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F O R E W O R D

The aim of this thesis is to validate and investigate the properties of a new
membrane model for the first living systems at the origin of life.

The thesis is presented as a compendium of four scientific articles, each of them
involving the study of the model systems from a specific point of view and by
means of different experimental techniques. Two of the articles have been pub-
lished in scientific journals and the remaining ones are currently under submis-
sion.

Chapter 1 introduces the context of the scientific project, namely the current
knowledge about the expected conditions and timescale for the origin of life on
planet Earth. It presents the current state of the art of lipid science, with special
focus on the studies that provide information about possible proto-membranes
that could have been formed in prebiotic environmental conditions. Finally, it
introduces all the different models that were employed in this study building
from the current scientific knowledge.

Chapter 2 describes all the experimental techniques that were used in order
to carry out the study. In particular, the basic science behind the scattering tech-
niques is briefly detailed, together with information about what can be probed
depending on the selected experimental conditions. For each technique, a short
summary is presented to highlight the main properties, length- and time-scale
that can be investigated. Furthermore, the chapter describes the protocols used
for sample preparation and the corresponding final sample state.

Chapter 3 contains the experimental results, divided into two sections and pre-
sented in form of scientific articles. The first section explores the role of the fatty
alcohol in the properties and stability of the protomembrane model, the results
of which are object of one scientific article. The second section explores the ef-
fects of alkane incorporation and the positioning within the membranes, with
results being divided into the three remaining scientific articles. Before each ar-
ticle, a foreword introduces the subject related to the specific study, summarizes
the main findings and details my personal contributions. When appropriate, ad-
ditional notes at the end of each article discuss some of its results in the context of
the thesis, comparing and linking the findings of the different papers with each
other.

Chapter 4 draws the general conclusions of the Ph.D. project. The implications
of the observed phenomena at high temperature are discussed particular, as well
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viii C O N T E N T S

as the positioning of alkanes inside the model protomembranes. In both cases,
suggestions for further work are given in order to complement the results ob-
tained in this work. Final perspectives are summarized with focus on the pro-
tomembrane biological functioning (e.g. membrane fluidity and permeability) to
enrich the extensive physical and chemical characterization here presented.

Chapter 5, finally, contains a short summary of all the previous thesis chapters
translated in french language.



1 O R I G I N O F L I F E

1.1 T I M E L I N E

1.1.1 From Earth’s first steps to the oldest evidence of life

Planet Earth is about 4.5 billion years old. For a period of time after its forma-
tion, about 0.3 billion years, the planet was heavily bombarded by large objects
which caused a molten, sterile surface (1) and the Moon formation (2). However,
mineralogical evidences suggest that liquid water and an atmosphere, different
from the modern one (a very recent paper suggests it was Venus-like (3)), were
already present around 4.4 billion years ago (4).

It is difficult to estimate a time where the first living protocellular entities could
have appeared, because (among the many unknowns) this would require defin-
ing what kind of energy source was used by these systems, i.e. whether they were
auto-trophic (photo-synthetic, chemio-synthetic) or hetero-trophic and whether
they were also thermo-philic and (/or) piezo-philic. Therefore, we will consider
as upper limit for life appearance (abiogenesis) the time at which liquid water and
an atmosphere were present, i.e. ≈ 4.4 billion years.

On the other hand, undisputed proof of photo-trophic life has been found as
early as 3.5 billion years in microfossils (5), which could be pushed to 3.8 billion
years by indirect analysis with Carbon isotopes (6) (or recently even more, yet
debated: 4.1 billion years (7)). From what discussed, we can set the safest time
window for life appearance to [4.4 - 3.5] billion years.

1.1.2 LUCA

As discussed in the literature (6), the 3.5 billion years microfossil data found by
Schopf (5) make a conservative estimation for life appearance, because these or-
ganisms already had a quite high degree of complexity (oxygen-producing pho-
toautotrophy). Instead, comparative genomics suggests the existence of a non-
photosynthetic Last Universal Common Ancestor (LUCA) (8).

The existence of LUCA has been deducted from the similarities in the genetic
code between the three domains of life on Earth: Archaea, Bacteria and Eukarya.
Also, from this common pool of genes it is possible to conclude that LUCA (8):
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2 O R I G I N O F L I F E

1. was a cellular organism, hence it possessed a cytoplasmic membrane;

2. possessed a protein synthesis mechanism, in analogy with the today’s living
forms;

3. it was likely a piezophile, as piezophily (optimal growth under High Hy-
drostatic Pressure (HHP)) is evenly distributed between the domains of life.

1.1.3 What before LUCA?

In my work, subject of this thesis, I focus on what happened well before the ex-
istence of LUCA, i.e. when the first forms of proto-living entities assembled from a
pool of simple molecules available on the prebiotic Earth. To answer this question
is extremely challenging a priori, simply because there cannot be direct evidences
(no fossils) about what happened. What can be done experimentally, instead, is
to start from a few assumptions about the environment and the molecule abun-
dance on the early Earth, and then test in vitro specific molecular species to see
whether this path could eventually lead to living forms.

It is yet under debate whether life originated on Earth (9), or if some already
assembled living systems were brought to our planet from the outer space (the
so-called Panspermia) (10, 11). To date, there is no evidence of extraterrestrial life,
therefore most of the research in the field has been devoted to explore possible
paths that could have led to life’s origin on the early planet Earth.

In this work, I will assume that, even though the constituent organic material
may have been brought by meteoritic impacts, terrestrial life began on planet
Earth. Nevertheless, the results and conclusions presented here are general and
could be easily extended to an exo-planetarian origin of life.

1.2 E N V I R O N M E N T - S TAT E O F T H E E A RT H

1.2.1 Early Earth molecular abundance

The synthesis of all necessary life "building blocks" depends heavily on the
conditions of the early Earth environment in the time window that has been pre-
viously defined. However, the three most popular scenarios to date are (9):

• Miller-Urey hypothesis - Miller and coworkers (12–14) were able to syn-
thesize several of the naturally available amino acids in a lab experiment
where a highly reducing atmosphere was subject to electrical discharges.
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(b)(a)

Figure 1: (a) A fragment of the Murchison meteorite, a carbonaceous chondrite rich in or-
ganic compounds, and one of the most studied meteorites. Image taken from
(23).(b) An example of white smoker hydrothermal vent, the Champagne vent
(Marianas Trench). Image taken from (24).

On the same track, it was shown (15, 16) that also other molecules such as
adenine, cytosine and uracil could have been formed through similar exper-
imental conditions. Nevertheless, these findings rely on strongly reducing
atmosphere conditions, while all currently accepted scenarios for the Earth
atmosphere do not meet this requirement (17).

• Meteorites - Studies of a common class of meteorites, known as carbona-
ceous chondrites (panel (a) of Figure 1), have shown the presence of several
amino acids, hydrocarbons (18) and, of highest importance to this work, car-
boxylic acids that can form boundary structures (19, 20). Thus, these com-
pounds could have been brought on Earth by meteoritic impacts.

• Hydrothermal vents - These are crust fractures present in the deep sea even
nowadays (panel (b) of Figure 1), where hot water comes out and quickly
mixes with the oceanic cold water. These systems have been studied as
prebiotic source of chemical energy and as suitable locations for the for-
mation of molecules such as short hydrocarbons (21), carboxylic acids and
n-alkanols (22).

Of course, the above mentioned hypotheses are not mutually exclusive, hence
it can be that more than one (or all together) contributed as sources for the early
planet molecular abundance. All of the above scenarios give us an idea of some
of the constituents likely present in life’s primordial soup:

1. numerous amino acids, e.g. aspartic acid, glycine, alanine, homoalanine
(12), leucine, valine, isoleucine, proline, serine, threonine (13) (from both
electrical discharge synthesis and Murchison meteorite analysis (14));
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2. nucleobases, both purines (15, 25) and pyrimidines (16);

3. monocarboxylic (fatty) acids, up to at least 12 carbon chains (C = 2 - 12 from
discharge synthesis (26), C = 2 - 8 from Murchison meteorite (27));

4. linear alkanes, on a wide length distribution centered at C = 18 (18), and in
some cases Polycyclic Aromatic Hydrocarbons (PAH) (28).

1.2.2 Hydrothermal vents

As stated in the previous paragraph, hydrothermal vents may have had an
additional role in the abiogenesis, namely as source of sustained chemical energy
that would have been useful to fuel proto-metabolic processes (21). This makes
the deep-sea vents one of the most popular environmental scenarios where life
itself could have developed. A first reason is that harvesting chemical energy
would have been a much simpler mechanism than the photosynthesis for the
first living systems (8). Second, the conditions in the deep-sea biosphere were
likely much more stable for long periods of time compared to Earth’s surface,
profiting additionally from the screen, offered by the ocean, against radiations
and meteoric impacts.

1.2.3 Hot springs

A recent alternative environmental scenario was proposed to take into account
polymer synthesis reactions and address some weak point of the hydrothermal
vents hypothesis (29, 30). For example, it has been shown that high ionic salt
concentration inhibits self-assembly of membranes (31, 32), although specialized
lipid mixtures can still form stable membranes (33). The alternative scenario in-
volves terrestrial hot springs (Figure 2) that would contain fresh water provided
by the atmospheric precipitations. These ponds, by undergoing multiple wet-dry
cycles of evaporation and re-hydration, could have provided the chemical poten-
tial and the activation energy (high temperature) needed to drive the condensa-
tion of monomers (29).

1.2.4 Matter at extremes

Although there is currently no agreement between the most suitable environ-
ment, all scenarios share a general common feature, namely the high temperature
conditions. This goes in line with previous studies that formulated theories about
the mean early Earth temperature (proposed to be in the range 85 < T < 110 ◦C
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Figure 2: Example of today’s hot springs on Mount Lassen (California). Image taken
from (34).

(35) although probably referring to the vicinity of hydrothermal systems). Besides,
the high temperature is a plausible requirement because all reactions that lead to
polymerization (of amino acids or nucleic acid chains) would need to cross an
activation energy barrier (36, 37), therefore the thermal energy is seen as a likely
energy source. Following this line of reasoning, it is crucial to gain knowledge
on how a self-assembled compartment (membrane compartment) would have
maintained the capability to entrap monomers on their way to polymerization,
without undergoing disruption due to high temperature.

In the case of the hydrothermal vent scenario, another physical parameter is
expected to have played a role, and hence its effects need to be equally taken into
account: the HHP, which in today’s oceans can reach values of p ≈ 1000 bar.

In the case of membranes, the high temperature is known to fluidify the acyl
chains to the point where the membrane loses its capability to retain the encapsu-
lated molecules and solutes, which is the reason why today’s hyperthermophilic
microorganisms have developed more complex membranes (38).

The situation is further complicated when accounting for the early planet molec-
ular limitations, where only short single chain amphiphiles were present and
they must have acted as membrane-forming agents instead of the modern phos-
pholipids. The fatty acids are known to have much higher Critical Vesicle Con-
centration (CVC) (39), defined as the minimum concentration needed to form
vesicles, and the high temperature likely increases the percentage of solubilized
monomers.

Other studies have been performed to explore the role of HHP in lipid mem-
branes, which are the most pressure sensitive cellular components (40, 41). Sev-
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eral response mechanisms toward HHP have been found and studied, e.g. increase
in bilayer thickness, changes in the packing parameter and hence the lipid intrin-
sic curvature curvature (defined and detailed in the next section), phase transi-
tion shifts, interdigitation (42, 43). It is of crucial importance to investigate the
effects of pressure and temperature on any model proto-cellular systems and to
determine what suitable strategies can play a role in withstanding such harsh
environments.

1.2.5 A common or a rare event?

As a concluding remark for this section, there is a fundamental question in the
Origin of Life (OOL) field that needs to be addressed: is life appearance a rare phe-
nomenon or rather a common one in the universe? It is no doubt that the answer
to this question has great implications on the feasibility of all laboratory experi-
ments devoted to finding and testing model prebiotic phenomena. Moreover, it
could provide us with estimations on what our chances of finding extraterres-
trial life are. A very recent study has tackled the issue by attempting an objective
Bayesian analysis of life appearance and the development of intelligent life (44).

Bayesian inference is a statistical method used to calculate the probability of
a hypothesis from the knowledge of some outcome. In this case, the (only) out-
come available is the appearance of life on Earth (and the estimation of the time
window since the planet became habitable). Kipping (44) found that, assuming to
rerun Earth’s clock, the probability of life forming vs. the one of life not forming
is ≈ 3 : 1 for the most conservative estimate (if life appeared 3.5 billion years ago
(5)) and it rises up to ≈ 9 : 1 when considering the more disputed estimate (if life
appeared 4.1 billion years ago (7)).

Although the above-mentioned study only refers to the Earth (the probabilities
found are related to our planet, assuming to rerun Earth’s clock multiple times),
these results give support to the idea that life may be a common phenomenon in
Earth-like planets, and therefore a not-so-rare feature in the universe. It is equally
important, therefore, to extend our knowledge about all possible processes that
can lead to the origin and the development of life 1) by geological-mineralogical
studies, 2) by performing laboratory experiments with controlled conditions (as it
has been done in this thesis work) and 3) by searching for possible bio-signatures
in other planets.
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HII
Cubic

HI

Micellar
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v

l
Lamellar (vesicle)

P > 1

P ∼ 1

P < 1

Figure 3: Left: sketch of the intrinsic lipid geometry and the quantities a (headgroup
area, l (lipid length) and v (lipid volume) that allow to calculate the packing
parameter P. Right: some of the different phases that can be obtained, depend-
ing on the lipid packing parameter. Image adapted from (49).

1.3 L I P I D W O R L D

The lipid membrane is among the most important structures possessed by ev-
ery living organism. It also plays a central role in the OOL studies and is the focus
of this thesis. For its importance, the term Lipid world has been adopted (45), in
some cases as an alternative to the RNA world (46, 47). A number of studies can
be found where a lipid world scenario for the origin of life, the motivations behind
and the implications are discussed in detail (34, 45, 48).

Generally speaking, lipids are hydrophobic or amphiphilic (with both a hy-
drophilic and a hydrophobic moieties) macrobiomolecules that are used in living
organisms for many purposes, e.g. energy storage, signaling, and as structural
membrane components.

The amphiphilic character is the one that allows the self-assembly in solution
into a variety of macromolecular structures driven by the hydrophobic effect (50).
The main ones that are found and discussed in this work are the micelles, the
vesicles and the droplets (Figure 3).

Micelles are tiny spherical shaped objects formed by a layer of lipids, whose
head groups (hydrophilic) are arranged at the edge of the supramolecular aggre-
gate, while the acyl chains are placed towards the center, to avoid contact with
the aqueous solvent and minimize the free energy of the aggregate (the surface
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tension). The formation of this (and/or the others) kind of structures and their
curvature depends on the intrinsic geometry of the given lipid type, described by
the so-called packing parameter (50, 51) (graphical representation in Figure 3).

The packing parameter P is a dimensionless quantity that is defined as (40):

P =
v

al
(1)

where v is the molecular volume, l the lipid length, a the area of the head group
at the interface with water. If P < 1 (positive curvature), the lipids have a conical
geometry (with the base in the head group) and they will form high curvature
assemblies such as micelles. This is frequently the case if, for example, the lipid
head groups are charged (so that they will repel each other) and/or for lipids
with single and/or short tails (e.g. short-chain fatty acids).

The vesicles are hollow structures where the lipids arrange into bilayers to
form one or more concentric shells. A vesicle with a single bilayer shell is named
Uni-Lamellar Vesicle (ULV), otherwise it will be referred as Multi-Lamellar Vesi-
cle (MLV). These structures form when the lipids have a packing parameter P ∼ 1

(zero curvature). This packing is typical of lipids having a cylindrical intrinsic
geometry, therefore they are able to arrange in a lamellar, flat surface (with re-
spect to the lipid length scale, see Figure 3). Because of the hydrophobic effect
and since the head groups are hydrophilic, the most favoured arrangement will
be as a bilayer with the acyl chains in the middle and the head groups exposed at
the interface with water.

For the sake of completeness, there are a number of other non-lamellar phases
that form when P < 1 e.g. the hexagonal phase HI, or inverted phases that form
when P > 1 (negative curvature), e.g. the so-called hexagonal II (HII) or the cubic
phases (depicted in Figure 3). Although these are believed to play important roles
in biology (49), they were not observed in any experimental condition employed
in the present work thus they will be neglected here.

Finally, lipids can form droplets, oily aggregates suspended in the aqueous sol-
vent. They form typically when the lipid head groups are weakly hydrophilic,
therefore the hydrophobic effect is the dominating factor and will cause the lipids
to phase separate in small spherical aggregates, in order to minimize the contact
surface with water.

What has been discussed above concerns any kind of amphiphilic molecules.
However, lipids include a high variety of types, depending on the characteristics
and type of their moieties: the type/size/charge of the head groups and the num-
ber/length/saturation of the acyl chains. In particular, two big classes must be
differentiated for what follows in this work: fatty acids and phospholipids (Figure
4).



1.3 L I P I D W O R L D 9

2

2

phosphate

[choline]
(PC)

[ethanolamine]
(PE)

[serine]
(PS)

[glycerol]
(PG)
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free fatty acid
(C10, anionic)
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(1,2-Didecanoyl-sn-glycero-3-phospho[...])

fatty acid
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(C10)

Figure 4: Left: Example of phospholipid: two acyl chains (in this case, C10 chains) are
linked via ester bonds to a glycerol molecule, which in turn has an ester bond
with a phosphate group; on top, four among the most common headgroup
types are shown, which bind to the phosphate to give the corresponding phos-
pholipid type (PC, PE, PS, PG). Right: the molecule of free fatty acid that will be
studied throughout this work (decanoic acid, C10), in its anionic form, and also
its glycerol monoester (monocaprin) that has been mixed with the decanoic
acid in some former studies (36, 52, 53).

Fatty acids are carboxylic acids with an aliphatic chain (which can vary in size
and/or degree of insaturation) (example in Figure 4). Here, it is the carboxylic
acid that will be considered as the lipid head group. In the text, they will be re-
ferred sometimes as single chain amphiphiles to include also same length alcohol
molecules.

Phospholipids are more sophisticated molecules constituting the main compo-
nents of all cellular membranes in today’s living cells. They typically have two
acyl chains attached by ester bonds to a glycerol molecule. The glycerol has a
third ester bond to a phosphate, to which is linked a hydrophilic group that dif-
fers depending on the phospholipid type (see Figure 4).

As it is made clear by the molecule structure observation in Figure 4, it is some-
what improper to see the phospholipids and the fatty acids as alternative am-
phiphilic systems. The definition of a headgroup itself, for the fatty acids, sounds as
a stretch. However, the carboxylic acid still allows for hydrogen bonding with wa-
ter, therefore it can play the role of a weakly hydrophilic group. A consequence of
such "hydrophilic weakness" is the possibility to form the previously introduced
lipid droplets with these systems (a phase that is not usually observed with phos-
pholipids).
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In both systems (phospholipids and single chain amphiphiles), the length of
the acyl chains has a significant impact on the packing and structuring of the
membrane (because longer chain will increase the contribution of the hydropho-
bic effect).

1.4 P R OTO M E M B R A N E S - S TAT E O F T H E A RT

Although phospholipids are most probably better at securing membrane func-
tions (as suggested by the ubiquitous presence in all modern cells), their presence
in the prebiotic environment is questioned because their synthesis would have re-
quired a number of complex pathways (54). This is the reason why the simpler,
single chain amphiphiles are considered the most probable agents for the mem-
brane self-assembly in a prebiotic environment. As discussed in the previous sec-
tions, it has been shown that monocarboxylic acids could have been provided
by meteorites (19, 20) or synthesized in the proximity of hydrothermal vents in
solution (22). All OOL studies must take into account such considerations when
considering suitable model of protomembranes.

Because of the very special properties of single-chain amphiphilic molecules
and the important role they play in biophysics and soft matter, research on fatty
acids is a vast scientific field. Without attempting a full and exhaustive coverage,
the reader can refer to dedicated reviews (55, 56) or textbooks (57, 58). Here, I will
focus on the advances that have been made in the fatty acid field with specific
relevance to the OOL investigation.

Hargreaves and Deamer (39) were among the firsts to explore the possibility
for single chain amphiphiles to self-assemble into vesicles ((59)) as well as into mi-
celles. In particular, the vesicles were found to form at specific concentration and
pH conditions depending on the lipid chain length. Vesicles of pure fatty acids
were observed to appear within a narrow range in the surrounding of the pKa,
the acid dissociation constant of the corresponding fatty acid. Otherwise, lower
pH values (pH < pKa) lead to phase separation and assembly into droplets, while
higher pH (pH > pKa) favour self-assembly into micelles. The authors pointed
out the potential role of these vesicles as bio-membrane models in an OOL sce-
nario.

Later on, Apel et al. (60) explored in detail the properties of fatty acid vesicles
with chain length ranging from 8 to 12 carbons, defining the CVC and pH range for
vesicle existence in each case. Moreover, the addition of even small percentages of
same chain alcohols (10:1 fatty acid : alcohol ratio) was found to decrease signif-
icantly the CVC, which the author interpreted in terms of hydrogen bond strength
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that would favour fatty acid : alcohol self-assemblies rather than the fatty acid
hydrogen bond with water molecules. The fatty acid : alcohol membranes proved
to be able to encapsulate a model enzyme and to protect it from degradation by a
protease in solution.

The vesicles made from mixtures of short, saturated chain fatty acids (C < 12),
being the most abundant species that can be synthesized by Fischer-Tropsch reac-
tions (22, 61) and also the ones most found in the carbonaceous chondrites (mete-
orites) (27, 62), are indeed the ones which are considered as the most prebiotically
relevant (63).

The above mentioned characterization studies on the fatty acid vesicles were
all performed at ambient temperature. However, as discussed in the previous sec-
tions, it is important to explore the capability of these model membranes to be
stable at high temperature conditions. Mansy and Szostak (36) addressed the is-
sue and performed studies of oligonucleotide retention at temperatures up to T
= 100 ◦C. Although they focused mostly on longer, unsaturated aliphatic chains
(palmitoleic/ oleic/ linoleic acids, C = 16 and 18), they also explored the be-
haviour of the more prebiotically plausible decanoic acid : decanol mixture (C10,
2:1 ratio). They found the latter model to have surprisingly thermostable proper-
ties, as the vesicles were able to retain oligonucleotides up to T ≈ 60 ◦C (further
increased to T ≈ 70 ◦C when adding a fraction of the decanoic acid glycerol mo-
noester, or monocaprin, to the mixture).

Another study was performed by Kapoor et al. (53) to further explore the be-
haviour of a suitable model protocell. Here, a 1:1 mixture of decanoic acid and
decanol was studied by varying not only temperature, but also HHP. The authors
followed the pressure-temperature dependence on the chain packing and fluidity
of these vesicular systems. They found that this model membrane could maintain
its physiological state profiting from the synergistic effect of the two thermody-
namic variables, up to values of T = 50 ◦C and p = 1400 bar.

In many cases, the vesicle suspensions have been prepared in a buffered so-
lution, typically bicine (36, 53, 64–66), to provide a stable pH at all temperatures.
Bicine is a zwitterionic buffering agent derived from glycine, with pKa 8.3 (Figure
5). A buffered solution is certainly not plausible as an early Earth environment,
however other studies (60, 67) have shown that the same kind of fatty acid vesi-
cles can form in water (most efficiently if starting from a completely deprotonated
acid solution (67)).

However, as discussed earlier, high ionic salt concentration inhibits the vesi-
cle self-assembly instead (31, 32), and specialized lipid mixtures are needed in
order to obtain stable vesicles. Many successful strategies have been proposed:
addition of the fatty acid glycerol monoester (52), addition of small amounts of
prebiotically available amino acids (which would also act as precursors of mem-
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Figure 5: Molecular structure of bicine, the buffer used for all experiments in this work.

brane proteins) (68), the use of a wide mixture of C10-C15 fatty acids and alcohols
in alkaline conditions (33) and addition of C10 isoprenoids (33, 69).

Furthermore, the intercalation of some apolar hydrocarbons such as PAH deriva-
tives (also prebiotically available (28)), inside model proto-membranes was also
explored. The PAH derivatives were found to act as stabilizing agents with sig-
nificant effects in lowering the CVC, against pH variations, decreasing membrane
permeability (70) and as first pigments for a primitive version of photosynthesis
(71, 72).

As a concluding remark, although the vesicle membrane structures are the
main focus of this thesis, there is also another kind of lipid self-assembly whose
role has been investigated in the framework of the OOL studies: the lipid droplets.

These systems, originally studied as more general aggregates rich in polymers,
proteins or nucleic acids by Oparin (73, 74) and named coacervates, were sug-
gested as alternative candidates of membrane-free protocells that could coun-
teract the low molecular concentrations in solution, grow by sequestering new
molecules, divide (75) and be even capable of self-propelled directional motion
(76). Although the coacervates have received less attention in the OOL as com-
pared to membrane forming compartments (the vesicles), recent studies have
shown the possibility of a complex interplay between coacervates and vesicles in
creating multi-compartmentalized cell-like systems that could potentially model
the proto-organelles behaviour (77), or as a hybrid protocell model with a self
assembled fatty acid membrane at the surface of a coacervate (78).

1.5 P R O J E C T A N D O B J E C T I V E S

The project of this thesis is built on the current state of the art, summarized
in the previous section, in order to find the most suitable early life membrane
models.

Since the prebiotic synthesis of amphiphilic molecules is favoured for the short-
est chain lengths (61–63), this work focuses on fatty acids, fatty alcohols and phos-
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MODELS

Capric acid

1.

C10 mix

2.

C10 mix + eicosane

3.

+ squalane

DCPC + eicosane

4.

+ squalane
+ triacontane

Figure 6: Sketch the membrane models investigated in this work.

pholipids having saturated chains of 10 carbon length, among the shortest that
are able to self-assemble into bilayers (34, 60).

Four main models, all in close relationship to each other, were employed and
studied as proto-membrane systems (Figure 6):

• The first model is a membrane made by a bilayer of decanoic (common
name: "capric") acid, which is the C10 fatty acid known to form vesicles
above a CVC of approximately 40mM (60). Studies at ambient temperature
have shown that this system is stable in a narrow range of pH, precisely
around the pKa of the decanoic acid ∼ 7.1 (53, 60, 72).

• The second model is a 1:1 mixture of decanoic acid with a fatty alcohol
having the same chain length, the 1-decanol. Many previous studies have
worked on mixtures with the same (53) or similar ratios (for example 9:1 (60)
or 2:1 (36)), making it one of the most widely studied proto-membrane mod-
els. The addition of even small quantities of the fatty alcohol has been found
to lower dramatically the CVC and to stabilize vesicles at higher pH values
than the fatty acid pKa (39, 53, 60). Furthermore, the membrane permeabil-
ity to oligonucleotides as a function of temperature (36) and the membrane
fluidity as a function of HHP and temperature (53) were studied for this sys-
tem.

An extensive and detailed study of the structural and dynamical properties of
these first two models was performed in order to gain deeper knowledge on the
response of both systems to high temperatures. Indeed, significant differences
were found at high temperatures from an onset at T ≈ 60 ◦C. This has great im-
plications on the membrane thermostability at the highest temperatures, the ones
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of interest for the OOL scenarios. The details of this research will be found in the
"Article 1" of the RESULTS chapter.

• The third model is proposed in analogy with recent findings in the field
of extremophiles (38, 79). Cario et al. observed an impact in the unsatura-
tion level of long chain isoprenoid alkanes (referred as "apolar lipid") in a
hyperthermophilic piezophile archaeon upon variation of pressure and tem-
perature conditions (38). The authors hypothesized a structural role of these
branched hydrocarbons in the membrane to tune its properties, as needed
for functionality, in response to variations of pressure-temperature. Such
stabilizing role was further confirmed by studies on model archaeal mem-
branes (80). Using the same line of reasoning, the 1:1 decanoic acid and de-
canol mixture (hereafter C10 mix) is here enriched with small percentages
of one of the following alkanes: squalane, a 30-carbon (C30) branched alkane
that has been shown to affect in multiple ways the membrane organization
in model archaea membranes (79, 80); eicosane, a linear C20 alkane as a more
prebiotically available alternative. The C10 mix containing eicosane can be
considered as the master model of the project, that sums up the requested
features of prebiotic molecular abundance and need for a strategy against
high temperature and HHP.

The possibility that such alkane molecules could have acted as membrane sta-
bilizers at extreme conditions of temperature and HHP was investigated in two
parallel works. In the first, MLV systems including or missing the alkanes were
studied, in both structure and dynamics, as a function of temperature and HHP

simultaneously. This study is detailed in the "Article 2" of the RESULTS chapter.
The second work is focussed on the behaviour of ULV instead. In particular,

the nature of the conformational changes observed at T > 60 ◦C is explored and
interpreted from a structural and dynamical (single molecule as well as collective)
perspective. More details will be found in the "Article 3" of the RESULTS chapter.

• The fourth model is a bilayer made of 1,2-didecanoyl-sn-glycero-3-phospho-
choline (hereafter DCPC), a phospholipid consisting of a choline headgroup
and two C10 acyl chains (Figure 4), with addition of alkanes (either eicosane,
squalane or the C30 linear triacontane). This system was employed as a
mimic protomembrane model that could be prepared in flat multilayer stacks
(due to the much more hydrophilic headgroup), still possessing equal chain
length in the hydrocarbon region as the decanoic acid and decanol molecules.

The last model was used to localize the positioning of the alkane molecules,
when successfully included in the membrane, with near-atomic resolution. The
study is detailed in the "Article 4" of the RESULTS chapter.
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Figure 7 summarizes all molecular species and the sub-projects (each resulting
in a separate Article) that are described in this thesis.

d

Article #3

C

C10 mix

C10 mix + eicosane
+ squalane

TULV

2

A3

Article #4
DCPC + eicosane

+ squalane
+ triacontane

humidity

Decanoic
(Capric)

Acid

Decanol 1,2-Didecanoyl-
sn-glycero-3-

phosphocholine
(DCPC)

SqualaneEicosane

C

Article #1

C10 mix

Capric acid

ULV-MLV T

bar

Article #2

C

C10 mix

C10 mix + eicosane
+ squalane

MLV p T

Triacontane

Figure 7: Top: Chemical formula and sketch of all molecules employed in the project. Bot-
tom: graphical summary of all works performed with the membrane models,
listing in particular which systems were used in each work and the environ-
mental variables tuned (temperature, HHP, humidity).
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2.1 S C AT T E R I N G T E C H N I Q U E S

Scattering can be generally defined as the process in which some kind of wave-
particle changes its direction of propagation because of inhomogeneities in the
target. The new trajectory and energy of the scattered beam contains informa-
tion about the characteristics of the scattering medium (particle sizes and shapes,
correlations, molecule dynamics, molecular weights etc). This motivates the de-
velopment of scattering techniques as valuable scientific tools to access such in-
formation, focusing on the specific features of interest by choosing appropriate
incident beam, angle configurations etc. as it will be discussed in the following.

In general, every scattering experiment can be schematised in the same general
form (regardless of the incident beam type). As depicted in Figure 8, a beam of
flux Φ is sent towards a target and a fraction of the particles will be scattered
to a specific direction in 2ϑ-ϕ covered by the solid angle dΩ, where it will be
collected by a position sensitive detector. The formalism that follows is the one
typically used for neutron scattering (81), although it can be applied to any kind
of incident beam with small variations.

φ

2θ

r dΩ

Area
dS

Figure 8: Sketch of the scattering geometry. An incident beam of fluxΦ hits a target and
is scattered in the direction 2ϑ-ϕ, where it is collected by a detector of area dS.
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The outcome of a scattering experiment gives an experimental quantity known
as the Scattering Cross-section, which can be operatively defined as follows (82):

Double Differential Scattering Cross-section :=
d2σ

dΩdE ′
(2)

where σ is the so-called Total Scattering Cross-Section (or simply Scattering Cross-
Section), i.e. the number of wave-particles scattered per second divided by the
incident flux. The double differential in the definition allows to focus only on the
fraction of beam scattered into a small solid angle dΩ in the direction ϑ, ϕ and
with final energy between E ′ and E ′ + dE ′.

The double differential scattering cross-section (ddscs) can be linked to another
quantity termed Scattering Function, purely dependent on the sample (i.e. the tar-
get in a scattering experiment) characteristics, via the so-called Master equation:

(
d2σ

dΩdE

)
k0→k1

=
1

N

k1
k0

1

2π h

∫∞
−∞

∑
ij

〈
b∗ibj

〉 〈
e−iq·Ri(0)eiq·Rj(t)

〉
e−

i
 hEtdt =

=
k1
k0

σ

4π
S(q,E)

(3)

where
(
d2σ
dΩdE

)
k0→k1

is the ddscs leading to the transition k0 → k1, with k0 and

k1 the wavevectors of the incident and scattered wave-particle of the beam;  h is
the reduced Plank constant, N the number of incident wave-particles hitting the
target. The quantities bi and bj are the Scattering Lengths of the scatterers i and j,
defined from the respective Scattering Cross sections:

σ = 4πb2. (4)

One important remark is in order here: as neutrons and atomic nuclei are mi-
croscopic particles, they obey to quantum-mechanical laws. In Equation 3, Ri and
Rj are the position operators of the ith and the jth nucleus, which are generally
not commuting. Neutron scattering should be treated within the framework of
quantum mechanics, but since the 50ties of the last century, when L. Van Hove
introduced an approach which gives a classical interpretation of the scattering
formalism (83), most neutron users are following this approach and I will do the
same here. The operators Ri and Rj commute in the two following cases only (84):

• when t = 0 or

• if the energy transfer E =  hω between the neutron and the nucleus can be
supposed as very small compared to the average energy of the neutrons
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En = 1
2kBT . In the latter case, the operators Ri and Rj become position vec-

tors and the thermal average 〈...〉 becomes a classical average 〈...〉cl.

From now on, I will adopt this classical approach.

Although the energy variable E is explicit in the right hand side of the Master
equation, the variable denoting the scattering direction (Ω) has been translated
with another variable, q. This quantity is the so-called Scattering vector, and it is
defined as:

q = k0 − ki (5)

so that q contains the information of the scattered beam direction with respect to
the incident beam.

The detailed procedure to derive the above mentioned Master equation, by us-
ing 1-st order perturbation theory and a proper approximated expression for the
potential (known as Fermi’s pseudo-potential), can be found elsewhere (81, 82) and
will not be developed here.

The Scattering Function S(q,E) contains all the information about the sample
under study, hence it is the final purpose of any scattering experiment. A physical
interpretation can be obtained using Van Hove’s Correlation Function G(r, t) (83):

S(q,ω) =
1

2π

∫∞
−∞ dte−iωt

∫∞
−∞ dre−iQ·rG(r, t). (6)

The Correlation Function G(r, t) is a quantity that describes the correlation be-
tween two scatterers in the sample, as a function of both their relative positions
and time. From Equation 6, one can see that the S(q,E) is nothing less than the
double Fourier Transform, in space and time, of Van Hove’s G(r, t).

Thus, finding the complete expression of the Scattering Function would allow
to learn about the evolution of the relative position of every scatterer in the sam-
ple, at all times.

As underlined by the above mentioned Equation 6, the output of a scattering
experiment (via Equation 3) requires to perform a double Fourier transform in
order to obtain information about the physical, real space. In fact, the scattering
vector q plays the role of the displacement vector r in the so-called Fourier, or
reciprocal space. As it will be shown later in the text, this real space - reciprocal
space relationship will require to focus on specific length-scales in the sample by
studying the q range of interest accordingly. The same reasoning applies between
the sample time-scale and the corresponding experimental energy range.
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Furthermore, the definition of the Fourier transform itself (with the extremes of
integration being±∞) sets limitations a priori about the experimental accessibility
of S(q,E), and hence G(r, t) and our knowledge of the system.

A due comment about the nature of the atomic scattering length bwill be useful
in the later sections. As mentioned, Equation 3 is derived by assuming an approx-
imated form of the neutron-atom interaction potential, the Fermi pseudo-potential.
In simple terms, this potential assumes that the incident neutron sees the atom in
the target as a point. This assumption is well justified because the neutrons used
for scattering have wavelengths of ≈ 10−10m, while the atomic nucleus size is
≈ 10−15m. This translates into writing the potential in the form of Dirac’s delta
distribution (a pseudo-function δ(x) for which δ(0) = +∞, δ(x 6= 0) = 0 and∫+∞
−∞ δ(x) = 1). Therefore, the Fourier transform will give a constant function in q:
b(q) = b, i.e. the neutron atomic form factor is a constant in q. This statement is
not true in other cases, with two noteworthy examples: x-ray scattering, because
x-rays interact with the electron cloud of the atoms (hence both have comparable
wavelength/size); Small-Angle Scattering (SAS), where the size of the probed scat-
terers (in our case, from membranes to entire vesicles) is of the order (or bigger)
than the incident neutron/x-ray wavelengths.

2.1.1 Neutron Scattering

Within the framework of all scattering techniques, a peculiar case is given by
the use of free neutrons as incident beam. This constitutes the field of Neutron
Scattering, the main experimental approach that has been employed in this work,
for both structural and dynamical investigation purposes.

Neutrons are subatomic particles that, in the bound state and together with pro-
tons, constitute the nuclei of all ordinary matter in the universe. They are made of
two down-quarks and one up-quark, but can be considered as elementary parti-
cles for our purposes. Neutrons are unstable in the free state and undergo β decay
within a lifetime of τ = (886± 1)s:

n→ p+ e+ ν N(t) = N(0)e−t/τ (7)

where n, p, e, ν are the neutron, proton, electron and electron anti-neutrino
respectively; N(t) is the number of neutrons existing at time t. Given the free
neutron lifetime, the fraction of decaying neutrons during a scattering experiment
can be safely neglected.

Free neutrons can be produced by either nuclear fission or spallation. An ex-
ample of nuclear fission reactor for neutron production is the large scale facility
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Institut Laue Langevin (ILL) located in Grenoble (France), where all the neutron
scattering experiments presented in this thesis were performed.

ILL has a High Flux Fission reactor which produces a flux of 1.5 ∗ 1015 neutrons
cm2s

with a nominal thermal power around 58.3 MW (85), making it the most powerful
continuous neutron source for scientific research in the world to present date.
After moderation, the neutrons with desired energy are sent to about 40 state-of-
art instruments, each of them designed to meet specific diffraction, spectroscopy
or nuclear physics needs.

What makes neutron scattering worth the neutron production efforts, in terms
of cost and manpower, is a number of very special properties that come from
the intrinsic nature of the neutron itself. Some of its main characteristics are sum-
marised in Table 1. The most remarkable consequences of such properties are:

• the relatively big mass makes it easy to discriminate the neutron energy
by simply measuring the Time of Flight (ToF); for instance, neutrons mod-
erated at T = 300K (known as Thermal Neutrons) will have a velocity of
≈ 2200ms−1, while Cold Neutrons (T = 25K) will travel at ≈ 640ms−1;

• Thermal and Cold neutrons have wavelengths of the order of single atoms
size (λ = 1.8Å and 6.2Å, respectively), allowing the same resolution as
with x-rays;

• at the same time, Thermal and Cold neutrons possess very low energy ((E =

25meV and 2meV , respectively) while x-rays at the same resolution have
energies of the order of≈ keV ; this means, from one hand, that neutrons are
a much softer probe where radiation damage is negligible (unlike x-rays);
on the other hand, they are much more sensitive to small energy excitation
(e.g. thermal excitations, 1KBT = 25.7meV) of the sample;

• the null electric charge makes neutrons only sensitive to the atomic nuclei
and not to their electronic cloud, allowing a deeper penetration in the sam-
ple and making it sensitive to small atoms and their isotopic substitution;

• the magnetic dipole moment can be used to probe magnetic structures and
excitations (e.g. magnons), although this will not be of specific interest in the
present study;

• the half-integer spin can be used to polarize the beam (a property that is
used for the Neutron Spin-Echo (NSE) spectroscopy technique, later described)
and it also plays a major role in the definition of coherent and incoherent
neutron scattering.
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Table 1: Basic properties of the neutron.

mass 1.675 ∗ 10−27kg

charge 0

magnetic dipole moment µn −1.913µN

spin 1
2

The last listed consequence has extremely important implications on the way
neutrons are used to probe either structure or dynamics when needed. We recall
the definition of the Scattering Function S(q,E) as it has been found in Equation
3:
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4π
S(q,E) =
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An underlying statement in this definition is that all nuclear spins in the sample
are randomly distributed. Nevertheless, because even same atom species (and
isotopes) with different spin orientation lead to different scattering lengths b as
seen by the neutrons and because b can be either positive or negative, we have:
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b2
〉

(9)

and this inequality can be used to re-write the S(q,E) formula:
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This can be simplified as follows:

σ

4π
S(q,E) =

σc

4π
Scoh(q,E) +

σi
4π
Sinc(q,E) (11)

The Scattering function is now divided in two terms:
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• the first, named Coherent Scattering function, contains information about the
position of different atoms at different times, leading to interference effects;
therefore, it is suitable for structural studies;

• on the other hand, the Incoherent Scattering function contains information
about the position of the same atom at different times, which means that it
can be used for dynamical studies; the incoherent signal does not give inter-
ference and it is a flat function in q.

