz = 0.9 Å�1 using D16’s 2-dimensional detector, as
shown in Fig. 5(b). Data were then integrated into line scans
(Fig. 5(c)). Well pronounced specular Bragg peaks were observed
in all samples indicating highly ordered membrane stacks. The
lamellar dz-spacings were determined from the peak positions
to POPC: 53.1 � 0.4 Å, POPC/ethanol: 53.1� 0.4 Å, POPC/diethyl
ether: 52.3 � 0.4 Å and POPC/isoflurane: 51.8 � 0.4 Å.

The scattering contribution of water molecules was signifi-
cantly enhanced in the experiments by selectively labeling the
different components. Protonated lipids and anesthetic mole-
cules were hydrated by heavy water (D2O), whose coherent
scattering contribution is dominating the signal. In contrast
to the MD simulations, the experiment is mainly sensitive to
the contributions from intramembrane water. Because of the
corresponding large number of molecules and the long
measurement times (in the order of several minutes per
measurement point), large ensembles of molecules are probed
over long periods of time as compared to molecular timescales,
which are typically in the order of nanoseconds. While the

Fig. 3 (a) Fraction of inserted anesthetic molecules as function of simulation time. While only 38% of ethanol molecules partitioned in the lipid bilayers,
93% of diethyl ether and 98% of isoflurane molecules located inside the membranes. (b) Scattering length density (SLD) profiles for POPC, POPC/ethanol,
POPC/diethyl ether and POPC/isoflurane. The individual contributions of ethanol, dethyl ether, isoflurane, and D20 are shown as dotted lines.

Table 1 Integrated scattering length densities determined from MD
Simulations

System Integrated SLD (Å�1)

POPC 1.9 � 10�5

POPC head group 7.9 � 10�6

POPC tails 1.2 � 10�5

Ethanol �4.4 � 10�7

Diethyl ether �4.1 � 10�7

Isoflurane 2.6 � 10�5
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small number of molecules in the MD simulations and the
relatively short simulation times resulted in a small probability
of observing water molecules inside the membrane, their
contribution is significant in the experiments.

The corresponding scattering length density (SLD) profiles
were calculated by a 1-dimensional Fourier Analysis of the
integrated peak intensities and are presented in Fig. 6(a). The
SLD profiles are dominated by the contribution of D2O.
The high SLD at |z| 4 20 Å indicates the water layer on either
side of the bilayer. The SLD becomes significantly lower in the
bilayer center indicating a water-poor region. While the presence
of ethanol and diethyl ether showed little to no change, iso-
flurane resulted in a significantly increased SLD in the bilayer
center. The SLD inside the hydrophobic core is small in the case
of a pure POPC bilayer. Ethanol resulted in a slight increase in
the SLD in the head group region, while diethyl ether showed an
increased SLD towards the bilayer center. The number of water
molecules in the unit cell was determined by integrating the
experimental SLD and subtracting the contributions from POPC
and the anesthetic molecules, which were determined in the

MD simulations (see Materials and methods). From this com-
bined analysis, the number of water molecules per lipid was
determined, and is plotted in Fig. 6(b). 29.5 water molecules
were observed for a pure POPC bilayer, 32 for ethanol, and up to
37.5 water molecules were observed in the presence of diethyl
ether and isoflurane, respectively.

3 Discussion

By analyzing the experimental data in conjunction with results
from the MD simulations we find evidence for 4 additional
water molecules per lipid in the presence of ethanol, and 8
additional water molecules in the case of diethyl ether and
isoflurane. While the integrated SLD only provides total num-
bers, it is not clear where these water molecules reside in the
membranes. While the fluorine atoms of the isoflurane signifi-
cantly contribute to the SLD, we consider the contribution of
ethanol and diethyl ether to be negligible, as can be also seen in
Table 1. Any deviation from the SLD of a pure POPC bilayer then

Fig. 4 (a) PMF W(z) along the bilayer normal determined from umbrella sampling. While a pure POPC bilayer shows an energy barrier of up to E26 kJ mol�1,
the PMF is significantly reduced in the presence of anesthetic molecules. (b) The water diffusivity profile along the bilayer normal was determined from the
ACF and eqn (1). The presence of anesthetic molecules resulted in a lowered diffusion constant in the bilayer center and an increased diffusivity around the
lipid head groups. The water partitioning coefficient (c) defined by eqn (3), and water permeability (d), as determined by eqn (2), were significantly increased in
the presence of anesthetic molecules. The values for POPC are indicated by the shaded area.
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directly corresponds to an increased water concentration. The
ethanol sample shows an increased experimental SLD mainly in
the head group region; diethyl ether shows an increase in the
bilayer center. From that we conclude that the experimentally
observed additional water molecules are located within the
membrane for both drugs. The strong impact of isoflurane on
the SLD complicates an interpretation of these data. The appar-
ent increased SLD in the bilayer can either be a result of
incorporated isoflurane, the influx of water, or a combination
of both effects. The SLD of isoflurane (see blue dashed line in
Fig. 3(b)) is increased, however, rather flat in the bilayer center.

