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1. Introduction

Aggregation and fusion of lipid vesicles are among the most

Monitoring the formation of a colloidal lipid gel at
the nanoscale: vesicle aggregation driven by a
temperature-induced mechanismy

Kirian Tallo, = * Ramon Pons, (& César Gonzalez and Olga Lopez

Colloidal gels made of lipid vesicles at highly diluted conditions have been recently described. The
structure and composition of this type of material could be especially relevant for studies that combine
model lipid membranes with proteins, peptides, or enzymes to replicate biological conditions. Details
about the nanoscale events that occur during the formation of such gels would motivate their future
application. Thus, in this work we investigate the gelation mechanism, which consists of a lipid
dispersion of vesicles going through a process that involves freezing and heating. The appropriate
combination of techniques (transmission electron microscopy, differential scanning calorimetry and
synchrotron small angle X-ray scattering) allowed in-depth analysis of the different events that give rise
to the formation of the gel. Results showed how freezing damaged the lipid dispersion, causing a
polydisperse suspension of membrane fragments and vesicles upon melting. Heating above the lipids’
main phase transition temperature promoted the formation of elongated tubular structures. After
cooling, these lipid tubes broke down into vesicles that formed branched aggregates across the
aqueous phase, obtaining a material with gel characteristics. These mechanistic insights may also allow
finding new ways to interact with lipid vesicles to form structured materials. Future works might
complement the presented magnetic
experiments.

results with molecular dynamics or nuclear resonance

vesicles has barely been explored. Some works have reported
the formation of structured aggregates composed of phos-
pholipid vesicles, leading to a percolated state or fractal

fundamental processes in biological organisms." Studies have
shown that agents like proteins, ions, and polymers can allow
vesicles to interact in proximity and even merge.>” Tradition-
ally, these membrane-based events have been studied in model
systems from a fundamental perspective using lipid vesicles to
replicate biological structures like cell membranes.®™ Systems
with other morphologies, like bicelles,'® have also been used to
study membrane fusion and aggregation, providing additional
properties to the system, such as the ability to interact with
magnetic fields and incorporate proteins.’*

Knowledge of biological processes has led to the develop-
ment of materials able to mimic biological conditions, which
provide a better compatibility and specificity with the interac-
tions occurring in living organisms.">™*® Nonetheless, research
towards structured materials based on the aggregation of lipid
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organisation.'®°

Reports about the formation dynamics of structured suspen-
sions mainly focus on polymer or clay particles rather than lipid
vesicles.>"?> Numerical and experimental data of these works
discuss how electrostatic balance between particles affects the
formation and structure of colloidal gels and glasses. In a
previous study, we reported the possibility of forming a colloi-
dal gel through the aggregation of lipid vesicles composed of
phosphatidylcholine and oleic acid.*® Such remarkable beha-
viour takes place under dilute conditions and without requiring
gelling agents. Our last work reported the effect of charge in
their microscopic structure and rheological behaviour of these
types of systems by forming colloidal lipid gels composed of
phosphatidylcholine and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP).>* Results indicated that the formation and
integrity of the gel are related to the attractive-repulsive inter-
actions between those particles.

The supramolecular organization of colloidal lipid gels may
open the possibility to use these materials as mimetic
membrane models for works that require self-assembled lipid

This journal is © The Royal Society of Chemistry 2021
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structures, such as those that study membrane proteins, pep-
tides or enzymes.>>>® For the case of peptides, the interaction
of their positive charge with negatively charged lipids could be
relevant to study events of permeabilization and rupture of
the gel lipid membranes. In addition, knowledge about the
mechanisms that govern the formation of colloidal lipid gels
would motivate future research on similar types of lipid struc-
tured materials with potential biomedical applications.