It is now clear why and how the neutrons constitute a special probe to study
matter at both structural and dynamical level. In the following paragraphs there
will be a short focus about the basics for each of the techniques used during the
thesis work, linking the general aspects of neutron scattering to the specific cases
of application. For the details about the actual experimental conditions of each
experiment, the reader can refer to the Articles where the corresponding results
are presented (or, in some cases, the Articles’ Supplementary Information).

2.1.1.1 Small Angle (Neutron/X-ray) Scattering & Static Light Scattering

Figure 9 shows a simplified scattering geometry, were a beam of wavelength
λ is scattered elastically from an ordered 2D-array of point scatterers. Using the
definition of the scattering vector q (as in Equation 5) and the wavevector k (k0 =
ki ≡ k for elastic scattering), one obtains:

q = 2k sin (ϑ/2) =
4π

λ
sin (ϑ/2) (12)

which means that, for a given λ, one can scan q by simply varying the scattering
angle ϑ. Besides, Figure 9 allows an easy derivation of the Bragg law, stating that
constructive interference in the scattered signal will occur when the path length
difference between two scattered waves will be a multiple of λ:

2d sin (ϑ/2) = nλ. (13)

Merging Equations 12 and 13 (setting n = 1 for first order diffraction) we get:

qd = 2π, (14)

an extremely useful relationship between a quantity in the reciprocal space q,
whose value can be chosen during the experiment by changing the scattering
angle ϑ, and a corresponding quantity in the real space d that infers about the
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Figure 9: Sketch of scattering geometry in two dimensions, underlying the direction of
the vectors k and q, the scattering angle ϑ and the derivation of Bragg’s law.

length of some repeat distance in the sample. This link leads us to a very useful
implication that is thoroughly used in every scattering experiment: the higher the
scattering angle, the smaller the repeat distances that can be probed in the sam-
ple; conversely, by studying the signal arising from neutrons scattered at very
low angles, one can probe larger length-scales (20 - 1000 Å). This is the concept
at the basis of the widespread techniques of SAS, in particular used with x-rays
(Small Angle X-ray Scattering (SAXS)) or neutrons (Small Angle Neutron Scatter-
ing (SANS)) (86).

The output of a SAS experiment will have the following general form:

I(q) = |F(q)2 ∗ S(q)| (15)

where I(q) is the scattered intensity as collected by the detectors; F(q) is the av-
erage Form factor of the scatterers, the equivalent of the scattering length b (Equa-
tion 4) but now with a q dependence due to the large dimension of the scattering
objects; S(q) is the Structure factor. All quantities can be intended as consisting
of purely coherent scattering, as the incoherent scattering will contribute as a flat
background in q that can be easily subtracted during the analysis. Because the
measured quantity is an intensity, we have only access to the square of the Form
factor leading to a sign indetermination (an issue more generally known as the
Phase problem of diffraction, the solving of which will require additional strategies
and will be discussed in the next subsection).

For the particular case of the systems studied in the present work, the theoret-
ical forms of the Form and the Structure factors will resemble the ones that are
depicted in Figure 10:
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Figure 10: Example of theoretical Form and Structure factors. Left: Form factors of dense
spheres as compared with hollow spheres. The latter will be the model used
to fit the vesicles form factor. Highlighted are the q ranges which are typi-
cally covered by either Light Scattering or SAS.Right: plot of the theoretical
structure factor of a lamellar membrane phase.

• F(q) contains averaged information about each single scatterer that, in the
case of this work, is the vesicle (either MLV or ULV). Depending on the q
range observed, one can investigate the overall vesicle size and shape distri-
bution (lowest q), the size polydispersity and lamellarity (mid q range), the
membrane thickness and thickness polydispersity (high q). The presence of
smaller objects, e.g. micelles, would appear as an additional signal in the
middle/high q range depending on their size;

• S(q), on the other hand, contains information about the correlation between
different particles/structures; for instance, one could see the correlation be-
tween vesicles interacting with each other in a concentrated solution (low
q) or the interaction between subsequent membranes in MLVs (mid q range).
In the latter case, the relative position of the higher orders of correlation will
tell about the membrane phase (e.g. lamellar, hexagonal, cubic etc.) and the
repeated distance between membranes (d-spacing).

As a short mention, a straightforward consequence of Equation 12 is the fact
that one can go for another beam type with a much bigger wavelength to access
a very small q range. This is what happens with the Static Light Scattering (SLS)
technique, where a laser of visible wavelength is used as incoming beam (in our
case λ = 632nm). This complementary technique can therefore be used to supple-
ment SAS at the smallest q range (as shown in Figure 10) and have information
about vesicle size and possible aggregation.
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SANS - SAXS - SLS at a glance

• Smallest angle (/smallest q) = big objects overall shape (e.g. vesicle
size, shape).

• Increasing angle = zooming in ((e.g. lamellarity, membrane
thickness).

• Neutrons (SANS) allow quantitative data analysis (absolute units)
and contrast variation (D2O labelling).

The SAS data acquired during this thesis work were analysed in different ways
depending on the experimental conditions and needs:

• The SANS ULV and MLV data were analysed by fitting them with a simple
vesicle (or lamellar for the MLV) form factor, with the addition of bilamellar
vesicles or dense spheres (for the micelles) form factors when needed; the
fits were performed using the software SASView (87), where all the needed
model functions for F(q) are available (for the matematical definitions of all
form factors used in the analysis, refer to the Supplementary Information of
Articles 1 and 3);

• The SAXS MLV data, that did not allow to be fully fitted with suitable models
because of the much lower contrast, were analysed by fitting the first mem-
brane correlation within MLVs with Gaussian functions on top of a power
law of the form q−c;

• The SLS data were fitted by verifying that the I(q) could be approximated

with a function of the form I(q) ∝ e−
q2R2g
3 (Guinier approximation), with Rg

the vesicle gyration radius (86).

2.1.1.2 Small-Angle Neutron Diffraction

In theory, the full knowledge of the form factor in the range [0 – ∞] would allow
a complete understanding of the scattering objects average properties at all length
scales, from the overall macromolecular structure (e.g. the entire vesicle) to the
position and arrangement of every single atom. The Fourier transform of the form
factor, assuming its phase is known, would give the so-called neutron Scattering
Length Density (SLD) (in the case of x-rays, the electron density) profile that tells
about the position of each atom species (with the corresponding scattering length)
in the real space. In practice:
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1. every instrument can cover a limited portion of the scattering vector qwith
a certain q resolution, therefore we can only have a partial knowledge of
the form factor. The Fourier transform, defined in theory as ranging from
] −∞,+∞[, will therefore be an approximation as well;

2. there is an indetermination of the phase of the form factor (the Phase prob-
lem);

3. experimentally, the form factor decays quickly with q (in the range of our
interest, like q−4 for hard spheres with sharp interfaces (88), q−2 for random
bilayers (89)); therefore, the form factor signal is only visible in a narrow q
range, above which it is covered by instrumental background.

A clever solution for the last-mentioned limitation, namely the low (and quickly
decaying) signal of the form factor, was pioneered in the 70s (90–93). Starting from
Equation 15, the idea is to use the structure factor for sampling specific positions
in q of the form factor. In a multilayer membrane stack, the S(q) will give well de-
fined and intense Bragg peaks at q positions which correspond to the membrane
repeat distance (or d-spacing, through Equation 14). Because the collected signal
I(q) is always consisting of the product of both form and structure factors, the
measured intensity of the Bragg peaks (the S(q)) will be modulated by the inten-
sity of F(q) even though the latter is not visible (because covered by the incoher-
ent background). One can then use this property to approximate the continuous
Fourier transform (which would require an integral in ]−∞,+∞[ ) with a discrete
Fourier series of the detected Structure factor terms. In this way, an approximation
of the SLD can be calculated, giving valuable insights about the membrane prop-
erties at almost atomic level: bilayer thickness, water thickness between mem-
branes, lipid head-group size, hydrocarbon region size etc. This technique will be
referred in this thesis as Small Angle Neutron Diffraction (SAND).

SAND at a glance

• SLD can give information of the membrane at atomic scale.

• At high resolution (high q), the F(q) is covered by the background.

• Study S(q) intensity modulation to sample F(q).

In a typical SAND experiment, the neutron beam is sent towards multilayer
lipid films on a perfectly flat solid support (silicon wafers). The signal, collected
by scanning the sample orientation, will give a series of 2ϑ vsΩ images (2ϑ is the
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scattering angle between incident and scattered beam, Ω the angle of the sample
with respect to the incident beam direction,Ω = 0when the flat film is parallel to
the incident beam). The resulting images show the position, intensity and shape
of the Bragg reflections. Some example of SAND 2D maps will be shown in the
Foreword and main text of Article 4. The reflections are then integrated over a
small Ω range, leading to a series of Ih values (h indicating the reflection order).
The formula to determine the SLD from the Ih terms is the following:

ρ(z) = a ∗
∑
h

(
±|Fh| cos

(
2πhz

d

))
+ b (16)

where:

• ρ(z) is the neutron SLD along the vertical direction z of the multilayer;

• the sum is performed over all Bragg reflections that are visible from the data,
denoted with h;

• d is the membrane d-spacing;

• Fh = (h ∗ Ih)1/2 are the structure factor terms for each Bragg order h, found
as the square roots of the intensity of each peak Ih, with an additional cor-
rection factor h (the inverse of the Lorentz factor (90)).

• a and b are scaling and offset parameters to account for experimental differ-
ences (e.g. differences in sample quantity, background etc).

The "±" sign appearing in Equation 16 is expression of the above mentioned
Phase problem for the case of SAND on lipid multilayers. In fact, since membranes
are centrosymmetric, the problem of the phase assignment reduces to a sign as-
signment.

To overcome it, one way is to perform contrast variation measurements at dif-
ferent H2O−D2O ratios. The reason for it is that the structure factor term depen-
dence with the D2O percentage is expected to vary linearly (91). Therefore, one
can use the linearity requirement to spot the occurrence of phase changes.

Another possibility is to perform the so-called membrane swelling experiments
where, assuming that the form factor does not change with the hydration level,
one can use the shift of the Bragg peaks in q (that occurs when the water layer
between the membranes increases) to sample the underlying form factor shape
(and therefore spotting the minima, after which phase change will occurr).

All these strategies will be described and discussed in more detail in the related
work in Article 4.
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2.1.1.3 Elastic Incoherent Neutron Scattering

The incoherent neutron scattering signal, which is considered as a flat noise to
be subtracted from coherent scattering data (SANS, SAND), can reveal many in-
sights about the molecular dynamics of the scatterers, as it was mentioned earlier
in the section. In particular, the Sinc(q,E) contains information that is stored in
its energy dependence. Because of the high mass of the neutrons, the energy of
the incident and scattered beams can be easily discriminated by measuring the
corresponding ToF, so that they constitute a useful spectroscopic probe. In full
analogy with the relation shown in Equation 6, we can relate Sinc(q,E) to an auto-
correlation function that describes the correlation between the position of the same
scatterer at different times.

Depending on the nature of the energy exchange between neutrons and sample,
one can distinguish between Elastic, Quasi-Elastic and Inelastic scattering. The
latter technique will be neglected as it is not relevant in this study. In general, a
Sinc(q,E) function for a defined q contains several distinct features:

• An elastic peak. In theory, this should have the form of a Dirac’s delta. In
practice, it will have a form defined by the instrumental resolution (usu-
ally resembling a Gaussian function). This peak contains the signal from
neutrons that did not exchange energy with the sample. To simplify, these
neutrons have seen the corresponding scatterers as immobile (or in a motion
too slow for the instrumental resolution).

• A broadening of the elastic peak (quasi-elastic) at its base. This contains
the signal from neutrons which probe the scatterers while these are moving
in a timescale that can be detected by the instrument used. This broaden-
ing is usually modeled as one or more Lorentzian functions (summed if the
motions are uncorrelated, convoluted if the motions are correlated). The rea-
son for such a shape comes from the proportionality between Sinc(q,E) and
the imaginary part of the sample generalised susceptibility (which has a
Lorentzian form), the derivation of which is beyond the scope of this thesis
and can be found dedicated textbooks (81).

• A background, containing all motions that are too fast to be probed because
of the instrumental resolution (it can be thought like an extremely large
Lorentzian broadening).

Elastic Incoherent Neutron Scattering (EINS) is a technique that focuses on the
elastic peak intensity (thus its integral) as a function of q, as well as other vari-
ables related to the sample environment such as temperature, pressure etc. As a
second level of analysis, the EINS intensity curves I(q,E = 0) can be analyzed
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in the framework of the widely used Gaussian approximation (94). The latter
assumes I(q,E = 0) to have a Gaussian form at low q arising from harmonic
motions of the scatterers around their equilibrium positions:

I(q,E = 0) ∝ e−
q2〈∆u2〉

3 (17)

where
〈
∆u2

〉
is the so-called Mean Square Displacement (MSD), a measure of the

average dynamics probed at the timescale (= energy resolution) accessible by the
spectrometer. Such approximation is considered valid for low enough values of
q, usually q2

〈
∆u2

〉
6 1 (but not strictly, depending on the scatterer shape (95)).

Additionally, more sophisticated models (96, 97) can also be used to perform EINS

data analysis, but because these were not useful for the present work they will
not be further discussed.

EINS at a glance

• Study of dynamics from loss of elastic signal → MSD.

2.1.1.4 Neutron Spin Echo Spectroscopy & Dynamic Light Scattering

There are two other methods that can be used to obtain valuable information
on the sample dynamics using light and neutron scattering used in additional,
alternative ways. Despite these being two different techniques, they have many
common points which justify a common description.

The first one, Dynamic Light Scattering (DLS), exploits the nature of the photons
emitted by a LASER: in fact, by definition the LASER produces a coherent beam
of photons that is of perfectly equal wavelength and phase. Because of that, it be-
comes possible to measure extremely small fluctuations δI in the scattered beam,
after interaction with a sample of slowly moving scatterers. In this sense, DLS

can be considered as another quasi-elastic technique that can be used as comple-
mentary to Quasi-Elastic Neutron Scattering (QENS) (with different length-scales,
because of its q range and q resolution, and timescales).

It is possible to demonstrate (98) that:

1. the autocorrelation function of a property (e.g. the scatterer position r(t)) is
proportional to the autocorrelation function of the fluctuations (e.g. δr(t)):

G(r, τ) = 〈r(t)r(t+ τ)〉 = 〈δr(t)δr(t+ τ)〉+ 〈r〉2 (18)
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2. the correlation time can be calculated from the fluctuations through:

τ =

∫∞
0
dτ
〈δr(t)δr(t+ τ)〉

〈δr2〉
(19)

3. the electric field autocorrelation function g1(q, τ) is linked to the intensity
autocorrelation function g2(q, τ) (the one experimentally measured) by the
Siegert relation (99):

g2(q, τ) = 1+β|g1(q, τ)|2 (20)

Thus, one can use the intensity fluctuations to calculate the field autocorrelation
function and trace back the average dynamics of the scatterers.

The experimentally obtained DLS autocorrelation functions g2 were analysed
following the method of the moments (a re-visit of the method of cumulants)
developed in (100). The first two moments µ1 (µ1 = 2Γ , with Γ the decay rate and
2 a factor coming from the Siegert relation) and µ2, left as free parameters in the
fit, were then used to obtain the scatterer (vesicle) mean diffusion coefficients and
the corresponding polydispersity (Figure 11).

For particles moving by Brownian diffusion, the decay rate is linked to the
diffusion coefficient D by the relation Γ = Dq2. In some cases, a sum of two
populations, each one having its own µ1 and µ2, was necessary for successful fits
(indicating the existence of different families of scatterers of different sizes).

The Brownian diffusion coefficient D experimentally determined is then used
to estimate the hydrodynamic radius Rh using the Stokes-Einstein equation:

D =
kBT

6πRhµ
(21)

with kB the Boltzmann constant, T the temperature, µ the solvent viscosity (sol-
vent viscosity and refraction index ηwere assumed as the ones of H2O).

DLS at a glance

• Autocorrelation function from light intensity fluctuations

• Diffusion coefficient from Γ = Dq2 → hydrodynamic radius Rh.

The second technique is named NSE. It was developed by Mezei (101) and it can
be used as a clever strategy to obtain an extremely fine energy resolution without
worrying about the beam monochromaticity (thus profiting from higher flux).
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Figure 11: Example of DLS data for C10 mix vesicles extruded through a 200nm pore
membrane, T = 25 ◦C and 30◦ angle. Top left: signal at the detector. After trans-
lating vertically to zero average, the correlator calculates the absolute integral
of the product of the signal and a copy of itself translated horizontally of a t
= τ. The result is a point, function of the correlation time τ, constituting the
auto-correlation function (bottom left). The auto-correlation function, calcu-
lated for all possible τ values, is then fitted using the model from (100). Right:
Γ parameters found from the fits at all measured scattering angles, plotted as
a function of q2 to highlight the Γ = Dq2 dependence. This ensures that the
scatterers are moving of Brownian motion, and the slope allows calculating
the diffusion coefficient D (and, consequently, the hydrodynamic radius Rh).

The central property used here is the neutron spin. Basically, a beam of neu-
trons of relatively broad wavelength (= velocity) distribution is first polarised to
a certain direction at the base of a coil. Then, the neutrons enter the coil, where a
magnetic field is applied to cause a precession of the neutron spins (Larmor preces-
sion). The time required for each neutron to travel through the entire coil (since
every one has a different velocity) will in general be different, therefore the spin
orientation of each neutron will be different as well at the end of the coil.

After that, the neutrons enter into a second coil which has the exact length and
magnetic field intensity as the first coil, but a magnetic field that can be thought
as directed in the opposite direction (in reality, the field is not reversed, but there
is a 180◦ spin flip device that has an equivalent effect). The neutrons will start
preceding backwards. One can think about this second coil as if the neutrons were
bounced back to the first coil, moving towards their starting point. Also in this
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case the neutrons will spend different times in the second coil depending on the
energy, but the important outcome is that they will arrive to the end of it hav-
ing all the exact same polarization as the one that was selected at the beginning,
leading to an Echo signal measured at the detector.

Now one can think about placing a sample between the first and second coil.
The interaction of the neutrons with the sample, if the scattering is not completely
elastic, will cause small loss (or gain) of neutron energy (and this difference will
be the same no matter the incoming neutron energy, because it is a property of
the sample), therefore they will have slightly different energies and arrive with
slightly different polarization at the detector. These are the main basic concepts
about the NSE technique: using neutron precession to make them act as microscopic
clocks allows to discriminate the smallest possible energy exchanges with the sam-
ple. Because the second coil can usually be moved, one has access to different q
values so that the slowest dynamics at different length scales can be studied.

It can be demonstrated (101) that the polarization of the scattered beam Px is
linked to the S(q,ω) as it follows:

Px =

∫+∞
−∞ S(q,ω)e−iωtdt = F(q, t) (22)

Therefore, NSE gives access to the Fourier transform in time of the scattering
function (a quantity usually known as Intermediate Scattering function F(q, t)).

NSE at a glance

• No matter the neutron incoming energy, the energy loss/gain due
to interaction will depend on the sample dynamics.

• Uses neutron spin precession and time of flight to discriminate
very small energy exchanges.

• Px gives direct access to the intermediate scattering function F(q, t).

• Dynamics probed ≈ sub-microsecond (e.g. membrane undulation
and compression).

The NSE data acquired here were analysed in the framework of the Zilman-
Granek theory (102) to model the relaxation due to the membrane fluctuations
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(undulation, compression). For that, each intermediate scattering function F(q, t)
obtained from the experiments, was fitted with a function of the form:

Ftheory(q, t) = e−Dq
2τe−(ΓZGq

3τ)2/3 (23)

where the first exponential models the diffusion of the entire particles (in our
case the vesicles) by Brownian motion, with diffusion coefficient D. This coeffi-
cient was found, during the experiment, using an online DLS available at the
NSE instrument used and fixed as a parameter for the NSE analysis. The second
term is a stretched exponential coming from the Zilman-Granek theory, with the
parameter ΓZG defined as:

ΓZG = 0.025γ

√
KBT

κ̃

KBT

η
(24)

(KB the Boltzmann constant, η the solvent viscosity, γ ≈ 1 for κ̃ � KBT ). The
expression for κ̃ is found using a correction that considers density fluctuations in
addition to bending fluctuations in the membrane (103–105):

κ̃ = κ

(
1+ 24

2d2

d2bilayer

)
(25)

where κ is the membrane bending rigidity, d the height of the monolayer neutral
surface, dbilayer the bilayer thickness.

2.2 OT H E R T E C H N I Q U E S

2.2.1 Fourier Transform InfraRed Spectroscopy

As mentioned in the Neutron Scattering section, one of the properties that
make neutrons an useful probe to study the dynamics of biological samples is the
energy: E ∼= 25meV for thermal neutrons, E ∼= 2meV for cold neutrons. These en-
ergies are of the same order of the thermal energy of matter (1KBT = 25.7meV).
To obtain photons of comparable energy:

λ =
hc

E = 25.7meV
≈ 104nm (26)

or, translated into the more commonly used wavenumber: k = 2π
λ ≈ 103cm−1.

This portion of the electromagnetic spectrum is known as Infrared region. Fourier
Transform Infrared Spectroscopy (FTIR) is an absorption spectroscopic technique
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where the incoming light beam is infrared, thus one can get information about the
thermal vibrations active in the sample. In the specific case of interest, some of the
motions related to the acyl chains that constitute the membranes are in a region
that is easily accessible by FTIR spectrometers and is far away (well resolved) from
other contributions. These are:

• CH3 asymmetric stretching - ≈ 2950 cm−1

• CH2 asymmetric stretching - ≈ 2920 cm−1

• CH3 symmetric stretching - ≈ 2870 cm−1

• CH2 symmetric stretching - ≈ 2850 cm−1

During the experiments of this work, the CH2 symmetric stretching peak was
followed as a function of temperature variation, to explore changes in the molecule
dynamics.

2.2.2 Solid State Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy is used in diverse fields for
both structural and dynamic studies of both liquid and solid systems (or liq-
uid suspensions, as in the case of lipid membranes). Here we will briefly con-
sider static measurements done with 2H solid state Nuclear Magnetic Resonance
(ssNMR) to study structure and dynamics of MLV suspensions.

NMR spectroscopy is based on magnetic properties of nuclei. From an experi-
mental point of view it requires the use of two magnetic fields. The first intense,
static magnetic field H0 (for the case of the spectrometer used, H0 = 12 T) in
which the sample is placed, orients the nuclear magnetic moments leading to the
creation of a macroscopic magnetization. The second, oscillating and weak field,
switches the macroscopic magnetization from its position and records the return
of the latter to its initial position. The Free Induction Decay (FID) signal recorded
is the NMR signal. A suitable pulse sequence of the second weak field can be used
in order to record an echo signal, in a similar fashion as what has been described
in the previous NSE subsection. This cancels the dead time between pulse-sending
and signal-recording of the coil devoted to the two purposes.

In our study, we recorded 2H NMR spectra (frequency 76.77MHz), by means
of the so-called quadrupolar (or solid) echoes sequence. Samples were partially
enriched with perdeuterated acyl chains (106, 107) to probe the membrane behav-
ior.

The Fourier transform applied on the measured quadrupolar echo will give a
spectrum (frequency domain) made by a superposition of signals coming from
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each 2H site (108). Because each 2H atom senses a different electronic environment
depending on its position, it will exhibit its own resonance. This, in the Fourier
transformed spectrum, will be seen by a peak doublet separated by a quadrupolar
splitting ∆νQ (106).

This quantity will be used, for the sake of our study, to calculate the order pa-
rameter of each methyl-methylene group in the acyl chains as a function of sam-
ple composition and temperature, through the relation given by Davis (106). In
addition, using the relation developed by Douliez et al. (109), the thickness of
the bilayer hydrocarbon region was calculated and compared to the SANS data
results.

FTIR, SSNMR at a glance

• FTIR: thermal vibrations of (CH2)-(CH3).

• ssNMR: (CH2)-(CH3) order parameters, hydrocarbon region
thickness.

Figure 12 summarizes the experimental techniques used in this work, as a func-
tion of the respective observable length- and time-scales.
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Figure 12: Summary of all experimental techniques that have been used in this project,
located at the specific q (length) and time (energy) scales at which they have
been employed. The techniques devoted to the structural studies do not dis-
criminate between different energies, therefore they have been indicated as
horizontal segments. N.B.: These ranges do not reflect the maximum values
reachable by each technique, but only the ones that have been used in this
work.
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2.3 S A M P L E P R E PA R AT I O N

2.3.1 Vesicles

Decanoic acid, sodium decanoate, 1-decanol, eicosane, squalane, triacontane
(and all the corresponding deuterated forms), bicine buffer and D2O were pur-
chased from Sigma Aldrich (Merck). The samples were prepared by dissolving
the decanoic acid (and the decanol, when needed) in a CHCl3 solution, followed
by drying with a flush of nitrogen (the decanoic acid + 1-decanol mixture is liq-
uid at ambient temperature). When the sodium decanoate was used, instead of
the acidic form, a mixture of 1:1 CHCl3:CH3OHwas needed for solubilization.

The samples were then placed in a desiccator and left under vacuum overnight.
The sample weights were checked at each step, to make sure that all the organic
solvent was evaporated. At the final stage, a sample loss of ≈ 5% was measured
for the samples including the decanol. This was imputed to its partial evaporation
because the loss was not observed in the pure decanoic acid samples. For the
samples consisting of decanoic acid : 1-decanol (C10 mix) the final ratio was 1:1.

The bicine buffer was prepared at a concentration of 0.2M in H2O, following
previous protocols (36, 53, 64, 65). For the ssNMR experiments, the buffer was
solubilized in 2H depleted water. In the case of SANS and FTIR experiments, the
buffer solution was prepared by dissolving hydrogenated bicine in D2O. In all
cases, the buffer was filtered with a 0.2 µmmillipore membrane before use.

The dried organic solutions were then suspended in buffer, titrated to desired
pH/pD with aliquots of NaOH/NaOD, and vigorously vortexed for ≈ 1min,
leading to final milky-foamy solutions characteristic of the presence of large MLVs.

Different sample concentrations were employed depending on the experiment
to be performed and the corresponding instrumental sensitivity. For some of the
experiments (e.g. ssNMR, SANS, SAXS) the samples were measured as they were at
this stage, and these samples will be referred as MLVs in the text.

For other experiments (e.g. SLS, DLS, FTIR, Fluorescence), it was important to
obtain a well monodisperse suspension of ULVs. For this reason, samples were
extruded using the equipment provided by Avanti Polar Lipids (Alabaster, AL),
with the heating block regulated at 40 ◦C and using 100 nm polycarbonate mem-
branes (Figure 13). The extrusion was always performed less than 24h before the
corresponding experiments. Light Scattering pre-characterization measurement
ensured that the extruded vesicles were stable at ambient temperature for several
days (data not shown).
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(a) (b)

(c) 

Figure 13: (a) Example of sample appearance after extrusion through a 100nm mem-
brane. The ones shown are five copies of C10 mix 80 mM in bicine 0.2M at T
= 25 ◦C. (b) Example of flat multilayers prepared by spreading organic solu-
tions on silicon flat wafers, before annealing. From left to right: DCPC (C10),
DLPC (C12), DMPC (C14). (c) Equipment used for the extrusion, provided
from Avanti Polar Lipids (Alabaster, AL).

2.3.2 Flat multilayers

A phospholipid short chain analogue of the C10 mixtures, the 1,2-Didecanoyl-
sn-glycero-3-phosphocholine (DCPC) (Sigma Aldrich (Merck)), was used to pre-
pare oriented multilayers on silicon substrates. First, flat silicon wafers (Si-Mat,
Kaufering, Germany) (thickness (275± 25)µm) were cut to a rectangle shape of
≈ 3× 4 cm2. Wafers were cleaned with successive rinsing of H2O, ethanol, ace-
tone, ethanol followed by drying with a nitrogen flush and placed on a flat sur-
face.

Organic solutions of 5mg DCPC (and the desired amount of alkanes, when
needed) in chloroform:methanol (2:1) were prepared. For consistency with the
most used alkane percentage in the single-amphiphile mixtures (C10 mix sam-
ples), i.e. 2% alkane:amphiphile molar ratio, the DCPC samples including alkanes
were prepared at 4% alkane:phospholipid molar ratio to account for the double
tail of the latter compound.

The organic solutions were spread uniformly onto the wafers and let drying un-
der fume hood (Figure 13). The wafers were slightly tilted to all directions when
needed, in order to ensure that the film deposition was occurring as uniformly as
possible on the wafer while the chloroform evaporated. The wafers were placed
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singularly inside falcon tubes and left dry overnight inside a desiccator with vac-
uum pumping. After drying, few drops of H2O were added inside each Falcon
tube, the containers were closed and placed in an oven for annealing at 40 ◦C,
100% Relative Humidity (RH) for 24 hours. The samples were stored as they were
at this stage, and then inserted inside the Humidity Chamber at least 4 hours
before the measurements for equilibration.
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3.1.1 Article 1: High-Temperature Behavior of Early Life Membrane Mod-
els

3.1.1.1 Foreword

The first series of experiments were aimed at exploring the effect of the fatty
alcohol (decanol) mixing with the same chain fatty acid (decanoic acid). For that,
such mixture was studied and compared at all steps with another sample that
was made uniquely by decanoic acid.

Although the above-mentioned systems, or similar types, have been used in
previous works (36, 53, 60), this is the first systematic study on both models si-
multaneously, aimed at quantifying features like the quantity, type, characteris-
tics of the macro-structures formed at room temperature and their response to
the temperature increase up to T = 80 ◦C.

In particular, a very pronounced effect has been observed in the vesicle thermal
behaviour that is purely due to the presence of the alcohol. Perhaps surprisingly,
considering the wide use of the C10 mix model (at various acid:alcohol ratios),
this clear onset in the vesicle structuring was not identified before, even though
it is possible that some of the previous studies have indirectly observed the con-
sequences of this phenomenon. We interpreted some of the previous findings in
view of our results in the "Discussion" section of the paper.

For this work, I designed all the experiments and wrote the proposals to obtain
neutron beamtime on D33 (SANS). I prepared the samples for Differential Scan-
ning Calorimetry (DSC), ssNMR, SANS and performed the experiments on D33, D16
(SANS) and the DSC platform. I participated to the ssNMR experiments which were
performed at the “Institut Europeen de Chimie et Biologie ”(IECB, Bordeaux, FR)
and discussed the data analysis with the collaborators. I analyzed the D33 and
D16 (SANS) data, supervised the analysis of DLS data performed by my M.Sc.
trainee Antonio Caliò and wrote the paper.

The paper has been published in Langmuir (ACS) (110).
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ABSTRACT: Origin of life scenarios generally assume an onset of cell formation in
terrestrial hot springs or in the deep oceans close to hot vents, where energy was available
for non-enzymatic reactions. Membranes of the protocells had therefore to withstand
extreme conditions different from what is found on the Earth surface today. We present
here an exhaustive study of temperature stability up to 80 °C of vesicles formed by a
mixture of short-chain fatty acids and alcohols, which are plausible candidates for
membranes permitting the compartmentalization of protocells. We confirm that the
presence of alcohol has a strong structuring and stabilizing impact on the lamellar
structures. Moreover and most importantly, at a high temperature (> 60 °C), we observe a
conformational transition in the vesicles, which results from vesicular fusion. Because all
the most likely environments for the origin of life involve high temperatures, our results
imply the need to take into account such a transition and its effect when studying the
behavior of a protomembrane model.

■ INTRODUCTION

Compartmentalization of the protocell and thus the formation
of the lipid boundary between the cell and its environment are
central to the emergence of early life and to assure the required
conditions for energy-dependent life processes. Indeed, uni- or
multi-lamellar vesicles (ULVs−MLVs) are believed to be the
ancestors of cell membranes1,2 and to have provided a privileged
environment to early biopolymers, enabling the formation of the
earliest protomembranes and cells. To create such barriers,
membranes were composed of self-assembling amphiphilic
molecules. Contemporary membranes are all based on
phospholipids, a group of highly functionalized, diverse, and
adaptable molecules, whose presence at the early stages of life is
not probable. Another aspect that suggests the progressive
transition between early amphiphiles andmodern phospholipids
is that the latter require a complex synthesis pathway and are
unlikely to have been produced spontaneously but rather
elaborated in successive selective steps.3

In contrast, simple amphiphilic substrates were likely formed
in the relatively harsh but potentially wet conditions of the early
Earth by Fischer−Tropsch processes.4,5 Photo-oxidation likely
valorized alkanes by transforming them into oxygenated
amphiphilic materials such as fatty acids and fatty alcohols.
This synthesis would have led to a high abundance of short-
chain fatty acids (FAs) (C < 12), the abundance of which falls
exponentially with the tail length.1,6 FAs have been proven to
form vesicles when the chain length is eight or more carbons.7

A pioneering work has documented the ability of these
amphiphiles to form membrane structures in solution, the
stability of which is strongly dependent on environmental
conditions.8 The first requirement for vesicle formation is a

solution pH equivalent to the FA dissociation constant (pKa) so
that approximately half of the protonated molecules act as
hydrogen bond donor to the adjacent ionized ones.9,10 The
second requirement is to reach the critical vesicle concentration
(CVC),9 below which these single-chain amphiphiles exist only
as monomers in solution or aggregated in micellar structures.
The CVC of pure FA vesicles has been measured quantitatively
as a function of the chain length.7 A decrease in the CVC was
observed with increasing chain length, as expected, because
longer apolar hydrocarbon tails favor the more packed bilayered
structures. Furthermore, the addition of small amounts of fatty
alcohols (with same length as the FA in a 10:1 FA: alcohol molar
ratio) was found to dramatically lower the CVC and also to allow
vesicle formation at pH values higher than the pKa of the acid.
This can be explained because the alcohol ability to form
hydrogen bonds with the anionic FA balances the lack, at high
pH, of hydrogenated FAs that would serve the same purpose (as
it happens in the pure FA samples around its pKa). However, FA
vesicles do not withstand high salinity, especially when divalent
cations such as Mg2+ or Ca2+ are involved.7,11,12

All these major limitations have led to a paradoxical situation
where the molecules that can self-assemble into vesicles and
were probably the most abundant in an origin of life scenario,
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namely, the FA with C < 12, are also seen as the least promising
ones because of their observed sensitivity to the environment.
Some of these apparent issues have been potentially solved by

considering a mixture of the same chain alcohol and FA, as
mentioned above, for its effect on the CVC and the pH of vesicle
formation. On the other hand, the sensitivity towards salt
concentration has also been shown to be lowered either by
alcohol addition,13 by using mixtures of different lengths of
FA,14 or by prebiotic amino acids binding the FA membrane.15

These studies prove that ways to overcome the sensitivity
toward high salinity exist while still considering plausible
prebiotic systems and environmental conditions. Yet, previous
studies on the thermal behavior and stability of protomembranes
have been focusing on longer aliphatic chains16,17 driven by the
observed environmental sensitivity at ambient temperature.
Nevertheless, some surprisingly thermostable properties have
been observed even for vesicles made with short-chain
amphiphiles. In particular, vesicles made with mixtures of
decanoic “capric” acid−decanol or “capric” acid−decanol−
monocaprin (2:1 and 4:1:1 molar ratio, respectively) were
shown to retain encapsulated oligonucleotides up to 70 °C for
more than 1 h or 100 °C for more than 1 min.16 These findings
suggest that the observed sensitivity of the membranes made by
short aliphatic chains toward changes in pH, amphiphile, and
salt concentrations does not necessarily imply a lack of stability
towards temperature variations.
A first temperature−pressure study of the C10mixture (capric

acid + decanol 1:1 ratio) in buffered solution (bicine, 0.2 M, pH
8.5) has been performed by Kapoor et al.18 They observed and
assigned two phase transitions experienced by the system: the
first, at 10 °C, was identified as “the appearance of disordered
fluid-like chains”; the second, at ≈ 60 °C, was explained as
“morphological changes of lipid entities with overall fluid-like
chains” (e.g., a shift in the micelle−vesicle equilibrium).
Interestingly, they also observed an increase in the vesicle size
beyond 50 °C (diameter increasing from 120 nm at 45 °C to 160
nm at 55 °C), although the temperature range investigated (5−
55 °C) did not allow them to study in more detail the
phenomenon at higher temperatures.
In this article, we extend the studies up to 80 °C and present a

deeper and quantitative characterization of the membrane
model composed of a capric acid/decanol 1:1mixture (hereafter
called C10 mix, Figure 1a) by following the properties and the

evolution of the corresponding vesicles (partitioning, size
distribution, lamellarity, membrane thickness, and signs of
micelle presence) as a promising model of protocellular
compartmentalization. We compare its characteristics with a
similar model made of pure capric acid (Figure 1b). The stability
with temperature is investigated for both systems to understand
the capability of the vesicles to withstand the high temperatures
expected at hydrothermal vents/hot springs. It is of great interest

to investigate the thermal stability of the protomembranes as the
high temperature would have allowed a number of important
non-enzymatic reactions to take place (e.g., DNA strand
separation and reannealing).16

We find that the alcohol insertion leads to a number of
substantial differences in the vesicle behavior:

• It leads to a much larger proportion of vesicles at the
expense of other aggregates (micelles) or monomers in
solution.

• It protects vesicles from low-temperature vesicle dis-
ruption, maintaining the multilamellar structures when
present.

• It triggers an abrupt conformational change above 60 °C.
This leads to a transition from multilamellar vesicles to
large unilamellar structures.

Such findings, in turn, could set a high T limit for the stability
of vesicle systems to 60 °C at ambient pressure but could also
open new alternative perspectives related to the observed
changes in the amphiphiles’ self-assembly. Our results point
toward an alcohol-induced, T-triggered, and slowly reversible
vesicular fusion process.

■ EXPERIMENTAL SECTION
Sample Preparation. Decanoic acid, 1-decanol, bicine buffer, and

D2O were purchased from Sigma Aldrich (Merck). The samples were
prepared by dissolving the decanoic acid (and the decanol, when
needed) in a CHCl3 solution followed by drying with a flush of nitrogen
(the decanoic acid +1-decanol mixture is liquid at ambient temper-
ature). The samples were then placed in a desiccator and left under
vacuum overnight. The sample weights were checked at each step to
make sure that all the chloroform was evaporated. At the final stage, a
sample loss of ∼5% was measured for the C10 mix samples probably
due to a partial evaporation of the decanol. The final decanoic acid/1-
decanol in the C10 mix samples was 1:1.

The bicine buffer was prepared at a concentration of 0.2 M in H2O.
For the NMR experiments, the buffer was solubilized in 2H-depleted
water. In the case of SANS experiments, the buffer solution was
prepared by dissolving hydrogenated bicine in D2O. In all cases, the
buffer was filtered with a 0.2 μm Millipore membrane before use.

The dried organic solutions were then suspended in buffer, titrated to
desired pH/pD with aliquots of NaOH/NaOD, and vigorously
vortexed, leading to final milky-foamy solutions.