On the other hand, the experimental SLD of the isoflurane
sample shows a peak in the bilayer center (see Fig. 6(a)) and it
can be speculated that this central increase indicates the location
of the observed additional water molecules.

The umbrella-sampling simulations further support these
claims. The potential mean force (PMF) W(z) is narrowed in the
presence of ethanol and significantly lowered in systems containing
diethyl ether and isoflurane. Consequently, the partitioning of water
within the membrane is drastically increased in the presence of
these two potent anesthetics. Based on the results from our MD
simulations, all drug molecules spontaneously partitioned in the
bilayers within a few nanoseconds. Only when the drug molecules
were present and equilibrated in the membranes, an increased
number of water molecules was observed to enter the membranes
as well. This is indicating that changes in membrane properties due
to the presence of the drugs are more important than potential
drug/water interactions.

While the experimental results and the water partitioning
coefficient draw a static picture of increased intramembrane
water in the presence of anesthetic molecules, many biological
processes depend on transmembrane water transport, i.e., the
flux of water across the bilayer, as measured by the permeability
P. Our results present evidence that the permeability of the
bilayers is significantly increased in the presence of diethyl
ether and isoflurane by factors of 1000 and 10 000, respectively
(see Fig. 4). We note that the drug concentrations in this study
were significantly above physiological relevance such that the
observed effects are likely over-estimated.

It is still highly disputed if anesthetics work through specific
interactions by binding to certain membrane receptors, or by
acting on membrane proteins in a non-specific fashion through
changing membrane properties. For the latter, it is also not
clear what change in membrane property could induce an
anesthetic function. In this work, we provide evidence that
anesthetic molecules can significantly increase the amount of
intramembrane water to be added to the list of membrane
properties which are potentially affected by this drug family.

4 Conclusion

Anesthetic drugs are believed to interact non-specifically with cell
membranes. However, despite numerous studies, a common
mode of action of general anesthetic molecules remains
unknown. While there seems to be a direct relation between
the concentration of drug molecules in the membranes and their
potency as anesthetics (the Meyer–Overton correlation), their
impact on membrane properties and the connection to anes-
thetic function is not well understood. We investigated the
impact of anesthetic molecules on the water content of a lipid
membrane by combining MD simulations and neutron diffrac-
tion. Hydration water molecules were deuterium labeled in the
experiments. The experiments provide direct evidence of an
increased intramembrane water content in the presence of
ethanol, diethyl ether and isoflurane molecules. This observation
is confirmed by the MD simulations, which show a drastically (up

Fig. 5 (a) Schematic of the experimental setup. A silicon wafer carrying
solid supported POPC membranes was mounted in a humidity and
temperature controlled chamber. The container on the bottom of the
chamber was filled with D2O and an excess of the anesthetic molecule
of interest (ethanol, diethyl ether and isoflurane). (b) Exemplary
2-dimensional data set (pure POPC bilayer), where pronounced Bragg-
peaks become visible. (c) The 2-dimensional data were further reduced by
integrating the data linearly along q|| to create line scans. (Data vertically
offset for clarity).
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to 60 fold) increased partitioning of water within the membrane
and permeability (up to 10 000 fold). This significant increase in
intramembrane water and its effect on membrane properties
likely plays a role in the non-specific interactions of anesthetics
with membranes.

5 Materials and methods
5.1 Molecular dynamics (MD) simulations

Molecular dynamic simulations were performed on MacSim,
a GPU accelerated workstation. The computer is equipped with
a 40 core central processing unit (CPU, Intel(R) Xeon(R) CPU
E5-2630 v4), with 130 GB random access memory (RAM), as
well as two Nvidia Geforce 1080Ti graphic processing
units (GPU).

An all-atom membrane model consisting of 128 POPC
molecules and 35 water molecules per lipid was created
using the membrane generator on the charmm-gui
website20 and the Charmm 36 force-field.21 All-atom models
for dithylether, isoflurane, as well as ethanol were taken
from the Automated Topology Builder and Repository (ATB)
website22 and the respective topology file was created using
CHARMM General Force Field 4.0 (CgenFF).23 All simula-
tions were performed using GROMACS Version 5.1.2. First,
the membrane system was allowed to equilibrate for 375 ps.
Then, the membrane patch was allowed to simulate for
additional 200 ns.

