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Editorial: Membrane Structure and
Dynamics Studied With Neutron
Scattering
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Editorial on the Research Topic

Membrane Structure and Dynamics Studied With Neutron Scattering

Self-assembled phospholipid bilayers are ubiquitous in biology and chemistry. In biological systems they
constitute membranes that act as cell barriers that mediate the exchange of compounds, energy and
information with the extra-cellular environement and essentially act as a host for membrane proteins that
carry out a multitude of critical taks. In modern chemistry, self-assembled surfactant or lipid membranes in
dispersed lamellar or non-lamellar phases (cubic and hexagonal) or bicontinuous microemulsions are
frequently used in health care or consumer products to encapsulate and deliver active substances for
controlled pharmacokinetics. Thanks to their generally well defined structure and properties, and using
nature as an inspiration they can also be used to formulate nano-scale reactors for sustainable synthesis.

Neutron scattering provides a unique view on nanoscopic and mesoscopic structure of self-assembled
membranes, for example with Small Angle Neutron Scattering (SANS) in solution or with Neutron
Reflectivity (NR) using contrast variation through deuterium labelling (Figure 1). Thermal membrane
fluctuations aremeasuredwithNeutron Spin Echo (NSE) spectroscopy, allowing us to study how changes
in environment, for example adding diblock copolymers or changing solvent properties, can influence
membrane elasticity. Recent advances in instrumentation have also provided access to membrane
dynamics at the solid-liquid interface with grazing incidence NSE (GINSES).

Contrast variation by deuteration in neutron scattering provides a tool to get insight into the
properties of individual components in the liquid state on nanometer length scales that is not
accessible through other techniques.

The collection of papers in this issue only covers a fraction of the plethora of membrane properties
that can be studied with state-of-the-art neutron scattering techniques.

The interaction of ionic liquids (ILs) with cellular membranes is studied in the Article of Sharma et al.
ILs as solvents with increasing importance in chemical engineering processes of various kinds are
generally toxic to living organisms. The article aims therefore in a better understanding of the interaction
if ILs with lipid membranes by studying the influence of ILs on the membrane fluidity and molecular
motion and learning in this way how to work with or use safely ILs. Quasi elastic neutron scattering was
the method of choice to get insight into the molecular dynamics at the membrane-IL-interface.

A completely different environment is studied in the contribution of LoRicco et al. with neutron
diffraction. Apolar molecules stabilize the membrane of archea for survival in the most extreme
conditions of high temperatures and pressures.

The interaction of lipasewithmicroemulsionmembranes has been investigated by Engelskirchen et al. in
view of understanding and improving lipase catalyzed reactions. Combining structural and spectroscopic
investigations were essential for getting hints on the residence time of the lipase at the surfactantmembrane.
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The strength of neutron scattering in soft matter and biology is
the accessibility to parts of a complex sample through contrast
variation. This has been used by Conn et al. to study membrane
proteins, here in the bicontinuous cubic phase of phospholipid
bilayers.

Thermally driven motion of membranes or incorporated
proteins can be investigated with neutron spin echo (NSE)
spectroscopy on nanometer and nanosecond length- and time-
scales under physiologically relevant conditions. Subtleties of
modern NSE experiments are discussed in the Article of Hoffmann.

An example of studies of the membrane dynamics with NSE is
found in the contribution of Jaksch et al., where, in combination
with reflectometry, the influence of salt on phospholipid
membranes is studied.

Also plant cells contain membranes, and photosynthetic
membranes are eminently important for nature and thus studied
since long time. Combining different techniques such as microscopy
and x-ray or neutron scattering provides an added value helping to
understand nature, when the experimental results are properly
modelled, as is shown in the paper of Jakubauskas et al..

Use of (partial) deuteration is a strong argument for neutron
scattering techniques, which is applied for studying the interplay
between high density lipoproteins (HDLs), cholesterol and the
lipid membrane to help understanding the factors for deseases as
Altzheimer’s or atherosclerosis in the article by Waldie et al.).

Neutron diffraction on stacks of lipid multilayers allowed
Luchini et al. to characterize different preparation methods, an
important prerequisite for reliable data analysis, and further on
the existence of different lipid phases could be proven by the
diffraction data attributed to the heterogeneity of their acyl chain
composition. Using natural extracts with the ability of producing
deuterated lipid mixtures plays again with the power of adjustable
contrast for biological samples.

Neutron reflectivity is mainly used in the contribution by
Krugmann et al. in order to investigate the nanoscopic details of
the role of myelin basic protein in the formation of the sheath that

wraps around axons. Combination of static and kinetic
measurements together with theoretical arguments provide
insights concerning the myelination process.

Finally the review article byKinnun et al. highlights the advantages
of contrast variation availiable in various neutron methods for
accessing structural and dynamic information about the in-plane
and out-of-plane structure of a variety of biomembrane systems.

With this research topic we hope to provide a useful and
interesting overview over some recent advances in membrane
studies with different neutron scattering techniques and to
illustrate the potential of the different techniques of
diffraction, reflectivity and spectroscopy measurements which
allow together with the unique contrast variation possibilities
with isotope substitution a nanoscopic view into the details of
artificial and natural self assembled membranes.
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FIGURE 1 | Self assembled membranes are ubiquious in chemical systems, such as surfactant membranes, and biological systems as for example phospholipid
membranes. Neutron reflectivity (left) and scattering (right) allows to study the structure and motion in a realistic environment, e.g., physiological conditions. By isotop
substitution it is possible to highlight different parts of the sample under chemically quasi identical conditions (bottom).
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Archaea are known to inhabit some of the most extreme environments on Earth. The
ability of archaea possessing membrane bilayers to adapt to high temperature (>85◦C)
and high pressure (>1,000 bar) environments is proposed to be due to the presence of
apolar polyisoprenoids at the midplane of the bilayer. In this work, we study the response
of this novel membrane architecture to both high temperature and high hydrostatic
pressure using neutron diffraction. Amixture of two diether, phytanyl chain lipids (DoPhPC
and DoPhPE) and squalane was used to model this novel architecture. Diffraction data
indicate that at high temperatures a stable coexistence of fluid lamellar phases exists
within the membrane and that stable coexistence of these phases is also possible at
high pressure. Increasing the amount of squalane in the membrane regulates the phase
separation with respect to both temperature and pressure, and also leads to an increase
in the lamellar repeat spacing. The ability of squalane to regulate the ultrastructure of an
archaea-like membrane at high pressure and temperature supports the hypothesis that
archaea can use apolar lipids as an adaptive mechanism to extreme conditions.

Keywords: archaea, archaeal lipids, high pressure, phase coexistence, membrane architecture, adaptation,

membrane

INTRODUCTION

According to the Singer-Nicolson model, cell membranes are composed of a “mosaic” of proteins
embedded in a fluid, lipid bilayer (Singer and Nicolson, 1972). Our understanding of cell
membranes has developed further since then, for example we now recognize the importance of
other lipid phases in addition to the fluid lamellar phase (bilayer phase), and that there can be
substantial lateral heterogeneity within the membrane (Goñi, 2014). Membrane structural lipids,
typically phospholipids, are diverse and display varied properties owing to the differences in both
the lipid polar head groups and the hydrophobic tails. In aqueous solution, these lipids, driven by
the hydrophobic effect, self-assemble into structures in which the hydrophilic heads can interact
with the solution and the hydrophobic tails are excluded. The most biologically common phases,
seen in familiar lipid bilayer structures, are lamellar phases in which the lipids assemble into flat
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sheets (zero membrane curvature) (Cullis et al., 1991; Perutková
et al., 2009; Frolov et al., 2011; Goñi, 2014). However, the ability
of membrane to form phases with non-zero curvature, such
as cubic or inverted hexagonal phases, is also important and
plays a role in many cellular processes such as membrane fission
and fusion (Jouhet, 2013; McMahon and Boucrot, 2015; Jarsch
et al., 2016). Membrane lipids can prefer different membrane
curvatures based on their shape, and this preferred curvature
can vary with environmental conditions such as pressure and
temperature. The presence of diverse lipids within a membrane
can even promote phase separation and domain formation
within the membrane (Jouhet, 2013). Domains are laterally
organized membrane regions with distinct lipid compositions
and specialized functions such as interacting with specific
proteins, or adopting a specific curvature (Tayebi et al., 2012;
Arumugam and Bassereau, 2015; Marquardt et al., 2015). Such
lateral membrane domains have been well-characterized in
eukaryotic and bacterial cells (Baumgart et al., 2003; Heberle
and Feigenson, 2011; Heberle et al., 2013; McCarthy et al., 2015;
Schmid, 2017).

Life has been found at some of the most extreme conditions
on Earth such as temperatures above 100◦C and pressures up to
120 MPa (Yayanos et al., 1981; Takai et al., 2008; Zeng et al., 2009;
Dalmasso et al., 2016; Siliakus et al., 2017). All aspects of these
organisms must be specially adapted to tolerate such conditions.
Cell membranes, in particular, are highly sensitive to pressure and
temperature (Winter and Jeworrek, 2009; Oger and Jebbar, 2010;
Brooks and Seddon, 2014). In order to maintain functionality
of the membrane under extreme conditions cells adjust the
composition of their membranes to cope with environmental
changes, in a process known as homeoviscous adaptation
(Sinensky, 1974). High temperature tends to increase membrane
fluidity, permeability, and promote more negative membrane
curvature whereas increasing pressure tends to have the opposite
effects (Brooks, 2014). To compensate, bacteria and eukaryotes
are known to regulate the length, saturation, and branching of
the hydrophobic chains as well as the proportion of different
polar headgroups (Jebbar et al., 2015; Siliakus et al., 2017). In
archaea the mechanisms of adaptation are less well-understood,
in part due to their unique membrane lipids. Archaeal lipids
have methyl-branched phytanyl chains rather than straight chain
fatty acids which are linked via ether rather than ester bonds
to the glycerol backbone (De Rosa et al., 1986; Gambacorta
et al., 1995). These lipids have higher temperature stability, and
lowered proton permeability (Gliozzi et al., 1983; Yamauchi et al.,
1993) compared with typical bacterial/eukaryotic lipids.

In addition to bilayer forming lipids, archaea are known
to produce bipolar, tetra-ether lipids capable of forming lipid
monolayers with high stability and low permeability (De Rosa
et al., 1983; Elferink et al., 1994). Archaea have been shown
to increase the quantity of tetra-ether lipids in the membrane
in response to temperature (Matsuno et al., 2009; Cario et al.,
2015). Even some bacteria have shown to produce membrane
spanning tetraether or tetraester lipids in response to high-
temperature conditions (Damsté et al., 2007; Schouten et al.,
2007; Siliakus et al., 2017). Despite the link to high temperature
adaption, tetra-ether lipids are not found solely in thermophiles

but have also been observed in mesophilic archaea. In addition,
not all organisms living at high temperatures produce large
quantities, if any tetra-ether lipids (Tornabene and Langworthy,
1979; Hafenbradl et al., 1996; Sako et al., 1996; Sprott et al.,
1997; Siliakus et al., 2017). Some insight into the ability of
archaea with bilayer forming lipids to live at temperatures
up to 100◦C can be found in the study by Cario et al.
(2015) on the piezo-hyperthermophilic archaeon, Thermococcus
barophilus. The quantity and saturation of isoprenoid derivatives
(such as lycopane, squalane) were shown to vary in response
to temperature and pressure. In order to explain the ability
of T. barophilus to live at high temperature in presence of
bilayer forming lipids, it was hypothesized that apolar lipids
sit at the midplane of the bilayer and provide enhanced
stability (Cario et al., 2015). The ability of apolar lipids such
as squalane to localize to the midplane of the lipid bilayer
has been confirmed in model membranes of both bacterial-
like and archaea-like lipids (Hauß et al., 2002; Salvador-Castell
et al., 2020b). The presence of apolar molecules is capable of
modulating membrane physicochemical properties, for example,
the presence of squalane at the bilayer midplane has been
shown to increase permeability to water and decrease proton
permeability (Haines, 2001). Apolar molecules at the midplane
have been shown to increase the tendency toward negative
membrane curvature by reducing packing frustration (Salvador-
Castell et al., 2020a,b) and to play a role in phase separation and
domain formation (Gilmore et al., 2013; Salvador-Castell et al.,
2020b). Such isoprenoid hydrocarbons are found in all archaea
(Langworthy et al., 1982) suggesting this hypothesis could be
extended to explain adaptation to high temperature and pressure
in other archaea processing lipid bilayers.

In this work we studied the behavior of an archaeal-like
bilayer with the proposed novel architecture composed of 1,2-di-
O-phytanyl-sn-glycero-3-phosphocholine (DoPhPC) and 1,2-di-
O-phytanyl-sn-glycero-3-phosphoethanolamine (DoPhPE) and
2,6,10,15,19,23-hexamethyltetracosane (squalane) under high
temperature and high pressure conditions, mimicking the
extreme conditions in which some archaea live. Using neutron
diffraction, we are able to see the localization of squalane in the
midplane bilayer, and to detect the presence of coexisting lamellar
phases within the membrane. The structure of each phase as
well as the phase coexistence were shown to vary in response
to temperature and pressure. The response of the membrane
ultrastructure to temperature and pressure could be modulated
by varying the quantity of the apolar lipid squalane present in
the membrane.

MATERIALS AND METHODS

Chemicals
1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (DoPhPC)
and 1,2-di-O-phytanyl-sn-glycero-3-phosphoethanolamine
(DoPhPE) were both purchased from Avanti Polar Lipids
(Alabaster, USA) in the lyophilized form and utilized without
further purification. The isoprenoid used, 2,6,10,15,19,23-
hexamethyltetracosane (squalane) was bought from
Sigma—Aldrich Co (Montana, USA) in its hydrogenated
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form and from CDN Isotopes (Pointe-Claire, Canada), in its
deuterated form.

Sample Preparation
Three milligram of DoPhPC:DoPhPE (9:1 molar) and the
corresponding amount of either hydrogenated squalane (h-
squalane) or deuterated squalane (d-squalane) were dissolved
in chloroform:methanol (2:1) and were spread on a silicon
wafer using the “rock and roll” method (Tristram-Nagle, 2007)
and dried overnight under high vacuum. Next, the sample
was hermetically sealed inside an aluminum sample holder
containing a 1:1 ratio of H2O:D2O (50% D2O). The sample was
left at 50◦C for 48 h to allow for complete hydration.

Neutron Diffraction
Neutron diffraction experiments were performed on D16
(Cristiglio et al., 2015) at the Institut Laue-Langevin (Grenoble,
France). The incident wavelength was 4.52 Å. The accessible q-
range was from 0.06 Å−1 to 0.51 Å−1. The H2O/D2O contrast
was 50%D2O. 50%D2Owas previously found to give both strong
diffraction signal and good resolution between the first order
peaks of the two lamellar phases. The temperature was carefully
controlled by placing the sample holder in a cryostat. Samples
were either measured in a high temperature (HT) sample holder
or in a HT-high hydrostatic pressure (HHP) cell (Peters et al.,
2018). Data obtained at ILL are identified by Salvador-Castell
et al. (2019).

Data treatment was performed by LAMP (Richard et al.,
1996) and Origin Pro (Version 2019, OriginLab Corperation,
Northampton, MA, USA). The integrated intensities of the Bragg
peaks were corrected according to the absorption and analyzed by
a Gaussian function, as done previously (Salvador-Castell et al.,
2020c). The angle (θ) of a Bragg peak is related to the scattering
vector (q) by:

q =
4πsin (θ)

λ
(1)

where λ is the wavelength. In cases where many orders of
diffraction were visible, a linear fit of the form y = a + bx was
performed on a plot of peak location (q) vs. diffraction order (h).
The slope of the line (∆q) was used to determine the d-spacing
using the following equation:

d =
2π

∆q
(2)

In cases where only a single Bragg order was visible, the d-spacing
was calculated using the first order peak and corrected based
on the y-intercept determined for each sample under conditions
where multiple peaks were present.

To locate squalane in the membrane we used the method
described in Hauß et al. (2002, 2005) taking advantage of
difference scattering density between hydrogen and deuterium.
Neutron scattering length density (NSLD) profiles are
constructed from the sum of the neutron scattering lengths
per unit volume (Marquardt et al., 2015). The NSLD profiles

were calculated from a discrete set of Fourier coefficients (Fh)
using the following equation (Katsaras, 1995):

ρ (z) =
2

d

∑hmax

h = 1
|Fh| vncos

(

2hπ

d
z

)

(3)

where d is the lamellar spacing of the bilayer in the z direction,

z ∈
[

−d
2 , d2

]

, |Fh| = ±
√
IhQz , Qz is the Lorentz correction factor

equal to q for oriented bilayers, Ih is the integrated intensity of
the hth Bragg peak and vn is the phase of the structure factor. The
assigned phases of structure factors 1 to 4 (–,+,+, –) were based
on those previously determined for this [DoPhPC:DoPhPE(9:1)
+ squalane] (Salvador-Castell et al., 2020a).

RESULTS AND DISCUSSION

Stable Phases Coexist Within
Archaeal-Like Membrane at High
Temperature and Pressure
Cario et al. (2015) proposed a novel membrane architecture
to explain the stability of archaea lipid bilayers under high
pressure and temperatures. In this novel membrane architecture,
apolar lipids act as structural lipids, sitting at the midplane of
the lipid bilayer and leading to enhanced membrane stability
under extreme conditions (Oger and Cario, 2013; Cario et al.,
2015; Salvador-Castell et al., 2020a). A synthetic archaeal-like
membrane composed of a mixture of diphytanyl lipids (DoPhPC
and DoPhPE in a 9 to 1 molar ratio) and the apolar lipid
squalane was used to model this novel architecture. The chemical
structures of these lipids are shown in Supplementary Figure 1.
In order to probe how this membrane behaves under the
extreme conditions of temperature and pressure faced by archaea,
neutron diffraction was performed on oriented stacked bilayers
at temperatures up to 85◦C and pressures up to 1,000 bar.
Experiments were performed with both hydrogenated squalane
(h-squalane) and deuterated squalane (d-squalane) in order to
take advantage of the differential neutron scattering between
hydrogen and deuterium (Hauß et al., 2002, 2005). The neutron
scattering length density (NSLD) for membranes containing h-
squalane and d-squalane was plotted as a function of distance
(Supplementary Figure 2). For convenience, 0 Å represents the
midplane of the bilayer. These plots exhibit two characteristic
maxima corresponding to the glycerol backbone and a minimal
intensity near the terminal methyl groups. The spectra for the
membrane containing h-squalane and d-squalane overlap fairly
well except within the region corresponding to the midplane of
the bilayer (−10 to 10 Å) where the sample containing d-squalane
shows an excess of scattering density. This indicates that squalane
is located in the midplane of the bilayer and is in agreement with
the findings of Salvador-Castell et al. (2020b). In this work we
see that this localization of squalane is seen in both PhaseLT and
PhaseHT at low (20 bar) and high (1,000 bar) pressure.

The stacked multilayers were sufficiently ordered in the
membrane to give rise to Bragg peaks in the diffraction data.
Figure 1A shows the 1D neutron diffraction profiles for a
membrane composed of DoPhPC:DoPhPE (9:1) + 5 mol% h-
squalane at 20 bar (black spectra). The temperature increased
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FIGURE 1 | 1D Neutron diffractograms of DoPhPC:DoPhPE (9:1) + 5 mol% h-squalane membrane. (A) Diffractograms at 20 bar and temperatures increasing from
25 to 85◦C and after returning to 25◦C. Diffraction peaks corresponding to PhaseLT are denoted with an “x” and peaks corresponding to PhaseHT are denoted with an
“o.” First order diffraction peaks at 85◦C (B), 55◦C (C), and 25◦C (D) measured at 20 bar (black), 250 bar (red), 500 bar (blue), and 1,000 bar (green).

from 25◦C (bottom) to 85◦C (top). At 25◦C, there were three
orders of diffraction for the sample at low pressure (20 bar). The
first order diffraction peak was located at q = ∼0.12 Å−1, the
second order peak at q=∼0.23 Å−1, and the third order peak at
q = ∼0.34 Å−1. The location of peaks in the ratio of (1, 2, 3...)
indicates a lamellar phase (Tyler et al., 2015). As the temperature
increased, the peaks corresponding to the original phase were still
present at similar values of q (marked with an “x”), although with
diminished intensities. At higher temperatures (above 40◦C) a
second set of peaks appeared at lower values of q corresponding
to a new phase (marked with an “o”). The first order diffraction
peak of this new phase is located at q=∼0.09 Å−1 and the second
order diffraction peak at q=∼0.18 Å−1. The spacing of the peaks

indicates that this new phase is also lamellar. We will refer to the
new phase as PhaseHT because it appeared at high temperatures
(HT) compared to the original phase, which is also present at low
temperatures (LT) and will therefore be referred to as PhaseLT.
Increasing temperature leads to an increase in the intensity of the
PhaseHT peaks indicating that temperature stabilizes PhaseHT,
and leads to a decrease in the intensity of PhaseLT indicating that
temperature destabilizes PhaseLT. Upon returning the membrane
to 25◦C and 20 bar, the initial state, is restored indicating that this
change in phase is fully reversible (Figure 1A).

At each temperature, the diffraction of the DoPhPC:DoPhPE
(9:1) + 5 mol% h-squalane membrane was measured at 20, 250,
500, and 1,000 bar. The Figure 1 insets show the first order
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FIGURE 2 | Coexistence of phases in DoPhPC:DoPhPE (9:1) membrane containing 5 mol% h-squalane. (A–D) Plots of peak intensities of PhaseLT (blue circles) and
PhaseHT (green squares) as a function of temperature. Pressures were 20 bar (A), 250 bar (B), 500 bar (C), and 1,000 bar (D). Error bars are within symbols. (E)
Pressure-Temperature diagram of the coexistence of PhaseLT and PhaseHT. Error bars indicate standard errors.

diffraction peaks, indicated by the red boxes, seen at pressures
of 20 bar (black), 250 bar (red), 500 bar (blue) and 1,000 bar
(green). At 85 and 55◦C, two first order diffraction peaks are
seen, representing the two phases. The area of the PhaseHT

peak (found at lower q) decreases and the area of the PhaseLT
peak (found at higher q) increases as a function of pressure
(Figures 1B,C). This indicates that high pressure has a stabilizing
effect on PhaseLT and a destabilizing effect on PhaseHT. Although
it is well-established that increasing pressure causes an effect
similar to decreasing the temperature, our results show that
even 1,000 bar is not enough to completely replace PhaseHT and
return to the lipid organization present at lower temperatures. At
25◦C, the membrane is exclusively in PhaseLT. Again, there is a
slight increase in the intensity of the PhaseLT peak with pressure
indicating that pressure stabilizes PhaseLT (Figure 1D).

Both pressure and temperature play an important role in
the stability of each phase and their ability to coexist. In
order to better quantify the temperature and pressure range
at which these phases coexist, the change in the integrated
peak intensities was monitored as a function of temperature
at each pressure (20, 250, 500, and 1,000 bar). The changes
in the peak intensities of the first order peaks of both
PhaseLT and PhaseHT have a linear dependence on temperature
(Figures 2A–D, Supplementary Figure 3). A linear fit could be
used to extrapolate/interpolate when the peak intensity would
be zero and thus to determine the temperature at which the
corresponding phase was no longer present in the membrane for
each pressure, as shown in Figure 2.

The integrated peak intensities of PhaseLT (blue) and PhaseHT

(green) at 20 bar were analyzed as a function of temperature
(Figure 2A). A linear fit of the integrated PhaseHT peak
intensities determined that the peak intensity would equal
zero at 34.3 ± 3.9◦C, signifying that PhaseHT appears above
this temperature. Below this temperature, the membrane is
exclusively in PhaseLT. A linear fit of the PhaseLT peak intensities
determined that the peak intensity would reach zero at 85.3 ±
1.2◦C. Above this temperature, PhaseLT would disappear and
the membrane would be entirely in PhaseHT. Between these two
temperatures, both phases coexist. This analysis was repeated
with the data taken at 250, 500, and 1,000 bar (Figures 2B–D),
allowing the determination of a pressure-temperature diagram
of the phase coexistence of PhaseLT and PhaseHT (Figure 2E).
The temperature at which PhaseHT appears (THT) increased
with increasing pressure from 34.3 ± 3.9◦C at 20 bar to 37.4
± 3.2◦C at 250 bar, 37.7 ± 3.0◦C at 500 bar, and to 38.9 ±
2.6◦C at 1,000 bar. The increase in THT with pressure was
small (∼5◦C/kbar) and was not statistically significant. The
temperature at which PhaseLT disappeared (TLT) also increased
with increasing pressure from 85.3 ± 1.2◦C at 20 bar, to 90.2
± 2.3◦C at 250 bar, 99.7 ± 5.7◦C at 500 bar, and finally
to 108.0 ± 6.9◦C at 1,000 bar. The increase in TLT as a
function of pressure was much larger (∼24◦C/kbar) (Figure 2E).
Here we demonstrate that although the phases are pressure
sensitive, phase coexistence is possible at pressures up to, and
presumably above, 1,000 bar. Based on the phase diagram,
at high temperatures (> 85◦C), the application of pressure
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FIGURE 3 | (A,B) Membrane d-spacing as a function of pressure for PhaseLT (solid symbols) and PhaseHT (open symbols) in DoPhPC:DoPhPE (9:1) membrane
containing 5 mol% h-squalane. Temperature was 25◦C (black squares), 40◦C (red circles), 55◦C (blue triangles), 70◦C (green inverted triangles), or 85◦C (purple
diamonds). Error for d-spacing measurements is ± 0.5 Å.

is predicted to induce phase separation from solely PhaseHT

at low pressure to a coexistence of PhaseHT and PhaseLT at
high pressure and high temperature. Pressure induced phase
separation is not a novel concept, as high pressure has been
previously shown to be capable of inducing phase separation and
domain formation (McCarthy et al., 2015). Our results suggest
that this is also possible in membranes composed of archaeal
lipids. It should be noted that the THT and TLT reported here were
calculated only as the sample being heated, and that the transition
temperature upon cooling was not explicitly tracked. Membranes
are known to exhibit hysteresis near phase transitions meaning
that the transition temperatures upon heating and cooling are
different. A similar effect has also been seen in membranes upon
pressurization/depressurization (Trovaslet-Leroy et al., 2016).

From the changes in peak intensity, it could be determined
that pressure destabilizes PhaseHT and stabilizes PhaseLT. In
addition to changes in the integrated intensities of the peaks,
there were also changes in the location of the peaks with
pressure that reflect changes in the lamellar repeat structure. The
multilayer organization of the membranes makes it simple to
determine the repeat spacing (d), which includes the thickness
of the bilayer and its associated water layer (Nagle and Tristram-
Nagle, 2000), from the location of the Bragg peaks of each phase.
For a lamellar phase, the repeat spacing (d) can be calculated
simply by Equation (3), where q is the location of the first order
lamellar peak. The d-spacing of both PhaseLT (solid symbols)
and PhaseHT (open symbols) increase as a function of pressure
(Figure 3A). The d-spacing of PhaseLT with increasing pressure
is shown again in Figure 3B using a different scale to better
visualize the changes. PhaseLT exhibits either a small increase or
negligible change in d-spacing with increasing pressure. Linear
fitting of the data determined that the d-spacing of PhaseLT
increases at a rate of 0.23 ± 0.32 Å/kbar at 25◦C, 0.61 ± 0.13
Å/kbar at 40◦C, 0.53 ± 0.11 at 55◦C, 0.09 ± 0.30 at 70◦C and
0.40 ± 0.16 at 85◦C. An increase in membrane d-spacing with
pressure has been observed previously (Winter and Jeworrek,

2009; Trapp et al., 2013; Brooks and Seddon, 2014). Increasing
pressure provokes a lateral compression of membrane lipids
and an increase in membrane thickness due to extension of the
hydrocarbon chains. The d-spacing of PhaseHT also increases
with pressure (Figure 3A). The d-spacing increased at a rate of
5.84 ± 0.81 Å/kbar at 40◦C, 5.78 ± 0.19 Å/kbar at 55◦C, 3.91 ±
0.36 Å/kbar at 70◦C, and 2.62± 0.22 Å/kbar at 85◦C. The changes
in d-spacing for PhaseHT were almost an order of magnitude
greater than that seen in PhaseLT showing that PhaseHT is much
more sensitive to changes in pressure. It is interesting to note that
the swelling of PhaseHT decreases with temperature.

The formation of a new phase, PhaseHT, is most likely due to
the presence of lipids with different preferred curvatures within
the membrane as seen by Salvador-Castell et al. (2020b). The
bilayer is made up of two phytanyl lipids with different polar
head groups (DoPhPC and DoPhPE) and the apolar isoprenoid
squalane. The phosphoethanolamine (PE) headgroup is small,
so the lipid has a conical geometry and favors a negative
curvature (favoring the formation of non-lamellar structure such
as inverted hexagonal phases/cubic phases/inverted micelles).
The phosphocholine (PC) headgroup is larger and the lipid has
a cylindrical geometry which favors zero-curvature (favoring
the formation of lamellar structures such as bilayers). The PC
headgroup can stabilize the lamellar phase of PE lipids (Kates
and Manson, 1984). The phase separation can be explained by
partitioning of DoPhPC and DoPhPE into different phases based
on preferred curvature which can be triggered, for example, by
temperature which favors more negative membrane curvatures.
The presence of squalane also promotes negative lipid curvature
and was found to forward the formation of non-lamellar phases
in a DoPhPC:DoPhPE (9:1) membrane (Salvador-Castell et al.,
2020a,b). Increasing pressure, on the other hand, tends to
increase the preferred membrane curvature (Shearman et al.,
2006; Brooks, 2014). In our model membrane, phase separation
was triggered by increasing temperature, which could be due
to the differences in curvature between the lipids becoming
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TABLE 1 | Membrane d-spacing for PhaseLT (left table) and PhaseHT (right table) for DoPhPC:DoPhPE (9:1) membrane containing h-squalane.

PhaseLT +2.5% squalane +5% squalane +10% squalane PhaseHT +2.5% squalane +5% squalane +10% squalane

25◦C 20 bar 55.6 Å 55.2 Å 56.0 Å 25◦C 20 bar N.P. N.P. 82.3 Å

25◦C 250 bar 56.2 Å 55.5 Å 57.0 Å 25◦C 250 bar N.P. N.P. 86.7 Å

25◦C 500 bar 56.1 Å 55.8 Å 57.1 Å 25◦C 500 bar N.P. N.P. 88.9 Å

25◦C 1,000 bar 56.2 Å 55.5 Å 57.2 Å 25◦C 1000bar N.P. N.P. 90.6 Å

40◦C 20 bar 55.2 Å 54.6 Å 55.7 Å 40◦C 20 bar N.P. 70.8 Å 78.6 Å

40◦C 250 bar 55.2 Å 54.7 Å 55.8 Å 40◦C 250 bar N.P. 72.2 Å 79.8 Å

40◦C 500 bar 55.0 Å 54.7 Å 56.0 Å 40◦C 500 bar N.P. 74.6 Å 82.6 Å

40◦C 1,000 bar 55.6 Å 55.2 Å 56.4 Å 40◦C 1,000 bar N.P. 76.5 Å 83.6 Å

55◦C 20 bar 54.1 Å 54.0 Å 55.3 Å 55◦C 20 bar 67.1 Å 68.1 Å 74.7 Å

55◦C 250 bar 54.8 Å 54.0 Å 55.7 Å 55◦C 250 bar 68.5 Å 69.3 Å 75.9 Å

55◦C 500 bar 55.2 Å 54.3 Å 55.3 Å 55◦C 500 bar 69.4 Å 70.6 Å 77.3 Å

55◦C 1,000 bar 55.2 Å 54.4 Å 56.1 Å 55◦C 1,000 bar 72.2 Å 73.7 Å 80.0 Å

70◦C 20 bar 53.8 Å 53.5 Å 54.4 Å 70◦C 20 bar 65.7 Å 66.8 Å 72.4 Å

70◦C 250 bar 54.0 Å 53.9 Å 55.3 Å 70◦C 250 bar 65.7 Å 67.5 Å 74.3 Å

70◦C 500 bar 54.2 Å 53.9 Å 55.2 Å 70◦C 500 bar 67.7 Å 68.2 Å 74.1 Å

70◦C 1,000 bar 54.8 Å 53.7 Å 55.2 Å 70◦C 1,000 bar 70.1 Å 70.6 Å 75.3 Å

85◦C 20 bar 53.5 Å 53.6 Å N.P. 85◦C 20 bar 64.9 Å 65.0 Å 74.1 Å

85◦C 250 bar 53.5 Å 53.6 Å 54.3 Å 85◦C 250 bar 65.4 Å 65.9 Å 75.4 Å

85◦C 500 bar 53.6 Å 53.9 Å 54.5 Å 85◦C 500 bar 65.9 Å 66.4 Å 74.8 Å

85◦C 1,000 bar 53.7 Å 54.0 Å 54.8 Å 85◦C 1,000 bar 67.3 Å 67.6 Å 76.3 Å

N.P., not present. Error is ± 0.5 Å.

too great to remain within the same phase. Increasing pressure
hinders the phase separation and favors PhaseLT, lending further
support to the idea that the phase separation is driven by
components of different curvature.

Increasing negative curvature favors a transition from a
lamellar phase to a non-lamellar phase. Although no such phases
were seen by neutron diffraction, non-lamellar phases in this
membrane system have been detected by SAXS (Salvador-Castell
et al., 2020a). Neutron scattering was performed on multi-
stacks of bilayers on a silicon wafer, whereas for the SAXS
the sample was not ordered on a substrate but rather was
self-assembled in bulk. These differences in lipid preparation
may explain why in one case the DoPhPC:DoPhPE (9:1) + 5
mol% squalane membrane separates into two lamellar phases
and in the other case the membrane separates into a lamellar
phase and an inverted hexagonal phase. The ordering of the
lipids on a solid support for neutron diffraction may impede
the formation of non-lamellar phases. For both phases seen
by neutron diffraction, increasing pressure leads to an increase
in the membrane d-spacing, however, the magnitude of the
pressure-induced swelling was significantly different between the
phases. The changes in PhaseLT are small, generally within the
error of the measurements for the d-spacing. The changes in
PhaseHT are quite large (2–6 Å/kbar). The pressure-induced
swelling of the PhaseHT seen by neutron diffraction is unusually
large for a lamellar phase which is typically <2 Å/kbar (Brooks,
2014). Interestingly, the magnitude of the pressure-induced
swelling seen in PhaseHT is similar to that seen in the inverted
hexagonal phase seen by SAXS (Salvador-Castell et al., 2020a).
Supplementary Figure 4 illustrates how the membrane lattice

parameter (equal to d for lamellar phase and 2/3 d for
inverted hexagonal phase) increases as a function of pressure.
The similarities in the response to pressure of PhaseHT and
the inverted hexagonal phase seen in SAXS could be due
to the partitioning of lipid headgroups and squalane in a
similar manner.

Squalane Regulates Membrane
Ultrastructure Under High Temperature
and Pressure
Archaea are thought to regulate their membranes response
to extreme conditions with apolar lipids. For this reason,
the neutron diffraction experiments were repeated with two
additional concentrations of hydrogenated squalane, 2.5 and 10
mol% in order to determine what effect the amount of squalane
would have on the membrane structure at high temperatures and
pressures. Two coexisting phases are also present in membranes
containing 2.5 or 10 mol% squalane at elevated temperatures
(Supplementary Figures 5, 6).

The repeat spacing of PhaseLT and PhaseHT was calculated for
the membranes containing 2.5, 5, and 10 mol% squalane and the
values are displayed in Table 1. In all membranes, there is an
increase in the membrane d-spacing with increasing pressure,
and PhaseHT is again found to be the more pressure-sensitive
phase (Figure 4). The pressure induced swelling of PhaseLT
remains small (≤1Å/kbar) for all squalane concentrations and
is not significantly different with changes in temperature. The
pressure induced swelling of PhaseHT is much larger (2–8
Å/kbar) and the swelling of PhaseHT is temperature dependent.
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FIGURE 4 | Pressure induced swelling of DoPhPC:DoPhPE (9:1) membrane
containing different quantities of h-squalane. Swelling of PhaseLT containing
2.5 mol% (dark gray), 5 mol% (gray), or 10 mol% (light gray) h-squalane.
Swelling of PhaseHT containing 2.5 mol% (dark blue), 5 mol% (blue), or 10
mol% (light blue) h-squalane.

TABLE 2 | Temperature at which PhaseHT appears in DoPhPC:DoPhPE (9:1)
membrane containing h-squalane.

Pressure 2.5% squalane 5% squalane 10% squalane

20 bar 44.7 ± 4.0◦C 34.3 ± 3.9◦C 23.9 ± 3.4◦C

250 bar 49.3 ± 1.5◦C 37.4 ± 3.2◦C 28.8 ± 3.3◦C

500 bar 49.2 ± 0.1◦C 37.7 ± 3.0◦C 31.8 ± 1.6◦C

1,000 bar 50.8 ± 1.2◦C 38.9 ± 2.6◦C 32.2 ± 2.6◦C

The swelling is significantly larger at low temperatures and
smaller at high temperatures. Although the percentage of
squalane does not change the swelling of PhaseHT, the amount of
squalane does play an important role in affecting the temperature
range at which PhaseHT is present. At ≥55◦C, PhaseHT is seen
in membranes containing 2.5, 5, and 10 mol% squalane. At
40◦C, PhaseHT is no longer capable of forming the membrane
containing 2.5 mol% squalane and at 25◦C, PhaseHT is only seen
in the membrane containing 10 mol% squalane.

The temperatures at which PhaseHT appears for a membrane
containing either 2.5 or 10 mol% squalane are determined
from a linear fit of integrated peak intensity vs. temperature
(Supplementary Figure 3). As seen previously with the
membrane containing 5 mol% squalane, pressure leads to an
increase in THT and TLT (Supplementary Figure 7). Increasing
the quantity of squalane promotes the formation of PhaseHT at
lower temperatures. For example, at 20 bar PhaseHT appears at
44.7 ± 4.0◦C for the membrane containing 2.5 mol% squalane,
34.3± 3.9◦C for the membrane containing 5 mol% squalane and
23.9 ± 3.4◦C for the membrane containing 10 mol% squalane.
The concentration of squalane has a similar effect on THT at
elevated pressures (Table 2).

This agrees with previous findings that squalane promotes
negativemembrane curvature, favoring the formation of PhaseHT

and phase separation at lower temperatures (Salvador-Castell
et al., 2020a,b). Here we show that squalane is also capable
of promoting the formation of PhaseHT at high pressures.
Previously at ambient pressure, it was shown that the phase
coexistence and lateral organization within a DoPhPC:DoPhPE
membrane was squalane dependent leading to the hypothesis
that squalane may promote the formation of membrane domains
(Salvador-Castell et al., 2020b). That would mean that the ability
of squalane to favor phase separation at high pressures, may
indicate that squalane could also promote domain formation in
archaea that live at such high-pressure conditions.

In addition to regulating the phase coexistence within the
membrane, increasing the amount of squalane in the membrane
also affects the d-spacing. The d-spacing of the membrane is
typically higher when the membrane contains a higher quantity
of squalane for PhaseHT (Table 1, Supplementary Figure 8). For
example, in PhaseHT at 20 bar/55◦C the d-spacing is 67.1 Å when
themembrane contains 2.5mol% squalane compared with 68.1 Å
when the membrane contains 5 mol% squalane and 74.7 Å when
themembrane contains 10mol% squalane. In this experiment, we
did not see a significant change in the d-spacing of PhaseLT with
increasing squalane concentration which was seen previously,
at ambient pressure and temperature (Salvador-Castell et al.,
2020b). The increase in d-spacing with increasing squalane for
PhaseLT was only seen up to 5 mol% squalane at which point
the phase is thought to reach saturation. It is conceivable that
the amount of squalane required to reach saturation within
membrane could change with pressure and temperature and this
may be one of the reason we did not see any change in the
d-spacing of PhaseLT with increasing squalane in this experiment.

At temperatures at which PhaseHT was present, PhaseHT

was always found to increase in d-spacing with increasing
squalane. Previously it was shown that increasing the percentage
of squalane leads to an increase in the d-spacing in PhaseLT
due to an increase in the hydrophobic core thickness (Salvador-
Castell et al., 2020b). The localization of squalane to the midplane
of the bilayer is confirmed for PhaseHT as well as PhaseLT
(Supplementary Figure 2). This could indicate that the increase
in the d-spacing for PhaseHT is also due to an increase in
hydrophobic core thickness although this cannot be directly
confirmed from this data. Increasing squalane promotes changes
in membrane structure of both phases, even at high pressures
and temperatures, indicating that squalane could act as a
membrane regulator under the extreme conditions at which
many archaea live.

CONCLUSIONS

It was proposed by Cario et al. (2015) that apolar lipids, such as
squalane, sit at the midplane of the lipid bilayer, and provide a
means of enhancing the stability of archaeal membrane bilayers
under extreme conditions. This localization of apolar lipids to
the midplane of an archaeal-like bilayer was then confirmed by
the work of Salvador-Castell et al. (2020b). The aims of this
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study were to determine how an archaeal-like membrane with
this novel membrane architecture behaves in response to the high
temperatures and high hydrostatic pressures and to determine
how the quantity of apolar lipid present in the membrane
modulates this behavior. To model the proposed membrane
architecture in which apolar molecules sit in the midplane
of the bilayer, we used an artificial archaea-like membrane
composed of DoPhPC, DoPhPE, and squalane. The use of
neutron diffraction allowed us to confirm the localization of the
apolar lipid squalane and to further study the coexistence of two
distinct lamellar phases previously reported by Salvador-Castell
et al. (2020b). The phase separation within the membrane is
most likely due to the partitioning of lipids (DoPhPC/DoPhPE)
with different preferred curvatures and the presence of the
apolar molecule (squalane). The two phases are capable of
coexisting at a wide range of temperatures and pressure. High
temperature favors the formation of a swollen lamellar phase
(PhaseHT) and high pressure favors a thinner lamellar phase
(PhaseLT). The temperature and pressure range of the phase
coexistence is regulated by the percentage of squalane present
in the membrane. Increasing the percentage of squalane favors
the formation of PhaseHT at lower temperatures, for pressures
up to 1,000 bar. Coexistence and lateral organization of these
phases was seen previously at ambient pressure (Salvador-Castell
et al., 2020b). Here we have shown that phase coexistence is
also seen at high pressure which could indicate the possibility of
domain formation in archaea living at high pressure in addition
to high temperature. Increasing the amount of squalane also
leads to an increase in the membrane lamellar repeat spacing
for PhaseHT. The ability of squalane to modify the membrane
ultrastructure at both high pressure and temperature supports the
hypothesis that apolar lipids play a role in adaptation of archaea
to extreme conditions.
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Ionic liquids (ILs) are an important class of emerging compounds, owing to their
widespread industrial applications in high-performance lubricants for food and cellulose
processing, despite their toxicity to living organisms. It is believed that this toxicity
is related to their actions on the cellular membrane. Hence, it is vital to understand
the interaction of ILs with cell membranes. Here, we report on the effects of an
imidazolium-based IL, 1-decyl-3-methylimidazolium tetrafluoroborate (DMIM[BF4]), on
the microscopic dynamics of a membrane formed by liver extract lipid, using quasielastic
neutron scattering (QENS). The presence of significant quasielastic broadening indicates
that stochastic molecular motions of the lipids are active in the system. Two distinct
molecular motions, (i) lateral motion of the lipid within the membrane leaflet and (ii)
localized internal motions of the lipid, are found to contribute to the QENS broadening.
While the lateral motion could be described assuming continuous diffusion, the internal
motion is explained on the basis of localized translational diffusion. Incorporation of the IL
into the liver lipidmembrane is found to enhance themembrane dynamics by accelerating
both lateral and internal motions of the lipids. This indicates that the IL induces disorder in
the membrane and enhances the fluidity of lipids. This could be explained on the basis of
its location in the lipid membrane. Results are compared with various other additives and
we provide an indication of a possible correlation between the effects of guest molecules
on the dynamics of the membrane and its location within the membrane.

Keywords: ionic liquids, lipid membrane, neutron scattering, lateral motion, internal motion

INTRODUCTION

Ionic liquids (ILs) are a particular class of organic salts in which the ions are poorly coordinated,
which results in low melting temperatures (Hayes et al., 2015; Egorova et al., 2017). ILs are
non-explosive, non-flammable and have good thermal stability and high ionic conductivity (Hayes
et al., 2015; Egorova et al., 2017). These ILs have various widespread industrial applications, such
as in high-performance lubricants, in chemical and polymer synthesis, in energy harvesting, and
in food and cellulose processing (Plechkova and Seddon, 2008; Plechkova et al., 2009; Hayes
et al., 2015; Egorova et al., 2017). However, recent studies (Matzke et al., 2007; Jeong et al., 2012;
Liang et al., 2013; Bakshi et al., 2020) have suggested that ILs are toxic to various organisms. It
has been shown that toxicity strongly depends on the lipophilicity of the IL, generally increasing
with IL chain length (Matzke et al., 2007; Jeong et al., 2012; Liang et al., 2013). The origin
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of the toxicity of the IL is mainly attributed to their interaction
with the cellular membrane (Jeong et al., 2012; Benedetto and
Ballone, 2016; Bakshi et al., 2020), which provides the interface
between an organelle or a cell, and the surrounding external
environment. It is a heterogeneous mixture of various lipids,
proteins, and other small molecules. Themain constituents of the
cell membrane are the lipids and thus a lipid membrane can be
used as a model cell membrane system.

Imidazolium-based cations are a popular class of ILs which
have shown high levels of toxicity against several classes of
organisms (Pendleton and Gilmore, 2015). Recently (Bakshi
et al., 2020), we have studied the effects of various imidazolium-
based ILs [CnMIM]+[BF4] (n varies from 2 to 10) on
different cancerous cells such as human breast, colon and
liver cells. Our work showed that 1-decyl-3-methylimidazolium
tetrafluoroborate [C10MIM]+[BF4] [or [DMIM][BF4]] has the
highest toxicity toward liver cancerous cells, which we suggest is
due to the modulation of the structure and dynamics of the liver
membrane due to the incorporation of IL (Bakshi et al., 2020).
In the present study, we investigate this possible modulation
in more detail, specifically on the effect of [DMIM][BF4] on
the dynamics of a membrane from liver extract lipid. The
structure of the IL is shown in Figure 1. We choose this as our
model system instead of a simpler more commonly used single
lipid model membrane, since it more physiologically relevant.
The liver lipid extract membrane contains the commonly
found lipids in all eukaryotic cells, namely a mixture of lipids
including phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), and cholesterol.

Membrane dynamics play a key role in the viscoelastic
properties of the cell membrane, which are important in various
physiological processes such as cell signaling, protein-protein
interaction, etc. Lipid membranes exhibit a complex hierarchical
dynamical behavior owing to multiple relaxation processes on
the local and global scales (Tocanne et al., 1994; Lipowsky
and Sackmann, 1995; Marquardt et al., 2017; Nagao et al.,
2017; Sharma et al., 2019a,b). For example, at a local scale,
an individual lipid molecule performs distinct motions such
as vibrations, conformational changes, protrusions, molecular

FIGURE 1 | Schematic of a lipid bilayer and molecular configuration of the ionic liquid DMIM[BF4]. Two distinct motions (i) lateral motion within the leaflet and (ii)
localized internal motion in the lipids are also shown.

rotations, lateral motions within the leaflet, flip flop motions
from one leaflet to another, etc. On the other hand, at a larger
and more global scale, the whole lipid bilayer may undergo
bending motions, thickness fluctuations, shape fluctuations, etc.
These motions occur in a wide range of time scales ranging
from vibrations at ∼fs to flip flop motions which take a
few hours, and over a wide variety of length scales, from
molecular rotations at a few Ås to the macroscopic deformation
of the vesicles at the micrometer scale. To investigate these
motions, various experimental methods have been used, such
as dynamic light scattering (Hassan et al., 2015; Sharma et al.,
2020), fluorescence spectroscopy (Machán and Hof, 2010; Singh
et al., 2019), electron paramagnetic resonance (McConnell and
Kornberg, 1971), nuclear magnetic resonance (Perlo et al., 2011),
quasielastic neutron scattering (Busch et al., 2010; Armstrong
et al., 2011; Sharma et al., 2015a, 2017a,b; Dubey et al., 2018;
Sharma and Mukhopadhyay, 2018), neutron spin echo (Boggara
et al., 2010; Lee et al., 2010; Woodka et al., 2012; Nickels
et al., 2015). Each method has limited accessible temporal
and spatial regimes. For example, dynamic light scattering is
more suitable to study motions at time scales of the order of
microseconds while quasielastic neutron scattering (QENS) is
suitable to study dynamics from nanoseconds to sub-picoseconds
and length scales from Angstroms to a few nanometers (Gardner
et al., 2020). Furthermore, neutron spin echo (NSE) is more
suitable to prove the relatively slower motions, up to 0.1 µs,
taking place at large spatial scales, up to 0.1µm (Gardner
et al., 2020). It is therefore evident that to obtain the detailed
dynamical landscape one needs to combine results from different
experimental methods.

Here, we report the effects of [DMIM][BF4] IL on the
microscopic dynamics of liver lipid membrane studied using
QENS techniques. Two distinct motions, (i) lateral motion of
the lipid within the leaflet and (ii) localized internal motions of
the lipid are observed (A schematic of a lipid bilayer and these
motions are shown in Figure 1). Our measurements suggest that
the incorporation of the IL in the membrane modulates both of
these dynamical processes.We note that the dynamics of ILs have
also been investigated using the QENS technique (Triolo et al.,
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2006; Mamontov et al., 2009; Aoun et al., 2010; Burankova et al.,
2018; Nemoto et al., 2018), however in this work we focus on the
dynamics of the lipids and how they are affected by the presence
of IL, and not on the dynamics of the IL themselves, since the
concentration is small (see experimental details).

EXPERIMENTAL METHODS

Preparation of Unilamellar Vesicles
Liver lipid extract (bovine) solution in chloroform was procured
from Avanti Polar Lipids (USA). This extract is a mixture
of various lipids PC:PE:PI:lysoPI:Cholesterol:other lipids =
42:26:9:1:5:17 (weight%). The ionic liquid [DMIM][BF4], and
D2O (99.9%) were obtained from Sigma Aldrich (USA).
Deuterated water was used in order to minimize the scattering
contribution from the solvent, since the neutron scattering cross-
section of deuterium is lower than hydrogen by more than an
order of magnitude (σD << σH). Large unilamellar vesicles
(LUV) composed of liver lipids were prepared using the extrusion
method (Sharma et al., 2015b, 2016a,b; Mitra et al., 2020). Briefly,
organic solvent was evaporated to obtain lipid films. These films
were hydrated by D2O which followed 3 freeze-thaw cycles by
keeping the lipid suspension in a warm water bath (50◦C) and
in a freezer (−80◦C). The suspension was extruded 21 times
through a 100 nm pore sized polycarbonate filter using a mini
extruder from Avanti Polar Lipids Inc. Two different samples,
5% (w/w) liver lipid LUV, and 5% (w/w) liver lipid LUV with
10 wt% [DMIM][BF4] (with respect to liver lipid) were used. It
should be noted that the main contribution to the quasielastic
scattering signal comes from the liver lipid and that only ∼7% is
from the DMIM IL, making it small enough to be neglected from
the analysis.

Quasi-Elastic Neutron Scattering (QENS)
Experiment
QENS experiments were carried out on the liver lipid-based
LUVs with and without [DMIM][BF4], using the time-of-flight
neutron backscattering spectrometer, IRIS (Carlile and Adams,
1992) at ISIS facility, UK. To minimize multiple scattering
effects, both samples were filled into annular aluminum sample
holders with an annular spacing of 0.5mm to ensure a sample
transmission of more than 90%. The IRIS spectrometer was
used with the PG(002) analyzer giving an energy resolution
of 1E = 17 µeV (full width at half-maximum), and with a
detector coverage spanning a wave vector transfer range of
0.5–1.8 Å−1. In the offset mode, the spectrometer provided an
energy transfer range of −0.3 to +1.0 meV. To estimate the
solvent contribution, QENS measurements were also carried out
on pure D2O. Measurements were carried out at two distinct
temperatures, 37◦C (physiological temperature) and 57◦C. A
QENS measurement was also carried out on vanadium, a good
elastic incoherent scatterer, to obtain the instrument resolution.
Standard data reductionwas carried out usingMANTID software
(Taylor et al., 2012).

RESULTS AND DISCUSSION

In a quasielastic neutron scattering experiment, the scattered
intensity is proportional to the double scattering cross section,
which gives the probability of scattered neutrons within the solid
angle element d�, about the direction � and with an energy
exchange of dE = Ef-Ei (Ef and Er are the final and initial energy
of the neutron, respectively). The double scattering cross section
can be written as Bee (1988)

d2σ

dEd�
∝

kf

ki
[σcohScoh(Q,E) + σincSinc(Q,E)] (1)

where, Scoh and Sinc are the coherent and incoherent scattering
laws, and σcoh and σinc are the coherent and incoherent
scattering cross sections; and Q is the momentum transfer in
the scattering process. In the case of hydrogenous samples,
the scattered intensity is dominated by incoherent scattering
from the hydrogen atoms in the sample, which is due to their
exceptionally high incoherent scattering cross section compared
to the coherent or incoherent scattering cross-section of any
other atoms (σH

inc>> σ
any atom

inc/coh
). In this case, Equation (1) can be

written as

d2σ

dEd�
∝

kf

ki
σincSinc(Q,E) (2)

The incoherent scattering law Sinc (Q,ω) is the double Fourier
transform of Gs(r, t) which provides the probability of finding
a particle at position r and time t provided the same particle
was at position r = 0 at t = 0. Hence, a QENS experiment
from a hydrogenous system provides information about the self-
diffusion or single particle motion of the protons in the system.
Since our interest lies in the study of the dynamics of the liver
lipid membrane, D2O was used as a solvent while preparing the
LUVs to minimize the solvent contribution. The contribution to
the measured scattering signal from the dynamics of the lipid
liver was extracted by subtracting the weighted D2O signal from
the solution data (Sharma et al., 2015b, 2016b).

D2O subtracted QENS spectra for the liver lipid membrane
at both the temperatures are shown in Figure 2 at a typical
Q-value of 1.22 Å−1. The instrument resolution, as measured
using a standard vanadium sample, is also shown in the figure.
For direct comparison, spectra are normalized to 1 by dividing
the respective spectra by the peak value, S(Q,0). Significant
quasielastic (QE) broadening is observed for the liver lipid
membrane at both temperatures, indicating the presence of
stochastic molecular motions of the lipid in the temporal window
accessible by the IRIS spectrometer.