For the solid-state NMR and SANS on D16 experiments, the total
amphiphile concentration was set to 350 mM, and the samples were
measured as they were at this stage.

For DSC, SLS-DLS, and SANS on D33, the total amphiphile
concentration was 80 mM. Samples were extruded using the equipment
provided by Avanti Polar Lipids, with the heating block regulated at 40
°C and using 100 nm polycarbonate membranes. The extrusion was
always performed with 11 passes per sample and less than 24 h before
the corresponding experiments. Light scattering pre-characterization
measurement ensured that the extruded vesicles were stable at ambient
temperature for several days (data not shown).

Static−Dynamic Light Scattering. The multi-angle static light
scattering measurements in the angular range 25−150° and the
dynamic light scattering measurements at 150° (giving the results of
Figure 2 in the text) were performed on an ALV CGS-3 instrument
(ALV GmbH, Langen, Germany) at the Institut Laue Langevin (ILL)
Grenoble with an incoming laser light of λ = 633 nm wavelength. Then,
1 mL of each sample was loaded on round-bottom borosilicate cuvettes
after filtration through 0.45 μmMillipore filters (0.2 μm for the buffer)
and left for 10 min in the toluene bath for thermalization before starting
the measurements. A buffer measurement at the same conditions was
performed to subtract its contribution, as well as toluene as a standard
with known Rayleigh ratio (Rtol = 1.35 × 10−5 cm−1):

Figure 1. Protomembrane models: (a) bilayer made from a mixture of
capric acid and decanol; (b) bilayer made of capric acid.
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= × −R I I IR ( )/sample tol sample solvent toluene (1)

where R, the Rayleigh ratio, is defined as the scattered intensity per unit
of the solid angle, scattering volume, and incident intensity; I is the
scattered intensity. The scattered intensity is corrected for the
scattering volume (the sample volume visible for the detector) using
Isample/solv/tol = Iexp × sin(θ)/I0, where θ is the scattering angle and I0 the
incoming intensity.
For the DLS measurements at the 90° fixed angle, as a function of

temperature, the instrument used was a Malvern Zetasizer Nano ZS90.
For the latter, 200 μL quartz cells were used.
For the SLS measurements (ALV), the scattered intensity was

collected for 10 s per angle. For DLS (ALV and Malvern), three runs of
30 s each were collected per angle for an error estimation of the
diffusion coefficients.
The SLS scattering data were treated using the Guinier

approximation,19 whose validity was verified for the 100 nm extruded
vesicles. In fact, for the cases where q × Rg ≤ 1 (q being the scattering
vector, q = 4πn sin(θ/2); Rg is the gyration radius), one can
approximate the scattering intensity (the Rayleigh ratio) as

≈ −R I q Rln( ) ln( ) /3sample 0
2

g
2

(2)

so that in a log-linear plot, the slope of the fitted line gives an estimation
of Rg.
The dynamic light scattering correlation functions were analyzed

following the method of the moments (a re-visitation of the method of
cumulants) developed in ref 20. The first two moments μ1
(corresponding to the decay rate Γ) and μ2 were left as free parameters
in the fit. For particles moving by Brownian diffusion, the decay rate is
linked to the diffusion coefficient D by the relation Γ = Dq2. In some
cases, a sum of two populations, each one having its own μ1 and μ2, was
necessary for successful fits (indicating the existence of different
families of scatterers of different sizes).
The experimentally determined Brownian diffusion coefficients D

were then used to estimate the hydrodynamic radius Rh using the
Stokes−Einstein equation:

π μ=D k T R/(6 )B h (3)

with D as the diffusion coefficient, kB as the Boltzmann constant, T as
the temperature, and μ as the solvent viscosity (solvent viscosity and
refraction index n were assumed the same as for H2O).
Fits of the DLS autocorrelation functions were performed using the

Origin software (OriginLab Corp., Northampton, MA).
Differential Scanning Calorimetry. For the DSC experiments, a

microDSCIII calorimeter (Setaram, France) was used. Two Hastelloy
C cells of 0.5 mL sample volume were used for both the samples and the
buffer. The samples were measured against the buffer as a reference.
The explored temperature range was −4 < T < 85 °C with a scanning
rate of 0.5 °C /min. Three heating cycles were collected (the first for
annealing, the last two to verify the reproducibility). No corrections or
baseline subtractions were applied, the scans being used for qualitative
comparison.

Solid-State NMR. The capric acid sample was prepared by
hydrating 6 mg of perdeuterated (2H19) capric acid with 100 μL of
0.2M bicine buffer prepared in deuterium-depleted water (hydration of
94%). The C10 mix sample was prepared by mixing 3 mg of
perdeuterated capric acid with decanol (1:1 molar ratio) and hydrated
with 100 μL of the same buffer (hydration of 97%). Samples were
transferred into 100 μL 4 mm zirconia rotors for NMR analyses. 2H-
ssNMR experiments were performed at 76.77MHz with a phase-cycled
quadrupolar echo pulse sequence (90°x-t-90°y-t-acq)21 and using a
Bruker Avance III 500MHzWB (11.75 T) spectrometer equipped with
a solid-state CPMAS 4 mm H/X probe (IECB structural biophysics
platform, Bordeaux, France). Acquisition parameters were as follows: a
spectral window of 500 kHz, π/2 pulse width of 3.9 μs, interpulse delays
of 40 μs, and recycling delay of 1.3 s; the number of scans ranged from
500 to 3000. Samples were equilibrated for 30 min at each temperature
before the acquisition. The acquisition time for capric acid and C10mix
spectra was 10 and 65 min, respectively. Spectra were processed using a
Lorentzian line broadening of 400 Hz before Fourier transformation
from the top of the echo. Samples were equilibrated for 30 min at a
given temperature before data acquisition. All spectra were processed
and analyzed using Bruker Topspin 4.0.6 software.

Small-Angle Neutron Scattering. SANS measurements were
performed on two instruments, available at the ILL (Grenoble, France):

• D33 (https://www.ill.eu/users/instruments/instruments-list/
d33/),22 with two neutron wavelength configurations (λ = 5 Å
and λ = 14.5 Å) and three sample-detector distances (2, 10, and
12 m) to cover the widest range of scattering vector (1.3 × 10−2

< q < 5.6) nm−1.
• D16 (https://www.ill.eu/users/instruments/instruments-list/

d16/), with neutron wavelength λ = 4.5 Å and a sample-
detector distance of 0.95 m, leading to the scattering vector
range (2.6 × 10−1 < q < 5.3) nm−1.

The sample suspensions, of 200 μL each, were loaded in 1mm quartz
cells (Hellma, Germany) on a sample holder with thermal regulation.
For the start at a low temperature during the temperature scans, samples
were equilibrated for at least 20 min. Then, for every T jump, the
minimum equilibration time before starting the data acquisition of the
first sample in the sample changer was 10 min; this time increased as
samples were sequentially measured. We did not notice any
inconsistencies due to the sample positions in the sample changer.
All data were corrected for the scattering of the sample container and
the instrumental background. H2Owasmeasured for detector efficiency
calculation and scaling to absolute units (cm−1). A flat background was
subtracted to account for the q-independent incoherent neutron
scattering signal.

The outcome from a SANS experiment is a series of curves of I versus
q, where

= | × | = | × |I q F q S q P q S q( ) ( ) ( ) ( ) ( )2 (4)

P(q) = F(q)2 being the particle form factor and S(q) being the structure
factor. The form factor contains information about the shape of the

Figure 2.Dynamic light scattering auto-correlation curves at high pH 11.4 and corresponding zooms on the short correlation times (insets) at 25 °C.
Left: capric acid, 80 mM; right: C10 mix, 80 mM. The solid lines are fits to the data as described in the “Experimental Section”.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02258
Langmuir 2020, 36, 13516−13526

13518

3.1 T H E R O L E O F F AT T Y A L C O H O L 45



scatterers at different length scales (the q range) covered: in the case of
vesicles, this will be the vesicle size, shape, size polydispersity,
lamellarity, bilayer thickness, and polydispersity. The structure factor
contains information about possible interaction between neighbor
vesicles and, most importantly, the interaction between subsequent
membranes forming the MLVs. The position of the first maximum of
the correlation, due to the membrane S(q) in a SANS curve, can give a
direct estimation of the membrane d-spacing through the relation d =
2π/q (with d: d-spacing; q: scattering vector).
The fitting of the SANS curves were performed using the SASView

public software (http://www.sasview.org/). The equations for all the
model form factors employed can be found in the “Material and
methods” section (Supporting Information).

■ RESULTS AND DISCUSSION
Vesicle Stability at Ambient Temperature. First, we

studied the twomodel systems, capric acid and C10mix, at room
temperature T = 25 °C. Because only the general features
(vesicle presence and amount, bilayer thickness, and micelle
presence and amount) were investigated at this stage, the
samples were extruded through a 100 nm polycarbonate
membrane in order to obtain a suspension of monodisperse
vesicles. We verified that the use of bicine as buffer, commonly
used in previous works with similar systems,16,18,23,24 did not
affect vesicle stability and properties at ambient temperature.
This was done by screening a number of concentrations and pH
conditions of the samples in buffered solution with static light
scattering (SLS) (Figure S1, Supporting Information). Our
results show a well-defined vesicle population only at the lowest
measured pH (7.8) and the highest concentration (80mM) data
for the capric acid sample, while in the C10 mix, the same is
found also at higher pH (up to 11.5) and lower concentration
(down to 40 mM). These are qualitatively consistent with what
was previously found for the pKa and the CVC of similar samples
(pure capric acid and C10 mix, 10:1 acid/alcohol ratio) that

were suspended and titrated in water.5,7 The bicine buffer did
not lead to any significant variation in the behavior of the model
vesicles.
Dynamic light scattering (DLS) was then used as a tool to

disentangle populations of very different sizes (from tens of
nanometers to micrometers), allowing for the detection of the
presence of micelles and vesicles. By fitting the autocorrelation
curves considering one (or two) population of scatterers, we can
show that under very alkaline conditions (pH≫ pKa), micelles
are detected in pure capric acid samples, while for the C10 mix,
only vesicles are visible at every measured condition (pH and T)
(Figure 2; data at pH 7.8 and 8.1 are shown in Figure S2,
Supporting Information). We found, for the micelles, a mean
diameter of 1−2 nm, consistent with the expected size of capric
acid micelles.
We thus kept a constant pH of 7.3 for the capric acid (to keep

it nearby its pKa
25) and 8.5 for the C10 mix for the following

small-angle neutron scattering (SANS) measurements. The
vesicles made of pure capric acid present common features with
those formed with the C10 mix, as found from our SANS results
and fits to the data (Figure 3 and Table 1; see the “Materials and
methods” section for the fitting model formulas and Table S1 for
all used parameters, Supporting Information):

Figure 3. SANS curves collected on D33 for the capric acid sample: 80 mM (left) and C10 mix 80 mM (right) at 25 °C and corresponding fits. Sample
pH: 7.3 (capric acid) and 8.5 (C10 mix). For the C10 mix, two models are compared and show that the pure unilamellar vesicle (ULV) model fails to
describe correctly the features in the data; therefore, a fraction of 40% of bilamellar vesicles (BLVs) has to be added. The dotted lines are the
normalized residuals in a linear scale (right hand axis). The error bars are displayed only every five data points for clarity.

Table 1. Main Parameters Extracted from the SANS Data
Fitting at Ambient Temperaturea

parameter capric acid C10 mix

scale (total) 0.34 1
population fraction 1 0.6 (ULV) 0.4 (BLV)
core radius (nm) 28.0 38.3 (ULV) 9.2 (BLV)
shell thickness (nm) 1.8 2.0 (ULV) 2.0 (BLV)
solvent thickness (nm) 11.8 (BLV)
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• Both have vesicles with much smaller sizes than the
extrusion pore diameter of 100 nm (59.6 and 80.6 nm
diameter composed of 2 × (core radius + shell
thickness)), although the C10 mix vesicles have a larger
mean radius.

• A membrane thickness of about 2 nm, as expected for a
bilayer of amphiphiles with 1 nm chain length.

aSample pH: 7.3 (capric acid) and 8.5 (C10 mix). Note, in
particular, the scale factor of 0.34 calculated for the capric acid, a
sign that only a fraction of capric acid contributes to the vesicle
form factor. Full parameter list can be found in Table S1
(Supporting Information).
The following major differences are visible and inform about

the substantial impact of the alcohol insertion. First, because the
SANS data are very sensitive to the vesicle lamellarity, it is
observed that, while the capric acid vesicles are always
unilamellar, the C10 mix presents a fraction of bilamellar
vesicles (BLVs). Although the extrusion performed in this
experiment could have interfered with the capability to form
multilamellar structures in both samples, the data suggest a
higher propensity of the latter (C10 mix) to form membrane
stacks. This will be further confirmed also on non-extruded
samples, as discussed in the next section.
The observed bilamellar vesicles differ substantially from

ordinary phosphatidylcholine (PC)MLVs for what concerns the
water layer thickness (11.8 nm for the C10 mix, Table 1)
between the lamellae, and their characteristics resemble more
the typical values found at maximum swelling for charged lipids
in pure water,29 while for PC lipids, the water layer thickness is
usually within 2−3 nm (DMPC, DPPC, DOPC, and
POPC).26−28

As another main difference in the pure capric acid solution,
according to the fit to the data in an absolute scale, we find that
only∼30% of the FA contributes to the vesicle form factor, even
close to its pKa. This gives a second piece of indirect evidence
about the fraction of the FA (∼65−70%) that remains in
solution as monomers or self-assembled into micelles. For the
C10 mix sample, we observe that the totality of the lipids (i.e.,
both the capric acid and the decanol) assemble into vesicles.
We conclude that the addition of alcohol brings many

consequences on the vesicle self-assembly other than what has
been found previously (namely, the decrease in the FACVC and
the broadening of the pH range of vesicle existence as observed
in refs 7 and 18). The totality of the FA/alcohol mixture
assembles into vesicles and leads to bigger, and in some cases
multilayered, structures. No sign of micelles or monomers in
solution (FA nor alcohol) is detected in the C10 mix as opposed
to the pure capric acid sample where only a small sample fraction
aggregated into vesicles.
Thermal Stability. The vesicle thermal behavior was

explored by means of differential scanning calorimetry (DSC,
solid lines in Figure 4) and DLS (symbols in Figure 4) to explore
membrane phase transitions (DSC) and follow vesicle
dimension evolution (DLS). For all the experiments in this
section, the pH levels of capric acid and C10 mix were set to 7.7
and 8.5, respectively. Because the focus here was to screen the
mean vesicle size with temperature and to detect the gel−fluid
membrane phase transition, the samples were extruded prior to
the experiments.
The DSC thermogram of C10 mix vesicles shows a first sharp

transition at 10.3 °C assigned to the gel−fluid membrane phase
transition and a second, much broader one, detected above 60

°C. This result is consistent with what was observed
previously.18 The latter transition, for T ≥ 60 °C, was
interpreted by ref 18 as a conformational micelle−vesicle
equilibrium change. Here, we additionally investigated pure
capric acid vesicles and observed a single sharp transition at 13.9
°C but no sign of a second broad one.
For this reason, the high-temperature broad transition does

not seem linked to a vesicle−micelle equilibrium shift as
previously proposed.
The capric acid sample is in fact the only one giving evidence

for the presence of micelles (observed directly in our DLS data
and indirectly in our SANS data as a lack of the expected vesicle
signal, Figure 2 and Table 1). Furthermore, our DLS data versus
T (Figure 4, symbols) show a corresponding, steep increase in
the mean vesicle radius occurring at the same temperature and
only for the C10 mix. This, together with the marked difference
with the pure capric acid vesicles, suggests that the observed
high-temperature effect is an alcohol-triggered phase transition
toward bigger macrostructures.
The thermal behavior of the samples was also addressed by

performing solid-state (ss) 2H NMR and SANS as a function of
temperature for capric acid and C10 mix water dispersions. In
this case, the samples were not extruded to avoid interferences in
the sample lamellarity. ssNMR was used to bring quantitative
structural and dynamic information about the dispersions, as has
been accomplished long ago on liquid-crystal-like assemblies
such as biological membranes, lipids, colloids, and surfactants
dispersed in water.30−32 In our case, perdeuterated capric acid
was used in order to probe the membrane dynamics
(experimental details and ssNMR data analysis can be found
in the Supporting Information, Figure S3 and Table S2). Figure
5 shows some wide-line spectra recorded for a few temperatures
for capric acid and C10 mix water dispersions.
In the capric acid data (left of Figure 5), an isotropic, very

intense Lorentzian line dominates most spectra from 0 to 80 °C
indicative of small-sized objects (1−100 nm) tumbling very fast
compared to the ssNMR time scale.33 Close attention to the
spectrum at 0 °C allows detection of a so-called “powder” (non-
oriented) pattern indicating that slowly tumbling much larger

Figure 4. Left axis: resulting Rh found from fitting the DLS auto-
correlation functions at a fixed angle (90°) as a function of the
temperature for the pure capric acid at 80 mM (black squares) and C10
mix at 80mM (red circles). The additional dataset collected for the C10
mix in the range 0−20 °C proves that there is no effect of the gel−fluid
phase transition in the vesicle size, as expected. Right axis: DSC
thermograms of the same samples (red and black lines).
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objects (microns to submicron size) are also identified. At the
other temperatures, there is no sign of large objects in the capric
acid sample.
Conversely, in the case of the C10 mix (right set of curves in

Figure 5), the coexistence of broad powder patterns and
isotropic lines is observed at all temperatures, and the latter are
much less abundant as was the case in the former sample. This
points again toward a higher propensity of the alcohol-enriched
vesicles to maintain the big multilayer structures. The

hydrophobic bilayer thickness (bH) at T = 20 °C, calculated
from the NMR spectral simulations assuming no chain
interdigitation, was bH = 2 × Lchain = (1.66 ± 0.08) nm (Table
S3, Supporting Information). This value is slightly lower than
the one found from SANS fitting, b = (2.0 ± 0.1) nm (Table 1
and Table S1, Supporting Information), and the discrepancy
may reflect twice the size of the small FA headgroup, (b− bH)/2
= (2.0−1.66) nm/2 ≈ 0.17 nm.
Finally, the spectrum of the C10 mix at 80 °C (hence above

the conformational transition seen at T ≥ 60 °C, Figure 4)
shows an oriented-like pattern (bilayer normal perpendicular to
the magnetic field of the spectrometer). Returning to 50 °C
shows the same but a wider oriented-like pattern, which differs
considerably (the isotropic line is absent) from that observed on
increasing temperature. Returning further to 0 °C shows a
superimposition of the powder pattern and isotropic lines with,
however, a lower proportion (Figure S5, Supporting Informa-
tion). This clearly indicates a hysteresis related to the thermal
history of the sample, suggesting intense thermally induced
sample reorganization.
We questioned whether the addition of decanol triggered a

transition from a lamellar to a non-lamellar phase, e.g., hexagonal
or cubic, as this can growwith a preferential direction and lead to
NMR spectra such as the one observed for the C10 mix at 80 °C
(inverted phases being improbable because of the low
amphiphile concentration used). For that, we performed
SANS experiments on the same samples.
At high (D2O) contrast, SANS is extremely sensitive to the

presence and dimensions ofMLVs and ULVs (LUVs and SUVs)
and to small spherical or elongated micelles as their dimensions
are within the q range of interest in this study (1.5 × 10−3 to 0.6

Figure 5. 2H19-ssNMR spectra of 2H19-capric acid 350 mM (left) and
2H19-capric acid/decanol 350 mM (right) water dispersions (94 and
95% hydration, respectively) as a function of temperature, from bottom
to top, on increasing the temperature from 0 to 80 °C and cooling back
to 50 and 0 °C. Gray solid lines show details of the baseline by
multiplying the vertical scale by 20 (left) and 5 (right).

Figure 6. SANS curves collected on D16 at different temperatures, shown in the representation ln(I × q2) vs q, to highlight the presence of membrane
correlations. Left: capric acid sample at 350 mM. Right: C10 mix sample at 350 mM. Arrows show the first two orders of the observed lamellar phase
structure factor S(q).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02258
Langmuir 2020, 36, 13516−13526

13521

48 R E S U LT S



Å−1, which corresponds in real space to dimensions of 420 to 1
nm). The multilamellar structures can be studied following the
correlation between the adjacent membranes (given by the static
structure factor S(q)).34 For instance, the relative position
between the oscillation’s maxima, observed as broadened peaks
in the SANS curves, will differ for lamellar (positions n, 2n, 3n...,
n being the order) or hexagonal (n,√3n, 2n...) phases.35 Thus,
this represents a convenient way to distinguish between lamellar
and non-lamellar phases.
Additionally, even in the cases where there is no phase

ordering and the correlations are absent (so that S(q) = 1 over
the entire q range and no structure peak is observed), it is still
possible to distinguish, from the decay of the curves
(representing the form factor P(q)), between planar lamellae
and solid cylinders, characteristic of elongated micelles (the
hexagonal phase “building blocks”, diluted and free to move in

solution).36 The planar lamellae would decay with a∼q−2 power
decay, while for cylinders, the decay would follow a ∼q−1 decay.
The SANS curves were collected for both the capric acid and

C10 mix samples as a function of temperature in the range 7−80
°C (Figure 6). All the curves show a decay close to a q−2 power
decay, indicating the presence of vesicles. The capric acid
vesicles (left plot of Figure 6) possess a correlation peak at q =
(1.8 ± 0.1) nm−1 that corresponds to a d-spacing of (3.4 ± 0.1)
nm. This correlation disappears at 16 °C, and no other
correlation is visible at higher temperatures. From 16 to 43 °C,
the curves are identical. From 52 °C onward, a change is
observed in the low q region. Remarkably, the fits performed on
the capric acid curves for T≥ 16 °C show the need to consider a
model of vesicles coexisting with micelles to properly reproduce
the experimental data (Table S4, Supporting Information). In
Figure 7, some of the fits are shown, as well as the normalized

Figure 7. Left: examples of fits performed on the capric acid SANS data from D16. The error bars are displayed every five data points. Middle: plot of
the vesicle and micelle contributions and their sum for T = 61 °C. Right: respective fraction of vesicles and micelles.

Figure 8. Left: C10 mix SANS curves collected on D16, zoomed around the first lamellar correlation peak, in the representation q2 × I/I0 vs q − q0 to
highlight the first- and second-order lamellar peak broadenings upon heating. Some of the curves at low temperature were skipped for clarity. Right:
corresponding d-spacing of the swollen C10 mix phase as a function of T.
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respective fraction corresponding to each species (Figure 7, right
panel). At T ≤ 35 °C, ∼85% of capric acid contributes to the
vesicle signal while∼10% goes into micelles. When T≥ 35 °C, a
steep decrease in vesicle amount is observed followed by a
concomitant increase in the micelle signal. The sum of the two
components also goes slightly down with the temperature
increase, probably due to FA solubilization.
Upon cooling back to 20 °C, the proportion of micelles and

vesicles is recovered (micelle/vesicle ratio: 10% before heating,
12% after cooling back), but the total amount of self-assembled
material is diminished, which may be a sign of the occurrence of
some phase separation. Finally, cooling down to 8 °C causes the
complete recovery of the correlation peak (data not shown).
On the other hand, the correlation peaks observed in the C10

mix (right plot of Figure 6) show that the sample is biphasic at a
low temperature (7 °C): the first phase has a correlation at q =
(0. 7± 0.1) nm−1 (d-spacing of (9.4± 0.1) nm), the second at q
= (1.70 ± 0.1) nm−1 (d-spacing = (3.7 ± 0.1) nm). Since the
second-order peaks are visible for both correlations at 2 × qi, we
are in the presence of two coexisting lamellar phases. Above 10
°C, only the swollen phase is visible, at q = (0. 7± 0.1) nm−1 (d-
spacing = (9.4± 0.1) nm). The gel−fluid phase transition of the
C10mix, occurring atT = 10 °C (DSC thermogram of Figure 4),
can explain the slight decrease (∼0.5 nm) in the d-spacing of the
swollen phase from 7 to 30 °C as a thinning of the bilayer upon
melting (Figure 8, right). Remarkably, the d-spacing decrease in
Δd = (0.42 ± 0.03) nm from 7 to 20 °C is in extremely good
agreement with the decrease in hydrophobic bilayer thickness
(ΔbH) as calculated from the NMR spectral simulations, ΔbH =
(0.44 ± 0.11) (Supporting Information). Approaching the
second phase change (above 50−60 °C), the membrane phase
undergoes a fast swelling (now due to the water layer thickening
between membranes) seen as a shift of the correlation toward
lower q until disappearance. This effect was observed in the
literature and referred to as an unbinding transition.29,37 Both
the C10 mix curves at the highest temperature T = 78 °C and
after cooling back to T = 20 °C fit extremely well with a bilayer
form factor, with an ∼q−2 decay (Figure 9 and Table S5,
Supporting Information). This decay is much different from the
one that would be observed in the case of elongated cylindrical
micelles, with an ∼1 nm radius (plotted as a gray dashed line in
Figure 9). These results indicate that the high-temperature
structure of the C10mix samples is still a unilamellar membrane.
Interestingly, the two fitting results differ slightly in the bilayer
thicknesses (1.8 nm at 85 °C and 2.1 nm at 20 °C, uncertainty
0.1 nm) and their polydispersity (0.27 at 85 °C and 0.15 at 20
°C).
These are in line with the consideration that the molten

amphiphiles’ chains allow a wider range of bent/kinked
configurations at higher temperatures. Most importantly, no
scaling factor is required to fit the two curves, which means that
no amphiphile solubilization or disaggregation happens while
the temperature is increased unlike with the pure capric acid
where progressive solubilization takes place (Figure 7).
The experimental results lead toward a high-temperature,

alcohol-triggered phase transition occurring above T = 60 °C
that leads to bigger structures still possessing a bilayer (Figure
9), which are oriented upon application of a magnetic field
(Figure 5). Furthermore, the alcohol addition stabilizes the
membrane by preventing a temperature-induced vesicle
dissolution into micelles.
Our data confirm that the decanol addition has a marked

stabilizing effect on the membrane at ambient temperature. In

addition, we found additional measurable differences in the
amphiphile behavior that complement the previous findings,7,18

such as

• a marked increase in the vesicle amount at the expense of
micelles (Figures 2 and 3 and Table 1) and

• a higher propensity to form bigger and multilamellar
vesicles (Figure 3).

Apel and co-workers7 interpreted the stabilizing effect of the
alcohol, for the vesicle self-aggregation at ambient temperature,
in terms of hydrogen bonding. In particular, they measured
quantitatively that the aggregates of ionic FAs−alcohols (giving
vesicles) are thermodynamically more favorable than the FA
hydrogen bonds with water that induce micelle formation or
favor monomers in solution. This interpretation can explain our
observed increase in the vesicle population at the expense of the
micelles. However, this does not explain the higher propensity to
form bigger and even multilamellar structures. Our data imply
that the alcohol must also affect considerably the amphiphile-
packing parameter.38 Supposing the intrinsic geometry of the
ionic FA as conic (because of the electrostatic repulsion of the
anionic headgroups), the hydrogen bond with a neutral FA
molecule leads to a geometry that is approaching the cylindrical
one and therefore can allow for the formation of flat or low
curvature aggregates like vesicles. Nevertheless, it is the ionic
FA−alcohol aggregates that lead most effectively to a cylindrical
intrinsic geometry so that planar structures are more easily
formed andmuch bigger multilamellar vesicles can be produced.
It is in the thermal behavior that the two systems, differing by

the presence of the alcohol, show the most remarkable
distinctions, and some of them are found in the low temperature
region. As shown in Figure 6, we observe for the capric acid at T
< 16 °C a single lamellar phase with a d-spacing = (3.4± 0.1) nm
at a much lower value than that expected for the membrane
correlation in anMLV. On the other hand, atT < 11 °C, the C10
mix shows a coexistence of such a collapsed phase (with slightly
different d-spacing = (3.7 ± 0.1) nm) with the expected MLV

Figure 9. Fitting to the SANS curves obtained on D16 for the C10 mix
at 78.2 °C and cooled back to 20.1 °C, each with a bilayer model. The
error bars are displayed every five data points for clarity. The black
dashed line shows themodel of a system of elongatedmicelles with a 1.0
nm radius and 100 nm length. The black straight lines show the q−1 and
q−2 decay behaviors. Models considering vesicles or hollow cylinders,
with core radius R > 20 nm, could fit equally well the data in this q
region.
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swollen phase (d-spacing = (9.4 ± 0.1) nm). We interpret the
occurrence of the collapsed phase as the probable crossing of the
corresponding FA Krafft temperature (Figure S6, Supporting
Information), known as the temperature below which the
surfactant solubility is below its critical micelle concentration
(CMC), causing flocculation. Therefore, the observed transition
at a low temperature of the capric acid (with its effect visible in
the data in Figures 4−6) is due to the flocculation/solubilization
(as monomers or assembled into small vesicles/micelles) rather
than to a gel−fluid membrane transition. The coexistence
observed in Figure 6 (right) indicates that the decanol has the
effect of partially preventing flocculation so that anMLVphase is
still present with the amphiphiles in the gel phase so to give a
thicker membrane (lowest temperatures in Figure 8 right).
Upon chain melting at T ≥ 10 °C, the d-spacing decreases
slightly (≤0.5 nm) due to a decrease in the bilayer thickness
when crossing the gel−fluid transition, as also observed in ref 17.
From T = 30 °C, the solvent-induced swelling becomes more
important, and d-spacing starts to increase.
Most importantly in this study, the mixture containing

decanol undergoes a high-temperature phase transition, not
observed in the pure FA system, which leads to much bigger
(Figure 4), orientable (Figure 5), yet still bilayer (Figure 9)
structures. High temperatures also have the effect of causing an
unbinding transition of theMLV swollen phase (T≈ 65−70 °C)
that leads to unilamellar membranes (Figures 6 and 9) only
observed in the case of the C10 mix.
The peculiar oriented-like spectral shapes observed with

NMR at 80 and 50 °C (Figure 5) have already been observed for
bilayer micelles (bicelles) when the system is under the form of
small lipidic discs that align as a nematic phase in the magnetic
field.39−41 It has been also observed for the model and natural
membranes (MLVs) that are deformed by magnetic fields.42,43

This happens when the elastic energy maintaining the vesicles
with an average spherical shape is lower than the magnetic
energy.43 In such a situation, the vesicle is deformed as a prolate
ellipsoid along the magnetic field direction, the elastic modulus
of the membrane being orders of magnitude lower than that of
classical plasma membranes, which are not affected by magnetic
fields. Because vesicles are being detected with neutrons, we
favor the latter explanation. As pointed out by the work of
Dazzoni et al.,43 the extent of the huge deformation observed
here (long axis/short axis ratio ≈ 8−10, see Supporting
Information) is directly proportional to the vesicle size.
Therefore, the observed high-temperature transition that leads
to bigger structures has likely favored the occurrence of such
deformation. Nevertheless, the membrane packing of the C10
mix vesicles is also stable at the highest measured temperature
(Figure S4, Supporting Information).
Taken together, these results point toward the appearance of

large, unilamellar vesicles at T ≥ 60 °C formed by fusion of the
vesicles existing at a low temperature. This interpretation is
supported by the observed vesicle mean size increase (Figure 4),
theMLV unbinding to give unilamellar vesicles (Figure 6, right),
and the decrease in the small (< 100 nm) vesicle fraction until
complete disappearance (Figure 5, right and Figure S5, Supp.
Info). The second high-temperature broad transition observed
in the DSC thermogram of the C10 mix (Figure 4) is therefore a
result of such a fusion process rather than a shift of the
equilibrium between vesicles and micelles as previously
reported.18

We note that the occurrence of this high-temperature
conformational transition has probably been observed with its

effect in previous studies, although not directly identified: (i)
Jordan and co-workers,14 by studying a different system made
with mixtures of C10−C15 FA/alcohols at strongly alkaline pH,
high salt concentrations (NaCl, MgCl2, CaCl2), and high
temperature T = 70 °C with confocal microscopy, observed in
several cases the occurrence of big elongated structures, where
“the filaments appeared to be composed of chains of individual
vesicles”. Although on different systems and in non-equilibrium
conditions (the sample stage was not heated during measure-
ments), their observation could be the effect of the high-
temperature transition described here. Although we observed
oriented structures with ssNMR at a high temperature, which
could be because of an elongated shape of the bilayer structures,
we could not conclude whether the orientation or also the
deformation itself was triggered by the static magnetic field of
the spectrometer. For this reason, we refer to the high-
temperature products as large unilamellar vesicles with a not
necessarily spherical mean shape that is not the focus of the
present study. (ii) Mansy and Szostak16 examined a mixture of
capric acid/decanol in a 2:1 ratio by measuring the vesicle
capability to retain encapsulated oligonucleotides as a function
of temperature. They observed the occurrence of material
leakage above 50−60 °C. In view of our results, we can argue
that the observed leakage may not be due simply to a sudden
increase in the protomembrane permeability but a consequence
of themorphological changes happening above that temperature
threshold: the conformational transition and, perhaps more
importantly in this case, the unbinding transition of the
bilamellar vesicle fraction (probably present as the experimental
buffer/pH/extrusion size conditions were the same as in our
study). From this perspective, the actual permeability of the
model protomembrane may still be sufficiently low even at
higher temperatures, thus additional studies are required to
address this point taking into account the MLV unbinding
transition and the vesicle fusion processes that we identified.
The occurrence of this transition at T≥ 60 °C could appear as

unfavorable in terms of the C10 mix stability at the highest
temperatures, the focus of our study given the implications for
the origin of life. The pure FA vesicles, although less stable at
room temperature, would not undergo the high-T transition and
hence appear more thermostable after all. Nevertheless, our
results (Figure 7) show that the temperature increase induces a
partial vesicle disassembling in the pure capric acid that leads to
a higher amount of micelles. Conversely, in the C10 mix, no
vesicle-to-micelle transition is observed, and the bilayer
structuring (probed by SANS) and packing (probed by NMR)
are preserved at the highest temperatures. Therefore, rather than
protomembrane disruption, solubilization, or micellar aggrega-
tion, the high temperature triggers the fusion of the small
vesicles assembling in favor of large unilamellar bilayered
structures.

■ CONCLUSIONS
In summary, we found that the addition of same-length fatty
alcohol to a short-chain C10 fatty acid suspension in an
equimolar ratio leads to several substantial effects. It improves
the vesicles’ stability at room temperature at the expense of the
other amphiphile states (micelles and free monomers). It
partially prevents the vesicles from undergoing flocculation at
temperatures lower than the expected Krafft point of the fatty
acid. Most importantly, it triggers a high-temperature conforma-
tional change atT≥ 60 °C that leads to vesicle fusion with stable
membranes at temperatures as high as 80 °C, the highest
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investigated in this study. On one hand, this sets a warning on
the interpretation of the results from all experiments of this kind
(i.e., whether what is observed correlates with the occurrence of
such phase transition at high temperature). In addition, as a
perspective relevant to the origin of life, it sets the basis for
further studies: namely, whether such a transition could serve as
a prebiotic mean of solute exchange between different vesicles.
This would set a milestone in our understanding of processes
related to the origin of life.
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Supplementary Information

Materials and methods

Form factor models used for SANS data analysis

The following form factors models were used for the fittings (and summed with each other when 

needed):

1. Unilamellar vesicle 1

(5)𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒
𝛷

𝑉𝑠ℎ𝑒𝑙𝑙[3𝑉𝑐𝑜𝑟𝑒(𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ― 𝜌𝑠ℎ𝑒𝑙𝑙)𝑗1(𝑞𝑅𝑐𝑜𝑟𝑒)
𝑞𝑅𝑐𝑜𝑟𝑒

+
3𝑉𝑡𝑜𝑡(𝜌𝑠ℎ𝑒𝑙𝑙 ― 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑗1(𝑞𝑅𝑡𝑜𝑡)

𝑞𝑅𝑡𝑜𝑡 ]2
+𝐶

with  the shell volume fraction, V the volumes of the core of shell or the overall vesicle ( ), R 𝛷 𝑉𝑡𝑜𝑡

the radii, ρ the neutron scattering length densities of solvent and shell,  𝑗1(𝑥) = (𝑠𝑖𝑛𝑥 ― 𝑐𝑜𝑠𝑥) 𝑥2

the spherical Bessel function, C the flat background level.

The fitting parameters are therefore the following:

- : determined from the sample preparation and always fixed;𝛷

- scale: as the curves are in absolute scale, if all sample having volume fraction  contributes to the 𝛷

vesicle form factor, then scale = 1;

- background;

- : calculated from  and using tabulated values for the neutron coherent scattering 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝜌 =
∑𝑁

𝑖 = 1𝑏𝑖

𝑉

lengths bi of the atoms in the solvent (buffer and D2O), always fixed for the fittings;

- : same as for , calculated from the sample molecules and always fixed;𝜌𝑠ℎ𝑒𝑙𝑙 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡
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- ;𝑅𝑐𝑜𝑟𝑒

- bilayer thickness = ;𝑅𝑡𝑜𝑡 ― 𝑅𝑐𝑜𝑟𝑒

- radius polidispersity, assuming a Shultz distribution;

- thickness polidispersity, assuming a Gaussian distribution.

2. Multilayer vesicle (used for bilamellar vesicle populations)

(6)𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒
𝛷(𝜌𝑠ℎ𝑒𝑙𝑙 ― 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

𝑉𝑠ℎ𝑒𝑙𝑙
∑𝑁

𝑖 = 1[3𝑉(𝑟𝑖)sin (𝑞𝑟𝑖) ― 𝑞𝑟𝑖cos (𝑞𝑟𝑖)
(𝑞𝑟𝑖)3 ―

3𝑉(𝑅𝑖)sin (𝑞𝑅𝑖) ― 𝑞𝑅𝑖cos (𝑞𝑅𝑖)
(𝑞𝑅𝑖)3 ]2

+𝐶

with ri the solvent radius before shell I, Ri the shell radius for shell i. The fitting parameters are 

analogous as in the unilamellar vesicle model, except that it is normalised for the vesicle volume 

fraction (core + shell) and for the additional parameters:

- solvent thickness = ri - Ri-1;

- N: number of shells, fixed to 2 for the bilamellar vesicles.

3. Sphere 1 (used for micelle populations)

(7)𝑃(𝑞) =
𝑠𝑐𝑎𝑙𝑒

𝑉 [3𝑉(𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ― 𝜌𝑠𝑝ℎ𝑒𝑟𝑒)(𝑠𝑖𝑛(𝑞𝑟) ― 𝑞𝑟𝑐𝑜𝑠(𝑞𝑟))

(𝑞𝑟)3 ]2
+𝐶

used to model spheres with uniform neutron scattering length density , radius r and volume 𝜌𝑠𝑝ℎ𝑒𝑟𝑒

V. Free fitting parameters:

- scale: sphere (micelle) volume fraction;

- r : sphere radius.

Vesicle stability at ambient temperature

Figure S1 shows the SLS data obtained for the Capric acid and C10 mix samples, respectively, presented 

as Guinier plots log(I) vs. q2. The expected linear behaviour according to Eq. (2), assuming 

monodisperse scatterers, is observed for the Capric Acid only at the highest measured concentration 

and pH 7.8; conversely, the C10 mix curves are well described by the Guinier approximation over the 

whole measured q range, with the only exception of the lowest concentration 20 mM. This is an 

indication that the alcohol addition broadens extensively the vesicle domain (in pH and amphiphile 

concentration), in agreement with the previous observations 2,3. 
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For the cases where the Guinier approximation was satisfied, we found for the gyration radii the values 

Rg = (45.1 ± 0.6) nm for the Capric acid 80 mM and Rg = (46.7 ± 0.9) nm for the C10 mix 80 mM.
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Figure S1. Static light scattering intensities, at different concentrations and pH. Left: Capric acid. Right: C10 

mix. The y scales refer to the curves at 80 mM and pH 7.8 and 8.1, respectively, while all the other curves are 

shifted for clarity. The solid lines are linear fits performed in all the cases where the Guinier approximation was 

satisfied.