Thus, in the present study we investigate the distinct stages
involved in the formation mechanism of colloidal lipid gels. For
this purpose, we have characterised a dispersion of positively
charged vesicles during different moments of their gelation
through transmission electron microscopy (TEM), differential
scanning calorimetry (DSC) and synchrotron X-ray scattering.
Such complete characterisation of the procedure at the nano-
scale has been relevant to understand the crucial events related
to the formation of these gels. The next steps might require
NMR and molecular dynamics experiments to complement the
mechanistic description or utilize techniques like confocal
microscopy to explore the interactions occurring above the
nanoscale.

2. Materials and methods

2.1. Materials

Hydrogenated soy phosphatidylcholine (HSPC; Phospholipon®
90H) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
were acquired from Lipoid GmbH (Ludwigshafen, Germany).
Phospholipon® 90H is a combination of 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) (ca. 85%) and 1-palmitoyl-2-
stearoyl-3-phosphocholine (PSPC) (ca. 15%). Chloroform
(Grade: ACS, ISO, Reag. Ph Eur) was purchased from Merck
(Darmstadt, Germany).

2.2. Preparation of the gel

The assays performed in this work started from an aqueous
dispersion of lipid vesicles composed of HSPC and DOTAP
prepared with the thin film hydration method,”® following
ultrasound bath (J.P. Selecta Ultrasons H-D, 330 W, 50 Hz) at
room temperature for 15 min. Sample volume for sonication
was 5 mL. The total lipid concentration was 5% w/w with a
molar ratio HSPC/DOTAP set to 20: 1. Gel preparation follows a
five-step process starting from the initial dispersion of lipid
vesicles (a) leading to three intermediates (b, ¢, and d) and the
colloidal lipid gel (e) at the end:

Step 1. Preparation of a dispersion of lipid vesicles: (a)

Step 2. Freezing of (a) from 25 to —20 °C: (b)

Step 3. Melting of (b) from —20 °C to 25 °C: (c)

Step 4. Heating of (c) from 25 to 70 °C: (d)

Step 5. Cooling of (d) from 70 °C to 25 °C: (e)

While the formation of (a) involved agitation and sonication,
the following steps only required thermal energy. For DSC and
X-ray scattering, the temperature was decreased 3 °C min~" from
25 to —20 °C (step 2), maintained 30 min at —20 °C, increased
5 °C min~" from —20 to 70 °C (steps 3 and 4), maintained 10 min

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Diagram representing the variation of temperature applied to the
sample with time. for illustrative purposes, a caption of the initial (a)
intermediate (b, ¢ and d) and final (e) appearance of the sample is shown
at different time points.

at 70 °C, and decreased 3 °C min~" from 70 to 25 °C (step 5). Fig. 1
displays a schematic representation of the temperature variation
with time and the macroscopic aspect of the sample after each step
of the procedure.

2.3. Differential scanning calorimetry (DSC)

DSC measurements were performed by triplicate using an 821E
Mettler Toledo (Greifensee, Switzerland) calorimeter. Aliquots
of approximately 5 pL from the lipid dispersion (a) and a
control sample of miliQ water were placed inside 40 uL alumi-
nium DSC pans sealed hermetically. The DSC curves were
analysed by the STAR 9.2 Software (Mettler Toledo). Melting
enthalpies of sample and control were calculated from the
integration of endothermic bands and were normalised by
the amount of water.

2.4. Small angle X-ray scattering (SAXS)

X-ray scattering measurements were carried out with synchro-
tron radiation at the BL11-NCD-SWEET beamline at ALBA
(Cerdanyola del Vallés, Barcelona, Spain). The lipid dispersion
(a) was loaded into a glass capillary of 1.5 mm and placed into a
Linkam capillary stage used to control the temperature during
steps 2 to 5 of the gelation procedure. The temperature was
decreased 3 °C min~ " from 25 to —20 °C (step 2), maintained
30 min at —20 °C, increased 5 °C min~ " for heating scans from
—20 to 70 °C (steps 3 and 4), maintained 10 min at 70 °C, and
decreased 3 °C min " from 70 to 25 °C (step 5).