Plotting the data in terms of the dynamic susceptibility is a
useful way to find out the number of relaxation processes without
employing any detailed data analysis. This approach is possible
since a relaxation process with a characteristic time (τ ) shows a
peak in the dynamic susceptibility at energy transfer E = h̄/τ ,
where h̄ is the reduced Planck’s constant. The scattering data
are converted into the imaginary component of the dynamic
susceptibility, χ ′′(E), by dividing the Q-averaged intensity, S(E),
by the Bose population factor, nB(E) ≈ kBT/E (under the
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FIGURE 2 | Typical measured QENS spectra at a representative Q = 1.22 Å−1

for the liver lipid membrane at 37 and 57◦C. The evolution of the dynamics at
higher temperature is evident. The contribution of the solvent (D2O) has been
subtracted, and the resultant spectra are plotted normalized to the peak
amplitudes. Instrument resolution is shown by a dashed line.

FIGURE 3 | Dynamic susceptibility, χ
′′ (E), for the liver lipid membrane at 37◦C.

approximation that E << kBT), where kB is the Boltzmann’s
constant and E = h̄ω is the energy transfer. The resulting profile
of χ ′′(E) vs. E for liver lipid membrane obtained at 37◦C is
shown in Figure 3. It can be inferred from the susceptibility
spectra that the dynamics of the liver lipid membrane cannot
be viewed as a single relaxation process. The existence of a
minimum in the susceptibility spectra indicates the presence of
two relaxation processes.

As mentioned before, molecular motions in the time scale
from nanoseconds to picoseconds and length scales from
Angstroms to few nanometers can be probed by QENS. On
these length and time scales, two different motions which can
contribute to the observed data are: (i) the lateral motion of
lipid molecules within the leaflet and (ii) relatively faster internal
motions (Sharma et al., 2015b, 2016a,b; Mitra et al., 2020).
Assuming both motions are independent of each other, the

scattering law for the lipid membrane can be written as

Smem(Q,E) = Slat(Q,E)⊗ Sint(Q,E) (3)

where, Slat(Q,E) and Sint(Q,E) are the scattering functions
corresponding to the lateral and internal motions, respectively.
The nature of the lateral motion of the lipid in the membrane
is debatable as a number of different models have been
proposed, such as continuous diffusion (Armstrong et al., 2011),
ballistic flow-like motions (Busch et al., 2010), localized diffusion
(Wanderlingh et al., 2014), sub-diffusive motion (Flenner et al.,
2009; Srinivasan et al., 2018), etc. We have assumed the
simple continuous diffusion model, based on the recent study
(Armstrong et al., 2011), which has shown that this is the case
for the temporal and spatial scales accessible by QENS and valid
at least, for distances greater than a lipid molecule diameter.
The scattering law corresponding to the lateral motion is then
expressed as:

Slat(Q,E) = Llat(Ŵlat ,E) (4)

where Llat(Γlat , E) is a Lorentzian function, corresponding to
the lateral motion of the lipid, and Γlat is its HWHM, which is
inversely proportional to the timescale of the motion.

The internal motions of the lipid molecules correspond to
motions that are spatially restricted by the chemical structure of
the lipid molecule. Thus, after a relatively long relaxation time,
there is a finite probability of finding the scattering center within
a given molecular volume. This leads to an elastic component
in the scattering law and we can write the scattering law for the
internal motions as,

Sint(Q,E) = A(Q)δ(E) + (1− A(Q))Lint(Ŵint,E) (5)

The first term represents the elastic part where A(Q) is the
elastic incoherent structure factor (EISF). The second term
corresponds to the quasielastic part which is characterized by a
single Lorentzian Lint(Γ int ,E) function with Γ int is its HWHM.

Combining Equations (4) and (5), the resultant scattering law
(Equation 3) can be written as

Smem (Q,E) =
[

A (Q) Llat (Ŵlat ,E) + (1− A (Q)) Ltot(Ŵlat

+ Ŵint,E)
]

(6)

Convoluting Equation (6) with the resolution function (obtained
by measuring the data from a standard vanadium sample), the
parametersA(Q), Γ lat, and Γ int were determined by least squares
fit of the measured spectra. DAVE software (Azuah et al., 2009)
developed at the NIST Center for Neutron Research has been
used to analyze the QENS data. It is found that the scattering
law given in Equation (6) describes the observed QENS data
quite well for liver lipid membrane in the absence and presence
of the IL for the entire Q range at both temperatures. Typical
fitted QENS spectra for liver lipid membrane at 57◦C at different
Q values are shown in Figure 4. To gain more insight into
the different dynamical processes, the fit parameters are used
to obtain some more dynamical characteristic parameters for
each of the processes (such as diffusion coefficients and extent
of mobility).
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FIGURE 4 | Typical fitted QENS spectra for liver lipid membrane at 57◦C. Individual components corresponding to lateral and lateral with internal motions are
also shown.

FIGURE 5 | (A) Variation of HWHM’s of Lorentzian corresponding to the lateral motion of liver lipid in the absence and presence of [DMIM][BF4] IL at 37 and 57◦C.
The solid and dashed lines the fits assuming Fick’s law of diffusion. (B) Lateral diffusion coefficient Dlat for liver lipids in absence and presence of [DMIM][BF4] IL at 37
and 57◦C.

Lateral Motion
The lateral motion of the lipid molecules within the leaflet
is of principal interest since it plays a key role in various
physiologically relevant membrane processes, such as cell
signaling, membrane trafficking, location and activity of
membrane proteins, cell recognition, etc. HWHM’s of the
Lorentzian corresponding to the lateral motion, Γ lat for the

liver lipid with and without [DMIM][BF4], at 37 and 57◦C, are
shown in Figure 5A. At both temperatures, addition of the IL
increases the values of HWHM, indicating an enhancement in
lateral diffusion. It is evident that for liver lipid in the absence
and presence of [DMIM][BF4], Γ lat increases quadratically with
Q at both temperatures, passing through the origin, which
indicates that the lateral motion of the lipid molecules can be
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FIGURE 6 | Elastic incoherent structure factor (EISF) corresponding to the internal motion of liver lipid in the pristine membrane and membrane with IL at (A) 37◦C and
(B) 57◦C. The solid and dashed lines correspond to the fit assuming localized translational diffusion model as discussed in the text.

FIGURE 7 | Variation of the HWHM, Γ int, corresponding to internal motions of liver lipid in the pristine membrane and membrane with IL at (A) 37◦C and (B) 57◦C.
The solid and dashed lines correspond to the fits as per the localized translational diffusion model as discussed in the text.

described as a continuous diffusion, described by Fick’s law
Ŵlat = DlatQ

2. A least squares fitting method is used to
determine the lateral diffusion coefficient, Dlat , for liver lipid
with and without [DMIM][BF4] at both temperatures. Figure 5B
shows that the incorporation of the IL accelerates the lateral
motion of the lipids at both temperatures by about 15–20%.
At the physiological temperature of 37◦C, Dlat is found to be
11.6(±0.3) × 10−7 cm2/s which increases to 13.3(±0.4) × 10−7

cm2/s due to the incorporation of [DMIM][BF4]. At 57◦C,
Dlat is found to be 18.2(±0.5) × 10−7 cm2/s which increases
to 21.5(±0.6)× 10−7 cm2/s.

Internal Motion
The internal motion of the lipid is characterized by two
parameters, the EISF and the HWHM, Γint. Figures 6A,B show
the EISFs for the liver lipids in the absence and presence of
[DMIM][BF4] at 37 and 57◦C, respectively. The internal motions
of liver lipids are expected to be a complex mixture of motion,
including reorientation of lipids, conformational motions, large
amplitude oscillations, etc. The variation of Γ int with Q, as
shown in Figure 7, is very different to that observed for Γ lat.
It may be noted that at low Q, Γ int is nearly constant and

approaches a non-zero value as Q tends to zero. At higher
Q, Γint increases and follows Q2 variation. This is a signature
of localized translational diffusion within a spherical volume.
We have successfully described the internal motions in similar
systems (Sharma et al., 2010, 2015a; Dubey et al., 2018) by a
model where all these various motions have been effectively taken
into account. In this model, it is assumed that the hydrogen
atoms belonging to lipids undergo localized translation diffusion
(LTD) within a confined volume (Sharma et al., 2015a; Dubey
et al., 2018). At lower Q (QR < π; where R is radius of confining
spherical domain), that is when larger distances are probed,
the behavior of Γint is independent of Q. At this length of
scale, hydrogen atoms in the lipid molecules perform localized
motions. Therefore, the behavior of Γ int in this Q range is
similar to that of rotational motions. However, at larger Q
values (QR > π), where small distances are probed within
the spherical domain, the usual DQ2 behavior corresponding
to translational motion in an infinite medium is observed. It
is likely that at a given temperature, all the hydrogen atoms
belonging to a lipid molecule are not dynamically active.
Assuming that on average only a fraction of hydrogen atoms are
participating in the internal motions, the EISF can be written as
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TABLE 1 | Fraction of immobile hydrogen atoms (px ), radius of the spherical
domain (R) and diffusivity correspond to the internal motion of the liver lipids in the
membrane in the absence and presence of [DMIM][BF4].

T (◦C) Liver lipids Liver lipids + [DMIM][BF4]

px (%) R (Å) Dint (×10−6

cm2/s)
px R (Å) Dint (×10−6 cm2/s)

37 41 (3) 2.8 (2) 12.3 (4) 43 (3) 2.8 (2) 14.9 (4)

57 35 (2) 2.9 (2) 15.0 (5) 39 (3) 3.0 (3) 18.4 (6)

Volino and Dianoux (1980)

A(Q) = px + (1− px)

[

3j1(QR)

QR

]2

(7)

where px is the fraction of hydrogen atoms that are immobile
on the observation time scale, R is the radius of the spherical
domain and j1 is the first-order spherical Bessel function. It was
found that the experimentally observed EISF could be described
very well using Equation (7) for the liver lipid membranes with
and without [DMIM][BF4] at both temperatures, as shown by
the solid lines in Figures 6A,B. The obtained fitting parameters,
px and R are given in Table 1. At 37◦C, values of px = 0.41 and
R = 2.8 Å indicate that on average about 59% of the hydrogen
atoms participate in the localized translational diffusion, within a
sphere with a radius of 2.8 Å. The size of the confining domain
is correlated with the bilayer structure, more specifically with
the area per lipid molecule and found to be consistent with
studies on other lipid membranes (Busch et al., 2010; Mitra et al.,
2020). Due to the addition of the IL, the fraction of immobile
hydrogen atoms increases very slightly, but the radius of the
spherical domain remains more or less unchanged. It is evident
that addition of DMIM[BF4] does not affect the nature of the
internal dynamics.

For any model to be considered robust it should
simultaneously describe both EISF and HWHM. The scattering
law for the localized translational diffusion model as described
above can be written as Volino and Dianoux (1980):

Sint(Q,E) =

[

px + (1− px)

[

3j1(QR)

QR

]2
]

δ(ω)

+ (1− px)





1

π

∑

{l,n} 6={0,0}

(

2l

+ 1 )Al
n(QR)

h̄(xln)
2
Dint/R

2

[

h̄(xln)
2
Dint/R2

]2
+ E2






(8)

Where Al
n(QR); (n, l 6= 0,0) is the quasielastic structure factor

and values of it for different n and l can be calculated by using
the values of xln which are given in Volino and Dianoux (1980)
and are obtained by the numerical solution of the equations
as described therein. Here, Dint is the diffusion coefficient for
internal motion. Equation (8) involves an infinite sum of the

Lorentzian whose widths are independent ofQ, but whose weight
factors depend on Q or more specifically on (QR) (Volino and
Dianoux, 1980). In practice, the summation series in the above
equation can be truncated at those values of n and l for which Al

n

do not contribute up to QmaxR. In the present case, Qmax = 1.8
Å−1 and R ∼ 3Å, hence QmaxR= 5.4. It has been shown (Volino
and Dianoux, 1980) that for QR∼ 20 (which is sufficiently larger
than the present case), one needs to take into account about 100
terms to obtain a numerical accuracy of ∼10−3. In the present
case where QmaxR = 5.4 we have used first 100 terms of the
summation series.

To estimate the time scale of the internal motion of the
lipid, a detailed analysis of the Γ int(Q) has been carried out.
Since no analytical expression exists for Γ int(Q) within the
LTD model, it was numerically calculated using the quasielastic
term of Equation (8). Dint is obtained from the least-squares
fitting of Γ int(Q) (Figure 7). The px and R as obtained from the
description of EISF have been used in the fitting. As evident from
Figure 7, that model could describe the obtained HWHM quite
well. The obtained diffusion coefficientsDint for both the systems
are given in Table 1. Again a ∼ 20% increase in Dint is found
at both temperatures suggesting an enhancement of the internal
motions in the presence of the IL.

The data obtained here indicates that [DMIM][BF4] does
affect the dynamics of the liver membrane, by enhancing
both lateral motions within the leaflet and also the localized
internal motion of the lipids. A recent molecular dynamics
(MD) simulation study (Yoo et al., 2014) has shown that the
imidazolium based ILs penetrate within the lipid membrane
and have a preferred orientation in the lipid membrane. Alkyl
chains prefer to orient parallel to the lipid molecules and the
imidazolium group interacts with the head group. This was
further supported by Isothermal Titration Calorimetry (ITC)
measurements which showed stoichiometry ratios for IL of
∼2. Incorporation of IL inside the membrane creates disorder,
supported by neutron and x-ray reflectivity measurements
(Benedetto et al., 2014; Bhattacharya et al., 2017) which showed
that addition of IL leads to membrane thinning.

These results are in contrast with the recent QENS studies on
membranes with antimicrobial peptides (AMPs), where it was
reported that the addition of cationic antimicrobial peptides in
zwitterionic PC (Sharma et al., 2015b, 2016b) as well as in anionic
PG (Mitra et al., 2020) restricts the dynamics of the membrane.
Moreover, these peptides have shown that the restriction is
mainly on the lateral motion of the lipid, while the internal
motion of the lipids remained unchanged. Observed differences
between the action of ILs and antimicrobial peptides on the
membranes can be explained on the basis of their locations within
the membrane. Using orientated circular dichroism (OCD), it
has been shown that at low concentrations, cationic AMPs bind
on the surface of the lipid membrane (Sharma et al., 2016b).
These observations were also supported by ITC data which
showed that stoichiometry ratio for these AMP is high (∼few
tens of the lipid), further indicating that these AMPs bind on
the surface on the lipid membrane (Mitra et al., 2020). As
the lateral motion of the lipid involves diffusion of the whole
lipid within the leaflet and the internal motion of the lipid is
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localized, the AMPs affect mainly the lateral motion of the lipid.
Comparing the results with other membrane active molecules
such as NSAIDs (Sharma et al., 2019b, 2020), vitamins (Sharma
et al., 2016a), cholesterol (Sharma et al., 2015b) etc., it can
be concluded that effects of the membrane active molecules
are correlated with the location of the molecules in the lipid
membrane. If the additive molecules are located on the surface
of the membrane it mainly affects the lateral motion of the
lipid molecules. However, if molecules penetrate within the lipid
membrane, both lateral and internal motions of the lipid are
affected. Addition of these molecules enhances or restricts the
membrane dynamics depending on their nature. It is worth
mentioning that cholesterol also penetrates into the membrane
core similar to the IL, but in contrast, it restricts both the
lateral and internal motions of the lipid in the fluidic phase of
membrane (Sharma et al., 2015b). This can be understood as
the incorporation of cholesterol in the membrane’s fluidic phase
brings more order in the membrane while IL brings disorder in
themembrane. These studies reveal that membrane dynamics are
highly sensitive to the presence of membrane active molecules
and can be used to decipher interactions of these additives with
the cell membrane.

CONCLUSIONS

Quasielastic neutron scattering (QENS) has been used to
study the effects of an ionic liquid (IL) on the dynamics
of the membrane formed by liver extract lipid. A prototype
imidazolium based IL [DMIM][BF4], has been used for the
present study. QENS data analysis indicates the presence of two
distinct lipid motions, (i) lateral motion of the lipid within the
leaflet and (ii) internal motions of the lipid, in the ps timescale.
The lateral motion of the lipid follows a continuous diffusion
whereas the internal motions can be described using localized
translational diffusion. Incorporation of IL in the liver lipid
membrane is found to enhance the dynamics in the membrane,

indicating an increase in membrane fluidity. Both lateral and
internal motions of the lipid are accelerated due to the addition
of the IL. This is explained on the basis of the location of the IL
within the lipid membrane. As the IL goes into the membrane
core and adopts a preferred orientation parallel to the lipid,
increasing the disorder of the lipids and leading to enhanced
mobility. Results are compared with various membrane active
bio-molecules such as antimicrobial peptides, cholesterol, drugs,
and vitamins. This comparison suggests a strong correlation
between the location of the additive inside a lipid membrane
and the microscopic dynamics of the lipid membrane. The
present study also shows that a more physiologically relevant
bio-membrane model system can be used for the study of the
interaction of foreign molecules with cellular membranes. In
particular, this model system would be an excellent one in which
to incorporate trans- and peripheral membrane proteins to figure
out if the effects of an ionic liquid on a living organism is
related to purely the membrane reorganization or to a possible
denaturation of the structure of proteins, or a combination
of both.
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Lipase-catalyzed reactions offer many advantages among which a high degree of
selectivity combined with the possibility to convert even non-natural substrates are of
particular interest. A major drawback in the applicability of lipases in the conversion
of synthetically interesting, non-natural substrates is the substantial insolubility of such
substrates in water. The conversion of substrates, natural or non-natural, by lipases
generally involves the presence of a water–oil interface. In the present paper, we
exploit the fact that the presence of lipases, in particular the lipase from Candida
antarctica B (CalB), changes the bending elastic properties of a surfactant monolayer
in a bicontinuous microemulsion consisting of D2O/NaCl -n-(d)-octane-pentaethylene
glycol monodecyl ether (C10E5) in a similar manner as previously observed for amphiphilic
block-copolymers. To determine the bending elastic constant, we have used two
approaches, small angle neutron scattering (SANS) and neutron spin echo (NSE)
spectroscopy. The time-averaged structure from SANS showed a slight decrease in
bending elasticity, while on nanosecond time scales as probed with NSE, a stiffening has
been observed, which was attributed to adsorption/desorption mechanisms of CalB at
the surfactant monolayer. The results allow to derive further information on the influence
of CalB on the composition and bending elasticity of the surfactant monolayer itself as
well as the underlying adsorption/desorption mechanism.

Keywords: microemulsion, lipase, bending elasticity, neutron scattering, neutron spin echo

1. INTRODUCTION

Lipases belong to the most well-investigated class of enzymes. Lipases show positional, substrate,
and stereo-specificity toward their substrates. Whether or not lipases show as well promiscuous
activity depends on reaction conditions and the nature of the substrate. Recent research revealed
that lipases show great potential in catalyzing standard organic reactions such as: C-C bond
formation, Aldol-addition, Michael-addition, Mannich reaction, C-heteroatom and heteroatom-
heteroatom bond formation, perhydrolysis and epoxidation, synthesis of heterocycles, and Hantzsch
reactions (Dwivedee et al., 2018). The non-natural substrates used in these organic reactions are,
however, usually poorly water soluble such that a vehicle needs to be found to bring the lipases into
contact with these kind of substrates.
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Colloidal dispersions, especially microemulsions, have been
identified to offer great potential acting as a reaction vehicle for
lipase and substrate in providing large interfacial area between
water and oil domains. In the present study, we exploit the
fact that the influence of the lipase from Candida antarctica
B (CalB) has already been investigated (Subinya et al., 2014).
Figure 1A shows the phase diagrams obtained at equal volume
fractions of sodium chloride solution (0.4 wt%) and n-octane
(φ = 0.50) as a function of temperature and C10E5 mass
fraction γ for increasing CalB concentrations added to the water
phase: 1, 10, 50, and 100 mg/ml. Together with the minimum
surfactant concentration needed for complete solubilization of
water and oil in the onset of the single-phase region, the
phase inversion temperature defines the point X (Tm, γ ). In
the blank H2O/NaCl (0.4 wt.%)–n-octane–C10E5 system, the
location of the X-point had already been well-known (Tm =
38.75◦C, γ=0.15). Introducing increasing CalB concentrations
to the water phase of the microemulsion revealed that for CalB
concentrations of up to 10 mg/ml, the phase boundaries shifted
to lower temperatures and the efficiency of the microemulsion
increased, hence, less C10E5 was needed to totally solubilize
the water and the octane phase. Above this concentration, the
temperature trend continued, but the efficiency trend was found
to be reversed. The efficiency even decreased below the blank
microemulsion. In partitioning studies in Subinya et al. (2014),
it has also been shown that the largest part, 80–90%, of CalB
is related to the interface. Figure 1B shows the development of
γ̃ as a function of CalB concentration to visualize the trends
observed. Furthermore, it was found that the temperature Tm

drops continuously with increasing CalB amount. CalB thus
obviously induces the surfactant monolayer, which forms the
microemulsion membrane, to bend toward the water domain.

To characterize the structural parameters and to access the
bending elastic constants of an amphiphilic interface, scattering

FIGURE 1 | (A) Phase diagrams of microemulsions of type H2O/NaCl (0.4wt%)– n-octane–C10E5–lipase Candida antarctica B at equal volume fractions of water and
oil φ = 0.50 with increasing concentration of lipase from 0 to 100 mg/ml referred to the water phase. Adapted with permission from Subinya et al. (2014), Copyright
2014 American Chemical Society. (B) X-points of the respective microemulsions as a function of lipase concentration. At 10 mg/ml of lipase, the efficiency of the
microemulsion runs through a maximum.

methods still remain the first choice. In recent years, many
studies used light, X-ray, and neutron scattering techniques to
explore the manifold of structures that are present in the different
phase regions of the large variety of the studied phase systems
(Komura, 2007; Gradzielski, 2008; Hoffmann, 2014; Oberdisse
and Hellweg, 2017). Beside the influence of composition and
thermodynamic variables, the changes in the phase structures
due to the presence of additives, for example, enzymes, are
accessible by applying these techniques, which improves the
understanding of the bio-organic reaction mechanisms inside
microemulsions (Hayes et al., 2015). For example, a combination
of scattering techniques was used to investigate the effect of the
enzyme DFPase, which efficiently hydrolyzes organophosphates,
on the structure and dynamics of the host microemulsion with a
bicontinuous structure (Wellert et al., 2011). Moreover, enzymes,
such as the green fluorescent protein can be used as probes inside
the aqueous phase of bicontinuous microemulsions to study
fundamentals of diffusion in confinement (Wrede et al., 2019).

In this paper, we combine neutron small angle scattering
(SANS) and neutron spin echo spectroscopy (NSE) to
measure the effect of the addition of the lipase CalB on the
amphiphilic interface inside the investigated bicontinuous
microemulsions of the ternary system D2O/NaCl–n-(d)-octane–
C10E5. Changes in the bending elastic constants observed upon
the introduction of CalB at different concentrations up to 100
mg/ml provide deep insights into the mechanisms underlying
the adsorption/desorption of the lipase to the interfacial layer.

2. THEORY

Unlike emulsions and nanoemulsions, microemulsions are
thermodynamically stable, fluid mixtures of at least water, oil,
and surfactant (Strey, 1994; Schwarz and Gompper, 2002). Such
mixturesmay adopt a variety of complex structures depending on
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the nature of the components, their concentration in the mixture,
and on temperature and pressure. The structural properties of the
interface depend strongly on the surfactant packing parameter,
whichmeasures the ratio of the size of the hydrophilic headgroup
and the length of the lipophilic alkyl chain. The topology of
the amphiphilic interface is characterized by its curvature and
mechanical properties.

The structure of bicontinuous microemulsions can be
analyzed either by high-resolution electron microscopy on a
freeze fractured microemulsion sample (Davis et al., 1989;
Belkoura et al., 2004) or small angle neutron or X-ray scattering
(Sottmann et al., 1997; Byelov et al., 2004; Oberdisse andHellweg,
2017). Characteristic features of the bicontinuous structure
are a low degree of ordering and an interconnected, random
distribution of oil and water domains of varying size. In a
bicontinuous microemulsion, the spontaneous curvature is zero,
i.e., the bending of the surfactant film to either side requires the
same amount of energy (Schwarz and Gompper, 2002). Cryo
TEM images of a very similar bicontinuous microemulsion can
be found (e.g., in Belkoura et al., 2004). Typically, such samples
show scattering patterns with a broad peak and a steep decay
of the scattered intensity at higher scattering angles, respective
higher values of the scattering vector Q.

If the sample is prepared in bulk contrast, which provides high
scattering contrast between the protonated oil and the deuterated
water phase, the scattered intensity can be described by the
Teubner–Strey (Teubner and Strey, 1987) equation:

ITS(Q) =
8π〈ν2〉/ξTS

p2 − 2Q2
maxQ

2 + Q4 (1)

In this model, Q is the magnitude of the scattering vector defined
as Q = 4π/λ sin(θ/2) with the scattering angle θ and 〈ν2〉 being
the mean square scattering length density fluctuation, which
is a measure of the scattering contrast. The quantities p2 =
(2π/DTS)2 + 1/ξ 2TS and Q2

max = (2π/DTS)2 − 1/ξ 2TS can be used
to calculate the mean size of the oil and water domains DTS and
the mean correlation length ξTS of this structure.

The contribution of the elastic properties of the amphiphilic
interface of a microemulsion to the free energy can be described
by the HelfrichHamiltonian:

fel =
1

2
κ(H − c0)

2 + κ̄K (2)

with the total curvature H = c1 + c2 of the film and K =
c1c2 being the Gaussian curvature. This equation connects the
bending elasticity constant κ and the saddle-splay modulus κ̄

with the principal curvatures c1 and c2 and the mean curvature
c0 of the interfacial surfactant layer in its lowest energetic state
(Safran, 1999) taking into account not only elastic but also
topological features of the respective structure formed by the
amphiphilic interface. Here, the bending elasticity constant κ

measures the energy required to deviate the interfacial film
from the spontaneous curvature c0 at the free energy minimum.
Similarly, the saddle-splay modulus κ̄ is a measure of the
energy cost for saddle-splay deformations (Safran, 1999). The

bending elasticity constant is sensitive to changes in topology
and interfacial composition and directly accessible by scattering.
Thermally excited undulations lead to a softening of the
interfacial film and to a length scale-dependent modification of
the bare bending rigidity κ0, which is called the renormalized
bending elasticity constant:

κSANS

kBT
=

κ0,SANS

kBT
−

3

4π
ln

(

DTS

2ls

)

(3)

It is related to the structural length scales inside the bicontinuous
structure by Pieruschka et al. (1995):

κSANS

kBT
=

10π
√
3

64

ξTS

DTS
(4)

The saddle-splay modulus can be obtained from phase diagram
measurements (Holderer et al., 2013). We denote the bare
moduli, which are not affected by renormalization effects, with
the subscript 0, and denote the technique also in the subscript
(which mainly is relevant for the renormalized moduli and
only in the special case of influences of the observation time is
also relevant for the bare moduli, as explained later). Monte-
Carlo simulations of triangulated surfaces (Peltomäki et al., 2012)
and combined phase diagram, SANS, and NSE experiments
(Holderer et al., 2013) showed that the bending rigidity measured
by SANS is a combination of κ and κ̄ , κ0,SANS = (a1κ0 + a2|κ̄0|).
Also the renormalization term in Equation (3) is slightlymodified
by a combination of the renormalization terms of κ and κ̄ and
reads (3a1 + 10/3|a2|)/(4π) ln(DTS/2ls) with a1 = 0.19 and
a2 = −0.84 (Holderer et al., 2013). These corrections have
been applied for the values of the bending rigidity from SANS
measurements presented in this paper.

Contributions to dynamic properties in bicontinuous
microemulsions result from collective hydrodynamic motions
of the sponge-like structure (Holderer et al., 2007) and local
thermally excited undulations of the interfacial film (Safran,
1999). The bending elasticity constant κ of the interfacial film
and the viscosity η of the surrounding solvent dissipate the
undulation energy.

Neutron spin-echo spectroscopy measures the intermediate
scattering function S(Q,τNSE) normalized by the static structure
factor S(Q,0) obtained from an appropriate reference sample. In
the low Q-range, at Q<Qmax, collective motions are dominant
while with increasing Q the amplitude of these motions
decreases until at Q>>Qmax the thermal undulations of the
interface dominate. Zilman and Granek (1996) derived a
stretched exponential form of the normalized intermediate
scattering function S(Q, τNSE)/S(Q, 0) as according to the
following equation:

S(Q, τNSE)

S(Q, 0)
= exp

(

−(ŴτNSE)
β
)

(5)

with a stretching exponent β = 2/3. The underlying model
assumes an ensemble of randomly oriented and independently
fluctuating membrane patches dispersed in the viscous solvent.
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Within this model, the relaxation rate of the membrane
undulations is given by the following equation:

Ŵu = 0.025γκ

(

kBT

κ0,NSE

)1/2 kBT

η
Q3 (6)

which contains the bare bending elasticity constant κ0,NSE of
the interface and the parameter γκ given by γκ ≃ 1 −
3(kBT/(4πκ0,NSE) ln(Qξ ) ≃ 1 for large enough κ . In a more
recent paper, Zilman and Granek refined their analyses of the
intermediate scattering function and deduced a more complex
formulation including deviations of β from 2/3 depending on the
bending elasticity constant (Zilman and Granek, 2002). However,
since these effects are rather small, due to limited statistics and
measurement time in a typical neutron scattering experiment, we
use the previously derived exponent.

3. MATERIALS

Pentaethylene glycol monodecyl ether (C10E5) was obtained
in a purity of >97% from Sigma Aldrich, Germany. The
lipase Candida antarctica B (CalB) was ordered in lyophilized
form from Biocatalytics, Pasadena, USA. Purification was
performed using ion-exchange chromatography and carried out
in the Institute of Technical Biochemistry, Stuttgart, Germany,
following the protocol given below. Sodium chloride p.a. was
purchased from Merck, Germany, and n-octane in analytical
grade was purchased from Fluka, Germany. D2O and d(18)-
octane were obtained from Sigma Aldrich, Germany.

3.1. Purification Protocol
CalB was purified using a cation-exchange chromatography
system. A XK 16/20 column (Amersham Biosciences) filled with
7 mL Source 15 S (Amersham Biosciences) was equilibrated
with 10 mM sodium formate, 10 mM sodium citrate, and
10 mM sodium acetate, pH 3 (buffer A). A sample volume
of 2 mL of the enzyme was loaded onto the column at a
volumetric flow rate of 5 mL/min. Afterward, the column was
washed with a threefold column volume of buffer A. CalB was
eluted with five column volumes of 10 mM sodium formate,
10 mM sodium citrate, and 10 mM sodium acetate, pH 5.5.
Chromatography columns and resins were purchased from
Amersham Biosciences. All chromatography experiments were
carried out at room temperature (20◦C) using an ÅKTA explorer
chromatography system (Amersham Biosciences) controlled by
Unicorn software 3.21.

4. EXPERIMENTAL SECTION

4.1. Microemulsion Sample Preparation
All samples were prepared at a constant oil to water plus oil
volume fraction of (φ)= 0.50:

φ =
Voil

Voil + Vbuffer
(7)

A mass fraction ǫ of 0.004 (0.4wt.%) of sodium chloride in D2O
was kept constant for all samples:

ǫ =
mNaCl

mNaCl +mbuffer
(8)

Each sample was prepared at a surfactant mass fraction of γ =
0.15 (15 wt.%) irrespective of the CalB concentration.

γ =
msurfactant

msurfactant +moil +mbuffer
(9)

This value was chosen from the previously obtained phase
diagrams for microemulsions consisting of H2O/NaCl–n-
octane–C10E5–CalB shown in Figure 1 (Subinya et al., 2014).
This value was chosen to ensure that a single phase bicontinuous
microemulsion would exist for every CalB concentration, thus
taking into account the development of the efficiency of
the microemulsion as a function of CalB concentration. In
calculating sample compositions, the density differences of H2O
and D2O as well as n-octane and d-octane were also taken
into account.

All samples were prepared on site and phase boundaries were
detected via visual inspection as a function of temperature. The
respective components were weighed into glass vessels within
an accuracy of ±0.0005 g, closed with a polyethylene stopper
and sealed with Parafilm. A thermostated water bath setup
consisting of thermostat (DC30, Haake, Germany), a precision
thermometer (GMH 3750, Greisinger, Germany), a magnetic
stirrer (HeiMix L, Heidolph, Germany), and a microscopy lamp
(Gerhardt Optik and Feinmechanik, Germany) was used to
obtain the phase boundaries. Phase transitions were determined
to an accuracy of±0.05◦C.

The lipase CalB was introduced into the microemulsion from
a concentrated stock solution of 100mg/ml enzyme in D2O/NaCl
solution and respective dilutions.

Different contrasts can be applied in neutron scattering by
selectively deuterating parts of the sample. In this study, we
measured the structure of the microemulsion in so-called “bulk
contrast,” where H2O has been replaced by D2O, the rest being
protonated materials. It provides contrast between the major
domains water and (surfactant+oil). The SANS experiments have
been performed in “bulk contrast.” For studying the membrane
dynamics with NSE, “film contrast” has been chosen, with
deuterated water, deuterated oil, and protonated the surfactant,
providing contrast between the surfactant membrane and its
environment. The enzyme was protonated in all cases. All
experiments have been done close to the X-point of the phase
diagram to ensure that temperature shifts due to deuteration
are properly taken into account; the phase boundaries for
each sample have been determined on site with the actual
sample. After the determination of the phase boundaries, the
samples were transferred into 2 mm Quartz cuvettes for NSE
or 1 mm Quartz cuvettes for SANS measurements. Table 1

shows the respective sample measurement temperatures that
were interpolated from the location of the phase boundaries as
determined on site.
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TABLE 1 | Temperature conditions of the experiments.

Lipase CalB (mg/ml) TSANS (◦C) TNSE (◦C)

0 35.2 35.5

10 33.3 33.6

50 28.3 30.0

100 24.0 24.5

4.2. Small Angle Neutron Scattering
SANS measurements were performed on the small angle
scattering instruments KWS-1 (Feoktystov et al., 2015;
Frielinghaus et al., 2015) and KWS-2 (Radulescu et al.,
2015) at the high flux neutron source FRM II (Garching,
Germany). Scattering curves were determined at three
different sample/detector (6Li-Scintillator 1 mm thickness
+ photomultiplier) distances of 2 m, 8 m, and 20 m accessing
the q-range covering the structure peak followed by the Q−4

decay. Scattering measurements were performed at a neutron
wavelength of λ= 4.7 Å (Dornier velocity selector, FWHM 10%).
Quartz cuvettes of 1 mm in diameter (Hellma, Mülheim/Baden,
Germany) were mounted on a thermostated sample holder.
This sample thickness ensures that at the used wavelength
multiple scattering effects play only a minor role in determining
the structural parameters of the microemulsion (Frielinghaus,
2018). The temperature was operated by remote control to
allow temperature-dependent measurements. Calibration
measurements (empty cell, water, and plexi-glass) were carried
out to adjust the spectrometer parameters. The raw data for the
two detector distances were joined and the scattering signals
were converted to absolute intensity using the supplied on-site
software qtiKWS and qtiSAS. The resulting scattering curves
were fitted to the Teubner–Streymodel using Sigma Plot.

4.3. Neutron Spin-Echo Spectroscopy
In neutron spin-echo spectroscopy, the polarization state of a
polarized neutron beam after quasi-elastic scattering at a sample
is analyzed. The magnetic moment of the neutrons associated
with the neutron spin is utilized to control and manipulate their
Lamor precession in magnetic guiding fields prior and after the
sample. The obtained polarization signal can be related to the
Fourier transform of the dynamic structure factor S(Q,ω), which
is the intermediate scattering function S(Q, τNSE). The Fourier
time τNSE is a parameter depending on the neutron wavelength
and the integral of the magnetic field along the neutron path. It
has the dimension of time. During a measurement, the Fourier
time is varied by changing the magnetic field. Experimental
details are well-described in the literature and we refer to a series
of papers describing method and instrumentation (Hoffmann,
2014; Pasini et al., 2019; Zolnierczuk et al., 2019).

Neutron spin-echo measurements were carried out on the
small angle spin-echo spectrometer J-NSE located at the NL2a
neutron guide of the high flux neutron source FRMII (Garching,
Germany)(Holderer et al., 2008). The normalized intermediate
scattering functions S(Q, τNSE)/S(Q, 0) were measured in a
momentum transfer range of Q = 0.05–0.2 Å-1 using neutron

FIGURE 2 | Small angle scattering data of the bicontinuous microemulsions
from the ternary system H2O/NaCl–n-octane–pentaethylene glycol
monodecylether (C10E5 ) with different amounts of lipase Candida antarctica B
(CalB). The data were shifted by a factor of 10 for better visibility.

wavelengths of 8, 10, and 12 Å exploring a Fourier time window
of τNSE = 0.08–120 ns. However, here we focus on an analysis
of the short time dynamics. Therefore, we restrict the measured
data to Fourier times of up to 40 ns. The sample temperature
was adjusted in a thermostated bath according to the previously
determined phase behavior. The samples were prepared in film
contrast and measured in Hellma Quartz cells of 2 mm thickness.
The film contrast allows for thicker samples, and multiple
scattering plays only a minor effect due to the weaker contrast
and due to the circumstance that multiple incoherent scattering
quickly depolarizes the beam.

5. RESULTS

The aim of the presented study is to investigate the influence
of the lipase CalB on the bending elasticity of a bicontinuous
microemulsion with neutron scattering techniques. The
symmetric microemulsion (with the same amounts of water and
oil) was always held in the right temperature where it forms a
sponge phase. The surfactant concentration was kept constant.
Only the concentration of the lipase was varied as the main
question, which shall be addressed here.

5.1. Determination of the Bending Elasticity
Constant With SANS
Figure 2 shows small angle scattering curves obtained for
bicontinuous microemulsion samples containing no enzyme
(reference, 0 mg/ml) and 10, 50, or 100 mg/ml of the lipase CalB.

All scattering curves show the characteristic plateau region in
the low Q-range followed by the broad structure peak and the
steep decay with a Q−4 dependence of the scattered intensity in
the high Q-range. The solid lines are fits to the Teubner-Strey
model, which describes the scattering around the structure peak.
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TABLE 2 | Parameters obtained from small angle neutron scattering (SANS) and phase diagram measurements: Correlation length and domain size determined from
SANS experiments and deduced bending rigidity κSANS, saddle-splay modulus κ̄0,Phase from the phase diagram, and κ̄0,SANS from SANS as well as κ0,SANS|NSE from SANS
and neutron spin echo (NSE) measurements as lined out in Holderer et al. (2013).

Lipase CalB ξTS DTS κSANS κ̄0,Phase κ̄0,SANS κ0,SANS κ0,NSE

(mg/ml) (Å) (Å) (kBT) (kBT) (kBT) (kBT) (kBT)

0 146 286 0.43 −0.69 −0.82 0.85 0.87 ± 0.03

10 140 276 0.43 −0.73 −0.79 0.84 0.92 ± 0.03

50 131 270 0.41 −0.69 −0.75 0.82 0.96 ± 0.02

100 124 256 0.41 −0.66 −0.72 0.80 1.03 ± 0.02

The statistical errors from the fits were ≈ 1 Å for d and ξ , and 0.01 kT for the bending rigidities determined from SANS measurements.

FIGURE 3 | Semi-logarithmic representation of the normalized intermediate scattering functions S(Q, τNSE)/S(Q, 0) obtained at momentum transfer values Q = 0.05,
0.08, 0.12, 0.15, 0.18, 0.21, and 0.24Å-1 (from top to bottom). A bicontinuous microemulsion in film contrast with four enzyme concentrations of 0 mg/ml (A), 10
mg/ml (B), 50 mg/ml (C), and 100 mg/ml (D) was measured. The solid lines are fits to the data according to Equation (5).

The Porod contribution at high-Q is included into the model
(Frank et al., 2007):

I(Q) =

(

ITS(Q)+
G erf12(1.06QRg/

√
6)

1.5Q4R4g

)

exp(−σ 2Q2)+ Ibgr

(10)
It is Rg the radius of gyration, σ a surface roughness parameter,
and G the amplitude of the Porod scattering contribution. The
calculated values of ξTS and DTS are summarized in Table 2.
Within the accuracy of the fit routine, no significant dependence
of the values was observed when the concentration of CalB was
increased up to 100mg/ml.

Following Safran and Pieruschka, the renormalized bending
elastic constant κSANS can be calculated from DTS and ξTS by
applying Equation (4). Since the addition of CalB did not affect
the structural parameters, the calculated values for κSANS remain
constant as a function of CalB concentration.

5.2. Determination of the Bending Elasticity
Constant From NSE
Figure 3 shows a set of normalized intermediate scattering
functions S(Q, τNSE)/S(Q, 0) in semi-logarithmic representation.

The data were measured with the bicontinuous microemulsions
prepared in film contrast where in addition to the deuterated
water phase also the oil phase was deuterated. As for the
SANS measurements, CalB concentrations of 0 mg/ml (a), 10
mg/ml (b), 50 mg/ml (c), or 100 mg/ml (d) in deuterated
sodium chloride solution were used. At low Q values, the
curves show a partial decay. At larger Q, the curves fully
decay to zero level within the observed Fourier time window.
This is the general behavior observed for all measured
lipase concentrations.

Usually, intermediate scattering functions measured with
bicontinuous microemulsions are fitted with a combination
of the stretched exponential accounting for the membrane
undulations and a single exponential term including the
collective hydrodynamic motions into the analysis. This
collective dynamics is measured by dynamic light scattering
in an additional independent experiment (Hellweg et al.,
2001; Wellert et al., 2010; Klostermann et al., 2012). Here,
we choose a different approach. At large Q, the diffusive
component from large-scale density fluctuations may be
neglected, because the Q3 dependence of the membrane
fluctuations dominates at large Q over the Q2 dependence
of the density fluctuations. A numerical computation routine
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FIGURE 4 | Comparison of the normalized intermediate scattering functions
S(Q, τNSE)/S(Q, 0) measured at Q = 0.05Å-1 and Q = 0.18Å-1 for all enzyme
concentrations in semi-logarithmic representation. In the low Q-range,
corresponding to length scales close to 2π/Qmax, no significant difference in
the decay rates is visible while at length scales much smaller than 2π/Qmax the
decay of the intermediate scattering function slows down with increasing
enzyme concentration. Solid lines are fits according to Equation (5). Additional
dashed lines in the right image show fitting results with a fixed amplitude of
S(Q, τNSE)/S(Q, 0) = 1, while the solid line uses this amplitude as additional
free fitting parameter.

of S(Q,τNSE) was previously developed to avoid further
approximations and complementary measurements:

S(Q, τNSE) ∝
∫ 1

0
dµ

∫ R

0
dr rJ0

(

Qr
√

1− µ2
)

exp

(

−
kBT

2πκ
Q2µ2

∫ kmax

kmin

dk

k3

(

1− J0(kr)e
−ω(k)t

)

)

(11)

which includes three nested integrals and the Bessel function of
order 0 J0(kr). The integration limits are set by the maximum and
minimum values of the system length scales. Here, the lowest
wavevector kmin is related to the maximum real space value
rmax = 2π/kmin, with kmin = 2π/ξ and the upper limit kmax

is given by kmax ≃ 2π/a. Bending rigidity was used as free
parameter and at Q > 0.18Å-1 the amplitude becomes less
than one due to background effects. Therefore, the amplitude
normally fixed to 1 due to the normalization of S(Q, τNSE)/S(Q, 0)
was also used as free parameter. For a more detailed description
of this numerical fitting approach, we refer to the literature
(Mihailescu et al., 2001).

For sake of comparison, in Figure 4 the curves measured
at two Q values are plotted for the four CalB concentrations.
At Q = 0.05Å-1, no significant difference in the decay of
S(Q, τNSE)/S(Q, 0) is visible. At Q = 0.18Å-1, a splitting occurs
indicating a slight slowing down of the relaxation with increasing
concentration of CalB.

FIGURE 5 | Bending rigidity constant κ0 obtained from fitting Equation (5) to
the normalized intermediate scattering functions shown in Figure 1 for four
samples with different lipase concentrations. Results from neutron spin echo
(NSE) measurements are compared with the resulting values from analyzing
the small angle neutron scattering (SANS) data.

6. DISCUSSION

In Figure 5, the bending rigidities κ0,SANS and κ0,NSE obtained
from the fits to the SANS and NSE data are plotted as
a function of the CalB concentration in the deuterated
aqueous phase.

These results agree with previous theoretical and experimental
work leading to the expectation of κ0 ≈ 1kBT for bicontinuous
microemulsions. Without the addition of CalB, for the host
microemulsion the SANS and NSE measurement yield κ0,SANS ≈
κ0,NSE, which illustrates that the determination of the bending
elasticity constants is independent from the method. After
the addition of CalB, the values of κ0,SANS slightly decrease
from 0.85 to 0.8 kBT when more CalB was added. However,
κ0,NSE significantly increases from 0.9 to 1.1 kBT for the same
concentrations of CalB.

SANS measurements time-average different configurations of
a fluctuating and highly flexible sample structure over a time
period of a few minutes. Usually, this counting time is required
to achieve a sufficient signal to noise ratio of the recorded 2D
scattering pattern.

In contrast to this, in soft matter samples, NSE inherently
measures thermal fluctuations in the nanosecond time range at
lengths up to a few ten nanometers.

In case of bicontinuous microemulsions, a SANS
measurement averages innumerable topological arrangements of
the highly flexible amphiphilic interfacial layer while NSE detects
undulations and height fluctuations of this interface.
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FIGURE 6 | Schematic of the enrichment and exchange of Candida antarctica
B (CalB) in the amphiphilic interface of a bicontinuous microemulsion with the
surfactant layers and the aqueous phase (light blue) and the oil phase (yellow).
The lipase CalB is assumed to reside temporarily at the interface. A fraction of
the macromolecules is able to detach and return to the aqueous phase (in light
blue). At the same time, the opposite process might take place to some
extend (sizes of the surfactant and enzymes are not fully to scale).

The lipase CalB consists of hydrophilic and hydrophobic
parts. Hence, it is very likely that CalB can reside in the
interfacial layer and act as a cosurfactant or amphiphilic
block-copolymer. In this case, it is entirely possible that CalB
changes the bending elasticity of the interface. Following the
preceding argumentation, with SANS the time and space
averaged bicontinuous structure was probed where CalB is either
solubilized in the aqueous phase or resides as a cosurfactant or
block-copolymer inside the amphiphilic interface. Moreover,
if there were exchange processes, i.e., adsorption and
desorption, between the aqueous phase and the interfacial
layer, the SANS measurement includes an averaging of the
two states.

The NSE measurement mainly detects fluctuations of the
interface in presence of CalB. An effective increase of κ0,NSE
would result if CalB adsorbed to the interfacial layer causes a
stiffening of the interface. However, in light of the phase studies,
the local interfacial stiffening may be counterbalanced by an
increasing amount of CalB in the water phase of the bicontinuous
microemulsion that may induce a counter osmotic pressure as
already discussed previously (Kabalnov et al., 1994; Subinya
et al., 2014). Figure 6 sketches the presumed adsorption and
desorption process of CalB at the interface.

This argumentation is in line with the previous publication
showing that with increasing CalB concentration the
concentration of both, the enzyme in the water phase and
at the interface, increases (Subinya et al., 2014). Similar effects
have also been observed in gradient polymers incorporated
into microemulsion membranes, where the anchor point of
the polymer may slide through the membrane and hence also
lead to a variety of conformations on long length scales while
being in one distinct conformation on the nanosecond time
scale (Klemmer et al., 2017a,b). The enzyme modifies the
bending rigidity and hence the free energy of the membrane,
similarly as has been observed with the incorporation of diblock
copolymers (Mihailescu et al., 2001) or the above-mentioned
gradient polymers.

Contrary, in SANS and NSE measurements on the enzyme
DFPase incorporated into the aqueous phase of a sugar
surfactant-based microemulsion, there was no different behavior
of the two bare bending elasticities. This spherically shaped
enzyme shows no amphiphilicity and remains in the aqueous
phase (Wellert et al., 2011). In conclusion, the results presented
in the present paper in light of the previous phase studies
allow for the following interpretation. Adding the lipase CalB
to the water phase of a microemulsion of type H2O/NaCl–n-
octane–C10E5 appears to induce two effects. First, the efficiency
of the microemulsion runs through a maximum with the
efficiency at high CalB concentrations leading to a decrease in
efficiency even below the blank microemulsion, i.e., without
CalB addition. Second, despite the efficiency running through
said maximum value, the values of κ0,NSE significantly increase
from 0.9 kBT to 1.1 kBT for the same concentrations of CalB.
While this appears to be counterintuitive at first, it is noted
that both phenomena do not necessarily have to correlate as
the underlying effects are different. While the observed trend
in the efficiency may be attributed to an increase in osmotic
pressure as a result of an increasing presence of CalB in the
water phase, the significant increase in κ0,NSE may be attributed
to an increasing presence of CalB in the interfacial layer. Due
to presumably fast adsorption and desorption processes, this
effect can only be observed by NSE that provides access to the
nanosecond time range at lengths up to a few ten nanometers.
Consequently, if viewed locally, an increasing concentration
of CalB in the water phase may also lead to an increase in
bending stiffness, however, on a local scale in the vicinity
of the adsorbed enzyme. The effect of CalB on the pure
(NSE) bending rigidity seems to be especially pronounced
already at low concentrations of CalB, if saturation effects
occur and the change in κ is slowed down with increasing
CalB concentration remains speculative with the present set of
experiments. Keeping these two effects in mind, the application
of CalB-catalyzed reactions involving non-natural substrates may
thus be determined by a counterbalance between efficiency and
interfacial access of the lipase. While solubilization of a non-
natural substrate is a matter of efficiency, yield on the other
hand may be a matter of interfacial access. Future investigation
would need to show as to whether efficiency or interfacial access
should be preferred in lipase-catalyzed reactions involving non-
natural substrates.

7. CONCLUSION

In this study, we have studied how the introduction of the lipase
CalB alters the bending elastic properties of the amphiphilic
interface in a bicontinuous microemulsion of the ternary system
D2O/NaCl–n-(d)-octane–pentaethylene glycol monodecyl ether
(C10E5). We have determined the renormalized bending elastic
constant κ0 using two scattering techniques. We determined
κ0,SANS from SANS and κ0,NSE from NSE.

The results of both types of measurements show differences
when the concentration of CalB is increased up to 100 mg/ml.
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While no significant influence of adding CalB to the aqueous
phase of the microemulsion is observable for κ0,SANS, κNSE
increases when the concentration of CalB rises. This indicates
a stiffening of the amphiphilic interface. We attribute this
effect to an increasing adsorption of CalB at the amphiphilic
interface of the bicontinuous microemulsion. The difference
between the structural parameters extracted from SANS on
longer times and from NSE, detecting the local short time
fluctuations, suggests that the lipase CalB temporarily adsorbs
to the interface. We assume the respective residence time to
be longer than the typical observation time of NSE of a few
10 ns. The complex situation of this dynamical equilibrium
with the lipase being partly adsorbed at the membrane for
some time, partly dissolved in the aqueous phase, with the
details of the interaction of the lipase with the membrane not
exactly known, requires more investigations, for example with
molecular dynamics simulations, to shed more light into the
lipase-membrane interaction.

The results from NSE experiments are in line with previous
results (Klemmer et al., 2017a,b), suggesting that the approach
of measuring the elastic constants at different time scales leads
to information on the interaction of the additives with the
microemulsion membrane. In the case of lipase CalB, the
residence time at the membrane at the oil–water interface might
be an important parameter for catalytic activities, in particular
regarding non-natural substrates.
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This perspective describes advances in determining membrane protein structures in lipid

bilayers using small-angle neutron scattering (SANS). Differentially labeled detergents

with a homogeneous scattering length density facilitate contrast matching of detergent

micelles; this has previously been used successfully to obtain the structures of membrane

proteins. However, detergent micelles do not mimic the lipid bilayer environment of the

cell membrane in vivo. Deuterated vesicles can be used to obtain the radius of gyration of

membrane proteins, but protein-protein interference effects within the vesicles severely

limits this method such that the protein structure cannot be modeled. We show herein

that different membrane protein conformations can be distinguished within the lipid

bilayer of the bicontinuous cubic phase using contrast-matching. Time-resolved studies

performed using SANS illustrate the complex phase behavior in lyotropic liquid crystalline

systems and emphasize the importance of this development. We believe that studying

membrane protein structures and phase behavior in contrast-matched lipid bilayers

will advance both biological and pharmaceutical applications of membrane-associated

proteins, biosensors and food science.

Keywords: self-assembly, peptide structure, membrane protein, lipid cubic phase, small-angle scattering

INTRODUCTION

Integral and peripheral membrane proteins play an important role in signal transduction, solute
transport, energy conversion and charge separation in eukaryotic and prokaryotic cells (Gaur and
Natekar, 2010). Such membrane proteins are also important drug targets, with more than half of all
pharmaceutical compounds on the market targeting membrane proteins (Service, 2014). There are
significant experimental challenges with determining membrane protein structures in their native
state due to their limited solubility in water. Membrane protein structures should, therefore, ideally
be investigated within a native lipid bilayer environment. Although some studies have used vesicles
to investigate membrane proteins in a lipid bilayer environment, most studies to date have focused
on using detergent micelles which do not effectively mimic the lipid bilayer. In this perspective we
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describe advances in membrane protein structure determination
in detergent micelles as well as vesicles. These studies
are compared with new data obtained using bicontinuous
cubic phases.

Bicontinuous cubic phases, formed via lipid self-
assembly, consist of a single lipid bilayer convoluted over
three-dimensional space and subdividing space into two
interpenetrating aqueous networks. The lipid bilayer adopts
the shape of a theoretical surface of zero mean curvature,
but with a continually varying Gaussian curvature which is
everywhere non-positive (Luzzati et al., 1968). The three known
bicontinuous cubic phases are based on the Schoen gyroid (G)
minimal surface, the Schwartz primitive (P) minimal surface,
and the Schwartz diamond (D) minimal surface, and are denoted
QG
II , Q

P
II, and QD

II , respectively. The bulk bicontinuous cubic
phases, which have the form of a viscous sticky gel, may be
dispersed into sub-micron particles known as cubosomes, which
must be sterically stabilized against flocculation via the addition
of a polymer-based stabilizer, such as Pluronic F127 (Barriga
et al., 2019; Fornasier et al., 2020). The elegant, bilayer-based,
amphiphilic nanostructure of the cubic phase provides an ideal
matrix for the encapsulation of transmembrane and membrane-
associated proteins and peptides with a wide range of molecular
masses (Conn and Drummond, 2013). Water-soluble proteins
may also be encapsulated within the aqueous networks. The
main applications of the bicontinuous cubic phases, including as
drug delivery vehicles (Zhai et al., 2019), biosensors (Vallooran
et al., 2016) and matrices for membrane protein crystallization
(Caffrey, 2009), depend on their properties, such as the ability
to encapsulate hydrophobic and hydrophilic moieties, large
surface-area, biocompatibility, and retention of functionality for
encapsulated proteins.