We verified whether there was an effect of the concentration and pH in the C10 mix Rg values. We 
found the following values:

- 80 mM: (46.7 ± 0.9) nm,

- 60 mM: (58.9 ± 0.8) nm,

- 40 mM: (55.2  ± 1.0) nm,

- pH 10 80 mM: (34.6 ± 0.4) nm,

- pH 11.5 80 mM: (41.0 ± 0.4) nm.

Although small, these results show possible dependencies of the C10 mix Rg with the sample 

concentration and pH. Nevertheless, the concentration of 80 mM was the only one where a satisfactory 

Guinier regime could be detected with the Capric acid (as pointed out in Figure S1, see also how the 

Capric acid data at 80 mM have a factor 10 less intensity). This motivated our use of the concentration 

80 mM for full consistency between the two samples.

Additional detail about the vesicle stability at 25 °C is provided by the DLS measurements. DLS at the 

highest measurable angle 150° permits to see a possible indication of micelle presence as traces in the 

case of the pure Capric acid samples at high pH or low concentrations. In fact, assuming two populations 

of different sizes moving by Brownian diffusion, each decay constant Γvesicle and Γmicelle (one per 

population) will follow the law Γ = D q2. For this reason, going to the highest possible q value will 

allow Γvesicle and Γmicelle to be most different as possible, hence easier to be disentangled. 
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As presented in the main article, the Capric acid data at high pH requires the use of a two-population 

fitting function, while this is not the case for the C10 mix, where a single population is always sufficient.  

Figure S2 shows the correlation functions and relative fits for pH 8, where the large majority of vesicles 

allows both samples to be fitted with a single population. 

1E-5 0.01 10 10000
0.0

0.1

0.2

0.3

1E-5 0.01 10 10000
0.0

0.1

0.2

0.3

 Capric pH 7.8
 fit

co
rr

el
at

io
n

time (ms)

0.001 0.01 0.1

0.3

 C10 mix pH 8.1
 fit

time (ms)

0.01 0.1

0.3

Figure S2. Dynamic light scattering correlation curves taken at the highest scattering angle 150°, at high pH 7.8 

and 8.1 respectively, and corresponding zooms on the short correlation times. Left: Capric acid; right: C10 mix. 

The solid lines are fits to the data as described in the “Experimental” section.

By using the Stokes-Einstein relation (Eq. 3) to determine the corresponding hydrodynamic radii Rh, 

we find the following values: (43.4 ± 0.4) nm for the Capric acid and (60.7 ± 0.6) nm for the C10 mix. 

SANS experiments at 25 °C (Figure 3 in the main text) allowed ensuring that the observed “particles” 

observed with SLS-DLS were actually bilayered vesicles (hollow spheres). The curve of Capric acid 

sample was fitted with a Unilamellar Vesicle model. Conversely, the C10 mix sample was fitted with a 

Unilamellar vesicle model and a fraction of bilamellar vesicles. The full set of parameters (fixed and 

free) are shown Table S1. As the extremely low errors for the parameters did not take into account 

parameter correlations, an uncertainty of 0.1 nm = 1 Å was considered everywhere in the text. For the 

same reasons, the computed Χ2 should be considered as relative estimation of the fit quality.
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Table S1: Parameters from fitting of the SANS curves at ambient temperature.

Capric acid C10 mix

q range (Å-1) 0.0013 – 0.56 0.0013 – 0.56

scale 0.34 ± 0.01 1 (fixed)

ULV ULV BLV

population fraction 1 (fixed) 0.60 ± 0.01 0.40 (bound to ULV 

fraction: 1-0.60)

sample scattering length 

density (SLD) (*10-6 Å-2)

0.22 (fixed) -0.04 (fixed) -0.04 (fixed)

solvent SLD  (*10-6 Å-2) 6.24 (fixed) 6.24 (fixed) 6.24 (fixed)

shell volume fraction 0.0158 (fixed) 0.0155 (fixed)

vesicle volume fraction 0.0599 (fixed)

core radius (Å) 280 ± 1 383 ± 1 92 ± 1

shell thickness (Å) 18 ± 1 20 ± 1 20 (bound to ULV 

thickness)

solvent thickness (Å) 118 ± 0.2

radius polidispersity (PD) 0.35 ± 0.01 0.18 ± 0.01 0.62 ± 0.02

solvent thickness PD 0.29 ± 0.01

Χ2/Npts 38.5 50.1

Thermal stability

NMR Spectral simulations and order parameters

Wide-line solid-state NMR spectra were simulated by calculation in the time domain (as free induction 

decays) and then Fourier transformed. Individual components are built from experimental estimates of 

quadrupolar splittings ( ) and individual line-widths (line-width is considered constant throughout Δ𝜈𝑘
𝑄

the pattern). Small variations are allowed to match with sharp experimental features on spectra. An 

example of simulation performed is shown in Figure S3 and Table S2. For Capric acid containing a 

perdeuterated chain, weights for individual C-2H2 or C-2H3 depend on the number of deuterons per 
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labelled carbon position; the individual time dependent signals are then added accordingly leading after 

Fourier transformation to the multicomponent powder pattern spectrum. Such a simulation leads to 

individual quadrupolar splittings, , for labelled carbon positions, k, and subsequently to SCD order Δ𝜈𝑘
𝑄

parameters in bilayer membranes 4: , where  is the static coupling constant of 167 𝑆𝑘
𝐶𝐷 = 4Δ𝜈𝑘

𝑄 3𝐴𝑄 𝐴𝑄

kHz 5. Order Parameters can be used to calculate the average length of a hydrocarbon chain 6 (Table 

S3). 

Figure S3. Left: Experimental 2H-NMR spectrum of the 2H19-Capric acid:decanol (1:1) dispersion at 0°C (black 

solid line) and its simulated counterpart (red solid line). Right: simulated isotropic and powder pattern 

contributions with corresponding proportions.

Liposome deformation leading to non-spherical distributions of bilayer normals with respect to the 

magnetic field was taken into account by introducing in the simulation the ellipsoidal orientation 

dependence,  , where   is the orientation of bilayer normal with respect to the 𝑝(𝜃)~
𝑠𝑖𝑛2𝜃

𝑠𝑖𝑛2𝜃 +
𝑐
𝑎𝑐𝑜𝑠2𝜃

magnetic field direction and c and a the ellipsoid axes 7,8.

Table S2. Parameters necessary for the simulation as in Figure S3.

Powder pattern Isotropic line
Labelled 

Carbon 

Position

Quadrupolar 

Splitting 

(KHz)

Lorentzian 

Line width 

(Hz)

Number 

of 

deuteron

Proportion 

(%)

Quadrupolar 

Splitting 

(KHz)

Lorentzian 

Line width 

(Hz)

Proportion 

(%)

2 55.5 2000 2

3 55.5 2000 2

4 55.5 2000 2

60 ± 5 0 2000 40 ± 5
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5 52.5 2000 2

6 52.5 2000 2

7 49 2000 2

8 44.5 2000 2

9 33.5 2000 2

10 11.5 2000 3

c/a 1

The isotropic line is simulated with the same program with no quadrupolar splitting. The total spectrum 

is obtained by adding isotropic line and powder pattern in appropriate proportions in order to match the 

experimental spectrum. The simulation program for wide line spectra has been developed in FORTRAN 

code by E. Dufourc and implemented in a user-friendly graphical interface (Microsoft .NET) for 

Windows platforms by A. Grélard. This procedure has been applied to the acquired data and results are 

summarized in Table S3.

Table S3. Order parameters, 2H19-capric acid average chain length and prolate ellipsoid long-to-short axes ratio.

System 2H19-Capric acid 2H19-Capric acid:Decanol (1:1 molar)

Temperature 0°C 0°C 20°C 80°C 50°C return

Labelled Carbon 

Position, k

aSCD

2 -0.27 -0.44 -0.26 -0.098 -0.148

3 -0.27 -0.44 -0.26 -0.098 -0.148

4 -0.27 -0.43 -0.23 -0.098 -0.148

5 -0.26 -0.42 -0.23 -0.095 -0.142

6 -0.26 -0.40 -0.17 -0.093 -0.140

7 -0.25 -0.37 -0.11 -0.082 -0.132

8 -0.22 -0.25* -0.08 -0.070 -0.114

9 -0.17 -0.19* -0.05 -0.053 -0.088

10 -0.06 -0.09 -0.02 -0.016 -0.028

bSmol 1.0 1.0 0.7 0.7 0.7

cLchain (nm) 0.93 1.05 0.83 0.70 0.72
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dc/a 1.0 1.0 1.0 10.0 8.0

aObtained from spectral simulations as described above and calculated from splittings for orientations of bilayer normals at 90° to the magnetic 

field, using the equation . Assignment was performed by assuming a monotonous distribution of ordering along the chain for 𝑆𝑘
𝐶𝐷 = 4Δ𝜈𝑘

𝑄 3𝐴𝑄

fatty acid dispersions 9,10. Some positions could not be separated. Accuracy varies from 0.5% to 5 % for patterns of very low intensity observed 

at 0°C and 20°C. *Simulation very difficult for positions 7-10 due to the presence of a huge isotropic line, accuracy estimated to 50%.
bThe molecular order parameter, Smol, was taken = 1.0 for low temperatures and = 0.7 for ambient and high temperatures 6,11

cLchain was calculated from 6,11, accuracy ± 0.04 nm.
dEllipsoid long-to-short axes ratio from 7.

Figure S4. SCD order parameter profiles for various systems. A) 2H19-Capric acid:decanol (C10 mix with 

perdeuterated Capric acid) dispersion as a function of labelled carbon positions and temperature. 2  is |𝑆𝐶𝐷|

plotted to express ordering along the axis of motional averaging of the membrane, the bilayer normal. 2  = 1 |𝑆𝐶𝐷|

means complete ordering (i.e. no time and space fluctuations of C-D bond) whereas 2  = 0 indicates |𝑆𝐶𝐷|

complete disordering, as in liquids. B) Comparison of profiles near 0 °C (0 °C for Capric acid and C10 Mix and 

POPC membranes at 2 °C) 12. Lines serve as eye guides only.

Figure S4 (right plot) demonstrates that the order parameter profiles are very similar for Capric acid, 

C10mix and POPC (a model phospholipid membrane), near 0°C, i.e., a plateau of order parameters near 

the interface and a stepped decrease on going towards the bilayer center, characteristic of chain packing 

observed in biomembranes 6,11,13.

The fraction of isotropic signal has a very different behaviour for the Capric acid and the C10 mix 

systems (Figure S5). In the former, there is ≈ 70% of isotropic line at 0 °C, which increases to 100% at 

20 and 80 °C. The ≈ 70% percentage is recovered when the sample is cooled down to 0 °C, indicating 

complete reversibility of the process. 

The C10 mix shows instead an increase of the isotropic line until a maximum of 60% at 50 °C and is 

almost absent for 80 °C where the oriented-like pattern (bilayer normal perpendicular to the magnetic 

field) appears. Returning to 50 °C shows the same but wider oriented-like pattern, and the isotropic line 

is still absent. Returning further to 0 °C shows a superimposition of powder pattern and isotropic lines 
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with, however, a lower proportion. These data clearly indicate a hysteresis related to the thermal history 

of the sample suggesting intense thermally induced sample reorganization. 

Perhaps more interestingly, the C10 mix data show that the conformational transition occurring at T ≥ 

60 °C as shown in the main text, leads to a complete disappearance of all the species contributing to the 

isotropic line (monomers, micelles, small vesicles of size ≤ 100 nm). All the small structures fused 

together to form the observed large ellipsoidal vesicles.

Figure S5. Isotropic fraction of the two samples as a function of the temperature, accuracy ± 5%. 

Fitting of SANS data

Regarding the SANS experiments as function of temperature, the MLV d-spacing was calculated by 

fitting a Gaussian function with a linear background in the surrounding of the 1st correlation. We note 

that the resulting C10 mix MLV d-spacing = (9.4 ± 0.1) nm is significantly lower then what is found 

by fitting the data of the bilamellar vesicles (11.8 nm solvent thickness + 2.0 nm bilayer thickness = 

13.8 nm, Table 1 in the main text). This is likely due to the much higher concentration used in the 

thermal stability measurements (350 mM instead of 80 mM, SANS and ssNMR vs temperature). 

Nevertheless, the comparison is possible with the DLS and DSC data (Figure 4) and it is visible how 

the main features of the thermal behaviour are reproduced in both concentrations: the first transition at 

10 °C and the second one above 60 °C. For the Capric acid curves at T ≥ 16 °C (where no correlations 

were observed) the data were fitted with a sum of Unilamellar vesicle and a Sphere form factors (the 

latter accounting for micelle presence). The full list of fitting parameters is shown in Table S4. 
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On the other hand, the C10 mix curves at 85 °C and 20 °C, both taken after the unbinding transition 

occurred, were fitted with a Unilamellar vesicle form factor. We note that, considering the accessible q 

range of the instrument used in this experiment (2.6 * 10-1 < q < 5.3 nm-1), no information can be 

obtained about the size and shape of the vesicles, but only about the lamellar phase and partitioning (i.e. 

the fraction of sample contributing to the lamellar phase).  Table S5 shows the results.

Table S4. a) Fitted parameters for capric acid at 350 mM  SANS data as function of temperature, acquired in the 

range (2.6 * 10-1 < q < 5.3) nm-1; b) Parameters fixed during the fits.

a) Fitted parameters
Sample Micelle 

fraction

Vesicle 

fraction

Micelle radius Χ2/Npt

15 °C 0.09 0.86 13 22.7

20 °C 0.09 0.85 13 18.9

25 °C 0.09 0.85 13 19.0

30 °C 0.08 0.85 13 20.0

35 °C 0.08 0.85 12 22.4

40 °C 0.10 0.83 10 23.8

45 °C 0.14 0.78 9 26.1

55 °C 0.25 0.67 8 27.5

65 °C 0.35 0.55 8 25.4

75 °C 0.45 0.43 7 21.9

85 °C 0.57 0.27 7 31.2

20 °C (back) 0.10 0.76 13 27.7

b) Fixed parameters

total scale 1

solvent SLD  (*10-6 Å-2) 6.24

sample SLD (*10-6 Å-2) 0.22

vesicle shell thickness (Å) 18

64 R E S U LT S



11

vesicle core radius (Å) 250

vesicle shell volume fraction 0.069

micelle radius polidispersity 1

Table S5. SANS fitting parameters of C10 mix sample at 85 °C and after cooling back to 20 °C, respectively.

C10 mix 85 

°C

C10 mix 20 °C 

back

scale 1.03 ± 0.01 1.05 ± 0.01

sample SLD (× 10-6 Å-2) -0.04 (fixed) -0.04 (fixed)

solvent SLD  (× 10-6 Å-2) 6.24 (fixed) 6.24 (fixed)

shell volume fraction 0.068 (fixed) 0.068 (fixed)

core radius (Å) 227 ± 1 231 ± 1

shell thickness (Å) 18 ± 1 21 ± 1

thickness PD 0.27 ± 0.01 0.15 ± 0.01

Figure S6 plots the known Krafft temperatures of FAs with chain lengths from 12 to 18 carbons in 

presence of Na+ as counterion, as found from the literature 14,15, and the possible extrapolation to the 

chain length C = 10 assuming a linearity. The Krafft temperature of the Capric acid would be 5 °C < T 

< 15 °C, consistently with the appearance of the collapsed phase in the SANS data at 7 and 11 °C 

(Figure 6 in the text).
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Figure S6. Krafft temperatures according to Klein et al. 14  and Glukhareva et al.15 for FA chain lengths from 12 

to 18 Carbons. The lines are linear fits to each dataset, showing the extrapolated values for the 10 Carbon length 

(the Capric Acid).
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3.2.1 Article 2: Alkanes increase the stability of early life membrane
models under extreme pressure and temperature conditions

3.2.1.1 Foreword

Having defined the important role and consequences of the presence of de-
canol in mixture with decanoic acid, the next studies were devoted to explore the
effects of the alkanes in the model membrane. The first of the three works, that
were realized on this effect, explored the combined effect of temperature and hy-
drostatic pressure in the lamellar arrangement and amphiphile chain dynamics
of MLV systems.

The alkanes are found to decrease significantly the mean repeat distance (d-
spacing) of the MLV assemblies at all temperatures, perhaps because they affect
the collective dynamics of each shell (that is influenced by the thermal energy)
so that the membrane repulsion is lowered. Squalane showed the largest effect.
The d-spacing of the alkane-lacking sample is also significantly affected by the
pressure, which is not found in the samples containing the alkanes.

The internal membrane chain dynamics (probed in sub-nanosecond scale and
expressed in terms of hydrogen MSD) is also modified by the alkane (eicosane)
presence. This is especially visible at the highest measured temperature (T =
85 ◦C), where the average hydrogen dynamics is kept at significantly lower values
by the eicosane. Furthermore, the pressure dependence of the model lacking the
alkanes (already observed in the structural data) is also observed in the dynamics,
as well as the absence of pressure dependence in the sample with eicosane.

In this work, I designed the experiments and wrote the proposals to obtain
neutron beamtime on IN13 and syncrothron beamtime on I22 (Diamond Light
Source, UK). I prepared the samples, performed the experiments on IN13 and I22,
analyzed the results and wrote the paper.

The paper has been published in Communications Chemistry (Nature) (111).





ARTICLE

Alkanes increase the stability of early life
membrane models under extreme pressure and
temperature conditions
Loreto Misuraca 1,2, Bruno Demé2, Philippe Oger3 & Judith Peters 1,2✉

Terrestrial life appeared on our planet within a time window of [4.4–3.5] billion years ago.

During that time, it is suggested that the first proto-cellular forms developed in the sur-

rounding of deep-sea hydrothermal vents, oceanic crust fractures that are still present

nowadays. However, these environments are characterized by extreme temperature and

pressure conditions that question the early membrane compartment’s capability to endure a

stable structural state. Recent studies proposed an adaptive strategy employed by present-

day extremophiles: the use of apolar molecules as structural membrane components in order

to tune the bilayer dynamic response when needed. Here we extend this hypothesis on early

life protomembrane models, using linear and branched alkanes as apolar stabilizing molecules

of prebiotic relevance. The structural ordering and chain dynamics of these systems have

been investigated as a function of temperature and pressure. We found that both types of

alkanes studied, even the simplest linear ones, impact highly the multilamellar vesicle

ordering and chain dynamics. Our data show that alkane-enriched membranes have a lower

multilamellar vesicle swelling induced by the temperature increase and are significantly less

affected by pressure variation as compared to alkane-free samples, suggesting a possible

survival strategy for the first living forms.

https://doi.org/10.1038/s42004-021-00467-5 OPEN
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Over the last decades there has been a growing interest in
the field of the origin of life1–4. A number of strategies
were employed to explore its key aspects, e.g., the proto-

cellular compartmentalisation5,6 or the first genetic code self-
replication7–10, sometimes resulting in contradictory conclusions.
The compartmentalisation of cells, in particular, has been the
focus of a large number of studies11–16, because of the essentiality
of the cellular boundary to maintain the order in living matter.
These studies set the basis of the so-called “lipid world”5,6,17, in
which the formation of lipid material and the self-assembly into
vesicles are considered as key phenomena that led to the
appearance of life. Simple short-chain molecules with amphi-
philic behaviour, e.g., fatty acids and fatty alcohols, are considered
the most probable candidates as protomembrane building blocks.
The rationale for this lies in the anticipated Fisher–Tropsch-
driven prebiotic chemistry which likely formed such
molecules18,19, while the synthesis of phospholipid-like amphi-
philes would have required a much more complex chemical
pathway20.

In terms of chemical and physical environment, there is a
general consensus that life on Earth required important sources of
energy and thus potentially originated under extreme conditions:
some of the most accepted scenarios are the oceanic hydro-
thermal vents21,22 and the terrestrial hot springs23,24. Both
alternatives include very high temperatures (up to 100 °C) and,
for deep-sea hydrothermal vents, also high hydrostatic pressures
(HHP) (up to 800 bar). It is therefore crucial to include these
environmental constraints when studying possible proto-
membrane architectures.

The effects of high pressure on the proto-cell biochemistry
have been studied extensively25. Several recent reviews have
collected detailed information on the response of lipid assemblies
to HHP (bilayer thickness increase, changes in curvature, phase
transitions, interdigitation)26,27.

The role of HHP in modifying membrane characteristics, and
the possible adaptive strategies to counteract it, have been par-
ticularly investigated in the field of extremophiles28–30. Piezo-
philes, i.e. organisms which optimal growth occurs under HHP
conditions, have shown the capability to tune their membrane
composition in response to pressure and temperature changes of
the environment28, a process called homeoviscous adaptation.
Cario et al.28 also observed that such environmental stimuli affect

the amount of non-polar isoprenoid lipids (lycopene derivatives)
synthesised by the extremophiles, suggesting a structural role of
such molecules in the membrane structure. Similar apolar
molecules (squalane) have been proven to promote a lipid phase
separation31 in archaeal model bilayers as well as to trigger non-
lamellar phase formation at high temperature and high pres-
sure32. These studies show evidences of the impact of non-polar
molecules on the membrane’s physico-chemical characteristics
and response to extreme conditions.

However, most previous studies have been focussing on
HHP effects on phospholipid or archaeal lipid membrane struc-
ture and dynamics, while little is known about the more pre-
biotically relevant (single-chain amphiphile based) membrane
counterparts. Recently, Kapoor et al.33 have performed
pressure–temperature studies on vesicles prepared from a mixture
of decanoic (capric) acid and decanol (1:1 and 2:1 molar ratio),
which have much shorter chains of 10 carbon atoms length. They
found that both pressure and temperature can be used to mod-
ulate the fluidity and conformational order of such proto-
membranes, and proved the existence of stable vesicles up to
75 °C (at 1 bar) and 2500 bar (at 25 °C).

In the present project, we performed a structural and dyna-
mical study of multilamellar protomembrane vesicles as a func-
tion of both temperature and pressure independently, in the
ranges 20 < T < 85 °C and 1 < p < 1000 bar. The maximum values
of both variables are the conditions expected in the proximity of
the hot vents. The assemblies used were decanoic acid:decanol
mixtures (1:1 mol/mol), similar to the ones studied by Kapoor
et al.33, hereafter called C10 mix, which appear to be the most
promising in terms of vesicle stability34, in the presence of the
apolar molecule eicosane, the linear 20-Carbon alkane (2 mol% of
C10 mix), or squalane, similar length branched 30-Carbon alkane
following the hypotheses of Cario et al.28. The differences in the
membrane physico-chemical response have been measured and
compared in order to gather new evidences on the effect of alkane
insertion as a suitable adaptive response to extreme environ-
mental conditions (Fig. 1).

We found that the presence of the alkanes in the membrane
has a highly significant effect on the equilibrium inter-membrane
spacing of the multilamellar vesicles (MLVs), a sign of its likely
role in dampening membrane fluctuations at all temperatures.
Squalane showed the most pronounced influence on the MLV

Fig. 1 Protomembrane models. Sketch of the three protomembrane models investigated in this study. a C10 mix; b C10 mix+ 2% eicosane; and c C10 mix
+ 2% squalane. d Molecular structure and name of each compound used.
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membrane arrangement. We observed a clear effect of both
temperature and pressure in modulating the equilibrium MLV
structure in the C10 mix sample, while both alkanes make the
membrane less sensitive to pressure. Furthermore, the results of
the dynamical study are in line with what we found for the
structure modifications of the C10 mix with and without the
eicosane. The average hydrogen dynamics of the membrane tails
is significantly affected by temperature and pressure only when
the alkane (eicosane) is not included in the sample. Upon alkane
insertion, the mean hydrogen dynamics is lowered at all p–T
investigated, and it does not vary significantly even at the max-
imum measured values of T= 85 °C and p= 800 bar.

Our results show that apolar molecules, even simple pre-
biotically relevant linear alkanes as eicosane, have a clear impact
in modifying membrane characteristics and response to the
environment. These findings shed light on a possible strategy of
survival that could have helped the first living forms to cope with
harsh environmental conditions while lacking the modern com-
plex molecular tools, unavailable at the origin of life.

Results and discussion
Effects on membrane structuring. We first studied the depen-
dence of the MLV repeat distance (d-spacing) as a function of
temperature and pressure in order to obtain information on the
structural equilibrium rearrangements that are induced by the
environment. Figure 2 shows an example of small-angle X-ray
scattering (SAXS) curves obtained for the sample C10 mix+ 2%
squalane at ambient pressure (1 bar) at different temperatures. At
the lowest temperature T= 5 °C, two features are visible: a sharp
peak centred at q≃ 0.17 Å−1 (corresponding to a d-spacing of
≈37 Å) and a broader, swollen correlation peak centred at q≃
0.09 Å−1 (corresponding to a d-spacing of ≈70 Å). Details about
the pressure dependence of the two coexisting phases at T= 5 °C
can be found in the Supplementary Information (Supplementary
Note 1 and Supplementary Figs. 1–4).

We note that very similar correlations were observed in our
previous work on C10 mix MLVs (there in absence of alkanes)
measured with small-angle neutron scattering (SANS) (d ≈ 37 and
94 Å, respectively)34, and where imputed to the existence of a

swollen and a collapsed lamellar phases. The latter has been
interpreted as coming from a flocculated fraction of the sample
which melts above the decanoic acid Krafft temperature
(observed at T ≈ 10 °C)34. The Krafft temperature denotes the
temperature below which the surfactant solubility (in this case,
the decanoic acid) is lower than the critical micelle concentration,
so that no micelles or vesicles can form anymore and flocculation
occurs. Therefore, at T= 5 °C we are in the presence of a two-
phase system: one is the MLV phase, with weakly interacting
bilayers that leads to the broad correlation observed at lower q
(swollen phase); the other one, which can be thought as made of
microscopically phase separated aggregates, that gives a sharp
correlation in the scattering curve at higher q (collapsed phase).

The curve at T= 20 °C (Fig. 2) captures an intermediate state
where the melting of the collapsed phase is almost completed. At
T= 35 °C, one main correlation is observed at q≃ 0.08 Å−1 (the
second order can be detected at q≃ 0.16 Å−1 although weak). At
T= 50 °C, the correlation is further shifted to lower q and
broadened, hardly detectable by visual inspection. At T= 65 °C
one can only guess the position from the trend at low
temperature, and finally at T= 80 °C the correlation is completely
lost. This behaviour, with the position of the correlation shifting
to lower q until disappearing, is expected for MLVs that undergo
swelling upon temperature increasing, until unbinding35,36. In
our analysis, we calculated the d-spacing of the three samples at
T ≤ 50 °C only.

The data from the C10 mix sample at T= 20 °C and p= 10 bar
show a swollen, broad phase centred at q≃ 0.05 Å−1 (d-spacing ≈
122 Å) together with a small, thin correlation at q≃ 0.08 Å−1 (d-
spacing ≈ 75 Å) (Supplementary Fig. 4). The details and the
interpretation of such coexistence, observed at all temperatures
for this sample, can be found in the Supplementary Information
(Supplementary Note 1). In the following, we focussed our
investigation on the correlations related to the most swollen
phases, characteristics of the fluid and weekly interacting
membranes.

All curves for each p–T point were fitted in order to find the
average d-spacings, as discussed in the “Methods” section. The
results are plotted in Fig. 3 for the three samples measured. The
sample containing squalane at 20 °C is missing, because the still
ongoing melting of the collapsed phase did not allow a reliable fit
of the swollen phase correlation (as it can be inferred from Fig. 2).

A number of insights can be drawn from these results. First,
there is a clear effect of the alkane presence in the equilibrium
MLV d-spacing as a function of temperature. Both alkanes lower
the d-spacing significantly, with the squalane leading to the most
prominent shift. Second, there is also a clear effect of pressure on
the C10 mix sample in lowering the d-spacing. This is likely to be
a sign of the membrane fluid–gel transition, which has been
observed to occur at 10 °C at ambient pressure33,34. Here the
transition seems to happen from p≃ 300 bar at T= 20 °C in
agreement with Fourier-transform infrared (FTIR) measure-
ments (Supplementary Note 3 and Supplementary Fig. 6).
Assuming the linearity of the fluid–gel phase transition with
p–T variation, this leads to a shift of ≈3 °C/100 bar. This value is
similar with what has been observed with phospholipid
membranes (≈2 °C/100 bar)37. Following this relationship, the
phase transition of the C10 mix at T= 35 °C is expected at p ≈
800 bar, although our data do not allow to conclude unambigu-
ously. An analogous pressure effect is much less evident on the
C10 mix with eicosane (only a possible shift might occur at p ≃
800 bar at T= 20 °C) and squalane, where the d-spacing is
instead increasing slightly with pressure. Indeed, the synergistic
effect of pressure and temperature can lead to both kinds of
variations in d-spacing in relation with phase transitions, as
previously shown for the phospholipid DMPC38.

Fig. 2 Example of SAXS curves. SAXS curves obtained for the sample C10
mix+ 2% squalane at p= 1 bar. The errors are calculated by propagating
the errors of the 30 averaged frames (which come from Poisson
distribution). Most of the error bars are smaller than the symbol size. All
curves were vertically shifted for clarity.
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Effects on membrane dynamics. The difference between samples
missing or containing the alkanes was further investigated by
studying the mean hydrogen dynamics of the amphiphile chains
forming the membranes. The decanoic acid and decanol hydro-
philic groups (R-COOH and R-OH, respectively), being partially
ionised at the buffered pH conditions, will contribute with very
few hydrogens and therefore we can neglect their contribution.

Elastic incoherent neutron scattering (EINS) experiments were
performed on C10 mix with and without perdeuterated eicosane,
as a function of temperature and pressure. The use of
perdeuterated eicosane allowed ensuring that most of the
incoherent scattering signal was coming from the amphiphiles
in the membrane, the main object of our study.

The calculated mean square displacement (MSD) values (see
the “Methods” section) are plotted in Fig. 4 as a function of the
temperature and at the different pressure points. All MSD present
very high values what is typical for lipidic motions39.

The data show clear differences between the MSD of C10 mix
with and without eicosane at almost all pressure and temperature
values applied. The two samples start from similar MSD values at
25 °C and all pressure points. At the higher temperatures,
eicosane keeps the hydrogen MSD to a lower value close to the
one at T= 25 °C: this can be interpreted as the membrane
maintaining a higher rigidity compared to the pure C10 mix one.
Conversely, the C10 mix lacking the eicosane shows a more
pronounced increase in dynamics upon temperature increase,
with an effect that is inversely proportional to the applied
pressure.

These results are in line with what has been shown in our SAXS
data on C10 mix and C10 mix+ 2% eicosane samples (Fig. 3). In
fact, at high d-spacing, the dominating contribution responsible
for the water layer thickness is mostly given by the membrane
thermal fluctuations, while all short-range interactions are
negligible at such membrane separations. A stiffer membrane,
maintaining a lower MSD value as observed for the sample
containing eicosane in Fig. 4, will therefore lead to a shrunken

MLV and a smaller d-spacing (which is what is observed, see
Fig. 3a, b).

Additional insights can be obtained by performing a simple
linear fit to the MSD vs T data (solid lines shown in Fig. 4), in
order to obtain qualitative information about the pseudo-force
constant characteristic of the particular sample and pressure
employed, in a similar fashion as described by Zaccai40 for
protein dynamics. In this representation, the slope of the line,
namely du2/dT, gives an estimation for the pseudo-force constant
to be compared among the different samples and pressure points.
Note that, as the data of C10 mix at p= 10 bar show an important
but not linear increase in the dynamics, we performed a linear fit

Fig. 3 d-spacing vs p–T.MLV d-spacing of the three measured samples at all T–p points where a lamellar correlation was fitted. a C10 mix; b C10 mix+ 2%
h-eicosane; and c C10 mix+ 2% h-squalane. The errors are calculated by propagation of the fit parameter errors, as detailed in the main text.
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Fig. 4 Atomic mean square displacements. MSD for the two samples
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calculated by propagation from Isum, as detailed in the main text. Inset:
vertical zoom of the C10 mix+ 2% d-eicosane data.
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without including the T= 25 °C. Even with this strategy, the
strong increase in the dynamics at T= 85 °C is higher than what
is expected for a linear behaviour; therefore, the corresponding
pseudo-force constant value must be considered as an under-
estimation. All the slopes are compared and depicted in Fig. 5.

This representation allows for a clear differentiation between
the two systems: without eicosane, the du2/dT is significantly
affected by the applied pressure. Instead, the addition of the
alkane causes the membrane to become almost pressure
insensitive. This is in full agreement with what has been found
from the structural study by SAXS on the sample with and
without the eicosane (Fig. 3a, b). Note that the derivative du2/dT
is positive also on the eicosane including sample, which means
that the temperature still causes an increase in the MSD in this
sample, although of much lower extent as compared to the C10
mix (Fig. 5).

Taken together, these results show that the insertion of alkanes
inside model protomembranes, composed of short-chain amphi-
philes, has an important impact on the membrane structuring
and dynamics. In particular, both alkanes investigated in the
structural study (eicosane and squalane) lower the equilibrium d-
spacing of the MLVs and cancel the effects that are due to the
increase of hydrostatic pressure. Squalane leads to the biggest
effect on the structural MLV characterisation, which could
explain the findings of branched alkanes being used by modern
Archaea28 as one of the adaptive strategies when facing high-
pressure environments. Moreover, the dynamical study proved
that the eicosane decreases significantly the effects of HHP and
high temperature on the motions of the acyl chains in the
membrane.

The observed phenomenon, mediated by a small proportion of
alkane molecules, could help explaining how the first living forms
have survived the harsh thermodynamic constraints imposed
when considering one of the most currently accepted scenarios
for the origin of life (i.e. deep-sea hydrothermal vents). Such
strategy, for pressure enduring and desensitisation, could also be
used to readily explain how those systems could have afterwards
migrated from high-pressure environments towards ambient
pressure ones, leading to the biosphere as we know it nowadays.

Methods
Sample preparation. Sodium decanoate, 1-decanol, eicosane (hydrogenated and
perdeuterated), squalane, bicine buffer and D2O were purchased from Sigma
Aldrich (Merck). All products were used as received from the manufacturer, with

no further purification. The chemical and isotopic purity (CP–IP) of the used
compounds are the following:

sodium decanoate: ≥98% CP;
1-decanol: ≥98% CP;
h-eicosane: 99% CP;
d-eicosane: 98% CP; 98% IP;
h-squalane: 96% CP;
d-squalane: 98% CP; 98% IP;
bicine: ≥99% CP.

The samples were prepared by first mixing the decanoic acid and the decanol
(plus the eicosane/squalane, when needed) in bulk at the proper amount to obtain a
1:1 decanoic acid–decanol final molar ratio (plus 2% molar of the corresponding
alkane). Samples were then dissolved in a CHCl3 (Merck) solution to ensure
complete mixing, followed by drying under a flux of nitrogen until no evaporation
was observed. All samples were placed in a desiccator and left under vacuum
overnight. The samples, checked gravimetrically at each step of the preparation,
showed a loss of ≈5% that was imputed to a partial evaporation of the decanol34.

The bicine buffer was prepared at a concentration of 0.2 M in H2O for standard
experiments, and in D2O for the neutron scattering experiments. The D2O buffer
allowed to minimise the background due to the hydrogen incoherent neutron
scattering. In all cases, the buffer was filtered with a 0.2-μm millipore membrane
before use and titrated to pH/pD 8.5 with aliquots of NaOH/NaOD. When
adjusting the pD of the D2O solutions to 8.5, we used the formula pD= pH*+ 0.4
(ref. 41), where pH* is the value measured by an H2O-calibrated pH meter.

Previous work on decanoic acid:decanol systems33 has shown that, unlike the
vesicles made by decanoic acid that are heavily dependent on the solution pH, the
ones consisting of the decanoic acid:decanol 1:1 mixture (which we named C10
mix) are stable in a wide pH range (pH 6–12). Furthermore, the temperature-
dependent change in the pKa of bicine buffer is rather low (dpKa/dT=−0.018)42.
We have chosen pH (or pD) 8.5 so that the minor changes in the buffer pKa and
solution pH given by the temperature increase do not affect the vesicle stability.

The dried organic solutions were suspended in the corresponding buffer for the
neutron and X-ray experiments and vigorously vortexed for ≈1 min, leading to
final milky solutions. The sample concentration for the X-ray scattering
experiments was set to 350 mM, already employed in a previous work34 on C10
mix MLVs. For neutron scattering experiments, the concentration used was 100
mg/ml corresponding to ≈570 mM in order to obtain a sufficient signal-to-noise
ratio. For the complementary neutron scattering experiments, the samples were
prepared at 80 mM concentration. The three model membranes measured were:

1. C10 mix
2. C10 mix+ 2% (h/d) eicosane
3. C10 mix+ 2% (h/d) squalane.

All samples were measured once at each p–T point.

Small-angle neutron scattering. SANS experiments were carried out at the ILL
(Grenoble, France) using the D33 instrument43. Two detector distances (2 and 10
m) and an incoming beam of λ= 5 Å were used, corresponding to a range of
momentum transfers 0.004 < q < 0.5 Å−1. The sample suspensions, of 200 μL each,
were loaded in 1 mm quartz cells (Hellma, Germany) on a sample holder with
thermal regulation. All data were corrected for the scattering of the sample con-
tainer and the instrumental background. H2O was measured for detector efficiency
calculation and scaling to absolute units (cm−1). A flat background was subtracted
to account for the q-independent incoherent neutron scattering signal.

Small-angle X-ray scattering. SAXS experiments were performed on I22 at the
Diamond Light Source (Didcot, UK)44.

An automated high-pressure cell, adapted for SAXS experiments and available
as sample environment on the I22 beamline, was used45. The samples were loaded
into capillaries in 50 µl aliquots and sealed using a glued rubber cap. An empty
capillary measurement was performed for background estimation and subtraction.
For each acquisition, 30 frames of 2 s were collected and averaged afterwards to
avoid saturation of the PILATUS SAXS detector. Every sample was measured at 5
< T < 80 °C (with steps of 15 °C) and 1 < p < 1000 bar (with steps of 100 bar), for a
total of 66 p–T points. The scans were performed as isotherms, setting the desired
temperature, waiting 600 s for sample equilibration and measuring the first
pressure point. The sample was then brought to the successive pressure step, and a
5 s equilibration time was set before the new acquisition. The same was repeated for
all p–T points.

The I22 beamline at Diamond Light Source (Didcot, UK) is equipped with a fast
shutter that is used to make sure that the samples are only illuminated during the
short counting times and not during T–p changes and equilibration time. The 17
keV X-rays used for the high-pressure experiments on I22 helps reduce the
radiation damage to biological samples45. If radiation damage occurred to the
samples, this would have resulted in a decrease of the SAXS intensity vs time since
the T–p scans were performed on the same sample for a given composition. No
decrease in intensity was observed.

The resulting images were radially averaged, leading to a series of one-
dimensional intensity I(q) vs q curves, where q is the module of the momentum

Fig. 5 Pseudo-force constants. Histogram comparing the derivative of the
MSD data vs temperature assuming a simple linear model. Note that the
value of C10 mix at p= 10 bar is a likely underestimation. Each value is
shown with its error from the linear fit.
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transfer vector and is linked to the scattering angle by q= 4πsinθ/λ (θ is the
scattering angle and λ the incident wavelength). The intensity I(q) consists of
two terms:

I qð Þ ¼ F qð Þ2*S qð Þ�
�

�
� ¼ P qð Þ*S qð Þj j ð1Þ

where P (q)= F (q)2 is the particle (in our case, the vesicle) form factor and S (q)
here is the inter-membrane structure factor which is of particular interest in this
study. It contains the information about the interaction and the ordering of the
membranes within the MLVs. By localising the q positions (which are a feature
in the reciprocal space) of the first correlation maxima, and converting them to
the real space membrane periodicity via the relation dspacing= 2π/q, one obtains
the mean membrane d-spacing. This quantity is the average value of the
membrane repeat distance within MLVs, i.e., sum of the mean bilayer thickness
and the mean buffer layer thickness between two adjacent membranes. We
verified that the observed correlation is due to a lamellar phase of MLVs from
the position of the second-order correlation peak with respect to the first order:
q2nd= 2 × q1st at ambient pressure (Fig. 6) as well as at high pressure (Fig. 7).