Membrane-Anesthetic complexes were created by first
removing all water molecules from the equilibrated and
simulated membrane. Then 200 molecules of the anesthetic
were added using the built-in GROMACS tool. The system
was then hydrated by adding 35 water molecules per lipid

molecule, ensuring both an excess of water and anesthetic.
All systems were equilibrated using a NPT ensemble. The
simulations used a 2 fs time-step, a Van-der-Waal cutoff of
1.2 nm a Verlet cut-off scheme and periodic boundary con-
ditions were applied in all three dimensions. The tempera-
ture was coupled using a Nose-hover thermostat (target
temperature T = 303 K) and the pressure coupling was
controlled using Parrinello–Rahman semi-isotropic weak
coupling (t = 5 ps; b = 4.5 � 10�5 bar�1).

Neutron scattering length densities (SLDs) were determined
from the simulated membrane patches using the GROMACS
built-in density function. The commonly used electron.dat file
was replaced by a file describing the corresponding neutron
scattering length for each atom. Here, the scattering length of
deuterium SL 2

1H
� �

¼ 6:671 fm
� �

was assigned to hydrogen

atoms of water molecules while SL 1
1H
� �

¼ �3:7406 fm was used
for the remaining hydrogen atoms. The area per lipid was
determined by dividing the area of the simulated lipid patch
given by the lateral box dimension by the number of lipid
molecules per leaflet (64).

Umbrella models were created out of the equilibrated and
simulated membrane anesthetic patches by cropping a patch
containing 72 Lipids while the lipid:water:anesthetic ratio was
kept the same. Umbrella simulations were performed by
isolating a single water molecule and fixing its z-position using
a harmonic potential of 1064 kJ mol�1 (POPC, ethanol)
216 kJ mol�1 (isoflurane), 65 kJ mol�1 (diethyl ether). The
molecule was then moved along the bilayer normal in steps
of 1 Å and the patch was simulated for 20 ns. PMF profiles,
W(z), were then generated by using the GROMACS built-in
weighted histogram analysis method (WHAM). These PMF
profiles were then symmetrized between both leaflets.

Fig. 6 (a) The experimentally determined scattering length density profile (SLD) resulting from a 1-dimensional Fourier analysis. The SLD is dominated by
the contribution of D2O on either side of the bilayer and is significantly reduced in the hydrophobic core. (b) The amount of water per lipid molecule can
be determined by integrating the SLD profile and subtracting the contribution of POPC and the respective molecule.
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As per design, umbrella sampling allows the direct calculation
of the diffusivity profile D(z) from the auto correlation function
(ACF) utilizing the fluctuation dissipation theorem:18,24

D z0ð Þ ¼ RTð Þ2Ð1
0 dFðz; 0ÞdFðz; tÞh i

dt; (1)

where dF is the deviation of the lateral force on the solute
molecule, R is the ideal gas constant and T is the Temperature.
First, the ACF was computed for each position z of the confined
water molecule using the GROMACS build-in analyze method.
The integral in the denominator was then calculated using the
trapezoidal method. The diffusivity profile was symmetrized
between both leaflets.

The membrane permeability coefficient was evaluated
using:16,18

1

P
¼
ðL=2
�L=2

ebWðzÞ

DðzÞ dz; (2)

where L is the bilayer thickness.
The partitioning coefficient is defined as the ratio between

the concentration of inserted water molecules Cm and the bulk
water concentration Cw and can be expressed by:16

K ¼ Cm

Cw
¼ 1

L

ðL=2
�L=2

e�bWðzÞdz; (3)

where b ¼ 1

RT
:

5.2 Preparation solid supported membranes

20 mg of protonated 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) were dissolved in 1 ml of a 2,2,2-
trifluoroethanol : chloroform (1 : 1,vol:vol) solution. Single-side
polished silicon wafers (diameter: 100 mm; thickness:
0.53 mm) were cut in rectangles with a width of B20 mm
and a length of B60 mm. The wafers where placed in
1,2-dichloromethane (DCM) and sonicated for 20 minutes at
40 1C leaving the surface in a hydrophobic state. The wafers
were then rinsed with alternating methanol and ultra pure
water (18.2 MO cm). The wafers were dried with inert nitrogen
gas and placed on a hot (37 1C) plate. 1 ml of the POPC solution
was applied and allowed to dry. The wafers were then placed in
a vacuum chamber for 24 h and further incubated in an
enclosed chamber for 48 h in a 98% relative humidity atmo-
sphere created by a saturated K2SO4 solution.

5.3 Neutron diffraction experiment

In contrast to X-rays, neutrons interact with the atomic nuclei
of atoms. While being indistinguishable for X-ray scattering,
deuterium (2H) has a B3 times higher neutron scattering cross
section as compared to hydrogen (1H). By selectively labeling
the membrane, anesthetic molecules and water molecules, the
neutron diffraction experiment can be made sensitive specifi-
cally to the distribution of water molecules inside the bilayers.