Encapsulation of a specific protein can impact the underlying
cubic nanostructure depending on a range of factors including
the charge on the protein and geometric mismatch between
the protein and the aqueous channel diameter (for water
soluble proteins) or bilayer thickness (for membrane-associated
proteins) (Angelova et al., 2012; van ’t Hag et al., 2016b, 2017b;
Meikle et al., 2017). For water-soluble proteins or peptides,
encapsulation may be quantified by separating the bulk cubic
phase, or cubosomes, from the surrounding aqueous phase
via centrifugal filtration. Loading efficiency may be calculated
by using UV absorption to determine the peptide or protein
concentration in the filtrate. For poorly water-soluble peptides,
either the insoluble precipitate, or the loaded cubosomes, may
be analyzed to determine the peptide loading. Encapsulation
efficiencies of up to 90 mol% have been measured for smaller
peptides, such as some antimicrobial peptides (Conn et al., 2011;
Boge et al., 2019). In contrast, for larger proteins, such as GPCRs,
the underlying cubic nanostructure may be completely disrupted
at low protein concentrations of <3 mol% (Conn et al., 2010).

The lipid bilayer structure of the bicontinuous cubic phase
can provide an ideal matrix for structure determination
in a more biomimetic environment compared to detergent
micelles. Neutron scattering with contrast-variation allows for
the isolation of scattering from individual components within a
complex system of protein, lipid(s), and solvent (water or buffer).

The neutron scattering contrast can be varied over a wide range
using the difference in neutron scattering length density (SLD)
between hydrogen and deuterium. Isotopic substitution of this
type usually has small but volume fraction defined effects on
the phase diagram of lipid mesophases in water (Vandoolaeghe
et al., 2009b; Bremer et al., 2017; Bryant et al., 2019). The
effects for hydrogens which take part in hydrogen bonding, e.g.,
water (Takahashi and Jojiki, 2017) are more complex (Bryant
et al., 2019) but may also account for small shifts in the phase
boundaries.We describe how this has been used to study proteins
in detergent micelles and vesicles and show that this has now
been successfully applied to study peptide structures in contrast-
matched lipid cubic phases. Advances in using SANS for time-
resolved studies will also be discussed.

MEMBRANE PROTEIN STRUCTURES IN
LIPID MEMBRANES

Detergents
Early attempts to study membrane proteins with contrast-
matched detergent micelles were performed on rhodopsin
in the 1970s (Osborne et al., 1978). Since that time, this
approach has been used to study the structure of other
membrane proteins (Breyton et al., 2013; Naing et al., 2018),
however, these studies tended to focus on the radius of
gyration and oligomeric state of the proteins. More recently,
structural work on membrane proteins showed how the use of
differentially labeled detergents with a homogeneous scattering
length density allowed for superior contrast-matching of the
detergent micelle; consequently, the scattering curves were a
more faithful representation of the isolated membrane protein
(Midtgaard et al., 2018). At the same time, approaches are being
developed to model the protein structure and the detergent
micelles from SANS or SAXS (Pérez and Koutsioubas, 2015;
Koutsioubas, 2017), but the impact remains modest, largely due
to the difficulties involved in working with membrane proteins.
Additionally, as detergent micelles do not mimic the lipid bilayer
environment of the cell membrane in vivo, the structure and
function of membrane proteins can be significantly affected in a
detergent environment (Bayburt and Sligar, 2010; Breyton et al.,
2013).

Vesicles
SANS has also been used to study membrane protein assemblies
and, in particular, oligomerization in liposomes (Hunt et al.,
1997). In this case, liposome polydispersity must be accounted
for which is a significant challenge. Fitting of a membrane
associated protein with vesicles was, for example, modeled using
five parameters: liposome radius, lipid thickness, lipid bilayer
SLD, protein thickness and protein SLD. Relative differences in
conformation could be detected using this method (Satsoura
et al., 2012; Heberle et al., 2013). In another study, results were
mainly focused on changes in the lipid bilayer thickness and
not the protein structures (Gilbert et al., 1999). In recent years
there has been significant progress in modeling complex phase-
behavior, such as the formation of lipid rafts in lipid-only vesicles
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using SAXS and SANS (Marquardt et al., 2015; Heberle and Pabst,
2017).

Protein-protein interference effects due to the structure
factor caused by the large number of protein monomers per
vesicle are a significant limitation when studying membrane
proteins reconstituted in vesicles. For bacteriorhodopsin the
radius of gyration was obtained in contrast-matched vesicles of
dimyristoylphosphatidylcholine (DMPC-d67-h5). However, the
study indicated that only a limited q-region (0.01–0.05 Å−1)
was free from interference effects (Hunt et al., 1997). While
the limited q-range allowed for determination of the radius
of gyration, it was not possible to obtain the detailed protein
conformation which relates to its function. Ab initiomodeling of
membrane protein structures in a lipid bilayermembrane has had
limited success to date (Breyton et al., 2013; Skar-Gislinge et al.,
2015).

Cubic Phases
Membrane protein encapsulation can also be studied using the
lipid self-assembly bulk bicontinuous cubic phase, which has a
significantly higher surface area to volume ratio compared to
vesicles. This affords the significant advantage that large amounts
of protein can be encapsulated, increasing the neutron scattering
signal. To prepare the bicontinuous cubic phases, lipid (50–80%
v/v) is typically mixed with membrane protein solution (50–20%
v/v) in detergent. For this preparation method, there is no point
where the protein is completely separated from the detergent
micelle or lipid bilayer (van ’t Hag et al., 2017a).

Herein, we present new data where hydrophobic peptides are
directly mixed with lipid without the need to use detergents.
We have recently shown that deuterated lipids can be used
to contrast match the lipid membrane to D2O, in order to
isolate the scattering from the peptides. This can be used to
retrieve the Bragg peaks from the cubic phase geometry due
to the scattering of the homogeneously encapsulated peptides
in the contrast-matched membrane (van ’t Hag et al., 2016a,
2019). For gramicidin A in the lipid cubic phase of monoolein
(MO), an increase in Bragg peak intensity was found with
increasing peptide concentration (van ’t Hag et al., 2019). In
contrast, the cubic phase formed by the branched chain lipid
phytanoyl monoethanolamine (PE) showed Bragg peaks at low
peptide concentrations, but limited WALP21 and WALPS53
encapsulation at high concentrations (van ’t Hag et al., 2016a,b).
This can be explained by the significantly higher lateral bilayer
pressure in the case of PE bilayers and illustrates the importance
of the physicochemical properties of the membrane.

Herein, we extend this work by investigating the peptide
structures of Gramicidin A (gA) and WALPS53 in the contrast-
matched cubic QII phase of MO (M-MO) (Figure 1). gA can
appear in two different conformations in a lipid bilayer: as
a helical dimer (PDF ID: 1MAG, Figure 1D) and/or as a
double helix (PDB ID: 1BDW, Figure 1E). The time-of-flight
SANS data, as collected during a single measurement of each
sample and scaled to peptide concentration, was in excellent
quantitative agreement with the gA form factor of a mixture of
helical dimer and double helix (Figures 1A,B). An approximately
equal contribution of each structure is in agreement with what

was found using circular dichroism spectroscopy of gA in the
diamond cubic QD

II phase of MO (Meikle et al., 2017). The
simulated form factor data was obtained using CRYSON (v 2.7)
(Svergun et al., 1998), using the gA structures (PDB ID: 1MAG
and PDB ID: 1BSW), assuming a D2O solvent concentration of
100%, and setting the contrast of the solvation shell to 0. The
form factors from CRYSONwere multiplied byNA/Mw × 10−24,
permitting direct comparison with SANS data on an absolute
scale normalized by peptide concentration.

The model peptide WALPS53 consists of two transmembrane
α-helices [amino acid sequence GWW-(LA)7L-WWA] bound by
a short hydrophilic domain [amino acid sequence S(RS)5]. In
the cubic phase of MO with a water channel diameter of ∼50
Å, the WALPS53 hydrophilic domain, with a length of ∼46 Å
(based on a distance of 3.5 Å between α-carbons) (van ’t Hag
et al., 2016b), would be able to bridge the water channels based
on geometrical considerations. The two peptide conformations
investigated are therefore (i) one where the transmembrane α-
helices are present as a dimer (Figure 1F) and (ii) another where
the structure is fully extended (Figure 1G). A model structure of
theWALPS53 dimer was generated using the iTasser server (Yang
et al., 2015), while the extended structure was generated from
that dimer by manually rotating the C-terminal helix (S30-A53)
around residue R29 by an angle of ∼180◦ using PyMol (Version
1.2r3pre, Schrödinger, LLC). This simple two state model allows
for comparison of the two extreme conformations: extended vs.
compact. We note, however, that in the extended conformation
the two helices are expected to be able to move freely around
the linker region. The form factors for the fully extended
and compact structures were calculated for each structure as
described above for gA. The SANS data with two different peptide
concentrations showed that the peptide is present as a dimer in
the gyroid cubic QG

II phase at 0.2 and 0.4 mol% and 35% v/v
D2O. The data for WALPS53 are noisier than data for gA due to
the significantly lower peptide concentrations which also resulted
in a narrower available q-range after subtraction. Nevertheless,
the SANS data shows good quantitative agreement with the
simulated form factor of the dimeric form of the peptide as
predicted by the iTasser server.

DISPERSED CUBIC PHASES FOR
THERAPEUTIC PROTEIN DELIVERY

It was recently shown that the internal structure of cubosomes
(dispersed cubic phases) can also be contrast-matched (Yepuri
et al., 2019). These nanoparticles can be used for the delivery
of therapeutic and antimicrobial peptides, imaging agents and
hydrophobic drugs (Mulet et al., 2013; Zhai et al., 2015).
Polymeric stabilizers, such as Pluronic F127 and Tween 80, used
to prevent aggregation of the cubosomes are known to affect the
internal cubic phase nanostructure. For phytantriol cubosomes,
deuterated phytantriol was used to prove that Tween 80 was
distributed throughout the internal lipid bilayer network and not
just on the surface, which led to a phase transition to the more
swollen and less curved primitive cubic QP

II phase (Yepuri et al.,
2019). This demonstrates that SANSwith contrast-matched cubic
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FIGURE 1 | (A–C) SANS data showing H-MO and peptide encapsulation in 92% D-MO/8% H-MO (M-MO) at a range of peptide concentrations at 20◦C in D2O.

(A,B) Gramicidin A (1.9 kDa) concentrations reflect 1.6, 3.1, and 5.3 mol% with respect to MO and at 40% v/v D2O: diamond cubic QD
II phase. (C) WALPS53 (5.9

kDa) at 0.2 and 0.4 mol% with respect to MO and at 35% v/v D2O: gyroid cubic QG
II phase. The SANS data was treated by first subtracting the MO cubic phase as

background, then scaled to peptide concentration, and then a further incoherent background was subtracted. The calculated form factors were obtained using

CRYSON. (D–G) were created using PyMOL and show cartoon representations of the secondary structures with side-chains shown as lines. They were obtained

using PDB ID (D) 1MAG: helical dimer and (E) 1BDW: double helix. (F) WALPS53–1 dimer as generated using the iTasser server (Yang et al., 2015) and (G)

WALPS53–2 (extended version of WALPS53–1).

phases can also be used to study dispersed cubic phase systems,
and opens up the possibility to study release of bioactives from
cubosome nanoparticles using this technique.

TIME-RESOLVED STUDIES ON
MULTI-COMPONENT SYSTEMS USING
SANS

The non-destructive nature of the neutron beam makes SANS
suitable for in situ kinetic studies. We describe how this has
been used to study lyotropic liquid crystalline systems to date,
and could be used in the future, to study the kinetics of
hybrid protein-lipid materials. Kinetic studies are of fundamental
importance for understanding what happens during delivery and
digestion of therapeutic proteins (Conn and Drummond, 2013;
Mulet et al., 2013), enzymatic reactions in lipid phases for use
as biosensors and biofuel cells (Nazaruk et al., 2008; Vallooran
et al., 2016), and during in meso crystallization of membrane
proteins for high-resolution structure determination (Cherezov,
2011; van ’t Hag et al., 2014; van ’t Hag et al., 2019; Caffrey, 2015;
Zabara et al., 2017).

SAXS and SANS have commonly been used to study the phase
transitions and geometric pathways between lyotropic liquid
crystalline phases formed by a single amphiphile/surfactant in
water (Hamley et al., 1998; Angelov et al., 2007; Vandoolaeghe
et al., 2009a; Squires et al., 2015; van ’t Hag et al., 2017b),

whereby X-ray studies have a much higher time resolution but
are limited by radiation damage and a single contrast. In 2000
it was reported that a significant increase in the neutron flux
and detector size enabled time-resolved studies of relatively fast
surfactant phase transitions in solution, elucidating the transition
from micelles to vesicles as well as nucleation and growth of
oil droplets with measurement times of 30 s (Egelhaaf et al.,
2000). Additionally, hydrogels, polymer systems, emulsions, and
surfactant lamellar phases are examples of systems that have
been studied under flow, using Rheo-SANS. Bulk surfactant
lamellar phases were suggested to form multi-lamellar vesicles
under shear via intermediate cylinders or buckling. Currently
most Rheo-SANS measurements focus on a time average and the
ensemble structure formed by a single amphiphile (Eberle and
Porcar, 2012). It was suggested that studying transient structural
reorientation of complex fluids requires powerful neutron
sources and techniques, but that multicomponent systems and
contrast-matching will become invaluable for understanding
the relation between the rheological properties and membrane
structure by using new sources, such as the European Spallation
Source and new techniques including examination of steady
perturbed states (Glinka et al., 2020).

Angelov et al. used a combination of SANS and SAXS to show
that the cubic phase behavior of the ternary system consisting of
MO, water and octyl glucoside (OG) undergoes phase separation.
At low temperatures the swollen cubic phases were found to
have OG encapsulated within the lipid bilayer. In contrast, when
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heated to higher temperatures the OG molecules were suggested
to be released into the aqueous water channels (Angelov et al.,
2007; Angelova et al., 2011). Additionally, using SAXS the
protein neurotrophin was found to impact the curvature of
MO-eicosapentaenoic-water cubic phases within milliseconds,
leading to a hydrated mixed QD

II/Q
G
II shell connected to a lamellar

core phase (Angelov et al., 2014). Multi-phase liquid-crystalline
nanoparticles with the cubic phase forming lipid MO have
also been observed in a ternary mixture with capric acid and
water (Killian, 2003). Recently, the complex phase behavior
resulting from the interactions of silica nanoparticles with a
ternary water-oil system was extensively studied using SANS
with contrast-variation. Nanoparticles were found to aggregate
at domain boundaries which led to a change in the liquid
crystalline domain size (Marlow et al., 2019). In the case of
triphilic star-polyphiles, hybrid double chain surfactants with a
hydrocarbon and fluorocarbon chain, contrast-variation SANS
was successfully used to show that the membrane was fully
de-mixed into hydrocarbon and fluorocarbon domains in the
hexagonal phase, demonstrating more complex phase behavior
than that found in amphiphiles (de Campo et al., 2011).

Using the contrast-matched MO cubic phase we were able
to follow the in meso crystallization of the biologically relevant
transmembrane peptides glycophorin A (GpA) (Trenker et al.,
2015) and DAP12 (Knoblich et al., 2015) using SANS. Peptide
crystal growth was directly related to a significant decrease in
form factor scattering intensity of the peptides. For DAP12 a
transient fluid lamellar Lα phase was observed. In contrast, for
GpA the lamellar crystalline Lc phase of the peptide single crystals
was observed. This suggested that the specific mechanism is
peptide and protein dependent (van ’t Hag et al., 2019). This
was the first time in meso crystallization was studied from the
protein-eye perspective as previous studies using SAXS and
SANS without contrast-matching focused, by necessity, on the
lipid phase (Efremov et al., 2005; van ’t Hag et al., 2016c; Zabara
et al., 2017).

DISCUSSION

We have described current progress on the use of detergent
micelles and vesicles to determine membrane protein structures.
To date, neither of these environments have proved wholly
successful in determining membrane protein conformations in a
lipid bilayer environment. While membrane protein studies with
phospholipid nanodiscs have recently gained a lot of attention
(Bayburt and Sligar, 2010; Skar-Gislinge and Arleth, 2011) we
note that they face significant challenges with regards to contrast-
matching, mainly due to the use of an encircling helical protein
belt that keeps the nanodiscs together. The new data presented
herein, to the best of our knowledge, represents the first time
that specific membrane protein conformations were determined
in contrast-matched bicontinuous cubic phases using SANS. This
is a promising approach for studying membrane proteins that
are too small for structural studies with Cryo-EM (<100 kDa)
(Cheng, 2018) and too large for NMR (>25 kDa) (Liang and
Tamm, 2016).

We suggest that the use of contrast-matched cubic phases,
as presented herein, is also suitable for investigating the
structures of large and complex membrane proteins. Membrane
proteins may be reconstituted directly into the cubic phase
from a solution with deuterated detergents. Alternatively, the
use of 100% D-MO (rather than 92% D-MO and 8% H-
MO as presented herein) and H-detergent will also lead to
contrast-matched cubic phases. Furthermore, swollen cubic
phases could be employed for membrane proteins with a
large hydrophilic domain (Zhai et al., 2020). The complex
phase behavior in lyotropic liquid crystalline systems is evident
in time-resolved studies and emphasize the importance of
this development.

The use of SANS with contrast-matching has the potential
to further advance our understanding of encapsulated proteins
and other additives in lyotropic lipid cubic phases. Many
questions remain, such as do large amphiphilic proteins
encapsulate within the cubic phase water channels or
in the cubic phase domain boundaries? How do protein
molecules from several cubic phase domains feed the protein
crystals during in meso crystallization? How do the lipid
bilayer physicochemical properties affect protein structures
(Frewein et al., 2016)? How can we improve the use of lipid
nanoparticles with therapeutic peptides for oral delivery by
studying digestion of the protein-lipid materials? Therapeutic
peptides have shown to be a promising treatment for cancer,
viral infections as well as multi-drug resistant bacterial infections
(Walsh, 2014). However, their effective delivery remains
a challenge.

Additionally, protein and peptide interactions with the cell
membrane are of significant importance for pharmaceutical
applications with more than half of all drugs on the market
targeting membrane proteins (Service, 2014). Biological
cell membranes consist of hundreds of different lipids and
display complex phase behavior (Sarkar et al., 2019). We
believe that studying membrane protein structures and phase
behavior in contrast-matched lipid bilayers will advance
biological and pharmaceutical applications, biosensors and
food science. Combined with recent advances in chemical
and biological deuteration, neutron scattering technology
and instrumentation we expect a bright future for this
research field.

MATERIALS AND METHODS

Materials
H-MO, gramicidin from Bacillus aneurinolyticus,
hexafluoroisopropanol (HFIP) and methanol-d1 (MeOD)
was purchased from Sigma Aldrich (St Louis, MO). Hamilton
syringes were obtained from Hamilton Company (Reno,
NV) and syringe couplers from TTP Labtech (Cambridge,
MA). WALPS53 with >95% purify was purchased from
CS Bio, Inc. (Menlo Park, CA, USA) and mass and
purity were confirmed (van ’t Hag et al., 2016b). The
synthesis of D-MO was described in a previous publication
(van ’t Hag et al., 2019).
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Sample Preparation
Initially, the exchangeable hydrogens of H-MO and D-MO
were exchanged for deuterium using MeOD. Homogeneous
peptide/lipid mixtures were obtained by co-dissolving the
peptide with the appropriate H/D-MO mixture: gA with H/D-
MO was dissolved in 260 µL MeOD or WALPS53 was dissolved
in 100 µL HFIP, and then mixed with H/D-MO in 160 µL
MeOD. While in the gA samples the hydrogens remained
fully exchanged, the co-solvation process for WALP53 led to
an exchangeable H/D ratio of ∼1:4. Most of the solvent was
evaporated using a stream of N2, followed by freezing in liquidN2

followed by lyophilizing overnight. D2O was loaded into the first
100µL Hamilton syringe, the second syringe was loaded with the
peptide/lipid mixture after it was molten at 40◦C. Samples were
mixed at 35% v/v or 40% v/v D2O.

Small-Angle Neutron Scattering (SANS)
SANS measurements were performed on BILBY at the ANSTO
OPAL reactor in time-of-flight mode using neutrons with
wavelengths between 3 and 12 Å (Sokolova et al., 2019; van
’t Hag et al., 2019). The sample detector distances were 1.8m
(horizontal curtains), 2.8m (vertical curtains) and 6.0m (rear).
The collimation length was 6.7mm and a sample aperture of
7.5mm was used. Using the Mantid software (Arnold et al.,
2014) the data was put on absolute scale using a direct beam
measurement and corrected for scattering contributions from
the background.
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Data Analysis and Background
Subtraction in Neutron Spin Echo
Spectroscopy
Ingo Hoffmann*

Institut Laue-Langevin, Grenoble, France

With the constantly improving performance of neutron spin echo (NSE) spectrometers it
becomes possible to perform measurements on increasingly complex samples and to
study more and more delicate effects. To properly study such effects, proper background
correction becomes increasingly important. In this paper, we will review different methods
to subtract the buffer from NSE measurements and study the effect of small errors in the
subtraction of the background. In the large dynamic range of modern neutron spin-echo
spectrometers multiple effects become visible in a single measurement. Specifically, for
vesicles both membrane undulations and translational diffusion have an effect on the
intermediate scattering function in the NSE time window and here, we will investigate how
taking this into account differently affects the results obtained from data analysis.

Keywords: neutron spin echo, membrane dynamics, phospholipid, neutron scattering, quasielastic scattering,
vesicles

1 INTRODUCTION

After the invention of neutron spin echo (NSE) spectroscopy by Mezei [1] in 1972 it took more than
another decade before the technique was used to study membrane dynamics, at first using droplet
microemulsions [2]. Later, bicontinuous microemulsions [3] and lipid bilayers [4] were studied. The
development of the Zilman-Granek model [5], adapting a model for semi-flexible polymers by Farge
and Maggs [6] for the two dimensional case of bilayers and starting from a Helfrich bending
Hamiltonian [7] meant a major breakthrough for the field as it managed to explain the anomalous
scaling of the relaxation rate Γ∝ κ−1/2 and the stretched exponential shape of the intermediate
scattering function with a stretch exponent of 2/3 that was found soon after the publication of the
paper in many membrane systems by NSE and dynamic light scattering (DLS) [8–10]. The
expression for the normalized intermediate scattering function reads

SZG(q, t) � exp( −(ΓZGq3t)2/3) (1)

with the modulus of the scattering vector q, Fourier time t and

ΓZG � 0.025c

����
kBT
κ

√
kBT
η

, (2)

where kB is the Boltzmann constant, T is the temperature, η is the viscosity, κ is the bending rigidity
and c ≈ 1 for κ/kBT > > 1.

Since then, membrane dynamics have become one of the major subjects studied by NSE. As an
admittedly somewhat random example, in the last proposal round 2019, a little less than 40% of all
proposals submitted for the NSE spectrometer IN15 [11] at the Institut Laue-Langevin were related
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to the study of membrane dynamics. Another (less random) example
is the number of citations of papers mentioning NSE and membrane
dynamics from the Web of Science core collection (November 2020)
which has increased by almost a factor 30 between 2000 and 2020,
accounting formore than 15%of all the citations of papersmentioning
NSE compared to less than 2% in 2000.

It was realized early on that bending rigidities obtained from
fitting the Zilman-Granek model to NSE data are usually too high
by about a factor 10 [12, 13] while values obtained from DLS give
reasonable values [8]. The simplest remedy for this problem is to
use a higher effective viscosity (typically ηeff � 3η) and attribute
the discrepancies to internal dissipation in the membrane. Seifert
and Langer [14] found that at the length and time scale of NSE it
is not a simple bending mode but a combined bending-stretching
mode that is observed with an effective bendig rigidity

~κ � κ + 2d2k, (3)

with the monlayer elastic area compressibility modulus k and the
height of the monolayer neutral surface from the bilayer
midsurface d. Fortunately, the compressibility modulus of the
bilayer Ka is proportional to the bending rigidity [15].

Ka � 24κ
d2bilayer

, (4)

which is related to k for a symmetric bilayer by Ka � 2k [16] even
though others claim to have found Ka � k [17]. The factor 24 in Eq. 4
stems from treating the chain entropy of the lipids as short polymers in
non-coupling monolayers ignoring van der Waals interactions or
effects from the headgroup. This yields excellent results in treating data
frommicropipette suction [15] but different theoretical treatments can
lead to factors between 4 and 48 [18] instead of 24 in Eq. 4 depending
on the level of coupling between the monolayers and the distribution
of lateral pressure across the membrane. The remaining parameter in
Eq. 4 dbilayer is the mechanical thickness of the bilayer. For saturated
and monounsaturated it can be replaced by the thickness of the
hydrophobic part of the bilayer, but deviations are observed for more
complicated bilayers such as systems with polyunsaturated lipids [15]
or bilayers with cholesterol [19]. Inserting Eq. 4 in Eq. 3with Ka � 2k
gives

~κ � κ + 24(d/dbilayer)2, (5)

where the exact value of d is not known but is commonly assumed
to be between 0.5 and 1 times the monolayer thickness [20, 21].
Watson and Brown [20] have shown that Eq. 5 can simply be
used in the framework of the Zilman Granekmodel replacing κ by
~κ which simply leads to a different prefactor in Eq. 2. The current
consensus is to use a value of 0.0069 instead of 0.025 [22] which is
close to the commonly used three times higher effective viscosity
and corresponds to setting d at

������������������(0.025/0.0069 − 1)/24√ · 2 � 0.66
times the hydrophobic monolayer thickness. Different prefactors
were used in different papers and Table 1 in the review by Gupta
et al. [23] gives a comprehensive overview. However, it should be
kept in mind that these prefactors are merely the result of
matching values obtained from NSE measurements by fitting
Eq. 1 with values from other methods.

Another complication comes from the fact that in the derivation
of the approximate form of the Zilman-Granek model in Eq. 1 an
averaging over the wavelengths of the undulations has to be
performed. Monkenbusch et al. [13] have shown for length and
time scales relevant for microemulsions that the explicit length
scale influences the result when explicitly evaluating the nested
integrals that are otherwise approximated to give Eq. 1.

Given these uncertainties in the theoretical treatment, the
prefactor in Eq. 2 should be considered as a simple fudge factor
and for a relative comparison between data from structurally
similar vesicles Eq. 1 is perfectly sufficient as long as care is taken
not to over interpret absolute values of κ.

This paper can not and will not try to resolve all the
aforementioned theoretical uncertainties but focus on the effect
of the exact fitting procedure of the data. While many publications
simply fit data with Eq. 1, diffusion of vesicles certainly has an
influence on the intermediate scattering function and in Section 2
we will investigate how values of κ are influenced by different
methods of taking into account translational diffusion. In addition
it will be investigated how the use of the explicit form of the
Zilman-Granekmodel as inMonkenbusch et al. [13] influences the
obtained results on length scales relevant to lipid vesicles.

In Section 3 the effect of the background subtraction will be
examined in detail. While the details of the procedure for the
subtraction of the background are comparably unimportant as
long as the data is simply analyzed by fitting a single stretched
exponential it becomes increasingly important as more subtle effects
are investigated as for example thickness fluctuations [22, 24, 25] or
short range motions of the lipids in the membrane [26, 27].

All of this is done in the hope that it will allow to extract more
robust information from NSE experiments, which may in turn
help to further develop the underlying theory.

2 DATA ANALYSIS

A closer look at Eq. 1 reveals that the q3 dependence of the
undulation mode is merely the result of keeping the q
dependence of the relaxation rate in the parentheses with the 2/3
exponent and Eq. 1 could equally well be rewritten as SZG �
exp(−Γ2/3ZGq

2t2/3) which shows a q2 dependence just like simple
diffusion. Therefore, observing a q3 dependence when fitting Eq. 1
does not unambiguously verify the validity of the Zilman-Granek
model and the telltale sign is in fact the stretched exponential shape
of the curve. Looking at the first derivative of Eq. 1

S′ZG(q, t) � −2/3 exp( −(ΓZGq3t)2/3)2/3(ΓZGq3)2/3
t1/3

(6)

and comparing it to the derivative of the simple exponential
describing diffusion (Sdiff (q, t)′ � −Dq2exp(−Dq2t), with
diffusion coefficient D) it is clear that at short times the decay
is much steeper for a stretched exponential contribution
following the Zilman-Granek model than for simple diffusion
because of the t1/3 term in the denominator of Eq. 6 which also
ensures that at long times the simple exponential will eventually
decay faster. Figure 1) shows the ratio between the slopes of the
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Zilman-Granek stretched exponential and the simple exponential
of translational diffusion using typical values both forD and ΓZG. A
diffusion coefficient of 0.2 Å2/ns corresponds to a hydrodynamic
radius RH � kBT/(6πηD) � 100 nm at room temperature in D2O
and ΓZG � 5 Å3/ns, using the usual prefactor 0.0069 corresponds to
a bending rigidity of 26 kBT which is a reasonable value for a
phospholipid bilayer. It can be seen that the ratio quickly drops to
values on the order of two or less already below 100 ns. In practice,
on IN15 a q value of 0.05 could be measured with a neutron
wavelength of 13.5 Å, which would allow to reach almost 500 ns,
0.1 1/Å could be measured at a wavelength of 10 Å which would
allow to reach fourier times up to almost 200 ns and q � 0.2 1/Å has
to be measured using 6 Å neutrons, which would allow to measure
Fourier times up to almost 50 ns. In any case, while the initial decay
is dominated by the Zilman-Granek contribution, near the end of
the Fourier time range the ratio of decays has dropped to values
close to one and it is clear that the contribution from translational
diffusion can not be neglected in the analysis of the data. From
Figure 1 it might seem as if the Zilman-Granek contribution would
be the least visible at high q. However, at higher q, the intermediate
scattering function has already mostly decayed during the initial
fast decay as can be seen in Figure 2.With the values used here, SZG
has already decayed to about 0.2 while Sdiff ∼ 0.8, still. In practice
such a high q value can result in somewhat lengthy acquisition
times, since the formfactor of the vesicle has mostly decayed.

Let us now turn our attention to a practical example. Fluid
phase phosphatidylcholine (PC) vesicles with a radius of about
100 nm at a lipid concentration of 2 mg/ml have been measured
at IN15. Fitting a simple exponential to determine an apparent
diffusion coefficient (S(q, t) � A exp(−Dappq2t)) (equivalent of
fitting a simple Lorentzian to determine a linewidth in S(q,ω))
gives fairly constant values of Dapp (see Figure 3) and does not
give a q3 dependence. In fact values slightly decrease with

increasing q as the dynamic window of the measurement
increasingly covers the long t part of the curve with its slow
decay. Upon closer inspection, a small dip can be seen at 0.09 1/Å
which might stem from correlations between membranes
resulting in de Gennes narrowing [28] (D(q) � D0/S(q), with
the static structure factor S(q))), which would imply that a few
vesicles are not entirely unilamellar. At the lowest q, a slight
increase in Dapp can be seen. This behavior can be observed quite
frequently in NSE data, when only a relatively weak decay of S(q, t)
takes place in the NSE time window and the curves are not
perfectly normalized to 1. Here, the curve for 0.029 1/Å does not
decay below 0.8 and only has a value of 0.98 at the shortest times
(see Figure 4). This effect is mostly taken into account by applying

FIGURE 1 | Ratio between the slope of the Zilman-Granek stretched
exponential (see Eq. 6) and the derivative of simple exponential for diffusion
with parameters typical for fluid phase lipid vesicles. Only at short times the
contribution from diffusion is negligible.

FIGURE 2 | Intermediate scattering functions for diffusion (Sdiff(q, t), full
lines) and membrane undulations (SZG(q, t), dashed lines) using parameters
indicated in the graph. Diffusion gives a non-negligible contribution.

FIGURE 3 | Apparent diffusion coefficient obtained from fitting NSE data
of 100 nm vesicles (2 mg/ml) with a simple exponential. The value is too large
for simple diffusion, but no q3 dependence is present.
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a prefactor to the exponential as additional fit parameter as has been
the case for the determination of Dapp but becomes more severe
without as can be seen in Figures 5 and 6. Looking at the curves in
Figure 4 it is clear that S(q, t) is not a simple exponential and the values
for Dapp in Figure 3 are too large for the simple diffusion of a vesicle
with a 100 nm radius, so it can be concluded that we are in fact
observing membrane dynamics. Fitting Eq. 1 to the data yields values
of ΓZG on the order of 5 Å3/ns (see Figure 5), realistic values of the
bending rigidity, which is however no surprise at all, since the
prefactors were chosen such that they give reasonable values.

The simplest way to include diffusion in the fit is by
multiplication of the diffusion term with the Zilman-Granek
expression:

S(q, t) � exp(−Dq2t)exp( −(ΓZGq3t)2/3). (7)

Fitting two fairly similar relaxation rates which only differ in
the exact shape of the curve is fairly difficult. Therefore, D should
be known from an independent measurement such as DLS. Using
D � 0.208 Å2/ns a value of ΓZG � 3 Å3/ns is obtained which would
correspond to a fairly high κ � 73 kBT , which again is by no
means surprising since the prefactor was chosen such that it
would yield reasonable values of κ in fits without diffusion and
adding a second dynamic contribution obviously leads to a
decrease of the relaxation rate of the other.

The undulation motion of the membrane has a limited
amplitude and consequently its visibility depends on q.
Therefore, it is in principle necessary to include an
amplitude a(q):

S(q, t) � exp(−Dq2t)((1 − a(q)) + a(q)exp( −(ΓZGq3t)2/3)),
(8)

where Eq. 7 is the special case where a � 1. Unfortunately, Eq. 8
inflates the number of fit parameters but conceptionally κ should
be q independent and using a single κ for all q values reduces the

number of fit parameter to a reasonable value. Performing the fit
on the data in Figure 4 results in the amplitudes shown in
Figure 6 and ΓZG � 12 Å3/ns, which is much higher than the value
obtained by simply fitting Eq. 1 due to the reduced contribution
of the Zilman-Granek term.

The Milner-Safran model [29] describes membrane
fluctuations for small microemulsion droplets [30] and
provides an explicit expression for the amplitude. Mell et al.
[31] have tried to apply Zilman-Granek model but using the
amplitudes from the Milner-Safran model. They found rather
mediocre agreement between theory and data. The problem
might result from the fact that in the Millner-Safran theory a
sphere is expanded in spherical harmonics to describe the
fluctuations. This requires some excess area, relative to a
perfect sphere, which minimizes the surface to volume ratio
and the volume is conserved since the material can not be
exchanged on the nanosecond time scale of the undulations.
The longest undulation wavelength corresponds to half the
circumference of the sphere and with equipartition the
amplitude of that mode (n � 2) is given by Eq. 6 of Schneider
et al. [32].

〈U2〉 � kBT
16κ

R2 (9)

which gives
�����
〈U2〉

√ � 5.6 nm for κ � 20 kBT and R � 100 nm
which in turn would result in unreasonably large excess areas and
therefore, it is safe to assume that long wavelength undulations
are not present in a real phospholipid vesicle system as predicted
by the Milner-Safran theory.

This raises another interesting question. What is the range of
undulation wavelengths that is actually relevant for NSE
measurements of lipid vesicles? Half the vesicles circumference
is an upper limit which is most likely not reached due to the lack
of excess area in the vesicles. To satisfy equipartition, long
wavelength undulations need rather large amplitudes, which

FIGURE 4 | Intermediate scattering function of the same vesicles as in
Figure 3 with different fits: Dashed lines: Eq. 8, full lines: Eq. 7, dotted lines:
Eq. 1. All fit functions yield reasonable fits.

FIGURE 5 | ΓZG obtained from fitting Eq. 1 (black circles) and Eq. 7 (red
squares) to the vesicle data. Including diffusion leads to systematically lower
values.
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results in a strong deformation of the vesicles from their ideal
spherical shape and increases the surface to volume ratio. Since
the volume of the vesicles is conserved over the nanosecond
timescale of the undulations some excess surface are is needed to
perform undulation motions [29] and the amount of excess area
that would be needed for the long wavelength undulations with
their large amplitudes may not be available in practice.
Monkenbusch et al. [13] mapped the parameter space but in a
range more relevant to microemulsions by evaluating the
complete expression of the Zilman-Granek expression:

s(q, t) ∼ ∫​ 1

0
dμ∫ ​ Rmax

0
drJ0(qr �����

1 − μ2
√ )

× exp(−kBT
2πκ

q2μ2∫ ​ kmax

kmin

dk
1 − J0(kr)exp( −κ/(4η)k3t)

k3
) (10)

where J0 is the 0 order Bessel function, Rmax is the maximum
length scale, related to the minimum undulation wavevector
kmin � 2π/Rmax and the maximum wavevector is given by a
cut-off length on the order of the molecular length which has
relatively little influence on the result. Figure 7 compares the
result for Eq. 1 and 10 for q � 0.05 1/Å, κ � 20 kBT with different
Rmax. It can be seen that Rmax does have an influence on the
intermediate scattering function. The result from Eq. 1 falls right
between Rmax � 100 and Rmax � 150 which is not too far from the
maximum length πR in typical vesicles, which are usually between
50 and 100 nm in radius. In the future, it might be interesting to
investigate vesicles of different sizes. However this might be
challenging since smaller vesicles are difficult to produce and
larger vesicles tend to be unstable. While Eq. 10 is still
computationally expensive due to the nested integrals, with
modern computers it is possible to use Eq. 10 as a fit
function. For example, the curves in Figure 7 were calculated
with 128 points on a 2016 MacBook Pro in about 30, 9 and 2 s for
Rmax 150, 100 and 50 nm using not particularly optimized C code.

A more a fundamental problem is that either κ or Rmax should be
known to fit the other.

3 BACKGROUND SUBTRACTION

As new experiments are looking for increasingly subtle effects in
membranes using NSE, such as thickness fluctuations of the
membrane [22, 25] or short scale motions of lipids [26] a
careful background subtraction becomes increasingly important.

Background correction in NSE [33] is greatly complicated by
the fact that the incoherent scattering process changes the
polarisation of the beam to -1/3 of its initial value [34]. As a
result the shape of the background can be a rather complicated
combination of coherent and incoherent dynamics with an
amplitude of opposite sign (see Figure 8).

In addition scattering from the instrument itself contributes
a mostly elastic signal. This complicated shape of the
background sets a high-q limit for the measurement of
coherent dynamics in aqueous solution by NSE. The form
factor typically decays as q−4 at high q while the incoherent
scattering coming mostly from the background has a constant
intensity with q and the subtraction of a background with a
complicated shape from a weak signal quickly starts requiring a
level of precision which would make acquisition times
prohibitively long. As a rule of thumb, the coherent signal
should ideally be noticeably higher than the incoherent
signal. As long as it is on the same order of magnitude,
measurements start becoming lengthy but are still feasible.
With the intensity of deuterated buffer, and typical
concentrations of lipid vesicles, this means that anything
above 0.2 1/Å becomes extremely lengthy to measure.

After correcting for resolution effects [35] the non-normalized
intermediate scattering function of a sample with coherent
intensity Icoh and incoherent intensity Iinc will give

FIGURE 7 | S(q, t) calculated using Eq. 10 with different Rmax (full lines)
and Eq. 1 (dashed blue line, using κ not ~κ) using parameters indicated in the
graph. The maximum length scale clearly has an effect on S(q, t).

FIGURE 6 | Amplitude a(q) obtained from fitting data shown in Figure 4
to Eq. 8with ΓZG as shared parameter (dashed lines). Leaving a(q) free it takes
values significantly smaller than 1.
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s(q, t) � Icohfcoh(t) − 1/3Iincfinc(t), (11)

where f � 1 at t � 0. This signal is normalized by the difference of
the polarized intensity in up and down direction with Iup � Icoh +
1/3Iinc and Idown � 2/3Iinc so that the normalized intermediate
scattering function reads

S(q, t) � Icohfcoh(t) − 1/3Iincfinc(t)
Icoh − 1/3Iinc . (12)

A few remarks on Eq. 12 are in order. If the decay rate of finc is
higher than that of fcoh and Iinc is sufficiently large relative to Icoh,
S(q, t) can have values larger than 1. If both the nominator and
denominator in Eq. 12 are negative, their negative signs will
cancel out and incoherent scattering will appear as a relaxation
with a positive amplitude. There can be fast dynamics, mostly in
the background, which prevent the curve from tending to one
within the dynamic window of the measurement.

While it is possible to directly subtract the transmission
weighted background measurement directly from the
individual detector images that are afterward used to
calculate the echo, this requires the phase of the echo to be
extremely stable [36]. Therefore, the standard procedure on
IN15 is to calculate s(q, t) for sample and background
individually and subtract the background echo from the
sample echo to obtain the background corrected non-
normalized intermediate scattering function

scor(q, t) � ssample(q, t) − Tsbsbkg(q, t), (13)

where Tsb is the transmission of the sample relative to the
background. For normalization the transmission weighted up

and down intensities of the background measurement are
subtracted from the up and down intensities of the sample

Scor(q, t) � scor(q, t)
Icoh,sample − 1/3Iinc,sample − TsbIcoh,bkg + 1/3TsbIinc,bkg

.

(14)

Assuming that ssample(q, t) contains coherent and incoherent
contributions from the background (solvent and instrument) and
from the part we are interested (e.g., vesicles), then

ssample(q, t) � Icoh,vesfcoh,ves(t) − 1/3Iinc,vesfinc,ves(t)
+ Tsb(Icoh,bkg fcoh,bkg(t) − 1/3Iinc,bkg finc,bkg(t)), (15)

and the subtraction according to Eq. 13 eliminates all background
contributions but leaves both fcoh,ves(t) and finc,ves(t) untouched.
However, assuming that both show the same time dependence,
which should be valid at large q, the incoherent contribution from
the relevant part of the sample manifests simply as a reduction of
the amplitude of the signal, which normalization according to Eq.
14 should take care of as long as the condition Icoh,ves −
1/3Iinc,ves ≠ 0 is fulfilled. Otherwise no signal can be detected.
This procedure is generally quite robust but has its limitations as
soon as the background contains several contributions with
different phase, in which case the background should be
subtracted detector image by detector image. This background
subtraction procedure also delicately depends on both correct
values of the transmission and the ratio of coherent to incoherent
scattering. With aqueous samples, this can easily lead to some
small inaccuracies since it is almost inevitable that the D2O of the
solvent exchanges with H2O in the surrounding air. The degree of
exchange can easily be slightly different between sample and
background, for example because the background sample was
prepared in a larger container than the other samples and
standing open for longer during the preparation of the other
samples using solvent from that container. If the sample
compound itself contains a large number of exchangeable
hydrogen atoms, it can even be advantageous to deliberately
add H2O to the background sample to match the coherent to
incoherent ratio in the solvent of the sample [37]. Even if the
samples and their background have been prepared with greatest
care, there can still be small effects frommultiple scattering which
lead to a slightly increased apparent incoherent background.
Following Eq. 33 from Shibayama et al. [38] with 2 mm
sample thickness and assuming a relatively high concentration
of 1 v% hydrogenated material (for which for simplicity we take
the cross section of H2O) results in a correction on the order of
0.005, which may still be important but typically, imperfections in
the normalization stemming from sample preparation are on the
order of a few percent.

Instead of subtracting a completely measured curve sbkg(q, t) in
Eq. 13, in some situations it can be advantageous to subtract a
curve that is the result of a fit to sbkg(q, t). If the shape is known
and simple enough, it can save quite some time to only measure a
few Fourier time points of sbkg(q, t) and fit the rest of the
expression. To give an example, fully deuterated polymer
melts show an essentially flat background with fast dynamics

FIGURE 8 | Intermediate scattering function of vesicles at low
concentration (∼1 mg/ml) at q � 0.1 1/Å, background corrected with directly
subtracted background (green diamonds), background corrected with fitted
background (purple triangles), without background correction (red
squares) and the corresponding background that was subtracted from the
sample to give the background subtracted data sets (black circles, black line:
double exponential fit) with fast incoherent dynamics at short times, which are
still visible in the background corrected sample and background correction
could not fully account for it.
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that are not in the timewindowofNSE. Even if the full curve has been
measured, it can be preferable to use a fitted background to avoid
extra noise from a noisy background measurement. On the other
hand, one runs the risk of introducing artifacts by using an
oversimplified fit function for the background. Sometimes, even a
double exponential fit can fail to capture all subtleties of the
background. To the author’s experience, it is generally preferable
to measure the full background curve, whenever possible. After all, a
fitted background can still be used after measuring the full curve,
while the opposite case is more difficult. In Figure 8 both versions of
background subtraction are shown. Since the double exponential fit
(black line) nicely describes the measured background, there is not
much of a difference between the two versions of background
correction, except for the third to last point, which is artificially
high in the green curvewhere the backgroundwas directly subtracted,
since the same point seems somewhat low in the measured
background and the background fit straightens out this artifact.

The intricate details of background subtraction do not matter
too much as long as the signal from the sample is large compared to
the background. Unfortunately, some of the most interesting
phenomena are best seen where the intensity is weak. Both shape
fluctuations of microemulsion droplets [30, 39] and thickness
fluctuations of membranes [22, 24, 25, 40] are best seen in their
respective form factor minima. The result of an imperfect background
subtraction usually is a curve that does not have an amplitude of
exactly one together with a slight increase or flattening of S(q, t) at
short times, which is the result of a not perfectly subtracted incoherent
contribution. Fitting such a curve with an amplitude fixed at 1, can
lead to too high relaxation rates (seeFigures 5 and 6), while leaving the
amplitude as a free fit parameter leads to larger error bars and can
potentially result in too low fitted relaxation rates.

Another kind of phenomenon where careful background
subtraction is crucial are the short length scale motions
observed by Gupta et al. [26], where a different exponent x in
the evolution of the mean square displacement 〈R2〉 �
−6 ln(S(q, t))/q2 ∼ tx at short times is attributed to an
anomalous local motion of the head groups. Instead of x � 1
for diffusion or x � 2/3 for undulations a smaller value of 0.26 is
found. This is an extremely subtle effect that prevails up to about
〈R2〉 � 10 Å2 which implies a decay of S(q, t) at 0.15 1/Å from one
to about 0.96. To complicate things more, imperfect background
subtraction would have the exact same effect on the 〈R2〉 with an
intercept that is not exactly one and some residual incoherent
contribution from the background, which slows down the decay
of S(q, t) at short times. The curve in Figure 9 (left) is not brought
up to exactly one at short times but only to about 0.95, converting
to 〈R2〉 shows a small scaling exponent x at short times even after
background subtraction. However, the contribution has almost
disappeared when brute force renormalising S(q, t) with a factor
1/0.96. This shows that it is extremely difficult to differentiate
such effects from an imperfect background subtraction.

4 CONCLUSION

In this paper the effect of background subtraction and data
treatment on the information that can be gained from neutron
spin echo (NSE) experiments on bilayers was discussed. The
diffusion of typical lipid vesicles with radii between 50 and
100 nm as they are used in NSE experiments to investigate
membrane dynamics does have an effect on the time and
length scale covered by modern NSE spectrometers.

FIGURE 9 | Left: Short time range of S(q, t) from the same vesicle sample as in Figure 4 at q � 0.11 1/Å with logarithmic x-axis, the same color code as in the right
hand panel applies. Right: Mean square displacement calculated from the curves on the left. The black line shows scaling with t2/3 as expected for the Zilman-Granek
model. The Background corrected sample does not exactly go up to one at short times (left). As a result a scaling with low scaling exponent x appears at short times in
〈R2〉 (right). This behavior disappears when brute force renormalizing the curve with a factor 1/0.96 which ensures that the curve starts at 1 (left) and 〈R2〉 scales
as t2/3 even at the shortest time (right).
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As long as vesicles of the same size and therefore same diffusion
coefficient are compared, it is not strictly necessary to include
translational diffusion in the analysis but it should be kept in mind
that the absolute values of the bending rigidity that are obtained
from the data without taking into account diffusion have only a
limited significance. Unfortunately, the renormalization factors
that are currently in use are based on data that was analyzed
without diffusion to give values of the bending rigidity that agree
with values obtained from other methods. If diffusion is taken into
account when fitting data, there is still uncertainty concerning the
value of the amplitude a(a) in Eq. 8. Depending on whether it is
fixed at one or left as a free parameter in the fit, the apparent value
of the bending rigidity can change in either direction compared to
the case without contribution from diffusion.

Nevertheless, as soon as bending rigidities from vesicles with
different radii are compared it is advised to include a contribution
from diffusion. Given the similar time scales, the diffusion coefficient
should be obtained from an independent measurement such as DLS,
which has its intricacies as well, since in the relatively concentrated
samples used in NSE, the diffusion coefficient obtained at low q by
DLS is most likely affected by de Gennes narrowing [28]
(D(q) � D0/S(q), with the static structure factor S(q)) while it is
(almost) not in the NSE q range. Therefore, the diffusion coefficient
should ideally be determined in a dilute sample. If this is not possible,
the effect of de Gennes narrowing can either be calculated from a
measured structure factor (e.g., by SANS), simply be estimated from
a suitable model or D can be calculated via the Stokes-Einstein
equation from a size measured by SANS or another suitable
technique. While this helps in making values obtained from
vesicles with different sizes comparable, it still does not prevent
the obtained values from being unreliable as far as their absolute
values are concerned and given both the experimental uncertainties
concerning the exact fitting procedure and the theoretical
uncertainties concerning exact prefactors in the equations used
for fitting, we will probably have to accept that we can only have
a reliable relative comparison. What would put NSE in a position to
provide reliable absolute values would be an expression for a(q),

which would allow to refine parameters from theory such as the
height of the neutral surface in Eq. 3.

While usually background subtraction is not discussed in too
much detail in NSE, it becomes increasingly important as more
subtle effects are being studied and incorrect background
subtraction and it was shown how imperfect background
subtraction can lead to artifacts.

All of this shows that there are some challenges ahead on the
way to gaining even more detailed information on membrane
dynamics from NSE measurements.
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Yeast Phosphatidylcholine and
Bacterial Phosphatidylglycerol Lipid
Multilayers by Neutron Diffraction
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Eukaryotic and prokaryotic cell membranes are difficult to characterize directly with
biophysical methods. Membrane model systems, that include fewer molecular species,
are therefore often used to reproduce their fundamental chemical and physical
properties. In this context, natural lipid mixtures directly extracted from cells are a
valuable resource to produce advanced models of biological membranes for
biophysical investigations and for the development of drug testing platforms. In this
study we focused on single phospholipid classes, i.e. Pichia pastoris phosphatidylcholine
(PC) and Escherichia coli phosphatidylglycerol (PG) lipids. These lipids were
characterized by a different distribution of their respective acyl chain lengths and
number of unsaturations. We produced both hydrogenous and deuterated lipid
mixtures. Neutron diffraction experiments at different relative humidities were
performed to characterize multilayers from these lipids and investigate the impact of
the acyl chain composition on the structural organization. The novelty of this work resides
in the use of natural extracts with a single class head-group and a mixture of chain
compositions coming from yeast or bacterial cells. The characterization of the PC and PG
multilayers showed that, as a consequence of the heterogeneity of their acyl chain
composition, different lamellar phases are formed.

Keywords: natural lipids, lipid multilayers, neutron diffraction, Pichia pastoris, Escherichia coli, deuterated lipids

INTRODUCTION

In cell membranes, lipids are organized in a bilayer-like structure with their hydrophobic acyl chains
pointing towards each other and the polar headgroups exposed to the extracellular and cytoplasmic
aqueous media.Whereas both eukaryotic and prokaryotic cells are delimited by a cytoplasmic membrane,
their lipid composition is significantly different (van Meer and Voelker, 2008; Harayama and Riezman,
2018). In the eukaryotic plasma membrane, phospholipids and sterols are the main membrane
components (Maxfiled and van Meer, 2010), and among the phospholipids, phosphatidylcholine
(PC) is the most abundant (Harayama and Riezman, 2018). Among the prokaryotic cells, most of
the bacteria have only phospholipids as lipid components of their cytoplasmic membrane (Strahl and
Errington, 2017) andmore specifically phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) are
the most abundant (Romantsov and Wood, 2016).

Edited by:
Tommy Nylander,

Lund University, Sweden

Reviewed by:
Amiya Kumar Panda,

Vidyasagar University, India
Carmelo Corsaro,

University of Messina, Italy

*Correspondence:
Alessandra Luchini
a.luchini@nbi.ku.dk

Specialty section:
This article was submitted to

Physical Chemistry and
Chemical Physics,

a section of the journal
Frontiers in Chemistry

Received: 11 November 2020
Accepted: 01 February 2021
Published: 18 March 2021

Citation:
Luchini A, Corucci G,

Chaithanya Batchu K, Laux V,
Haertlein M, Cristiglio V and
Fragneto G (2021) Structural

Characterization of Natural Yeast
Phosphatidylcholine and Bacterial

Phosphatidylglycerol Lipid Multilayers
by Neutron Diffraction.

Front. Chem. 9:628186.
doi: 10.3389/fchem.2021.628186

Frontiers in Chemistry | www.frontiersin.org March 2021 | Volume 9 | Article 6281861

ORIGINAL RESEARCH
published: 18 March 2021

doi: 10.3389/fchem.2021.628186

55

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.628186&domain=pdf&date_stamp=2021-03-18
https://www.frontiersin.org/articles/10.3389/fchem.2021.628186/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.628186/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.628186/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.628186/full
http://creativecommons.org/licenses/by/4.0/
mailto:a.luchini@nbi.ku.dk
https://doi.org/10.3389/fchem.2021.628186
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.628186


The direct investigation of cell membranes has been limited by
their high level of complexity, which makes their isolation
difficult and prevents the implementation of the most
common biophysical methods (Seddon et al., 2004). For this
reason, most of the information available on the structure,
dynamics and function of biological membranes have been
obtained so far by using model systems that are characterised
by a considerably simpler lipid composition, typically 1–3
synthetic phospholipid species, and, therefore, are easy to
produce (Bagatolli et al., 2010; Mouritsen, 2011). In particular,
liposomes, supported lipid bilayers, lipid monolayers and lipid
multilayers are among the most common model systems for
studying lipid membranes in solution or at solid/liquid and
liquid/air interfaces (Katsaras and Gutberlet, 2001; Hardy
et al., 2013). They are also often used as platforms to
investigate the structure and function of membrane proteins
(Retel et al., 2017; Luchini et al., 2019) and to test the activity
of drugs (Seddon et al., 2009; Vitiello et al., 2015). These
applications prompted the design of more advanced model
membrane systems that better resemble the lipid composition
of real cell membranes, while still preserving the compatibility
with biophysical methods for their structural and dynamical
characterization. In particular, the extraction of lipids from
eukaryotic or bacterial cells, resulted to be a successful strategy
to produce membrane systems closer to real cell membranes
compared to the ones composed by the simpler synthetic lipid
mixtures (Lind et al., 2015; Himbert et al., 2017; Fragneto et al.,
2018).