Because of the weak S(q) observed and as the main focus was the MLV d-
spacing in this study, we did not perform a full fitting of the entire SAXS curves.
Instead, we exploited the possibility for the vesicle form factor P(q) to be
approximated by a power law decay in the q-range where the first MLV correlation
maxima are observed34,46. Therefore, the location of each correlation maximum
was extracted by fitting Gaussian functions in the range of interest, with a
background of the form q−k (with k left as a free parameter for each specific
temperature and sample, shared for all pressure points) to eliminate the
contribution from the P(q). Such q−k trend is observed as a linear background in
log–log plots. The parameters corresponding to the centre of the Gaussian
functions where converted into d-spacing values (via dspacing= 2π/q), as well as the
associated errors (through error propagation). Figure 7 shows an example of fits
performed.

Elastic incoherent neutron scattering. The incoherent neutron scattering
experiments were performed on the backscattering spectrometer IN13 at the
Institut Laue-Langevin (ILL Grenoble, France)47. Using backscattering geometry,
one can access a very high energy resolution (ΔE ≈ 8 µeV) which translates into an
observable timescale of motions of ≈0.1 ns. In such experiments, the signal
obtained is dominated by the incoherent scattering coming from the hydrogen
nuclei. In the case of the samples studied here, it means that the signal arises mostly
from the acyl chains in the membrane, because the solvent used (and also the
alkane molecules) were perdeuterated. This allowed exploiting the large difference
in the scattering cross section of the two hydrogen isotopes to only highlight the
acyl chain dynamics. The output of such an experiment is a series of curves Iinc(q,
E) vs q, where the rate of intensity decay gives quantitative information on atomic
MSDs at every T–p point investigated.

The HHP equipment for biological samples in solution was developed in
collaboration with the Sample Environment group (SANE) of the ILL. It consists of
a pressure controller, which communicates with the instrument control software
NOMAD, a high-pressure stick48 and an HHP cell49. The pressure is transmitted
from the controller to the sample through a capillary using liquid FluorinertTM50,
which has a pour point of 178 K. As the stick is inserted in the cryostat to regulate

temperature, one has to avoid that liquid freezes; therefore, it must be heated by a
wire and isolated thermally from its environment by a secondary vacuum. The
HHP cell, made of the high-tensile aluminium alloy 7075-T6, is cylindrical with an
external diameter of 10 mm and an internal diameter of 6 mm. It withstands
pressures up to 1 kbar. The sample solution was separated from FluorinertTM by a
separator on the top of the cell.

Given the spectrometer resolution, the signal is generated by specific molecular
motions within the corresponding timescale: methyl rotation, amphiphile rotation
along its main axis and in-plane diffusion within the membrane51. Every sample
was measured at four temperatures (25, 45, 65 and 85 °C) and three pressure values
(10, 400 and 800 bar), for a total of 12 p–T points. For every measurement, 2 ml of
sample were loaded in the HHP cell. The empty cell and a Vanadium rod
measurement were performed in order to subtract the background and to
normalise the data to the signal of a totally elastic incoherent scatterer.

Each Iinc vs q curve obtained per p–T point was analysed using a model-free
approach described in ref. 52. In the limits of the Gaussian approximation (GA)53,
which assumes harmonic motions of the atoms around their equilibrium positions
and thus a linear behaviour of log(Iinc) vs q2, one can write the sum of the intensity
curves over q, namely Isum Tð Þ ¼ Pqmax

qmin
Iincðq;TÞ, as follows:

I2sumðTÞ /
1
u2h iÅ

2 ð2Þ

with 〈u2〉 the hydrogen MSD and Å the angstrom unit. This gives a direct way of
measuring the MSD and the corresponding error by simple error propagation from
Isum and allows to profit from a better statistics. The errors on Isum are only
dependent on the Poisson distribution of the scattered neutrons. The MSD, a
measure of the mean hydrogen dynamics, can therefore be compared between the
different samples.

The data range to be considered, when working in the GA, should satisfy the
validity condition 〈u2〉q2 ≤ 1 (ref. 54). In our case, from the reasonable assumption
that all our samples consist mainly of spherically shaped objects (the MLVs), one
can consider a range slightly beyond the validity condition54. Thus, the final range
was defined by finding the maximum q for which the curve of highest dynamic
(C10 mix T= 85 °C, p= 1 bar) shows a linear trend in the log(Iinc(q)) vs q2

representation. Some examples of Iinc curves and the corresponding range of
validity of the GA are shown in Fig. 8.

A normalisation factor, common to all p–T points and samples measured, was
applied on the MSD values to obtain results quantitatively comparable with the
ones found from the standard GA fits (via the formula
Iinc qð Þ ffi I0 exp �hu2iq2=3½ �53). The latter fits lead to absolute 〈u2〉 values (and thus
can be used for normalisation) but they are highly affected by the fitting errors,
justifying our use of the alternative fit- and model-free method.

In principle, additional information could be inferred by extending the analysis
to the high q-range, using a more complex model55 or by considering two dynamic
populations (low-q region–high-q region) instead of a single one52. Nevertheless,
we focussed only on the largest amplitude motions (encoded in the lowest q-range)
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Fig. 6 Sample lamellarity at ambient temperature. SANS curves obtained
for the three samples at 80mM concentration and T= 21 °C. The arrows
indicate the position of the first two orders of the MLV correlation for the
three samples. The curves of eicosane- and squalane-enriched samples
were shifted vertically for clarity.
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Fig. 7 Fitting the SAXS data. Example of SAXS data fitting using Gaussian
functions with a q−c background. The curves show the SAXS signal from
the sample C10 mix+ 2% eicosane, T= 20 °C and p= 10, 400, 700, 1000
bar respectively. Arrows show the two first correlation orders, proving the
membrane lamellar ordering (together with the data shown in Fig. 6). The
white lines are fits to the data. Inset: zoom in the mid-wide q-range. All
related fitting parameters, errors and resulting χ2 can be found in the
Supplementary Information (Supplementary Table 1, see also
Supplementary Note 2 and Supplementary Fig. 5).
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because this is the region specifically related to the chain motions56 and given the
very high dynamics of the C10 mix sample which causes a drop of Iinc towards zero
for q2 > 1.6 Å−2 (also visible from Fig. 8).

Data availability
The SANS data that support the findings of this study are available with the identifier
Doi: 10.5291/ILL-DATA.9-13-905. The SAXS data are available from the corresponding
author upon reasonable request. The EINS data are available with the identifier Doi:
10.5291/ILL-DATA.9-13-828. The FTIR data (Supplementary Fig. 6) are available from
the corresponding author upon reasonable request.
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Supplementary Information 

Supplementary Note 1: SAXS measurements at T = 5 °C 

Supplementary Figures 1, 2, 3 show the SAXS curves collected at T = 5 °C in the pressure range 

1 ≤ p ≤ 1000 bar. A number of features are present and tell about the effect of pressure on the 

investigated system at low temperature. The C10 mix sample (Supplementary Figure 1 (a)) shows 

the presence of a very small correlation at q ≃ 0.08 Å-1 (d-spacing ≈ 78.5 Å). The presence of a 

second order at q ≃ 0.16 Å-1 = 2 × 0.08 Å-1 proves that this is a lamellar phase. By comparing the 

curves at p = 1 bar and T = 5 – 20 °C (Supplementary Figure 1 (b)), one can see that a coexisting 

swollen phase 0.05 – 0.06 Å-1 (d-spacing ≈ 105 – 125 Å) is probably present also at the lowest 

temperature, although it is too weak to be resolved. 
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Supplementary Figure 1. C10 mix at 5 °C. a) SAXS data of sample C10 mix, T = 5 °C, at all measured 

pressure points. b) Comparison of C10 mix curves at T = 5 and 20 °C respectively, in a I*q representation 

that flattens the curve decay in the surrounding of the membrane correlations. c) Trend with pressure of 

the peak integrated intensity corresponding to the collapsed phase. 
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Supplementary Figure 2. C10 mix + 2% eicosane at 5 °C. a) SAXS data of sample C10 mix + 2% 

eicosane, T = 5 °C, at all measured pressure points. b) Trend with pressure of the peak integrated 

intensity corresponding to the swollen and the collapsed phase respectively. 

The intensity of the peak at q ≃ 0.08 seems to be kept constant at varying pressure, although the 

very low intensity leaves a high relative uncertainty to its value (Supplementary Figure 1 (c)). 

The situation is significantly different for the two other samples containing the alkanes, namely 

the eicosane and the squalane (Supplementary Figures 2 (a) and 3 (a)). Here, the T = 5 °C curves 

at p = 10 bar show a well resolved coexistence between the broad swollen phases (centred at q 

≃ 0.056 - 0.088 Å-1 → d-spacing ≃ 112 – 71 Å, respectively) and well-defined sharp peaks (q ≃ 

0.17 Å-1 → d-spacing ≃ 37 Å in both cases) which indicates collapsed phases. Upon pressure 

increasing, both samples show a decrease of the swollen phase signal, accompanied by an 

increase of the collapsed phase intensity (Supplementary Figures 2 (b) and 3 (b)). The observed 

phenomenon implies, from one hand, that the collapsed phase detected on the C10 mix sample 

is likely of a different nature than the one found on the alkane-including samples (a deduction that 

is also validated by comparing the d-spacings). The fact that the peak of the collapsed phase is 

observed at a constant q-value allows us to link qualitatively the intensity of the correlation with 

the volume fraction of sample in that phase. Since the decrease of the swollen phase and the 

increase of the collapsed one happen simultaneously on increasing pressure, it can be interpreted 

as a transfer from one phase to the other. This interpretation is in line with what is expected from 

a typical effect of pressure increase that would favour states that occupy the least volume. 

Interestingly, the collapsed phases of C10 mix + 2% eicosane and squalane disappear completely 

at the higher temperatures (T ≥ 20 °C, as shown in the main text and Supplementary Figure 4). 

We interpret these phases as related to a fraction of flocculated sample, in view of what was found 

in our previous work1. 
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Supplementary Figure 3. C10 mix + 2% squalane at 5 °C.  a) SAXS data of sample C10 mix + 2% 

squalane, T = 5 °C, at all measured pressure points. b) Trend with pressure of the peak integrated 

intensity corresponding to the swollen and the collapsed phase respectively.
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Supplementary Figure 4. SAXS curves obtained for the 3 samples at T = 20°C, in the I*q representation. 

a) C10 mix; b) C10 mix + 2% h-eicosane; c) C10 mix + 2% h-squalane. Curves have been shifted 

vertically for clarity. The black arrows point to the 1st order of correlation of the MLVs. Brown arrow 

indicates the small additional peak on the C10 mix assigned to a different arrangement of the MLV phase. 

The data of panel (c) were not used in the analysis (as specified in the main text), because a single MLV 

phase could not be identified (correlation highlighted with an arrow and a question mark). 
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Supplementary Note 2: SAXS data fitting for T ≥ 20 °C 

Supplementary Figure 5 shows the obtained values of the correlation FWHM of the swollen phase 

investigated in the main text, as function of pressure and at the different temperatures (the peak 

centers, translated in d-spacing values, are the ones shown in Figure 5 of the main text). The C10 

mix (Supplementary Figure 5 (a)) shows a significant increase of the FWHM at T = 20 °C at the 

intermediate pressure points, which can be an additional sign of phase coexistence in that range. 

Notably, the C10 mix + squalane sample (Supplementary Figure 5 (c)) shows a counterintuitive 

FWHM trend between the two measured temperatures: higher temperature should produce more 

disordered membrane arrangement and therefore lead to a higher correlation FWHM. A reason 

for this is probably that there is still phase coexistence at T = 35 °C, what is easily visible at the 

lower temperature T = 20 °C (Figure 4 in the main text). Instead, at T = 35 °C the correlations are 

probably too close to be resolved, yet slightly shifted leading to an observed higher FWHM. 

Supplementary Table 1 lists all fitting parameters for the sample C10 mix + 2% h-eicosane at T = 

20 °C (some of the fitting curves are the ones shown in Figure 2 of the main text), as an example 

of the fits performed. The slope of the power law decay (k) and the peak area (A), were fitted as 

shared parameters after having verified that the corresponding values were constant upon 

pressure increasing. 

 

 

Supplementary Figure 5. MLV peak FWHM of the three measured samples at all the T-p points where 

the correlation was fitted. a) C10 mix; b) C10 mix + 2% h-eicosane; c) C10 mix + 2% h-squalane. 
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Supplementary Table 1. Fitting parameters of the SAXS curves for the sample C10 mix + eicosane T = 

20 °C. 

* shared parameters. 

Equation 𝒎 𝒒−𝒌 + 𝑨 𝒆
(𝒒−𝒒𝒄)𝟐

𝟐𝒘𝟐  

Reduced χ2* 0.1592 

k* 0.935 ± 0.004 

A* (83.3 ± 1.3) × 1012 

pressure 
(bar) 

qc (Å-1) w (Å-1) m  (× 1013) 

1 0.0608 ± 0.0004 0.0176 ± 0.0006 3.77 ± 0.05 

100 0.0578 ± 0.0005 0.0181 ± 0.0006 3.91 ± 0.05 

200 0.0618 ± 0.0004 0.0156 ±0.0006 3.62 ± 0.05 

300 0.0618 ± 0.0003 0.0146 ± 0.0006 3.65 ± 0.05 

400 0.0619 ± 0.0003 0.0143 ± 0.0005 3.56 ± 0.05 

500 0.0624 ± 0.0003 0.0134 ±0.0005 3.47 ± 0.05 

600 0.0629 ± 0.0003 0.0121 ± 0.0005 3.58 ±0.05 

700 0.0630 ± 0.0003 0.0116 ±0.0005 3.59 ± 0.05 

800 0.0629 ± 0.0003 0.0123 ± 0.0005 3.50 ± 0.05 

900 0.0675 ± 0.0002 0.0086 ± 0.0003 3.50 ± 0.05 

1000 0.0684 ± 0.0002 0.0084 ± 0.0003 3.55 ± 0.05 
 

 

Supplementary Note 3: FTIR measurements at ambient temperature 

Supplementary Figure 6 shows FTIR measurements acquired for a C10 mix sample at 80 mM 

concentration and extruded with a 100 nm polycarbonate membrane (Avanti Polar Lipid, 

Alabaster, AL) to give unilamellar vesicles (ULV), as function of hydrostatic pressure. The 

pressure was controlled by adding small amounts of BaSO4 as pressure probe2. Observing the 

changes in the position of the chain CH2 symmetric stretching frequency as function of pressure 

we observe a phase transition starting at 200 > p > 400 bar. Although the high pressure 

uncertainty does not allow to obtain a precise value of the phase transition temperature, the 

results are in agreement with what is found on C10 mix at T = 20 °C with SAXS (Figure 5 in the 

main text). The values of νsymm we obtained (Supplementary Figure 6 (b)) are in perfect agreement 

with the gel-fluid phase transition observed for the same system at ambient pressure and T ≃ 10 

°C by Kapoor et al.3. 
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Supplementary Figure 6. Pressure-induced fluid-gel transition of C10 mix membrane at ambient 

temperature. a) FTIR spectra acquired for C10 mix 80 mM at T = 20 °C and 1 > p > 1013 bar, showing 

the peaks corresponding to the CH2 and CH3 symmetric and asymmetric stretching frequencies. b) Plot of 

the CH2 symmetric stretching frequency as function of pressure. 
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3.2.1.2 Notes: Article 2 results in the Thesis context

The combination of results presented in the Article 1 and Article 2 allows for an
interesting observation regarding the use of complementary, and in some cases
alternative techniques. In fact, the result of small angle scattering experiments
is visible for two very similar samples at equal concentration measured by SANS

(right panel of Figure 6, Article 1) and SAXS (Figure 2, Article 2). This remains true
for the same sample measured with SAXS as with SANS, namely the C10 mix at 350
mM (the SAXS curves of C10 mix at T = 20 ◦C are shown in the Supplementary
Figure 4 of Article 2).

This comparison shows that SANS was much more effective in detecting the
membrane correlations for the particular single chain amphiphile systems under
study in this project, because of the very low scattering contrast between the am-
phiphilic headgroups (carboxylic acids or alcohol groups) and H2O when using
SAXS. Conversely, the use ofD2O in the SANS experiments increased substantially
the contrast with the membranes, thus allowing an easier detection of the correla-
tions. However, the SAXS measurements were the only structural study with both
temperature and pressure that could be done successfully. A proposal for a SANS

experiment on D33 using a pressure cell, available from the sample environment
at ILL, was accepted with two days of allocated beamtime (10.5291/ILL-DATA.9-
13-869). None of the samples could be measured because of leakage on the pres-
sure cell (Figure 14). The reason for the leakage (as also suggested by the colour of
the leaked material from the cell) has been later imputed to the reaction of bicine
buffer with the copper of the pressure cell (112, 113).

Figure 14: The high pressure cell used for SANS, zoomed at the saffire windows where
the beam is transmitted. The picture shows the leakage of material from the
windows.
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3.2.2 Article 3: Alkanes act as membrane regulators of the response of
early membranes to extreme temperatures

3.2.2.1 Foreword

As visible from the results presented in Article 1, the vesicles formed by C10
mix did not show any sign of micellar presence. Moreover, an onset tempera-
ture (T ≈ 60 ◦C) was found where the C10 mix vesicles undergo conformational
changes.

The 3rd Article of this thesis was devoted to study: 1) what kind of confor-
mational change is occurring to the ULV or, more precisely, what the product of
such change is; 2) what happens when the vesicles are enriched with the alkane
molecules. The use of SANS allowed to observe the vesicle fusion into lipid droplets
as result of the temperature increase. The alkanes have the effect of shifting the
conformational change to higher temperatures, therefore allowing a fraction of
lamellar structures (vesicles) to still be present while the sample not containing
alkanes had completed the transition of all vesicle material into droplets. All data
show also effects at the lower temperatures, where the membranes appear to be
softened when the alkanes are inserted.

For this study, I designed all the experiments and wrote the proposals for neu-
tron beamtime on D33 (SANS) and IN15 (NSE). I prepared the samples for the SANS,
NSE and FTIR experiments. I supervised the measurements and data analysis of
the DLS experiments, which were performed by my M.Sc. trainee Antonio Caliò.
I performed the experiments on IN15 and part of the experiments on D33. I made
the FTIR measurements during a secondment at the T.U. Dortmund (Dortmund,
DE). I analyzed the data obtained by SANS, NSE and FTIR and wrote the paper.

The paper has been submitted to Soft Matter (RSC).
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Abstract 

One of the first steps necessary for the origin of life is the formation of a membrane, a physical 

boundary that allows retention of useful molecules in concentrated solutions. The proto-

membrane was likely formed by self-assembly of simple, readily available molecules such as 

short-chain fatty acids and alcohols, questioning the membrane stability in the harsh 

environmental conditions of the early Earth. We explored a new strategy to overcome the 

thermal stability issues of protomembranes by inclusion of apolar molecules (alkanes). We 

found that, in absence of alkane, protomembranes transition into lipid droplets when 

temperature increases, while alkane-enriched ones persist for longer times. Thus, 

protomembranes containing alkanes are more stable at high temperatures. This opens new 

perspectives to modulate the protomembrane behavior through incorporation of different types 

of suitable apolar molecules, increasing our understanding of the evolution of life's first 

membranes. 

 

Introduction 

The origin and evolution of living forms on Earth occurred approximately between 4.4 

(evidence of liquid water and an atmosphere[1]) and 3.5 (earliest dated microfossils[2]) billion 

years ago. The early Earth would be far from resembling our planet as we know it today, with 

an early atmosphere  resembling that of Venus[3] and a much higher geothermal heat flow[4]. 

The Earth Archaean crust would have been comprised of a multitude of ubiquitously distributed 

hydrothermal systems[5,6] (vents[7] or fields[8]). Hydrothermal vents and fields are among the 

most commonly accepted environments within which life could have originated, because the 

thermal and chemical gradients could have provided a source of energy long before the proto-

living systems could have been able to harvest it themselves. 

Both hydrothermal systems share high temperature as a common feature (T= 85 - 110 °C at 

the terrestrial surface[9], 50 – 350 °C in the proximity of the vents[10]). Deep-sea hydrothermal 

vents are also a system subject to high hydrostatic pressure (up to p = 1000 bar) and although 

hydrostatic pressure is known to produce effects opposing those of high temperature, (e.g. on 

Multi-Lamellar Vesicle (MLV) structure and dynamics[11–15]), this would only partially counter-

balance the temperatures reached at the vents. The high temperatures may actually have been 

key for specific reactions necessary for the emergence of life[16,17], in particular for the synthesis 

of membrane forming molecules such as Single Chain Amphiphiles (SCAs) through Fischer-

Tropsch Type (FTT) reactions[18,19]. It is worth noting that, along with SCAs such as short-chain 
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fatty acids and alcohols, other products of FTT reactions are n-alkane and n-alkene 

species[18,19]. 

Because of the simple reaction pathways required to synthesize SCAs in a prebiotic 

environment (as opposed to more complex phospholipids[20]), vesicles made by short, single 

chain carboxylic acids and n-alkanols are the most extensively studied systems for protocell 

membranes[21,22]. Previous studies have shown that short-chain fatty acids are able to self-

assemble into membrane compartments[23] when specific requirements of solution pH and 

concentration are met[24]. In particular, fatty acid vesicles form at concentrations above a 

Critical Vesicle Concentration (CVC) and at pH close to the fatty acid dissociation constant 

(pKa), both quantities being functions of the fatty acid chain length[24]. Mixing the fatty acid with 

same chain fatty alcohol has the effect of significantly decreasing the CVC[24] and broadening 

the pH range of vesicle existence[13]. Furthermore, our previous study[25] demonstrated that, 

while a pure fatty acid sample above the CVC always shows a coexistence between vesicles 

and micelles, a mixture of the same fatty acid with the corresponding alcohol gives only vesicle 

structures at ambient temperature, further demonstrating the strong stabilizing impact that the 

alcohol has on the membrane. Moreover, mixtures of decanoic acid, decanol and geraniol (an 

isoprenoid alcohol) were found to improve the vesicle resistance towards ionic solutes relevant 

to oceanic hydrothermal environments[26]. 

While the high temperature conditions close to the hydrothermal systems are seen as favorable 

in order to catalyze the synthesis of the building blocks necessary for life (including SCAs), 

these same conditions also pose a critical concern in the definition of SCA vesicles as plausible 

protomembrane candidates. It is unclear how the self-assembled compartments (vesicles) 

would have been able to maintain their structure and functionality at high temperature. The 

increase in thermal energy has been shown to cause the dissolution of pure fatty acid vesicles 

into micelles[25]; in case of the fatty acid : alcohol mixtures, it inhibits the membrane capability 

to retain oligonucleotides [16] and triggers a conformational transition in the vesicles[25]. 

High temperature is also a challenging parameter for more complex, modern lipid 

membranes[27]. We can discover suitable strategies to overcome the issue, by studying extant 

hyperthermophilic organisms. For instance, in the Archaea domain some strategies for 

temperature adaptation include: use of branched phytanyl chains (instead of linear chains); 

ether bonding of the chains with the glycerol (instead of ester bonding)[28]; use of bipolar 

tetraether lipids which form monolayers[29] or small fractions of apolar isoprenoid 

hydrocarbons[30–32]. Nevertheless, most of the strategies used by the modern extremophiles 

requires the use of complex molecules which were certainly not available in the prebiotic 

environment, with the notable exception of small fractions of apolar (linear) alkanes, which can 

be synthesized with the same FTT reactions as described before. 

The possibility that apolar hydrocarbon molecules enter lipid bilayers and by doing so modify 

the membrane characteristics and properties, has received attention in past studies, some of 

them in close relation to the origin of life field. Deamer and coworkers[33,34] proved that 

polycyclic aromatic hydrocarbons can be inserted in membranes made of decanoic acid and 

hypothesized their role as pigment systems for a primitive form of photosynthesis. Such a 

possibility was further confirmed by Cape et al.[35]. Salvador and coworkers[31,32] found that 

squalane (C30 isoprenoid) can enter an archaea-like lipid membrane by positioning itself in 

the bilayer mid-plane and can induce non-lamellar phases as a function of temperature and 

hydrostatic pressure by modifying the membrane curvature. McIntosh et al.[36] showed that C6 

– C16 linear alkanes can be inserted into phospholipid DMPC and DPPC bilayers and modify 

the membrane phase transition temperatures. 
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The aim of our work is to show that it is possible to incorporate linear (eicosane, C20) or 

isoprenoid (squalane, C30) alkanes inside model proto-cell membranes composed of SCAs 

(decanoic acid – decanol mixture, hereafter referred to as C10 mix) and that this incorporation 

has a significant effect on the protomembrane properties and stability. In particular, linear 

alkanes are prebiotically plausible components that could have easily mixed with the SCAs 

leading to alkane-enriched compartments. 

In a recent study, we have shown that the alkanes have a significant effect in decreasing the 

membrane sensitivity (in structure and dynamics) towards hydrostatic pressure variations at 

some specific temperatures[37]. Here, we show that both linear and isoprenoid alkanes have 

clear effects in the thermal stability of the model protomembrane. The onset of vesicle size 

increase from T = 60 °C, previously observed on C10 mix vesicles[25], is found to shift towards 

higher temperatures when the alkanes are inserted in the membrane. Moreover, the effect of 

such a high temperature transition was investigated, showing that the effect of the alkanes is 

to maintain the lamellar structuring of the membrane at a higher temperature before phase 

separation of the SCAs into lipid droplets occurs. A significant effect on the membrane bending 

rigidity was found at all temperatures investigated, suggesting the possibility that the alkanes 

can be used to tune the physical properties of the protomembrane. Finally, the alkanes are 

found to increase the membrane chain disorder for T ≤ 60 °C. 

All these results demonstrate that apolar hydrocarbons, in particular prebiotically available 

linear alkanes, could have constituted a suitable strategy for the protomembranes to survive 

the high temperature conditions imposed by the hydrothermal environments. The possibility 

that such systems (SCAs - alkanes) can acquire a higher thermal stability has significant 

consequences on our understanding of the possible mechanisms that could eventually have 

produced a stable living proto-organism. 

 

Results 

1. Effect of temperature on conformational changes 

We first studied and compared our three model systems (C10 mix, C10 mix + eicosane and 

C10 mix + squalane) by following the dependence of the vesicle mean size with temperature. 

This was done by performing dynamic light scattering (DLS) measurements to exploit the 

vesicle Brownian diffusion as a means to probe their average size. The samples were extruded 

with a 100 nm pore membrane, in order to start with well monodispersed suspensions. Figure 

1 shows the obtained results. The vesicle hydrodynamic radius (Rh) was determined from the 

diffusion coefficient extracted from the DLS autocorrelation functions as described in the 

“Materials and Methods” section. The change in Rh is shown as a function of temperature. At 

elevated temperatures there is a steep increase in the Rh with temperature corresponding to a 

conformational transition to larger macrostructures which was observed and described 

previously[25]. A clear difference between the sample lacking any alkane, as compared to all 

the others, is observed. In particular, the alkanes are found to shift the conformational transition 

of the C10 mix to a higher temperature (55-60 °C for the C10 mix, 65-70 °C for the others). 

Furthermore, the alkanes modify the rate of vesicle size increase at low temperature (20 °C < 

T < 50 °C), leading to a steeper Rh increase in that range. Interestingly, the retardation effect 

of linear (eicosane) and branched (squalane) alkanes at either 0.5% or 2% are the same within 

the precision of the technique employed. 
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Figure 1. Left: Example of autocorrelation functions, for the sample C10 mix at T = 20 and 75 °C 

respectively, with the corresponding diffusion coefficients D found from the fits. Viscosity data are 

taken from[38]. Right: Rh - R0 (R0: radius at T = 20 °C) as a function of T for all measured samples. C10 

mix data are from[25]. Values are displayed up to Rh – R0 ≈ 200 nm, above which the polydispersity was 

likely too high to give reliable quantitative estimations. 

These results give a clear first indication that both types of alkane increase the vesicle thermal 

stability. 

2. Amphiphile partitioning 

In order to analyze in more detail the nature of the macro-structures formed by the SCAs at 

every temperature, small-angle neutron scattering (SANS) experiments were performed. 

SANS allows discrimination between different types of macrostructures thanks to its wide q-

range. The quantity q, known as scattering vector, can be thought as the equivalent in the 

reciprocal (Fourier) space of the distance variable (d) in the real space. Thus, a wide q-range 

translates into a wide range of length-scales, which can be probed with SANS by analyzing 

the q dependence of the scattering intensity. This allows us to distinguish, for instance, 

between dense spheres, cylinders, hollow spheres, etc. Moreover, quantitative information 

about the average sizes, polydispersity, shell thickness of the hollow spheres and membrane 

correlations (if present) can also be obtained. 

In Figure 2, the collected SANS curves are shown together with the best fits obtained. From a 

first inspection of the curves, it is possible to see some distinct features: 

- The curves at lower temperatures reach a plateau value in the lowest q-range. This 

denotes the so-called Guinier regime[39]. Its occurrence indicates the presence of a 

monodisperse population of spherical objects, a result of the extrusion process. The 

low-q data can therefore be used to calculate the average object size. In our case, 

these values are calculated directly by fitting the curves with models contained in the 

software SASview (http://www.sasview.org/) that cover the full q range explored. 
- Mostly at the lowest temperature, but also partially at the higher ones, the region 0.05 

< q < 0.15 Å-1 follows a q-2 decay. This trend is compatible with lamellar form factors 

(vesicles), where the thickness of the membrane is measurable through the position of 

the minimum occurring at slightly higher q values (in our data, visible at 0.2 < q < 0.3 

Å-1; the resulting membrane thickness values can be found in the Supp. Info.). 
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Figure 2. SANS curves of extruded samples at the temperatures investigated. Left: C10 mix sample. 

Middle: C10 mix + 2% h-eicosane sample. Right: C10 mix + 2% h-squalane sample. The black lines 

are the best fits to the data. The curves are vertically shifted for clarity. 

- The high temperature data clearly show the predominance of a significantly steeper 

decay, with a q-4 power law. This decay, also known as Porod law[40], originates from 

well-defined, smooth interfaces, and is the signature of large aggregates modeled here 

with a spherical shape. Some of the intermediate temperatures exhibit a coexistence 

of q-4 decay in the lowest q region together with a q-2 decay in the intermediate-higher 

q region. 

The coexistence of two distinct assemblies (bilayers and droplets, respectively) can be judged 

qualitatively (by visual inspection of the curves) as well as quantitatively (by fitting the SANS 

data). In particular, because of the faster decay of the droplet signal (q-4), the lamellar form 

factor is dominating in the region at q > 0.04 Å-1: this allows for a straightforward discrimination 

of the fraction of sample that self-assembles into bilayer structures, by proper scaling the q-2 

in the middle-high q region (Table 1). Figure 3 shows the fraction of lipid forming bilayers as a 

function of temperature increase. 

The most important difference is observed in the data acquired at T = 60 °C. At this 

temperature, the C10 mix sample shows a very small fraction of lamellar assemblies, while 

most of the sample appears to have formed large dense spheres (droplets) because of the 

temperature increase. Instead, samples containing intercalated alkanes retain a larger fraction 

of lamellar structures at this temperature.  Note that at this temperature the SANS curves of 

the samples containing eicosane and squalane (Figure 2) are found in an intermediate state 

where it was not possible to fit the fraction of droplets at low q with a single dense sphere form 

factor. For this reason, the fitting at T = 60 °C for these two samples was performed only in the 

q range where the lamellar form factor predominates (q > 0.04 Å-1), to estimate the 

corresponding fraction.  

 

0.001 0.01 0.1 1
10-3

10-1

101

103

105

107

109

1011

I 
(c

m
-1

)

q (Å-1)

 78.7 °C

 60.1 °C

 39.7 °C

 20.5 °C

q-4

q-2

0.001 0.01 0.1 1

q (Å-1)

 78.7 °C

 60.1 °C

 39.7 °C

 20.5 °C

0.001 0.01 0.1 1

q (Å-1)

 78.7 °C

 60.1 °C

 39.7 °C

 20.5 °C

3.2 A L K A N E E F F E C T S A N D P O S I T I O N I N G 93



6 
 

Table 1. Main parameters for the fits of the curves at T = 20 and 60 °C. The values for the 

fractions (lamellar and sphere) are normalized to the lipid volume fraction. ULV: Unilamellar 

Vesicle; BLV: Bilamellar Vesicle. * Since the Guinier regime is not fully reached at low q for the 

dense sphere form factors, the radius values found from these fits are not reliable and should be 

considered as minimum values instead. The full list of fitting parameters can be found in the Supp. 

Info. 

sample C10 mix 
C10 mix  

+ 2% h-eicosane 
C10 mix  

+ 2% h-squalane 

temperature (°C) 20.5 60.11 20.5 60.11 20.5 60.11 

model 
lamellar 
(ULV + 
BLV) 

sphere + 
lamellar 

lamellar 
(ULV + BLV) 

lamellar 
sphere + 
lamellar 

(ULV) 
lamellar 

q range (Å-1) all all all 
0.04 - 
0.566 

all 
0.04 - 
0.566 

lamellar fraction (*10-3 ) 239 ± 0.8 7.4 ± 0.2 869  ± 1 186 ± 0.6 478.3 ± 0.6 50 ± 2 

vesicle radius (Å) 

412 ± 2 
(ULV)  

154 ± 6 
(BLV) 

--- 

389 ± 3 
(ULV)  

157 ± 3 
(BLV) 

--- 397 ± 3 --- 

sphere fraction (*10-3) --- 85.0 ± 0.2 --- --- 458.3 ± 0.2 --- 

sphere radius (Å) --- 768 * --- --- 516 * --- 

 

Figure 3. Fraction of the lamellar form factors obtained from fits to every sample and temperature 

point studied, normalized to the initial value at T = 20 °C. The inset shows the data normalized to the 

sample volume fraction. Arrows point on the T = 60 °C data, were a significant higher fraction of 

lamellar phase is observed on the alkane containing samples. 
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Figure 4. Left panel: Example of autocorrelation curves collected for the C10 mix sample using the in-

situ DLS at T = 20 and 60 °C, respectively. Green lines show fits using a simple exponential decay 

function; the black curve is a fit of the T = 60 °C data with a sum of two exponential functions. Right 

panel: resulting Rh values; outside the green region, the factor exp(-Dq2τ) ≥ 0.95 (D ≲ 10-1 Å2/ns) and 

the diffusive contributions will be neglected (see “Materials and Methods”). Note that the limit in Rh 

changes with T because it scales with the solvent viscosity. Inset: vertical zoom for Rh ≤ 250 nm. 

As Figure 3 shows, the loss of the lamellar phase fraction from its initial value at T = 20 °C, in 

favor of dense spheres, is more pronounced in samples containing the alkanes at T = 40 °C, 

while the situation is reversed at the higher temperature T = 60 °C. Finally, all samples have 

completed the transition towards the dense sphere assemblies at the highest measured 

temperature T = 80 °C. 

These results demonstrate the membrane stabilizing role of both kind of alkanes, up to at least 

T = 60 °C. Moreover, they show that the result of the high temperature conformational transition 

on ULV systems is the formation of a lipid droplet phase. 

3. Membrane bending rigidity 

As the above experiments have demonstrated, the presence of alkanes in the membrane has 

a significant impact in modifying the phase boundaries and structural properties of the 

protomembranes. In order to gain further insight into these effects, we looked at the 

consequences of temperature on membrane dynamics using neutron spin echo (NSE) 

spectroscopy performed on extruded vesicles at temperatures in the range 20 < T < 70 °C. 

NSE spectroscopy is a technique that allows study of dynamic modes with very long timescales 

(up to 1ms), for example the collective motions that lead to membrane undulations[41–43]. These 

fluctuations are a function of the bending rigidity of the membranes, and therefore can be 

followed by NSE using the formalism described in the “Materials and Methods” section. 

A prior analysis was performed on the data acquired by in-situ DLS during the NSE 

measurements. As opposed to the DLS experiments performed offline the neutron beam (data 

in Figure 1), in this case the autocorrelation functions are averaged over the duration of the 

NSE scan (≈ 4 h per T step), therefore generally different results and some cases of 

coexistence between different size populations are to be expected. 

In Figure 4, examples of autocorrelation functions at different temperatures are shown, as well 

as the Rh calculated for each population, temperature and sample probed. Two populations 

are needed to fit the data at the two highest temperatures measured, T = 60 and 70 °C, with 

the only exception of the C10 mix + 2% eicosane at T = 70 °C. These results are in line with 
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what we found by SANS, namely that the SCAs tend to self-assemble into both vesicle and 

dense sphere structures when reaching high temperatures. Also from the SANS data (Table 

1), one can see that the droplets have a much larger average size with respect to the initial 

size constrained by the extrusion. Therefore, it is likely that the smaller Rh values observed 

using the in-situ DLS (Figure 4) are related to the vesicle assemblies, while the higher Rh 

values correspond to the lipid droplets instead. 

Because of the size distribution of the droplets and from the theoretical definition of the 

intermediate scattering function (shown in Figure 5 left), NSE data give us selective information 

on the membrane phase and are not affected by the lipid droplet presence (details are found 

in the “Materials and Methods” section). 

The results in Figure 5 (right panel) allow for a number of interpretations. First, there is a clear 

temperature effect on lowering the membrane rigidity, as expected. In line with the 

aforementioned experiments, the data show marked differences between the samples lacking 

or containing alkanes in the membrane. In particular, the rigidity is lowered by the addition of 

the alkanes at lower temperatures, while the trend is inverted at 60 and 70 °C with a small 

alkane-mediated membrane stiffening. Eicosane and squalane give comparable results with 

each other. The difference at high temperature between the C10 mix and the samples with the 

alkanes is significant in terms of the data and the associated errors. However (assuming a 

correct scaling of the bending rigidity, see “Materials and Methods”) the difference observed 

at high temperature is a small fraction of 1 kBT, questioning the actual physical significance of 

such difference.  

 

Figure 5. Left: NSE data at T = 70 °C plotted in the representation log[F(q, t)/ exp(-Dq2t)] vs (q3t) 2/3. 
This highlights the stretched exponential decay predicted by the Zilman-Granek theory[41] and 

additionally shows that a more complex model taking into account the lipid droplet signal is 

unnecessary (details in the “Materials and Methods” section). Right: plot of the bending rigidity 

estimates as a function of the temperature. Inset shows the sample appearance after the NSE thermal 

scans. 
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A striking difference between the samples with or without alkanes was found by visual 

inspection of the suspensions after the temperature ramp (inset of Figure 5). The samples, 

which are indistinguishable with each other when prepared, showed at the end of the scan a 

very marked difference: the C10 mix lost its turbid appearance, and instead an interface was 

visible denoting a macroscopic phase separation; the samples with alkanes, on the other hand, 

were single phased and maintained the turbidity which is typical of samples containing 

vesicles. 

The results show that the alkanes affect significantly the protomembrane bending rigidity: at 

low temperature, the rigidity is lowered by the alkanes, while the difference is negated (and 

instead the rigidity is slightly higher) at high temperature. 

 

4. Time evolution of chain conformation and dynamics 

As discussed, the NSE data show a significant impact of the alkane molecules in modifying 

the collective dynamics of the amphiphiles constituting the model membranes, encoded in the 

effective bending rigidity parameter. It is now useful to investigate whether this impact is also 

visible at a much smaller length scale, i.e. in the vibrational dynamics of each SCA induced by 

thermal energy. For that, FTIR spectra were acquired on samples with 1% perdeuterated 

alkanes in order to focus on a specific vibrational mode of the decanoic acid and decanol acyl 

chains (in our case, the symmetric stretching of CH2 groups was chosen) at the same 

temperature points that were considered in the NSE experiment. 

The wavenumber of this band is conformation-sensitive and thus responds, for example, to 

temperature-induced changes of the trans/gauche ratio in acyl chains. In fact, the position of 

the symmetric CH2 stretching vibration is a measure of the number of gauche conformers in 

the acyl chains. When all methylene groups are in the trans conformation (e.g. in the ordered 

gel phase of the di-C16 DPPC bilayer), the band is observed around 2849 cm-1. Addition of 

gauche conformers, accompanied by increased vibrational dynamics, results in a shift to higher 

frequency. At the main transition from the gel to the fluid-like (liquid-crystalline) phase, which 

results in melting of the acyl chains, the band shifts by 2-3 cm-1, reaching about 2852 cm-1 in 

the all-fluid phase of the pure lipid bilayer DPPC[44]. 