Samples were aligned to the X-ray beam with an energy of
12.4 keV. Small-angle patterns were acquired using a Pilatus
1 M detector placed at 2.71 m from the sample. The sample was
exposed 5 seconds for each time frame. Silver behenate and
chromium trioxide were used as standards to calibrate the
small angle and wide angle detectors, respectively. The initial
data treatment was performed using the software provided by
the beamline. Background subtraction was performed using
the spectra of water-filled capillary and empty capillary at 25
and 70 °C; small correction factors were applied to avoid
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negative values. For the frozen samples, the same liquid back-
ground was subtracted but with significant correction factors.

The subtracted small angle X-ray scattering SAXS spectra
were fitted to scattering curves based on Gaussian electronic
profiles as before, including the contribution of lamellar stacks
based on Caillé description.**>"
model of asymmetric bilayers to give account of the observed
SAXS spectra, however, in the present case the asymmetric
bilayer model did not provide significantly improved fitting.
This bilayer profile was complemented by using the method of
separated form factors for polydisperse vesicles as described by
Pencer et al.**> As we lack a model for separate form factors for
bilayers arranged in tubular form, we have calculated few
spectra by Fourier transformation of the pair distribution
distance function and compared the results with those of
spherical vesicles with the same bilayer characteristics. More

In a previous work> we used a

details of those calculations are given in the ESIL.{ As will be
shown later, significant differences only appear at very small ¢q
vectors.

2.5. Methylcellulose staining and TEM visualisation

Aliquots of 0.4 mL of lipid samples (a), (c), (d) and (e), corres-
ponding to initial, intermediates, and final states, were prepared
beforehand in closed vials employing similar conditions to DSC
and X-ray scattering experiments. Step 2 of the protocol was
performed by storing the vials at —20 °C during 1 h. For step 3,
samples were placed inside a warm bath at 25 °C for 15 min.
Afterwards, the samples were heated to 70 °C during 20 min for
step 4. Finally, gels were left cooling at 25 °C for 20 min.

Each sample was deposited for 1 minute over formvar-
coated 200 mesh nickel grids that were previously activated
with UV light for 5 min. Sample excess was removed with filter
paper, and grids were deposited over a droplet of the staining
solution made with a combination of 0.4% uranyl acetate and
2% methylcellulose cooled over ice for 10 min. Note that
sample (d) required a previous fixation step at 70 °C before
staining with methylcellulose. For this purpose, the grid with
the sample was deposited for 1 min over a droplet of 4% uranyl
acetate at 70 °C, and excess was removed with filter paper.
When all samples were stained, excess solution was removed
using filter paper, and grids were air-dried at room tempera-
ture. The combination of methylcellulose with a heavy metal
(uranyl) was based on previous works performed by James
Naismith and John Lucocq research groups.**** Samples were
observed using a TEM JEOL J1010 80 kV at the Electron
Cryomicroscopy Unit of the University of Barcelona (CCiTUB,
Barcelona, Spain).

3. Results and discussion

3.1. Differential scanning calorimetry (DSC)

DSC measures heat flow associated with transitions in systems
as a function of temperature and time, like freezing/melting
events or transitions associated to the rearrangement of lipid
bilayers. In this experiment, we used DSC to assess the relative
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Fig. 2 DSC scan of the lipid dispersion sample and the water control:
exothermic bands associated with freezing of step 2 (A), endothermic
bands associated with melting of step 3 (B), and the endothermic band
corresponding to the main phase transition of the lipid membranes from L
to L, in step 4 (C) and from L, to L in step 5 (D).

amount of water that freezes during step 2 of the gelation
procedure and the main phase transition temperature (Ty,) of
the lipid membranes. For this purpose, we ran a calorimetry
scan of the lipid dispersion sample (a) following steps 2 to 4 of
the procedure, and we compared the calorimetric transitions
of the sample with an ultrapure water control.