In this context, we recently reported the production and
characterization of natural membranes composed of lipid
mixtures extracted from the yeast Pichia pastoris (de Ghellinck
et al., 2014; Gerelli et al., 2014; de Ghellinck et al., 2015; Luchini
et al., 2018; Luchini et al., 2020). The study of these lipid mixtures
is relevant for the general understanding of eukaryotic
membranes as well as for the development of lipid platforms
to investigate the activity of antifungal drugs (de Ghellinck et al.,
2015). More specifically, in one of our previous studies we
investigated the structure of lipid multilayers composed of the
total P.pastoris lipid extract by means neutron diffraction
measurements (Luchini et al., 2018). The P.pastoris total lipid
extract is a complex lipid mixture, including different
phospholipid species, i.e. different headgroup and acyl chain
composition, as well as sterols, i.e. ergosterol, steryl-esters, free
fatty acids and triglycerides. We compared the structure of the
multilayers prepared with the total lipid extract with that of
multilayers prepared with only the phospholipid extract from
P.pastoris (Luchini et al., 2018). The phospholipid extract still
contains several phospholipid species with different headgroup
and acyl chain composition. The collected neutron diffraction
data showed self-segregation of the lipids in regions of the
multilayers with different d-spacing, i.e. the characteristic
repetitive distance within the multilayer. This observation
suggested the coexistance of different lipid phases in both the
multilayer prepared with the total lipid extract and the
phospholipid extract. However, being these lipid extracts
characterized by both an heterogeneous composition of the
lipid headgroups and acyl chains, we were unable to identify if

both the headgroups and the acyl chains could induce the observed
lipid self-segregation. In these previous studies, neutron diffraction
experiments were performed on lipid multilayers prepared with
both hydrogenous and deuterated lipid extracts. Indeed, we
previously described the production of natural deuterated lipids
by growing P.pastoris cells in a deuterated culture media (de
Ghellinck et al., 2014). Deuterated lipids are valuable for the
investigation of biological membranes with neutron scattering
methods but also NMR and infrared spectroscopy. Indeed,
deuterated lipids can be used in mixtures with hydrogenous
compounds and exploit the contrast variation method that
allows highlighting the parts of interest of the system under
study. They can also be used instead of hydrogenous lipids to
improve signal to noise ratio.

In the present study, we continued our characterization of
lipid extracts from P. pastoris and more specifically we focused on
phosphatidylcholine (PC) lipid extracts. PC lipids are the most
abundant lipids in P.pastoris as well as in mammalian
membranes. The structure of multilayers prepared with these
PC extracts are presented here for the first time. The interest of
the study is that such extracts have a complex composition in
terms of acyl chains (Table 1 and Supplementary Material)
which enabled us to investigate the impact of the heterogeneous
acyl chain composition on the lipid self-segregation within a
multilayer. Neutron diffraction was used also in the present study
as characterization method for the investigation of multilayers
prepared with with hydrogenous or deuterated PC lipid extracts.
Drop casting of lipid solutions both in organic solvents or water
are the most common protocols for the preparation of lipid
multilayers for both X-ray or neutron diffraction studies
(Tristram-Nagle, 2007; Sironi et al., 2016). Indeed, they allow
lipid multilayers composed of 10–100 stacked bilayers to be
produced, which are the ideal samples for neutron diffraction
experiments in controlled humidty chambers. We tested and
compared these two preparation methods for the production of
lipid multilayers with PC-lipids. The collected data suggests that
the deposition of lipid vesicle suspension in water allowed for the
production of lipid multilayers that better resembled the
spontaneous lipid organization in aqueous solution.

TABLE 1 |Composition of different P.pastoris lipid extracts expressed as%mol of
the total lipids. The h-phospholipid and d-phospholipid extracts contain all the
phospholipids composing the total lipid extract. Their characterization and
composition analysis was previously reported (Luchini et al., 2018). In the E.coli
extracts, cyclo C17 and cyclo C19 acyl chains exhibit a cyclopropane ring in
their chemical structure.

P.Pastoris
Extracts

C16:
0

C16:
1

C16:
2

C16:
3

C18:0 C18:
1

C18:
2

C18:3

h-phospholipids 15.9 3.8 1.1 1.9 4.2 41.8 26.4 4.9
d-phospholipids 16.7 2.7 0.7 1.3 1.8 72.0 3.6 1.1
HPC 10.3 6.3 - - 20.4 32.1 24.1 6.8
DPC 9.4 17.3 - - 0.9 49.3 19.2 3.8

E. Coli
Extracts

C14:
0

C16:
0

C16:
1

C16:
2

cyclo
C17:0

C18:
0

C18:
1

cyclo
C19:0

HPG 5.1 39.7 3.5 2.4 18.7 1.9 6.2 22.4
DPG 6.1 45.7 4.1 1.2 25.8 0.9 7.1 8.9
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Recently, we also reported a protocol for producing
hydrogenous and deuterated lipid extracts from the bacterium
E.coli (Haertlein et al., 2016). Lipid extracts from E.Coli also
present a heterogeneous composition of the headgroups and acyl
chains. In the present study, we show for the first time the
preparation and characterization of the PG lipid extract from
E.Coli. PG lipids are among the most abundant lipids in the
bacterial cytoplasmic membrane. PG lipids have a different acyl
chain composition compared to the PC lipids extract from
P.pastoris and the investigation of the PG multilayer with
neutron diffraction allowed us to assess if also in this case
lipid self-segregation occurs. As for the PC-lipids, also the PG
lipids were produced and characterized in their hydrogenous and
deuterated version.

As a result, the hydrogenous and deuterated PCmixtures (hPC and
dPC) as well as the hydrogenous and deuterated PG mixtures (dPG
and hPG) were characterized by the coexistence of different lipid
phases within the multilayer. We hypothesise that, because of the
hydrophobicmismatch, the PC and PG lipids with short and long acyl
chains tend to separate into different regions of the multilayer, thus
originating different sets of diffraction peaks. The PG multilayers
exhibited larger d-spacing values than the PCmultilayers.We propose
that such difference is associated both to the different acyl chain
composition of the PC and PG mixtures as well as to the electrostatic
repulsion between the PG headgroups of consecutive bilayers.
Interestingly, both PC and PG extracts showed a slightly different
acyl chain composition in the deuterated lipid mixtures compared to
the hydrogenous ones. As a consequence, both the dPC and dPG
multilayers exhibited some structural differences compared to the hPC
and hPG multilayers, respectively. Altogether, we provide valuable
information for future application of the hydrogenous and deuterated
P.pastoris - PC and E.coli - PG lipid mixtures, for the development of
advanced models of biological membranes and potential drug testing
platforms.

MATERIALS AND METHODS

Chemicals
Cell culture reagents were purchased from Sigma Aldrich, France.
D8-glycerol was from Euriso-Top, France while dio-modified silica
column and thin layer chromatography plates (TLC) were
purchased from Macherey-Nagel, France. Organic solvents were
all HPLC grade, i.e. chloroform (CHCl3, ≥ 99.8% purity), ethanol
(CH3CH2OH ≥ 99.8% purity), acetone ((CH3)2O, ≥ 99.9% purity),
methanol (CH3OH, ≥ 99.9% purity) (hexane, ≥99.8% purity) and
deuterated water (D2O, ≥ 99.9% purity) were all purchased from
Sigma Aldrich and used without further purification.

Cell Culture
Hydrogenous and deuterated PC mixtures were extracted from the
methylotropic yeast P.pastoris, grown either in a hydrogenated or a
deuterated culture media, respectively while hydrogenous and
deuterated PG mixtures were extracted from E.coli cells grown into
a hydrogenated and deuterated culture media, respectively. The
culture conditions for P.pastoris and E.coli are extensively
described below.

Pichia pastoris cell culture - Cells cultures were carried out as
done previously by de Ghellinck et al. (2014), de Ghellinck et al.
(2015). Hydrogenated and deuterated P.pastoris were cultured in
flasks at 30°C using a basal salts medium (BSM) as the minimal
medium at pH 6.0 (Pichia pastoris fermentation process
guidelines, Invitrogen, United States) containing either 20 gL–1
of hydrogenous glycerol in H2O or deuterated glycerol (Euriso-
Top, France) in D2O. Cells upon entering the exponential phase
at an OD of 600 were harvested by centrifugation and frozen
at −80°C.

Escherichia coli cell culture - Cells were grown on both
hydrogenated and deuterated minimal medium at pH 6.0 in
flask cultures at 30°C (Haertlein et al., 2016). The composition of
the Enfors medium employed was: 6.86 g L-1 (NH4)2SO4, 1.56 g
L-1 KH2PO4, 6.48 g L-1 Na2HPO2.2H2O, 0.49 g L-1
(NH4)2HC6H5O7 (di-ammonium hydrogen citrate), 0.25 g L-1
MgSO4.7H2O, with 1.0 ml L-1 of trace metal stock solution
(0.5 g L-1CaCl2.2H2O, 16.7 g L-1 FeCl3. 6H2O, 0.18 g L-
1ZnSO4.7H2O, 0.16 g L-1CuSO4.5H2O, 0.15 g L-1MnSO4.H2O,
0.18 g L-1 CoCl2.6H2O, 20.1 g L-1 EDTA), 5 g L-1 glycerol.
For the preparation of the fully deuterated medium only
anhydrous forms of these components were used and diluted
into D2O. D8-glycerol was used as the carbon source. Cells were
harvested by centrifugation at their exponential phase (OD 600),
and frozen at −80°C.

Lipid Extraction and Purification
Harvested cells were resuspended into 10 ml deionised water and
lysed by probe sonication for 3×5 min with 30 s intervals, 25%
duty cycle. The resulting cell lysate was poured into boiling
ethanol containing 1% butylated hydroxytoluene (BHT)
followed by vigorous stirring in order to denature lipases that
have the ability to hydrolyse phospholipids. Lipids were then
extracted according to the method of Folch et al. (1957), followed
by evaporation of the organic phase under a N2 stream and
reconstitution of the film was done in CHCl3. Purification of
various classes of phospholipids containing species of mixed acyl
chain lengths was achieved, for both hydrogenated and
deuterated mixtures through a diol-modified silica stationary
phase column coupled to a High-performance liquid
chromatography-Evaporative light scattering detector (HPLC-
ELSD) system. The mobile phase employed was a gradient of
solvent A (CHCl3/MeOH/NH4OH, 80:20.5:0.5, v/v) and solvent
B (CHCl3/MeOH/H2O/NH4OH, 60:35:5.5:0.5, v/v) (Boselli et al.,
2012). TLC analysis was carried out on a High-Performance
Thin-Layer Chromatography (HPTLC) system (CAMAG,
Muttenz, Switzerland) to assess the identity and purity of each
of the purified classes.

Gas Chromatography
The fatty acid composition of the purified PC and PG natural
mixtures was determined by capillary gas chromatography after
derivatizing them into their respective fatty acid methyl esters)
(FAMEs). About 3 ml of methanolic HCl was added to a glass vial
containing 2 mg of purified polar fraction. The vial tube was
vortexed, bubbled with Argon, and sealed tightly with a Teflon-
lined cap. The solution was incubated at 85°C for 1 h. Once cooled
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to room temperature (∼10 min), 3 ml of H2O was added and the
solution vortexed following which 3 ml of hexane was added and
vortexed vigorously to create an emulsion. Slow centrifugation at
∼500 g for 5 min at room temperature was carried out to break
the emulsion and produce an upper hexane-rich phase containing
the FAMEs. This supernatant phase (2.8 ml) was then transferred
into a fresh vial, evaporated under a stream of N2 and the
resulting dried film was reconstituted in 50 μl hexane and
transferred into a GC auto sampler vial that was then loaded
into the GC’s automatic liquid sampler. The GC instrument (GC
2010 Plus, Shimadzu) was equipped with a split/splitless injector
and a SGE BPX70-Cyanopropyl Polysilphenylene-siloxane
column (25 m by 0.22 mm ID and 0.25 μm film thickness).

Helium was used as a carrier gas at a flow rate of 1.04 ml/min
with a linear velocity of 35 cm/s and a purge flow rate of 1 ml/min.
The column was allowed to equilibrate for 3 min at 155°C before
injection and then the temperature was ramped up to 180°C at a
rate of 2°C/min and then to 220°C at a rate of 4°C/min and finally
held at 220°C for 5 min resulting in a 27.5 min total run time.
Samples (5 μL) were injected into the column at 250°C using an
AOC-20i auto injector. Detection was done using a Flame
Ionization detector (FID) operating at 260°C with 40 ml/min
H2, 400 ml/min compressed air and 30 ml/min Helium make-up
flow. LabSolutions software (Shimadzu) was used to assign and
integrate the total ion chromatogram peaks from which the total
mole fraction amounts of individual fatty acids were obtained.

FIGURE 1 | (A) Schematic representation of the multilayer preparation methods. (B,C) Neutron diffraction data collected for hPC (A) and dPC (B) multilayers at
57%RH prepared with either method 1, i.e. deposition of lipids dissolved in an organic solvent solution or method 2, i.e. deposition of an aqueous vesicle suspension.
(D,E) 3D representation of the detector images corresponding to the diffraction profiles reported in (A,B). In (D,E) the sample angle (ω) and the angle at the detector (2θ)
are reported on the x and y direction respectively, while the intensity of the peak is reported on z direction. In (B–E) the different diffraction peaks are identified with
Roman numbers, while the letters a and b are used to distinguish the different lipid phases.
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Lipid Multilayer Preparation
Lipid multilayers were prepared by drying a lipid film on a freshly
cleaned quartz support followed by re-hydration in controlled
humidity conditions. 50×25×1 mm quartz support were cleaned
by sequential sonication in chloroform, acetone, ethanol, ∼15 min
each, followed by treatment with UV-ozone lamp for ∼20 min.
Lipid multilayers corresponding to 2 mg of hydrogenous or
deuterated lipids were prepared with two different methods
(Figure 1C). In method 1, a proper amount of a 1:4
chloroform: methanol lipid solution was deposited by drop
casting and dried on the cleaned quartz support. In method 2,
the same amount of the 1:4 chloroform: methanol lipid solution
was first dried on the bottom of a glass vial under nitrogen.
Subsequently, the film was re-dissolved with 600 μl of ultra-pure
water and sonicated for ∼5 min with a tip sonicator in order to
obtain a homogeneous vesicle suspension. The vesicle suspension
was deposited by drop casting on a freshly cleaned quartz support
and dried. All lipid multilayers, prepared by either method 1 or 2,
were stored under vacuum at 45°C for ∼12 h. We also tested
shorter annealing time, i.e. 4 h, which did not produce any
significant difference in the multilayer structure. The
multilayers were subsequently equilibrated at 97% relative
humidity (RH) for 24 h and then placed in humidity
controlled chamber used as sample environment for the
neutron measurements. The reservoir of the humidity
chamber was filled with H2O for the deuterated multilayers
and D2O for the hydrogenated multilayers in order to achieve
the largest contrast between the lipids and the hydration water
(see below).

Neutron Diffraction
Neutron diffraction data were collected on the cold neutron
diffractometer 16D (Cristiglio et al., 2015) at the Institut Laue-
Langevin, located in Grenoble, France. Neutrons with 4.5 Å
wavelength (λ) were produced by reflection of the beam from
a highly ordered pyrolytic graphite (HOPG) focusing
monochromator. The sample to detector distance was 0.95 m
and all samples were measured in reflection mode. The lipid
coated quartz supports were mounted vertically on a goniometer
head placed in the top compartment of a humidity chamber
(Gonthier et al., 2019). The temperature of the sample was
maintained at 30.0 ± 0.1°C throughout the measurements
while the temperature of the bottom compartment,
corresponding to the aqueous reservoir, was adjusted
according to the required relative humidity.

Diffraction data were collected at a detector angle (γ) of 12 , by
scanning the sample angle (ω) in the range −1 to 10, with a step of
0.05 and acquisition time of 40 s. The neutron scattering intensity
was recorded by a position sensitive two-dimensional 3He
detector (320×320 mm2 area with a spatial resolution of
(1×1 mm2. Samples were first measured at 57% RH and
subsequently the RH was increased up to 98% RH. Effective
equilibration at 98% RH was monitored by collecting ω-2θ scans
until no changes were observed in the diffraction pattern. The
equilibration at 98% RH required at least 12 h.

Data reduction was carried out with the ILL software LAMP
(Large Array Manipulation Program, http:/www.ill.fr/data_treat/

lamp/lamp.html). Background subtraction was carried out with a
measurement of the empty humidity chamber scattering. The
uniformity of the detector efficiency was calibrated with an H2O
scattering calibration file in LAMP. The reduced 2D images were
integrated in the ω range corresponding to the observed
diffraction peaks in order to obtain intensity vs 2θ plots. The
positions of the Bragg peaks in the plots were determined by
fitting the peaks with a Gaussian function. The angular position
2θ of a Bragg peak is related to the scattering vector (q) value by
Eq. (1).

q � 4πsin(θ)
λ

(1)

The diffraction pattern produced by a lamellar phase
composed of lipid bilayers alternating with water layers is
characterized by Bragg peaks whose q-positions correspond to
the characteristic ratio h/d, where h is the diffraction order and d
is the lamellar spacing. Hence, from the q1 and q2 position of the
first and second order Bragg peaks in the collected data, the
characteristic lamellar d-spacing can be calculated according to
Eq. (2).

d � 2π(q2 − q1) (2)

The d-spacing corresponds to the unit cell thickness (one lipid
bilayer and water layer). The errors reported for the d-values were
obtained by propagation from the uncertainty in the q-positions
estimated from the fit of the Bragg peaks. Diffraction data
collected for samples hydrated with different H2O/D2O
mixtures as well as pure D2O and H2O can be used to
extrapolate the phases of the diffracted waves and hence to
calculate the scattering length density distribution across the
bilayers. The scattering length density distribution can provide
information on how the molecules contained in the sample (in
the present case phospholipids) are distributed in the direction
perpendicular to the substrate surface. However, this approach
can only be applied when a sufficient number of diffraction orders
(minimum 3) are observed. Because of the limited number of
diffraction peaks produced by the PC and PG multilayers, data
were collected in only one contrast (i.e. H2O or D2O) and this
work deals exclusively with the determination of the d-spacing.
Although a molecular description of the lipid membranes cannot
be directly extracted from the collected data, the d-spacing
evaluation still allowed us the comparison between the overall
structure, e.g. membrane thickness or number of lipid phases, of
the multilayers prepared with different lipid composition. Further
details on the contrast variation method as well as some
applications can be found elsewhere (Foglia et al., 2015).

RESULTS

Effect of Sample Preparation Method on
Multilayer Structure
The hPC and dPC lipid extracts are composed by a single
phospholipid headgroup class, i.e. PC, and acyl chains with
different length and unsaturation as reported in Table 1 and

Frontiers in Chemistry | www.frontiersin.org March 2021 | Volume 9 | Article 6281865

Luchini et al. Natural PC and PG Mutlilayers

59

http:/www.ill.fr/data_treat/lamp/lamp.html
http:/www.ill.fr/data_treat/lamp/lamp.html
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


in Supplementary Material. Figure 1 shows the diffraction data
collected for the hPC (1B) and dPC (1C) multilayers at 57% RH.
Initially, we characterized the multilayers prepared with method 1
(Figure 1A). As detailed in the materials and method section, the
analysis of the diffraction data consists in evaluating the number
of Bragg peaks and their relative position. Both in the case of hPC
and dPC, two diffraction peaks were detected. In both datasets,
the second diffraction order peak, i.e. 2θ ∼ 9 for hPC and 2θ ∼
10.6 for dPC, is positioned at twice the 2θ value of the first
diffraction order peak, i.e. 2θ ∼ 4.5 for hPC and 2θ ∼ 5.3.
Therefore, the 2θ spacing between the first and the second
diffraction order is compatible with the arrangement of both
the hPC and dPC lipids into a lamellar phase. From the 2θ peak
positions, and according to Eq. (2), we estimated a d-spacing of
(49.7 ± 0.3)Å for hPC and of (50.4 ± 0.3)Å for dPC.

hPC and dPC multilayers prepared with method 2 produced
considerably different diffraction profiles, showing additional
diffraction peaks compared to the data for the multilayers
prepared with method 1. In that case, suspensions of either
hPC or dPC vesicles with hydrodynamic radius ∼200 nm, as
estimated from dynamic light scattering measurements, were
deposited on the quartz support (Figure 1C). Figures 1A,B
clearly show that the diffraction profiles are more complex. In
fact, based on the 2θ position of the diffraction peaks, both the
hPC and dPC multilayers produced two different sets of
diffraction peaks suggesting that the multilayers are composed
of at least two different lipid phases (named phase a and phase b).

Indeed, the coexistence of different lipid phases characterized by
different d-spacing, and therefore producing different sets of
diffraction peaks, was already reported for other lipid mixtures
produced from P.pastoris (Luchini et al., 2018; Luchini et al.,
2020) as well as other synthetic lipid mixtures (Mills et al., 2008;
Tayebi et al., 2012). The position of the diffraction orders
indicates that both phase a and b are potentially lamellar and
the corresponding d-spacing values for hPC are da � (51.9 ± 0.4)Å
and db � (49.5 ± 0.1)Å, while for dPC are da � (51.3 ± 0.7)Å and db
� (49.8 ± 0.2)Å.

Diffraction data were also collected for the multilayers
prepared with the two different methods at 98% RH
(Figure 2, and SM Figure 1). Indeed, both for hPC and dPC,
the multilayers prepared with the two methods exhibited two
different sets of diffraction peaks, although not in all datasets two
different diffraction orders were resolved.

At 98% RH, in the case of the hPC multilayer prepared with
method 1, we were able to identify two lamellar phases with
d-spacing da � (51 ± 1)Å and db � (53.0 ± 0.1)Å (SM-Figure1).
The same multilayer prepared with method 2 also produced 2
different sets of diffraction peaks; however, only one lamellar
phase (phase b) with d-spacing db � (60.1 ± 0.4)Å was identified
(Figure 2, SM-Figure 1). Indeed, the other lipid phase (phase a)
produced a single diffraction peak. Because of the lack of a second
diffraction order we were not able to calculate with confidence a
corresponding d-spacing. Although at 98% RH both method one
and 2 produced a similar number of lipid phases within the hPC

FIGURE 2 | (A) Neutron diffraction data collected for hPC and dPC multilayers at 98%RH prepared by deposition of an aqueous vesicle suspension. (B) Cartoon
representation of the twomultilayers with their characteristic d-spacing. (C) 3D representation of the detector images corresponding to the diffraction profiles reported in
(A). In (C) the sample angle (ω) and the angle at the detector (2θ) are reported on the x and y direction respectively, while the intensity of the peak is reported on z direction.
In (A,C), the different diffraction peaks are identified with Roman numbers, while the letters a and b are used to distinguish the different lipid phases.
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multilayer, the corresponding d-spacing values are considerably
different. This indicates that the bilayer thickness and the
thickness of the water layers between consecutive bilayers is
different in the hPC multilayer prepared with method 1
compared to method 2.

In the case of the dPC multilayers at 98% RH, a lamellar phase
with d-spacing db � (61.8 ± 0.4)Å and db � (64.0 ± 0.2)Å was
detected in both the diffraction profiles of the multilayer prepared
with method 1 and method 2, respectively (Figure 2, SM-
Figure 1). A first diffraction order of an additional lipid phase
is also present in the collected data. However, since the peak for
the second order is not well-resolved, we were not able to
calculate the corresponding d-spacing. Interestingly, also in the
case of the dPC multilayer, the d-spacing calculated for the
multilayer prepared by method 1 is smaller than the d-spacing
calculated for the multilayer prepared by method 2. This
observation further supports the hypothesis that the sample
preparation method might influence the structure of the
produced multilayer.

Altogether, while method 1 produces multilayers with different
structure at 57% and 98% RH, a similar arrangement of the
multilayers, in terms of number of co-existing lipid phases, is
observed at both RH values in case of method 2. The multilayer
formation by deposition of the lipid solution in the organic solvents
produces multilayers at 57% RH characterized by a single lamellar
lipid phase.When the humidity is increased to 98%RH, the fluidity
of the bilayers within the multilayers is increased and the lipids can
diffuse and eventually self-segregate into domains characterized by
a different d-spacing. Since all the lipids in the multilayers have the
same headgroup, the heterogeneous composition of the acyl chains
must drive the observed lipid segregation. In particular, it is
reasonable to hypothesise that the PC lipids with shorter acyl
chain (i.e. C16:0 and C16:1) tend to separate from those with
longer acyl chains (i.e. C18:0, C18:1 and C18:2) because of
hydrophobic mismatch and form slightly thinner bilayer regions
within the multilayer compared to the regions formed by lipids
with longer acyl chains. Difference in the acyl chain unsaturation
level can also favour the lipid self-segregation. As an example,
mixtures of DPPC and POPC exhibit the coexistence of fluid and
condensed phases (Svetlovics et al., 2012; Åkesson et al., 2012).
Indeed in our PC mixtures C18 acyl chains exhibit a higher
concentration of single or double unsaturated acyl chains
compared to the C16 acyl chains (Table 1). When the
multilayers are prepared by deposition of the vesicle suspension,
lipids might be already organized into separate domains within the
vesicles and are well-hydrated during the formation of the
multilayer at the support surface. Therefore, the multilayer
appears to be organized into different phases already at 57%
RH. We cannot exclude that the observed different structure of
the multilayers prepared with method 1 compared to method 2,
both in terms of number of lipid phases and the corresponding
d-spacing values, is also caused by traces of organic solvent
molecules among the lipids within the multilayers prepared
with method 1.

The collected data suggest that the multilayers prepared with
method 2 better resemble the spontaneous organization of the
lipids in aqueous solution at the two explored humidity

conditions. In addition, method 2 allowed us to mimic
physiological conditions during both sample preparation and
characterization. Therefore, we decided to adopt method 2 for the
comparison of the structure of the yeast and bacterial lipid
multilayers.

Structure of Natural Phosphatidylcholine
Multilayers
Figure 2 shows a comparison of the diffraction data collected for
the hPC and dPC multilayers at 98% RH. As previously described,
at least 2 different lipid phases are present in both multilayers,
although for only one of them (phase b) two diffraction orders were
observed. The 2θ position of these latter suggests a lamellar phase
with corresponding characteristic d-spacing db � (60.1 ± 0.4)Å for
hPC and db � (64.0 ± 0.2)Å for dPC. As expected, in both cases, the
calculated d-spacing resulted to be larger than the corresponding
value at 57% RH (Figure 1). Indeed, the increased humidity affects
both the lipid organization and therefore the thickness of the
bilayers composing the multilayer as well as the amount of water
between two consecutive bilayers.

Interestingly, while at 57% RH hPC and dPC multilayers
showed a comparable d-spacing, at 98% RH the dPC
multilayer exhibited a d-spacing ∼4Å larger than the hPC
multilayer. A difference between multilayers prepared with
P.pastoris hydrogenous and deuterated lipids was already
reported in case of multilayers prepared with either the
P.pastoris total lipid extract or the P.pastoris phospholipid
extract, both of which contain phospholipids with different
headgroups and acyl chains (Luchini et al., 2018; Luchini
et al., 2019). In these previous studies, we attributed the
different structure of the hydrogenous and deuterated
multilayers to the slightly different composition of the
headgroups and acyl chains in the hydrogenous and
deuterated lipid mixtures. Table 1 shows a comparison of the
acyl chain composition analysis for the hydrogenous and
deuterated phospholipids, i.e. h-phospholipids and
d-phospholipids, which was also previously reported (Luchini
et al., 2018), and the one obtained for the hPC and dPC extracts
(SM-2). The h-phospholipid and d-phospholipid extract differ
from the hPC and dPC extracts both for the composition of the
lipid headgroups, different headgroup species are present instead
of just PC, as well as for the composition and relative
concentration of the lipid acyl chains. In both the
d-phospholipid and the dPC extract, the main acyl chain
components are C16:0 and C18:1. On the other hand, in the
h-phospholipid and the hPC extracts the amount of the different
acyl chains is more homogeneously distributed with C16:0, C18:0,
C18:1 and C18:2 being the most abundant. Both the phospholipid
and PC extracts exhibit different acyl chain composition when
produced in their hydrogenous and deuterated versions.
However, in the case of h-phospholipid and d-phospholipid
extracts the difference in the C18:1 content is more
remarkable than in the case of hPC vs. dPC. As a
consequence, we reported a difference in d-spacing for the
h-phospholipid and d-phospholipid multilayers of ∼10Å
(Luchini et al., 2018), while in the case of the hPC and dPC
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the difference in d-spacing is only ∼4Å. Altogether, Table 1 shows
that the acyl chain composition is likely to differ depending on the
specific lipid headgroup composition.

Structure of Natural Phosphatidylglycerol
Multilayers
Figure 3 shows diffraction data collected for the E.coli hPG and
dPG multilayers at 57% and 98% RH. For both hPG and dPG
mixtures, lipid multilayers were prepared by method 2, i.e.

suspensions of vesicles with hydrodynamic radius ∼120 nm, as
estimated from dynamic light scattering measurements, were
deposited on the support. Different diffraction orders
belonging to different lipid phases were detected for both the
hPG and dPG multilayers at 57%RH. In case of the hPG
multilayer, 5 diffraction peaks were detected. By evaluating the
position of each of these peaks, we were able to exclude the
presence of non-lamellar phases, such as cubic or hexagonal
phase, as also expected being the multilayer composed by PG
lipids that are known to form lamellar phases (Krumova et al.,

FIGURE 3 | (A,B) Neutron diffraction data collected for hPG and dPG multilayers at 57%RH (A) and 98%RH (B) prepared by deposition of an aqueous vesicle
suspension. (C,D) 3D representation of the detector images corresponding to the diffraction profiles reported in (A). In (C,D) the sample angle (ω) and the angle at the
detector (2θ) are reported on the x and y direction respectively, while the intensity of the peak is reported on z direction. In (A–D) the different diffraction peaks are
identified with Roman numbers, while the letters a and b are used to distinguish the different lipid phases. The data collected for the hPG multilayer are scaled for
visualization. (E) Cartoon representation of the two multilayers with their characteristic d-spacing.
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2008). Furthermore, the position of the peaks in the 2θ range
6–9 deg corresponds to twice the 2θ position of the first two
diffraction peaks at 2θ∼3.4 and ∼4.2. Therefore, we interpreted
the diffraction profile as composed by the first and the second
diffraction orders of two separate lipid phases named a and b
(Figure 3A). The d-spacing associated to the two lipid phases
resulted to be da � (80.2 ± 0.5)Å and db � (65.3 ± 0.3)Å. An
additional diffraction peak is also observed at 2θ∼5. This latter
most likely belongs to another lipid phase (named c), which could
not be fully characterized because of the lack of higher order
diffraction peaks. At 57% RH, the dPG multilayer also exhibited
two different lipid phases. The position of the diffraction peaks
suggests two different lamellar phases with d-spacing da � (76 ±
4)Å and db � (55 ± 1)Å.

When humidity is increased to 98% RH the diffraction peaks
collected for both hPG and dPG multilayers showed a lower
intensity due to the more disordered structural organization of
the multilayers promoted by high humidity. The two lipid phases
(i.e. a and b) in the diffraction data collected at 57%RH, are also
observed in both the hPG and dPG multilayers at 98%RH.
However, for the hPG multilayer, only in the case of phase a
two diffraction orders were detectable with associated d-spacing
da � (95 ± 5)Å. In the case of the dPG multilayer, the diffraction
profile included a sufficient number of diffraction orders to
allow us to calculate the d-spacing for both lamellar lipid
phases da � (77 ± 3)Å and db � (68 ± 2)Å. Table 1 shows
the acyl chain composition of the hPG and dPG extracts. In
both cases, C16:0, cyclo C17:0 and clyclo C19:0 resulted to be
the most abundant species. As for the PC mixtures, we
hypothesise that acyl chains with the similar length tend to
self-segregated into different regions of the multilayer
therefore producing at least two observable d-spacings.

Finally, for both hPG and dPG multilayers, increasing the
humidity to 98%RH produced a structural rearrangement of the
multilayers and more specifically increased the thickness of the
two lipid phases observed in the two lipid systems. While at 57%
RH the d-spacing values estimated for the hPG and dPG
multilayer are comparable and within the corresponding
errors, at 98%RH the hPG multilayer is evidently characterized
by a considerably larger d-spacing than the dPG multilayer. The
analysis of the acyl chain composition (Table1) indicates that the
hPG lipids have a slightly smaller content of short acyl chains (i.e.
C14 and C16), but contain double the amount of the long acyl
chains (i.e. cyclo C19, see below) compared to the dPG lipids.
This difference in the acyl chain composition can contribute to
the overall larger d-spacing associated to the hPG multilayer
compared to the dPG multilayer.

DISCUSSION

Natural lipids directly extracted from eukaryotic or prokaryotic
cells are valuable compounds to produce advanced models of
biological membranes. Indeed, they can be characterized by
biophysical methods and are pivotal for understanding the
physico-chemical properties of real cell membranes as well as
to develop lipid platforms for drug-testing. Indeed, more than

60% of the currently marketed drugs target components of cell
membranes (Overington et al., 2006). Therefore the development
of membrane models close to real biological membranes is of
great relevance in the investigation of drug-membrane
interactions. A detailed characterization of such interactions
can potentially prompt the design of new and more
efficient drugs.

In this study, we discussed for the first time the
characterization by means of neutron diffraction of
hydrogenous and deuterated lipid multilayers prepared with
the phosphatidylcholine extract from the yeast P.pastoris and
the phosphatidylglycerol extract from the bacterium E.coli.
Specifically, we investigated the impact of sample preparation
method and acyl chain composition on the structural
organization of the two different kinds of multilayers. The
obtained results are summarised in Table 2.

The drop-casting of a lipid solution followed by annealing
under vacuum and subsequent re-hydration is one of the
common approaches to produce lipid multilayers (Nagle and
Tristram-Nagle, 2000; Tristram-Nagle, 2007; Sironi et al., 2016).
In the case of the hPC and dPC mixtures, we tested two different
sample preparationmethods. Inmethod one lipids were dissolved
in a chloroform/methanol solution, while in method 2 a lipid
vesicle suspension was used. Different multilayer structures were
induced by these two methods, similarly to previous findings
(Luchini et al., 2020). However, in this previous work, we
compared different lipid mixtures prepared with either method
1 or 2. Here, we performed a more systematic characterization
and used the exact same lipid mixtures, i.e. hPC and dPC, for the
comparison of the two sample preparation methods. Altogether,
the collected data indicates that the multilayers produced by
method 2 show already at 57%RH a structural organization
similar to 98%RH, which might be favoured by the
spontaneous organization of the lipids into separate domains
within the vesicle suspension, compared to the more
homogeneous solubilization of the lipids in the organic
solvents. In addition, method 2 allowed us to keep the
experimental conditions for sample preparation and
characterization closer to physiological conditions. Therefore
we chose method 2 for the preparation of the samples in the
rest of the study.

Both hPC and dPC multilayers exhibited the co-existence
of two different lipid phases at both 57% and 98% RH, in case of
samples prepared with method 2. Evidence of the coexistence of two
lipid phases is the presence of two sets of diffraction peaks in the
collected neutron diffraction data, as also previously observed for
other lipid mixtures produced from P.pastoris (Luchini et al., 2018;

TABLE 2 | d-spacing values calculated for the hPC, dPC and hPG, dPG
multilayers at 57% and 98% RH.

Extracts 57% RH 98% RH

hPC da � (51.9 ± 0.4); db � (49.5 ± 0.1) da � (60.1 ± 0.4)
dPC da � (51.3 ± 0.7); db � (49.8 ± 0.2) da � (64.0 ± 0.2)
hPG da � (76 ± 4); db � (55 ± 1) da � (77 ± 3)db � (68 ± 2)
dPG da � (80.2 ± 0.5); db � (65.3 ± 0.3) da � (95 ± 5)
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Luchini et al., 2020) as well as other synthetic lipid mixtures (Tayebi
et al., 2012; Mills et al., 2008). Inspection of Table 1, reporting the
acyl chain composition of hPC and dPC extracts, shows that acyl
chains are composed by 16 and 18 C atoms and different
unsaturations. We suggest that, because of hydrophobic
mismatch, the short acyl chains tend to separate from the long
acyl chain and form domains within the bilayers, characterized by
different d-spacing (Table 2). Differences in the acyl chain
unsaturation level can also favour lipid self-segregation. Indeed,
in both hPC and dPC mixtures, C18 acyl chains exhibit a higher
concentration of single or double unsaturations compared to the C16
acyl chains (Table 1). As previously observed for other lipid extracts
from P.pastoris (Luchini et al., 2018; Luchini et al., 2020), we report
differences in the structure of the hPC compared to the dPC
multilayers. Such structural differences are related to the different
acyl chain composition of the two lipid mixtures and in particular to
the higher content of the acyl chain C18:1 in the dPC compared to
the hPC.

We also discussed the characterization of lipid multilayers
prepared with the bacterial PG extracts produced by E.coli cells
grown in either a hydrogenous or deuterated culture medium.
Interestingly, also in this case the heterogeneity of the lipid acyl
chain composition is responsible for the presence of different sets
of diffraction peaks belonging to different lamellar lipid phases
(Table 2). Indeed, Table 1 shows that acyl chains are mainly
saturated and that the most abundant species are C16:0, cyclo
C17:0 and clyclo C19:0. As for the PC mixtures, we suggest that
acyl chains with similar length tend to self-segregated into
different regions of the multilayer therefore producing at least
two observable d-spacings. In addition, also the hPG and dPG
lipid mixtures exhibited a slightly different acyl chain
composition, with C19 acyl chains being more abundant in
hPG compared to dPG extracts. This difference in
composition is most likely responsible for the larger d-spacing
measured in the case of hPG multilayers.

Interestingly, at both the two explored humidity conditions,
the PG multilayers exhibited a larger d-spacing than the PC
multilayers. PG lipid extracts have a large content of short acyl
chains, i.e. C14 and C16 compared to the PC extracts, where the
C18 acyl chain is the most abundant (Table 1). However, they
also contain a considerable fraction of C19 acyl chains, which are
completely absent in the PC extracts. This difference in
composition might produce thicker bilayers in the case of the
PG extracts compared to the PC. The calculated d-spacing
depends on both the bilayer thickness and the thickness
associated to the water layer separating two consecutive
bilayers in the multilayer. Whereas PC lipids have a
zwitterionic headgroup, i.e. no net charge, the PG lipids are
instead negatively charged. Hence, the observed different
d-spacing in the PG and PC multilayers might also be affected
by the electrostatic repulsion between the PG headgroups
belonging to two consecutive bilayers, which makes the
thickness of the water layers larger in the PG multilayers
compared to the PC multilayers.

In conclusion, neutron diffraction allowed us to investigate
complex lipid mixtures, such as yeast or bacterial lipid extracts,

highlighting their structural organization into different lipid
phases. While the co-existence of different lipid phases was
previously reported for other yeast lipid mixtures, the current
data confirms this behaviour for the case of P.pastoris PC and
E.coli PGmultilayers. In particular, we showed that the acyl chain
composition of both yeast and bacterial lipid mixtures determines
the organization of the multilayers in domains with different
d-spacing. The novelty of this work resides in the use of natural
extracts with a single species headgroup (either PC or PG) and a
mixture of chain compositions coming from yeast or bacterial
cells. These lipids assemble in lamellar structures of great bio-
relevance while the possibility to use fully deuterated material
allows a fine characterisation by neutron scattering.
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Small-Angle X-Ray and Neutron
Scattering on Photosynthetic
Membranes
Dainius Jakubauskas1, Kell Mortensen1, Poul Erik Jensen2 and Jacob J. K. Kirkensgaard1,2*

1X-ray and Neutron Science, Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark, 2Department of Food
Science, University of Copenhagen, Copenhagen, Denmark

Ultrastructural membrane arrangements in living cells and their dynamic remodeling in
response to environmental changes remain an area of active research but are also subject
to large uncertainty. The use of noninvasive methods such as X-ray and neutron scattering
provides an attractive complimentary source of information to direct imaging because in
vivo systems can be probed in near-natural conditions. However, without solid underlying
structural modeling to properly interpret the indirect information extracted, scattering
provides at best qualitative information and at worst direct misinterpretations. Here we
review the current state of small-angle scattering applied to photosynthetic membrane
systems with particular focus on data interpretation and modeling.

Keywords: SAXS, SANS, thylakoids, photosynthesis, structural modeling, small-angle scattering

1 INTRODUCTION

The lamellar nature of thylakoids was shown in the pioneering works of Menke in 1940 (Menke,
1940a; Menke, 1940b) who studied the inner structure of chloroplasts by light and electron
microscopies. From these studies, it became evident that photosynthetic membranes are not
randomly dispersed within the cell but organize into highly complex ultrastructures. Figure 1
depicts representative transmission electronmicroscopy (TEM) images of photosynthetic membrane
systems: from the remarkably intricate network structure of the prolamellar body found inside
developing etioplasts to individual cyanobacterial thylakoids and finally stacked grana thylakoid
arrays in higher plants. The structural regularity in these TEM images suggests that structural
information can be extracted from X-ray or neutron scattering methods. In this review, we focus on
small-angle scattering techniques: small-angle X-ray (SAXS) and neutron (SANS) scattering.

Small-angle scattering enables investigating structures of ca. 1–200 nm in near in vivo conditions and is
widely applied in structural biology and soft matter sciences. Small-angle scattering complements various
microscopic techniques, such as TEM (Menke, 1960; Paolillo and Paolillo, 1970; Staehelin, 1986; Austin and
Staehelin, 2011; Armbruster et al., 2013; Heinz et al., 2016; Kowalewska et al., 2016; Wood et al., 2018;
Kowalewska et al., 2019; Wood et al., 2019; Li et al., 2020), scanning electron microscopy (Mustárdy and
Jánossy, 1979; Armbruster et al., 2013), cryo-EM (Ford et al., 2002; Kirchhoff et al., 2011; Engel et al., 2015),
cryoelectron tomography (Shimoni et al., 2005; Austin and Staehelin, 2011; Daum and Kühlbrandt, 2011;
Kouřil et al., 2011; Ford andHolzenburg, 2014; Bussi et al., 2019; Rast et al., 2019), atomic forcemicroscopy
(Kaftan et al., 2002; Sturgis et al., 2009; Sznee et al., 2011; Grzyb et al., 2013; Onoa et al., 2014), confocal laser
scanning microscopy (Kowalewska et al., 2016; Mazur et al., 2019), and live cell imaging (Iwai et al., 2014;
Iwai et al., 2016). The first scattering studies on photosynthetic membranes were performed in 1953 by
Finean et al. (1953) and has continued ever since. There are currently about 40–50 works published on
scattering from photosynthetic systems—photosynthetic bacteria, diatoms and other algae and of

Edited by:
Olaf Holderer,

Helmholtz-Verband Deutscher
Forschungszentren (HZ), Germany

Reviewed by:
Frank Heinrich,

Carnegie Mellon University,
United States
Georg Pabst,

University of Graz, Austria

*Correspondence:
Jacob J. K. Kirkensgaard

jjkk@nbi.ku.dk
jjkk@food.ku.dk

Specialty section:
This article was submitted to

Physical Chemistry and Chemical
Physics,

a section of the journal
Frontiers in Chemistry

Received: 19 November 2020
Accepted: 01 February 2021

Published: 19 April 2021

Citation:
Jakubauskas D, Mortensen K,

Jensen PE and Kirkensgaard JJ K
(2021) Small-Angle X-Ray and Neutron

Scattering on
Photosynthetic Membranes.

Front. Chem. 9:631370.
doi: 10.3389/fchem.2021.631370

Frontiers in Chemistry | www.frontiersin.org April 2021 | Volume 9 | Article 6313701

REVIEW
published: 19 April 2021

doi: 10.3389/fchem.2021.631370

66

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.631370&domain=pdf&date_stamp=2021-04-19
https://www.frontiersin.org/articles/10.3389/fchem.2021.631370/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.631370/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.631370/full
http://creativecommons.org/licenses/by/4.0/
mailto:jjkk@nbi.ku.dk
mailto:jjkk@food.ku.dk
https://doi.org/10.3389/fchem.2021.631370
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.631370


course from higher plants. Small-angle scattering has been
used to investigate structure and dynamic changes of thylakoid
membrane systems of plants (Finean et al., 1953; Kratky et al.,
1959; Kreutz and Menke, 1960a; Kreutz and Menke, 1960b;
Kreutz and Menke, 1962; Kreutz, 1963a; Kreutz, 1963b;
Kreutz, 1964; Sadler, 1976; Li, 1979; Sadler and Worcester,
1982a; Sadler and Worcester, 1982b; Diederichs et al., 1985;
Garab et al., 1997; Kirkensgaard et al., 2009; Nagy, 2011; Nagy
et al., 2011;Nagy et al., 2013; Ünnep et al., 2014b; Herdean
et al., 2016; Ünnep et al., 2017; Zsiros et al., 2020; Ünnep et al.,
2020), protists (Sadler et al., 1973; Worcester, 1976; Sadler and
Worcester, 1982a), diatoms (Nagy et al., 2011; Nagy et al.,
2012), photosynthetic bacteria (Pape et al., 1974; Hodapp and
Kreutz, 1980; Liberton et al., 2013b; Ünnep et al., 2014a; Li
et al., 2016; Stingaciu et al., 2016; Eyal et al., 2017; Jakubauskas
et al., 2019), algae (Nagy et al., 2011; Nagy et al., 2012; Nagy
et al., 2014), light harvesting complexes (Smidijiev et al., 2000;
Tang and Blankenship, 2012), phycobiliproteins (Golub et al.,
2017), and higher-plant prolamellar bodies (Williams et al.,
1998; Selstam et al., 2007). The aim of applying small-angle
scattering in biological sciences is to investigate structural changes of
the biological system and correlate them with underlying
physiological processes in vivo. This article critically reviews the
current state of small angle scattering applied to photosynthetic
membrane systems with a three-fold agenda: (1) to describe the
basics of the method and present an overview of existing small-angle
scattering results on photosynthetic membrane systems, (2) to
discuss scattering results and their correlation with microscopy,
critical points of result interpretation, and method limitations, and
(3) to envision the development of the small angle scatteringmethod
with focus on data analysis and modeling in the field of
photosynthetic membrane systems. The review is organized as
follows: small-angle scattering terminology and relevant
background is introduced in Section 2. Scattering results from
plant, cyanobacterial, algae, and diatom thylakoid membranes
including dynamic changes during illumination are critically
evaluated in Sections 3–6. Finally, an outlook is presented in
Section 7.

2 SMALL-ANGLE X-RAY AND NEUTRON
SCATTERING

2.1 The Small-Angle Scattering Experiment
The concepts described below are valid for both X-rays and
neutrons; however, certain differences arise due to the
different physical nature and interactions of photons and
neutrons with materials (see Table 1). In a material, either the
electrons (for X-ray scattering) or nuclei (for neutron
scattering) interact with the incoming radiation and deflect
X-ray photons or neutrons from their original path. The
electrons or nuclei become sources of elastically scattered
secondary waves, whose intensities are registered by a
detector as a function of the angle relative to the incoming
beam (see Figure 2A) (Glatter and Kratky, 1982; Willis and
Carlile, 2009). Contemporary detection systems typically
produce a 2-dimensional output as shown in Figure 2. If a
sample scatters azimuthally isotropic (Figure 2A), the 2-
dimensional pattern is centrosymmetric (Figure 2B). For
analysis, these 2-D patterns are typically azimuthally
averaged and collapsed into a 1-dimensional curve
(Figure 3B) showing scattering intensity as a function of
the scattering vector magnitude:

q � ∣∣∣∣q∣∣∣∣ � 4π
λ
sin θ, (1)

where λ is the wavelength of the incident radiation (for
neutrons the de Broglie wavelength) and θ is half the
scattering angle (see Figure 2). Thus, the scattering vector
magnitude is a direct measure of the scattering angle, but
normalized by the wavelength of the radiation. These 1D
scattering data are analyzed analytically or numerically to
reveal the underlying structure, as described below. For
nonisotropic systems (Figure 2C), sector averaging can be
employed to yield 1-dimensional curves for each of the sectors,
but in some cases analysis is performed directly on the 2-
dimensional dataset. By combining Eq. 1 with Bragg’s law for
periodic structures:

FIGURE 1 | TEM images of photosynthetic membrane systems, revealing complex structural characteristics. (A) Etiolated maize prolamellar body. (B) Concentric
Synechocystis sp. PCC 6803 cyanobacterial thylakoids. (C) Higher plant grana stacks of Arabidopsis Col0, interconnected by stromal thylakoids.

Frontiers in Chemistry | www.frontiersin.org April 2021 | Volume 9 | Article 6313702

Jakubauskas et al. Scattering on Photosynthetic Membranes

67

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


nλ � 2DR sin θ (n � 1, 2, 3, . . . ), (2)

a direct relation between q and a real-space structural periodicity
DR is obtained:

DR � 2πn
q

. (3)

The fundamental inverse relation between angles and
distances is defined in Eqs 1 and 3: larger angles (larger q)

probe smaller distances and vice versa. The integer n from
Bragg’s law appearing in Eq. 3 is called the “peak order” and
indicates that a certain distance DR, repeating in the material,
gives rise to a series of peaks in the reciprocal space, ideally one
for each value of n � 1, 2, 3, . . .. For an ordered lamellar stack, all
peaks are placed equidistantly. For more complex structures,
different peak positions reflect other crystallographic symmetries
and require more detailed analysis. Once a scattering intensity
pattern is recorded and corrected for background contributions,

TABLE 1 | Differences and practicalities of SAXS and SANS experimental techniques [adapted from Tang and Blankenship (2012)].

SAXS SANS

Interacting field Electrons Nuclei
Incident beam wavelength, Å 0.8–1.6 2.0–25.0
Flux of the source (particles/s/mm2) Medium to high (108−9–1011) Very low to low (105–108−9)
Coherent scattering length density, 10–12 cm H: 0.28, D: 0.28 H: −0.374, D: 0.667
Sample volumes required in 1–2 mm path length cell 20–30 μL 150–500 μL
Radiation damage to the sample Low for laboratory sources, high for synchrotron sources Low
Structural information extracted for individual No (electron density average of the entire sample) Yes (lipid, nucleic acid, protein
Moieties in multicomponent systems can be investigated separately)
Contrast variation use Rare Common
Resolution Low-medium Low-medium
Experimental facilities Laboratory and synchrotron radiation sources Large facilities only

FIGURE 2 | (A) General experimental setup. Incident radiation is collimated and penetrates the sample (green box). Scattering arising in 2θ direction and the
resulting scattering vector q are depicted in light blue. A beamstop (white) blocks the primary radiation. (B) Isotropic 2-dimensional scattering pattern from nonaligned
system. (C) Nonisotropic 2-dimensional scattering pattern from a magnetically aligned system.
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structural sample parameters can be extracted from the scattering
pattern by means of modeling as described below.

2.2 Scattering Length Density and Contrast
In analogy to scattering of visible light where differences in
refractive index give rise to scattering, for example air-
material contrast, differences in scattering length density
enable one to “see” material constituents with X-rays and
neutrons. The scattering length density describes the degree
of interaction between the sample molecules and the
incoming radiation and thereby quantifies the scattering
power of different molecular components (see Figures
4A,B). In terms of scattering intensity, the relevant
concept becomes the contrast—the difference in scattering
length density between different components. For X-rays,
contrast arises from variations in the electron density of the
material, and for neutrons the contrast arises from the
different atomic nuclear structures.

The different physical nature of the two methods is
advantageous and complementary in ultrastructural
analysis—SAXS and SANS enable extracting different
structural information from the same sample. The X-ray
scattering power of atoms increases roughly linearly with
atomic number while for neutrons the variation is less
systematic and differs significantly between different isotopes

(Sears, 1992). This isotope difference is particularly important for
biological and soft matter samples, since the exchange of
hydrogen (H) atoms with the heavy-hydrogen isotope
deuterium (D) allows fine-tuning the neutron scattering
contrast, hence called contrast variation. For example, if the
scattering length density of a surrounding medium is equal to
the scattering length density of a specific molecular component,
no scattering is observed from that component—we say that the
scattering has been “matched out.” In its simplest form, mixing
H2O- and D2O-based buffers in specific ratios enables enhancing
or diminishing the contrast of different cellular components
(Serdyuk et al., 2007; Heller, 2010) (Figure 4B). To exemplify,
the contrast variation technique allows an individual
investigation of either lipid or protein components in a
complex biological membrane system. In order to match out
membrane lipids, 5–25% D2O containing solutions are used, and
40–45% D2O containing solutions are used to match out protein
components of the membrane (Figure 4C). So by designing a
series of measurements with varying contrasts, one can effectively
build up a series of structural snapshots which allows to extract
detailed information very hard to obtain in other ways. Part of
such an experimental design is to estimate the scattering length
densities of the sample material; however, calculating precise
scattering length densities for biological systems is not
straightforward, since the exact protein and lipid composition

FIGURE 3 | (A) Illustration of structural model for a photosynthetic membrane system with a stack of double layered thylakoids. Neutron (light blue) and X-ray (red)
SLD profiles are schematically depicted. (B) Full q-range model fits to SANS data from three independent replicas of Synechococcus sp. PCC 7002 [from Jakubauskas
et al. (2019)]. (C) Extracted structural numbers from fits in B.
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of the membrane, their volume fractions, protein H-D exchange
degree, membrane-associated water content, and solvent
composition need to be known. Some recently calculated
scattering length density values of thylakoid membranes are
given in Table 2 (Jakubauskas, 2016; Jakubauskas et al., 2019).

2.3 Small Angle Scattering Analysis
Typical interpretations of small angle scattering data on
photosynthetic membranes have so far been limited to the
estimation of the average thylakoid membrane repeat
distance from the observed peak position by directly
applying Eq. 3. This method provides an approximation of
the average spacing between thylakoid membranes and is
typically used to follow system behavior in changing
conditions: for example, illumination intensity,
temperature, pH, or different ionic strength (see below).
However, a number of factors are not accounted for in
such an approach: interthylakoid space/lumen or
membrane bilayer thicknesses, the number of thylakoid

layers, the degree of system orientation, and, for neutron
scattering in particular, instrument resolution effects.
Therefore, more sophisticated analyses of scattering data
on photosynthetic systems are required. Theoretical
calculations of Kirkensgaard et al. (2009), based on
simulated scattering patterns, suggested a possible route
for further modeling which was recently demonstrated to
provide a framework for the analysis of the full scattering
curve from cyanobacterial membranes (Jakubauskas et al.,
2019). The general equation for the scattering intensity of
particles in solution is

I(q) � Δρ2ΦpVpP(q)S(q). (4)

Here Δρ2 is the contrast of the particles relative to the solution,
Φp the volume fraction of the particles in the solvent, and Vp the
particle volume. The terms P(q) and S(q) are named the form
factor and structure factor, respectively. The form factor describes
the scattering from an individual particle or unit cell, and the
structure factor describes the interactions between these particles/

TABLE 2 | Scattering length densities of thylakoid components [taken from Jakubauskas (2016) and Jakubauskas et al. (2019)].