Profiting from the much higher speed of acquisition with FTIR spectroscopy, the spectra were 

acquired continuously every 15 minutes, with jumps in temperature following the same 

timescale as in the NSE experiments. Figure 6 shows the position of the CH2 symmetric 

stretching peak as a function of experimental time, for selected steps in temperature.  

The first indication of the data is that the symmetric stretching frequency νsymm quickly stabilizes 

to a specific value for all temperatures, even at the highest one of 70 °C. This confirms the 

equilibrium values found by NSE, regardless of the longer acquisition time per temperature 

point. Most of the spectra at 20 °C are best fit by a sum of two contributions, one at νsymm ≃ 

2852.5 cm-1 and the other at νsymm ≃ 2861 cm-1, the latter not seen in the Figure (see Supp. 

Info). In a few cases for the C10 mix sample, a single contribution at νsymm ≃ 2853.5 cm-1 was 

sufficient to describe the data. A  coexistence of peaks is likely to be a sign of phase 

coexistence, such as a gel-to-fluid phase transition region, known to occur in the C10 mix at T 

≃ 10 °C[13,25]. 

The vibrational dynamics of the pure C10 mix appears to be slightly lower than in the other 

samples at T = 50 and 60 °C, while an inversion occurs at 70 °C. Generally, an increase of 

νsymm indicates increased conformational dynamics and lipid chain disorder. Interestingly, a 

marked decrease of the CH2 symmetric stretching frequency is observed at 70 °C, which 
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appears to constitute a conformational and dynamic signature of the structural transition 

identified by the scattering data discussed above (Figure 1 and former study[25]). 

The fast cooling down of the alkane containing samples back to 20 °C shows the dynamic 

reversibility of the latter transition: a first increase towards the value characteristic of 50-60 °C, 

followed by a decrease until the same initial value of ν ≃ 2852.5 cm-1 at 20 °C is reached. The 

peak coexistence at 20 °C is also fully recovered (Supp. Info). 

The data show that the membranes that incorporate the alkanes have a slightly higher lipid 

chain disorder at T ≤ 60 °C. The dynamics observed at T = 60 °C, dominated by the lipid droplet 

phase, shows that the alkanes may increase the lipid packing inside the droplets. 

 

Discussion 

Our data show that the alkane incorporation significantly impacts the structure, topology and 

the dynamics of model protomembrane vesicles in response to temperature variations, in the 

range 20 < T < 80 °C. The linear (eicosane) and branched (squalane) alkanes studied in this 

work gave very similar results in all the experiments performed. 

The main effects of the alkanes on the vesicle behavior can be summarized as follows: 

- Vesicle size vs T: incorporation of alkanes leads to a larger size increase at low T, up 

to T ≈ 55-60 °C. Beyond that temperature range, a morphological and dynamical 

transition occurs for the C10 mix[25], which is shifted to higher temperatures when the 

alkanes are added (T ≈ 65-70 °C). 

 

Figure 6. Left: example of a FTIR spectrum for the C10 mix + 5% h-squalane at T = 20 °C, in the 

range of interest where the symmetric and asymmetric stretching vibrations of CH2 and CH3 are 

found. The dashed line indicates the position of the CH2 symmetric stretching mode at νsymm ≈ 

2852 cm-1. Right: νsymm as function of the time, following various temperature-jumps for all the 

samples. 
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- Amphiphile partitioning: high temperature causes a splitting in the lipid self-assembly 

into two kinds of macrostructures: lamellar (bilayer vesicles) and dense spheres (lipid 

droplets). Alkanes affect the sample partitioning by allowing more of the lamellar 

fraction to persist at T = 60 °C. 

- Membrane bending rigidity: higher bending rigidity is observed in the C10 mix 

membrane at low temperatures (T = 20 and 50 °C); whereas, the samples with 

eicosane and squalane have slightly higher rigidities at the higher temperatures (T = 

60 and 70 °C). 

- Vibrational dynamics: alkanes maintain slightly higher CH2 dynamics at T ≤ 60 °C, 

indicated by a small increase of vsymm, while the symmetric stretching frequency is 

significantly lowered at T = 70 °C, which must be due to structural/morphological 

transition to a more densely packed state with less conformational and dynamical 

disorder. The transition back to T = 20 °C is fully reversible for the samples containing 

alkanes. 

The samples were proven to be dynamically stable at all temperatures studied for several 

hours, hence excluding any possible distortion in the data due to non-equilibrium behavior. 

All the observed effects imply that the inclusion of alkanes, even of the simple and prebiotically 

relevant type (e.g. eicosane), may constitute an effective physical advantage for simple 

prebiotic model membrane structures to sustain high temperatures. By shifting the temperature 

of the C10 mix conformational phase transition (Figure 1), the alkanes stabilize the vesicles 

over a wider temperature range and thus mitigate vesicle fusion and phase separation with 

coexisting lipid droplets. 

Surprisingly, the alkanes seem to have overall opposite effects in the lower temperature range: 

faster radius increase (Figure 1), lower membrane rigidity (Figure 5), in some cases slightly 

higher CH2 dynamics (at T = 50 and 60 °C, Figure 6). The reason for this might have to do with 

the fluidity of the alkane molecules themselves that depends on the temperature: in fact, the 

eicosane has a bulk melting point at 37 °C[45], while the squalane (liquid at ambient 

temperature) has a viscosity that lowers quickly with the temperature[46] (Supp. Info). 

Therefore, the stabilizing influence of the alkanes on the C10 mix may require these molecules 

to be in a low-viscosity/fluid state, allowing more efficient mixing (increase of mixing entropy) 

with the components of the C10 mix that can be provided by the high temperatures. 

In the study of membrane stability at high temperature, an essential underlying variable is the 

length of time for which every thermal stress is applied. This is clearly shown, for instance, by 

the need for two populations of scatterers to fit the DLS autocorrelation function when the 

counting time lasted for several hours (as in the NSE experiments, Figure 4). Conversely, a 

continuous increase in temperature with fast DLS measurements required only a single 

population even at the highest measured temperatures (Figure 1). This factor needs to be 

taken into account particularly in cases where the used experimental techniques required long 

counting times, namely the SANS and NSE measurements. Nevertheless, the validity of all 

effects we observed at high temperatures is justified by the order at which the samples were 

measured, as specified in the “Materials and Methods” section. The C10 mix sample was the 

one that equilibrated for the shortest time before measurement at each temperature, and yet 

it showed significant variations compared to the other alkane-enriched samples. This ensures 

that the C10 mix vesicles are indeed less thermally stable than the alkane containing 

counterparts, and that the observed effects are not a consequence of equilibration time 

differences between the samples.  

The striking difference in the appearance of the samples after the temperature scan in the NSE 

experiments (inset of Figure 5) indicates that the transition from the lipid droplet state back to 
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the vesicle state at room temperature occurs quickly for the samples with alkanes, while the 

C10 mix sample might have phase separated irreversibly in absence of re-mixing or it occurs 

at a much slower rate. 

The phase change towards lipid droplets can also explain the unexpected decrease in the CH2 

symmetric stretching frequency observed at T = 70 °C in the FTIR data (Figure 6). As opposed 

to NSE, the FTIR data do not disentangle the signal coming from the membrane forming SCAs 

with the ones condensated into lipid droplets. The amphiphiles within the droplets are probably 

slightly more densely packed than in the vesicular structures at 50 and 60 °C, leading to a 

decrease of the number gauche conformers and a minor decrease in chain disorder, with a 

concomitant decrease of vsymm, but not reaching vsymm-values typical for the gel-like ordered 

phases seen at low temperatures. Upon addition of eicosane and squalane, this effect is more 

pronounced, which might be due to a more efficient lipid packing of the droplets of this 

multicomponent mixture. 

The results imply that the inclusion of alkane molecules inside model protocell membranes 

tunes both structural and dynamical properties (physical and chemical) of the vesicles. In 

particular, the linear and branched alkanes (eicosane and squalane) have the effect of 

stabilizing the membranes rendering them more temperature stable, up to at least T = 60 °C 

and for several hours. 

The conformational change at T ≈ 55 - 60 °C resulting from vesicle fusion of the C10 mix is 

shifted to T ≈ 65 - 70 °C when the alkanes are added. The lamellar (membrane) phase is 

protected by the alkane presence which allows this phase to remain present at T = 60 °C while 

the control sample phase separates into lipid droplets. The bending rigidity of the 

protomembranes is significantly modified by the alkane incorporation: at lower temperatures, 

the alkane high viscosity interferes with the packing of the SCAs in the bilayer, leading to softer 

membranes. At higher temperature (T ≥ 60 °C) the SCAs and the alkanes are more efficiently 

mixed in the hydrocarbon region of the bilayer, canceling the observed difference at low 

temperature and even making the alkane-containing membranes slightly stiffer. The data 

showing the mean CH2 vibrational dynamics also support this idea, pointing to an increase in 

chain disorder of the samples with alkanes for T ≤ 60 °C. 

Therefore, our study suggests that different kinds of alkanes, including types readily available 

in an early Earth environment, can be incorporated into protomembranes made of short SCAs. 

At low temperature (T ≤ 50 - 60 °C), the membranes containing alkanes have higher lipid chain 

disorder and consequently a lower bending rigidity, and perhaps this is also what drives the 

faster increase in size seen by DLS (Figure 1). Conversely, at higher temperature (T ≥ 50 - 60 

°C) the alkanes are better mixed with the membrane chains which, in turn, achieve similar 

(slightly higher) bending rigidity as the alkane-lacking membranes. The alkane incorporation 

stabilizes the bilayer at high temperature so that the lipid lamellar phase is partially maintained 

up to at least T = 60 °C. 

We have shown that not only complex hydrocarbons such as polycyclic aromatic 

hydrocarbons[33–35] or long-chain isoprenoids[30,32], but even much simpler linear alkanes could 

have been successfully inserted into prebiotic membranes. The inclusion might have served 

as a successful strategy (through combinatorial chemistry selection) which could have allowed 

the protomembranes to cope with harsh thermal conditions surrounding hydrothermal systems.  

What if one adaptation strategy of modern extremophiles to high temperature, i.e. the quantity 

modulation of apolar lipids in the membrane, is an evolutionary remnant of the first successful 

living forms? 

 

100 R E S U LT S



13 
 

Acknowledgements 

This work was funded by the French National Research Agency programme ANR 17-CE11-

0012-01 to PO and JP. LM is supported by a scholarship from the Institut Laue - Langevin (ILL) 

PhD program. The authors thank ILL for neutron beamtime on D33 (DOI: 10.5291/ILL-DATA.9-

13-905) and IN15 (DOI: 10.5291/ILL-DATA.INTER-464). The ILL Partnership for Soft 

Condensed Matter (PSCM) is acknowledged for the access to the lab infrastructures and the 

DLS platform. This work benefited from SasView software, originally developed by the DANSE 

project under NSF award DMR-0520547 [http://www.sasview.org/]. R.W. acknowledges 

funding from the Cluster of Excellence RESOLV (Deutsche Forschungsgemeinschaft (DFG, 

German Research Foundation) under Germany’s Excellence Strategy, EXC-2033, Project 

number 39067787) and from the DFG Research Unit FOR 1979. R. W. and J. P. acknowledge 

also financial support from the German Academic Exchange Service (DAAD) (travel grant 

PROCOPE 57386797).  

 

References 

[1] S. A. Wilde, J. W. Valley, W. H. Peck, C. M. Graham, Nature 2001, 409, 175–178. 

[2] J. W. Schopf, Science (80-. ). 1993, 260, 640–646. 

[3] P. A. Sossi, A. D. Burnham, J. Badro, A. Lanzirotti, M. Newville, H. S. C. O’Neill, Sci. Adv. 2020, 
6, eabd1387. 

[4] G. F. Davies, in Top. Conf. Orig. Earth, 1988, p. 15. 

[5] J. I. Lunine, Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1721–1731. 

[6] J. F. Kasting, M. T. Howard, Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1733–1742. 

[7] W. Martin, J. Baross, D. Kelley, M. J. Russell, Nat. Rev. Microbiol. 2008, 6, 805–814. 

[8] B. Damer, D. Deamer, Astrobiology 2019, 20, 429–452. 

[9] J. F. Kasting, T. P. Ackerman, Science (80-. ). 1986, 234, 1383–1385. 

[10] I. Daniel, P. Oger, R. Winter, Chem. Soc. Rev. 2006, 35, 858–875. 

[11] R. Winter, Biochim. Biophys. Acta (BBA)-Protein Struct. Mol. Enzymol. 2002, 1595, 160–184. 

[12] R. Winter, C. Jeworrek, Soft Matter 2009, 5, 3157–3173. 

[13] S. Kapoor, M. Berghaus, S. Suladze, D. Prumbaum, S. Grobelny, P. Degen, S. Raunser, R. 
Winter, Angew. Chemie 2014, 126, 8537–8541. 

[14] M. Trapp, J. Marion, M. Tehei, B. Demé, T. Gutberlet, J. Peters, Phys. Chem. Chem. Phys. 2013, 
15, 20951–20956. 

[15] J. Peters, J. Marion, F. J. Becher, M. Trapp, T. Gutberlet, D. J. Bicout, T. Heimburg, Sci. Rep. 
2017, 7, 1–15. 

[16] S. S. Mansy, J. W. Szostak, Proc. Natl. Acad. Sci. 2008, 105, 13351–13355. 

[17] T. Oberholzer, M. Albrizio, P. L. Luisi, Chem. Biol. 1995, 2, 677–682. 

[18] T. M. McCollom, G. Ritter, B. R. T. Simoneit, Orig. Life Evol. Biosph. 1999, 29, 153–166. 

[19] B. R. T. Simoneit, Adv. Sp. Res. 2004, 33, 88–94. 

3.2 A L K A N E E F F E C T S A N D P O S I T I O N I N G 101



14 
 

[20] M. Fiore, P. Strazewski, Life (Basel, Switzerland) 2016, 6, 17. 

[21] N. Kundu, D. Mondal, N. Sarkar, Biophys. Rev. 2020, 1–15. 

[22] S. Sarkar, S. Das, S. Dagar, M. P. Joshi, C. V Mungi, A. A. Sawant, G. M. Patki, S. Rajamani, J. 
Membr. Biol. 2020, 1–20. 

[23] W. R. Hargreaves, D. W. Deamer, Biochemistry 1978, 17, 3759–3768. 

[24] C. L. Apel, D. W. Deamer, M. N. Mautner, Biochim. Biophys. Acta (BBA)-Biomembranes 2002, 
1559, 1–9. 

[25] L. Misuraca, A. Caliò, I. Grillo, A. Grélard, P. Marie Oger, J. Peters, B. Demé, Langmuir 2020, 36, 
13516–13526. 

[26] S. F. Jordan, E. Nee, N. Lane, Interface Focus 2019, 9, 20190067. 

[27] J. R. Hazel, Annu. Rev. Physiol. 1995, 57, 19–42. 

[28] J. C. Mathai, G. D. Sprott, M. L. Zeidel, J. Biol. Chem. 2001, 276, 27266–27271. 

[29] M. De Rosa, A. Gambacorta, Prog. Lipid Res. 1988, 27, 153–175. 

[30] A. Cario, V. Grossi, P. Schaeffer, P. M. Oger, Front. Microbiol. 2015, 6, 1152. 

[31] M. Salvador-Castell, B. Demé, P. Oger, J. Peters, Langmuir 2020, 36, 7375–7382. 

[32] M. Salvador-Castell, N. J. Brooks, J. Peters, P. Oger, Biochim. Biophys. Acta (BBA)-
Biomembranes 2020, 1862, 183130. 

[33] D. W. Deamer, Adv. Sp. Res. 1992, 12, 183–189. 

[34] J. Groen, D. W. Deamer, A. Kros, P. Ehrenfreund, Orig. Life Evol. Biosph. 2012, 42, 295–306. 

[35] J. L. Cape, P.-A. Monnard, J. M. Boncella, Chem. Sci. 2011, 2, 661–671. 

[36] T. J. McIntosh, S. A. Simon, R. C. MacDonald, Biochim. Biophys. Acta (BBA)-Biomembranes 
1980, 597, 445–463. 

[37] L. Misuraca, B. Demé, P. M. Oger, J. Peters, Commun. Chem. under peer-review 2020. 

[38] N.d. 

[39] A. Guinier, G. Fournet, K. L. Yudowitch, 1955. 

[40] G. Porod, O. Glatter, O. Kratky, by O. Glatter O. Kratk. Acad. Press. London 1982, 17. 

[41] A. G. Zilman, R. Granek, Phys. Rev. Lett. 1996, 77, 4788. 

[42] U. Seifert, S. A. Langer, EPL (Europhysics Lett. 1993, 23, 71. 

[43] W. Rawicz, K. C. Olbrich, T. McIntosh, D. Needham, E. Evans, Biophys. J. 2000, 79, 328–339. 

[44] O. Reis, R. Winter, T. W. Zerda, Biochim. Biophys. Acta (BBA)-Biomembranes 1996, 1279, 5–16. 

[45] S. Srinivasan, M. S. Diallo, S. K. Saha, O. A. Abass, A. Sharma, G. Balasubramanian, Int. J. Heat 
Mass Transf. 2017, 114, 318–323. 

[46] K. A. G. Schmidt, D. Pagnutti, M. D. Curran, A. Singh, J. P. M. Trusler, G. C. Maitland, M. 
McBride-Wright, J. Chem. Eng. Data 2015, 60, 137–150. 

[47] B. J. Frisken, Appl. Opt. 2001, 40, 4087–4091. 

102 R E S U LT S



15 
 

[48] C. D. Dewhurst, I. Grillo, D. Honecker, M. Bonnaud, M. Jacques, C. Amrouni, A. Perillo-
Marcone, G. Manzin, R. Cubitt, J. Appl. Crystallogr. 2016, 49, 1–14. 

[49] B. Farago, P. Falus, I. Hoffmann, M. Gradzielski, F. Thomas, C. Gomez, Neutron News 2015, 26, 
15–17. 

[50] I. Hoffmann, Colloid Polym. Sci. 2014, 292, 2053–2069. 

[51] S. Gupta, J. U. De Mel, G. J. Schneider, Curr. Opin. Colloid Interface Sci. 2019, 42, 121–136. 

 

 

3.2 A L K A N E E F F E C T S A N D P O S I T I O N I N G 103





Alkanes act as membrane regulators of the response 

of early membranes to extreme temperatures 

Loreto Misuracaa,b, Antonino Caliòc, Josephine LoRiccoc, Ingo 

Hoffmannb, Roland Winterd, Bruno Deméb, Judith Petersa,b, Philippe 

Ogerc 

a Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France 
b Institut Laue Langevin, F-38042 Grenoble Cedex 9, France 
c INSA Lyon, Université de Lyon, CNRS, UMR5240, Villeurbanne, France 
d Fakultät für Chemie und Chemische Biologie, Physikalische Chemie, Technische Universität Dortmund, 44227 
Dortmund, Germany  

 

Supplementary Information 

Materials and Methods 

Sample preparation 

The samples were prepared following the protocol described in[1]. Sodium decanoate, 1-

decanol, eicosane, squalane, bicine buffer and D2O were purchased from Sigma Aldrich-Merck 

(Darmstadt, DE). 1:1 mixtures of sodium decanoate and decanol were dissolved in a 

chloroform:methanol 1:1 mixture, together with the appropriate amount of alkanes when used. 

After solubilization, samples were dried with a nitrogen flush and left overnight in a desiccator 

with vacuum pumping. Samples were checked gravimetrically through every step to ensure 

the complete evaporation of the chloroform/methanol mixture. 

The buffers were prepared by dissolving 0.2 M of bicine salt in H2O (for DLS experiments) or 

D2O (for FTIR, SANS, NSE experiments) and titrated to pH 8.5 (pD 8.5 for the deuterated 

solution). All buffers were filtered through a 0.2 μm Millipore membrane before use. 

The dried decanoic acid:decanol (and eventually the alkane) films were suspended in buffer 

to obtain an 80 mM concentration for each sample and vortexed at maximum speed for ≈ 2 

min, until all samples showed no aggregates and the suspensions appeared milky 

(characteristics of large vesicle formation). 

Afterwards, the samples were extruded using the mini-extruder provided from Avanti Polar 

Lipids (Alabaster, AL), using a 100 nm pore size polycarbonate membrane. The extrusions, 11 

passes per sample, were performed with the heating block in thermal equilibrium at 40 °C and 

less than 24 h before every experiment. 

 

Dynamic Light Scattering (DLS) 

The DLS experiments were performed on a Zetasizer Nano ZS90 (Malvern Panalytical Ltd, 

UK) available at the Institut Laue - Langevin (ILL) Grenoble, with an incoming laser light of λ = 

633nm (He-Ne). The samples, extruded to minimize polydispersity and multilamellarity, were 

loaded into 200 μl quartz cells. The data, acquired at 90° fixed angle as a function of 

temperature, were collected continuously and then grouped by 3 runs of 30 s, to allow for error 

estimations. 
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The resulting DLS autocorrelation functions g2(t) were analyzed following a method developed 

and described in[2] in order to extract the Brownian diffusion coefficients D. The model function 

has the form: 

g2(t) -1= B + β exp(-2Dq2t)(1 – μ2/2)2    (1) 

with Dq2 = Γ (decay rate) the first moment, μ2 (related to the polydispersity) the second 

moment, B and β background and scaling factor, respectively. 

Then, from each diffusion coefficient D one can estimate the corresponding hydrodynamic 

radius Rh using the Stokes-Einstein equation: 

D = kBT / (6πRhη)      (2)

  

where kB is the Boltzmann constant, T the temperature, η the solvent viscosity (assumed as 

the one of H2O). 

 

Small-Angle Neutron Scattering (SANS) 

SANS experiments were carried out at the ILL (Grenoble, France) using the D33 instrument[3]. 

Three configurations combining incident wavelengths λ (5 Å and 14 Å) and detector distances 

(2, 10 and 12m) were used, corresponding to a range of momentum transfers 0.001 < q <0.5 

Å-1. 

The measurements were performed using a themostated sample changer allowing a 

temperature range of 20 to 80 °C. The scans proceeded in the following order: 1) C10 mix; 2) 

C10 mix + 2% h-eicosane; 3) C10 mix + 2% h-squalane. The samples were kept for a total of 

≈ 2 h at each temperature point. 

For each SANS curve, analyzed using the SASView software, different model form factors 

(and when necessary a combination of them) were employed, depending on the need. The full 

formulas for the theoretical form factors, all available from SASView, can be found in the Supp. 

Info. In particular, the normalization of the SANS data to absolute scale allowed to quantify and 

follow the fraction of lipid self-assembled into bilayers at every measured temperature and for 

every sample, as well as the fraction of sample aggregating into lipid droplets. 

 

Neutron Spin Echo (NSE) spectroscopy 

NSE spectroscopy measurements were performed on the instrument IN15[4] at ILL (Grenoble, 

France). The samples, extruded and placed into 1 mm thick Hellma cells, were measured in 

the 5° angle configuration, leading to an observable q range of 0.04 < q < 0.07 Å-1. Each sample 

was measured at the temperatures T = 20, 50, 60, 70 °C. An in-situ DLS available on IN15 

allowed tracking of the light scattering intensity traces and the vesicle diffusion coefficient of 

all samples during the measurements. The samples were placed into an automatic sample 

changer regulated with a thermal bath, therefore they were brought and kept to each 

temperature point for the same amount of time (≈ 4 h per temperature). The measurements 

followed the order: 1) C10 mix; 2) C10 mix + 2% h-eicosane; 3) C10 mix + 2% h-squalane. 

The data obtained from NSE were analyzed in the framework of the Zilman-Granek theory[5] to 

model the membrane fluctuations. Each intermediate scattering curve F(q, t) was fit with a 

function of the form: 
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F(q, t) = exp(-2Dq2t)*exp(-(ΓZGq3t)2/3)    (3) 

 

The first term models the entire vesicles’ Brownian diffusion with diffusion coefficient D. This 

parameter is obtained from the in-situ DLS data and it is then used as a fixed parameter during 

the NSE fits. The second term corresponds to the membrane relaxation: it is modeled as a 

stretched exponential with decay rate ΓZG. The latter has the following expression[5]: 

𝛤𝑍𝐺 = 0.025𝛾√
𝑘𝐵𝑇

�̌�

𝑘𝐵𝑇

𝜂
     (4) 

with �̌� the effective bending/compression modulus, 𝑘𝐵 the Boltzmann constant, 𝜂 the D2O 

viscosity, 𝛾 ≈ 1 for �̌� ≫ 𝑘𝐵𝑇. From �̌�, one can find the actual membrane bending rigidity 

estimates, using a correction from Seifert and Langer[6] to account for density fluctuations in 

the membrane[7]: 

�̌� = 𝜅 (1 + 24
2𝑑𝑚𝑜𝑛𝑜

2

𝑑𝑏𝑖𝑙𝑎𝑦𝑒𝑟
2 )      (5) 

with 𝜅 the bending rigidity, 𝑑𝑏𝑖𝑙𝑎𝑦𝑒𝑟 the bilayer thickness, dmono the height of the monolayer 

neutral surface[8]. The quantity dmono is generally unknown, although it ranges in dbilayer/4 ≤ dmono 

≤ dbilayer/2. This quantity has the practical consequence of rescaling �̌�, in order to obtain the 

bending rigidity constant 𝜅. In the following, we will consider for dmono the hydrocarbon chain 

length found from previous NMR experiments on the C10 mix membrane (Lchain ≅ 8.3 Å[1]). This 

is equivalent to modifying Equation 4 by substituting �̌�  𝜅 and the prefactor 0.025  0.0082, 

a value that is similar to the most accepted value for phospholipid-based vesicles (0.0069[9]): 

𝛤𝑍𝐺 = 0.0082𝛾√
𝑘𝐵𝑇

𝜅

𝑘𝐵𝑇

𝜂
     (6) 

To analyze the NSE data, some considerations can be made based on knowledge of the 

instrument time (/energy) window. From Equation 3, one can see that the term related to the 

Brownian diffusion, namely exp(-Dq2τ), tends to a constant for small enough values of the 

diffusion coefficient D: exp(-Dq2τ) ≈ 1 when D ≈ 0. Therefore, we will neglect the contribution 

of the Brownian diffusion coming from the largest assemblies as detected from the in-situ DLS, 

and consider only the structures that give the lowest Rh at temperatures where the coexistence 

is observed, T = 60 and 70 °C (Figure 4). In practice, this means that the diffusion of the large 

lipid droplets has negligible effect on the NSE data analysis, while the diffusion of the vesicles 

is taken into account and disentangled from the membrane relaxation signal. This strategy is 

also supported by what we observed by SANS, where the region q > 0.04 Å-1 is clearly 

dominated by the membrane contribution (as a reminder, the NSE measurements were 

performed in the range 0.04 < q < 0.07 Å-1). 

Concerning the possible contribution of the large lipid droplets in the NSE F(q,t), one can 

assume it as an elastic constant, which would lead to a modification of Equation 3 as follows: 

F(q, t) = Ivesicles * exp(-Dq2t)*exp(-(Γ ZGq3t)2/3)  + Idroplets  (7) 

with Ix the intensity ratio of population x in the NSE q-range. However, by plotting the curves 

in a log[F(q, t)/ exp(-Dq2t)] vs (q3t) 2/3 representation, we can show (Figure 5) that all data at T 

= 70 °C fall extremely well onto a linear master curve (having a slope m = - ΓZG
2/3). This ensured 

that all contributions from the lipid droplets could be neglected in the analysis and that the 

model function of Equation 3 was sufficient to fit the data. 
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Fourier Transform InfraRed (FTIR) spectroscopy 

The FTIR spectra were acquired on a Vertex70 FTIR spectrometer (Bruker, Germany) with 1 

cm-1 resolution. The temperature steps, as well as the time at which the samples were kept at 

each temperature, were set to match the NSE experiment on IN15 (≈ 4 h per temperature). 

Samples were followed by acquiring FTIR spectra every 15 minutes. Every spectrum was 

automatically averaged among 256 collections by the instrument software. 

The data were analyzed following a specific frequency peak at νsymm ≈ 2850 cm-1. This peak, 

corresponding to the CH2 symmetric stretching frequency, was chosen for its well resolved 

position in the FTIR wavelength range. The position of the peak was evaluated by fit with one 

(or two, when coexistence was observed) Gaussian function in the vicinity of the peak. The 

temperature and time dependence of the peak provides information about the lipid tail's 

conformation and vibrational dynamics. 

 

SANS data analysis 

Form factor models for SANS data analysis: 

The following models (and combinations of them, when needed) were used to fit the SANS 

data: 

1. Unilamellar vesicle[10] 

 

𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒
𝛷

𝑉𝑠ℎ𝑒𝑙𝑙
[
3𝑉𝑐𝑜𝑟𝑒(𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝜌𝑠ℎ𝑒𝑙𝑙)𝑗1(𝑞𝑅𝑐𝑜𝑟𝑒)

𝑞𝑅𝑐𝑜𝑟𝑒
+

3𝑉𝑡𝑜𝑡(𝜌𝑠ℎ𝑒𝑙𝑙−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑗1(𝑞𝑅𝑡𝑜𝑡)

𝑞𝑅𝑡𝑜𝑡
]
2
+ 𝐶 (5) 

 

with 𝛷 the shell volume fraction, V the volumes of the core of shell (𝑉𝑐𝑜𝑟𝑒) or the overall vesicle 

(𝑉𝑡𝑜𝑡), R the radii of the core (𝑅𝑐𝑜𝑟𝑒) or the entire vesicle (𝑅𝑡𝑜𝑡), ρ the neutron scattering length 

densities of solvent (𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡) and shell (𝜌𝑠ℎ𝑒𝑙𝑙), 𝑗1(𝑥) = (𝑠𝑖𝑛𝑥 − 𝑐𝑜𝑠𝑥) 𝑥2⁄  the spherical Bessel 

function and C the flat background level. 

The fitting parameters are therefore the following: 

- 𝛷: determined from the sample preparation and always fixed; 

- scale: as the curves are in absolute scale, if all samples having volume fraction 𝛷 contribute 

to the vesicle form factor, then scale = 1; 

- background; 

- 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡: calculated from 𝜌 =
∑ 𝑏𝑖
𝑁
𝑖=1

𝑉
 and using tabulated values for the neutron coherent 

scattering lengths bi of the atoms in the solvent (buffer and D2O), always fixed for the fittings; 

- 𝜌𝑠ℎ𝑒𝑙𝑙: same as for 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡, calculated from the sample molecules and always fixed; 

- 𝑅𝑐𝑜𝑟𝑒; 

- bilayer thickness = 𝑅𝑡𝑜𝑡 − 𝑅𝑐𝑜𝑟𝑒; 

- radius polydispersity, assuming a Lognormal distribution; 

- thickness polydispersity, assuming a Gaussian distribution. 
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2. Multilayer vesicle (used for bilamellar vesicle populations) 

 

𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒
𝛷(𝜌𝑠ℎ𝑒𝑙𝑙−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

𝑉𝑠ℎ𝑒𝑙𝑙
∑ [

3𝑉(𝑟𝑖) sin(𝑞𝑟𝑖)−𝑞𝑟𝑖cos(𝑞𝑟𝑖)

(𝑞𝑟𝑖)
3 −

3𝑉(𝑅𝑖) sin(𝑞𝑅𝑖)−𝑞𝑅𝑖cos(𝑞𝑅𝑖)

(𝑞𝑅𝑖)
3 ]

2
𝑁
𝑖=1 + 𝐶 (6) 

 

with ri the solvent radius before shell I, Ri the shell radius for shell i. The fitting parameters are 

analogous as in the unilamellar vesicle model, except that it is normalised for the vesicle 

volume fraction (core + shell) and for the additional parameters: 

- solvent thickness = ri - Ri-1; 

- N: number of shells, fixed to 2 for the bilamellar vesicles. 

 

 

3. Lamellar[11] (this model was used when the information about the vesicle size could not 

be obtained) 

 

𝑃(𝑞) = 4𝜋
𝑠𝑐𝑎𝑙𝑒

𝑞4𝛿
∆𝜌2(1 − cos𝑞𝛿) + 𝐶 

 

where ∆𝜌2 is the scattering length density difference, and 𝛿 the layer thickness. This model 

can be thought of as the limiting form of a unilamellar vesicle model with infinitely large radius. 

 

 

4. Sphere [10] (lipid droplet population) 

 

𝑃(𝑞) =
𝑠𝑐𝑎𝑙𝑒

𝑉
[
3𝑉(𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝜌𝑠𝑝ℎ𝑒𝑟𝑒)(𝑠𝑖𝑛(𝑞𝑟)−𝑞𝑟𝑐𝑜𝑠(𝑞𝑟))

(𝑞𝑟)3
]
2

+ 𝐶   (7) 

 

used to model spheres with uniform neutron scattering length density 𝜌𝑠𝑝ℎ𝑒𝑟𝑒, radius r and 

volume V. Free fitting parameters: 

- scale: sphere (droplet) volume fraction; 

- r: sphere radius. 

- radius polydispersity, assuming a Lognormal distribution; 
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Table S1 (at the end of this text) shows the parameters that have been used for the SANS fit. 

In every case, the following additional parameters were considered as constant and fixed: 

1. Sample neutron scattering length density (NSLD): -0.04 * 10-6 Å-2 

2. Solvent NSLD: 6.24 * 10-6 Å-2 

3. Sample volume fraction: 0.0127 

The NSLD values were calculated from the compound chemical formula and the density using 

SASView (http://www.sasview.org/). 

 

Neutron Spin Echo: in-situ DLS 

Figure S1 shows the intensity traces acquired during the in-situ DLS measurements on IN15. 

The data give additional evidence about fusion phenomena occurring at high temperature that 

cause a significant decrease in the amount of scatterers in solution (to which the intensity is 

partially linked). We made sure that the intensity of the C10 mix sample, although reduced at 

T = 70 °C, was still significantly higher than the dark counts. 

 

 

 

 

 

 

 

Figure S1. In-situ DLS Intensity traces averaged over the full measuring time at each specific 

temperature for the three measured samples. 
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Figure S2. Frequency νsymm as function of the time, following various temperature-jumps for all the 

samples (similar to Figure 6 in the main text, but here showing the position of the coexisting peak at 

νsymm ≈ 2861 cm-1). 

FTIR data analysis 

Figure S2 shows the same data presented in Figure 6 (right) in the main text, but on a wider ν 

range to show the peak coexistence (and the position of the second peak at νsymm ≈ 2861 cm-1) 

observed at T = 20 °C at the beginning and the end of the scan. 

Alkane viscosity 

Figure S3 plots values of the dynamic viscosity of eicosane and squalane as function of 

temperature, taken from the literature[12,13]. The difference in the vesicle behavior in the low 

and the high temperature ranges may be linked to the fluidity of the incorporated alkane 

molecules. 

 

Figure S3. Dynamic viscosity of eicosane and squalane as function of temperature. Data taken 

from[12,13]. 
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Table 1S. Full list of SANS fit parameters. The values for the fractions (lamellar and sphere) are 

normalized to the lipid volume fraction. ULV: Unilamellar Vesicle; BLV: Bilamellar Vesicle; PD: 

polidispersity index. * Since the Guinier regime is not fully reached at low q for the dense sphere 

form factors, the radius values found from the fits are not reliable and should be considered as 

minimum values instead.  
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sample C10 mix C10 mix + 2% h-eicosane C10 mix + 2% h-squalane 

temperature  
(°C) 

20.5 39.69 60.11 78.73 20.5 39.69 60.11 78.73 20.5 39.69 60.11 78.73 

fitting model 
lamella
r (ULV 
+ BLV) 

lamellar 
(ULV + 
BLV) 

sphere + 
lamellar 

spher
e 

lamellar 
(ULV + 
BLV) 

sphere 
+ 

lamellar 
(ULV) 

lamella
r 

spher
e 

sphere + 
lamellar 
(ULV) 

sphere + 
lamellar 
(ULV) 

lamella
r 

spher
e 

q range (Å-1) all all all all all all 
0.04 - 
0.566 

all all all 
0.04 - 
0.566 

all 

chi^2/(Npts) 6.1 4.9 3.55 2 23 46.4 4.8 83.1 17.9 22.1 2.8 8.6 

lamellar 
fraction  *10-3 

239 ± 
0.8 

245.2  ± 
0.9 

7.4 ± 0.2 --- 869  ± 1 
176.8 ± 

0.2 
186 ± 
0.6 

--- 
478.3 ± 

0.6 
358.9 ± 

0.7 
50 ± 2 --- 

vesicle radius 
(Å) 

412 ± 2 
(ULV);  
154 ± 6 
(BLV) 

433 ± 2  
(ULV);   
164 ± 6 
(BLV) 

--- --- 

389 ± 3 
(ULV);  
157 ± 3 
(BLV) 

119 ± 1 --- --- 397 ± 3 175 ± 2 --- --- 

membrane 
thickness (Å) 

21.8 ± 
0.1 

21.8 ± 0.1 20 (fixed) --- 
23.6 ± 

0.1 
21.5 ± 

0.1 
20.1 ± 

0.1 
--- 

22.2 ± 
0.1 

20.5 ± 
0.1 

16 ± 1 --- 

solvent 
thickness  

(for BLV) (Å) 

115.8 ± 
0.5 

130.3 ± 
0.6 

--- --- 
69.8 ± 

0.6 
--- --- --- --- --- --- --- 

sphere 
fraction *10-3  

--- --- 
85.0 ± 

0.2 
58.8 ± 

0.2 
--- 

154.3 ± 
0.2 

--- 
424.8 
± 0.3 

458.3 ± 
0.2 

156.1 ± 
0.2 

--- 
278.1 
± 0.2 

sphere radius 
(Å) 

--- --- 768 * 430 * --- 281 * --- 420 * 516 * 439 * --- 425 * 

vesicle radius 
PD 

0.19 
(ULV); 
0.54 

(BLV) 

0.18 
(ULV); 
0.48 

(BLV) 

--- --- 

0.30 
(ULV); 
0.67 

(BLV) 

0.62 --- --- 0.45 0.59 --- --- 

sphere radius 
PD 

--- --- 1 1 --- 1 --- 1 0.13 0.7 --- 1 

solvent 
thickness  

PD (for BLV) 
0.22 0.24 --- --- 1 --- --- --- --- --- --- --- 
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3.2.2.2 Notes: Article 3 results in the Thesis context

One of the main results found and presented in the Article 3 is that the confor-
mational change, observed as an onset of the macromolecular structure (initially
vesicle) size increase with temperature observed by DLS, is due to a phase change
of the vesicles into dense lipid droplets. At first sight, these results may seem to
be contradicting what has been found and discussed in Article 1. There, the data
from C10 mix indicated that the totality of the sample was in a lamellar structure
even at the highest measured temperature of T = 78.2 ◦C (Figure 9 of Article 1).

The apparent controversy is solved when considering the difference in the sam-
ple states for the two cases. The SANS data in Article 1 refer to a C10 mix sam-
ple in form of MLVs (not extruded) at 350 mM concentration, while all samples
presented in the Article 3 are in ULV state (extruded through 100nm pore mem-
branes) at 80 mM.

In order to define the source of the observed difference in the samples behavior,
whether it was due to the lamellarity or the concentration difference (or both), an
additional set of measurement was performed on D33 on a copy of the C10 mix
sample at 80 mM that did not undergo extrusion. Figure 15 shows the resulting
curves after the temperature scan, compared to the scan made on the extruded
sample.

The data are shown in the Iq2 representation and have not been shifted ver-
tically, therefore: a) the lamellar phase, which follows a q−2 decay, is seen as a
constant line with zero slope in this representation; b) the intensity value in the
range where the lamellar form factor dominates (0.03Å < q < 0.1Å) can be used
to compare qualitatively the amount of lamellar fraction.