Fig. 2A presents the exothermic bands corresponding to the
water freezing process of sample and control. These bands
show discrepant values on their freezing points (—16 °C and
—17.5 °C) because the crystallisation of water is likely affected
by supercooling phenomena. On the other hand, endothermic
bands corresponding to the ice melting process of the sample
and the control appear over the same temperatures (Fig. 2B).
Thus, we integrated melting bands for enthalpy comparison
because these are more reliable, while freezing might be
affected by other phenomena.

Table 1 shows the normalised melting enthalpies calculated
from the area under the endothermic bands of Fig. 2B and
the corresponding replicates (Fig. S1B, ESIf). These values
correspond to the heat absorbed during the melting process
and correlate with the relative amount of frozen water. The
similarity between normalised enthalpy values of lipid sample
and pure water control indicates that the whole amount of

Table 1 Melting enthalpies normalised per amount of water, which can
be correlated to the amount of previously frozen water. Values are the
means and standard deviation (SD) of three replicates (n = 3)

Normalised enthalpy (J ™)

Mean SD
Water control —341 2
Sample —341 1

This journal is © The Royal Society of Chemistry 2021
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water froze in the lipid dispersion. These results were used
to assess the lamellarity of the vesicles present in the disper-
sion, as previously reported by Kaasgaard and co-workers.*
Their experiments showed that suspensions of unilamellar
vesicles froze almost entirely in the first freeze-thawing cycle.
In contrast, multilamellar vesicles presented incomplete
water freezing at first, which increased with multiple freeze-
thawing cycles.

Overall, when the temperature is decreased below 0 °C, bulk
water freezes faster than intravesicular due to the likeliness of
presenting impurities that act as heterogeneous nucleation
agents.*® Then, the superconcentrated frozen bulk phase
causes an osmotic gradient between intravesicular and bulk
regions that induces vesicle dehydration and eventual rupture
of their membrane due to water efflux.*”*® In unilamellar
vesicles, this results in complete freezing, while multilamellar
systems require successive freeze-thawing events.

As described previously, the similar melting enthalpy values
between sample and control (Table 1) indicate complete water
freezing in the lipid dispersion. Thus, we hypothesise that only
unilamellar vesicles are present in the dispersion right before
freezing occurs, which then might follow dehydration and
damage to their membranes.

The calorimetric scan was continued up to 70 °C to identify
the main phase transition temperature of the lipid phase
(Fig. 2C). This plot shows an endothermic band around 51 °C
that can be associated with the main phase transition of the
lipid mixture of HSPC/DOTAP. For comparison purposes, a
thermogram of the initial dispersion (a) was performed from
25 to 70 °C, showing the same transition also centred at 51 °C
(Fig. S2, ESIT). These bands usually appear in bilayered systems
when transitioning from the solid-like phase Lg to the liquid
crystalline phase L,. Although bilayers made only of HSPC have
a reported transition around 54 °C,?° the presence of DOTAP
disrupts the HSPC packing and diminishes the transition
temperature.’>*® During the cooling of the sample (Fig. 2D),
an exothermic band appears around 51 °C corresponding to the
same main phase transition of the lipid membranes but on
the opposite direction (from L, to Lg phase). In addition to the
main band, systems composed purely of HSPC present a
pretransition (Lg) around 46 °C.>’ However, we hypothesize
that the lack of pretransition in the present results could
be caused by the interference of DOTAP in the membrane.
The alteration of the transition temperature and packing of the
membranes makes more evident that the formation of the gel is
strongly dependent on the lipids used. The influence of lipids
was already present in a previous study, where were determined
how the amount of a charged lipid affected the rheology and
microstructure this type of system.>*

3.2. Transmission electron microscopy (TEM)

TEM was used to evaluate morphology, size and aggregation of
the different structures formed in the lipid systems (a), (c), (d)
and (e) that are present during the gelation procedure.