Neutron SLD, Å−2 X-Ray SLD, Å−2

Lipid headgroups: plants 1.77 × 10–6 1.30 × 10–5

Lipid tailgroups: plants 1.36 × 10–6 1.12 × 10–5

Lipid headgroups: cyanobacteria 1.83 × 10–6 1.19–1.34 × 10–5

Lipid tailgroups: cyanobacteria 1.33 × 10–6 1.12 × 10–5

Thylakoid proteins (10% H-D exchange): plants 2.43 × 10–6 1.22 × 10–5

Thylakoid membrane: cyanobacteria 1.58 × 10–6 1.23 × 10–5

Lumen: cyanobacteria 4.29–4.41 × 10–6 1.15–1.18 × 10–5

Interthylakoid space: cyanobacteria 3.61–4.43 × 10–6 1.16–1.19 × 10–5

Chloroplast average 5.35 × 10–6 9.98 × 10–5

Stroma average 6.34 × 10–6 9.44 × 10–5

D2O 6.393 × 10–6 9.455 × 10–5

H2O −5.61 × 10–6 9.469 × 10–5

FIGURE 4 | (A) X-ray scattering length densities for various molecules. (B) Dependence of neutron scattering length densities of lipid and protein moieties on D2O
amount in the sample. (C) Contrast variation technique, where a photosynthetic membrane is visualized in different D2O buffers. The signal from lipid (5–25% D2O) or
protein components (40–45% D2O) is “masked out.” The total scattering signal is enhanced in 100% D2O, as indicated by more intense colors than in 0% D2O.
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units. The modeling of small-angle scattering data requires either
an educated choice of the precise expression to use for the form
and structure factors or, in cases where such expressions does not
exist, the derivation of them which can be a complicated matter
(Oliveira et al., 2012). The advantage of a full-scale modeling is a
much more detailed idea about the structural organization of the
system. Compared to simply applying Eq. 3, which provides the
overall stacking repeat distance, the data analysis can now also
give information on the internal distribution of distances as
described below and take into account instrument effects and
polydispersity for example. The overall goal of modeling thylakoid
scattering is to construct a mathematical model that incorporates
these parameters and properly reproduces the experimentally
measured scattering curve without undue overparametrization.
As described in detail in Jakubauskas et al. (2019), such a
model is possible to construct and captures the main features of
scattering from stacked thylakoids over basically the full q-range
obtained in a SAXS/SANS experiment.

2.4 A Full Scattering Model
In Figure 3A a structural model for a stacked thylakoid system is
illustrated. A complication in photosynthetic membrane systems
is that the repeating unit is usually not a single bilayer sheet, but a
double bilayer separated by inner and outer liquid compartments,
the lumen and the interthylakoid space, respectively. Thus, the
form factor needs to reflect this organization while the structure
factor should account for the stacking order of these units. In
principle, the form and structure factor are coupled, but for highly
anisotropic systems like the membrane stacks described here they
can be treated separately (Oliveira et al., 2012) as also
demonstrated by simulations in Jakubauskas et al. (2019). The
stacking order of lamellar systems is known to be well described
by the structure factor from Nallet et al. (1993) while the double
bilayer form factor is derived explicitly in Jakubauskas et al.
(2019). As shown in Figure 3A, the form factor is built from a
step model, or “box” model, which is probably the simplest
possible description of the scattering density variation. Other
options include smoother Gaussian variations and multilayer
models (Oliveira et al., 2012). Regardless, the model presented
in Figure 3A can be considered a reasonable first approach of
modeling this complex biological system, and as shown in
Figure 3B, the model fits the data very well. The parameters
entering the form factor equations are all the “local” distances of
the double bilayer structural unit cell, that is, the headgroup,
tailgroup, and lumen heights along with the scattering length
densities of those domains. The structure factor on the other hand
relies on the “global” parameters: the number of layers in the
stack, the overall stacking repeat distance, and finally a measure of
the membrane rigidity. The final intensity is also influenced by
the instrument resolution, inherent sample disorder, and
dispersity in the number of layers of each stacked system,
dispersity in the water layers, etc., all of which affect the
“clarity” of scattering peaks and have to be accounted for. The
output of the fitting routine based on the structural model shown
in Figure 3B is summarized in Figure 3C, showing that the overall
stacking repeat distance is around 60 nm, the average number of
layers in a stack ca. 4, the lumen width ca. 8–9 nm, the membrane

thickness 4–5 nm, and the interthylakoid space size ca. 45 nm.
Finally, from the relative scattering length density levels of the
inner and outer liquid compartments, it is concluded that the
lumenal protein content is higher than that in the thylakoid
membrane, but lower than that of the interthylakoid space.

Despite the reasonable fits to the data provided by the model
presented in Jakubauskas et al. (2019), this is not a universal
answer to scattering analysis from photosynthetic membrane
systems, but it provides one solution. As already hinted above,
one could make other choices for the precise implementation of
the structure and form factors or the implementation of
polydispersity could be done differently. Finally, there are also
inherent assumptions which may turn out to be nonoptimal; one
example is the form factor where the individual bilayers in the
above modeling are assumed to be symmetric which is probably
biologically unrealistic. The combination of next-generation
neutron facilities and optimized sample preparations could
mean that such increased details will become possible to
model and extract in the future.

2.5 Scattering versus Microscopy
Structural studies of photosynthetic membranes are dominated
by microscopy, so we briefly comment on the differences between
such direct imaging methods and the indirect methods provided
by scattering. Electron microscopy allows investigating an
ensemble of individual sample features in Å resolution, but the
statistical analysis of ultrastructures fromTEMmicrographs requires
choosing a number of well-preserved and representative structures
from the sample volume of the order of approximately 5 ×
10–7 mm3. To compare, a relatively large sample volume of
0.1–1mm3 is probed by X-rays or neutrons simultaneously and a
statistical low-resolution structure of the total-volume averaged
system is obtained. Microscopy methods are therefore
complementary to scattering in accounting for sample
heterogeneity, as minute differences of individual structure are
clearly observed. In electron microscopy studies, artifacts from
sample preparation are common due to fixation, dehydration,
and image contrast (Table 3). This is contrary to scattering
methods where the sample is either in a natural state, measuring
directly on a leave for example, or in controlled conditions closely
mimicking or perturbing the natural conditions. Besides requiring a
minimal sample preparation, scattering methods enable a relatively
quick system analysis under near-native conditions and importantly
allows following sample dynamics. The investigation of sample
dynamics on the nanometer length scale in situ is only possible
using scattering methods, as electron microscopy requires sample
immobilization, and light super-resolution microscopy techniques
do not yet provide sufficient resolution (Iwai et al., 2014; Iwai et al.,
2016). Cryomicroscopy techniques allow preserving an in vivo-like
environment, but the investigation of thick samples (e.g., the entire
grana stack (Kouřil et al., 2011) is yet impossible due to method
restrictions and the generally insufficient contrast of membranes.
Although being straight forward to execute in principle, scattering
methods also have challenges. Primarily, obtaining sharp Bragg
peaks on photosynthetic membranes in physiological conditions
(large protein content, required H-D contrast adjustments,
measurements in room temperature, and high osmolarity) can be
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demanding. Large system inhomogeneity smears peaks and burdens
precise structural parameter calculations. Centrifugation, controlled
drying (Kratky et al., 1959; Kreutz and Menke, 1960b; Diederichs
et al., 1985), or application of an external magnetic field (Geacintov
et al., 1972; Sadler, 1976; Nagy et al., 2011; Posselt et al., 2012; Nagy
et al., 2013) can be used to increase internal order of the sample
during the scattering experiment but might complicate modeling
where there typically is an assumption of isotropy and of course also
might alter the natural state of the system. Overall, small-angle
scattering and microscopy methods complement each other, and
their parallel usage is advocated. Complementary investigation of the
same sample with both techniques provides detailed structural
information accounting for sample inhomogeneities (electron
microscopy) and following sample behavior in vivo (scattering).

3 CYANOBACTERIAL THYLAKOIDS

The ultrastructure of thylakoids from cyanobacteria is
characterized by various arrangements of sheet-like membrane
layers subject to the confinement of the surrounding cell wall.
These strain-dependent arrangements are either concentric layers
neighboring the cell periphery or near-radial distributions
emanating from focal points on the cell membrane (Olive
et al., 1997; Rast et al., 2015) (see Figure 1). From TEM data,
the thylakoid repeat distance for Synechocystis sp. PCC 6803

(WT) and photosynthetic mutants is 340–550 Å and 430 Å for
Halomicronema hongdechloris (Liberton et al., 2013b; Li et al.,
2016). In terms of scattering studies, the wild-type strain
Synechocystis sp. PCC 6803 is by far the most studied
cyanobacteria (Liberton et al., 2013a; Liberton et al., 2013b;
Ünnep et al., 2014a; Stingaciu et al., 2016). Liberton et al.
(2013b) recently described neutron scattering on Synechocystis
sp. PCC 6803 and three mutant strains with various degrees of
phycobilisome deficiency (see Figure 5A). In Stingaciu et al.
(2016), Stingaciu et al. (2019), the work was expanded with
inelastic neutron scattering probing the dynamics of the
membranes under different illumination conditions correlating
the membrane mobility with photosynthetic activity. This
analysis indicates a significantly softer membrane under dark
conditions, supporting the result obtained for Chlamydomonas
(Nagy et al., 2014). Finally, Li et al. (2016) recently published a
study on H. hongdechloris where SANS work on the intact cells
complements microscopy work in establishing a structural
understanding of a new cyanobacterial complex showing far-
red light induced decrease of thylakoid repeat distance.

Common in all these SANS studies is that the data analysis and
interpretation are based on peak position readings with no
underlying structural model. The interpretation leans on TEM
images and treats all peaks as the first-order Bragg peaks, which
we will argue in the following to be erroneous. To prove our point,
in Figure 5B we plot the reported peak positions from Liberton

TABLE 3 | Comparison of scattering and microscopy techniques (Schnablegger and Singh, 2013).

Feature Scattering Electron microscopy

Space Reciprocal (inverse) Real (direct)
Resolution Averaged sample details on the nm-scale Local details on the nm-scale
Local structure details Cannot be extracted Can be extracted
Results Representative of the entire sample average Unique, but may not represent the entire sample

Result interpretation is ambiguous Average structures are hard to obtain
Preparation/experimental artifacts Scarce in in vitro experiments Artifacts inherent with chemical fixation

Sample shall not degrade/change during measurement Artifacts scarce for cryofixation methods
Overall cryo-EM contrast is lower than that of TEM

FIGURE 5 | (A) X-ray scattering curves of cyanobacterial systems: Synechocystis sp. PCC 6803 (WT), CB, CK, PAL mutants. (B) Plot of the peak positions from
Liberton et al., 2013b. Circles are data values as reported and diamonds are the q values calculated using the Bragg equation (Eq. 2) with the lowest q value as the first-
order peak.
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et al. (2013b) together with peak predictions calculated from Eq. 2
with the lowest q value taken as the first-order peak, that is,
simply treating the cyanobacterial membrane system as a stack of
thylakoid lamellae. Judging from higher order peak positions,
almost all data points fit with this obvious explanation. The main
outliers are the second-order peaks from the CK and CBmutants,
but on inspection of the original scattering curves there are no
immediately apparent peaks visible, so these particular peak
positions are to be regarded with a high level of uncertainty.
Given the broadness of the peaks, the general noise level in the
biological systems, and the neglect of form factor effects in this
approach, it is hardly surprising that there are some deviations
from a perfect Bragg lattice. Thus, we challenge the correlations
done in Liberton et al. (2013b), where the individual peaks are
interpreted to originate from specific distances in the membrane
to be speculative, as all peaks clearly originate from the
fundamental repeat distance of the lamellar stack which
without invoking a structural model is the only information
available. Nevertheless, two conclusions can be drawn from
the existing cyanobacterial scattering experiments: light
induces a slight shrinkage in the overall lamellar repetition
which is correlated with the size of the antenna system.
Knowing that plant chloroplasts are evolutionarily derived
from cyanobacteria, one might expect a similar behavior of
plant thylakoid membranes.

4 PLANT THYLAKOIDS

The first SAXS experiment on isolated osmium-fixed
Aspidistra chloroplasts (Finean et al., 1953) indicated the
existence of a structure with a repeat distance of 250 Å, and
a similar DR was measured by Kratky et al. (1959) for Allium
porrum chloroplast pellets. Kreutz et al. measured X-ray
scattering of the thin layer of dried chloroplast pellets from
Antirrhinum majus (Kreutz and Menke, 1960a; Kreutz and
Menke, 1960b; Kreutz, 1963b). Isotropic scattering curves with
peaks corresponding to the repeat distances of 177–248 Å,
which putatively occurred from the ordered-layered thylakoid
structure, had been obtained (Kreutz andMenke, 1962; Kreutz,
1964). A wide variation of repeat distance values from early
experiments has been explained by different sample
preparations and different degrees of thylakoid membrane
swelling (Kreutz, 1970). Common in all early works is that
scattering was used to investigate the composition and internal
structure of an individual thylakoid membrane and not
thylakoid membrane stacking. A systematic work trying to
explain thylakoid membrane scattering was conducted by
Sadler et al. (1973), Sadler (1976), on isolated chloroplasts
from Euglena gracilis and spinach using aligned thylakoid
pellets by centrifugation, partial dehydration or external
magnetic field and measured X-ray or neutron diffraction:
four orders of diffraction peaks having a lamellar periodicity of
165–170 Å were observed (Sadler et al., 1973). Complementing
X-rays with neutron scattering experiments in a magnetic field,
Sadler et al. suggested a realistic thylakoid ultrastructure
model with a thylakoid repeat distance of 240–250 Å

(Euglena) or 170–190 Å (spinach) and thylakoid membrane
thickness of 50 Å (Sadler and Worcester, 1982a; Sadler and
Worcester, 1982b). These values are comparable with the
current (cryo-)electron microscopy measurements (Shimoni
et al., 2005; Kirchhoff et al., 2011). Overall, the main outcomes
of early scattering investigations were establishing the protein,
lipid, and pigment arrangement in the thylakoid membrane
(Kreutz, 1970; Sadler and Worcester, 1982b); estimating the
thylakoid membrane thickness (Li, 1978); and providing the
understanding that both the interthylakoid space and
thylakoid lumen are hydrophilic compartments (Sadler and
Worcester, 1982a).

4.1 Isolated Thylakoids
Isolation upconcentrates thylakoid membranes in the sample and
reduces scattering from other plant cell components (i.e., cell wall,
endoplasmic reticulum membranes, etc.), which makes the
sample more pure and the interpretation of the scattering
curve easier. However, an osmotic environment of an isolated
sample differs from the thylakoid environment in vivo. Therefore,
measurements on isolated and in vivo thylakoids are not
equivalent—thylakoids swell in hypotonic (Deamer and
Packer, 1967; Opanasenko et al., 1999) and shrink in
hypertonic solutions (Robinson, 1985; Posselt et al., 2012;
Ünnep et al., 2014b). As shown by scattering experiments
(Finean et al., 1953; Kratky et al., 1959; Kreutz and Menke,
1960a; Kreutz and Menke, 1960b; Posselt et al., 2012; Ünnep
et al., 2014b; Herdean et al., 2016), different sample treatments
yield different thylakoid repeat distances and increased
thylakoid disorder (Sadler and Worcester, 1982b) due to
osmolarity and ionic force-related changes. However, due
to relatively easy and fast measurements, scattering can be
used to improve thylakoid or chloroplast isolation procedures
with the aim of finding buffers where thylakoid membranes
closely resemble the situation in vivo (Ünnep et al., 2014a). For
example, from scattering experiments NaCl is suggested to be a
better osmoticum than sorbitol for thylakoid isolation (Ünnep
et al., 2014a; Ünnep et al., 2014b).

4.2 Plant Leaves
To avoid thylakoid ultrastructure changes due to isolation,
scattering experiments on intact plant leaves have been
performed. In the first SAXS experiment, Allium porrum (leek)
leaves were stacked perpendicularly to the X-ray beam to
suppress cell wall scattering (Kratky et al., 1959; Kreutz and
Menke, 1962). Measuring scattering of both green and variegated
snapdragon leaf parts (Wild, 1957) allowed subtracting
background scattering and obtaining scattering solely from
thylakoid membrane stacks (Kreutz, 1964). SANS
measurements of the yellow part of Schefflera arboricola leaf
or red bracts of Euphorbia pulcherrima, where thylakoid stacking
is either absent or disordered, also did not exhibit scattering peaks
(Ünnep et al., 2014a).

As shown in Figure 6, repeat distance values obtained from
SANS experiments are generally higher than those obtained from
TEM measurements of the same sample (Ünnep et al., 2014b;
Eyal et al., 2017). As discussed in Ünnep et al. (2014b), to improve
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the neutron scattering signal leaves need to be D2O infiltrated,
which might change the thylakoid organization in the leaf.
Slightly expanded thylakoid membranes with D2O-infiltrated
lumen produce a higher contrast and thus can dominate the
scattering, yielding a larger average DR of the scattering peak
(Ünnep et al., 2014a). On the other hand, TEM sample
preparation involves fixation and dehydration, invoking
sample shrinkage. Therefore, DR values in vivo can be larger
than in TEM micrographs.

5 THYLAKOID DYNAMICS

Illumination-induced thylakoid ultrastructure changes are
versatile: both shrinkage and expansion of thylakoid repeat
distance have been observed in different ionic environments
(Deamer and Packer, 1967). Numerous TEM experiments
suggest that thylakoid membranes both in vivo and in vitro
contract in response to illumination; this shrinkage is dark-
reversible, and its degree depends on light intensity
(Murakami and Packer, 1969; Murakami and Packer, 1970a;
Murakami and Packer, 1970b; Sundquist and Burris, 1970;
Miller and Nobel, 1972; Yamamoto et al., 2013; Yoshioka-
Nishimura et al., 2014; Wood et al., 2018). Scattering can also
follow thylakoid stacking repeat distance changes—experiments
on isolated thylakoids show that thylakoid repeat distance
decreases in a matter of minutes when illuminated with white
light intensities up to 1,000 μmol photons m−2 s−1 and is restored
when the light is turned off (Nagy et al., 2011; Posselt et al., 2012;
Nagy et al., 2013); the higher the applied light intensity, the larger
and quicker the DR decrease (Nagy et al., 2013). If illumination
intensity on isolated thylakoids is increased to 2,500 μmol
photons m−2 s−1, thylakoid damage occurs and dark

readaptation after shrinkage is no longer observed (Posselt
et al., 2012). Ultrastructural changes of isolated thylakoids
with uncouplers limiting electron transport and pH gradient
buildup are not observed upon illumination (Nagy et al.,
2013); however, for higher plant thylakoids the role of
uncouplers is less clear, and nonphotochemical quenching is
proposed to take part in light-induced thylakoid dynamics as
well (Ünnep et al., 2020).

Compared to isolated systems, light-induced thylakoid
dynamics in vivo is more versatile and organism dependent.
Several structural outcomes have been observed in plant
leaves: thylakoid expansion (Kirchhoff et al., 2011; Yoshioka-
Nishimura et al., 2014; Tsabari et al., 2015), thylakoid shrinkage
(Miller and Nobel, 1972; Yamamoto et al., 2013; Ünnep et al.,
2014b; Tsabari et al., 2015; Wood et al., 2018; Ünnep et al., 2020),
and simultaneous thylakoid shrinkage and expansion
(Puthiyaveetil et al., 2014; Yoshioka-Nishimura et al., 2014).
Apart from that in plants, thylakoid shrinkage was also
observed in algal Porphyra and Ulva cells in vivo (Murakami
and Packer, 1970a). Light-induced increase of thylakoid repeat
distance was observed in Chlamydomonas (Nagy et al., 2014),
diatoms (Nagy et al., 2012), and cyanobacterial phycobilisome
mutant cells (Liberton et al., 2013a), but no DR change was
observed in Synechocystis sp. PCC 6803 (WT) cells (Nagy, 2011;
Liberton et al., 2013a).

As discussed above, SANS data analysis based on peak position
readings cannot infer lumen height or thylakoid membrane
thickness or their illuminated-induced changes. Therefore,
elucidations of dark–light–dark thylakoid dynamics based
on scattering data (Liberton et al., 2013a; Ünnep et al.,
2020) are so far incomplete. Suitable modeling which
investigates the entire scattering curve behavior is of high
importance to investigate lumen changes and thylakoid
dynamics in general. Furthermore, inelastic neutron
scattering can be used to study dynamics of individual
membranes. An investigation of dark-adapted and
illuminated cyanobacterial thylakoid membrane dynamics
shows that the dark-adapted thylakoid membrane is softer
before its illumination with 100 µmol photons m−2 s−1 white
light (Stingaciu et al., 2016; Stingaciu et al., 2019). From SANS,
thylakoids in Chlamydomonas cells are suggested to exhibit the
same behavior (Nagy et al., 2014). However, an experiment
with a fluorescence probe suggests that spinach thylakoid
membrane fluidity is lower in dark-adapted than in low-
light-illuminated state (Yamamoto et al., 2013), which calls
for a more detailed investigation.

To conclude, the observation of thylakoid (lumen)
shrinkage or expansion is only a single facet of thylakoid
dynamics in vivo and shall not be the sole experimental
purpose, as it depends and is probably governed by
numerous environmental factors. It has been extensively
demonstrated that thylakoid ultrastructure and degree of
thylakoid dynamics in vivo depend on the organism (Nagy,
2011; Liberton et al., 2013a; Ünnep et al., 2014a; Demmig-
Adams et al., 2015; Ünnep et al., 2020), arrangement and
composition of photosynthetic proteins and lipids in the
thylakoid membrane (Demmig-Adams et al., 2015; Mazur

FIGURE 6 | Comparison of repeat distances obtained by SANS and
TEM for isolated thylakoids and plant leaves.
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et al., 2019), “previous-growth-history” of a plant (Demmig-
Adams et al., 2015; Schumann et al., 2017), illumination
spectral quality (Mustárdy et al., 1976; Clausen et al., 2014;
Nagy et al., 2014; Bína et al., 2016; Li et al., 2016; Schumann
et al., 2017; Ünnep et al., 2020), and illumination intensity
(Posselt et al., 2012; Nagy et al., 2013; Yamamoto et al., 2013;
Puthiyaveetil et al., 2014; Wood et al., 2019). Understanding
the interplay of these factors will yield a much more
comprehensive picture of thylakoid dynamics.

6 OTHER ORGANISMS AND
PROLAMELLAR BODIES

6.1 Phaeodactylum tricornutum
Intact marine diatom Phaeodactylum tricornutum cells have
stacked thylakoid membranes, organized in groups of three
(Pyszniak and Gibbs, 1992), although cells cultivated under
low intensity red-enhanced illumination were shown to
increase the number of homogeneously stacked thylakoids
(Bína et al., 2016). In these conditions, large thylakoid
membrane areas are occupied exclusively by densely packed
elliptical PSI-Lhcr supercomplexes. An inhomogeneous
photosystem distribution is proposed for P. tricornutum
thylakoids, where the outer thylakoid lamellae contain more
PSI and ATP synthase complexes, compared to the inner
membranes of the stacks (Bína et al., 2016).

Day-light-grown P. tricornutum cells exhibit a
characteristic scattering profile with two characteristic
diffraction peaks positioned at q � 0.037 Å−1 (170 Å) and
0.065 Å−1 (97 Å) and with a weak peak in between at q
0.052 Å−1 (121 Å) [see Figure 1 in Nagy et al. (2012)]. In
Nagy et al. (2012), the latter is tentatively assigned to
adjacent membrane pairs while no account of the weak
central peak is given. In line with the above statements, we
conjecture that a full modeling approach accounting for the
distinct triplet organization and the possible asymmetric
composition of the membranes will account for the full
scattering curve.

Nevertheless, qualitative information can still be extracted.
Upon white light illumination (150 or 1,200 μmol photons
m−2 s−1), q of the peak decreases, indicating an expansion of
the stacking—the higher the light intensity, the higher the
expansion. This illumination effect was reversible and could
not be inhibited by uncouplers, suggesting that thylakoid
dynamics are caused by changes in the electrostatic
interactions of local electric fields and/or constitutive
redistribution of the ions—and not due to pH changes, as in
the case of isolated thylakoids (Zimanyi and Garab, 1989). As
discussed, light-induced thylakoid expansion in live cells is
similar to the thylakoid membrane behavior in intact
Arabidopsis leaves, which strongly supports the need to
analyze thylakoid membrane behavior in a variety of organisms.

In line with experiments on isolated thylakoid membranes,
q-values of the peaks increase after addition of 100–600 mM
sorbitol whereas peak intensity decreases—indicating thylakoid
membrane shrinkage in higher osmolarities. Osmoticum-

induced shrinkage is reversible—if sorbitol is removed,
scattering signal intensity of the first peak is restored, although
the intensity of the second peak remains lower. After dark
readaptation q of the two peaks even decrease to slightly
lower values than of nontreated cells, indicating a slight
thylakoid membrane swelling during readaptation (Nagy
et al., 2012). Similar thylakoid membrane shrinkage is also
observed after heat treatment of P. tricornutum cells: the entire
SANS profile shifts to higher q values and peak intensities are
decreased.

6.2 Chlamydomonas reinhardtii
Single-cell green algae Chlamydomonas contain well-defined
separate regions of stacked and unstacked thylakoid
membranes with distinct protein contents and supramolecular
structures. Chlamydomonas is an attractive organism to study
thylakoid ultrastructure and dynamics in vivo, especially
because of state transitions. Although Chlamydomonas
thylakoids are organized less regularly (Engel et al., 2015),
distinct regions with predominantly grana-like stacks or
stroma lamellae are present—an overall organization similar
to higher plants, although with a lower number of lamellae in
the stacks. From tomography experiments, Chlamydomonas
thylakoid stacks are composed of 3–10 thylakoids, which have
a lateral repeat distance of 224 ± 13 Å. A single thylakoid
membrane thickness is 49 ± 5 Å, thylakoid lumen thickness
90 ± 14 Å, and interthylakoid stromal space 36 ± 5 Å (Engel
et al., 2015). From SANS experiments, living Chlamydomonas
cells exhibit a scattering profile with two characteristic
diffraction peaks corresponding to q 0.033–0.0035 Å−1

(180–190 Å) and 0.055 Å−1 (114 Å). The first peak/feature is
proposed to originate from the repeat distance of stacked
thylakoid membranes and the second from the membrane
pairs (Nagy et al., 2014). If so, the repeat distance obtained
from SANS correlates well with electron tomography data,
although the overall appearance of the scattering curve is
currently not accounted for and needs to be investigated in
more detail to clarify if the offset of the peaks from a lamellar
pattern is not simply an effect of the form factor and the low
number of layers.

6.3 Prolamellar Bodies
We will finish this excursion of scattering work on
photosynthetic membranes by returning to the plant
prolamellar bodies (PLBs) illustrated in Figure 1A. In
contrast to all the other membrane systems described so
far, prolamellar bodies are not flat sheet stacks so the
modeling approach from Jakubauskas et al. (2019)) is not
relevant directly. Instead, the analysis of the scattering
requires one to index peaks based on symmetry
considerations akin to the analysis routinely performed in,
for example, lyotropic liquid crystalline systems. Lachmann
and Kesselmeier (1989) classified the isolated PLB
ultrastructures according to their internal structure as
paracrystalline, spongy, or tubular. Paracrystalline PLBs
are well organized and ordered; spongy PLBs maintain
elements of the original lattice, but their long-range order

Frontiers in Chemistry | www.frontiersin.org April 2021 | Volume 9 | Article 63137010

Jakubauskas et al. Scattering on Photosynthetic Membranes

75

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


is lost; tubular PLBs have tubules from the original structure,
but PLBs look torn apart, with no apparent order.

X-ray scattering on isolated PLBs was successfully
employed by P. Williams and E. Selstam, when they
isolated PLBs and used them for parallel SAXS and TEM
studies (Williams et al., 1998; Selstam et al., 2007). Judged
from TEM pictures, 70–80% of isolated PLBs in the samples
were paracrystalline, the remaining PLBs were spongy, with a
very low numbers of tubular PLBs or membrane debris from
damaged PLBs, although the latter did not interfere with
X-ray scattering from highly ordered PLB structures.
Concentrated PLB pellets gave rise to X-ray diffraction
patterns resembling a Fd3m lattice with unit cell length
a � 78 nm (see Figure 7). Scattering was then used to
study PLB ultrastructure changes with focus on the impact
of salts, cryoprotectant, pH, and freeze–thaw cycles
(Williams et al., 1998; Selstam et al., 2007). Although
promising in essence, PLB studies proved to be technically
difficult—mainly, a robust etiolated plant growth setup and
sample preparation are necessary to obtain homogeneous
PLB preparations for the scattering measurements.
Furthermore, to investigate PLB ultrastructure, the sample
enclosure itself needs to be light impermeable and the sample
needs to be loaded into it under a very low intensity green

light, as 1 ms flash of white light can be sufficient to destroy
the paracrystalline order of the PLB. One of the possible ways
to tackle the issue of PLB sample resolution is the usage of
neutron scattering. Here, scattering from lipids is enhanced if
isolated PLBs are resuspended in D2O-based medium.
Furthermore, as is the case for thylakoids, scattering of
fresh etiolated and D2O-infiltrated leaf stack can be
investigated. Since the neutron beam is in most cases
larger than that with X-rays, lower concentration of PLBs
in the leaf can be compensated by the higher screened sample
area and leaf stacking, putatively leading to a comparable
signal intensity as for concentrated PLBs investigated by a
small X-ray beam. Such an experiment does not require any
special sample preparation—PLBs can in principle be
investigated in in vivo conditions, directly in ethiolated
leaves, thus yielding more precise average unit cell values
and space group assignment. Ultimately, PLB ultrastructures
from various plants and photosynthetic mutants can be
investigated and compared, as in Bykowski et al. (2020),
and a continuous light-induced PLB disassembly can be
ideally followed as well.

7 OUTLOOK

Here we have presented an overview of scattering results
obtained so far on photosynthetic membranes and advocate
for a holistic modeling approach to scattering data as well as
the joint utilization of the complementary methods of
scattering and microscopy/tomography to study biological
samples as close to their native state as possible. Ideally, a
study of high biological relevance could investigate
thylakoid dynamics in plants with different degrees of
thylakoid stacking and diverse photosynthetic and
environmental phenotypes: photosynthetic, pigment, or
antennae-deficient mutants, draught, and cold-resistant
species. Systematically varying white light intensities and
using certain wavelengths, causing state transitions in
illumination studies, would enable studying the
photosynthetic response and changes in thylakoid
ultrastructure and evaluating small-scale dynamics of
thylakoid membranes, which would greatly benefit
biological investigations in plants and cyanobacteria.
Furthermore, the entire PLB-to-thylakoid membrane
transition could in principle be followed with scattering
experiments, which is one of the most spectacular
membrane remodelings known in biology.

To conclude, we believe scattering techniques will
ultimately enable one to investigate, follow, and model
ultrastructural changes of complex biological membrane
systems in their native environment in near-second range.
In complement to “static”microscopy techniques and together
with the fact that comprehensive mathematical models
explaining scattering data from complex systems are
underway, an advent of new discoveries using scattering
methods on complex biological system dynamics is
anticipated.

FIGURE 7 | SAXS pattern changes after single freeze–thaw cycle of
prolamellar bodies. (A) Prior to freezing (thin line) and immediately after melting
(thick line). (B) Difference between curves from (A) indexed to a Fd3m lattice
[figure from Selstam et al. (2007)].
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Kouřil, R., Oostergetel, G. T., and Boekema, E. J. (2011). Fine structure of granal
thylakoid membrane organization using cryo electron tomography. Biochim. et
Biophys. Acta (BBA) Bioenerget. 1807, 368–374.

Kowalewska, Ł., Bykowski, M., and Mostowska, A. (2019). Spatial organization of
thylakoid network in higher plants. Bot. Lett. 166, 326–343. doi:10.1080/
23818107.2019.1619195

Kowalewska, Ł. M., Mazur, R., Suski, S., Garstka, M., and Mostowska, A. (2016).
Three-dimensional visualization of the internal plastid membrane network
during runner bean chloroplast biogenesis. Dynamic model of the tubular-
lamellar transformation. Plant Cell. 28 (4), 153.

Kratky, O., Menke, W., Sekora, A., Paletta, B., and Bischof, M. (1959).
Orientierende Röntgen-Kleinwinkelmessungen an Chloroplasten von Allium
porrum. Z. Naturforsch. 14, 307–311. doi:10.1515/znb-1959-0505

Kreutz, W., and Menke, W. (1960a). Strukturuntersuchungen an plastiden. Z.
Naturforsch. 15, 402–410. doi:10.1515/znb-1960-0613

Kreutz, W., and Menke, W. (1960b). Strukturuntersuchungen an plastiden.
Z. Naturforsch. 15, 483–487. doi:10.1515/znb-1960-0802

Kreutz, W., and Menke, W. (1962). Strukturuntersuchungen an plastiden. Z.
Naturforsch. 17, 675–683. doi:10.1515/znb-1962-1008

Kreutz, W. (1964). Strukturunterschungen an plastiden VI. Uber die struktur der
lipoproteinlamellen in chloroplasten lebender zellen. Z. Naturforsch. 19b,
441–446.

Kreutz, W. (1963a). Strukturuntersuchungen an plastiden. Z. Naturforsch. 18,
567–571. doi:10.1515/znb-1963-0713

Kreutz, W. (1963b). Strukturuntersuchungen an plastiden. Zeitschrift fur
Naturforschung 18, 1098–1104. doi:10.1515/znb-1963-1220

Kreutz, W. (1970). X-ray structure research on the photosynthetic membrane.
Advances in Botanical Research. New York: Academic Press, 53–169.

Lachmann, K. U., and Kesselmeier, J. (1989). Influence of divalent cations and
chelators on the structure of prolamellar bodies of Avena sativa. Plant Cell
Physiol. 30, 1081–1088. doi:10.1093/oxfordjournals.pcp.a077848

Li, J. (1978).An x-ray diffraction study of chloroplast thylakoid membrane structure.
Ph.D. thesis, Harward University.

Li, J. (1979). X-ray analysis of chloroplast thylakoid membrane structure. Biophys.
J. 25, 190.

Li, M., Mukhopadhyay, R., Svoboda, V., Oung, H. M. O., Mullendore, D. L., and
Kirchhoff, H. (2020). Measuring the dynamic response of the thylakoid
architecture in plant leaves by electron microscopy. Plant Direct. 4, 1–14.
doi:10.1002/pld3.280

Li, Y., Lin, Y., Garvey, C. J., Birch, D., Corkery, R. W., Loughlin, P. C., et al. (2016).
Characterization of red-shifted phycobilisomes isolated from the chlorophyll f
-containing cyanobacterium Halomicronema hongdechloris. Biochim. et
Biophys. Acta (BBA) Bioenergetics 1857, 107–114. doi:10.1016/j.bbabio.2015.
10.009

Liberton, M., Collins, A. M., Page, L. E., O’Dell, W. B., O’Neill, H., Urban, V. S.,
et al. (2013a). Probing the consequences of antenna modification in
cyanobacteria. Photosynth Res. 118, 17–24. doi:10.1007/s11120-013-9940-0

Liberton, M., Page, L. E., O’Dell, W. B., O’Neill, H., Mamontov, E., Urban, V. S.,
et al. (2013b). Organization and flexibility of cyanobacterial thylakoid
membranes examined by neutron scattering. J. Biol. Chem. 288, 3632–3640.
doi:10.1074/jbc.m112.416933

Lokstein, J. M., Solymosi, K., Strzałka, K., and Mysliwa-Kurdziel, B. (2013).
Visualization and characterization of prolamellar bodies with atomic force
microscopy. J. Plant Physiol. 170, 1217–1227. doi:10.1016/j.jplph.2013.04.017

Mazur, R., Mostowska, A., Szach, J., Gieczewska, K., Wójtowicz, J., Bednarska, K.,
et al. (2019). Galactolipid deficiency disturbs spatial arrangement of the
thylakoid network in Arabidopsis thaliana plants. J. Exp. Bot. 70,
4689–4704. doi:10.1093/jxb/erz219

Menke, W. (1960). Das allgemeine Bauprinzip des Lamellarsystems der
Chloroplasten. Experientia 16, 537–538. doi:10.1007/bf02158442

Menke, W. (1940a). Die lamellarstruktur der chloroplasten im ultravioletten licht.
Naturwissenschaften 28, 158–159.

Menke, W. (1940b). Untersuchungen über den Feinbau des Protoplasmas mit dem
Universal-Elektronenmikroskop. Protoplasma 35, 115–130. doi:10.1007/
bf02807310

Miller, M. M., and Nobel, P. S. (1972). Light-induced changes in the ultrastructure
of pea chloroplasts in vivo. Plant Physiol. 49, 535–541. doi:10.1104/pp.49.4.535

Murakami, S., and Packer, L. (1970a). Light-induced changes in the conformation
and configuration of the thylakoid membrane of Ulva and Porphyra
chloroplasts in vivo. Plant Physiol. 45, 289–299. doi:10.1104/pp.45.3.289

Murakami, S., and Packer, L. (1970b). Protonation and chloroplast membrane
structure. J. Cel. Biol. 47, 332–351. doi:10.1083/jcb.47.2.332

Murakami, S., and Packer, L. (1969). Reversible changes in the conformation of
thylakoid membranes accompanying chloroplast contraction or expansion.
Biochim. et Biophys. Acta (BBA) Bioenergetics 180, 420–423. doi:10.1016/0005-
2728(69)90128-5

Mustárdy, L., and Jánossy, A. G. S. (1979). Evidence of helical thylakoid
arrangement by scanning electron microscopy. Plant Sci. Lett. 16, 281–284.
doi:10.1016/0304-4211(79)90039-7

Mustárdy, L., Machowicz, E., and Faludi-Dániel, A. (1976). Light-induced
structural changes if thylakoids in normal and carotenoid deficient
chloroplasts of maize. Protoplasma 88, 65–73.

Nagy, G., Zsiros, O. R., Takizawa, K., and Porcar, L. (2014). Chloroplast remodeling
during state transitions inChlamydomonas reinhardtiias revealed by
noninvasive techniques in vivo. Proc. Natl. Acad. Sci. USA 111, 5042–5047.
doi:10.1073/pnas.1322494111

Nagy, G., Kovács, L., Ünnep, R., Zsiros, L., Almásy, L., et al. (2013). Kinetics of
structural reorganizations in multilamellar photosynthetic membranes
monitored by small-angle neutron scattering. Eur. Phys. J. E 36, 69. doi:10.
1140/epje/i2013-13069-0

Nagy, G., Posselt, D., Kovács, L., Holm, J. K., Szabó, M., Ughy, B., et al. (2011).
Reversible membrane reorganizations during photosynthesis in vivo: revealed
by small-angle neutron scattering. Biochem. J. 436, 225–230. doi:10.1042/
bj20110180

Nagy, G. (2011). Structure and dynamics of photosynthetic membranes as revealed
by neutron Scattering, PhD thesis. University of Grenoble and Eötvös Loránd
University.

Nagy, G., Szabó, M., Ünnep, R., Káli, G., Miloslavina, Y., Lambrev, P. H., et al.
(2012). Modulation of the multilamellar membrane organization and of the
chiral macrodomains in the diatom Phaeodactylum tricornutum revealed by
small-angle neutron scattering and circular dichroism spectroscopy. Photosynth
Res. 111, 71–79. doi:10.1007/s11120-011-9693-6

Nallet, F., Laversanne, R., and Roux, D. (1993). Modeling X-ray or neutron
scattering spectra of lyotropic lamellar phases : interplay between form and
structure factors. J. Phys. II France 3, 487–502. doi:10.1051/jp2:1993146

Olive, J., Ajlani, G., Astier, C., Recouvreur, M., and Vernotte, C. (1997).
Ultrastructure and light adaptation of phycobilisome mutants of
Synechocystis PCC 6803. Biochim. et Biophys. Acta (BBA) Bioenergetics
1319, 275–282. doi:10.1016/s0005-2728(96)00168-5

Oliveira, C. L. P., Gerbelli, B. B., Silva, E. R. T., Nallet, F., Navailles, L., Oliveira, E.
A., et al. (2012). Gaussian deconvolution: a useful method for a form-free
modeling of scattering data from mono- and multilayered planar systems.
J. Appl. Cryst. 45, 1278–1286. doi:10.1107/s002188981204191x

Onoa, B., Schneider, A. R., Brooks, M. D., Grob, P., Nogales, E., Geissler, P. L., et al.
(2014). Atomic force microscopy of photosystem II and its unit cell clustering
quantitatively delineate the mesoscale variability in Arabidopsis thylakoids.
PLoS ONE 9. doi:10.1371/journal.pone.0101470

Opanasenko, V., Semenova, G., and Agafonov, A. (1999). Changes in the structure
and the functional state of thylakoids under the conditions of osmotic shock.
Photosynthesis Res. 62, 281–290. doi:10.1023/a:1006327920100

Paolillo, D., Jr., and Paolillo, D. J. (1970). The three-dimensional arrangement of
intergranal lamellae in chloroplasts. J. Cell Sci. 6, 243–255.

Pape, E. H., Menke, W., Weick, D., and Hosemann, R. (1974). Small angle X-ray
scattering of the thylakoid membranes of Rhodopseudomonas spheroides in
aqueous suspensions. Biophys. J. 14, 221–232. doi:10.1016/s0006-3495(74)
85909-6

Posselt, D., Nagy, G., Kirkensgaard, J. J. K., Holm, J. K., Aagaard, T. H., Timmins,
P., et al. (2012). Small-angle neutron scattering study of the ultrastructure of
chloroplast thylakoid membranes - periodicity and structural flexibility of the
stroma lamellae. Biochim. et Biophys. Acta (BBA) Bioenergetics 1817,
1220–1228. doi:10.1016/j.bbabio.2012.01.012

Puthiyaveetil, S., Tsabari, O., Lowry, T., Lenhert, S., Lewis, R. R., Reich, Z., et al.
(2014). Compartmentalization of the protein repair machinery in

Frontiers in Chemistry | www.frontiersin.org April 2021 | Volume 9 | Article 63137013

Jakubauskas et al. Scattering on Photosynthetic Membranes

78

https://doi.org/10.1107/s0021889809017701
https://doi.org/10.1080/23818107.2019.1619195
https://doi.org/10.1080/23818107.2019.1619195
https://doi.org/10.1515/znb-1959-0505
https://doi.org/10.1515/znb-1960-0613
https://doi.org/10.1515/znb-1960-0802
https://doi.org/10.1515/znb-1962-1008
https://doi.org/10.1515/znb-1963-0713
https://doi.org/10.1515/znb-1963-1220
https://doi.org/10.1093/oxfordjournals.pcp.a077848
https://doi.org/10.1002/pld3.280
https://doi.org/10.1016/j.bbabio.2015.10.009
https://doi.org/10.1016/j.bbabio.2015.10.009
https://doi.org/10.1007/s11120-013-9940-0
https://doi.org/10.1074/jbc.m112.416933
https://doi.org/10.1016/j.jplph.2013.04.017
https://doi.org/10.1093/jxb/erz219
https://doi.org/10.1007/bf02158442
https://doi.org/10.1007/bf02807310
https://doi.org/10.1007/bf02807310
https://doi.org/10.1104/pp.49.4.535
https://doi.org/10.1104/pp.45.3.289
https://doi.org/10.1083/jcb.47.2.332
https://doi.org/10.1016/0005-2728(69)90128-5
https://doi.org/10.1016/0005-2728(69)90128-5
https://doi.org/10.1016/0304-4211(79)90039-7
https://doi.org/10.1073/pnas.1322494111
https://doi.org/10.1140/epje/i2013-13069-0
https://doi.org/10.1140/epje/i2013-13069-0
https://doi.org/10.1042/bj20110180
https://doi.org/10.1042/bj20110180
https://doi.org/10.1007/s11120-011-9693-6
https://doi.org/10.1051/jp2:1993146
https://doi.org/10.1016/s0005-2728(96)00168-5
https://doi.org/10.1107/s002188981204191x
https://doi.org/10.1371/journal.pone.0101470
https://doi.org/10.1023/a:1006327920100
https://doi.org/10.1016/s0006-3495(74)85909-6
https://doi.org/10.1016/s0006-3495(74)85909-6
https://doi.org/10.1016/j.bbabio.2012.01.012
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


photosynthetic membranes. Proc. Natl. Acad. Sci. 111, 15839–15844. doi:10.
1073/pnas.1413739111

Pyszniak, A. M., and Gibbs, S. P. (1992). Immunocytochemical localization of
photosystem I and the fucoxanthin-chlorophylla/c light-harvesting complex in
the diatom Phaeodactylum tricornutum. Protoplasma 166, 208–217. doi:10.
1007/bf01322783

Rast, A., Heinz, S., and Nickelsen, J. (2015). Biogenesis of thylakoid membranes.
Biochim. Biophys. Acta, 1847, 821. doi:10.1016/j.bbabio.2015.01.007

Rast, A., Schaffer, M., Albert, S., Wan,W., Pfeffer, S., Beck, F., et al. (2019). Biogenic
regions of cyanobacterial thylakoids form contact sites with the plasma
membrane. Nat. Plants 5, 436–446. doi:10.1038/s41477-019-0399-7

Robinson, S. P. (1985). Osmotic adjustment by intact isolated chloroplasts in
response to osmotic stress and its effect on photosynthesis and chloroplast
volume. Plant Physiol. 79, 996–1002. doi:10.1104/pp.79.4.996

Sadler, D. M., Lefort-Tran, M., and Pouphile, M. (1973). Structure of photosynthetic
membranes of Euglena using X-ray diffraction. Biochim. et Biophys. Acta (BBA)
Biomembranes 298, 620–629. doi:10.1016/0005-2736(73)90078-3

Sadler, D. M., andWorcester, D. L. (1982a). Neutron diffraction studies of oriented
photosynthetic membranes. J. Mol. Biol. 159, 467–482. doi:10.1016/0022-
2836(82)90295-9

Sadler, D. M., and Worcester, D. L. (1982b). Neutron scattering studies of
photosynthetic membranes in aqueous dispersion. J. Mol. Biol. 159,
485–499. doi:10.1016/0022-2836(82)90297-2

Sadler, D. M. (1976). X-ray diffraction from chloroplast membranes oriented in a
magentic field. FEBS Lett. 67, 289–293. doi:10.1016/0014-5793(76)80549-2

Schnablegger, H., and Singh, Y. (2013). The SAXS guide. Getting acquainted with
the principles (Anton Paar GmbH).

Schumann, T., Paul, S., Melzer, M., Dormann, P., and Jahns, P. (2017). Plant
growth under natural light conditions provides highly flexible short-term
acclimation properties toward high light stress. Front. Plant Sci. 8, 681.
doi:10.3389/fpls.2017.00681

Sears, V. F. (1992). Neutron scattering lengths and cross sections. Neutron News 3,
26–37. doi:10.1080/10448639208218770

Selstam, E., Schelin, J., Williams, W. P., and Brain, A. P. R. (2007). Structural
organisation of prolamellar bodies (PLB) isolated from Zea mays. parallel TEM,
SAXS and absorption spectra measurements on samples subjected to freeze-
thaw, reduced pH and high-salt perturbation. Biochim. et Biophys. Acta (BBA)
Biomembranes 1768, 2235–2245. doi:10.1016/j.bbamem.2007.05.005

Serdyuk, I. N., Zaccai, N. R., Zaccai, J., Zaccal, N., and Zaccal, P. (2007).Methods in
molecular Biophysics. Cambridge: Cambridge University Press.

Shimoni, E., Rav-Hon, O., Ohad, I., Brumfeld, V., and Reich, Z. (2005). Three-
dimensional organization of higher-plant chloroplast thylakoid membranes
revealed by electron tomography. Plant Cell 17, 2580–2586. doi:10.1105/tpc.
105.035030

Smidijiev, I., Stoylova, S., Amenitsch, H., Jávorfi, T., Mustárdy, L., Laggner, P., et al.
(2000). Self-assembly of large, ordered lamellae from non-bilayer lipids and
integral membrane proteins in vivo. Proc. Natl. Acad. Sci. USA 97, 1473–1476.

Staehelin, L. A. (1986). “Chloroplast structure and supramolecular organization of
photosynthetic membranes,”. Photosynthesis III. Photosynthetic membranes
and light harvesting systems. Editors L. A. Staehelin and C. J. Arntzen (New
York: Springer), 19, 1–84.

Stingaciu, L.-R., O’Neill, H., Liberton, M., Urban, V. S., Pakrasi, H. B., and Ohl, M.
(2016). Revealing the dynamics of thylakoid membranes in living
cyanobacterial cells. Sci. Rep. 6, 19627. doi:10.1038/srep19627

Stingaciu, L.-R., O’Neill, H. M., Liberton, M., Pakrasi, H. B., and Urban, V. S.
(2019). Influence of chemically disrupted photosynthesis on cyanobacterial
thylakoid dynamics in Synechocystis sp. pcc 6803. Sci. Rep. 9. doi:10.1038/
s41598-019-42024-0

Sturgis, J. N., Tucker, J. D., Olsen, J. D., Hunter, C. N., and Niederman, R. A. (2009).
Atomic force microscopy studies of native photosynthetic membranes†.
Biochemistry 48, 3679–3698. doi:10.1021/bi900045x

Sundquist, J. E., and Burris, R. H. (1970). Light-dependent structural changes in the
lamellar membranes of isolated spinach chloroplasts: measurement by electron
microscopy. Biochim. et Biophys. Acta (BBA) Bioenergetics 223, 115–121.
doi:10.1016/0005-2728(70)90136-2

Sznee, K., Dekker, J. P., Dame, R. T., van Roon, H., Wuite, G. J. L., and Frese, R. N.
(2011). Jumping mode atomic force microscopy on grana membranes from
spinach. J. Biol. Chem. 286, 39164–39171. doi:10.1074/jbc.m111.284844

Tang, K.-H., and Blankenship, R. E. (2012). Neutron and light scattering studies of
light-harvesting photosynthetic antenna complexes. Photosynth Res. 111,
205–217. doi:10.1007/s11120-011-9665-x

Tsabari, O., Nevo, R., Meir, S., Carrillo, L. R., Kramer, D. M., and Reich, Z. (2015).
Differential effects of ambient or diminished CO2 and O2 levels on thylakoid
membrane structure in light-stressed plants. Plant J. 81, 884–894. doi:10.1111/
tpj.12774

Ünnep, R., Nagy, G., Markó, M., and Garab, G. (2014a). Monitoring thylakoid
ultrastructural changes in vivo using small-angle neutron scattering. Plant
Physiol. Biochem. PPB/Societe francaise de physiologie vegetale 81, 1–11. doi:10.
1016/j.plaphy.2014.02.005

Ünnep, R., Paul, S., Zsiros, O., Kovács, L., Székely, N. K., Steinbach, G., et al. (2020).
Thylakoid membrane reorganizations revealed by small-angle neutron
scattering of Monstera deliciosa leaves associated with non-photochemical
quenching. Open Biol. 10, 200144. doi:10.1098/rsob.200144

Ünnep, R., Zsiros, O., Hörcsik, Z., Markó, M., Jajoo, A., Kohlbrecher, J., et al.
(2017). Low-pH induced reversible reorganizations of chloroplast thylakoid
membranes - as revealed by small-angle neutron scattering. Biochim. et Biophys.
Acta (BBA) Bioenergetics 1858, 360–365. doi:10.1016/j.bbabio.2017.02.010

Ünnep, R., Zsiros, O., Solymosi, K., Kovács, L., Lambrev, P. H., Tóth, T., et al.
(2014b). The ultrastructure and flexibility of thylakoid membranes in leaves and
isolated chloroplasts as revealed by small-angle neutron scattering. Biochim. et
Biophys. Acta (BBA) Bioenergetics 1837, 1572–1580. doi:10.1016/j.bbabio.2014.
01.017

Wild, A. (1957). Beitraege zur biologie der pflanzen 37, 137.
Williams, W. P., Selstam, E., and Brain, T. (1998). X-ray diffraction studies of the

structural organisation of prolamellar bodies isolated from Zeamays. FEBS Lett.
422, 252–254. doi:10.1016/s0014-5793(98)00019-2

Willis, B. T. M., and Carlile, C. J. (2009). Experimental neutron scattering. Oxford
University Press.

Wood, W. H. J., Barnett, S. F. H., Flannery, S., Hunter, C. N., and Johnson, M. P.
(2019). Dynamic thylakoid stacking is regulated by lhcii phosphorylation but not
its interaction with psi. Plant Physiol. 180, 2152–2166. doi:10.1104/pp.19.00503

Wood, W. H. J., MacGregor-Chatwin, C., Barnett, S. F. H., Mayneord, G. E.,
Huang, X., Hobbs, J. K., et al. (2018). Dynamic thylakoid stacking regulates the
balance between linear and cyclic photosynthetic electron transfer. Nat. Plants
4, 116–127. doi:10.1038/s41477-017-0092-7

Worcester, D. L. (1976). Neutron beam studies of biological membranes and
membrane components Biological membranes, vol. 3. New York: Academic
Press, 1–46.