0.001 0.01 0.1
1E-5
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0.001

0.01

0.1

0.001 0.01 0.1
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 78.7 °C
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Figure 15: Comparison of SANS curves at four temperatures in the range 20 ◦C < T <

80 ◦C, between extruded and non extruded C10 mix 80 mM samples. The
curves are shown in the Iq2 representation, to highlight the presence (and
amount) of lamellar phase in the sample. Left: extruded sample (same data
shown in the left panel of Figure 2 of Article 3, but in the Iq2 representation
and without vertical shift of the curves). Right: non extruded sample.
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The extruded sample (left panel) shows the presence of lamellar phase at am-
bient temperature (T = 20 ◦C). The curve deviates slightly from the q−2 decay
because of an additional fraction of bilamellar vesicles (that indeed is needed
to fit the curve, as detailed in Article 3). The curve at T = 40 ◦C is almost com-
pletely superimposed to the one at T = 20 ◦C, meaning that the sample did not
undergo significant changes. At T = 60 ◦C the lamellar fraction has almost com-
pletely disappeared as the curve follows mostly a q−4 decay (characteristic of
dense spheres), and at the highest temperature the SANS can be fitted by a dense
sphere form factor exclusively.

Conversely, the non extruded sample (right panel) shows the presence of a
high amount of sample in the lamellar phase at the first three temperatures with
small variations. Here, the deviations from the q−2 decay are due to the presence
of membrane correlations, as expected for non extruded samples. Even at the
highest measured temperature of T = 74.2 ◦C, although the membrane correlation
has disappeared and the intensity in the 0.03Å < q < 0.1Å region is lowered, the
curve still follows a well defined q−2 decay.

This suggests that there is still a significant amount of sample that is assembled
into lamellae at the highest temperature, a clear difference with respect to the
sample that has been extruded prior to the temperature scan.

The additional result presented here clearly shows that the extrusion has more
profound implications on the sample state and response to the environment (in
this case, the thermal stress). The molecular rearrangement triggered by the tem-
perature, while still happening on the MLV systems (as proven by the ssNMR data,
Figure 5 of Article 1) seems to have different effects, perhaps related to the signif-
icant variance in size between ULVs and MLVs or to a further protection offered by
the many MLV shells to each other against phase separation.

A systematic study on the impact of membrane lamellarity in the vesicle ther-
mal response should be pursued in future work.
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3.2.3 Article 4: Alkane localisation inside a compliant protomembrane
model at atomic scale

3.2.3.1 Foreword

The presence of the alkane molecules in a model protomembrane composed
by single, short chain amphiphiles has been found to bring a series of interesting
consequences in the membrane properties and behaviour upon temperature and
hydrostatic pressure increase (as shown from the results in the Articles 2 and 3).
What is still left to the investigation is how the alkanes position themselves inside
the protomembranes, in order to give the many observed effects in the membrane
properties.

Initially, the answer to this question was foreseen by the use of SAND and the
preparation of sample copies containing either the hydrogenated or the perdeuter-
ated form of the alkanes under study.

However, the preparation of oriented multilamellar stacks on solid substrate
(silicon wafer) that is a pre-requisite to successfully perform the Fourier analysis
with SAND data, revealed to be challenging. The usual approach of solubilizing
the lipids in organic solution and spreading them on the flat substrate to dry (com-
monly used with phospholipids) did not work with decanoic acid nor with C10
mix. In the first case, the obtained sample led to weakly-oriented diffraction pat-
terns (powder diffraction) that were not swelling upon humidity increase (Figure
16 left panel).

Instead, with the C10 mix the film is impossible to create, because the mixture
stays liquid at ambient temperature, thus the organic solvent evaporates leaving a
liquid droplet on top of the wafer (sample de-wetting). Different organic solvents
and ratios were tested (some examples: pure chloroform, chloroform:methanol
2:1 - 1:1 - 1:2, isopropanol, isopropanol:pentane 1:1) but none of them prevented
the sample from de-wetting.

The only strategy that allowed to create films was through deposition of vesi-
cles suspended in bicine buffer, left to dry on the flat surface. Nevertheless, this
last technique did not lead to any Bragg peak observation for the C10 mix sample
(meaning that the sample did not show any membrane ordering); a structuring
was observed for samples made purely by decanoic acid vesicles, but only two
subsequent orders of diffraction were observed (meaning that a very weak mem-
brane ordering was achieved, Figure 16 right panel). This precluded any further
investigation on such samples, because a minimum of 4 Bragg peaks are needed
to perform the Fourier analysis.

There are many possible reasons for the observed infeasibility in creating or-
dered membrane stacks with the short, single chain amphiphiles. The first, and
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Figure 16: Comparison of reciprocal space maps obtained with SAND. Left: decanoic
acid sample prepared from organic solution (chloroform:methanol 1:9), equi-
librated at 100% relative humidity ofD2O 100%. The very low d− spacing ≈
21Å, approximately equivalent to double the size of one decanoic acid
molecule, implies that there is little to no water present between the lay-
ers. Right: decanoic acid sample prepared from vesicle deposition (decanoic
acid:bicine 1:1 molar ratio), equilibrated at 95% relative humidity ofD2O 70%.
The d− spacing ≈ 86Å implies that this sample contains hydrated multilay-
ers, although the only two peaks visible indicate a weak vertical ordering.
Note the large difference in 2ϑ scale between the two maps. Full details about
the use of D2O contrasts and relative humidity are found in the Article 4 of
this thesis.

maybe the principal reason, is the fact that the headgroup of these molecules is
weakly hydrophilic, thus it does not bind efficiently with the surface of the silicon
wafer (which is hydrophilic).

An additional test was made by coating the surface of the silicon wafers with
Octadecyltrichlorosilane (OTS). OTS is an amphiphilic molecule with a long hy-
drophobic chain (C18) and a polar headgroup (SiCl3). The coating results in a
OTS monolayer on top of the silicon surface, with the acyl chains pointing towards
the interface with the air. This now-hydrophobic surface should allow, in princi-
ple, the membrane stack formation starting from the hydrophobic chains of the
samples. However, the OTS coating did not prevent the samples from de-wetting.

The second, and third reasons to explain the technical difficulties have to do
with the very short chain length and the fact that these systems are single-chain
amphiphiles. These features probably prevent the formation of an ordered array
in the vertical direction of the wafer, and the molecules tend to arrange at random
directions instead.

In order to perform the alkane localization, in view of the above mentioned
technical issues, an alternative sample was used. This sample was a multilamellar
stack of DCPC, a phosphatidylcholine with the same chain length as the decanoic
acid and the decanol. From one hand, the more hydrophilic PC headgroup could
allow a successful preparation of multilamellar membrane stacks. On the other



3.2 A L K A N E E F F E C T S A N D P O S I T I O N I N G 119

hand, the use of the same chain length as the single chain amphiphiles could help
linking the alkane positioning into both kind of samples. The details of this work
can be found in the following Article 4.

In this work, I wrote the proposals for neutron beamtime, prepared the sam-
ples, performed the experiments on D16 (SAND), analyzed the data and wrote the
paper.

The paper is in submission to Biochimica et Biophysica Acta - Biomembranes (Else-
vier).
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Abstract 

Model biomembranes composed by short chain lipids are of great interest to study the origin 

of cellular life. This is because Fischer-Tropsch type reactions, occurring in the early Earth 

environment, likely favored formation of short lipid chains (C < 12). Recent studies have shown 

that inclusion of small quantities of apolar hydrocarbons in model proto-membrane forming 

mixtures has a significant impact on the membrane stability towards high temperature and 

high pressure conditions. Here, we performed an in-depth structural investigation, using 

neutron diffraction, of a short chain phospholipid membrane including (or not) linear or 

branched hydrocarbons. Both water contrast variation, using H2O and D2O pure or mixed, as 

well as membrane swelling through humidity scans were used to determine the corresponding 

membrane neutron scattering length density profiles. We found that the alkanes eicosane and 

squalane are incorporated in the midplane of the membrane hydrophobic core. The data show 

a preferential positioning of these alkanes, sitting perpendicular to the phospholipid tails and 

therefore causing a slight increase of the membrane thickness. The alkanes may also play a 

role in reducing membrane swelling upon hydration. 

Introduction 

The cell membrane is among the most fascinating macromolecular structures that make up all 

living systems. It is a biological two-dimensional matrix that separates and protects the interior 

of the cell from its environment. The basic unit of cell membranes (which generally consist of 

lipids, proteins and carbohydrates) is a bilayer of polar lipids (phospholipids, glycolipids) 

whose polar head-groups point outwards (the membrane surface), while the hydrophobic acyl 

chains constitute the membrane core. Biomembranes promote the compartmentalization of 

living systems, which is an essential property for the definition of life. In fact, the formation of 

early membranes is believed to have played a key role in the first steps toward the origin of 

life on our planet1–5. 

Due to the importance of membranes in the origin and definition of life, several membrane 

structural studies have been performed in order to obtain quantitative information on molecular 

organization, phase changes and separations, incorporation and effects of host molecules and 

macromolecules etc. Such structural characterization is generally complicated by the fact that 

the biologically relevant phases are not crystalline, therefore there is no three-dimensional 

repeat unit that can be resolved through usual crystallographic methods. Instead, lipids 

typically arrange into liquid-crystalline phases, e.g. gel (Lβ, Pβ) or fluid (Lα) lamellar phases 

which possess intrinsic static and/or dynamic lateral disorder. X-ray and neutron diffraction 

techniques have been important tools in this respect, because they allow one-dimensional 

information of the membrane ordering along the bilayer plane normal to be obtained, despite 

the lateral disorder of the Lα, Lβ and fluid phases. 
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From seminal studies performed back in the 1970s6–9, a new methodology was developed to 

extract the neutron and x-ray scattering length density (SLD) profiles of membranes at near-

atomic resolution from so-called membrane diffraction data of oriented solid-supported 

membrane stacks. The analysis of the SLD profiles gives information on the average 

positioning and dimensions of each membrane constituent10: hydrocarbon chains, headgroup 

components (e.g. the phosphate and the choline groups)11,12, water and additional 

incorporated host molecules when present (e.g. cholesterol)7,8. 

With this quantitative information at hand, one can investigate the location of intercalants 

within the membrane and correlate it with the observed consequences on the membrane 

structure, as well as its properties and functioning. This was done, for example, by using n-

alkanes of varying chain length to investigate the mechanisms of anaesthesia13,14. These 

studies proved that a significant amount of n-alkanes (e.g. hexane15) entered the bilayer core, 

although the resolution was not sufficient to determine whether there was a preferential 

positioning (i.e. sitting parallel or perpendicular to the lipid acyl chains). Another study16 was 

performed using high amount of C6 – C16 n-alkanes (0.3 – 0.9 alkane:lipid ratio) on egg PC 

membranes, finding that smaller n-alkane chain lengths contributed to an increase in bilayer 

thickness. More recently, the exact positioning of small amounts of squalane (branched C30 

alkane) was determined in model membranes made of DOPC:DOPG17 and an archaea-

mimicking mixture DOPhPC:DOPhPE18. In both cases, squalane was found to enter the lipid 

membrane and to position in the mid-plane of the bilayers perpendicularly to the lipid tails. 

Moreover, the two studies highlighted the possibilities for such incorporated molecules to act 

as proton permeability barrier17 and to trigger domain phase formation18. 

In analogy with previous findings, our group has studied the incorporation of n-alkanes in early 

life membrane models composed of short single chain amphiphiles (SCAs) with C10 tail length 

[Misuraca et al., accepted to Comm.Chem.]. The reason for this lies in the likely presence of 

a broad size distribution of n-alkanes (especially linear ones) along with SCAs in the early 

Earth environment, as both species are readily formed via Fischer-Tropsch type reactions19,20. 

If a structural role could be identified for such apolar molecules into the prebiotic membranes, 

this would help explain how SCA membranes could have withstood the harsh environmental 

conditions of the early planet. In our recent study [Misuraca et al., accepted to Comm.Chem.] 

we found that the alkanes squalane and eicosane (C20 linear) decrease the temperature 

induced membrane swelling of multilamellar vesicles (MLVs) and decrease the membrane 

sensitivity towards high hydrostatic pressure. These results show that incorporation of n-

alkanes can indeed confer a higher membrane stability towards high temperature and 

pressure and therefore could have played a major role in the formation of the first forms of life. 

It is now important to determine the actual positioning of such molecules inside short-chain 

membranes. First, the existence of a preferential direction of the n-alkanes inside the 

membrane could help gain insight into the mechanisms by which the bilayers acquire a higher 

thermo- and piezo-stability. Second, it might explain the need for more or less intercalant in 

order to obtain significant effects in the membrane (for instance, an orientation of the alkanes 

perpendicular to the acyl chains might correlate with very small amounts needed in the 

membrane). Third, the positioning may (or may not) affect membrane structural features, e.g. 

the bilayer thickness, possibly offering a way to obtain a thicker membrane even in conditions 

where only short chain lipids are available. 

Previous structural studies of model membranes have focused on lipids having chain length 

of 12 carbons or longer11,12,21. Here, we perform our investigation using the C10 PC lipid 1,2-

didecanoyl-sn-glycero-3-phophocholine (hereafter DCPC, Figure 1a) as phospholipid C10 

analogue of the previously studies SCA membranes22 [Misuraca et al., accepted to 
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Comm.Chem.]. This allows to profit from the optimized procedures for successfully producing 

PC lipid membrane stacks onto silicon substrates11, which are needed for obtaining structural 

information by neutron diffraction. We combined two approaches to neutron diffraction studies, 

contrast variation and membrane swelling (see Materials and Methods section), to fully 

characterize DCPC bilayers in the absence or presence of small amounts of three alkanes 

eicosane (Figure 1b), squalane (Figure 1c) and triacontane (C30 linear, Figure 1d). 

We found that the alkanes eicosane and squalane enter the membrane hydrophobic core and 

lead to an increase of the bilayer thickness compared to the alkane-lacking sample. 

Conversely, the triacontane does not lead to an increase in membrane thickness, hence 

questioning its incorporation into the membrane and suggesting a role of the n-alkane length 

for a successful inclusion in the bilayer. Moreover, a small variation in the decay length of the 

osmotic pressure vs. distance curves suggests a possible role of the eicosane and squalane 

in decreasing slightly the membrane swelling limit at maximum hydration. 

Materials and method 

1. Sample preparation 

DCPC was purchased from Avanti Polar Lipids (Alabaster, USA). Hydrogenated and 

perdeuterated eicosane, squalane and triacontane were purchased from Sigma Aldrich 

(Merck). All products were used as received from the manufacturer, without further purification. 

5 mg of DCPC or DCPC with 4% molar of the corresponding hydrogenated or deuterated 

alkane (eicosane, squalane or triacontane) were dissolved in chloroform:methanol (2:1), 

spread on a silicon wafer (Silicon Materials Inc.; Pittsburg, USA) using the “rock and roll” 

method23 and dried overnight under vacuum. Next, the samples were placed in sealed Falcon 

tubes containing 100 μL of H2O at 40 °C for 24 hours for annealing. Finally, samples were 

stored at ambient temperature before the experiments. 

 

 

Figure 1. Chemical structure of the compounds used in this work. (a): bilayer of DCPC lipids; (b): 
eicosane; (c): squalane; (d): triacontane. 
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2. Neutron Diffraction experiment 

Neutron diffraction experiments were performed on the D16 cold neutron diffractometer24 at 
the Institut Laue-Langevin (ILL, Grenoble, France). The incident wavelength was 4.465 Å. The 
position sensitive 2D-detector MILAND (320 x 320 mm2 with 1 x 1 mm pixel resolution) was 
set to a sample-to-detector distance of 0.950 mm. Diffraction data (sample rocking scans or 

-scans) were collected in reflection geometry by scanning the sample angle with respect to 

the incident beam (Ω) using 0.05° increments at two detector positions,  = 12° (-1 < Ω < 12°) 

and  = 28° (8 < Ω < 18°) in order to collect the maximum number of orders of diffraction 

(Figure 2).  denotes the angle of the detector center with respect to the incident beam. This 
choice of angular ranges leads to a continuous q-range of 0.06 Å-1 - 0.86 Å-1, where q is the 
neutron scattering vector. Diffraction experiments were performed using the BerILL25 chamber 
allowing for precise control of the humidity and the temperature. The temperature at the 
sample position, regulated by a thermal bath, was kept at the constant value of T = 25 °C. The 
relative humidity (RH) was precisely regulated by the temperature difference between the 
sample and the water reservoir using a dedicated Lakeshore 336 controller and high-precision 
temperature sensors25. 

The DCPC samples, pure or containing 4% of either hydrogenated or deuterated alkanes, 
were measured following two different procedures. In the first (contrast variation experiments), 
samples were incubated at a constant RH of 97% for 2 hours before starting each scan. Each 
of them were incubated three times inside the humidity chamber at different D2O contrasts, 
with the reservoir filled with 20 ml of different mixtures of D2O/H2O  (8%, 70% or 100%). The 
different contrasts were used to extract the phase of each Bragg reflection required to 
determine the membrane neutron scattering length density (NSLD) profile7. 
In the second experimental procedure (swelling experiments), the D2O/H2O solvent contrast 
was set to a zero NSLD obtained using the 8% D2O mixture. Here, the RH was varied from 
30% up to ≈ 100% in order to scan the sample lamellar spacing and Bragg reflection intensities 
as a function of humidity from a dehydrated state up to full hydration. Sample equilibration 
was gradually increased from 1 hour (used for the lowest humidity steps) up to 2.5 hours for 
the sample equilibrated at 99.5% RH. For the last measurement aimed at reaching full 
hydration, samples were equilibrated for 24 hours. 

An example of reciprocal space map obtained by merging two -scans is shown in Figure 2. 
The obtained 2D map corresponds to the reciprocal space map in angular coordinates (Ω vs 
2θ)26. The first visible feature is the occurrence of a series of reflections located at the same 
periodicity (qz) on top of the line Ω = (2θ)/2 that corresponds to the specular condition. The 
periodicity identified by the reflections results from the lamellar ordering of the multilayer, with 
a repeat distance given by one bilayer plus one water layer. Each reflection does not have the 
shape of a peak in the vertical (Ω) direction, as would be expected from a diffracting crystal. 
Instead, there are elongated features (called Bragg sheets) which are a sign of the disorder 
(static or dynamic) in the membrane plane (q//) and can be considered as a signature of a 
liquid crystal. Two minima lines are defined from the 2D map, one that is located at constant 
Ω = 0 and the other tracing the line Ω = 2θ. These minima corresponds to the so-called sample 
horizons, and occur at the angles where the scattered beam is attenuated by crossing 
longitudinally the silicon substrate. 

3. Data reduction 

Data reduction was performed using the ILL software LAMP27. Pixel efficiency as well as solid 
angle corrections were performed using a detector calibration obtained from the flat incoherent 
scattering signal of a water measurement. The background was obtained by collecting an 
empty humidity chamber scan and was subtracted from each measurement. The background-
subtracted data were then exported for further analysis using Origin Pro (Version 2019, 
OriginLab Corporation, Northampton, MA, USA).  
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Figure 2. Example of reciprocal space map (Ω vs 2θ). The data shown here are from DCPC at 8% 
D2O contrast and 30% relative humidity. Horizontal white dashed lines show the limits of integration 

for each diffraction order, while the top plot shows the result of the integrations truncated in the 
selected Ω and 2θ regions of interest for the peak fitting. 

The data were reduced to 1D intensities vs 2θ plots by integrating for each peak a slice of Ω  
= 1° width around the peak center (see Figure 2). 

The integrated intensities of the Bragg peaks were analyzed by fits with Gaussian functions, 

as done previously28. 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 of the incident neutron beam. The periodicity (d-spacing) was 
derived as done previously29,30. For each sample and experimental condition, a weighted linear 
fit was performed on a plot of peak positions (in q) as function of the diffraction order (h) 

(known as Bragg plot), the slope (𝑠) of which was used to determine the d-spacing via the 
equation: 

 𝑑 =
2𝜋

𝑠
 .     (2)   

The errors on the d-spacings were obtained by propagating the error of the peak position fitting 
and used in the weighted linear fit to the peak positions vs. Bragg order h. 

The next step in the data analysis is to convert reciprocal space data into real space 1D 
structures. For that, the calculated area of each peak was employed to construct neutron 
scattering length density (NSLD) profiles from the sum of the neutron scattering lengths per 
unit volume31. The way the membrane stack NSLD profiles can be constructed comes from 
the definition of the scattering intensity I(q) as: 

𝐼(𝑞) = 𝑃(𝑞) ∗ 𝑆(𝑞)     (3)   
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where P(q), the form factor, contains the information about the repeated unit structure (in our 
case, one bilayer and one water layer) while S(q), the structure factor, is related to the 
interactions between adjacent membranes that leads to the Bragg reflections. Therefore, the 
S(q) features (the Bragg peaks) are modulated by the underlying form factor, and this property 
can be used to sample the form factor dependence with q at discrete positions exploiting the 
intensity modulation of all Bragg reflections that are observed in a sample scan6–8. The Fourier 
transform of P(q) in real space provides the NSLD profiles. 

In practice, since one only has access to a finite number of q positions through the Bragg 
reflections, approximated NSLD profiles are calculated from the discrete set of Fourier 

coefficients 𝐹ℎ (also referred as “structure factors” in the text) using the following equation6,7,9: 

𝜌(𝑧) = ∑ |𝐹ℎ|𝑣ℎ𝑐𝑜𝑠 (
2𝜋ℎ

𝑑
𝑧)

ℎ𝑚𝑎𝑥
ℎ=1    (4)   

where 𝑑 is the lamellar periodicity of the bilayer stack in the vertical 𝑧 direction, |𝐹ℎ| = ±√𝐼ℎℎ 

where 𝐼ℎ is the integrated intensity of the hth order Bragg peak and 𝑣ℎ is the phase of the 
structure factor terms that are in general complex quantities. However, in the case of 

centrosymmetric structures such as bilayers, 𝑣ℎ = ±1 and the phase assignment simplifies 

into the assignment of a + or - sign for each 𝐹ℎ term7. 

Finally, from the data acquired by scanning the RH (swelling experiments), the osmotic 

pressure (𝛱)32,33 could be calculated from the relative humidity using the following equation: 

𝛱 =
−𝑘𝐵𝑇

𝑣𝑤
0 𝑙𝑛 (𝑅𝐻)      (5)   

where RH is defined as P/P0 (e.g. 0.5 for 50% RH), 𝑘𝐵  is Boltzmann’s constant, T is the 

temperature in Kelvin, and 𝑣𝑤
0 is the molecular volume of water29. 

4. Scattering Length Density profile determination 

In order to gather insights about the membrane structural changes, the first step was to extract 

the corresponding NSLD profiles of each sample. This was done by exploiting the modulation 

in the intensity of each membrane Structure Factor term Fh(q) as detailed in the “Data 

reduction” section. The main challenge relies in the assignment of the phase which, in the 

case of centrosymmetric structures such as membrane stacks, simplifies into the assignment 

of a positive or negative sign to each term. In this work, we combined three strategies to obtain 

an unambiguous phase assignment: 

1. Contrast variation: the use of different D2O / H2O isotopic composition allows to vary 

the water NSLD that is the contrast between bilayers and water layers. By using the 

fact that the NSLD of water increases linearly with the D2O percentage, one can detect 

the occurrence of phase changes. 

 

2. Swelling: when the RH of the environment increases, the membrane stack undergoes 

swelling, as a result of the its hydration and increase of the water layer thickness. 

Assuming that the bilayer structure does not change when the water layer increases, 

one can perform Relative Humidity (RH) scans and use the displacement in q of the 

Bragg reflections to sample the P(q) in a finite set of q positions7. With this technique, 

one obtains information on the possible sign swapping whenever the tracing of the 

P(q) vs q highlights the presence of a relative minimum. 
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3. Physical considerations from the observed NSLD profiles: as highlighted in the former 

points, the contrast variation and swelling techniques both allow detection of phase 

changes, but not the absolute phases. However, the features of the NSLD profiles can 

be qualitatively judged from our knowledge of the system. For instance, the acyl chains 

placed in the middle of the bilayer should give a broad minimum in the profile because 

of the high density of low scattering length hydrogen atoms. Conversely, the phosphate 

groups of the phosphatidylcholines (the DCPC headgroups) give local maxima that will 

be highly visible at the lowest D2O contrast used of 8%. In addition, different D2O 

contrasts at a constant RH do not change the shape of the NSLD in the hydrocarbon 

region. Similar considerations were also made when applying scaling and offset factors 

to the NSLD profiles to allow for comparisons between different samples: there, the 

NSLD profiles of the different samples were matched with each other in the solvent 

region, for the measurements performed at the same D2O / H2O contrast. 

Results 

Figure 3 shows the resulting contrast variation plots for the DCPC samples with and without 

hydrogenated and perdeuterated eicosane or squalane molecules. All numerical values of the 

structure factor terms and the measured d-spacing can be found in Table 1. 

The choice of the sign for the 1st reflection order, the term which is a function of the overall 

periodicity of the repeat unit (the d-spacing), is assigned as negative in order to obtain a local 

minimum of the NSLD profiles at the z = 0 position (Figure 4). This translates into the choice 

of setting the centre of the bilayer repeated unit at the 0 axis position. All other phases were 

assigned by making sure that, in the following order: 

 

Figure 3. Contrast variation plots for the DCPC samples missing or containing alkanes. (a) DCPC 

+ 4% h-eicosane. (b) DCPC + 4% h-squalane. (c) DCPC. (d) DCPC + 4% d-eicosane. (e) DCPC 

+ 4% d-squalane. 
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Table 1. Structure factor terms Fh for the samples measured at three D2O/H2O contrasts and 

corresponding d-spacing. * Value calculated from the only 2 reflections observed. 

Sample (all at 97% RH) % D2O Reflection order d-spacing (Å) 

  F1 F2 F3 F4 F5  

DCPC 

8 -102.2 -156.6 --- --- --- 42.4* 

70 -521.3 -66.6 --- 40.1 --- 43.2 ± 0.2 

100 -686.8 -59.6 --- 25.2 --- 41.9 ± 0.1 

DCPC + 4% h-eicosane 

8 -318.8 -509.1 67 77.2 --- 41.9 ± 0.1 

70 -1474.3 -160.3 -17.4 136.2 --- 45.5 ± 0.2 

100 -1267.1 -67.3 -39.4 103.5 39.3 42.7 ± 0.1 

DCPC + 4% d-eicosane 

8 -180.5 -330.6 52.3 47.3 --- 41.9 ± 0.1 

70 -870.3 -100.8 0 91.8 --- 45.0 ± 0.3 

100 -1136.4 -53.2 -62.3 97.8 34.3 41.9 ± 0.2 

DCPC + 4% h-squalane 

8 -396 -608.2 81 98.5 --- 42.0 ± 0.1 

70 -1696.3 -206.8 21.9 155.8 --- 43.1 ± 0.2 

100 -1079 -44.4 -40.6 86.9 34.4 42.5 ± 0.1 

DCPC + 4% d-squalane 

8 -107.5 -245.6 59.2 47.3 --- 42.1 ± 0.1 

70 -869.7 -38.8 0 78.3 --- 46.0 ± 0.1 

100 -1050.3 -77.3 -70.6 109.7 40.2 42.5 ± 0.2 

 

1) the linearity in the contrast variation plots was maintained (Figure 3); 

2) combining the shape observation of the NSLD profiles at all 3 contrasts;  

3) applying the phase change when needed (in our case, for the 3rd Bragg reflection order 

around 70% D2O/H2O percentage, visible in Figure 3). 

 

Figure 4. Plot of individual terms that contribute to the NSLD profile of the DCPC sample at 100% 

D2O contrast, with the phases assigned as shown in panel (c) of Figure 3. 
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An imperfect linear trend is observed for the 1st order of reflection of the samples DCPC + 4% 

h-eicosane and DCPC + 4% h-squalane (panels (a) and (b) in Figure 3). This has been 

imputed to the very strong scattering signal, occurring already at 70% D2O/H2O contrast, which 

caused possible extinction effects on the first order reflection at 100% D2O/H2O (an effect 

previously observed8). Nevertheless, this does not affect the phase assignment. 

In addition to phase information obtained using the contrast variation measurements, fully 

hydrogenated samples (DCPC, DCPC + 4% h-eicosane, DCPC + 4% h-squalane and DCPC 

+ 4% h-triacontane) were measured at different RH in order to trace the q dependence of the 

membrane form factor P(q) and to possibly detect phase changes at the different hydration 

levels.  

The resulting structure factor terms, after phase assignment, are plotted in Figure 5. Two main 

results are visible from the figure: 

i. In all samples, the 4th order reflection undergoes a phase change at the two lowest RH 

values (50% and 30%); 

ii. The two terms at the highest q position of each reflection (corresponding to the lowest 

measured RH values of 50% and 30%) are slightly off the main trend of the other data. 

This could be the sign that, at such low values of humidity, the bilayer structure 

changed significantly so that the underlying assumption of the swelling experiments 

(i.e. that the peaks shift upon water layer thickening while the bilayer form factor is 

constant) is no longer valid. 

Nevertheless, the changes are low enough to assume that the considerations about the 

phases (negative or positive) are still valid. Only the phase of the 4th and 5th order of the 50% 

and 30% RH values could be questioned, in which case a further validation was performed by 

inspecting the shape of the corresponding NSLD profiles in the two cases. 

 

Figure 5. Structure factor terms as function of q obtained through RH scans, with relative phase 

assigned: (a) DCPC; (b) DCPC + 4% h-eicosane; (c) DCPC + 4% h-squalane; (d) DCPC + 4% h-

triacontane. 
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Figure 6. NSLD profiles of samples measured at 97% RH during contrast variation experiments. Left: 

8% D2O/H2O contrast; right: 100% contrast. The y-axis refers to the eicosane containing samples, 

while the other NSLD profiles were shifted for clarity. Top image shows a sketch of the two bilayers 

mapped by the NSLD profiles in the z range shown and the quantities dHH and d identified by the 

position of the maxima in the two cases. 

Alkane localization 

With all information about phases and phase changes at hand, the membrane NSLD profiles 

could be drawn by summing the contributions of each reflection order (all having the form of 

cosine functions, with an example depicted in Figure 4 and as detailed in the “Materials and 

Method” section) with the proper amplitude and phase. Figure 6 shows the NSLD profiles of 

the samples measured during the contrast variation experiments, at 8% and 100% D2O/H2O 

contrasts respectively. The 8% contrast allows easy definition of the position of the headgroup 

centres, as local maxima located at z ≈ ± 11.5 Å from the bilayer core. 

On the other hand, in the 100% contrast the higher NSLD of D2O gives local maxima in the 

middle of the water region at z ≈ ± 21.3 Å from the bilayer mid-point. 

By superposing the NSLD profiles in the water regions for the samples containing the 

hydrogenated and deuterated form of the same alkane (h- and d-eicosane; h- and d-

squalane), one can calculate the difference profiles and get information about the average 

alkane location inside the membrane. As shown in Figure 6, both alkanes are found to be 

incorporated and sit inside the bilayer in the hydrocarbon region, although a more precise 

localization (e.g. whether the molecules are placed perpendicularly or parallel to the acyl 

chains of the bilayer) is not possible. This is potentially due to two reasons: 

1. The limited resolution of the NSLD profiles (here drawn using up to 5 Bragg reflections, 

the only ones experimentally visible); 
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Figure 7. NSLD profiles of a DCPC sample during swelling experiments. Top image shows a 

sketch of the two bilayers mapped by the NSLD profiles in the z range shown. D2O contrast was 

8%. 

2. Intrinsic disorder in the samples at the used alkane/lipid ratio of 4% (e.g. if portions of 

the alkanes position differently). 

Membrane swelling 

In addition to screening the phase behaviour of the membrane form factor as a function of 

humidity, swelling experiments (at 8% D2O contrast, to easily locate the lipid headgroup 

position) provided further information on the membrane characteristics and properties. The 

samples measured here were a) DCPC; b) DCPC + 4% h-eicosane; c) DCPC + 4% h-

squalane; d) DCPC + 4% h-triacontane. Figure 7 shows an example of the NSLD profiles 

obtained at each measured RH for the DCPC sample. Some qualitative features are visible 

from the plot: 

- The lowest humidity values of 30% and 50% show a more pronounced minimum in the 

centre of the bilayer. This can be attributed to the presence of a higher density of 

hydrogen atoms at the terminal methyl group position, a feature that disappears at 

higher humidity values presumably because of an increase in membrane static and/or 

dynamic disorder. 

- The repeat distance (d-spacing) increases with increasing RH, as expected because 

of the water layer thickening between the bilayers. 

- The bilayer thickness decreases with increasing RH, shown in the plot as a shift of the 

headgroup maxima. 

The last two features can be used for quantitative comparison between the different samples 

investigated. Figure 8 shows the bilayer thickness changes as function of humidity for all 

samples. We use here the same nomenclature applied in former diffraction studies carried out 

on DLPC and DMPC samples11. As a first definition of bilayer thickness, we define dHH as the 

distance between the two maxima in the NSLD profiles at 8% D2O contrast, that correspond 

to the distance between the phosphate groups of the PC. 
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Figure 8. Bilayer thickness dHH as a function of humidity for all measured samples (left scale), and 

corresponding calculated differences with respect to the DCPC sample (right scale). Lines are guide 

to the eyes only. 

As shown in the graph, dHH decreases for all samples when humidity increases. Interestingly, 

the membrane thickness of the samples containing eicosane and squalane appears to be 

offset by a value of approximately [0.5 – 1] Å, while this is not observed for the sample 

containing triacontane. The lipid molecular volume (V) being constant, the decrease in bilayer 

thickness (dHH = 2l where l is the lipid length), is consistent with an increase of the area per 

headgroup (A) upon increase hydration, according to: 

𝐴 =
𝑉

𝑙
. 

From the previous data on DMPC and DLPC11, since the headgroup area should not change 

between DMPC, DLPC and our DCPC sample, we assume it at the average between the 

reported values A = 60.6 (DMPC), 63.2 (DLPC)  A ≈ 62 Å2 11. Also, we consider the lipid 

volume VL scaling linearly with the chain length (VL = 1101 and 991 Å3 for DMPC and DLPC 

respectively), obtains VL ≈ 881 Å3 and a calculated dHH ≈ 20.3 Å for DCPC at full hydration. As 

our reported value at maximum hydration is dHH ≃ 22 - 23 Å, this result suggests that the 

DCPC membranes at the highest measured RH were close, but not completely, to full 

hydration (Figure 8). 

The remaining feature of interest, namely the water layer thickness as a function of humidity, 

is shown in the more widely used pressure – distance curve in Figure 9. In order to estimate 

the water layer thickness dw’, we used existing data in the literature on PC lipids to estimate 

the thickness of the headgroup11. This leads to the following formula for our calculation of dw’: 

dw‘ = d - db’ = d - dHH – 8.1 Å.     (6)  

where db’ is the bilayer thickness calculated from the interfaces water-headgroup. 
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Figure 9. Pressure-distance curves: osmotic pressure Π as function of the water layer thickness dw’ 

calculated for all samples. Inset: decay lengths found from exponential fits for the four samples.  

The data show very small qualitative differences probably due to the humidity range explored, 

still far away from the expected values for maximum swelling (the water layer thickness at full 

swelling for PC lipids is known to be at dw’ ≈ 20-22 Å11 and the bilayer thickness did not shrink 

to the expected minimum value, as previously reported). Exponential fits of 𝛱 as a function of 

dw’ yield an estimation of the decay length λ (inset of Figure 9). Although the differences are 

too small to conclude unambiguously in the humidity range explored, the samples containing 

eicosane and squalane show slightly lower decay lengths which could imply a lower swelling 

limit for these two samples. The obtained λ values are slightly lower than the value reported 

in the literature for DLPC membranes (λ = 2.7 Å)29. 

Discussion 

Our results allow us to gain numerous insights regarding the structure of a short chain 

membrane model, with and without insertion of additional apolar molecules (linear and 

branched alkanes). 

First, contrast variation measurements clearly show that both the alkanes, eicosane and 

squalane, are included in the hydrocarbon region of the DCPC bilayer (Figure 5). Although a 

more precise localization of these molecules is not possible from the contrast variation data 

(e.g. whether the alkanes sit perpendicular or parallel to the lipid acyl chains), the bilayer 

thickness values calculated from fitting the maxima of the NSLD profiles at 8% D2O contrast 

(Figure 8) show an offset of ≈ 0.5 – 1 Å compared to the alkane-lacking DCPC membrane. 

This implies that at least a fraction of the alkanes is sitting perpendicular to the lipid tails, hence 

causing the observed offset in the bilayer thickness. However, the NSLD profiles of Figure 5 

show that this is not the only positioning of the alkanes, because the profile differences would 

have shown a sharp peak centred at z = 0 Å if that was the case. Instead, the observed broad 
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profile differences might indicate a dynamic disorder favoured by the highly fluid membrane 

state, and/or a static one (perhaps because of an excess of alkane molecules that could be 

accommodated perpendicularly into the membrane, forcing the remaining molecules to orient 

parallel to the lipid chains). 

Interestingly, a slight increase of the bilayer thickness offset with humidity increase 

(differences in Figure 8) might suggest a small effect of the hydration in increasing the portion 

of alkane molecules accommodating in the perpendicular mid-plane position. 

The thickness offset is not observed on the sample including the triacontane, which suggests 

size plays a role in the ability of such molecules to be successfully inserted within the bilayer. 

The long axis length of eicosane (C20) and squalane (C30) being similar (because of the 

branched structure of the squalane) and of the same order of twice the lipid chain length of 

DCPC are capable of inserting within the membrane, however the triacontane size could not 

be accommodated in the hydrocarbon region by intercalating parallel to the lipid chains (see 

Figure 1). Perhaps due to the need for the membrane to assume a certain undulated in-plane 

arrangement (governed by the lipid intrinsic geometry and the membrane 

bending/compression moduli), the arrangement of triacontane perpendicular to the lipid chain 

is not possible, so that these molecules are excluded from the membrane and are not 

observed in the calculated NSLD profiles. Such a conclusion remains, however, speculative. 

All membrane stacks investigated show a clear effect of the humidity increase in thinning the 

bilayer up to ≈ 4 Å in the humidity range ≈ 30 -  100%, which is coherent with the increase of 

the headgroup area observed in PC lipids of longer chain lengths11. The extent of such 

decrease in bilayer size is not affected by the inclusion of alkane molecules. The decay length 

of the samples containing eicosane and squalane is slightly lower than the pure DCPC sample, 

implying a possible lower swelling limit induced by the alkane presence. The compatible value 

of λ between the samples DCPC and DCPC + triacontane gives an additional indication that 

the latter alkane did not incorporate within the membrane. 

To summarize, we have performed an extensive study of DCPC oriented membrane stacks 

as a function of the relative humidity (RH) and at different D2O/H2O contrasts. This allowed us 

to determine the bilayer NSLD profile and to define unambiguously the phase of each of the 

structure factor terms Fh. 

From that, and by using deuterium labelled alkanes, we found that eicosane and squalane are 

inserted inside the model membrane in the hydrocarbon region. At least a portion of the alkane 

molecules inserts perpendicular to the lipid chains, causing a slight increase in the bilayer 

thickness db. The membrane swelling induced by the increase in humidity causes, on one 

hand, an increase of the intermembrane water thickness (as expected), while on the other 

hand it leads to a slight decrease in the bilayer thickness, which can be explained by a 

concomitant size increase of the lipid headgroup upon increasing hydration. The decrease of 

dHH is not affected by the eicosane or squalane presence inside the membrane.  