Fig. 3A and B show the initial dispersion of lipid vesicles at
25 °C (a). These images present unilamellar vesicles whose size

This journal is © The Royal Society of Chemistry 2021
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the gelation procedure: initial lipid dispersion (a) (A and B), dispersion after
melting at 25 °C (c) (C and D), dispersion after heating at 70 °C (d) (E and F)
and colloidal gel (e) (G and H).

ranges from 50 nm to 150 nm in diameter. The unilamellar
morphology of these vesicles is probably caused by the electro-
static charge of DOTAP: The positive charge at the vesicle
surface creates repulsion between membranes, making unfa-
vourable a multilamellar aggregation.”' These micrographs
agree with DSC results which also indicate unilamellarity of
the vesicles until solution freezes.

Fig. 3C and D illustrate the sample after melting at 25 °C (c).
These images present particles with higher size variability than
system (a), showing vesicles and small lipid fragments that
range from 20 to 200 nm in size. These micrographs also reveal

J. Mater. Chem. B, 2021, 9, 7472-7481 | 7475
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prominent structures with different morphology that extend up
to 700 nm (yellow arrows). The size variability and the small
membrane fragments probably result from the freezing proce-
dure that caused the dehydration and rupture of vesicles
(as discussed in the DSC Section). Upon ice melting, these
shattered vesicles and the membrane fragments can rehydrate
again to form aggregates of distinct size, giving rise to a
polydisperse system. Similar results have also been reported
with dispersions of multilamellar liposomes, where freeze-
thawing is employed to break the lipid membranes, reducing
the lamellarity and particle size.*

Fig. 3E, corresponding to the intermediate system (d), shows
how the lipid vesicles acquired a tubular morphology after
heating the sample to 70 °C. The tubes that form those
entangled aggregates have a diameter that goes from 40 to
150 nm. With higher magnification, we identified few vesicle
aggregates lining up in a tube-like shape, as shown in Fig. 3F.
We hypothesise that after increasing the temperature above Ty,
the lipid vesicles and fragments that resulted from freezing can
fuse, forming tubular structures. Despite the electrostatic
charge stabilises the system, the defects in the membranes
caused by freezing and the thermal energy could allow adhe-
sion and fusion.®**** The formation of bilayered tubes from
adhesion of phospholipid vesicles has been reported on differ-
ent occasions employing divalent ions, cationic nanoparticles
or electric fields, among other strategies.*>*’

Fig. 3G and H show the nanostructure of the final gel after
cooling the dispersion from 70 °C to 25 °C, corresponding to
the system (e). These images present small vesicles from 30 to
150 nm diameter that, as opposed to the initial dispersion
(Fig. 3A and B), are not homogeneously distributed in space.
Instead, they form branched aggregates that resemble a fractal-
like structure and probably cause the gel-like rheology. This
heterogeneous organisation could result from the segmenta-
tion of the tubular structures caused by temperature decrease:
when the temperature drops below T, the membranes return
to the rigid Lg phase, and the bilayers are more likely to
organise again into spherical vesicles to regain stability.
Although segmentation of vesicular tubes is not a typical
process, some works have reported a similar phenomenon
known as pearling. In this event, external agents induce the
contraction of tubular vesicles at periodic regions,***® which
can divide into vesicles in specific cases.”®

Overall, the gelation procedure starts with a fluid homo-
geneous dispersion of vesicles and ends with a structured gel
where vesicles remain aggregated in a heterogeneous manner.
In previous works, we determined that the presence of charged
lipids is crucial to form this type of gels.>*** In the present
system, vesicles experience attractive van der Waals forces and
repulsive electrostatic interactions caused by the positively
charged DOTAP. When a repulsive-attractive balance is pre-
sent, gelation is more likely to occur through the formation of
particle clusters of finite size.”’ However, the suspension of
vesicles (a) does not show signs of gelation over time despite
the charge balance. Instead, it has been evidenced that the
formation of the gel requires freezing (dehydrating and