Yamamoto, Y., Hori, H., Kai, S., Ishikawa, T., Ohnishi, A., Tsumura, N., et al.
(2013). Quality control of photosystem II: reversible and irreversible protein
aggregation decides the fate of photosystem II under excessive illumination.
Front. Plant Sci. 4 (433), 1–9. doi:10.3389/fpls.2013.00433

Yoshioka-Nishimura, M., Nanba, D., Takaki, T., Ohba, C., Tsumura, N., Morita, N.,
et al. (2014). Quality control of photosystem II: direct imaging of the changes in
the thylakoid structure and distribution of ftsh proteases in spinach chloroplasts
under light stress. Plant Cell Physiol. 55, 1255–1265. doi:10.1093/pcp/pcu079

Zimányi, L., and Garab, G. (1989). Configuration of the electric field and distribution
of ions in energy transducing biological membranes: model calculations in a
vesicle containing discrete charges. J. Theor. Biol. 138, 59–76. doi:10.1016/s0022-
5193(89)80178-x

Zsiros, O., Ünnep, R., Nagy, G., Almásy, L., Patai, R., Székely, J., et al. (2020). Role
of protein-water interface in the stacking interactions of granum thylakoid
membranes as revealed by the effects of Hofmeister salts. Front. Plant Sci. 11,
1257. doi:10.3389/fpls.2020.01257

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jakubauskas, Mortensen, Jensen and Kirkensgaard. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org April 2021 | Volume 9 | Article 63137014

Jakubauskas et al. Scattering on Photosynthetic Membranes

79

https://doi.org/10.1073/pnas.1413739111
https://doi.org/10.1073/pnas.1413739111
https://doi.org/10.1007/bf01322783
https://doi.org/10.1007/bf01322783
https://doi.org/10.1016/j.bbabio.2015.01.007
https://doi.org/10.1038/s41477-019-0399-7
https://doi.org/10.1104/pp.79.4.996
https://doi.org/10.1016/0005-2736(73)90078-3
https://doi.org/10.1016/0022-2836(82)90295-9
https://doi.org/10.1016/0022-2836(82)90295-9
https://doi.org/10.1016/0022-2836(82)90297-2
https://doi.org/10.1016/0014-5793(76)80549-2
https://doi.org/10.3389/fpls.2017.00681
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1016/j.bbamem.2007.05.005
https://doi.org/10.1105/tpc.105.035030
https://doi.org/10.1105/tpc.105.035030
https://doi.org/10.1038/srep19627
https://doi.org/10.1038/s41598-019-42024-0
https://doi.org/10.1038/s41598-019-42024-0
https://doi.org/10.1021/bi900045x
https://doi.org/10.1016/0005-2728(70)90136-2
https://doi.org/10.1074/jbc.m111.284844
https://doi.org/10.1007/s11120-011-9665-x
https://doi.org/10.1111/tpj.12774
https://doi.org/10.1111/tpj.12774
https://doi.org/10.1016/j.plaphy.2014.02.005
https://doi.org/10.1016/j.plaphy.2014.02.005
https://doi.org/10.1098/rsob.200144
https://doi.org/10.1016/j.bbabio.2017.02.010
https://doi.org/10.1016/j.bbabio.2014.01.017
https://doi.org/10.1016/j.bbabio.2014.01.017
https://doi.org/10.1016/s0014-5793(98)00019-2
https://doi.org/10.1104/pp.19.00503
https://doi.org/10.1038/s41477-017-0092-7
https://doi.org/10.3389/fpls.2013.00433
https://doi.org/10.1093/pcp/pcu079
https://doi.org/10.1016/s0022-5193(89)80178-x
https://doi.org/10.1016/s0022-5193(89)80178-x
https://doi.org/10.3389/fpls.2020.01257
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REVIEW
published: 27 April 2021

doi: 10.3389/fchem.2021.642851

Frontiers in Chemistry | www.frontiersin.org 1 April 2021 | Volume 9 | Article 642851

Edited by:

Olaf Holderer,

Julich-Forschungszentrum,

Helmholtz-Verband Deutscher

Forschungszentren (HZ), Germany

Reviewed by:

Norbert Kučerka,
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Cell membranes and their associated structures are dynamical supramolecular structures
where different physiological processes take place. Detailed knowledge of their static
and dynamic structures is therefore needed, to better understand membrane biology.
The structure–function relationship is a basic tenet in biology and has been pursued
using a range of different experimental approaches. In this review, we will discuss one
approach, namely the use of neutron scattering techniques as applied, primarily, to model
membrane systems composed of lipid bilayers. An advantage of neutron scattering,
compared to other scattering techniques, is the differential sensitivity of neutrons to
isotopes of hydrogen and, as a result, the relative ease of altering sample contrast
by substituting protium for deuterium. This property makes neutrons an ideal probe
for the study of hydrogen-rich materials, such as biomembranes. In this review article,
we describe isotopic labeling studies of model and viable membranes, and discuss
novel applications of neutron contrast variation in order to gain unique insights into the
structure, dynamics, and molecular interactions of biological membranes. We specifically
focus on how small-angle neutron scattering data is modeled using different contrast data
and molecular dynamics simulations. We also briefly discuss neutron reflectometry and
present a few recent advances that have taken place in neutron spin echo spectroscopy
studies and the unique membrane mechanical data that can be derived from them,
primarily due to new models used to fit the data.

Keywords: neutron scattering, membrane biophysical properties, lipid domains/rafts, membrane dynamics, MD

simulation

1. INTRODUCTION

Membranes are critical structural and dynamic assemblies in biological cells, whose underlying
structure is a lipid bilayer. In addition to acting as barriers separating cells and cell organelles
from their external environments, cellular membranes perform a range of critical roles, such as
the compartmentalization of cellular processes, hosting resident proteins, mediating cell signaling,
and responding to environmental cues (Singer and Nicolson, 1972; Simons and Toomre, 2000;
Phillips et al., 2009). In particular, the plasmamembrane (PM), which performs the aforementioned
role of enveloping cells and whose general structure was proposed in 1972 by Singer and Nicolson
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(Singer and Nicolson, 1972), has received a great deal
of attention. Specifically, the PM differentiates itself from
other cell membranes by being chemically asymmetric, where
the chemical composition between its two bilayer leaflets
is different (Verkleij et al., 1973). For example, saturated
acyl chain phosphatidylcholines are predominantly located in
the outer or exoplasmic leaflet, whereas phosphatidylserine
(PS), phosphatidylethanolamine (PE), and phosphatidylinositol
headgroup lipids, with varying degrees of unsaturation in their
acyl chains, are located in the inner, cytoplasmic bilayer leaflet
(Verkleij et al., 1973; Op den Kamp, 1979; Van Meer et al., 2008;
Lorent et al., 2020). PM asymmetry is actively maintained by
ATP driven processes that locate and maintain the individual
lipid species in their respective bilayer leaflet, as lipids, if left to
their own devices are able to spontaneously migrate between the
two bilayer leaflets, a process known as lipid flip-flop (Seigneuret
and Devaux, 1984; van Helvoort et al., 1996; Manno et al., 2002;
Smith and Lambert, 2003). The breakdown of PM asymmetry can
eventually lead to cell death or apoptosis (Williamson et al., 2001;
Doktorova et al., 2020a).

Membranes are also dynamic structures, displaying a
diversity of motions ranging from axial rotation of individual
lipid molecules, to collective membrane fluctuations involving
hundreds of lipids (Woodka et al., 2012). Since membrane
dynamics are an integral component of the structure–function
relationship, much effort has been expended in studying this
relationship and different techniques have been brought to bear
in trying to determine the structural and material properties of
model membrane systems, including different neutron and x-ray
scattering techniques (Wiener and White, 1992; Henriksen and
Ipsen, 2004; Kučerka et al., 2008; Yi et al., 2009; Heberle et al.,
2016).

Neutron scattering techniques have over the years evolved
into unique and powerful nanoscopic probes of membrane
structure and dynamics (Pfeiffer et al., 1993; Pan et al., 2013).
Results from neutron scattering experiments have produced new
insights, not only with regard to the material properties of
membranes (e.g., bending rigidity), but also pertaining to their
physical properties and how they relate to biological function.
These insights have led to a better understanding of protein–
lipid interactions, lipid domain formation and size, and PM
asymmetry (Clifton et al., 2013; Marquardt et al., 2015; Heberle
et al., 2016; Nickels et al., 2017; Rickeard et al., 2020).

Although less abundant than x-rays, neutrons have unique
properties that make them ideal probes for the study of
hydrogen-rich materials, such as biological membranes. One
of those properties is that neutrons interact differently with
protium, the most common isotope of hydrogen, and deuterium,
the other stable hydrogen isotope (Svergun et al., 2013). This
ability to differentiate between the isotopes of hydrogen enables a
technique, commonly known as contrast variation, that permits
one to highlight the membrane feature of interest. For example,
by substituting normal water (H2O) for heavy water (D2O), the
penetration depth of water into the membrane can be measured
with a high degree of accuracy (Fitter et al., 1999). Although
atomistic detail can be challenging, neutron scattering can reveal
structures down to nanometer length scales, particularly when

deuteration strategies are combined with robust membrane
models and computer simulations, as was done in the case of the
scattering density profile (SDP) model (Eicher et al., 2017). This
combination allows neutron scattering to accurately determine
bilayer thicknesses and the location of molecular species within
the membrane (Kučerka et al., 2008; Marquardt et al., 2013,
2016). Further, deuterated lipids and proteins can be used to
study lipid domain formation and protein–lipid interactions
(Clifton et al., 2013).

The utility of neutron scattering not only lies in the structural
determination of nanoscale membrane features, but also in
the measurement of membrane dynamics that can be used to
determine membrane mechanical properties using the collective
motions of the membrane. Techniques, such as inelastic and
quasielastic neutron scattering are sensitive to energy transfers
commensurate with the energy of select dynamical modes, much
of which remain poorly understood. Among these techniques,
neutron spin echo (NSE) spectroscopy is sensitive to dynamical
modes that take place over a range of length (∼1–100 nm) and
time scales (∼1–1,000 ns), thus enabling studies of collective lipid
dynamics and membrane fluctuations (Nagao, 2009). Similar
to structural studies involving contrast variation, studies of
membrane dynamics using NSE can similarly make use of
contrast variation to tease out additional dynamic modes.
Thus, the ability to adjust the contrast of specific chemical
moieties within the membrane via deuteration enables different
neutron scattering techniques to access structural and dynamical
information that are not easily accessible by other commonly
available methods.

In the first part of the review, studies that have made use of
isotopic labeling to locate biomolecules, understand membrane
asymmetry, and measure the bilayer thickness of the PM of a
bacterium will be discussed. This will be followed by an overview
of neutron contrast variation and how it has been applied to
detect and understand nanoscopic lipid domains, including those
in fully functioning bacteria. Later, a detailed description of the
SDP model, whose derived structural parameters are widely used
in different contexts, including to validate computer simulations
of single component lipid bilayers will be presented. The review
concludes with a summary of the NSE technique that was
developed in the 1970s and is currently experiencing renewed
interest in membrane research as a result of robust new models
to analyze the experimental data.

2. NEUTRON CONTRAST VARIATION

One of the parameters used to quantify how neutrons interact
with nuclei is the coherent scattering length, a0, which is related
to the scattering cross section via σ ≃ 4πa20; this parameter
also depends on the interactions between the neutron spin and
nuclear spin of the scatterers. Thus, the scattering length is
negative when the pseudopotential for the nuclear interaction is
attractive and positive when repulsive. Of significance to biology,
the neutron scattering lengths of protium and deuterium have
opposite signs; specifically, protium has a scattering length of
−3.74 fm, while that of deuterium is + 6.67 fm (Svergun et al.,
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2013). Importantly, this difference in scattering length between
the two stable isotopes of hydrogen can be used to great effect
by altering the scattering contrast between the membrane and
its surrounding, or locating biomolecules within the membrane
through the use of deuterated analogs. However, some caution
should be observed when making use of deuteration, as it can
reduce lipid phase transition temperatures (Guard-Friar et al.,
1985; Bryant et al., 2019) and adversely affect the viability
of living organisms (Bild et al., 2004; Mosin and Ignatov,
2012). Nevertheless, when used methodically, deuteration is a
powerful tool that can uncover unique structural and dynamical
membrane features that can lead to new biological insights.

Because of the cost and limited availability of deuterated
lipids, protiated lipids are commonly studied in the presence
of D2O, where the scattering length density for H2O is −0.56
× 10−6 Å2, while that of D2O is +6.35 × 10−6 Å2 (Clifton
et al., 2013). Replacing H2O by D2O alters the contrast
between the water and the membrane, with maximum contrast
for a protiated membrane nominally achieved at 100% D2O.
In addition to deuterated water, other components, such as
polymers, detergents, and osmolytes can be deuterated to impart
maximum contrast between the various components (Naumann
et al., 1994; Toppozini et al., 2012; Oliver et al., 2017). The
ability to contrast match the coherent neutron scattering of
specific molecules or moieties, by matching their scattering
length densities to the scattering length density of the buffer
in which they reside in distinguishes neutron scattering from
other scattering methods, such as x-ray and light scattering.
This “probe-free” feature of neutrons thus enables a wide range
of physicochemical studies that are nominally not accessible to
other techniques (Knoll et al., 1981; Kučerka et al., 2009a; Clifton
et al., 2013; Oliver et al., 2017).

2.1. Cholesterol’s Location in Membranes
Cholesterol is an essential biomolecule of animal cell membranes
and is closely associated with functional lipid domains,
commonly referred to as lipid rafts. Cholesterol is also known to
modulate membrane structure by altering its fluidity, thickness,
and water penetration (Yang et al., 2016), properties that are most
likely associated with the location of the sterol in the membrane.
Despite cholesterol’s importance in biology, its location in
membranes is not as simple as was once thought and, as a result,
has been the subject of much recent research.

In 2001, Léonard et al., using 14:0 phosphatidylcholine (PC)
multibilayer stacks and deuterated or protiated cholesterol,
carried out neutron diffraction studies on aligned multibilayers
that showed the sterol oriented in its nominal upright
position with its hydroxyl group near the lipid-water interface
(Figure 1A) (Léonard et al., 2001). The neutron diffraction
results by Léonard et al. were supported by MD simulations that
were used to reconstruct the one-dimensional neutron SDP that
was then compared to the one obtained from experiment.

The neutron scattering studies by Léonard et al. (2001)
were subsequently followed by several studies detailing the
location of cholesterol in lipid bilayers with saturated and
polyunsaturated fatty acid (PUFA) chains (Harroun et al., 2006,
2008; Marrink et al., 2008; Marquardt et al., 2016). In contrast

to bilayers with saturated acyl chains, neutron scattering, nuclear
magnetic resonance (NMR), and MD simulations found that the
location of cholesterol can deviate from its upright orientation
(Figure 1A), to one where the sterol snorkels toward the middle
of the bilayer (Figure 1B). Specifically, the study by Marquardt
et al. (2016) that made use of tail and head group deuterated
cholesterol and a series of PC lipids with different acyl chain
lengths and degrees of unsaturation determined that cholesterol
reorients rapidly about the bilayer normal in all PC membranes
studied. However, in bilayers with a very thin hydrophobic core
(i.e., bilayers with short, saturated fatty acid chains and those
with PUFA chains), the sterol is tilted and forced to span the
bilayermidplane (Figure 1B). Marquardt et al. also noted that the
highly disordered nature of PUFA chains allows them to interact
differently with cholesterol than with other types of fatty acids. In
general, neutron scattering techniques have provided vital insight
on how lipid species can alter the location of cholesterol.

To add nuance to the location of cholesterol in membranes,
neutron scattering experiments have also provided insight into
cholesterol transport in membranes. For example, Garg et al.
(2011) used time-resolved small-angle neutron scattering to
observe intermembrane exchange and intramembrane flipping
rates of cholesterol. They discovered that other techniques,
which may use tags or other compounds to facilitate such
measurements, can greatly accelerate cholesterol exchange and
flipping rates. As a result of the different neutron scattering
studies, we currently have a better understanding of the location
of cholesterol in biological membranes, as well as its transport
in them.

2.2. Biomolecular-Membrane Interactions
Neutron reflectometry (NR) is a powerful technique for
determining the nanoscale structure of model membranes. For
NR, membranes of interest are deposited either as bilayers or
monolayers on solid substrates (e.g., single crystal Si) or as
monolayers at the liquid–air interface. In contrast to scattering
methods used to study powder or isotropic samples, NR makes
use of a shallow incident beam to interact with the sample.
The scattered intensity using NR geometry is then used to
determine the one-dimensional SLD along the bilayer normal
with nanoscale resolution. In the case of membranes, this
includes membrane thickness, membrane asymmetry, and the
location of molecules interacting with the membrane (Wong
et al., 1999; Richter et al., 2006; Heinrich and Lösche, 2014;
Heinrich, 2016; Campbell, 2018; Kurniawan et al., 2018).
Figure 2 is a schematic of such an experiment, where Soranzo
et al. used NR to study the conformation of the hepatitis C virus
p7 protein in a lipid membrane and its effect on membrane
structure (Soranzo et al., 2017).

A recent highlight of NR’s capability to shed light on
biomolecular-membrane interaction involved α-synuclein, a
protein whose function is currently unknown, but abnormal
deposits of the protein are found in the brain. These protein
deposits are associated with Lewy body dementia (LBD), a
disease that can lead to changes in mood, behavior, and motor
skills. Recently, Pfefferkorn et al. (2012) used NR and computer
simulations to determine the depth at which α-synuclein resides
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FIGURE 1 | (A) Cholesterol shown in its commonly accepted upright orientation with its hydroxyl group near the lipid-water interface. (B) Cholesterol shown spanning
the bilayer leaflets of membranes with “thin” hydrophobic cores.

in lipid membranes and its associated membrane thinning effect.
Further, Yap et al. (2015) studied glucocerebrosidase and α-
synuclein interactions at the membrane surface using NR and
fluorescence – it is believed that mutations of glucocerebrosidase
increase the risk factors of Parkinson’s disease. Using deuterated
α-synuclein and protiated glucocerebrosidase, Yap et al. showed
a large change in the membrane-bound structure of α-
synuclein. Importantly, they proposed a model of α-synuclein
and glucocerebrosidase for interacting at the membrane,
where glucocerebrosidase is inhibited by α-synuclein, displacing
glucocerebrosidase away from the membrane and perturbing the
active site. In doing so, glucocerebrosidase alters the structure
of α-synuclein, impacting its degradation. According to Yap
et al. (2015), these events can lead to the development of
Parkinson’s disease. In another NR study, Jiang et al. (2017) used
native chemical ligation and segmental deuteration to determine
the regions of α-synuclein that bind to cellular membranes,
and in 2019, Perissinotto combined NR, NSE, and atomic
force microscopy to show that GM1 ganglioside can act as a
membrane-binding mediator for α-synuclein (Perissinotto et al.,
2019). The series of NR α-synuclein studies recounted in this
review, is only one example among many demonstrating the
impact that NR can have on membrane-related research of α-
synuclein (Hellstrand et al., 2013; Jiang et al., 2015; Kaur and Lee,
2021).

Although α-synuclein was used as a primary example to
highlight how NR can be used to elucidate biomolecular-
membrane interactions, the utility of NR extends far beyond this
protein. For example, NR has been used in the study of prions

FIGURE 2 | Schematic of an neutron reflectometry (NR) experiment involving a
single lipid bilayer with an integral protein adsorbed to a solid support (usually
single crystal Si). An incident beam of neutrons is transmitted through the
substrate and is reflected from the different interfaces of the sample. The
scattering vector, qz, is denoted by the blue arrow. The detection and analysis
of the reflected beam allows for the determination of the one-dimensional SLD
along the bilayer normal. Figure was adapted from Soranzo et al. (2017).

(Le Brun et al., 2014), synthetic peptides (Smith et al., 2010),
Alzheimer’s disease (Rondelli et al., 2016), toxins (Chenal et al.,
2009; Wacklin et al., 2016; Sani et al., 2020), and ion channels
(Holt et al., 2005, 2009; Rondelli et al., 2018). Of note, in the
past decade, the field of biomolecular-membrane interactions has
grown significantly, highlighting the utility of NR as an essential
tool in the study of surface interactions in biology.
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FIGURE 3 | (A) Schematics of the wild type Bacillus subtilis cell wall, membrane, and cytoplasm. (B) Bacteria grown in deuterated media, replacing its protium for
deuterium, were fed protiated fatty acids to introduce neutron contrast. Under these conditions, the protium-labeled membrane is the only structure visible to neutrons
when the bacteria were immersed in 85% heavy water (D2O). (C) Small angle neutron scattering (SANS) data from the system in B were fitted using a lamellar form
factor, resulting in an average hydrophobic membrane thickness of 24.3 ± 0.9 Å. Figure adapted from Nickels et al. (2017).

2.3. Membrane Hydrophobic Thickness of
Viable Bacteria
Because of their inherent complexity, viable cells are rarely
used to study their nanoscale structures and, for the most
part, researchers rely on model systems to provide nanoscopic
information to infer biological function. Nickels et al. (2017)
used a novel approach to allow for the determination of detailed
membrane structure in the Gram-positive bacterium, Bacillus
subtilis. Through genetic and chemical manipulations, Nickels
et al. were able to label the bacterium and its membrane
independently with deuterium and protium, respectively,
enabling them to determine the average hydrophobic thickness
(24.3 ± 0.9 Å) of the bacterium’s PM (Figure 3). Specifically,
most of the protium of B. subtilis was replaced with deuterium,
making the entire organism invisible to neutrons when immersed
in ≈85% D2O. With its fatty acid synthesis and degradation
pathways shutdown, the bacteria were fed protiated fatty acids
to introduce neutron contrast (Figure 3B) and were then
subjected to experimentation. Figure 3C is the first direct
SANS measurement of the hydrophobic thickness of a PM in a
viable organism.

2.4. Plasma Membrane Asymmetry
It should not come as a surprise that biology has evolved to create
membranes with great lipid diversity that impart to it remarkable
functionality. In addition to being laterally heterogeneous (see
page 6), the PM is also asymmetric. In other words, the
lipids found in the inner and outer leaflets of the bilayer are
chemically different (Figure 4A). However, many biophysical
studies investigating the PM have not included this feature.
Therefore, even though we have known that lipid diversity and
lipid asymmetry are natural features of biological membranes
(Verkleij et al., 1973), symmetric lipid bilayer systems have been
used to study the physical properties of membranes. This is due,
to a great extent, to the fact that the techniques needed to produce
stable PMmimetics have proven to be difficult to implement and
have produced mixed results.

Recently, a method was developed to reproducibly generate
stable asymmetric unilamellar vesicles (aULVs) through the
use of cyclodextrin carrier molecules (Cheng and London,
2009). Since the production of aULVs using this technique
uses aggressive cyclodextrin and centrifugal filtration, possibly
adversely affecting the membranes, Heberle et al. (2016) prepared
isotopically asymmetric 16:0/18:1 PC (POPC) aULVs, where the
16:0 chain and headgroup of the lipid were deuterated, in order to
determine any adverse effects to the membrane as a result of the
method used to prepare them. From the fits to their SANS data,
Heberle et al. determined that isotopically asymmetric POPC
vesicles had the same bilayer thickness and area per lipid (AL)
as symmetric POPC ULVs. In addition, again using deuterated
lipids, they partially exchanged 16:0/16:0 PC (DPPC) into the
outer bilayer leaflet of POPC ULVs, producing aULVs with
chemical asymmetry. At 20◦C, the outer bilayer leaflet was phase
separated (i.e., gel DPPC and fluid POPC), while the POPC-
rich inner leaflet was fluid (Figure 4B). Using this experimental
approach, Heberle et al. (2016) were able to resolve structural
details of the individual bilayer leaflets and discovered that the
fluid POPC-rich was able to partially “fluidize” the gel-like outer
leaflet, implying the presence of interleaflet coupling and the
possibility that bilayer asymmetry may be an integral part of
lateral membrane organization.

Following the studies by Heberle et al. (2016), additional
neutron scattering studies have appeared reporting onmembrane
asymmetry. The asymmetric DPPC/POPC membrane system
studied by Heberle et al. at 20◦C was revisited by Eicher et al.
(2017) They reported that, at 50◦C, where both bilayer leaflets are
in the fluid phase – above the melting transition of both lipids –
there was no evidence of transbilayer coupling between the inner
and outer bilayer leaflets. In other studies, membrane asymmetry
was used to report on lipid flip-flop rates in pure lipid aULVs
(Nguyen et al., 2019) and in aULVs with membrane associated
peptides (Doktorova et al., 2019a; Nguyen et al., 2019). For
example, in pure lipid systems the lipid flip-flop rates in a closed
vesicle system were much slower than previously reported values
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FIGURE 4 | The lipid composition of the PM is asymmetric with regard to the location of its chemically different lipid molecules. (A) The outer (upper) leaflet contains
different lipid headgroups (primarily PC headgroups lipids shown in red) in relation to the inner (lower) leaflet (primarily blue and yellow depicting PE and PS
headgroups, respectively). Additionally, the composition of the acyl chains between the two leaflets is also different. The outer leaflet has lipids with mostly saturated
acyl chains (gray), whereas the inner leaflet lipids have acyl chains with different levels of unsaturation (black and light gray). (B) SANS data of aULVs where the outer
leaflet contains 34 mol% of a rigid saturated lipid (DPPC) and the inner leaflet contains 98 mol% of a fluid state unsaturated lipid (POPC). The best fit to the data was
obtained using a model that took in to account the presence of two lipid phases in the outer leaflet. Importantly, DPPC was found to be more fluid, compared to a
pure DPPC bilayer, suggesting an interaction between the two bilayer leaflets. Adapted from Heberle et al. (2016).

from supported asymmetric bilayer systems (Liu and Conboy,
2005; Marquardt et al., 2017; Nguyen et al., 2019). Additionally,
lipid flip-flop rates were shown to be influenced by the presence
of methanol as well as, membrane peptides, suggesting that
membrane defects are a contributing factor to lipid flip-flop
(Doktorova et al., 2019a; Nguyen et al., 2019).

2.5. Detecting Lipid Domains in Model
Membranes
The lateral organization of biological membranes seems to play
a substantial role in biology and its existence has been debated
since the unveiling of the fluid mosaic model in 1972 (Singer
and Nicolson, 1972) – certainly since the development of the raft
hypothesis (Simons and Ikonen, 1997; Kinnun et al., 2020). In
fact, lipid domains have been implicated in membrane processes
such as, vesicular transport, protein sorting, and cell signaling,
to name just a few. Early on, it was determined that model
membranes whose lipids were homogeneously distributed could
be contrast matched, but those with inclusions or heterogeneities
(e.g., domains) could not (Knoll et al., 1981). This is due to
the fact that the domains have a different SLD than the bulk
membrane in which they reside. However, by varying the percent
D2O to contrast match the bulk membrane, the domains become
“visible” to neutrons and one can isolate their scattering signal.
Taking this one step further by using a mixture of deuterated
and protiated lipids that colocate within the membrane domain,
a scattering signal with an improved signal-to-noise ratio can be
obtained (Pencer et al., 2005; Masui et al., 2008).

This approach was demonstrated by Heberle et al. using a 60-
nm diameter unilamellar ULVs composed of a four-component
phase separating lipid mixture with fixed amounts of cholesterol
and a chain deuterated phospholipid (DSPC), and varying
amounts of monosaturated (POPC) and/or diunsaturated
(DOPC) lipids (Heberle et al., 2013). Since the detection
of domains requires that they have an SLD different from
the coexisting bulk phase, chain deuterated DSPC was used.
Using this approach, Heberle et al. were able to observe the
presence of nanoscopic lipid domains whose size increased with
increasing amounts of DOPC, as shown in Figure 5. Further,
bilayer thickness mismatch between the domains and the bulk
membrane also increased with the increasing domain size, in
agreement with line tension, theories and the first experimental
verification of said theories in free-floating bilayers. Moreover,
the results by Heberle et al. suggested a mechanism by which
the size of functional domains in homeothermic organisms
may be regulated through changes in lipid composition. The
experimental approach by Heberle et al. (2013) was subsequently
extended by Nickels et al. to study the mechanical properties of
membranes and their lipid domains by NSE (Nickels et al., 2015).
Using a combination of deuterated lipids and different solvent
deuteration schemes, Nickels et al. were able to highlight or mute
the nanoscopic lipid domains populating 60 nm diameter ULVs.

2.6. Lipid Domains in Viable Bacteria
As mentioned in the previous section, because of their inherent
complexity viable cells are rarely used in scattering studies
of nanoscale membrane structures. As such, we have relied
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FIGURE 5 | Schematic showing the use of contrast variation to observe the
formation of nanoscopic lipid domains in 60 nm diameter ULVs (left) made
from a lipid composition (i.e., DSPC/DOPC/POPC/cholesterol) mimicking the
outer leaflet of a mammalian PM. At a DOPC:POPC ratio of 0:4, the domains
were extremely small, producing minimal scattering (right). However, as the
amount of DOPC with respect to POPC increased, the domains grew larger
and the scattering signal increased. The scattering data were fitted using
Monte Carlo simulations, which gave an indication of the diameter and number
of nanoscopic domains in a ULV of given lipid composition. Figure adapted
from Heberle et al. (2013).

extensively on the use of model membrane systems to gain
biological insights. However, model membranes are often
simplified in composition and structure, and always lack the
active processes found in cells. One of the pressing questions
in cell biology is whether living cell membranes also exhibit
nanoscopic lipid organization, i.e., lipid domains that are
routinely observed in model membrane systems. It is now widely
accepted that lipid domains are nanoscopic, as well as transient,
making them difficult to detect experimentally (Mukherjee and
Maxfield, 2004; Lingwood and Simons, 2010). In vivomembrane
studies at lower resolution have provided details of lateral
membrane structure, as well as important information pertaining
to dynamic processes (Eggeling et al., 2009).

Recently, Nickels et al. (2017) were able to use genetic
and chemical manipulations to label a live bacterium and its
membrane with deuterium and protium, respectively, enabling
them to determine the average hydrophobic thickness of the
bacterium’s PM (see Figure 6). Their next step was to determine
whether or not lipid domains existed in B. subtilis’ PM. Since they
could not use the approach of Heberle et al. (2013), where the
homogeneously mixed membranes at an elevated temperature
were contrast matched to the solvent and their presence detected
once the lipids phase separated at low temperature, Nickels et al.

developed a novel approach of detecting lipid domains in a
living organism.

The approach by Nickels et al. (2017) consisted of growing
cells with two different ratios of anteiso 15:0 (a15:0) and
normal 16:0 (n16:0) fatty acids, the only fatty acids present
in the membrane of the genetically manipulated bacteria in
protiated/deuterated ratios such that the two mixtures had,
on average, the same scattering lengths and could be contrast
matched to 85% D2O. The “control” fatty acid mixture consisted
of 15:0 (low melting) and n16:0 (high melting) fatty acids, each
30% protiated and 70% deuterated (Figure 6A). The SANS curve
for this fatty acid mixture is shown in Figure 6B. The so-called
“experimental” mixture contained the same fatty acids, but with
an isotopic distribution for a15:0 of 40:60 protiated:deuterated,
and 100% deuterated n16:0. Since the neutron scattering lengths
of these two fatty acid mixtures are the same, and if the
membranes lacked lateral heterogenity, the SANS patterns from
both the control and experimental mixtures would be the same.
However, as can be observed from Figure 6B, this was not the
case, implying that the PM of B. subtilis is populated with lipid
domains specifically, domains ranging in size between 3 and
40 nm (Nickels et al., 2017).

The observation of nanoscopic lipid domains in the PM
of B. subtilis is consistent with the notion of lipid rafts. This
experimental approach developed by Nickels et al. (2017) allows
for a wide range of structural studies of the cell membrane (and
possibly other classes of biomolecules) without the need for bulky
extrinsic probes or labels. In this way, it fundamentally changes
the scope of nanoscale structural questions that can be addressed
in living organisms.

2.7. The SDP Model
A tenet in biology is that structure enables function. Structure–
function relationships have arisen over the millennia through
processes of natural selection and in order to understand
how individual or ensembles of biomolecules function in
biology, it is necessary to obtain accurate structural and
dynamical data. In general, protein crystallography has resulted
in excellent structures of predominantly water soluble proteins
(Wiener and White, 1991a), but this holds less true for
membranes and membrane associated proteins, partly because
they are highly heterogeneous, disordered assemblies, whose
structure–function relationships begin to emerge only with
ensembles of hundreds of cooperating molecules and at
length scales greater than about 10 nm (Wiener and White,
1991a; Nagle and Tristram-Nagle, 2000; Heberle et al., 2012).
This generally makes membranes unsuitable for study by
traditional structural biology methods (e.g., crystallography) that
have revolutionized the study of water soluble proteins and
nucleic acids.

Neutron scattering data has been analyzed using different
models of the bilayer. The most basic of these models are
the so-called strip models. In a strip model, the membrane
is subdivided, not surprisingly, into strips of given SLD, with
the simplest strip models treating the bilayer as one single
strip of constant SLD (Knoll et al., 1981; Komura et al., 1982;
Nawroth et al., 1989; Mason et al., 1999; Pencer and Hallett,
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FIGURE 6 | Schematic showing the approach that was used to detect lipid domains in the PM of B. subtilis. The bacteria were genetically and chemically manipulated
to contain only two fatty acids, namely the low temperature melting a15:0 and the high temperature melting n16:0. Note, that B. subtilis incorporates a15:0 at more
than twice the amount of n16:0. (A) The control fatty acid mixture consisted of a15:0 and n16:0, each of ratio 30% protiated:70% deuterated. On the other hand, the
experimental fatty acid mixture consisted of an isotopic distribution of 40:60 protiated:deuterated for a15:0 and 100% deuteration for n16:0. (B) Scattering curves
from bacteria with control and experimental fatty acid mixtures. The excess scattering is shown in the inset to the figure. Figure adapted from Nickels et al. (2017).

2000). Refinements include additional strips with different
SLDs (Balgavỳ et al., 2001; Schmiedel et al., 2001). Strips
can represent, for example, lipid headgroups, hydrocarbon
chains, and acyl chain terminal methyl groups. Additional
geometric considerations, such as bilayer asymmetry not only
improve the fits to the data but can also introduce a
problem namely, that the system cannot have more parameters
than observations or the system becomes over parameterized
(Kučerka et al., 2004). However, this problem can be mitigated
when different neutron contrast scattering data are combined
with x-ray scattering – providing yet another contrast – and
MD simulations.

Besides strip or slab models (King and White, 1986; Kučerka
et al., 2004; Kiselev et al., 2006; Pencer et al., 2006), other
models used over the years to analyze the structure of membranes
and their individual lipid molecules were so-called Gaussian
models (Kučerka et al., 2004, 2007; Kiselev et al., 2006; Pencer
et al., 2006) and hybrid models (combination of Gaussian and
strip/slab models) (Wiener et al., 1989). However, all these
methods had one thing in common, an inability to jointly
analyze different contrast data sets. Since neutrons are inherently
sensitive to regions of the lipid membrane lacking in naturally
abundant hydrogen (i.e., acyl chain carbonyl groups) and x-rays
are uniquely sensitive to regions of high electron density (e.g.,
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FIGURE 7 | The SDP model. (A) Neutron SLD (NSLD) and electron density (ED) profiles obtained from MD simulations as a function of distance (z) along the bilayer
normal of a PC bilayer. The left-hand side of the panel shows the individual components of a PC lipid molecule, whereas the right-hand side shows the appropriately
parsed component groups. Dashed vertical lines indicate the peak location in the NSLD (upper) and ED (lower) profiles. For the parsing scheme used in the SDP
model, component grouping peak profiles align for both NSLD and ED profiles, even when certain component groups are deuterated, as is often done in neutron
scattering. (B) Volume probability distributions for the parsed component groups as a function of z along the bilayer normal used in the structural determination of
sphingomyelin bilayers. Volume probability distributions are used to model raw scattering form factors by calculating ED or NSLD profiles and then Fourier
transforming them to fit the raw scattering data. Figure was adapted from Kučerka et al. (2008) and Doktorova et al. (2020a).

the phosphate groups in lipid head groups), having the ability
to jointly analyze both types of different contrast data with a
single model greatly increases the robustness of the proposed
structural solution (Wiener and White, 1992). To address this
problem, Wiener and White developed the composition space
model (CSM) that enabled, for the first time, the joint analysis
of neutron and x-ray lipid bilayer datasets (Wiener and White,
1991b).

CSM was based on the approach, initially developed by King
andWhite, invoking a quasimolecular model, where the different
moieties of a lipid molecule are described by Gaussians, thereby
reducing the amount of parameters needed to accurately model
the membrane (King and White, 1986). CSM was expanded on
the model of King and White by including x-ray data to the
neutron data, thus increasing the number of observations relative
to the number of parameters used in the model – as mentioned,
membranes are inherently under determined systems. In the
CSM method of analysis, this inclusion was achieved by devising
a parsing scheme for the lipid molecule that aligned the neutron
and x-ray centers-of-scattering using atomic coordinates from
lipid crystal structures projected onto the bilayer normal (Wiener
and White, 1991b). Once the parsing scheme is defined, the
modeling is carried out by scaling the time-averaged distributions
of the different Gaussians describing the bilayer, using either
neutron or x-ray scattering lengths, eventually giving rise to
membrane structural parameters (Wiener and White, 1991b).
Although this approach was highly successful, there were also
drawbacks. First, the parsing scheme was, for themost part, based
on trial and error (Wiener andWhite, 1991b, 1992). Second, CSM
made use of structure factors from aligned membrane stacks
hydrated to only 66% relative humidity (RH), a level of hydration
that led to better quality data, as membranes are more ordered
when not fully hydrated, thus resulting in more orders of Bragg

diffraction, i.e., higher resolution data (Wiener andWhite, 1992).
Third, and as pointed out by Armen et al. (1998), CSM allowed
for RMS variability in the local volume of 7%.

Kučerka et al. (2008) introduced the SDPmodel that made use
of continuous form factors obtained from small angle scattering
experiments. In a similar spirit, Shekhar et al. (2011) developed
the continuous distribution model that utilized error functions as
opposed to Gaussian distributions in 2011. The SDP model relies
on the use of different contrast neutron and x-ray data fromULVs
under physiologically relevant conditions (i.e., vesicles in bulk
water, a condition that is equivalent to hydration under 100% RH
conditions) (Katsaras, 1997, 1998). Importantly, and in contrast
to CSM, MD simulations were used to optimize the parsing of
lipid molecules, an integral and novel part of the SDP model. In
addition, SLDs were obtained by scaling the volume distributions
of the individual lipid moieties with the appropriate neutron or
x-ray scattering lengths (Figure 7) (Kučerka et al., 2008). The
SDP also allowed for water to penetrate any voids in the bilayer,
such that the volume probability distributions along the bilayer
normal always added up to unity.

Although the data from ULVs does not extend as far out in
reciprocal space as data from aligned multibilayer lipid stacks,
the combined use of lipid parsing schemes determined by MD
simulations, the inclusion of independent volumetric data, the
notion of volume probability distributions, and the use of fully
hydrated samples with different contrast data have enabled SDP
to consistently produce robust structural results. For example,
one of the most important lipid bilayer structural parameters is
area per lipid (AL). AL is used to understand bilayer structure
and gain insights into lipid–lipid and lipid–protein interactions
(Wiener and White, 1992; Kučerka et al., 2008). Moreover, AL
allows for comparisons between different lipid types and is
central toMD simulations. In fact, MD force fields are considered
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FIGURE 8 | (A) Schematic of the scattering geometry used in NSE experiments. (B) Example of the NSE intermediate dynamic structure factors resulting from ULVs.
(C) Plot of the q3 dependence of fluctuation decay rates of protiated membranes in D2O (inset), where shallower slopes indicate stiffer membranes according to the
Zilman-Granek theory. (D) Excess dynamics, typical of thickness fluctuation signals from tail contrast matched membranes (inset). Data are adapted from Chakraborty
et al. (Figures 2, 5).

to be accurate if they are able to reproduce experimentally
determined lipid areas. ALs derived from SDPmodel analysis are
now widely used to validate experimental approaches, including
MD force fields (Lee et al., 2014; Doktorova et al., 2017; Grote and
Lyubartsev, 2020).

To date, the SDP model has been successfully used to
determine the structure of different membranes, including PC
(Kučerka et al., 2008, 2009b, 2011; Marquardt et al., 2020),
phosphatidylglycerol (PG) (Kučerka et al., 2012; Pan et al.,
2014a), PS (Pan et al., 2014b), PE (Kučerka et al., 2015), and
sphingomyelin (Doktorova et al., 2020b) lipids. Many of these
studies focused on a single head group species, while sweeping
through different acyl chains (both in length and degree of
unsaturation). From these studies, the idea that lipid head
groups control lipid packing, while the acyl chains dictate the
response to changes in temperature, has been, for the most part,

validated (Kučerka et al., 2015). Additionally, it has been shown
that exchangeable hydrogens should be taken into consideration
as they can alter the overall scattering signal (Pan et al.,
2014a). One clear conclusion from the development of the SDP
model is that the understanding of the structure of individual
lipid molecules has been both changed and enhanced since its
development. Asmore structures are determined, they will enable
us to better understand the structure–function relationship in
cellular membranes.

3. NEUTRON SPIN ECHO

Neutron spin echo spectroscopy (Figure 8A) offers a unique
approach for direct quantitative measurements of collective
membrane dynamics over length (∼100 nm) and time (∼1–
1,000 ns) scales corresponding to key membrane processes,
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including membrane trafficking, viral budding, tubulation, and
vesiculation (Reynwar et al., 2007; Tian et al., 2009; Bradley
and Radhakrishnan, 2016). These length and time scales also
correspond with the conformational dynamics of membrane
proteins (Perozo et al., 2002; Henzler-Wildman and Kern,
2007), making NSE well-suited for studies of protein/membrane
interactions and understanding the role of membrane dynamics
in regulating protein function and spatiotemporal signaling.
Indeed, NSE studies on lipid membranes over the last few
years have provided remarkable insights into the fundamental
biophysical laws that govern nanoscopic membrane dynamics as
well as, the interaction of membranes with inclusions and with
their surrounding environment.

To date, themajority of NSE studies target membrane bending
properties using protiated ULVs in D2O, thus taking advantage of
the amplified contrast between the membrane and its deuterated
surrounding. NSE detects these fluctuations in the form of decays
in the intermediate dynamic structure factor, I(q, t)/I(q, 0), as a
function of the Fourier time, t (Figure 8B). The obtained signals
are generally interpreted using the elastic sheet model with a
stretched exponential function (Helfrich, 1973): I(q, t)/I(q, 0) =
exp−(Ŵ(q)t)

2
3 , yielding the q-dependent decay rates, Ŵ(q), of

the measured fluctuations. In NSE measurements of bending
fluctuations, Ŵ(q) typically exhibits a q3 dependence (Figure 8C),
as predicted by Zilman and Granek for thermally undulating
elastic thin sheets, such that (Zilman and Granek, 1996):

Ŵ(q)bend(q) = 0.025α
kBT

ηsol

√

kBT

κ̃
q3, (1)

where kBT is the thermal energy, ηsol is the solvent viscosity,
and α is a parameter that results from angular averaging of Eq
relative to the membrane normal. Such theoretical analysis of
NSE data enables direct calculations of an important membrane
property, i.e., the effective bending rigidity modulus, κ̃ . With
these powerful capabilities in mind, NSE has become an
important neutron scattering tool to answer questions related to
membrane dynamics.

In recent years, NSE has been used to a great effect to measure
the bending moduli of lipid membranes with various degrees of
complexity, ranging from single component to multi-component
lipid membranes that more closely resemble biological cell
membranes. For instance, bending rigidity measurements of
membranes comprised of lipids with different acyl chain
lengths and unsaturations (Yi et al., 2009; Brüning et al.,
2014; Nagao et al., 2017) have provided important insights
into how the physicochemical properties of the membrane
affect its mechanical properties when paired with structural
information, such as membrane thickness or molecular packing,
as discussed earlier (Kučerka et al., 2009b). Collectively, these
measurements can shed new light on membrane structure-
property relations and how they influence membrane function.
This topic was recently explored in two NSE studies on
cholesterol-rich lipid membranes by Chakraborty et al. (2020)
and on binary lipidmembranes with hydrophobic lipidmismatch
by Kelley et al. (2020) Both studies found strong evidence that

membrane mechanics scale with the AL, emphasizing the strong
interdependence of the structural and dynamical properties in
lipid membranes.

Notably, using NSE Chakraborty et al. (2020) resolved a long
debated question about the role of cholesterol in membrane
mechanics, one that has far-reaching implications with regard
to membrane function. They discovered that cholesterol has a
non-trivial local stiffening effect on membranes with unsaturated
lipids commonly found in cell membranes (Chakraborty
et al., 2020). Their results showed that on the collective
molecular level (i.e., small molecular assemblies), membrane
mechanics scale with cholesterol-induced “densification” of the
membrane, as can be deduced from membrane structure-
property relations. However, these conclusions contradicted
previous studies reporting null mechanical effects of cholesterol
in unsaturated lipid membranes when measured over extended
spatial and temporal scales (Pan et al., 2009; Gracia et al.,
2010), suggesting the presence of scale-dependent membrane
dynamics. This notion of dynamical hierarchy in membranes is
not surprising or new, but is experimentally challenging due to
the difficulty in reconciling dynamics over very different length
scales (ranging from molecular to macroscopic length scales).
NSE thus offers great potential in bridging these two length
scales through direct experimental observations of membrane
dynamics that are intermediate between molecular motions and
continuum deformations.

Other applications of NSE spectroscopy include studies
involving changes in membrane bending rigidity in response
to additive molecules, such as trehalose (Brüning et al., 2014),
melittin (Sharma et al., 2015; Sharma and Qian, 2019), and
inorganic nanoparticles used in drug delivery (Chakraborty
et al., 2018). These studies provide a nanoscale perspective of
how small molecules could affect the softening or stiffening of
lipid membranes under biologically relevant conditions and in
targeted applications. NSE has also been used to interrogate the
mechanical response ofmembranes to environmental conditions,
including temperature (Brüning et al., 2014), pH (Boggara et al.,
2010), and the presence of surrounding macromolecules (Yu
et al., 2020). As a result, this body of experiments is now starting
to shape our understanding of how membranes respond to
external cues that mimic the different conditions experienced by
cell membranes, a current area of research.

Other applications of NSE involve the utilization of neutron
isotope sensitivity to investigate the dynamics of selective features
within lipid membranes. For example, Rickeard et al. (2020) used
asymmetric lipid membranes with one of their bilayer leaflets
selectively deuterated to investigate the effect of asymmetry and
leaflet coupling on membrane bending fluctuations. Surprisingly,
they found that asymmetric membranes possessed a larger
bending modulus than symmetric bilayers with the same average
lipid composition, a result that was uniquely enabled by NSE.
In an earlier study, Nickels et al. (2015) used a combination
of protiated and deuterated lipids to generate lateral contrast
within domain-forming lipid membranes in order to study
the mechanical properties of the nanoscopic lipid domains
populating 60-nm diameter ULVs (Figure 9). By adjusting the
percent D2O, they were able to perform NSE measurements
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FIGURE 9 | Contrast matching used to study the mechanical properties of lipid domains in 60 nm diameter ULV model membranes. Three contrast matching
schemes were used to change the neutrons sensitivity of lipid domains in model membranes. They were: (A) no contrast matching, where the entire ULV is visible to
neutrons; (B) domains contrast matched to the solvent in order to highlight the surrounding membrane; and (C) the membrane is contrast matched to the solvent
highlighting the nanodomains; Transparent colors indicate contrast matching to the solvent using these three different contrast matching schemes. Figure adapted
from Nickels et al. (2015).

targeting the nanoscopic lipid heterogeneities in ULVs in order
to study their bending rigidity.

Isotope labeling has also been used in NSE experiments
to access thickness fluctuations in lipid membranes by using
tail-deuterated membranes, such that the acyl chain region of
the membrane matches the SLD of the solvent or buffer. This
fluctuation mode has long been predicted but was only recently
observed experimentally with NSE (Nagao, 2009; Woodka et al.,
2012), where thickness fluctuations manifest themselves as
enhanced dynamics in addition to the bending fluctuations
(Figure 8D). The dynamics are most pronounced at q-values
that correspond to the membrane thickness, as was recently
verified by coarse-grained MD simulations (Carrillo et al., 2017).
Analysis of this dynamic mode using an approach developed by
Nagao et al. (2017) and based on the theoretical framework of
membrane fluctuations by Bingham et al. (2015) has enabled the
extraction of other biophysical membrane parameters namely,
membrane viscosity. With these recent advances, NSE is rapidly
becoming the tool of choice when it comes to understanding
membrane dynamics and gaining new biophysical insights.

4. CONCLUDING REMARKS

Although much research has been focused at addressing the
structure–function relationship of biological membranes, there
are many open questions that remain. Nevertheless, what

has become clear over the last 10 years, or so, is that
neutron scattering techniques are invaluable tools in studies
of biological or biologically relevant membranes. Neutron
scattering techniques offer a range of capabilities, some of which
are unique to them. For instance, the ability to easily alter
the neutron contrast of the sample enabled Heberle et. al. to
study nanoscopic lipid domains and relate thickness mismatch
between the domains and their surrounding to line tension
theories (Heberle et al., 2013). This approach byHeberle et al. was
then extended by Nickels et al. to separately study the bending
rigidities of the lipid domains populating themembrane and their
surrounding lipids using NSE (Nickels et al., 2015).

The ability to reconcile different contrast x-ray and neutron
scattering data using a single model was addressed by the
CSM approach of Wiener and White (1991b). However, it took
almost 20 years to develop an approach whereby, multiple sets
of different contrast data were fitted using a robust model
guided by MD simulations (Kučerka et al., 2008). Importantly,
the approach by Kučerka et al. made use of fully hydrated
ULVs, model systems that are considered excellent mimics of
the PM.

Neutron spin echo, a technique capable of interrogating
membrane dynamics over spatial and temporal scales relevant
to critical biological functions is rapidly becoming the technique
of choice when it comes to measuring the mechanical properties
of membranes. Combined with different deuteration strategies,
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NSE enables non-invasive measurements of collective membrane
dynamics that would otherwise be challenging to explore using
traditional spectroscopic methods. When combined with MD
simulations, which are sensitive to similar length and time
scales as NSE, a molecular level understanding of the different
components making up membranes can be achieved (Nickels
et al., 2015; Chakraborty et al., 2020). Moreover, NSE studies
combined with SDP analysis can be used to further refine the
currently usedMD force fields and aid in the development of new
experimental and computational approaches (Doktorova et al.,
2019b).

In summary, we envision the different neutron scattering
techniques playing leading roles in understanding the static and
dynamic structures of membranes. When combined with MD
simulations, neutron scattering techniques offer the possibility
of providing unique insights into individual molecules making
up membranes and micrometer patches of membrane comprised
of thousands of individual molecules. Complementary dynamic
studies will range from picoseconds to tens of microseconds. In
particular, NSE data analysis is still in its infancy, and developing
new physical models to interpret the data will enable NSE
to become a mainstream technique. Finally, in order to make
neutron scatteringmore relevant to biologists, it needs to expand,
with greater frequency, into the study of fully functioning

biological systems, similar to the one reported by Nickels et al.
(2017).
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Apolipoprotein E (ApoE), an important mediator of lipid transportation in plasma and
the nervous system, plays a large role in diseases such as atherosclerosis and
Alzheimer’s. The major allele variants ApoE3 and ApoE4 differ only by one amino acid.
However, this difference has major consequences for the physiological behaviour of each
variant. In this paper, we follow (i) the initial interaction of lipid-free ApoE variants with
model membranes as a function of lipid saturation, (ii) the formation of reconstituted
High-Density Lipoprotein-like particles (rHDL) and their structural characterisation, and
(iii) the rHDL ability to exchange lipids with model membranes made of saturated lipids in
the presence and absence of cholesterol [1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) or 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) with and without 20
mol% cholesterol]. Our neutron reflection results demonstrate that the protein variants
interact differently with the model membranes, adopting different protein conformations.
Moreover, the ApoE3 structure at the model membrane is sensitive to the level of
lipid unsaturation. Small-angle neutron scattering shows that the ApoE containing lipid
particles form elliptical disc-like structures, similar in shape but larger than nascent
or discoidal HDL based on Apolipoprotein A1 (ApoA1). Neutron reflection shows that
ApoE-rHDL do not remove cholesterol but rather exchange saturated lipids, as occurs
in the brain. In contrast, ApoA1-containing particles remove and exchange lipids to a
greater extent as occurs elsewhere in the body.

Keywords: ApoE isoforms, lipid exchange, reconstituted HDL, model membranes, neutron reflection, small-angle
neutron scattering
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INTRODUCTION

Disorders in lipid metabolism are related to a range of diseases,
among them atherosclerosis and Alzheimer’s disease (AD). In
atherosclerosis, the leading cause of death in western society,
elevated levels of high-density lipoproteins (HDL) are thought
to have counter-atherosclerotic properties (Gordon et al., 1989).
However, the presence of HDL has more recently been shown to
play a neutral (Voight et al., 2012) or even negative (Madsen et al.,
2017) role in aiding the prevention of this disease. Even though
HDL has been used to help combat the onset of atherosclerosis
(via HDL therapy or plaque remodelling therapy) (Gille et al.,
2014; Van Capelleveen et al., 2014), some recent medical trials
have failed to prove HDL’s effectiveness against atherosclerosis
(Angeloni et al., 2013; Toth et al., 2013).

In general, HDL consist of a core of triglycerides and
cholesterol esters, encased in a monolayer of lipids and
cholesterol, surrounded by protein. There are many different
subclasses of HDL each with slightly varying size and
composition (Jonas, 2002). In particular, the lipid-poor, nascent
HDL (also known as Preβ-HDL) is thought to be discoidal in
shape and transforms into a spherical, mature HDL particle
upon esterification of cholesterol and transfer into its lipid core.
While ApolipoproteinA1 (ApoA1) constitutes around 70% of
total protein content in human HDL, there are various other
proteins which are also key to the structure and function of HDL
particles (Jonas, 2002). One of these is ApolipoproteinE (ApoE)
(Utermann, 1975) which is found in most HDL subfractions but
mainly in the largest, most buoyant mature subfraction (HDL2)
that contains triglycerides and are lipid rich (Davidson et al.,
2009). ApoE is also the most commonly found apolipoprotein
in cerebrospinal fluid (Ladu et al., 2009). It plays a large role
in cholesterol transport while maintaining local homeostasis of
cholesterol within the brain (Mahley, 2016b).

In humans, ApoE allelic variants result in three isoforms
E2, E3, and E4, with respective frequencies of 8.4, 77.9, and
13.7% and varying at only two amino acid residues, 112 and
158 (E2: 112Cys, 158Cys; E3: 112Cys, 158Arg; E4: 112Arg,
158Arg) (Weisgraber et al., 1981). These differences in the amino
acid sequence largely contribute to the proteins’ structure and
function and determine their behaviour in the body (Chou
et al., 2005; Mahley et al., 2009), and especially in the roles
they play in certain diseases such as atherosclerosis and AD.
The presence of ApoE2 is associated with very low risk of
AD (Wu and Zhao, 2016; Reiman et al., 2020) and generally
thought to be protective against atherosclerosis, apart from in
the case of type III hyperlipoproteinemia which is associated
with increased atherosclerotic risk. On the other hand, ApoE3
levels are neutral in both diseases while the presence of ApoE4
is indicative of both atherosclerotic advancement and the onset
of AD (Mahley et al., 2009).