The sample containing the longer hydrocarbon n-alkane triacontane does not show any 

increase in the bilayer thickness. This, together with physical considerations about the alkane 

and lipid molecule sizes, implies that the triacontane molecules do not incorporate inside the 

membrane, unlike eicosane and squalane. We note that the selective exclusion of triacontane 

(and inclusion of squalane) molecules was also observed in a former study with different 

membrane compositions18. The slight differences in osmotic pressure decay with water 

thickness dw’ indicate that the eicosane and squalane may decrease the membrane maximum 

swelling limit of the membrane. 
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Therefore, the incorporation of certain alkanes within short chain lipid membranes could have 

also occurred in an origin of life scenario, where both these alkanes and membrane-forming 

SCA could have been synthesized abiotically. This membrane enrichment, coupled with the 

existence of a preferential structural arrangement of the n-alkanes in the hydrophobic core, 

can effectively increase the membrane thickness and possibly lead to a lower membrane 

swelling capability. Together with previously observed effects in increasing the membrane 

thermal and pressure stability [Misuraca et al., accepted to Comm.Chem.], the results suggest 

a role of the n-alkanes in modifying significantly the membrane structural and functional 

properties, constituting one of the possible survival strategies against the extreme prebiotic 

environmental conditions for the first membrane compartments at the origin of life. 
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4 C O N C L U S I O N S A N D

P E R S P E C T I V E S

4.1 A P R O M I S I N G N E W P R OTO M E M B R A N E M O D E L

The research presented in this thesis expands our current knowledge and un-
derstanding of specific steps in the pathway that, starting from a lifeless assembly
of simple prebiotic molecules dipped in a harsh early environment, eventually led
to the origin of living forms on our planet (and maybe elsewhere in the universe).

A new protomembrane model, made by simple prebiotically-relevant building
blocks readily synthesized via Fischer-Tropsch type reactions (22, 61) and whose
presence is ensured by previous findings on meteorites (27, 62), is proposed to
account for both the molecular limitations and the need to endure the likely ex-
treme temperature and pressure conditions of the early Earth environment (35).
The model membrane is a bilayer of single chain amphiphiles, such as decanoic
acid and 1-decanol, with additional incorporation of apolar hydrocarbons such as
eicosane. The spontaneous assembly of such supramolecular structure is ensured
by thermodynamics: on one hand, the apolar molecules tend to be embedded in
the amphiphiles’ hydrophobic acyl chains; on the other hand, the amphiphilic
nature and intrinsic geometry of the used fatty acid and alcohol favours the self-
assembly into a bilayer membrane.

The simpler protomembrane model composed by decanoic acid and 1-decanol
(C10 mix, lacking the hydrocarbons) has been extensively investigated in former
studies (36, 39, 53, 60), where features such as lipid concentration, pH stability
range and membrane fluidity were first explored. Here, many complementary
properties were defined and compared with membranes consisting of decanoic
acid only.

First, the system containing the decanol shows the presence of bilayers (vesi-
cles) as the unique molecular assembly at ambient temperature, as opposed to
the decanoic acid sample where a coexistence with micelles is always observed.
Therefore, not only the decanol leads to a drop of the CVC, but it also causes the
complete disappearance of micellar aggregates above the new CVC value. The
reason for this effect may be due to a more favourable H-bonding between the
decanoic acid and decanol molecules (also discussed by Apel et al. (60)), so that
the formed pair does not possess anymore the conical geometry that is necessary
to form micelles.
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Second, the decanol prevents the progressive solubilization of the vesicle mate-
rial when the temperature increases, what is observed in the pure fatty acid sam-
ple instead. This property is probably a consequence of the drop of the CVC value
due to the decanol presence. Higher temperatures will favour amphiphile solubi-
lization and thus an increase of the CVC threshold, but the difference between the
CVC and the sample concentration of the C10 mix is large enough to prevent any
solubilization (what is not the case for the pure decanoic acid sample).

Third, the decanol presence induces a noticeable transition triggered by the
high temperature (T ≈ 60 ◦C, discussed in Article 1 of this thesis (110)). The many
implications and consequences of this result are detailed in the next section.

Although of less importance for what concerns the OOL field, the use of decanol
in mixture with the decanoic acid confers an additional advantage for the stabil-
ity of the lamellar phase at low temperature (below T = 10 ◦C). The pure decanoic
acid sample undergoes flocculation at low temperature, which results in the dis-
appearance of the MLV correlation (the so-called swollen phase described in Article
1). Instead, the C10 mix shows that the MLV phase is still partially present at low
temperature, along with a fraction of collapsed phase. This happens at the same (or
similar) temperature of the lamellar fluid-gel transition, which was observed in a
former study (53) and also by SAXS studies performed with pressure (Article 2 of
this thesis; see also Article 2 Supplementary Information for complementary FTIR

measurements).
Enriching the protomembrane with hydrocarbons such as eicosane, squalane

and triacontane investigated in this project, brings several modifications to the
membrane structure and dynamics in response of temperature and HHP varia-
tions. Eicosane and squalane both lower significantly the MLV d-spacing. This
suggests a role of the incorporated molecules in dampening the membrane fluc-
tuations, which are the main factor regulating the very large d-spacing values
observed in these systems (Article 2). Interestingly, the observed effect does not
translate into a significantly lower membrane bending rigidity when the samples
are prepared in the ULV state (Article 3). Furthermore, the insertion of eicosane
into the MLVs leads to prominent effects on the membrane dynamics probed at
molecular level: the hydrogen MSD is lowered at all temperature and hydrostatic
pressure values investigated, and the effects of HHP in the dynamics is greatly
reduced (or canceled) when the eicosane is added (Article 2).

These observations are promising in that they show that such alkane-enriched
protomembranes are in fact not sensitive (in a physico-chemical sense) to the high
pressure that would be experienced in the vicinity of the hydrothermal vents
where life could have appeared first.

A deep structural characterization of ULVs, prepared with and without eicosane
and squalane, shows that the apolar components help maintaining the lamellar
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phase up to higher temperatures, by shifting the high temperature transition that
has been identified in this work. The membrane bending rigidity is lowered by
the presence of eicosane or squalane at ambient temperature, possibly due to in-
creased frustration in the membrane packing. Conversely, because the high tem-
perature (T = 60− 70◦C) likely favours a more efficient mixing with the fluid C10
mix acyl chains, the membrane bending rigidity values of C10 mix ULVs with and
without the alkanes are similar (Article 3).

Therefore, stable membranes can be formed starting from prebiotically avail-
able, single short chain amphiphiles with incorporation of linear or branched ap-
olar molecules placed in the membrane hydrophobic region. Not only these addi-
tional components still allow to obtain stable membranes at ambient temperature,
but they also increase the thermal stability by dampening the membrane fluctu-
ations, reduce any effect of HHP, and shift the conformational transition of the
vesicles at high temperature. The structural role of apolar molecules as adaptive
strategy is not an entirely "synthetic" approach, as suggested by recent studies on
modern extremophiles (38, 114), hence increasing the plausibility of such model
in an OOL scenario.

These findings suggest a possible, novel route to explain how the putative
first proto-living forms could have withstood the extreme environmental con-
ditions. Such protomembrane model, along with all the similar ones varying
for the presence of one (or more) components, were fully characterized from a
physico-chemical point of view with a particular attention to temperature and
HHP, paving the way to further studies focussed on the biological functioning of
the membrane (e.g. the permeability to solutes, oligonucleotides etc.).

The work of this thesis has been devoted to an analytical study of highly simpli-
fied models of protomembranes: this is shown by the exclusive use of C10 chains
for the amphiphiles, the choice of only carboxylic acid and alcohol groups as pre-
biotic "headgroups" and the use of three selected alkane candidates to model the
behavior of linear (eicosane, triacontane) and branched (squalane) hydrocarbons.
This allowed to clearly identify the effects and consequences of each molecular
species (and moiety) to the membrane structure and dynamics.

However, a more representative candidate for a "real world" protomembrane
would certainly be a heterogeneous systems, perhaps including many different
amphiphile types and chain lengths, as well as a broad distribution of alkanes.
From the results obtained in this work, a natural continuation would be a pro-
gressive complexification, which would permit to explore new features such as the
formation of membrane domains, the role of additional "headgroup" moieties (for
instance glycerol monoester) and perhaps obtain a better accommodation of the
alkanes within the membrane.
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Although the primary focus of this work has been to explore possible pro-
tomembranes that could form and thrive at the onset of life, the results can as well
be exploited in all different contexts where the ordinary phospholipid vesicles
(liposomes) are currently employed. As it was shown, single chain amphiphile
vesicles can prove stable towards a wide range of conditions, and the differences
in the behavior could make them a suitable alternative when needed.

4.2 T H E H I G H T E M P E R AT U R E T R A N S I T I O N : L I M I T

O R R E S O U R C E

A surprising high temperature transition was identified for the first time in
this work, with highly significant effects on all the structural studies that have
been performed. The outcome of the transition has proven somewhat elusive and
technically difficult to determine unambiguously, but the ensemble of techniques
used (together with some indirect hints from the literature) can help in defining
a number of characteristics.

First of all, the results detailed in Articles 1 and 3 (and the additional Notes
provided in this thesis for Article 3) clearly show that the transition at high tem-
perature leads to different structures when the samples are in the form of ULVs

or MLVs. This is an important result that implies more profound effects of the
lamellarity state in affecting the membrane stability, even at the high d-spacings
observed for the C10 mix systems.

There seem to be two concomitant phenomena occurring at the same (or sim-
ilar) temperature, in the same fashion of what has been observed at low tem-
perature (fluid-gel transiton together with flocculation). One of them is a vesicle
fusion that creates dense structures, presumably oily droplets that phase sepa-
rate. This phenomenon is observed on ULV samples (Article 3). The other one is
also probably coming from vesicle fusion (the only aggregates which are present),
but it leads to bigger macromolecular structures that still possess a bilayer. This
effect is observed on MLV samples (Article 1). The ssNMR data show that these
new structures can be oriented by the magnetic field of the spectrometer. It is un-
clear, however, if the anisotropic shape of the new assembly is an effect of the
high temperature transition itself (and the magnetic field only orients them along
a preferential direction) or if the deformation has been induced by the magnetic
field (as well as the subsequent orientation), an effect that has been previously
observed on other model and natural membranes and that is a function of the
vesicle size (115, 116).
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It is remarkable that such transition, which seems to be occurring when the
amphiphiles possess an excess thermal energy that is not anymore compatible to
the small (< 102nm) vesicle state, is not observed for the pure decanoic acid sam-
ple. However, this could be due to the fact that vesicle solubilization is already
occurring for T > 30 ◦C, therefore very few vesicles are probably still available at
T = 60 ◦C.

One could argue that this transition sets a clear boundary for the vesicle ther-
mal stability (what is certainly true in the case of ULVs). This offers an impor-
tant perspective for future work in the subject, because it gives a very convenient
method for a rapid screening of different sample compositions via ordinary lab-
oratory techniques such as DLS or FTIR. As it was done for the incorporation of
eicosane and squalane, a shift of the transition observed by DLS towards higher
temperatures will indicate a more thermally stable membrane.

The identification of a high temperature transition that has physical effects on
the membrane morphology requires a new critical re-reading of the results which
are present in the literature. As discussed in Article 1, it is possible that some of
the effects were observed in former data, but either they were imputed uniquely
to changes in permeability properties (36), either they were considered as an ag-
gregation effect due to the fast cooling down of the samples (33). Interestingly,
the data from (33) (along with additional observations (117, 118)) might indicate
that the assemblies formed by bringing the MLVs above the transition temperature
T > 60 ◦C consist in elongated, filamentous vesicles. Nevertheless, since the data
acquired in this work do not allow a conclusive answer to this question for the
C10 mix samples (with and without alkanes), such hypothesis remains specula-
tive and needs further experimental proof.

For the case of the ULVs, the fact that the transition leads to dense oil droplets
means that at high temperature the H bonds between carboxylic acid (or alcohol)
andH2O are not strong enough to keep all headgroups at the interface with water.
Thus, another strategy to counteract the transition (together with the incorpora-
tion of alkanes) could be to use a fraction of amphiphiles with a more polar head-
group. One example could be to use the glycerol monoester, for which Mansy et
al. (36) reported promising results (although these findings only addressed the
membrane permeability to oligonucleotides).

Finally, one should not dismiss too quickly the high temperature transition
based on the findings on MLVs. Since the lamellar phase was maintained there,
it will be interesting to explore in more detail the reason for such difference (for
instance, whether it is simply due to differences in size of the starting vesicles).
Also, if it can be proven that the outcome of the transition is indeed a series of
long, filamentous vesicles, this could be considered as a resource for the single
chain amphiphile vesicles rather than a disadvantage. The reversible transition
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between small spherical vesicles and elongated ones, formed by fusion, could
open new perspectives on the mechanisms of solute mixing and exchange be-
tween the initial protocells.

If such hypothesis could be confirmed, it would mean that single chain am-
phiphile membranes are not just a prebiotic surrogate of the more complex phos-
pholipid membranes, but they would possess additional exclusive properties that
would make them more favourable in a context with highly variable temperature.
Cryo-TEM is a promising technique for future studies that could help to find a
definitive answer in this respect.

4.3 A L K A N E P O S I T I O N I N G I N S I D E T H E M E M B R A N E

One additional question about the new protomembrane model is related to the
precise location of the alkanes inside the membrane. This could help gaining in-
sights on how the apolar molecules affect the properties of the bilayer, whether
they can cause modifications in the bilayer thickness etc. However, it was not pos-
sible to obtain oriented membrane stacks on a solid substrate with the decanoic
acid - decanol models, which would have allowed to perform such kind of high-
resolution studies with SAND (as discussed in the Foreword of Article 4).

A series of experiments were performed on a double-chain phospholipid ana-
logue of the C10 mix membrane, prepared with DCPC. In that case, it was possible
to create oriented multilayers which were used for the diffraction measurements.
In DCPC membranes, the eicosane and squalane are found to increase the bilayer
thickness, an indication that they are preferentially positioned in the mid-plane of
the bilayer, perpendicular to the phospholipid tails (Article 4). This goes in agree-
ment with recent studies performed with squalane on membranes with longer
chain lengths and different phospholipid types (80, 119). The findings on DCPC

would suggest that the same positioning occurs on the C10 mix membranes.

It is important to note that such implication remains an hypothesis: as it has
been shown throughout this work, in many cases the vesicles formed by single
chain amphiphiles presented features and behaviour significantly different from
the phospholipidic counterparts, therefore the simple analogy with the chain
length does not allow any straightforward deduction. However, since previous
studies never tested the behavior of phospholipid membranes with chain lengths
this short, the results presented in Article 4 confirm that the incorporation of alka-
nes is still occurring and the preferential positioning is coherent with what was
found with longer lipid chain lengths (119).
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As further perspective, two strategies could be employed in order to find a con-
clusive answer to alkane positioning inside single chain amphiphile membranes:

• Mixing the decanoic acid and 1-decanol with a fraction of a more polar com-
ponent (e.g. the decanoic acid glycerol monoester previously mentioned).
This is because the insufficient polarity of the used headgroup is one of the
main imputed reason for the unsuccessful ordered multilayer formation. It
would be crucial to find the most effective organic solvent that permits film
deposition of this new mixture and that this film could hydrate and undergo
swelling and ordering. The vesicle deposition technique will unlikely lead
to a sufficient number of Bragg reflections needed for the Fourier analysis.

• Performing a series of 2D-NMR experiments with isotopic substitution us-
ing Magic Angle Spinning (MAS) on vesicles in solution. The use of 13C and
2H labelled decanoic acid and 1-decanol would allow to map all correlations
between the amphiphiles’ 13C and 2H atoms. From the 2D map, the correla-
tion between the CH3, the CH2 close to the methyl, the CH2β and the CH2α
(the ones which are the closest to the headgroup) can be discriminated. The
comparison between the maps obtained for the samples with alkanes and
without alkanes, will show displacements in the correlation positions that
could tell us which part of the membrane tails are interacting with the alka-
nes, unveiling their position.

4.4 M E M B R A N E DY N A M I C S , F L U I D I T Y A N D P E R -

M E A B I L I T Y

Further studies on the model protomembrane dynamics have also been per-
formed using different techniques, such as FTIR, EINS (with a different energy
resolution from the one whose results are shown in Article 2) and QENS. I have
performed all the related experiments and the data analysis of the FTIR data. The
analysis of EINS and QENS data was performed by collaborators, and discussion
about the various results obtained are currently in progress and are not reported
in this thesis.

The outcome from these results is expected to lead to two additional publica-
tions: the first, devoted to a multi-scale dynamics characterization of the model
protomembranes using FTIR, EINS and QENS (qualitative) data results; the second,
about the implementation of a new quantitative theory to model the QENS relax-
ations that will give detailed information about the motion of all different lipid
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portions in the ps-ns range (the model and its first tests with ordinary phospho-
lipids is currently under submission by members of our group).

Measurements focussed to study the membrane fluidity as a function of the
temperature have also been performed, using the Laurdan fluorophore as a probe
to detect changes in the polarity of the fluorophore environment (that can be used
to detect phase transitions). The study, carried out by comparing the fluorescence
spectra of decanoic acid, C10 mix and DCPC vesicles, will be the object of a sepa-
rate publication which is under preparation.

The last important investigation that needs to be performed in future work
is about the model protomembrane permeability properties. As previously dis-
cussed, former studies were performed on the C10 mix system to measure the
capability to retain oligonucleotides (36).

New measurements need to be done on the systems containing the alkanes,
with results to be (re-)interpreted from what has been found on the membrane
physico-chemical properties in the present work. Previous studies in our group
have shown that the squalane increases water permeability while it decreases pro-
ton permeability of archaea-mimicking model membranes (M. Salvador Castell et
al., to be submitted), a first indication that the alkane molecules could also affect
the biological properties of the protomembranes and may constitute a crucial step
towards a better understanding of the origin of life.
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I N T R O D U C T I O N

La planète Terre a environ 4,5 milliards d’années. Considérant les preuves mi-
néralogiques, qui suggèrent que de l’eau liquide et une atmosphère étaient déjà
présentes il y a environ 4,4 milliards d’années (4) et les preuves de vie phototro-
phique (5), nous pouvons fixer la fenêtre temporelle la plus sûre pour l’apparition
de la vie à [4,4 - 3,5] milliards d’années.

Dans ce travail de thèse, je me suis concentré sur les membranes des premières
formes d’entités vivantes qui se sont assemblées à partir d’un ensemble de molé-
cules simples disponibles sur la Terre prébiotique.

La membrane lipidique est une structure formée par des biomolécules hydro-
phobes ou amphiphiles appelées lipides, qui sont utilisées dans les organismes
vivants à de nombreuses fins, comme barrière entre l’intérieure de la cellule et
leur environnement, pour le stockage de l’énergie, ou la signalisation. Le carac-
tère amphiphile est celui qui permet l’auto-assemblage en solution des lipides en
une variété de structures supra-moléculaires, sous l’effet de l’hydrophobie (50).
Les structures principales discutées dans ce travail sont les micelles, les vésicules
et les gouttelettes. En particulier, les membranes sont les structures qui forment
les vésicules et peuvent être utilisées pour imiter les parois des cellules vivantes.

Comme la synthèse prébiotique des molécules amphiphiles privilégie les chaînes
les plus courtes (61-63), ce travail s’est concentré sur les acides gras, les alcools
gras et les phospholipides ayant des chaînes saturées de 10 atomes de carbone,
parmi les plus courtes capables de s’auto-assembler en bicouches (34, 60). Quatre
modèles principaux, tous en étroite relation les uns avec les autres, ont été utilisés
et étudiés ici en tant que modèles proto-membranaires :

• Le premier modèle est une membrane constituée d’une bicouche d’acide
décanoïque (nom commun : "acide caprique"), qui est l’acide gras linéaire
et saturé en C10. Des études à température ambiante ont montré que ce
système est stable dans une plage étroite de pH, autour de pH 7.1 (53, 60,
72).

• Le second modèle est un mélange équimolaire (1 :1) d’acide décanoïque et
d’un alcool gras ayant la même longueur de chaîne, le 1-décanol. De nom-
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breuses études antérieures ont porté sur des mélanges équimolaires (53) ou
des rapports différents (par exemple 9 :1 (60) ou 2 :1 (36)), ce qui en fait l’un
des modèles de proto-membrane le plus étudié. Il a été constaté que l’ajout
de quantités même faibles d’alcool gras permettait de stabiliser les vésicules
même à des valeurs de pH élevées (39, 53, 60). En outre, la perméabilité de
la membrane aux oligonucléotides en fonction de la température (36) et la
fluidité de la membrane en fonction de la haute pression et de la tempéra-
ture (53) ont été étudiées pour ce système.

Une étude approfondie et détaillée des propriétés structurelles et dynamiques de
ces deux premiers modèles a été réalisée afin d’approfondir les connaissances sur
la réponse des deux systèmes aux températures élevées.

• Le troisième modèle est proposé en analogie avec les découvertes récentes
dans le domaine des extrêmophiles (38, 79, 120). Le mélange d’acide déca-
noïque et de décanol 1 :1 (ci-après "C10 mix") est ici enrichi de petits pour-
centages de l’un des alcanes suivants : squalane, un alcane ramifié de 30
atomes de carbone (C30) (79, 80) ; eicosane, un alcane linéaire de 20 atomes
de carbone (C20) comme alternative prébiotique plus plausible. Le C10 mix
contenant de l’eicosane peut être considéré comme le modèle principal du
projet, qui résume les caractéristiques requises de l’abondance moléculaire
prébiotique et la nécessité d’une stratégie contre les températures élevées et
les hautes pressions hydrostatiques.

La possibilité que ces molécules d’alcane aient pu agir comme stabilisateurs de
membrane dans des conditions extrêmes de température et de pression a été étu-
diée dans des travaux parallèles. Dans le premier, les systèmes de vésicules mul-
tilamellaires incluant ou non les alcanes ont été étudiés, à la fois en termes de
structure et de dynamique, en fonction de la température et de la pression simul-
tanément. Le second travail est lui axé sur le comportement des vésicules unila-
mellaires. En particulier, la nature des changements conformationnels observés à
T > 60 ◦C a été explorée et interprétée d’un point de vue structurel et dynamique
(molécule unique et collectif).

• Le quatrième modèle est une bicouche constituée d’un phospholipide, la 1,2-
didécanoyl-sn-glycéro-3-phospho-choline (ci-après DCPC), phosphatidylcho-
line constituée d’une tête polaire de type glycéro-phospho-choline et de
deux chaînes acyles saturées en C10, avec ajout d’alcanes (soit l’eicosane,
le squalane ou le triacontane alcane linéaire en C30). La DCPC a été uti-
lisée comme système proche des autres modelés de protomembrane, pou-
vant être préparé en empilements multicouches (en raison de sa tête polaire
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plus volumineuse et plus hydrophile), possédant deux chaînes linéaires et
saturées en C10 identiques à celles des molécules d’acide décanoïque et de
décanol.

Ce dernier modèle a été utilisé pour localiser le positionnement des molécules
d’alcane, lorsqu’elles sont incluses avec succès dans la membrane, avec une réso-
lution proche du groupement d’atomes (quelques Ångström).

M É T H O D E S

La diffusion peut être généralement définie comme le processus par lequel un
faisceau incident de particules (photons, neutrons, électrons) change de direction
de propagation en raison d’inhomogénéités dans sa cible, l’échantillon. La nou-
velle trajectoire et l’énergie du rayonnement diffusé contiennent des informations
sur les caractéristiques du milieu diffusant (tailles et formes des particules, corré-
lations, dynamique des molécules, poids moléculaires, etc.).

Un cas particulier est donné par l’utilisation de neutrons libres comme faisceau
incident. Cela constitue le domaine de la diffusion des neutrons, la principale
approche expérimentale qui a été utilisée dans ce travail, à la fois pour des re-
cherches structurelles et dynamiques.

Les techniques de diffusion utilisées dans ce travail étaient les suivantes :

1. Diffusion neutronique (diffusion des neutrons aux petits angles, diffraction
des neutrons à petits angles, diffusion élastique incohérente des neutrons,
spectroscopie d’écho de spin des neutrons) ;

2. Diffusion statique et dynamique de la lumière ;

3. Diffusion des rayons X aux petits angles.

En outre, des techniques supplémentaires ont été utilisées pour compléter les
connaissances acquises lors des expériences de diffusion, comme la résonance
magnétique nucléaire à l’état solide et la spectroscopie infrarouge à transformée
de Fourier.

Selon les besoins, les échantillons ont été préparés sous forme de vésicules uni-
lamellaires, de vésicules multilamellaires ou d’empilements de membranes orien-
tées sur un substrat de silicium plat.
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R É S U LTAT S

Le rôle de l’alcool gras

Article 1 : Comportement à haute température des modèles de membranes
à l’origine de la vie

La première série d’expériences visait à explorer l’effet du mélange de l’al-
cool gras (décanol) avec un acide gras de même longueur de chaîne (acide dé-
canoïque). Pour cela, un tel mélange a été étudié et comparé à toutes les étapes
avec un autre échantillon composé uniquement de l’acide décanoïque.

Résumé de l’article 1 publié dans Langmuir (ACS) (110) :

Les scénarii sur l’origine de la vie supposent généralement un début de forma-
tion cellulaire dans les sources chaudes terrestres ou dans les profondeurs des
océans, à proximité des sources chaudes, où l’énergie était disponible pour les
réactions non enzymatiques. Les membranes des protocellules devaient donc ré-
sister à des conditions extrêmes différentes de ce que l’on trouve aujourd’hui à
la surface de la Terre. Nous présentons ici une étude exhaustive de la stabilité
à la température jusqu’à 80 ◦C des vésicules formées par un mélange d’acides
gras à chaîne courte et d’alcools, qui sont des candidats plausibles pour des mem-
branes permettant la compartimentation des protocellules. Nous confirmons que
la présence d’alcool a un fort impact structurant et stabilisateur des structures la-
mellaires. De plus, à une température élevée (> 60 ◦C), on observe une transition
conformationnelle des vésicules, qui résulte de la fusion vésiculaire. Parce que
les environnements les plus susceptibles d’être à l’origine de la vie impliquent
tous des températures élevées, nos résultats impliquent la nécessité de prendre
en compte une telle transition et ses effets lors de l’étude du comportement d’un
modèle protomembranaire.

Effets et positionnement des alcanes

Article 2 : Les alcanes augmentent la stabilité des modèles de proto-membrane
dans des conditions de pression et de température extrêmes

Ayant défini le rôle important et les conséquences de la présence du décanol en
mélange avec l’acide décanoïque, les études suivantes ont été consacrées à l’explo-
ration des effets des alcanes dans la membrane modèle. Le premier des trois tra-
vaux, qui ont été réalisés sur cet effet, a exploré l’effet combiné de la température
et de la pression hydrostatique dans l’arrangement lamellaire et la dynamique de
la chaîne amphiphile de systèmes de vésicules multilamellaires.
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Résumé de l’article 2, publié dans Communications Chemistry (Nature) (111) :

La vie terrestre est apparue sur notre planète dans une fenêtre temporelle de
[4,4 - 3,5] milliards d’années. Pendant cette période, il est suggéré que les pre-
mières formes proto-cellulaires se sont développées dans l’entourage des chemi-
nées hydrothermales des grands fonds marins, structures qui sont encore pré-
sentes aujourd’hui le long des fractures de la croûte océanique. Ces environne-
ments sont caractérisés par des températures et des conditions de pression hy-
drostatiques extrêmes qui interrogent sur la capacité des premiers compartiments
membranaires à rester stables dans ces conditions. Des études récentes ont pro-
posé une stratégie adaptative employée par les extrémophiles actuels : l’utilisa-
tion de molécules apolaires comme composants structurels de la membrane afin
de moduler la réponse dynamique des deux couches lorsque cela est nécessaire.
Nous étendons ici cette hypothèse aux modèles de protomembrane des premiers
stades de la vie, en utilisant des alcanes linéaires et ramifiés comme molécules
stabilisatrices apolaires ayant une pertinence prébiotique. L’ordre structurel et la
dynamique des chaînes de ces systèmes ont été étudiés en fonction de la tem-
pérature et de la pression. Nous avons découvert que les deux types d’alcanes
étudiés, même les plus simples, ont un impact important sur l’organisation des
vésicules multilamellaires et la dynamique des chaînes. Nos données montrent
que les membranes enrichies en alcanes présentent un gonflement plus faible
des vésicules multilamellaires induit par l’augmentation de la température et
sont nettement moins affectées par les variations de pression que les échantillons
exempts d’alcanes, ce qui suggère une possible stratégie de survie pour les pre-
mières formes vivantes.

Article 3 : Les alcanes agissent comme régulateurs membranaires de la
réponse des premières membranes aux températures extrêmes

Comme le montrent les résultats présentés dans l’article 1, les vésicules formées
par le C10 mix n’ont montré aucun signe de présence micellaire. De plus, une tem-
pérature d’apparition (T = 60 ◦C) a été trouvée là où les vésicules de mélange C10
subissent des changements de conformation. Le 3ème article de cette thèse était
consacré à étudier : 1) quel type de changement conformationnel a lieu dans les
vésicules unilamellaires ou, plus précisément, quel est le produit de ce change-
ment ; 2) ce qu’il se passe lorsque les vésicules sont enrichies avec les molécules
d’alcane.

Résumé de l’article soumis à Soft Matter (RSC) :

L’une des premières étapes nécessaires à l’origine de la vie est la formation
d’une membrane, une frontière qui permet la rétention de molécules utiles dans
des solutions concentrées. La protomembrane a probablement été formée par
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l’auto-assemblage de molécules simples et facilement disponibles telles que les
acides gras à chaîne courte et les alcools, mettant en doute la stabilité de la mem-
brane dans les conditions environnementales des débuts de la Terre. Nous avons
exploré une nouvelle stratégie pour surmonter les problèmes de stabilité ther-
mique des protomembranes par inclusion de molécules apolaires (alcanes). Nous
avons constaté qu’en l’absence d’alcane, les protomembranes se transforment en
gouttelettes de lipides lorsque la température augmente, tandis que celles qui
sont enrichies en alcanes persistent plus longtemps. Ainsi, les protomembranes
contenant des alcanes sont plus stables à haute température. Cela ouvre de nou-
velles perspectives pour moduler le comportement protomembranaire par l’in-
corporation de différents types de molécules apolaires appropriées, ce qui nous
permet de mieux comprendre l’évolution des premières membranes.

Article 4 : Localisation des alcanes à l’intérieur d’un modèle de protomem-
brane souple à l’échelle atomique

La présence de molécules d’alcane dans un modèle de protomembrane com-
posé d’amphiphiles à chaîne courte unique a une série de conséquences intéres-
santes sur les propriétés et le comportement de la membrane lors d’une augmen-
tation de la température et de la pression hydrostatique (comme le montrent les
résultats des articles 2 et 3).

En raison de difficultés techniques pour obtenir des empilements réguliers de
membranes (multicouches) avec des amphiphiles à chaîne unique, la localisation
des alcanes a été effectuée sur un échantillon similaire. Cet échantillon était un
empilement multilamellaire de DCPC, une phosphatidylcholine ayant la même
longueur de chaînes que l’acide décanoïque et le décanol. D’une part, le groupe
de tête de PC plus hydrophile pouvait permettre la préparation des membranes
sous la forme de multicouches. D’autre part, l’utilisation de la même longueur de
chaînes que les amphiphiles à chaîne unique pourrait aider à relier le positionne-
ment des alcanes dans les deux types d’échantillons.

Les résultats sont en cours de soumission dans Biochimica et Biophysica Acta –
Biomembranes (Elsevier). Ci-dessous la traduction du résumé :

Les biomembranes modèles composées de lipides à chaîne courte présentent
un grand intérêt pour étudier l’origine de la vie cellulaire. En effet, les réactions
de type Fischer-Tropsch, qui se produisent dans l’environnement terrestre primi-
tif, ont probablement favorisé la formation de courtes chaînes lipidiques (n < 12).
Des études récentes ont montré que l’inclusion de petites quantités d’hydrocar-
bures apolaires dans des proto-membranes modèles ont un impact significatif sur
la stabilité de la membrane à haute température et dans des conditions de haute
pression. Ici, nous avons effectué une étude structurale approfondie, en utilisant
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la diffraction des neutrons, par des multicouches de membrane phospholipidique
à chaîne courte, avec ou sans incorporation d’hydrocarbure linéaire ou ramifié.
La variation de contraste, en utilisant H2O et D2O pour ou mélangés, ainsi que
l’analyse du gonflement des membranes sous humidité contrôlée ont été utilisés
pour déterminer les profils de densité de longueur de diffusion des neutrons des
membranes. Nous avons constaté que les alcanes eicosane et squalane sont incor-
porés dans le plan médian du noyau hydrophobe de la membrane. Les données
montrent un positionnement préférentiel de ces alcanes perpendiculairement aux
chaînes aliphatiques de phospholipides et provoquent ainsi une légère augmen-
tation de l’épaisseur de la membrane. Les alcanes peuvent également jouer un
rôle dans la réduction du gonflement des membranes lors de l’hydratation.

C O N C L U S I O N S

Un nouveau modèle de protomembrane, constitué de simples éléments de con-
struction prébiotiques facilement synthétisés par des réactions de type Fischer-
Tropsch (22, 61) et dont la présence est assurée par des découvertes antérieures
sur les météorites (27, 62), est proposé pour tenir compte à la fois des limitations
moléculaires et de la nécessité d’endurer les conditions de température et de pres-
sion extrêmes probables de l’environnement terrestre primitif (35). La membrane
modèle est une bicouche d’amphiphiles à chaîne unique, tels que l’acide déca-
noïque et le 1-décanol, avec une incorporation supplémentaire d’hydrocarbures
apolaires tels que l’eicosane.

Le rôle du 1-décanol et des alcanes a été défini et étudié en détail en fonction
des changements de température et de pression. Plusieurs effets de la présence
de 1-décanol ont été observés. Premièrement, le système contenant le décanol
montre la présence de bicouches (vésicules) comme unique assemblage molécu-
laire à température ambiante, par opposition à l’échantillon d’acide décanoïque
où une coexistence avec des micelles est toujours observée. Deuxièmement, le dé-
canol empêche la solubilisation progressive de la matière des vésicules lorsque la
température augmente, ce qui est plutôt observé dans l’échantillon d’acide gras
pur. Troisièmement, la présence de décanol induit une transition notable déclen-
chée par la température élevée (T ≈ 60 ◦C, discutée dans l’article 1 de cette thèse
(110)).

L’enrichissement de la protomembrane avec des hydrocarbures tels que l’eico-
sane, le squalane et le triacontane étudiés dans ce projet, apporte plusieurs modi-
fications à la structure et à la dynamique de la membrane en réponse aux varia-
tions de température et de pression hydrostatique. L’eicosane et le squalane ré-
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duisent tous deux de manière significative l’espacement entre les membranes des
vésicules multilamellaires. Cela suggère un rôle des molécules incorporées dans
l’amortissement des fluctuations de la membrane, qui sont le principal facteur de
régulation des très grandes valeurs d’espacement observées dans ces systèmes
(article 2). Il est intéressant de noter que l’effet observé ne se traduit pas par une
rigidité de courbure de la membrane plus grande lorsque les échantillons sont
préparés à l’état unilamellaire (article 3). En outre, l’insertion de l’eicosane dans le
vésicules multilamellaires entraîne des effets importants sur la dynamique mem-
branaire sondée au niveau moléculaire : le déplacement quadratique moyen des
hydrogènes est abaissé à toutes les valeurs de température et de pression hydro-
statique étudiées, et les effets des hautes pressions sur la dynamique sont forte-
ment réduits (ou annulés) en présence d’eicosane (article 2).

Ces observations sont prometteuses dans la mesure où elles montrent que ces
protomembranes enrichies en alcanes ne sont en fait pas sensibles (au sens physico-
chimique) à la haute pression qui serait ressentie à proximité des cheminées hy-
drothermales où la vie aurait pu apparaître en premier.

Par conséquent, des membranes stables peuvent être formées à partir d’amphi-
philes à chaîne courte unique, disponibles prébiotiquement, avec incorporation
de molécules apolaires linéaires ou ramifiées placées au centre de la région hy-
drophobe de la membrane. Non seulement ces composants supplémentaires per-
mettent encore d’obtenir des membranes plus stables à température ambiante,
mais ils augmentent également la stabilité thermique en amortissant les fluctua-
tions de la membrane, réduisent tout effet de la pression hydrostatique élevée, et
décalent la transition conformationnelle des vésicules à plus haute température.

En ce qui concerne le positionnement précis des alcanes à l’intérieur de la mem-
brane, les expériences réalisées sur le DCPC montrent que l’eicosane et le squa-
lane provoquent une augmentation de l’épaisseur de la bicouche, ce qui indique
qu’ils sont préférentiellement positionnés dans le plan médian de la bicouche,
perpendiculairement aux chaines aliphatiques des phospholipides (article 4).

Toutes ces études jettent les bases pour de futures recherches plus approfon-
dies sur les propriétés biologiques de la protomembrane modèle (par exemple la
fluidité et la perméabilité), qui pourraient aider à obtenir une image complète du
processus de compartimentation à l’origine de la vie.
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Abstract

Life is a stable state of matter away from equilibrium, the appearance of which has always puzzled

mankind. It emerged at least once in the Universe, and the fact that we know (and are) the out-

come of this successful event, provides us with valuable insights. For instance, for its ubiquity in the

current living systems, the existence of a compartment (the cell membrane) must have been one of

the crucial aspects also at the early stages of life. All commonly accepted scenarios for the onset of

life formation include extreme environments, with very high temperatures of often > 100 ◦C and, in

some cases, high hydrostatic pressure up to 1000 bar. Therefore, it is mandatory to study the impact

of such conditions on the proto-cells membranes (protomembranes) characteristics and functionality.

This thesis work defines and studies a model of protomembrane made by simple, prebiotically avail-

able molecules, which may have offered a defense strategy against the harsh environmental physical

conditions of the early Earth. The model is a mixture of short-chain fatty acid and fatty alcohol that

includes a linear hydrocarbon as additional, apolar membrane component. The physico-chemical

contribution and effect of each and every constituent of this model was investigated. The alcohol ad-

dition has a major role on membrane structure and properties, especially at high temperature where

it protects the vesicles from dissolving and allows them to fuse into larger macrostructures. Apolar

molecules enter the membrane hydrocarbon region, improve significantly its stability at high tem-

perature and make it physically insensitive to the high pressure. All these results make the proposed

model a very promising protomembrane candidate, offering a stable compartment and a useful strat-

egy against the environmental conditions imposed at the origin of life.

Resumé

La vie est un état stable de la matière hors équilibre, dont l’origine a toujours intrigué l’humanité.

Le fait qu’elle ait émergé au moins une fois dans l’Univers et que nous connaissions (et soyons)

le résultat de cet événement, fournit des informations précieuses pour la recherche. Par exemple,

à cause de son ubiquité dans tous les systèmes vivants connus, l’existence d’un compartiment (la

membrane cellulaire) doit avoir été l’un des aspects essentiels à l’émergence de la vie. La plupart

des scénarios communément acceptés pour l’apparition de la vie ont recours à des environnements

extrêmes, avec des températures très élevées dépassant souvent 100 ◦C et, dans certains cas, une

pression hydrostatique élevée qui peut atteindre plus de 1000 bar. En conséquence, il est essentiel de

prendre en compte l’impact de ces conditions extrêmes sur les caractéristiques et la fonctionnalité

des membranes des proto-cellules (protomembranes). Ce travail de thèse définit et étudie un modèle

de protomembrane qui est constitué de molécules simples, disponibles prébiotiquement, et qui pour-

rait offrir une stratégie d’adaptation face aux conditions environnementales extrêmes de la Terre

primitive. Ce modèle est un mélange d’acides gras et d’alcools gras à chaînes courtes qui contient

un hydrocarbure linéaire apolaire en tant que composant membranaire additionnel. La contribution

physico-chimique relative de chaque constituant a été étudiée expérimentalement. L’alcool gras in-

duit un effet remarquable sur la structure et les propriétés de la protomembrane, surtout à haute

température où il protège les vésicules de la dissolution et leur permet de se fondre pour donner

des macrostructures plus grandes. Les molécules apolaires rentrent dans la région hydrocarbonée

de la membrane, améliorent significativement sa stabilité à haute température et la rendent insensi-

ble à la pression élevée. Tous ces résultats font du modèle proposé un candidat de protomembrane

très prometteur, qui offre un compartiment stable et une stratégie utile face aux conditions extrêmes

imposées par l’environnement à l’origine de la vie.
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