All experiments were conducted on the D16 high-resolution
neutron diffractometer on neutron guide H521 at the Institut

Laue-Langevin (ILL) in Grenoble, France.19 Data are available
through the ILL using: https://doi.org/doi:10.5291/ILL-DATA.
8-02-759. D16 was used in its 831 configuration at a neutron
wavelength of l = 4.55 Å. The experimental setup is schemati-
cally shown in Fig. 5(a). The sample was mounted inside
a temperature and humidity controlled chamber (BerILL).25

The chamber was operated at 37 1C and 97% relative humidity.
The bassin of the chamber was filled with deuterium oxide
(D2O) together with 2 ml of the respective anesthetic molecule.
All drugs were used in their protonated form and were pur-
chased from Sigma Aldrich: ethanol (Cas: 64-17-5), diethyl ether
(Cas: 60-29-7) isoflurane (Cas: 26675-46-7). Prior to each
measurement, the sample was allowed to equilibrate for
120 minutes and the equilibrium was monitored by measuring
the position of the first order diffraction peak. A measurement
was started when the peak position stabilized and did not move
within the experimental resolution.

Each measurement was performed in two steps: the
2-dimensional detector array was placed at 2y = 121 and
2y = 271 with respect to the incident beam tube. For each
setting of the detector the sample is rotated between �1 and 81
and 8 and 181, respectively. This results in a 2-dimensional
neutron intensity map in reciprocal space covering a q-range
between 0.06 and 0.87 Å�1. The resulting 2-dimensional inten-
sity map is further reduced by linear integration along the
q|| axis resulting in specular reflectivity scans.

The relative scattering length density (SLD), r(z), is approxi-
mated by a 1-dimensional Fourier analysis:26,27

rðzÞ ¼ 2

dz

XN
n¼1

ffiffiffiffiffiffiffiffiffi
Inqn

p
nn cos

2pnz
dz

� �
: (4)

N is the highest order of the Bragg peaks observed in the
experiment. The integrated peak intensities, In, are multiplied
by qn to receive the form factors, F(qn).26,27 The bilayer
form factor F(qz), which is in general a complex quantity, is
real-valued in the case of centro-symmetry. The phase problem
of crystallography, therefore, simplifies to the sign problem
F(qz) = �|F(qz)| and the phases, vn, can only take the values �1.
The phases vn are needed to reconstruct the SLD-profile from
the scattering data following eqn (4). When the membrane
form factor F(qz) is measured at several qz values, a continuous
function, T(qz), which is proportional to F(qz), can be fitted to
the data:26,27

T qzð Þ ¼
X
n

ffiffiffiffiffiffiffiffiffi
Inqn

p
sin c

1

2
dzqz � pn

� �
: (5)

Once an analytical expression for T(qz) has been determined
from fitting the experimental peak intensities, the phases vn can be
assessed from T(qz). The phase array vn = [�1 1 �1 �1 1 �1] was
used for all samples.

The SLD’s determined by eqn (4) are on a relative scale. In
contrast to the electron density known in X-ray crystallography,
the scattering length density can have positive as well as
negative values. The profiles were then scaled by first setting
the minimum of each profile to 0. SLD profiles determined

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
4 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 M

cM
as

te
r 

U
ni

ve
rs

ity
 o

n 
4/

8/
20

21
 3

:1
3:

29
 P

M
. 

View Article Online

https://doi.org/doi:10.5291/ILL-DATA.8-02-759
https://doi.org/doi:10.5291/ILL-DATA.8-02-759
https://doi.org/10.1039/d0sm01271h


9682 | Soft Matter, 2020, 16, 9674--9682 This journal is©The Royal Society of Chemistry 2020

from MD simulations (see above) were treated the same way.
Each resulting graph was then integrated numerically using the
trapezoidal method. The experimental SLD profile was then
scaled by multiplying the unscaled profile rexp

unscaled with the
fraction of the integrated simulated SLD Isim to the integrated
measured SLD Iexp:

rexpscaled ¼
Iexp

Isim
rexpunscaled: (6)

Finally the resulting graph was shifted such that the edge
falls onto the simulated SLD of bulk water. The integrated
scaled SLD multiplied with the area per lipid is equal to the
total scattering length per unit cell. Thus the water content can
be determined by subtracting the known scattering length of
POPC and the anesthetic molecule, respectively, and dividing
the result by the scattering length of D2O (19.145 fm).14 By
design, the unit cell contains 2 lipid molecules (one per leaflet).
The amount of water molecules per lipid is thus given by half
the amount of water per unit cell.
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