7476 | J. Mater. Chem. B, 2021, 9, 7472-7481
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breaking vesicles) and heating above T, (fusing vesicles into
tubular aggregates). We hypothesize that once the system is
cooled down, tubular structures break, forming vesicles in close
distance that can remain aggregated in a stable network, likely
due to the electrostatic balance. Such mechanism, where the
lipid membranes get disrupted in order to achieve gelation,
open the possibility of a potential use of these gels as model
systems in works that involve the fragmentation of lipid mem-
branes, like those that employ antimicrobial or amyloid
peptides.>">?

3.3. Small angle X-ray scattering (SAXS)

In these experiments, we used synchrotron X-ray radiation to
monitor the events during the gelation procedure of the lipid
dispersion. The temperature was varied with time inside the
capillary that contained the sample, while X-ray scattering data
were acquired at different steps of the process. Fig. 4 plots the
experimental SAXS results, the fitting models, and the electron
density profiles of the corresponding lipid bilayers. Note that in
this figure, there are two spectra acquired at —20 °C, one before
sample freezing (red circles) and the other after the sample was
completely frozen (green triangles). The different parameters
corresponding to the models fitted are presented in Table 2.

At the starting of the gel process, the sample at 24 °C
presents a SAXS spectrum with a main wide band followed by
two more minor reflections characteristic of uncorrelated uni-
lamellar vesicles (Fig. 4A).>>*' The leftmost side of the spectra
(g < 0.5 nm ™) presents a bend that can be fitted using a model
of polydisperse vesicles with mean radius (R,) of 50.5 nm that
agrees with TEM results presented in Fig. 3A and 3B. The
subsequent cooling of the sample down to —20 °C (before
freezing) results in a spectrum barley unchanged, indicating
the same type of system with a similar vesicle size (R, = 48.5 nm).
The electron density profiles of both spectra (Fig. 4B) present a dip
at the centre of the bilayer corresponding to the methyl terminal
groups. This sharp dip indicates that hydrocarbon tails of the
lipids forming the bilayers are not interdigitated. Considering that
the sample is still below the T}, (51 °C), we believe that this lack of
interdigitation corresponds to membranes organised in a solid-
like phase (Lg).”*

Fig. 4A also shows the spectrum of the frozen sample at
—20 °C and the spectrum while being heated at —7 °C, below
the melting point. The four equidistant reflections of both
spectra (where Bragg d-spacing is slightly bigger at —7 °C)
correspond to Dbilayers organised in a multilamellar
structure.®® According to the fit, membranes at —20 °C and
—7 °C form stacks of 12 correlated bilayers (and a domain size
of about 75 nm). These profiles are adequately represented,
although the fit presents lower goodness (high x?), probably
due to an insufficient resolution of the model. Overall, these
lamellar profiles support the idea explored in the microscopy
section that lipid vesicles dehydrate upon freezing due to
osmotic pressure and collapse into multilamellar stacks of
membranes (see the values of associated water in Table 2).
Aside from the prominent lamellar bands, these spectra also
show additional peaks at ¢ = 2.24 nm ™' (—20 °C and —7 °C) and

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Left: experimental SAXS profiles of the sample at various stages of the gelation procedure (markers) and the corresponding fitting (solid lines).

Right: electronic density profiles of the corresponding bilayers.

g = 3.1 nm ' (-7 °C). The nature of those peaks is unknown,

although they could correspond to an additional degree of
order in the polar headgroup plane. The electron density
profiles (Fig. 4B) of both frozen samples show that lipid
membranes remain in a non-interdigitated manner. Note in
this figure that frozen water has a lower electron density than
methylene chains (p, < pcn,), but liquid water has a higher
value (py > pcn,) this produces significant changes in the form
factor due to sign change of the contrast.