Lipids are important to these diseases as they coexist in both
atherosclerotic and AD plaques (Kiskis et al., 2015; Sergin et al.,
2016). Understanding the difference in the interaction of ApoE
variants with model cellular membranes is key to deciphering
the specific roles they play in the development of these diseases.
The roles of lipoproteins in the development of atherosclerosis

and, most likely in AD, directly involve lipid exchange. The type
of lipid exchange occurring— namely deposition or removal—
highly depends on the lipoprotein type present (Browning et al.,
2017). Previously, HDL was shown to remove lipids from the
cell membrane giving rise to the idea behind HDL therapy.
Reconstituted HDL (rHDL), comparable to discoidal Preβ-HDL,
exhibits similar lipid transfer properties to that of mature HDL
(Davidson et al., 1995), and is used to mimic this, discoidal
nanoparticles of phospholipids solubilised by encircling ApoA1
are used as artificial HDL or rHDL as a strategy in HDL therapy
(Gille et al., 2014; Van Capelleveen et al., 2014). While less
is known about the lipid exchange properties of ApoE, ApoE-
containing rHDL (ApoE-rHDL) were shown to have potential for
atherosclerosis treatment (Valanti et al., 2018), although further
testing is needed.

In this paper, the initial interaction of ApoE3 and ApoE4
with saturated and unsaturated supported lipid bilayers (SLBs)
is explored using neutron reflectometry (NR). Then, ApoE-
rHDL are formed based on the vesicle solubilisation method
often used to make ApoA1-rHDL. The ApoE-rHDL structure
is further characterised using small angle neutron scattering
(SANS). Finally, the lipid exchange capacity for ApoE-rHDLwith
model membranes is explored by NR. As ApoE is the main
apolipoprotein in the brain, where there is a local homeostasis
of cholesterol, the model membranes in question are in the
absence or presence of cholesterol to determine the potential
differences between these interactions. Comparisons are made
between to ApoA1-based rHDL and mature HDL pooled from
three healthy male volunteers [mature HDL is replotted from
Waldie et al. (2020)].

MATERIALS AND METHODS

Materials
MilliQ water (18.2 M� cm) was used for all experiments,
solvent preparations and cleaning procedures. D2O (99.9%
deuterated, Sigma-Aldrich) was provided by the Institut Laue-
Langevin (ILL), Grenoble, France. Bradford reagent, calcium
chloride (CaCl2) and Tris buffer saline (TBS) tablets were
from Sigma-Aldrich. Tris buffer (50mM Tris, 150mM NaCl,
pH 7.4: TBS) was prepared by dissolving a tablet in H2O as
specified by the producer or D2O to the same concentration.
1,2-dimyristoyl-sn-glycero-3-phosphocholine (>99%, hDMPC),
1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (>99%,
dDMPC) and cholesterol (h-cholesterol; >98%) were from
Avanti Polar Lipids (Alabaster, AL). Tail deuterated 1-palmitoyl,
2-oleoyl-sn-glycero-3-phosphocholine (d67; overall tail
deuteration 95%, dPOPC) was provided by the deuteration
facility at ANSTO, produced and purified as previously described
(Yepuri et al., 2016).

Protein Expression and Purification
BL21DE3 Escherichia coli cells were transformed with pET-
32a(+) plasmids containing either ApoE3 or ApoE4 and
ampicillin resistance. Cells were cultivated in Terrific Broth
medium (12 g L–1 tryptone, 24 g L–1 yeast extract, 4mL
L–1 glycerol, 9.4 g L–1 dipotassium phosphate and 2.2 g L–1
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potassium dihydrogen phosphate) at 37◦C. When cultures
reached an OD600 nm of 0.6–0.8, protein expression was induced
by adding 1mM isopropyl-beta-thiogalactopyranoside (IPTG)
in the culture medium and incubated for a further 90min.
The cells were then harvested by centrifugation (19,000 rpm,
JLA 9.1000 rotor 20min, 4◦C) after which the cell pellets were
resuspended in TBS buffer and sonicated on ice for 10min (50%
power, 30 s on, 30 s off). hDMPC was suspended in water by
bath sonication for 30min and then added to the protein at a
concentration of 100mg per 1 L of culture and dialysed against
TBS at room temperature overnight. The hDMPC is added to
protect the hinge region of ApoE when cleaving with thrombin.
After dialysis, thrombin was added in excess for 6 h at 37◦C. The
sample was analysed by SDS-PAGE to ensure all fusion protein
had been cleaved. Potassium bromide was added to the ApoE-
DMPC mixture to a density of ∼1.21 g mL–1. Ultra-clear tubes
(Beckman) were filled two-thirds with a ∼1.12 g mL–1 density
solution (16% w/v potassium bromide solution dissolved in
20mM Tris pH 7.4 and 0.05% w/v sodium azide) and underlayed
with the lysate solution. Samples were spun for 16 h at 38,000 rpm
in a SW41 rotor (Beckman) at 15◦Cwith the break off to preserve
the gradient. The resulting “floating pellet” was recovered and
dialysed against TBS to remove the potassium bromide salts.
The ApoE-DMPC complexes were lyophilised and frozen at
−20◦C. When fresh protein was required the pellets were
delipidated against methanol and resuspended in 6M Guanidine
Hydrochloride (GuHCl) 50mM Tris pH 8 and 0.5% beta-
mercaptoethanol (BME), dialysed against 4M GuHCl, 10mM
Tris pH 7.5, 1mMEDTA, and 0.1%BME; further against 100mM
ammonium bicarbonate; and finally into TBS. The protein was
then purified via gel-permeation column chromatography on 2
S200 columns in series and ready to use.

Protein-Lipid Particle Production and
Purification
To form the ApoE-rHDL particles, equal volumes of fresh protein
are mixed with freshly extruded hDMPC vesicles at a final molar
ratio of 1:100 ApoE:DMPC. The hDMPC vesicles were produced
by first forming a thin lipid film (in small vials, under nitrogen
flow under manual rotation) that was suspended in TBS first by
vortexing, then by bath sonication for 1 h. The lipid suspension
was extruded 41 times using an Avanti extruder and a filter of
100 nm pore size (Millipore). The solution was incubated at 24◦C
for 12 h or overnight. Verification of the particle formation was
carried out via dynamic light scattering due to a slight reduction
in the peak intensity for the 100 nm vesicles and the presence
of a small peak at roughly 10–15 nm. The rHDL particles were
purified via gel filtration chromatography using a Superose 6
10/300 column.

Deuterated Cholesterol Production
The production of tailor-deuterated cholesterol made use
of the Deuteration Laboratory within the Life Sciences
Group (Haertlein et al., 2016) at the ILL. Based on previous
developments for the production of perdeuterated cholesterol
(Moulin et al., 2018), matchout-deuterated cholesterol
(d-cholesterol) was produced and purified as reported

previously (Waldie et al., 2019). The Pichia pastoris strain
CBS7435 1his41ku70 1erg5::pPpGAP-ZeocinTM-[DHCR7]
1erg6::pGAP-G418[DHCR24] was grown in 100% deuterated
basal salts medium in the presence of non-deuterated glycerol
as the sole carbon source. The batch phase was complete after 7
days in a fermenter at 28◦C; the fed-batch phase was initiated by
constant feeding of glycerol for a further 12 days. The cells were
harvested and then isolated using an organic solvent extraction
method followed by HPLC to obtain pure cholesterol, verified
by GCMS.

Model Membrane Preparation
Lipid films were prepared in small glass vials from chloroform
stocks of dDMPC, dPOPC, h- and d-cholesterol. Twenty mol%
cholesterol was incorporated into the cholesterol-containing
films. The films were dried under a stream of nitrogen under
manual rotation, and placed under vacuum overnight. Before
use, the lipid films were hydrated in MilliQ water, vortexed
and bath sonicated for 1 h. Immediately prior to injection the
lipids were tip sonicated for 5min (20% power, 5 s on, 5 s off),
mixed with an equal volume of 4mM CaCl2 and injected into
the pre-equilibrated NR solid-liquid flow cells by a syringe port
(Browning et al., 2017;Waldie et al., 2019). The presence of 2mM
CaCl2 and concentration of 0.1mg mL–1 of lipids were used to
optimise vesicle fusion (Åkesson et al., 2012a;Waldie et al., 2018).
The lipids were incubated for 20min before rinsing with water,
followed by 50mM Tris saline buffer, pH 7.4. This process leads
to a supported lipid bilayer or “model membrane.”

Scattering
SANS and NR data were collected; scattered intensity and
reflectivity, respectively, were measured as a function of
momentum transfer, q = 4πsin(θ)/λ, where θ is half the
scattering angle for SANS and the incident angle for NR and λ

is the neutron radiation wavelength for both.

Neutron Reflectometry
Neutron reflectometry data were collected on the time-of-flight
reflectometer FIGARO (Campbell et al., 2011, 2015) at the ILL
(Grenoble, France). Momentum transfer ranges of 0.01 > q >

0.3 Å−1 were measured using wavelengths 2 < λ < 20 Å and
two incident angles, 0.8 and 2.3◦, with a spatial resolution (1q/q)
of 7%. The area exposed to the neutron beam was 30 × 60
mm2. The experiments were carried out in reflection-up mode
to ensure no aggregated particles could settle on the surface
being measured. The analysis of specular reflectivity data allowed
a scattering length density (SLD) profile perpendicular to the
surface, to be obtained.

The silicon (111) blocks were treated with Piranha solution
(H2SO4:H2O2, 7:3) for 10min at 80◦C before extensive rinsing
with MilliQ water (Warning: Piranha solution reacts violently
with organic materials and should be handled with extreme
caution). The polyether ether ketone (PEEK) and O-ring
components of the cells were thoroughly cleaned in Hellmanex
2% (v/v) solution and MilliQ water twice via bath sonication,
with rinsing of MilliQ water between each sonication. Solvent
contrasts were changed in situ via HPLC pump. Three isotopic
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contrasts were used: 100% h-TBS (TBS made using H2O), 100%
d-TBS (TBS made using D2O) and 38% d-TBS (or cmSi) to
contrast-match the silicon block.

The MOTOFIT programme (Nelson, 2006) was used
to simultaneously fit the three isotopic contrasts for each
experimental data set, and the Monte Carlo error analysis using
genetic optimisation within the software was used to determine
the error of the fits. The significance of pairwise parameters
were calculated using an F-test assuming normal distributed
errors. The clean silicon surfaces were characterised initially to
determine the thickness and roughness of the oxide layer. After
bilayer deposition, data was fitted using a symmetrical leaflet
model (heads-tails-heads) using either a four- or five-layer model
for the membranes since some samples required an extra solvent
layer between the silicon oxide and the bilayer. Symmetry implies
that the thickness, coverage and SLD of both headgroup layers are
the same, and the roughness was constrained across all regions of
the bilayer. The models were constrained to have the same mean
molecular area (MMA), within error, across the different lipid
bilayer layers. This fitting approach gives equivalent results to
the molecularly constrained model (for which MMA is used as a
fitting parameter instead). For example, POPC bilayers measured
at 25◦C were reported to be 62 Å2 (Luchini et al., 2019) and
62 Å2 (Åkesson et al., 2012a) fitting individual thicknesses or
MMA, respectively.

After bilayer characterisation, the ApoE protein or protein-
lipid particles were introduced into the solid-liquid flow cells
via syringe pump at a rate of 1mL min−1. The protein and
rHDL concentrations were 0.075mg mL−1 and 0.132mg mL−1,
respectively. After either 6 or 8 h of incubation, the bilayers were
rinsed with buffer and re-characterised in all buffer contrasts.
When fitting the bilayers post-interaction, the initial parameters
were used as a starting point (Table 1) while keeping constant
the silicon oxide layer parameters. For some bilayers, acceptable
fits were obtained by varying only the SLB coverage and lipid
tail SLD. For other bilayers, this approach gave no suitable fits
forcing the use of the thickness of these regions as an additional
fitting parameter. Moreover, an extra layer on top of the bilayer
was necessary in all cases corresponding to either the protein or
rHDL particles still attached to the bilayer.

Small-Angle Neutron Scattering
SANS data were collected on the D11 instrument at the ILL
(Lindner and Schweins, 2010). The experiments were carried out
at 25◦C with a momentum transfer range of 0.002 < q < 0.3
Å−1 by using detector distances of 1.4, 8, and 39m at constant
wavelength λ = 6 Å (fwhm 9%).

The protein-lipid particles were measured in three contrasts:
100% h-TBS, 100% d-TBS and 42% d-TBS to contrast-match
the protein. The data were corrected for the empty cell,
background and the absolute scale was obtained from the
attenuated direct beammeasurement and validated from the level
of water (1mm, H2O), used as a secondary standard. The cells
were 1mm path-length QS quartz glass Hellma SANS cuvettes
(Hellma GmbH, Müllheim, Germany) and the data reduction
was carried out using LAMP. The SasView programme was used

to fit the experimental data1. The three contrasts were fitted
simultaneously to constrain the fit.

RESULTS

In this work, the overall journey of ApoE is followed from its
interactions with model membranes in the lipid-poor form, to
the formation of a nascent-like HDL particle, and finally to the
characterisation of the lipid exchange capacities for saturated
lipids in the presence or absence of 20 mol% cholesterol.
NR and SANS are ideal techniques for this task as they can
distinguish between deuterated and non-deuterated components.
Therefore, the use of deuteration in lipid-protein complexes
allows highlighting of specific components within the system,
together with the use of contrast variation (based on the different
content of D2O-based buffers, denoted as d-TBS) to visualise
the differences between the components (Clifton et al., 2020).
Here, the model cellular membranes are made up of tail-
deuterated lipids and, in some membranes, the presence of
non-deuterated or specifically matchout-deuterated cholesterol.
The matchout deuterated cholesterol allows no net coherent
scattering to be seen for this component in 100% D2O-based
buffer conditions. The protein and rHDL particles, instead,
are unlabelled. The differences between the components in the
membrane and the protein/rHDL allows NR to be used in
determining: (1) the level of protein incorporation or lipid
exchange, through the change in the scattering length density
(SLD) of the tail region, (2) the amount of lipids that were
removed and replaced by protein or solvent, through the
change in the solvent quantity in the tail region, and (3) the
amount of extra protein/rHDL bound on top of the model
membrane. During the kinetics of interaction, the samples were
measured in H2O-based buffer (100% h-TBS) as this gives the
best contrast against the deuterated membrane layer, while full
characterisation in three contrasts (100% h-TBS, 100% d-TBS
and 38% d-TBS) of the model membranes before and after
kinetics were measured to increase the sensitivity and accuracy
of the structural and compositional information obtained. The
layer models describing the model membranes are determined
from simultaneous fitting of the isotopic contrasts and allow for
the analysis of the membrane composition and the decoupling of
the information regarding protein incorporation/lipid exchange
and lipid removal as described in the methods section
and the Supporting Information. Figure 1 gives schematic
representations of protein and nanodisc interactions with the
bilayers. Representative structural parameters for the pristine
SLBs are summarised in Table 1 and are in agreement with
those reported in the literature for DMPC (Browning et al.,
2018), POPC (Åkesson et al., 2012b; Waldie et al., 2020), 20
mol% cholesterol containing DMPC and POPC measured at
37◦C (MMA increases with temperature and the reported values
cannot be compared to MMA measured at 25◦C (Åkesson et al.,
2012a). POPC is fond to adopt a thicker, more expanded SLB
structure than DMPC given its longer tail and the presence of
double bonds that bend the acyl tails. Here, the thickening and

1http://www.sasview.org/.
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TABLE 1 | Representative structural parameters for the SLB used.

Head group thickness/ Tail thickness/ Headgroup coverage / % Tail coverage / % Mean molecular area / Å2

Å Å

dDMPC 9.0 ± 0.1 27.2 ± 0.2 62 ± 1 96 ± 1 59 ± 2

dPOPC 8.8 ± 0.2 28.6 ± 0.4 54 ± 2 86 ± 1 71 ± 5

dDMPC d-cholesterol* 8.5 ± 0.2 32.1 ± 0.2 71 ± 1 98 ± 1 52 ± 4

dDMPC h-cholesterol* 7.7 ± 0.4 30.7 ± 0.5 85 ± 5 94 ± 1 51 ± 4

Corresponding NR profiles and best fits are given in the Supplementary Information.
*The model membranes containing cholesterol had a nominal composition of 80:20mol %, and its real cholesterol content was determined to be the nominal one within error (Waldie
et al., 2018). d- and h- cholesterol refer to deuterated and hydrogenated cholesterol respectively.

FIGURE 1 | Schematic representation of protein incorporation into the phospholipid bilayer (A). NR cannot distinguish between the conformation of the protein upon
binding to the model membrane: whether there are two individual protein molecules adsorbing either in the core or the headgroup region vs. a single individual protein
molecule bending across the membrane (B). Schematic representation for lipid exchange between the rHDL and the phospholipid bilayer (C). Lipid exchange
represents the combination of lipid removal from the model membrane and lipid deposited by the rHDL particles (D). The light grey colour represents deuterated lipids
while the black colour represents non-deuterated lipids. Both DMPC and POPC lipids were used above their melting temperature, giving fluid supported lipid bilayers.
Addition of 20 mol% cholesterol to either POPC or DMPC give SLBs with fluid properties (Waldie et al., 2020).

compacting effect of cholesterol on fluid membranes is observed
in agreement with previous reports (Gallová et al., 2004; Hung
et al., 2007; Waldie et al., 2018, 2019). Moreover, the cholesterol
molecules are expected to be fully miscible within these model
membranes (Knoll et al., 1985; Barrett et al., 2013).

The samples measured by SANS (all unlabelled) were
measured in three contrasts: 100% h-TBS, 100% d-TBS
and 42% d-TBS. The different buffers used give varying
levels of isotopic contrast; for example, the 42% d-TBS
and 100% h-TBS highlight the lipids and the proteins
respectively, whereas the 100% d-TBS buffer gives the largest
contrast against the sample as a whole. Analysing all three

contrasts simultaneously allows for higher sensitivity in the
structural determination.

Initial Apolipoprotein Interaction With
Model Membranes
The binding of ApoE3 or ApoE4 tomodel membranes comprised
of saturated or unsaturated phospholipids was followed by NR
as a function of the saturation level in the bilayer at 37◦C in
Tris buffer, pH 7.4 (Figure 2). For this, we used saturated, tail
deuterated dDMPC and unsaturated, tail deuterated dPOPC.
As shown in Figure 2A, in the case of the saturated lipids
(dDMPC), ApoE4 presents a slightly stronger interaction with
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FIGURE 2 | ApoE interaction with saturated (dDMPC) or unsaturated (dPOPC) model membranes measured at 37◦C, in Tris-buffer at pH 7.4: kinetics of lipid
replacement in terms of the relevant change in solvent penetration of the lipid core, taking into account SLD change also, are given for ApoE3 and ApoE4 (A). Net lipid
removal calculated as the difference in solvent coverage within the bilayers before and after 6 h incubation with apolipoproteins (B) and volume fractions of protein
binding within the core (C) or on top of (D) the SLBs upon 6 h of incubation and rinsing with Tris buffer. The NR profiles and best fits are shown in the
Supplementary Figures 1, 2. *Statistically different assuming p = 0.1; **Statistically different assuming p = 0.05.

the lipids than ApoE3 in terms of lipid removal and lipid
replacement by protein adsorption (reflected by the solvent
change in the membrane core), whereas the opposite trend can
be observed for the unsaturated lipids (dPOPC). In terms of
kinetics, most of the binding to unsaturated membranes occurs
within the first hour of incubation for both ApoE isoforms
(Figure 2A). For saturated lipids, the two ApoE variants show
a slightly different behaviour. On one hand, ApoE3 shows a
similar initial pattern to that of unsaturated lipids but this is
followed by a slower increase, possibly suggesting a gradual and
slower removal of saturated lipids over longer time periods.
On the other hand, ApoE4 follows a more linear increase with
time. This implies a difference in the mode of interaction of
the proteins with the model membranes and this interaction
seems to be variant-dependent and sensitive to the level of
lipid saturation.

Following the incubation period, NR data were collected
using three isotopic contrasts to enable quantification of lipid
removal (calculated from change in solvent penetration), protein
binding to the membrane hydrophobic core and adsorption
on top of the membrane (Figures 2B–D). This additional 28
Å layer represents most of the compact protein in a lipid-free
state, allowing for some part to rearrange and integrate itself
into the bilayer (Chen et al., 2011). The main lipid-binding
region is the C-terminal (Li et al., 2003), thus it is possible that
the protein could rearrange itself to allow maximum binding
of lipids to this area. For membranes incubated with ApoE3,
few changes were required from the pristine membrane (lipid
bilayer) structure: the lipid head and tail thicknesses remained
constant, while there were minor changes in the lipid tail
SLD and both head and tail solvation. On the other hand,
interaction with ApoE4 required additional changes in the head
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and tail thicknesses to obtain better fits to the NR data. The
increased membrane modifications seen with both isoforms
correlate to the increased levels of embedded protein. When
looking at the net lipid removal (or increase in solvation) and
protein insertion (due to changes in SLD of the membrane
hydrophobic core) upon incubation with ApoE, both variants
showed a preference for the removal of saturated lipids rather
than unsaturated ones (Figure 2B). Lipids were removed and
replaced by protein insertion into the bilayer core (Figure 2C)
with more protein incorporation into unsaturated than saturated
membranes. The latter, in turn, indicates that the protein is
more prone to remain bound to the unsaturated membrane
without actually removing lipids. Additionally, a further protein
layer is formed on top of the SLB (Figure 2D). This layer has a
greater coverage, or protein volume fraction, for ApoE3 than for
ApoE4 regardless of membrane type. This indicates that ApoE3
preferentially interacts with the lipid headgroups compared to
ApoE4. Interestingly, and regardless of membrane type, the
protein fraction that binds to the lipid bilayer core is larger for
ApoE4 than ApoE3. Indeed, 70 and 76% of the ApoE4 protein
co-localised within the core of the saturated and unsaturated
membranes respectively, while these fractions decreased to 54
and 62% for ApoE3. NR can though not distinguish whether
it is the same protein stretching across the core and the
heads, or different individual proteins occupying either the
head or tail region in the SLB. In summary, even though
both ApoE variants displayed more binding to unsaturated
bilayers, the NR data highlight a difference between the variants.
In particular, the ApoE4 isoform binds to a larger extent to
the lipid core than the ApoE3 isoform and the conformation
of this fraction is less sensitive to the type of lipid in the
model membrane.

ApoE-Containing Nascent-Like HDL
Particle Structure
rHDL made of ApoE and hDMPC were prepared using the
vesicle solubilisation approach and purified by size exclusion
chromatography (Figure 3A). The resulting rHDL particles were
structurally characterised by SANS in three isotopic contrasts
to highlight different parts of the particle and to increase the
accuracy of the fit (Figure 3B). For the fitting, the “nanodisc”
like structure model was adopted, which consists of an elliptical
bilayer encased by protein (inset of Figure 3A) and both fitted
and calculated values can be found in Table 2. These discs
resemble nascent HDL. HDL are mainly present in cerebrospinal
fluid but are also important for the clearance of lipids in the liver
via binding to ApoE receptors (Pitas et al., 1987).

The calculated values from Table 2 are determined as follows.
The equation used for circumference determination takes into
account the ellipticity of the particles as used previously (Skar-
Gislinge et al., 2010):

Circumference =

2π
√

[(rminor + dbelt)
2 + (rmajor + dbelt)

2]/2 (1)

where rminor, dbelt and rmajor are the radius of the short axis,
the width of the protein belt and the radius of the major axis

respectively. This can be used for the determination of the
number of amino acids in contact with the bilayer by using
an average length per amino acid of 1.5 Å. With 299 residues
per ApoE molecule, this gives a maximum circumference of ∼
448 Å which is slightly larger than what was calculated here,
however leaves room for flexibility in the protein and possible
expansion. Previously reported data on related particles prepared
with similar proteins have also allowed for some residues to
not be in contact with the bilayer: about 20 amino acids per
protein were estimated not to be in direct contact with the
lipid core (Denisov et al., 2004; Skar-Gislinge et al., 2010).
The resulting area of the lipid bilayer region gives 139 lipid
molecules per leaflet for both ApoE3 and ApoE4, and each
disc contains two proteins, one per leaflet. This value is in
agreement with the one measured by phosphate analysis (145
and 151 lipids per leaflet for ApoE3 and ApoE4, respectively).
This number of lipids per leaflet agrees with data provided for
similar length apolipoprotein-like proteins (Bayburt and Sligar,
2010). The mean molecular area for the heads and tails was
calculated to be∼56 Å2 with∼30% hydration in the heads which
agrees well with the NR data presented and values found in
the literature (Bayburt and Sligar, 2010). The disc diameter is
larger compared to ApoA1 discs prepared in a similar manner
(Midtgaard et al., 2015); however, ApoE (34 kDa) is substantially
longer than ApoA1 (28 kDa) (Lund-Katz and Phillips, 2010),
thus resulting in larger discs. The diameter of the particles is
in agreement with dynamic light scattering data measured for
both ApoE3 and ApoE4 based discs which gave values between
10 and 15 nm prior to SANS measurements (results not shown).
Both ApoE3 and ApoE4 gave similar structured discs with the
same number of lipid molecules per leaflet and number of
proteins. This is not surprising due to the same protein length
and very similar sequence, only differing in one amino acid.
The main structural difference in the discs found between the
ApoE variants was the ellipticity, with ApoE3-rHDL being less
elliptical than ApoE4-rHDL. Finally, allowing the bilayer core
thickness to vary between a reasonable range did not significantly
improve the fit quality, thus it was kept fixed at 28 Å as it was
similar to the value seen with the NR. The use of atomic force
microscopy can also be beneficial to measure such thicknesses
(Bayburt and Sligar, 2002).

ApoE-Containing rHDL at Model
Membranes
As ApoE isoforms play different roles in the onset and
development of atherosclerosis and AD, with lipids found in
both atherosclerotic and AD plaques, we therefore used NR
to determine how the nascent-like rHDL of each isoform
behave in the exchange or removal of lipids. To this end,
ApoE-rHDL particles were incubated with model membranes
composed of dDMPC, in the absence or presence of cholesterol,
at 37◦C in Tris buffer at pH 7.4, and their interactions
were followed by NR (Figure 4). Both hydrogenous (h-
cholesterol) and deuterated cholesterol (d-cholesterol) were used
to determine whether ApoE particles specifically targeted the
cholesterol molecules.
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FIGURE 3 | Size exclusion chromatograms for ApoE3 and ApoE4 discs with inset of model used for fitting and negative stained TEM images for ApoE3-rHDL (A)
SANS data and best fits in three contrasts for the ApoE3- (B) and ApoE4-rHDL (C) measured at 25◦C in Tris buffer pH 7.4. The parameters used for the best fits
shown are listed in Table 2.

As shown in Figure 4A, there was little change in the surface
coverage of the model membrane upon interaction with ApoE-
rHDL as all SLBs started with at least 95% coverage and finished
with no less than 90% coverage. At similar protein concentration,
such small capacity for lipid removal cannot be compared
to mature HDL (purified from 3 male, healthy adult donors)
(Waldie et al., 2020), which can remove about 40% of the model
membrane (Waldie et al., 2020) in the absence of cholesterol.
This shows that, while some lipids were removed in certain cases,
lipid removal is not the main role of the ApoE nascent-like HDL.
HDL particles contain a large number of apolipoproteins (Maric
et al., 2019), with ApoA1 being the most abundant in serum.
Thus, the interaction of ApoA1-rHDL (also prepared by the
vesicle solubilisation method (Del Giudice et al., 2017a,b) with a
cholesterol containing saturated membrane was also investigated

(Del Giudice et al., 2017a,b). In the case of ApoA1-rHDL,
significant lipid removal occurred, though to a lesser extent than
mature HDL. Lipid removal was double for ApoA1-rHDL and
as much as five times for mature HDL as compared to ApoE-
rHDL samples. This suggests that more than just the increased
incubation time (ApoA1-rHDL and HDL were incubated for
8 h rather than 6 h) is at play. Additionally, kinetics of lipid
exchange show that equilibrium was reached after 6 h for ApoE3-
rHDL (Figure 4C) and ApoA1 (Supplementary Figure 5) while
continuous increase was observed for ApoE4-rHDL (Figure 4D),
regardless of membrane composition.

Lipid exchange (Figure 4B) is hereby defined as lipids
removed from the model membrane and replaced with lipids
from the rHDL particles, and is calculated from the SLD change
within the lipid tail region. In this case, a significant proportion
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TABLE 2 | Fitted and calculated parameters for the protein-DMPC particles.

Parameters ApoE3 ApoE4

Radius* Å 42.0 ± 0.4 38.1 ± 0.2

Ellipticity ratio* 1.4 1.7

Protein rim thickness* Å 11.0 ± 0.8 8.6 ± 0.3

Lipid headgroup thickness* Å 9.0 ± 0.1 9.0 ± 0.1

Bilayer core thickness*** Å 28 28

Short-long axis disc diameter** Å 106–139.6 93.4–146.7

Disc circumference** Å 389 386

No. amino acids** 260 258

Area per lipid** Å2 55.9 55.9

No. lipids per leaflet** 139 139

No. proteins per disc** 2 2

*Fitted values. **Calculated values. ***Fixed value.

of the lipids were exchanged by ApoE-rHDL and the extent of
which was similar regardless of the ApoE isoform present. In
the absence of cholesterol, 40.4 ± 0.5% and 37.2 ± 0.6% lipid
exchange occurred for ApoE3- and ApoE4-rHDL respectively.
However, in the presence of cholesterol, 30.0 ± 0.5% and 29.1
± 0.5% lipid exchange took place for ApoE3- and ApoE4-rHDL
respectively. Bearing in mind the difference in incubation time
(ApoE3-rHDL were incubated 2 h longer than ApoE4-rHDL, see
Figures 4C,D), this suggests that ApoE4-rHDL have the ability to
exchangemore lipids than ApoE3-rHDL. This is confirmed when
observing the quantities of lipids exchanged in the membranes
containing d-cholesterol for which the samples were incubated
for the same time period (6 h). In this case, the final exchange
values differ more drastically: 16.7 ± 0.8% and 25 ± 1% for
ApoE3 and ApoE4, respectively. The trend is clear that ApoE4-
rHDL exchanged more lipids than the ApoE3-rHDL regardless
of membrane composition. In Figure 4B, the extent of lipid
exchange for both ApoA1-rHDL and mature HDL upon 8 h
incubation has similar lipid exchange capacity to ApoE3-rHDL,
while ApoE4-rHDL has significantly greater affinity for lipid
exchange than any of the other samples tested.

To be able to determine if cholesterol was being preferentially
exchanged by either ApoE variant, both deuterated and non-
deuterated cholesterol were used. If cholesterol was exchanged
preferentially over the phospholipids, a net difference would be
seen in the final quantity of lipids exchanged across these two
membranes due to lack of contrast between h-cholesterol and
the hydrogenous lipids in the rHDL or mature HDL samples.
No difference was seen as shown in Figures 4C,D (dotted and
dashed lines), which suggests that the phospholipid molecules
were primarily exchanged rather than the cholesterol molecules.

Mirroring the NR data for protein incubation alone on
model membranes (Figure 2), the model membranes exposed
to ApoE4-rHDL required greater structural and compositional
changes to obtain a satisfactory fit to the experimental data.
Membranes exposed to ApoE3-rHDL were fitted with head and
tail region thicknesses kept constant, whereas ApoE3-rHDL on
dDMPC + d-cholesterol and all membranes exposed to ApoE4-
rHDL required changes to the head and tail thicknesses to find

suitable fits. All variations were tested: from keeping them all
the same, to only altering the head thickness or to varying
all regions. It was found that better fits were possible when
allowing greater variation when incubated with ApoE4-rHDL,
again indicating greater level of interaction occurring in the
presence of ApoE4 compared to ApoE3. This could in part be
due to slight embedding of ApoE4 into the hydrophobic core of
the membrane, although the resulting membranes were found
to maintain, within error, a constant area per molecule across
heads and tails. This suggests that the lipid bilayer structure
was retained in all cases, however it cannot be disregarded
that protein insertion could be balanced in the lipid heads and
tails in such a manner that the SLB structure holds. Finally,
similar levels of rHDL particles on top of the model membranes
were found regardless of ApoE isoform or bilayer composition
(approximately 1%).

DISCUSSION

While the structural difference between the ApoE isoforms is
subtle (Chou et al., 2005), clear differences can be seen in their
behaviour upon interaction with lipid bilayers. In particular,
ApoE4 binds to a larger extent to the membrane core than ApoE3
(Figure 2C), although about the same amount of protein sits on
top of themembrane regardless of the lipid type, for each isoform,
respectively (Figure 2D). These changes impact the ability of
ApoE to bind lipids. In particular, ApoE4 has a greater ability to
bind lipids due to structural differences in the helical segments
of the C-terminal. This difference leads to a reduced ability to
form tetramers, which are less capable than the monomer of
binding lipids (Garai et al., 2011; Chetty et al., 2017). ApoE4’s
increased affinity for lipid binding is also suggested by the fact
that ApoE4 preferentially binds to VLDL (for which its surface
is about 60% lipids) rather than HDL, whereas ApoE3 binds
preferentially to HDL (for which its surface is about 80% protein).
Furthermore, ApoE4 lacks flexibility in its C-terminal domain
leading to a preference for the lower curvature of the VLDL
particles (Hatters et al., 2005; Nguyen et al., 2010). The increased
affinity for VLDL leads to an increased clearance of VLDL from
plasma via ApoE receptors in the liver. However, this in turn
leads to LDL receptors being downregulated, raising overall levels
of plasma LDL and leading to an increased risk for atherosclerosis
(Dong and Weisgraber, 1996; Mahley, 2016a).

Here, we observed that most protein incorporation into
bilayers (Figure 2A) occurred within the first hour for the
unsaturated lipids but there was further increase with time
for saturated ones. Earlier reports on the rate of lipid binding
and vesicle solubilisation showed a biexponential decay when
solubilising DMPC vesicles at their melting temperature of 24◦C
(Segall et al., 2002), with ApoE4 presenting a higher rate constant
than ApoE3. Another study showed that ApoE4 displays an
increased ability to disrupt DMPC vesicles compared to ApoE3
by measuring the release of fluorescent dye (Ji et al., 2002).

Recently, our group showed that native HDL, through its
apolipoproteins, present a lower ability to exchange and replace
unsaturated lipids as compared to saturated ones (Waldie et al.,
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FIGURE 4 | Lipid removal (A) and lipid exchange (B) across model membranes for ApoE3- and ApoE4-rHDL. Three model membranes were used: saturated lipids
(dDMPC) in the absence or presence of hydrogenous or deuterated cholesterol. Data for mature HDL and ApoA1-rHDL against the cholesterol containing bilayers
(Waldie et al., 2020) are also included. The asterisk indicates an incubation time of 8 h compared to 6 h for those without. Kinetics of lipid exchange for rHDL
containing ApoE3 (C) and ApoE4 (D) in terms of the relative change in SLD of the solvated lipid core over time. HDL data is replotted from Haertlein et al. (2016). The
NR profiles and best fits are given in the Supplementary Figures 4, 5. All statistically different assuming p = 0.05 apart from dDMPC + hchol for lipid exchange (B).

2020). Both ApoE variants mirror this trend since these proteins
remove more saturated than unsaturated lipids. Atherogenic
and amyloid plaques are rich in saturated lipids and cholesterol
(Touboul and Gaudin, 2014; Kiskis et al., 2015). In a recent
study, a link between AD and the disruption of the metabolism of
unsaturated fats such as omega 3 was found, which could provide
an explanation for ApoE4’s higher affinity for the unsaturated
membrane (Snowden et al., 2017). Indeed, a previous report
states that supplementingmono- and poly-unsaturated fats in the
diet reduce the risk to AD, whereas the introduction of saturated
fats increase this risk (Morris, 2004).

The fact that a larger fraction of ApoE4 binds the lipid core
compared to ApoE3 and that it displays less sensitivity to the
lipid type in the membrane (Figures 2C,D) could be linked to
a decreased protein flexibility although NR cannot distinguish
whether different ApoE molecules bind to the core and the

head or if a single protein bends over across tails and heads.
Indeed, ApoE4’s greater rigidity forces it to maintain a more
compact conformation around the lipid core which, in turn,
could render it less able to bind to HDL. Earlier, ApoE4 was
shown to disrupt the lipid membrane to a larger extent than
ApoE3 (Mahley et al., 2009), in agreement with our results that
show larger ApoE4 incorporation into the bilayers and greater
structural changes in the SLBs required to fit the NR data
after protein incubation. Indeed, ApoE4 could retain a more
compact structure folded back on itself due to the Arg-61:Glu-
255 salt bridge that could restrain the protein’s structure even
when associated with lipids (Raussens et al., 1998; Drury and
Narayanaswami, 2005; Hatters et al., 2009).

Regarding the rHDL structure, the reports on ApoE-
containing particles mainly involve electron microscopy
and spectroscopic studies for structural determination
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(Narayanaswami et al., 2004; Newhouse et al., 2005); and
ultracentrifugation (Raussens et al., 1998) and native gel
electrophoresis (Raussens et al., 1998; Narayanaswami et al.,
2004) for size determination. These reports are in agreement
with the size of particles reported here: 10–15 nm in diameter
(Figure 3 and Table 2). Contrary to ApoE-rHDL, ApoA1-
or membrane scaffold protein (MSP)-based nanodiscs form
particles that are about 8–12 nm in diameter (Denisov et al.,
2004; Bayburt and Sligar, 2010; Skar-Gislinge et al., 2010; Del
Giudice et al., 2017a). A variety of models have been presented
to describe protein-lipid particles from the picket-fence model
(Jonas et al., 1989), to the double superhelix (Wu et al., 2009)
or double belt-like structure (Segrest et al., 1999; Midtgaard
et al., 2015), though some of these have faced opposition within
the nanodisc community (Jones et al., 2010; Gogonea, 2016).
Ellipticity is the main structural feature which differed between
the ApoE rHDL, with ApoE4 forming more elongated discs.
Our data agree well with the double belt structure since the data
suggest that there are two proteins present per nanodisc, also
in agreement with ApoA1-rHDL. Previously reported data on
ApoE-rHDL show the presence of two or more proteins per disc
(Raussens et al., 1998; Narayanaswami et al., 2004; Yamamoto
et al., 2008). There has been some debate as to whether ApoE3
and ApoE4 form nanodiscs in a different manner giving
structural differences to the protein conformation (de Chaves
and Narayanaswami, 2008) and, in turn, their lipid exchange
ability. The hypotheses suggested include ApoE3 forming more
of an extended belt conformation around the whole perimeter of
the disc due to increased flexibility (Narayanaswami et al., 2004).
The more compact structure of ApoE4 could lead to potentially
more ApoE4 molecules per nanodisc compared to ApoE3 (Gong
et al., 2002). However, the same number of molecules were found
to be present in both nanodisc variants presented here. The NR
lipid exchange data (Figure 4), on the other hand, suggest that
the proteins adapt slightly different conformations giving rise to
their differing exchange capabilities.

Where some reports have shown an incremental size increase
of nanodiscs with increasing protein length (Denisov et al., 2004,
2005), it is of no surprise that the ApoE-rHDL particles reported
here are of a slightly larger size than previously reported for
ApoA1-rHDL, as the ApoE protein is longer. In turn, the number
of lipid molecules per nanodisc is also higher for ApoE- than
ApoA1-containing nanodiscs which does not seem to have an
effect on the ability of these nanodiscs to exchange lipids: the
similar size of ApoE3- and ApoE4-rHDL does not translate into
similar functional capabilities, as clear differences were observed
in their lipid exchange and removal affinity (Figures 4A,B).
Moreover, the lipid exchange (Figure 4B) was similar between
ApoE3- and ApoA1-rHDL while it was different between ApoE
isoforms, despite them being of similar size but larger than
ApoA1 (since the nanodisc concentration was constant across
samples, smaller discs imply lower lipid concentration in the case
of ApoA1). Therefore, it is clear that the rHDL size (area of the
lipid nanodisc) does not determine the extent of lipid exchange;
rather, specific apolipoprotein-lipid interactions must be behind
the observed phenomena.

ApoA1 and ApoE have similar structures comprising
amphipathic alpha-helices that enable them to form nascent
HDL-like structures by solubilising phospholipids (Lund-Katz
and Phillips, 2010). However, neither ApoE3 nor ApoE4 remove
further lipids from the membrane than those exchanged, to
a significant degree. This contrasts from what is observed for
ApoA1-rHDL, which instead remove a notable quantity of lipids,
although to a lesser extent than mature HDL (Figure 4A). The
results obtained for ApoA1 are not surprising since it is the
more abundant serum HDL protein, whose function is to clear
lipids. Our results suggest that the function of ApoE cannot
be mainly related to the lipid exchange, but rather to binding
ApoE-receptors in the liver. Indeed, the fact that the structure of
ApoE4 is more compact than ApoE3 might affect how it binds to
ApoE- and other LDL receptors in the liver (Ruiz et al., 2005).
However, ApoE-HDL serve as the primary brain lipoproteins,
being produced there and lacking the ability to cross the blood-
brain barrier (Pitas et al., 1987). The ApoE in the brain is the
second most abundant place for ApoE production in the body
after the liver (Mahley, 2016a). ApoE plays an important role
in maintaining the homeostasis of cholesterol concentration in
the brain, where this lipid comprises about 20–25% of the body’s
total cholesterol (Michikawa, 2006). Whilst HDL in the rest
of the body participate in cholesterol efflux thereby removing
cholesterol from artery walls, ApoE-HDL in the brain maintain
constant cholesterol levels (Mahley, 2016b). Indeed, the current
data clearly show that lipid exchange was not affected by the
level of deuteration in cholesterol (Figure 4), suggesting that
ApoE does not interact with cholesterol significantly. Instead,
these results suggest that ApoE-enriched HDL rather transport
saturated lipids over cholesterol and unsaturated lipids. By
regulating the ratio of saturated lipids in cellular membranes,
ApoE-HDL may help maintain membrane elasticity, which is
key for the healthy function of the cell. Interestingly, cholesterol
crystal nucleation starts sooner in unsaturated than saturated
model biles (Halpern et al., 1993), which suggests a higher free
cholesterol concentration is achieved in membranes comprised
of saturated lipids. Thus, ApoE4 can potentially favour an
increase in membrane saturation with cholesterol by exchanging
and removing more saturated fats than ApoE3, which could
potentially lead to cholesterol crystallisation in the brain.

Even though ApoE4 has a higher affinity to bind lipids than
ApoE3 as demonstrated here and elsewhere (Saito et al., 2003),
the ability of ApoE isoforms to catalyse the efflux of cholesterol
has been disputed: some studies conclude the process is not ApoE
isoform dependent (Krimbou et al., 2004) while others have
found that ApoE4 has a lesser ability to perform cholesterol efflux
compared to ApoE3, especially in relation to neurons in the brain
(Huang et al., 1995; Gong et al., 2002; Michikawa et al., 2007).
This lack of ability of ApoE4 to remove and deposit cholesterol
in the brain efficiently has been proposed to be one of the main
reasons for the onset of AD (Gong et al., 2002; de Chaves and
Narayanaswami, 2008). Our simplified model shows that neither
ApoE isoform has a special affinity for taking up cholesterol and
it is therefore hypothesised that there is no significant difference
in their capacity to efflux cholesterol.
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CONCLUSIONS

Neutron reflection results suggest that ApoE4 adopts a different
conformation to ApoE3 at model membranes, and that
this conformation differs between saturated and unsaturated
membranes for ApoE3 only. Moreover, neither ApoE isoform
removes a significant amount of unsaturated lipids from the
model membrane used but they were able to remove saturated
lipids to similar extents. Small-angle neutron scattering was
used to demonstrate that the structure of nascent-like rHDL
particles made with DMPC and either ApoE3 or ApoE4 is similar,
forming elliptical disc-like structures. Neutron reflection was
then used to quantify the extent of lipid exchange and lipid
removal by nascent-like rHDL particles and model membranes.
The data show that either ApoE3- or ApoE4-rHDL particles
have a low ability to remove saturated lipids as compared to
ApoA1-rHDL or mature HDL. The extent of lipid exchange,
on the other hand, is similar between the isoforms and is
impaired by the presence of cholesterol. Finally, ApoE does
not exchange or remove cholesterol molecules but rather
saturated lipids. The results here mirror the physiological roles
of ApoE-HDL and ApoA1-HDL particles in the brain and
in serum respectively. This demonstrates that our models are
suitable to study the function of these particles in a range of
experimental conditions.
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The myelin sheath—a multi-double-bilayer membrane wrapped around axons—is an
essential part of the nervous system which enables rapid signal conduction. Damage
of this complex membrane system results in demyelinating diseases such as multiple
sclerosis (MS). The process in which myelin is generated in vivo is called myelination.
In our study, we investigated the adhesion process of large unilamellar vesicles with a
supported membrane bilayer that was coated with myelin basic protein (MBP) using
time-resolved neutron reflectometry. Our aim was to mimic and to study the myelination
process of membrane systems having either a lipid-composition resembling that of
native myelin or that of the standard animal model for experimental autoimmune
encephalomyelitis (EAE) which represents MS-like conditions. We were able to measure
the kinetics of the partial formation of a double bilayer in those systems and to
characterize the scattering length density profiles of the initial and final states of the
membrane. The kinetics could be modeled using a random sequential adsorption
simulation. By using a free energy minimization method, we were able to calculate the
shape of the adhered vesicles and to determine the adhesion energy per MBP. For the
native membrane the resulting adhesion energy per MBP is larger than that of the EAE
modified membrane type. Our observations might help in understanding myelination and
especially remyelination—a process in which damaged myelin is repaired—which is a
promising candidate for treatment of the still mostly incurable demyelinating diseases
such as MS.

Keywords: neutron reflectometry, adhesion energy, lipid membranes, myelin basic protein, vesicle fusion, random
sequential adsorption, myelin sheath

INTRODUCTION

The biological membrane is an important component of cellular function and metabolism.
Investigation of biological membrane components, characterization of their physico-chemical
properties and the study of their interactions with membrane binding proteins can answer
important questions that are central for human health and disease. Several human diseases
are directly connected to modification of cellular membranes (Evans, 1980; Maret et al., 1983;
Vignini et al., 2007). Degeneration of the well-ordered myelin sheath that exists around nerve
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cells in the human brain, for instance, results in nerve conduction
failure and neurodegeneration (Love, 2006; Weil et al., 2016).
This phenomenon is called demyelination. Myelin basic protein
(MBP) stabilizes the myelin membrane multi-layer and is an
integral part of the myelin sheath (Boggs, 2006). Of particular
relevance is the interaction of MBP with cytoplasmic leaflets
of oligodendrocytes. Those cells are assembled to each other
by MBP to generate a double bilayer membrane unit which
envelopes the axons as a multi-membrane stack forming compact
myelin (Quarles et al., 2006). Multiple sclerosis (MS) is a chronic
inflammatory disease of the central nervous system, correlated
with demyelination through membrane de-adhesion, swelling,
and ultimately vesiculation of the myelin sheath (Weil et al.,
2016). The lipid compositions of native (healthy) and modified
(diseased) myelin sheaths have been investigated in an animal
model (Ohler et al., 2004). While the native lipid composition
occurs in healthy cytoplasmic myelin sheaths, the diseased lipid
composition has been found in animals having experimental
autoimmune encephalomyelitis (EAE), which is an animal
model to study diseases such as e.g., MS that are connected
to demyelination (Ohler et al., 2004). Structural properties of
biomimetic native-like and EAE-diseased membranes have been
investigated in vitro in a biosynthetic approach as oriented
membrane bilayers or in the vesicle state (Min et al., 2009, 2011;
Shaharabani et al., 2016, 2018; Raasakka et al., 2017). Recently,
we found a direct connection between the bending stiffness of
large unilamellar vesicles (LUV) having either EAE-diseased or
native-like lipid composition and the formation of multilamellar
structure which is mediated by the binding strength of MBP with
the respective membrane types (Krugmann et al., 2020b).

While most of the above-mentioned studies have investigated
structural aspects of those biomimetic myelin-like model
membranes in their equilibrium state, knowledge about
molecular properties that regulate the kinetics of the assembly
process of the myelin sheath is currently still largely missing.
A detailed molecular understanding of the formation of the
myelin membrane systems is required both from a fundamental
biological and biophysical point-of-view as well as to develop
novel approaches for medical treatment of neurodegenerative
diseases using a process known as remyelination. Remyelination
is a process during which a degenerated myelin membrane is
replaced by a new sheath, which seems to be thinner than the
original, but it is still capable to maintain biological function
of myelin (Prineas and Connell, 1979; Franklin and Ffrench-
Constant, 2008). There are high expectations to utilize this
natural process for the treatment of human demyelinating
disorders such as, for instance, MS. Therefore, many efforts
are made to understand the molecular mechanism of this
process in detail. Currently, knowledge regarding the details of
the molecular process of remyelination using vesicle fusion is
still missing.

In our study, we investigated molecular aspects of the myelin
formation process by using biomimetic membrane systems. We
first produced a supported membrane bilayer (SMB) mimicking
native or diseased-like cytoplasmic myelin on a silicon substrate
and coated it with a dense MBP layer on top. The adsorption
kinetics of LUV having the same lipid composition as those

TABLE 1 | Lipid compositions of native and EAE modified cytoplasmic myelin
membranes (Krugmann et al., 2020b).

Lipid type Native (mol %) EAE modified (mol %)

PC 25.9 20.1

PE 29.0 32.9

PS 7.0 7.4

SM 6.2 2.2

Cholesterol 31.6 37.4

bilayers were then studied using neutron reflectometry (NR)
as a function of incubation time. NR experiments performed
under steady-state conditions at different stages of the assembly
process allowed us to gain structural information of the
oriented membrane systems orthogonal to the membrane plane
with resolution on the nm length-scale. The kinetic adhesion
mechanism of the LUV could be modeled by a random sequential
adsorption (RSA) process. As the maximal adsorption area of
RSA process is known as well as the bending rigidity of the LUV
membrane, we could calculate the interaction energy per MBP
protein. This parameter was found to be larger for native lipid
composition as compared to the EAE-diseased membranes. A
perspective for a future application of our approach would be
to form myelin-like multilayers by LUV fusion, which would be
an interesting mechanism to externally trigger remyelination by
LUV fusion.

MATERIALS AND METHODS

Materials
Porcine brain lipids (PC, PE, PS, and SM) and ovine cholesterol
were purchased from Avanti Polar Lipids (Alabaster, AL, USA)
and bovine MBP from Sigma-Aldrich (St. Louis, MO, USA).

Liposome Preparation
Porcine brain lipids (PC, PE, PS, and SM) with chain
compositions given on the Avanti webpage1 and ovine cholesterol
have been separately dissolved in chloroform, or bought in
chloroform. The lipids are mixed in ratios found in native and
EAE modified myelin (Table 1; Krugmann et al., 2020b) and
afterwards the chloroform is evaporated using a gentle nitrogen
stream followed by vacuum annealing at 50◦C overnight. The
lipids are then dissolved in D2O-buffer [150mM NaCl, 10mM
3-(N-morpholino) propanesulfonic acid (MOPS)]. The solution
is shaken until the lipid cake is no longer stuck at the glass
surface. If necessary remaining lipid cake is removed by pipetting.
In the following the solution is sonicated for 30min at 40◦C
and freeze-thawed 5 consecutive times. To remove remaining
large aggregates or giant vesicles the solution is centrifuge-filtered
through a 0.45µm for 10min at 10,000 g-force. Finally, the
solution is extruded through a 100 nm membrane 21× at 50◦C.

1https://avantilipids.com/ (accessed March 1, 2021).
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Supported Bilayer Preparation
Polished silicon blocks were cleaned by subsequent immersion
in chloroform, acetone, ethanol and water under sonication for
20min each, followed by UV/ozone irradiation for 30min and
rinsing in H2O to verify hydrophilicity. All silicon substrates
were stored in water until utilization to prevent contamination.
For the neutron reflectometry measurements, each substrate was
sealed in a solid/liquid cell. In detail, the bottom part of the
cell is equipped with a PEEK through, which represents the
liquid reservoir, while the upper part is an aluminum/Teflon lid.
The silicon block is sandwiched between the two parts and the
trough (reservoir) filled with Milli-Q water by injection through
Teflon tubes (0.5mm inner diameter), closed by valves. Prior
to liposomes solution injection, the cell was pre-heated at 50◦C
to promote vesicle fusion. When the liposomes were in contact
with the hydrophilic SiO surface, a supported membrane bilayer
(SMB) was formed and residual liposomes were removed by
rinsing with buffer solution.

NR Protocol
Neutron reflectivity measurements were performed on the
neutron reflectometer D17 at the Institut Laue-Langevin (ILL,
Grenoble, France) (Saerbeck et al., 2018; Krugmann et al., 2020a)
operated in time-of-flight mode. The instrumental resolution
1Q/Q was varying between 2 and 10% along the full q-range
(0.006 0.35 A−1) with accessible wavelengths from 2 to 30 Å and
two angles of incidence (0.8 and 3.2◦).

The footprint length (in the beam direction) and width
(in the perpendicular direction) were L = 60 mm and
W = 35 mm, respectively.

The samples were deposited at the solid/liquid interface of
a silicon substrate sealed inside a solid/liquid cells with 1mL
liquid reservoir which was kept at 50◦C to promote vesicle fusion;
during the rest of the experiment a constant temperature of 37◦C
was maintained via a thermostatic bath. Contrast variation was
carried out via an automatized pumping system at a flow rate
of 1 mL/min for a full volume exchange of 20mL. Firstly, the
silicon blocks are characterized in three contrasts (D2O-buffer,
H2O-buffer, silicon matched water (SMW)-buffer (38% D2O).
Afterwards the respective SMB is formed using the protocol
described above. Now, the SMBs are characterized in the same
three contrasts. We inject MBP in the cells to coat the SMB
as described in Krugmann et al. (2020b). To remove remaining
MBP solution the cells are flushed. Again, the membrane is
measured at the three contrasts. Finally, the vesicles are injected
and the adsorption kinetics is monitored (in D2O). To enable
very fast acquisition the beam divergence is increased and a time
resolution of 1min can be achieved (Cubitt et al., 2015).

NR Data Analysis
For the specular NR, the data first has been reduced using the
COSMOS tool in the LAMP software of the ILL. The fitting of
those reduced datasets was done using the Anaklasis package
based on python (Koutsioubas, 2021). This software allows co-
refining multiple datasets as e.g., the same sample at different
contrasts or the same sample in D2O at different steps of the
kinetic process. The model assumed is a stratified layer model,

TABLE 2 | Coverage of the second membrane bilayer η, thicknesses of the
membrane parts, MBP concentrations in the protein layers, and MBP layer
thickness dMBP.

Native01 Modified01 Modified1

c*MBP (mg/ml) 0.1 0.1 1

η 0.26 ± 0.02 0.34 ± 0.02 0.39 ± 0.02

dhead (Å) (inner) 7.9 ± 1.6 11.1 ± 2.0 8.1 ± 1.4

(outer) 9.8 ± 1.5 11.5 ± 1.7 11.3 ± 1.3

dchain (Å) 31.2 ± 0.8 32.6 ± 0.8 31.6 ± 0.7

dMBP,SBL (Å) 77 ± 68 64 ± 44 72 ± 20

dMBP,DBL (Å) 30.6 ± 2.0 26.4 ± 1.6 24.6 ± 1.3

cMBP,SBL (vol. %) 3 ± 2 5 ± 3 7 ± 2

cMBP,DBL (vol. %) 1 ± 3 0 ± 4 11 ± 3

*MBP concentration in the injected buffer solution. The errors of the fitted parameters are
taken from the fit.

while an additional adjustable multiplicative parameter is used
for the proper scaling of the reflectivity curves. During data
reduction a normalization factor is set accounting for neutron
beam attenuation as defined by a direct beam measurement. In
the pristine membrane samples only a small deviation to unity
is observed which could be explained by a not perfect sample
alignment. In the later steps the deviation from unity increases
especially in the samples with attached vesicles. This might
be accounted to diffuse scattering in these samples. Therefore,
less signal is scattered specular and a value smaller than unity
needs to be chosen as scaling factor. For the bare membrane
we assume the layer order head|chain|head|. This layer sequence
will just be called membrane in the following. When adding
MBP an additional layer is added and the order is changed
to membrane|MBP. After injection of the vesicles the order is
changed to membrane|MBP|membrane|diffuse vesicle layer. The
diffuse vesicle layer accounts for the 3D structure of the attached
vesicles and has a SLD of 0.7 · 10−6 Å−2 between the one of
the chain and the head section. As front end we use in all
cases Si|SiO|buffer and as back end buffer. Obtained membrane
thicknesses are compiled in Table 2.

Random Sequential Adsorption Simulation
The RSA simulation is modified from Erban and Chapman
(2007) for our system. As starting point we take a test volume
(x-y-z = 1µm – 1µm – 1mm) with a constant concentration
of vesicles in z-direction. In practice a test area (x-y) is defined.
The x-y-surface at z = 0 is the adhesive surface. Then we define
vesicles in z-direction. Since the concentration should be uniform
in x-y-direction we only have to calculate the diffusion of vesicles
in z-direction and only initialize the x-y-position in the case that
the vesicles touch the surface.

Now we start the diffusion simulation. Therefore, we calculate
the diffusion of each vesicle in time steps 1t by

znew = zold +
√
2D∆t · χ (1)

Here, D is the diffusion constant and χ is a normal distributed
random number.
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In the case that the vesicles diffuse to the adhesive surface
and no other adhered vesicle is overlapped in x-y-position they
get adsorbed by a certain probability and are removed from the
simulation. This is done in the simulation in the case that one
of two conditions are fulfilled. The first condition is that the
end z-position is negative. If this condition is fulfilled the vesicle
adsorbs with the probability:

p = P ·
√

∆t (2)

In Erban and Chapman (2007) P describes a positive constant
which can be related to the rate constant of the chemical
reaction between the virus surface and diffusing polymers. As
the geometry of our system is similar in our case P is related
to the interaction of vesicles and the MBP coated membrane
surface. The second condition checks if the vesicles z-position
was negative during the step. The adsorption probability is
given by:

p = exp
(

−zold
znew

D∆t

)

· P ·
√

∆t (3)

At the beginning only, the vesicle concentration close to the
surface gets perturbed by the surface adhesion. Therefore, only
vesicle diffusion close to the surface is calculated in the beginning.
The affected z-range L(t) increases is given by:

L (t) = 2 · erf−10.99 ·
√
tD (4)

In this model we assumed the vesicles with diameter d =
100 ± 30 nm as spherical hard shells which exclude the area
Aex = π

4 d
2 when attached to the membrane. The simulation

has been run 10 consecutive times and the results have been
averaged. The time step was set to 1t = 1 s. We estimated a
value P = 0.015 · 1/

√
t leading to a quite convincing agreement

with the measured data. Themaximum coverage of such a system
has been determined before (Wang, 1994; Cieśla and Nowak,
2016; Cieśla and Ziff, 2018) to be 55.47% for monodisperse
disks—which is a good description of the 2D-projection of the
vesicles on the membrane surface. In case of polydispersity
this value increases as vesicles with smaller diameter can fit in
smaller holes (Adamczyk et al., 1997). We simulated the effect
for a polydispersity of 0.3 (Supplementary Figure 1) which we
measured for vesicles of the same compositions and almost
identical extrusion procedure via SANS and SAXS (Krugmann
et al., 2020b). The coverage seems to be almost completely stable
over time—at a time range relevant for the incubation time of
the vesicles until the static measurements were started (native
∼20 h, EAE modified ∼10 h). After 1 day we simulated a steric
vesicle coverage of 0.60 ± 0.05 (the error was estimated from
the incubation time range of the samples) which is used in
the further calculations as explained in the following chapter.
Here, we used a time step 1t = 10 s in the simulation. The
concentration of vesicles was chosen to be 1 mg/ml. From this
value the number concentration was calculated by estimating the
weight of one vesicle.

Accessing the Adhesion Constant ka
Free Energy of a Vesicle
Let us consider a vesicle of area A, supposed to be constant upon
deformation, adsorbed onto a plane. Its free energy reduces to
two terms:

Efree = Ea + Eb with

{

Ea = −ka · αfA

Eb = κ
2

∫

(c1 (s) + c2 (s))2 ds
(5)

The first term Ea is the adhesion energy potential, with ka the
adhesion constant and αf the area-fraction of the vesicle surface
that is flat and adheres to the plane. This term decreases with
increasing adhesive-area fraction αf .

The second term Eb is the bending elastic potential that can
be viewed as the variance of the local curvatures c1(s) and c2(s)
of the surface element ds, with κ the mean-curvature modulus
of the bilayer. This term increases as the shape deviates from the
sphere, i.e., for increasing flat part given by αf .

For a given set (αf , ka, κ), the vesicle adopts the shape with
local curvatures (c1(s), c2(s)) allowing

∫

(c1 (s) + c2 (s))2 ds to
be minimized with the constraint of curvature-continuity at the
boundary of the flat area. Since this constraint depends only on
αf , so does the least-energy shape of the vesicle. Determining this
least-energy surface is the first step for the calculation of Efree. For
this we followed the procedure described in Koutsioubas et al.
(2017). The fundamental assumption is the following: the least-
energy surface of an adsorbed vesicle is a solid of revolution with
a generatrix that is itself a least-energy curve. Themain advantage
of this method is to reduce the problem to a 1D-problem that can
be exactly solved with aminimum computing-time consumption.
Actually, the mean-curvature modulus kc can be independently
measured or kept from the literature. So that, Efree can be finally
computed in the plane (ka, αf ) (see Supplementary Figure 2).
For a given adhesion constant ka, vesicles adopt the value for
the adhesive-area fraction αf allowing Efree to be minimized,
i.e., in the valley of Supplementary Figure 2. Conversely, by
measuring αf one can determine the corresponding value for ka.
The bending rigidity κ of native and EAE-diseased membranes
was determined by NSE previously (Krugmann et al., 2020b) and
the values of κ are compiled inTable 3. Obtained values of αf and
ka determined in this study are summarized in Table 3 as well.

Combining RSA Simulations and Neutron Reflectivity

Measurements to Access αf

“From the top” point of view (RSA):
In the RSAmodel, the addition of a new particle is sensitive to the
steric hindrance of particles already adsorbed. Let us denote Aex

the maximum extension area parallel to the plane of a vesicle, i.e.,
its projection area on the plane, and define the “steric coverage
density” ρ as:

ρ = N ·
Aex

Atot
(6)

whereN is the number of adsorbed vesicles andAtot the total area
of the plane.

“From the bottom” point of view (neutron reflectivity):
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On the other side, neutron reflectivity is sensitive to the area of
vesicle that adheres and is directly in contact with the plane. Let
us denote Af this area with no curvature per vesicle and define
the “adhesive coverage density” η as:

η = N ·
Af

Atot
(7)

Dividing Equation (6) by Equation (7) gives:

ρ

η
= Aex/Af (8)

TABLE 3 | Values of the bending rigidity κ, the membrane coverage η, the fraction
of the vesicles which are flat αf , the calculated adhesion energy ka, the area per
MBP molecule AMBP and the adhesion energy per MBP molecule ǫMBP.

Native01 Modified01

κ (10−19J)# 1.44 ± 0.10 1.16 ± 0.06

η 0.26 ± 0.02 0.34 ± 0.02

αf 0.138 ± 0.022 0.198 ± 0.028

ka (mJ/m2 ) 0.36 ± 0.06 0.45 ± 0.10

AMBP (nm2)$ 156 ± 172 113 ± 103

AMBP (nm2)# 86 ± 17 50 ± 15

ǫMBP (10−19J) 0.31 ± 0.08 0.23 ± 0.08

#Values of the bending rigidity and area per MBP are taken from Krugmann et al. (2020b).
$Values of area per MBP calculated from fit results in Table 2.

By definition, Af writes:

Af = αfA (9)

But actually, the flatter the vesicle, the wider it is, so that Aex

also depends on αf . For a spherical vesicle of radius R, one
has Aex,af = 0 = πR2 and for a completely flattened vesicle

Aex,af = 0.5 = A/2 = 2πR2 = 2Aex,αf = 0. The computation
of the least-energy surface as a function of αf shows that the
departure from the linearity between these two extremities is
negligible (see Supplementary Figure 3).

This leads to

Aex ≃ A · (1+ 2αf )/4 (10)

Equations (8) and (10) give: ρ/η = (1+ 2αf )/4αf leading to

αf ≃
1

4
(

ρ
η

)

− 2
(11)

Considering the situation at time t→ ∞with ρ∞ = 0.60± 0.05
is estimated from the simulations, one can deduce αf from the
neutron reflectivity measurement of η∞.

RESULTS AND DISCUSSION

To precisely analyze the interaction of MBP coated membranes
with other membranes we choose to rely on neutron
reflectometry (NR). Information is obtained perpendicular
to the membrane plane by detection of the specular NR signal

FIGURE 1 | Model of structures seen by the specular (A,B) and off-specular (C) NR signal. In the specular signal the layer structure in z direction is measured very
precisely. However, it is more sensitive for the structure close to the silicon surface. From the fit of the specular data the coverage of the second bilayer can be
estimated (top right panel). In the off-specular signal the roughness of the layer is measured (C). If this signal appears one can conclude that the layer structure is
not flat.
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FIGURE 2 | Schematic representation of structural models for the different stages of the experiment. The averaged thickness values of the membrane components
are indicated in the figure panels. (A) Supported membrane bilayer formed by vesicle fusion on silicon wafer. (B) MBP-coated membrane formed after injection of
protein solution and incubation. (C) Double-layer membrane structure connected by a dense MBP phase in between that is formed upon adhesion of the LUVs.

in combination with in-plane resolution by also measuring off-
specular NR data (Zhou and Chen, 1995; Jablin et al., 2011). This
is shown schematically in Figure 1. The reflected neutron beam
is mostly scattered specular—meaning that the final angle 8fi is
equal to the initial angle 8in. The specular signal is determined
by the structure perpendicular to the surface and has a resolution
in the order of a few Ångstrom. However, if there is also in plane
structure in the sample—in most cases roughness—a part of
the beam is reflected at a different angle. This fraction is called
off-specular and is only sensitive to parts of the sample which
have in-plane structure.

Preparation of the Membrane System and
Steady-State Characterization
The system of interest is a supported membrane bilayer (SMB)
coated with MBP which is kept in a liquid cell. Into this cell
large unilamellar vesicles (LUV) are injected which can diffuse
toward the SMB surface and adhere to it. The main purpose of
our study was to investigate the mechanism of that adhesion
process. Prior to that we validated the structural properties of
the membrane components—an essential prerequisite for the
interpretation of the kinetic NR experiments. The different
stages of the preparation process are schematically depicted
in Figure 2 alongside with the average thicknesses of the
membrane components.

As a first step the SMB was created by vesicle fusion
on a hydrophilic silicon substrate (Figure 2A; Stroumpoulis

et al., 2006; Rondelli et al., 2017). The neutron reflectometry
curves were measured on the neutron reflectometer D17 at the
ILL (Saerbeck et al., 2018) at three different contrasts having
buffer compositions of 100% D2O, 100% H2O and a mixture
(38%/62% v/v) D2O/H2Owhichmatches the SLD of silicon being
abbreviated as silicon matched water (SMW) in the following.
The NR data are shown for a native and EAE modified SMB
in Figures 3A, 4A, respectively. The fit of a simple head—
chain—head layer sequence can reproduce the measured NR
data nicely (see Figures 3A, 4A). A SMB with native-like lipid
composition and two SMBs with EAEmodified lipid composition
referred to as Native01, Modified01 and Modified1 SMBs were
characterized. The obtained thicknesses of the head (dhead) and
chain sections (dchain) of those three SMBs are reported in
Table 2 and the respective water penetration values are given in
Supplementary Table 1. The respective SLD profiles are shown
in Figure 3B of the Native01 membrane and in Figure 4B of the
Modified01 SMB.

As a next step MBP was injected in the liquid cell at either
a concentration of cMBP = 0.1 mg/ml for the Native01 and
Modified01 SMBs or at 1 mg/ml for the Modified1 SMB. Due to
electrostatic interaction, it interacts with the negatively charged
membrane and forms a dense protein layer on top of the
membrane (see Figure 2B). The data of the Native01 membrane
with 0.1 mg/ml MBP in combination with a fit is shown in
Figure 3C. The respective data of EAE modified membrane
Modified01 with 0.1 mg/ml MBP including theoretical fit is
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FIGURE 3 | Neutron reflectivity curves and respective SLD profiles of the Native01 sample. (A,B) The pure native membrane without MBP, (C,D) the supported
membrane with MBP protein layer on top that was formed by addition of protein solution with 0.1 mg/ml MBP, and the double-membrane structure with dense
intramembrane MBP-layer that was formed after vesicle adhesion in (E,F). In (F) the SLD profiles of the pristine membrane and the MBP coated membrane are shown
as comparison. NR data was measured on the D17 neutron reflectometer.

shown in Figure 4C. Those datasets have been fitted as a layer
sequence head—chain—head and an additional dense MBP
layer on top of the membrane with thickness dMBP,SBL and
concentration cMBP,SBL. During these fits the fitted values of dhead
and dchain, water penetration and roughness between the layers
from the SMB without MBP were used and constrained in ±5%
of the best value around those values, while the thickness of
the MBP layer dMBP,SBL (constrained for Modified01: 60–100 Å,

otherwise: 70–100 Å) and its water penetration were fitted. The
water penetration of the chain section was left free between 0 and
5%. The SLD of MBP was estimated with the primary structure
of bovineMBP using the Biomolecular Scattering Length Density
Calculator2 considering 90% exchange of labile hydrogen atoms.

2Biomolecular Scattering Length Density Calculator. http://psldc.isis.rl.ac.uk/Psldc
(accessed March 17, 2021).
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FIGURE 4 | Neutron reflectivity curves and respective SLD profiles of the EAE Modified01 sample. (A,B) The pure EAE membrane without MBP, (C,D) the supported
EAE membrane with MBP protein layer on top that was formed by addition of protein solution with 0.1 mg/ml MBP, and the double-EAE-membrane structure with
dense intramembrane MBP-layer that was formed after vesicle adhesion in (E,F). In (F) the SLD profiles of the pristine membrane and the MBP coated membrane are
shown as comparison. NR data was measured on the D17 neutron reflectometer.

These values are in D2O ρD2O = 3.45 · 10−6A−2, in SMW
ρSMW = 2.55· 10−6 A−2, and in H2O ρH2O = 2.00 · 10−6 A−2.
The respective SLD profiles of the Native01 and Modified01
SMB are depicted in Figures 3D, 4D. The fit results are reported
in Table 2, the corresponding buffer penetration values are
given in Supplementary Table 1. We got a convincing fit with
a MBP layer with thickness between dMBP,SBL = 60–80 Å (the

determined parameters are characterized by large error bars, due
to the dilute nature of theMBP layer) and a protein concentration
in the range of cMBP,SBL = 3–7% vol/vol (corresponding to MBP
concentrations of around 22 and 51 mg/ml, respectively, when
a protein specific volume of 0.73 ml/mg is considered) for both
membrane types and both injected MBP concentrations of 0.1
and 1 mg/ml. The MBP layer thicknesses and concentrations
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as reported in this study are in agreement with previous
observations (Krugmann et al., 2020b).

Vesicles were injected onto the MBP/SMB systems and the
interaction process was studied with kinetic NR acquisition.
The kinetic data will be discussed in the next section, but
beforehand we take a look at the steady state specular NR
measurement after an almost constant state is reached after
1–2 h. A schematic visualization of that steady-state membrane
system in shown in Figure 2C. Experimental NR data of native
and EAE modified conditions under steady-state conditions are
shown in Figures 3E, 4E including theoretical fits. We can see
a strong change in the reflectivity profiles in comparison to
the membranes without adhered vesicles. As a fit model we
assume a double-bilayer system because the vesicles diffuse to the
membrane and adhere to it. In this case, the specular NR profile
should be a double bilayer as specular NR only is sensitive for the
z-structure close to the Si-surface since the penetration depth of
the neutrons under such small angle is quite low. However, to
account for the part of unfused adsorbed vesicles that extends
into the solution, we add in our model a long 800 Å diffuse
vesicle layer as last layer with a SLD of 0.7 · 10−6Å−2 and high
roughness and buffer penetration. The thickness of the MBP
layer in the double bilayer model has been fitted to dMBP,DBL

≈ 30 Å which is close to what we have measured before in
between 2 bilayers in small-angle X-ray scattering experiments
(Krugmann et al., 2020b). The fitted values of dhead and dchain,
water penetration and roughness between the layers from the
SMB without MBP were again used and constrained in ±5%
of the best value around those values. The thicknesses of the
second membrane layer (dchain, dhead,inner, and dhead,outer) are
fixed to the values dchain and dhead,outer of the first layer. They
are fixed to dhead,outer as they are both not attached to the
silicon substrate and therefore less ordered. Fitted parameters
are the buffer penetration value corresponding to the MBP
concentration between the bilayer cMBP,DBL. The fitted buffer
penetration values are given in Supplementary Table 1 and the
MBP concentrations in cMBP,DBL in Table 2. The SLD-profiles we
attain form those fits are shown in Figures 3F, 4F.

The fitted structural models of the three stages of the
experiment are summarized visually in Figure 2 including the
averaged thickness values of the membrane components. Overall,
our characterization by NR of the assembly process under steady-
state conditions yields a coherent picture of the assembly process.
MBP that is injected as a rather dilute concentration interacts
strongly with the first SMB and forms a concentrated fluid phase
with concentration in the range of 3–7% and a thickness of 60–
80 Å. Upon formation of the second membrane layer the MBP
layer thickness is reduced to around half of its initial thickness
(∼30 Å) and a concentration of 0–1% vol/vol for the 0.1 mg/ml
samples and 11% for 1 mg/ml sample. This MBP layer is, hence,
regulating the assembly and fusion process of the LUV with the
SMB. However, due to the complexity of the system in its final
state and the dilute nature of the MBP layer, it appears that our
modeling is sensitive only to the thickness of the MBP layer,
leading to relative underestimation on protein concentration.

Furthermore, from the buffer penetration value hchain,2 of
the second chain section (given in Supplementary Table 1) it

is possible to calculate the coverage η of the second bilayer
as the hydrophobic chain section is nearly water free in both
cases. Therefore, it is possible to calculate the coverage as η =
1 − hchain,2. The definition of the coverage η can be expressed
mathematically as the area of the second bilayer Adbl divided by
the total area Atot of the first bilayer of the sample

η =
Adbl

Atot
. (12)

In Table 2 the coverage values of η are given for the investigated
membrane systems.

In Figure 5A the 2D off-specular map of an EAE-modified
sample in the final steady-state of LUVs bound to the MBP-
coated SMB measured at the MARIA reflectometer is given.
For technical details of the instrument MARIA, we refer to the
instrument paper (Mattauch et al., 2018). In Figure 5B the 2D
image of an EAE modified sample of LUVs bound to the MBP-
coated SMB measured using the D17 reflectometer is shown.
Clearly, an off-specular signal is visible in both cases. This off-
specular signal is proof that the samples have strong surface
roughness which is an indication for vesicles adhered to its
surface (Ott and Kozhevnikov, 2011).

Kinetics of the Vesicle Adhesion Process
Time-resolved NR experiments were carried out to understand
the process of adhesion. In Figure 6A an exemplary kinetic NR
measurement of a modified membrane is shown. To maximize
the NR signal and to reduce the incoherent background, time-
resolved NR experiments have been performed only at one
contrast in 100% D2O buffer. Clearly, in the time range of
one to a few hours the adhesion process is happening. The
off-specular data is growing in this time as well. The specular
curves in Figure 6A can be fitted by the earlier explained double
bilayer model. Here, only the coverage (η = 1 − hchain,2),
water penetration of the diffuse vesicle layer its roughness and
the scaling factor are fitted, while the rest of the remaining
parameter values are fixed to the ones obtained from the static
measurements of the membrane with adhered vesicles. The
influence of the head section is not that strong as the contrast
to D2O is higher to the chain section. In Figure 6B the respective
SLD profiles are depicted. In Figure 6C the normalized coverage
(scaled to the RSA simulation curve) from the specular fit, the
normalized off-specular signal (scaled to the RSA simulation
curve with subtracted background) and the behavior represented
by the RSA simulation curve are plotted together. The important
observation here is that the normalized experimental coverage
values obtained from both specular and off-specular NR data
are identical within the statistical uncertainty and their time-
dependence can be reproduced by the theoretical model of an
RSA simulation.

RSA is a model in which particles diffuse and adhere to
a surface and cannot detach from it. The details of the RSA
simulation are explained in the Materials and Methods section.
Strikingly, the kinetics of the specular data—representing the
formation of a double bilayer—and the off-specular data—
representing the adhesion of vesicles to the surface—follow
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FIGURE 5 | Off-specular signal of vesicle coated membranes seen by (A) classical monochromatic and (B) TOF neutron reflectometer. In (A) an exemplary
measurement at the classical monochromatic instrument MARIA (Mattauch et al., 2018) from an EAE-modified sample of our previous paper (Krugmann et al., 2020b)
is shown. And in (B) an exemplary measurement of an EAE modified membrane at the TOF reflectometry mode using an incident polychromatic neutron beam of the
D17 instrument is shown as comparison.

the same trend and can both be described by the same RSA
simulation. We can conclude here that both signals are governed
by the same kinetic time constant of the diffusion driven
adhesion of the vesicles. The deformation of the vesicles which is
responsible for the double bilayer formation is, therefore, quasi-
instantaneous in comparison to the adhesion process. In RSA the
vesicles that adsorb to themembrane are described as disks that—
when adsorbed—exclude a certain area Aex. After waiting for an
infinite amount of time (t = inf) the coverage of vesicles ρ(t)–
which is different from η as not the whole excluded diameter is
in contact with the membrane—a coverage ρ(inf) is reached. To
verify if RSA is the correct kinetic process to describe our data
we plot the logarithm of ρ(inf)-ρ(t) over the logarithm of time in
Figure 6D. This should give a slope of −1/2 for an RSA process
of disks on a surface, which is indeed the case of our NR data
when we exclude the first initial time points (Hinrichsen et al.,
1986).

Calculation of Adhesion Energy per MBP
From the above-mentioned results, it is possible to estimate the
adhesion energy per area ka. This is achieved by minimizing
the free energy which is constituted of the bending energy
and the adhesion energy (see section Free Energy of a
Vesicle). By accounting for some geometrical assumptions (see
section Combining RSA simulations and neutron reflectivity
measurements to access αf) we can estimate the adhesion energy
per area ka of the native andmodifiedmembranes with 0.1mg/ml
MBP. Values of ka are given in Table 3. With this we can calculate
the interaction energy per MBP molecule ǫMBP.

ǫMBP = ka · AMBP, (13)

where AMBP is the area per MBP molecule we take from
Krugmann et al. (2020b) calculated with the MBP molecule
volume from Stadler et al. (2014). Input values of AMBP

and the obtained values of ǫMBP are compiled in Table 3 for

the native and EAE-diseased membranes. We can see that
the so-estimated adhesion energy per MBP-molecule in native
membranes—calculated by this model—is larger as in EAE
modified membranes which might explain the formation of a
stable myelin sheath. The AMBP values calculated from fits of D17
data that are presented in this publication have large statistical
uncertainty, but they are in agreement with values of AMBP that
we have reported previously (Krugmann et al., 2020b). The large
error bars of the D17 fit parameters AMBP (Table 3) lead to high
errors of ǫMBP as well. Therefore, it is not possible to draw any
conclusions on the difference between native and EAE-diseased
membranes using these values.

In the case of the EAEmodifiedmembrane with 1mg/mlMBP
concentration, we have a coverage fraction ηdbl of around 39%.
This would lead to a high value of ka in the range of the value
of silicon ka (Si) = 0.5 − 1 mJ/m2 where we already observe
vesicle fusion triggered by the strong adhesion (Anderson et al.,
2009). Therefore, we believe that it is unphysical and probably we
have partial vesicle fusion occurring. This case is not covered in
our model and would of course increase ηdbl without the vesicles
needing to be flattened as much. Therefore, the calculated ka
would decrease dramatically. Partial vesicle fusion might also
happen in the lower protein concentration case where the values
are close to those measured in silica. In that case our calculated
values of ka and ǫMBP might be overestimated.

CONCLUSIONS

In this manuscript, we report on the adhesion mechanisms
of LUV onto a supported membrane that was coated with an
MBP layer. Structural characterization at the different stages
of membrane assembly process has been performed under
steady-state conditions, while the vesicle fusion process has
been monitored as function of the incubation time. The
overall aim was to investigate differences between native and
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FIGURE 6 | Kinetics of the reflectivity measurements: In (A) a waterfall plot of the kinetic reflectivity measurements of the EAE modified membrane with 1 mg/ml MBP
is shown (sample Modified1). Experimental NR data are represented by symbols as a function of incubation time. Solid lines are theoretical fits using the
double-membrane bilayer model with intramembrane-MBP layer and diffuse vesicle layer for 3D structure of the attached vesicles. Structural parameters of the
membrane profile were kept fixed during the individual fits and only the coverage fraction of the second membrane layer (and the diffuse vesicle layer water content
and roughness) was fitted. In (B) the respective SLD profiles are shown. In (C) the kinetics of the off-specular signal of the three membranes (empty symbols), the
kinetics of the coverage fit parameter of the three membranes obtained from specular NR data (filled symbols) and an RSA simulation of vesicles with 50 nm radius
and 15 nm polydispersity (solid black line) are shown. In (D) the log-log-plot of the vesicle coverage ρ (inf) − ρ(t) over the time is shown for the off-specular
experimental values and the RSA simulation. The thin line indicates power-law behavior with a slope of −1/2, which is the theoretical prediction of an RSA process of
flat disks on a surface (Adamczyk et al., 1997).

EAE modified biomimetic cytoplasmic myelin membranes and
to gain information on the myelin sheath assembly process
at a molecular scale. From the steady-state experiments we
demonstrate that a concentrated MBP layer is formed on top
of a single SMB with a protein concentration of around 3–7%.
Adhesion of LUV with local formation of a second membrane
bilayer results in an MBP layer that is reduced in thickness.
Concerning the LUV adhesion kinetics, we show that the
adhesion of the vesicles can be modeled by an RSA simulation.
In addition, we provide evidence that the vesicles are reshaping
after the adhesion. Their contact surface with the membrane is
maximized until the elasticity of the membrane leads to a force
in opposite direction and an equilibrium state is established.
Our measurements show that this process depends on both
membrane type and MBP concentration, while its kinetics is
entirely limited by the diffusion of the vesicles toward the
membrane surface agreeing with the observed RSA mechanism.
In combination with the bending rigidity of those membranes,

which we investigated in earlier studies (Krugmann et al., 2020b),
we can provide an estimate of the interaction force per MBP
molecule: In the native-like membrane case it is larger than in
the EAE-diseased membranes. Our new results can also help
with the interpretation of our last paper (Krugmann et al.,
2020b). In that study, we have seen that LUV having EAE
modified lipid composition tend to stick to each other by a strong
attractive interaction being mediated by the binding strength
of MBP. As we show in here, this seems not to be because
of a stronger interaction of MBP with these EAE-diseased
membranes as the adhesion energy per MBP-molecule is higher
for native membrane than for the EAE-diseased membrane.
Instead, the driving force of that effect appears to be due
to the higher MBP concentration in the MBP layer on top
of EAE modified membranes as compared to that of native-
like membranes.

We found indications that partial vesicle fusion is occurring
when EAE membranes were treated with the higher MBP
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concentration of 1 mg/ml. By applying external stimuli like
osmotic shock or temperature shocks it might be possible to
achieve complete vesicle fusion resulting in a perfect double
bilayer system with an intercalated MBP layer in between the
two bilayers. This would be a significantly improved model
system to study the initial growth process of the myelin
sheath from a molecular perspective, and it would allow us to
study basic biophysical properties of artificial biomimetic nerve
cells in vitro.

DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in the ILL data
repository (data.ill.eu) (Krugmann et al., 2020a).

AUTHOR CONTRIBUTIONS

AS, AR, AK, and SF designed the research. BK, AK, LH, and
SM performed the research. BK and AK analyzed the data.

DL contributed analytical modeling. BK and AS wrote the
manuscript with input from all other authors. All authors read
and approved the finalized manuscript.

ACKNOWLEDGMENTS

This work was based upon experiments performed on the
instruments MARIA operated by Jülich Centre for Neutron
Science at the Heinz Maier-Leibnitz Zentrum, Garching,
Germany and on D17 at the Institut Laue-Langevin, Grenoble,
France. The authors acknowledge the PSCM at the ILL for the use
of the preparation laboratories and for the preliminary sample
characterization during the beamtime.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2021.631277/full#supplementary-material

REFERENCES

Adamczyk, Z., Siwek, B., Zembala, M., and Weroński, P. (1997). Influence
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Wepresent a structural and dynamical analysis of the influence of NaCl onmultilayer stacks
of phospholipids on a solid surface. To this end, multilayer stacks of phospholipids (L-α-
phosphatidylcholine, abbreviated as SoyPC) are investigated with neutron reflectometry,
grazing-incidence small-angle neutron scattering (GISANS) and grazing-incidence
neutron-spin echo spectroscopy (GINSES). We show both that the NaCl influence on
the structure is predominantly on water-head group interface and also, that the change in
dynamics is restricted to an associated change in the inter-plane viscosity. Using this
knowledge, it is possible to model the dynamical behavior of a phospholipid membrane in
response to a salt concentration of the solvent using only a single parameter, namely the in-
plane viscosity. The excellent agreement with our previously published model also strongly
supports the existence of a thermally excited surface mode in phospholipid membranes for
close-to-physiological conditions.

Keywords: phospholipids, salt, dynamics, structure, GISANS, neutron reflectometry, neutron spin-echo, GINSES

INTRODUCTION

Phospholipids are a major constituent of the plasma membranes in the vast majority of biological
organisms. These membranes play a crucial role in a wide variety of important mechanisms and
properties from drug delivery [1] to permeability in cellular membranes [2]. In the case of the latter,
the interplay between dynamics and structure is of particular importance. The structure and
dynamics of phospholipid membranes has been the subjects of a wide array of investigations
ranging from light-scattering [2] and AFM studies [3] over X-ray scattering [4–10] to elastic [11–13]
and inelastic neutron scattering [14–17]. An overview of the interplay between structure and
dynamical behavior was published by Tanaka [18], and reviews focusing on neutron and X-ray
scattering were published by Rheinstädter and Fragneto [19], and Salditt [8]. Moreover, an overview
focused on grazing incidence methods on similar systems was given before [20].

In this study, we use elastic neutron scattering methods, reflectometry and grazing-incidence
small-angle neutron scattering (GISANS), to evaluate the structure of a phospholipid membrane
stack when NaCl is introduced to the solvent. NaCl addition introduces ions to the system and can be
understood as an approach to getting closer to physiological conditions. It can be used to separate
possible effects observed in unadulterated (i.e. in the absence of salt) in vitro experiments and
examine their applicability to real-life systems. A previous investigation on the effects of various salts
on the structure of lipid membranes found that the inter-lamellar spacing increases on addition of
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NaCl [21] However, in this work, we find that the overall
dimensions of the membranes remain stable and there is little
change in the bilayer thickness due to the salt concentration. We
attribute this difference to a different approach of data evaluation.
Hishida et al. used one single main peak position to determine the
bilayer thickness. Using inverse Fourier transform we are able to
show that an additional peak (Q � 0.05 Å−1), which appears for
higher NaCl concentrations at lower Q-values, is actually
connected to the changes at the phospholipid-water interface of
the bilayer. The same is true for the peak splitting (Q � 0.09 Å−1).
This more complicated reflectometry data probably cannot be
adequately analyzed by using only a single peak position.

In an earlier work, focusing on the grazing-incidence small-
angle neutron-spin echo spectroscopy (GINSES) technique [17],
we demonstrated the existence of a hitherto unknown surface
mode in a phospholipid membrane stack system which did not
include any salt. Here we extend this investigation to systems with
an NaCl-containing solvent, and examine the impact of the NaCl-
ions on the membrane. This surface mode we postulate in our
previous work is a long-range in-plane correlation, which is on
the order of a few hundred Angstroms (Q∼0.01 A−1) with an
energy transfer in the µeV range [16, 17, 22]. One of the questions
that we try to answer in this study is, whether this phenomenon is
only restricted to very pure phospholipid systems, or whether this
is a general phenomenon in phospholipid membranes, also at
closer to physiological conditions as described here.

The measurements presented here show that the effects of
NaCl concerning structure is mostly concentrated on the
interface between the phospholipid headgroups and the water
layer, while not fundamentally impacting on the membrane stack
nature of the samples.

Concerning the dynamical behavior such systems we show that
the description put forward in our previous manuscript for the pure
multilayer stack system also holds in case of NaCl introduction to
the system. Only the intramembrane viscosity changes. This finding
proves the existence of the previously shown surface mode being
present in the phospholipid systems. Furthermore, it increases the
predictive power of our model to systems, which are very close to
those found under physiological conditions.

MATERIALS AND METHODS

Materials
The materials used in the experiments reported here are L-α-
phosphatidycholine, 95% (SoyPC) procured from Avanti Lipids,

NaCl obtained from SigmaAldrich and D2O (99.8 atom-% D)
from Deutero.

The sample preparation was identical in all cases, irrespective
of the experiments being performed. A solution of 5 g SoyPC
in 34 g of isopropanol (pA) was prepared. This was done at
room-temperature (RT) and the mixture was shaken for at
least 20 min. This always resulted in a clear solution with a
slight yellow tinge.

In parallel, a silicon (Si) block with a neutron-resonator was
prepared by cleaning it for at least 2 h in a 2% Hellanex solution.
The resonating structure improved the scattering characteristics
in for the GINSES measurements, without impeding those in the
case of neutron reflectometry or GISANS [23]. The resonator is
a layered structure of sputtered platinum and titanium, which
provides a constructive interference for neutrons within an
acceptable windows in terms of wavelength and incoming
angle. This increases the probability of interaction of the
neutrons with the sample. For the complete procedure, we
followed the well-established protocol of our previous
publications [13, 24].

In short, 12 ml SoyPC solution was solution cast onto the
silicon block and dried overnight at a pressure of 250 mbar
at room temperature to allow for ideal self-assembly
conditions.

TABLE 1 | Summary of samples used and their respective NaCl concentrations. If
no salt was added to the sample, it was measured in pure D2O.

sample D2O/mg Salt/mg Experiment

No salt N/A Reflectometry
1 M (M : mol/L) 44,450 2,340 Reflectometry, GISANS
2 M (M : mol/L) 44,280 4,680 Reflectometry, GISANS
No salt N/A GINSES
2 M (M : mol/L) 18,015 1894 GINSES

FIGURE 1 | Sketch of the applied scattering geometry: For reflectometry
the incoming wavevector ki and outgoing wavevector kf are identical. Hence,
the total scattering vector Q is an out-of-plane vector perpendicular to the
sample surface. For GISANS, a range of scattering angles are collected
on the detector and therefore there are both in and out-of-plane components
of the Q-vector, depending on the position on the detector. In case of the
GINSES measurement, ki and kf are strictly different (incoming angle 0.2°,
outgoing angle 8°) which leads to an in-plane component of Qin-plane �
0.0072 Å−1. However, since the active detector area of 10 cm width at 4 m
sample detector distance is involved into data collection the uncertainty of
outgoing angle is 0.25 mrad, which results in the uncertainty described in
the text.
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For the measurements, the prepared Si-blocks were fixed into a
sample holder that provided a confined, water-tight space above
the sample film on the surface. Finally, D2O containing the
appropriate salt concentrations (as indicated in Table 1) were
injected into the cell.

Sample Block and Geometry
A sketch of the sample block and the resulting geometry are given
in Figure 1. It is important to note that the neutrons always
impinge onto the phospholipid sample from the silicon side, at
the solid/liquid interface. This provides an excellent orientation
of the sample and a very smooth surface for the self-assembly of
the phospholipid layer stack.

In terms of orientation a distinction must be made between the
set-up for the GISANS and reflectometry experiments versus that
for the GINSES experiment. The GISANS and reflectometry
experiments were carried out on a single wavelength
instrument, using either a reflectometry geometry, where the
Q-vector is perfectly perpendicular to the sample surface or a
GISANS geometry where the incoming angle is fixed and therefore
a set of Q-values is probed, including lateral information. GINSES
on the other hand was performed on a time-of-flight instrument
with a wavelength spread of the incoming neutrons. Since the in-
plane Q-vector is defined by the difference between the incoming
and the outgoing angle of the neutrons, and the outgoing angle and
Q-values are a function of each other, this in-planeQ-vector carries
a systematical error of 2.5 · 10−4 Å−1 due to the pixel size of the
detector (3.75 cm pixels at 4 m sample detector distance). The
impact of this uncertainty can be seen by the shaded areas in the
GINSES data in Figure 2.

GISANS and Reflectometry
GISANS and neutron reflectometry measurements were
performed on the MARIA [25] reflectometer of JCNS at MLZ,
FRM2, Garching, Germany. The temperature was controlled by a
Julabo water thermostat. Temperature calibration was done by
calibrating the Julabo temperature to a direct measurement of the
temperature of the sample block. Incident angles for GISANS
were always αi � 0.2°, with a neutron wavelength of λ � 5 Å.

GISANS and conversely grazing-incidence x-ray scattering
(GISAXS) have been established since long as valuable tools for
the investigation of surfaces and interfaces [20]. Due to the
shallow incident angle (below or close to the critical angle of
total external reflection) there is a large footprint of the beam,
which allows that a large area average is made. In comparison to
reflectometry, where the information may be extracted for
similar average surface areas, GISANS and GISAXS analyze
also non-specular intensities, which probe in-plane
correlations, such as patches along the surface, to be
investigated.

GINSES
GINSES measurements were performed at on the SNS-NSE [26]
neutron spin-echo spectrometer of JCNS at SNS, ORNL, Oak
Ridge (TN), USA. Temperature was controlled by a Julabo with a
temperature sensor directly connected to the Si-sample block.
Also here, the incident angle was set to αi � 0.2° as well. The exit
angle was 8°, which leads to an in-plane scattering vector of
Qin−plane � sin(αf − αi

/

2) × Qtotal � 0.0072 Å−1.
There are two aspects for using a grazing incidence geometry for

neutron spin-echo spectroscopy (NSE): 1) Since incoming and

FIGURE 2 |GINSES data for sample without (left panel) salt and a sample with a 2 MNaCl concentration in the solvent (right panel). The black lines represent the
data either calculated from fits in our previous publication [17]. The shaded areas represent the confidence areas using the uncertainties for the in-plane Q. The extremely
good correspondence, even without a fit (see text) corroborates our earlier and current use of the Romanov layer model and the existence of the surface mode shown in
our previous publications. The very fast decay for short times in the case of a 2 M NaCl concentration we attribute to a facilitated sliding of the membrane layers
against each other for short times.
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outgoing angle are not identical, very small in-plane Q-values are
accessible (see Figure 1), which are usually hidden to NSE, due to the
rather large primary beam, and the detectors usually not being able to
work under full beam conditions. The other reason 2) is to exploit the
same advantages in surface scattering as GISANS and GISAXS,
namely averaging over a large surface area and thereby enabling
the investigation of films and interfaces. The authors gave an
extensive overview of the technique in a previous publication [23].

Inverse FFT
The inverse FFT analysis used in the present data analysis is based
on a self-written code by the authors using the approaches
presented by Stroud and Li [27, 28]. While the resulting fits
reproduce the data extremely well, due to boundary condition
effects this method obtains most of the resulting neutron
scattering length density (SLD) data directly from the area
around the peaks. Accordingly, although the shape of the

individual multilayer is well reproduced, no information about
the layer-to-layer distance is included. This information is then
obtained by the classical use of the peak position.

RESULTS

The results are split in sections for GISANS/reflectometry and
GINSES to make a distinction between structural and dynamic
behavior, which is investigated with the different measurements.
As an overall observation it can be stated that the stacked, lamellar
nature of the phospholipidmembranes, as was reported also in earlier
investigations, is rather stable. The investigated salt concentrations of
1 and 2M NaCl do not drive the system into a non-lamellar phase.

Reflectometry
Representative neutron reflectometry data is shown in Figure 3
and Figure 4. The most apparent feature is that for the 1 M salt

FIGURE 3 | Reflectometry data of SoyPC samples with 1 M (left panel) and 2 M (right panel) NaCl in the D2O solvent. The black lines represent fits obtained by
inverse FFT analysis, while the red lines represent Gaussian fits to determine the correct peak positions. The curves are shifted along the intensity axis for clarity of the
representation.

FIGURE 4 | Reflectometry data for different NaCl concentrations at
physiological temperatures. The curves are shifted along the intensity axis for
clarity of the presentation.

FIGURE 5 | Double layer distances d from reflectometry data over
temperature. The error bars are vanishingly small for the 1 M NaCl
concentration.
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concentration there is little distortion of the primary peak (Q ≈
0.09 to 0.1 Å-1) of the lamellar order, while in case of the 2 M
concentration, this peak is split into two peaks (Q ≈ 0.09 Å-1 and
Q ≈ 0.12 Å-1). Moreover, an additional peak appears closer to the
primary beam position in case of 2 M (Q ≈ 0.05 Å-1).

In order to analyze the double layer thickness, we analyzed
the peak positions of for the 1 M salt concentration and the
peak position of the corresponding forward peak for the 2 M
concentration. Both the peak positions and the resulting double
layer thicknesses d ( d � 2π/Qmax

, where Qmax is the position of
the peak maximum) are given in Figure 5. The 1 M salt
concentration is consistently slightly thicker (compares to
60 Å in the case of pure water at 37°C [13]) at about d �
68 Å vs. d � 64 Å for 2 M NaCl. The consistent change over
temperature follows a phase diagram as already measured for
the samples without salt, exhibiting the stacked tail region
below 25°C, a coexistence phase of liquid and stacked tails
above 20°C and a fully gel like/liquid tail region above 30°C,
which also very well compares to literature values for similar
samples without salt.

The more complex structure at the 2 M salt concentration
necessitated an inverse Fourier transform algorithm for analysis
of the reflectivity data. Previous attempts to use the Parrat
algorithm for the data analysis only worked for the condition
1 M, but were unsuccessful in finding a solution that was both
algorithmically stable, in combination with the physical
assumptions about the SLDs and thicknesses in the model, as
well as describing the data fairly well. The resulting SLD profiles are

shown in Figure 6. From those data it is apparent the thickness of
the single lipid layer is constant with respect to temperature. The
most pronounced difference is visible for the water/lipid interface,
where the headgroup of the phospholipid is located. There a
pronounced step is visible for the 2M NaCl sample at low

FIGURE 6 | SLD profiles determined from reflectometry data via inverse FFT analysis; (A): 2 M, lowest and highest temperature zoom-in. The water area (D2O SLD
� 6.3 10−6 Å−2) is shaded blue, the area where chlorine ions are enriched is shaded green, the area where sodium ions interact with the phospholipid head groups,
causing a temperature dependent coordination is shadedmagenta and the area of the hydrocarbon tail (C10H22 SLD � −0.49 ·10−6 Å−2); (B): 2 M all temperatures, (C): all
concentrations 1 and 2 M at 16.4°C, salt-free at 37°C; (D): all concentrations 1 and 2 M at 37.1°C, salt-free at 37°C. Upper limit in all cases is 6.3 10−6 Å−2 for D2O
and −0.49 10−6 Å−2 for the pure hydrocarbon tails of the phospholipids. Curves are shifted against each other for better visibility.

FIGURE 7 | Representative GISANS images of samples with 1 M NaCl
(A: 16.4°C and B: 37.1°C) and 2 M NaCl (C: 16.4°C and D: 37.1°C).
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temperatures, while there is an additional undulation in case of
high temperatures. The 1 M NaCl sample and the sample without
salt do not exhibit this additional step, but have a single step
between the SLD of the phospholipid andwater region respectively.

GISANS
In addition to the reflectometry measurements probing structure
information along the surface normal, GISANS measurements
allow to probe in-plane features [29]. Such in-plane features could
hint at an additional order or a phase transition in the in-plane
direction. Representative GISANS data are shown in Figure 7.

In the GISANS data, the only off-specular features are Debye-
Scherrer rings. This observation clearly indicates, that apart from
a slight disordering of the membrane stack in-plane, there is no
structure formed upon the addition of NaCl salt. The additional
secondary peak slightly above the primary lamellar peak is more
pronounced at low temperatures. For 1 M salt concentration it is
hard to be distinguished and only visible at low temperatures,
while it is more pronounced and visible at all temperatures for the
2 M salt concentration. In addition, the secondary lamellar peak is
visible. This secondary peak is extremely weak, but still an
excellent guide to find the correct lamellar distance. For such
a weak peak, splitting is impossible to see, so we use it only to
identify the primary peak position, which otherwise is challenged
by the additional splitting. This approach also helps to identify
the correct peak position for the reflectivity data, which is
apparently the one at lower Q-values. The distances extracted
from vertical line cuts of the 2D GISANS data (Figure 8) confirm
the distances obtained from the reflectometry data.

One difference between the reflectometry and vertical line cut
data is the relative intensity of the secondary peak, which we
attribute to the peak-splitting caused by SLD-variations close to
the head-group of the phospholipids. Due to the different
collimation conditions for reflectometry and GISANS the
interplay between those two peaks is considerably more
complex in the GISANS case, where an overlap of the two
peaks occurs due to no collimation slits after the sample. This

leads to a slight apparent shift of those peaks, as well as to a
difference in relative intensity when compared with the peak at
lower Q-values.

GINSES
In the GINSES measurements, we compare measurements of
SoyPC membrane stacks without NaCl in the D2O solvent, and
those with a 2 M NaCl concentration.

The respective data is shown in Figure 2. Both experiments
were performed at physiological temperatures (37°C) and, apart
from the presence of salt in the solvent, identical conditions with a
scattering vector of Q � 0.106 Å-1 and an in-plane scattering vector
of Qin-plane � 0.0072 Å-1. It is immediately apparent that the most
prominent feature is the fast decay below τ � 1 ns for the sample
with the 2M salt concentration. We are able to fit the data with
exactly the same parameters as in our previous publications for
both samples [16, 17]. This evaluation was based on a theory by
Romanov et at [30] and treated themembrane stack as a number of
elastic layers close to a solid substrate, where wave modes govern
the dynamic behavior of the membrane.

Romanov et al. solved the coupled equations of motion for
infinitely thin membranes adjacent to a solid substrate, based on
the assumption of a smectic liquid crystal, where thermal
fluctuations (displacement forces), restoring forces and
coupling between the membranes were considered. The
coupling between the membranes was effected by elastic and

FIGURE 8 | Vertical line cuts of the 2D GISANS data, taken at Qy � 0 for 1 M (left panel) and 2 M (right panel) NaCl concentration. Black lines are Gaussian fits to
extract peak positions. Curves are shifted along the intensity axis for clarity of the presentation.

TABLE 2 | Parameters used to calculate curves for the GINSES description. Only
viscosity is fitted. Within the errorbars, the remaining parameters returned to
the given values taken from the previous publication.

parameter No salt (reproduced
from previous paper)

2 M NaCl

B/Pa 3.4 106 3.4 106

γ/N m 0.01 0.01
η3/Pa s 0.00765 0.0023 ± 0.00044
κ/kB T 22.4 22.4
d/Å 60 60
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viscous forces, which then related to the bulk viscosity and
compressibility. NB, the bulk viscosity is different from the
layer sliding viscosity η3, which was the layer sliding viscosity
of the membranes along each other.

The only parameter that changed between the two fits is the in-
plane viscosity η3. All other parameters were directly taken from
our previous publication and are shown in Table 2. These
parameters were not fitted, however if left free reverted to
similar values. Thus, the difference in dynamic behavior can
be attributed solely to a change in the viscosity of the system along
the membrane surface. The value of η3 � 0.0023 Pa s is
approximately a third of the value for the salt-free system.

DISCUSSION

We investigated the influence of NaCl salt concentration on the
structure and dynamical behavior of phospholipid membrane
systems (SoyPC) using neutron reflectometry, GISANS and GINSES.

Concerning the structure, the major impact of introducing
NaCl into the system happens around the headgroup of the
phospholipids. While for 1 M salt concentration the splitting
of the primary lamellar peak is still difficult to be distinguished
in the reflectometry data, in GISANS the splitting is more
prominent, due to the different collimation conditions. We
attribute this splitting to the onset of enrichment of ion-
counter ion pairs along the head groups of the phospholipid.

Increasing the NaCl concentration to 2M leads to a very
prominent peak splitting and we find an enrichment of ion-
counter ion pairs at the interface between the phospholipid and
the D2O. This finding is corroborated by the temperature behavior
of the SLD-undulation at the interface. Themuch smaller ions are a
lot more mobile at higher temperatures, leading to a more
distinctive ion-counter ion pair at higher temperatures causing a
sharper contrast than at lower temperatures. A similar behavior has
been observed in MD-simulations, where the sodium ions were
mostly located at the head group of the phospholipid and the
chlorine ions were mostly located in water directly adjacent to the
phospholipid layer and did not change the overall structure of the
membrane [31, 32]. The increase of the layer thickness upon
addition of NaCl to PC multilayers, as reported in another
study, cannot be confirmed by our data [21]. We assume that
the change in thickness was attributed to the choice made which of
the two split peaks was chosen for a simple single peak to double
layer thickness correlation in the previous work. In the present
work, however, we show that this splitting can be attributed to the
difference in structure of the interface, due to the NaCl ion-counter
ion pairs at the head groups of the phospholipids, and that it is not
necessary to include an additional assumption about double layer
distance to interpret the data, which is continuously evolving with
temperature in a manner consistent with literature [33–35]. The
change in thickness as can be expected from the phase changes
(essentially a phase transition of the tail groups from liquid
crystalline to liquid) is as pronounced (approx. 4 Å in each
instance) as is the effect of the NaCl concentration.

We attribute the more pronounced difference between low
and high temperature concerning the structure close to the head

group-water interface, which is nearly negligible for 1 M NaCl
concentration and only visible for the 2 M NaCl concentration to
the more pronounced coordination as reported by Böckmann
et al. [31]. Not only does this make a the more pronounced
wriggling (instead of the nearly box-like profile for 1 M NaCl) at
2 M NaCl better understandable, but also the temperature
sensitivity, since the coordination as such is a transient state
and therefore more sensitive to thermal excitation.

The GINSES results corroborate the findings from our previous
publication, in that without additional fitting the case of the salt-
free sample can be reproduced within the experimental
uncertainty. In addition, by only adjusting the in-plane viscosity
η3 to a lower value, the measurements of a sample with a 2MNaCl
concentration are reproduced very well. This compares to bulk
values from literature, where the viscosity of pure water also
changes upon the addition of NaCl from 1.002 Pa s to 1.250 Pa s
for a 2M salt concentration [36]. Thus, it can be seen, that even
though the viscosity for bulk water increases, the interface effect
seems to dominate, such that the sliding of the membranes against
each other is facilitated by the ion-ion interaction and the in-plane
viscosity decreases. In addition, a higher coordination as reported
by Böckmann et al. [31] for higher NaCl concentrations improves
the in-plane ordering, which might facilitate the sliding of two
membranes against one another. Since the bulk viscosity of water is
changing a lot weaker than the in-plane viscosity, and in the
opposite direction, we assume this a structural effect due to the
influence of the ordering of the membranes.

This allows also to understand the interplay between the dynamics
and the structure of the sample. Since the NaCl ion-counter ion pairs
are located at the water-phospholipid interface they can also be
expected to have a profound impact of the viscosity of these layers
against each other. Essentially, they decrease the resistance of the
water layer against sliding along the phospholipid layer.

Due to experimental limitations (each GINSES curve takes
3–4 days without setup) we are not able to test this behavior as a
function of temperature, but from the present data it seems reasonable
to assume that the location and interpenetration of the phospholipid
headgroups and the ion-counter ion pairs change their mobility in the
surface as they also change their spatial arrangement.

Summarizing, this study shows both the influence on the
structure of phospholipid membranes upon the addition of NaCl
salt. The principal effect of salt addition is the incorporation of ions
close to the headgroup-water interface, which is to be expected, since
there they find the highest charge density in the overall system. This
is in line with the very short ranged dipolar field of the zwitterionic
head group that is barely shielded by NaCl ions on long ranges but
has short range compensations [37] compared to isolated ions in the
Debye-Hückel [38] theory (κ−1 � 2.2 Å). So the only effect of the
NaCl ions is on the viscosity of the water and only weakly changes
the dipole field effect on the bending rigidity in contrast to simply
charged head groups [39, 40]. This can be understood as the small-
scale analogue of rough surfaces sliding against each other. As soon
as the roughness of the surface is overcome by a lubricant, even if this
effect is small compared to the overall thickness, there is a profound
impact on the overall system.

This behavior has also been observed in MD simulations [31].
Such a change in the structure, and the location of the ions, then
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lead to a distinctly different dynamic behavior. The previously
postulated dynamic surface mode is still present and can be
reproduced in our newer measurements. Moreover, by changing
only the in-plane viscosity and keeping all other parameters
constant, the behavior of the membrane can be correctly
described. This finding strongly supports both the existence of
the surface mode and their description and treatment using the
Romanov theory.

It is interesting to speculate, what impact this surface mode has
on the in vivo behavior of biological membranes. Since this surface
mode seems to be universally present and the Romanovmodel also
develops predictive powers. The extent to which suchmodes play a
role in the functioning of living organisms is intriguing and
warrants and requires substantial further research.
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