Fig. 4C shows the spectra that appear when the sample
continues being heated up to 70 °C. At 2 °C, the ice starts
melting, and the correlation between bilayers is severely
reduced; at 30 °C, the peaks have disappeared, and the correla-
tion between bilayers is lost. This indicates that the lamellar
stacks of membranes that were formed upon freezing have now
rehydrated again into vesicular structures resulting in a profile

This journal is © The Royal Society of Chemistry 2021

(30 °C) very similar to that of the sample at the start of the
procedure (24 °C). It only differs in the small g region, where
the sample at 30 °C no longer needs the use of a separate form
factor for the vesicles, likely due to the very high polydispersity,
agreeing with TEM (Fig. 3C and D). Further heating at 55 °C
(above T,,) shows a different trend, where the minimum at
0.5 nm™ " has disappeared, and the minima at 2.2 and 3.2 nm "
have shifted to 2.5 and 3.8 nm™". This different profile reflects
the transition of the hydrophobic chains from a solid-like
phase (Lg) to a liquid crystalline phase (L,) that causes inter-
digitation of their hydrophobic chains, as seen in the electron
density profile (Fig. 4D).*° This is also accompanied by a
significant increase in area per molecule and hydration water
(see Table 2).

Further increase of temperature to 70 °C results in two
additional features. First, a tiny but sharp peak appearing at
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Table 2 Parameters corresponding to the SAXS fitting models at different temperatures (°C) following the experimental order. Please note that the first

—20 °C corresponds to the unfrozen sample

24 —20 —20 -7 2 30 55 70 62 52 43 25
XZ 8.7 14.4 47 45.1 9.5 6.2 3.9 2.6 3.9 1.28 1.1 1.4
d 6.34 6.54 7.55 6.76 6.85 6.93 7.03
n 0.012 0.013 0.141 0.62 0.56 0.64 0.04
N, 12 12 4 36 25 16.3 4.5
Ny 0 5.9 610 216 93 108
Oh 0.33 0.37 0.32 0.31 0.28 0.28 0.42 0.41 0.39 0.44 0.32 0.44
Ph 489 534 467 461 549 505 438 430 434 434 473 423
Zn 2.28 2.28 2.42 2.46 2.29 2.30 1.88 1.80 1.81 1.88 2.31 2.28
Oc 0.28 0.22 0.21 0.31 0.34 0.22 0.34 0.46 0.40 0.21 0.25 0.16
Am 0.43 0.43 0.39 0.40 0.42 0.42 0.63 0.67 0.67 0.64 0.42 0.43

w 1 3 13 30 31 29 9

Pw 332 329 307 307 334 332 329 327 329 329 332 332
PcH, 316 316 316 316 316 316 292 288 290 292 316 316
PcH, 225 225 225 225 225 225 220 220 220 220 225 225
R, 50.5 48.5 28.5 44.0 44.9 45.4 40.5 35.5
PI 0.14 0.13 0.15 0.076 0.076 0.090 0.20 0.22

%> reduced chi-squared, d Bragg distance (nm),  Caillé parameter, N. number of correlated lamellae, N, number of uncorrelated lamellae, oy,
amplitude (nm) of the Gaussian corresponding to the polar head with electronic density py, (e nm™?), Z;, position of the polar heads (nm) with
respect to the centre of the bilayer, ¢, amplitude of the Gaussian representing the terminal methyl groups, A, area per lipid molecule (nm?), N,
number of water molecules associated to the polar head, pyw, pciz, Pcns electronic density (e nm ™) corresponding to the water, methylene and
terminal methyl groups as used in the fits, R, radii or the vesicles (nm) and polydispersity index PI.

g =1.0 nm™ " that corresponds to a small percentage of the lipid
phase organised in correlated bilayers (<2%). The second
feature corresponds to an oscillation appearing in the small g
region (below 0.4 nm ™). The origin of this oscillation cannot
be univocally associated with a particular feature. We have
explored several options, among them, the long-distance corre-
lation of flat lamellae and the form factor of spherical vesicles
with a low polydispersity. Although all fitted models are based
on vesicles, the TEM images illustrate the formation of tubular
structures at 70 °C. Due to the limited experimental SAXS
window, the differences between vesicles and tubes are hardly
discernible.

To confirm the formation of tubular structures by SAXS, we
have developed a model of bilayered cylinders, which was com-
pared with a model of spherical vesicles built using equivalent
parameters (see the ESIT for more details on the models and the
findings). These models were fitted to the small q region of the
experimental SAXS data from the sample at 70 °C (Fig. 5). Note that
the superimposed oscillations in this figure, centred at g = 0.8, 1.6,
3.2, and 4.8 nm ™! arise from the reduced number of sizes used to
simulate polydispersity. From these fittings, it can be concluded
that the period of the oscillations using a tubular model fits better
the experimental data than using an equivalent model of spherical
vesicles. This reinforces the theory that the fragmented vesicles
from the freeze-thawing process can fuse into tubular structures
upon heating above Ty,. It must be noted that the oscillation at
small q could also correspond to the correlation of flat lamellae
with Bragg distances of about 77 nm. However, such conforma-
tions were not observed by electron microscopy in order to support
this hypothesis.

The spectra acquired during the cooling of the sample down
to 25 °C are presented in Fig. 4E. At 62 °C and 52 °C, patterns
are very similar, but when the temperature is decreased to 43 °C
(below Ty,), the minima at 0.5 nm ™" is recovered, and the other
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Fig. 5 Comparison between a model of spherical vesicles and tubular
vesicles fitted on the experimental SAXS profile of the sample at 70 °C.

two minima are displaced to the original positions again.
Besides, electron density profiles (Fig. 4F) show how mem-
branes lose the interdigitation as they transition back to a solid-
like phase (Lg). At 43 °C, a certain degree of multilamellarity is
still retained (corresponding to the peak at ¢ = 1.0 nm™ "), but
the oscillation at small g has been completely lost. When the
gel is formed at the end of the process (25 °C), the multi-
lamellarity is lost, and the electron density profile and the rest
of the parameters approximate to those from the start of the
procedure (24 °C). This similarity is congruent with TEM
images, where the structural unit is the lipid vesicle, regardless
of their branched/gel-like organisation.

4. Conclusions

This work explored the relevance of each step involved in
the gelation mechanism of a suspension of lipid vesicles.

This journal is © The Royal Society of Chemistry 2021
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In previous works, we reported that a proper electrostatic
balance between structures was necessary to form these types
of gels; with the present data, we evidence that the preparation
protocol is equally relevant. These findings suggest a combined
effect between freezing and heating steps of the procedure that
turn the lipid dispersion into a colloidal gel. Freezing results in
the dehydration and rupture of the vesicles and heating above
the T, induces fusion of the damaged membranes into elon-
gated tubular structures. The eventual formation of the gel
results in branched aggregates of vesicles that correlate with
the characteristic viscoelastic behaviour of the material. Thus,
the particularity on this gelation method lies in fundamental
membrane-based events that occur during freezing and heat-
ing, differing from other colloidal gelation mechanisms that
typically involve polymeric particles.

With the presented results, we aim to inspire the use of the
gel in related areas such as the study of peptide or enzymatic
interactions in mimetic model membranes. For this purpose,
these works should support the mechanistic insights here
discussed with NMR or molecular dynamic studies. In addition,
we expect that the description of the mechanism may allow
finding approaches to control the interaction of lipid vesicles,
leading to novel biocompatible materials. Despite our results
focusing on the interactions occurring at the nanoscale, those
next works could address the mechanistic details occurring at
the microscale with techniques like confocal microscopy.
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