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Immiscible lipids control the morphology of patchy
emulsions†

Lea-Laetitia Pontani,* Martin F. Haase, Izabela Raczkowska and Jasna Brujic*

We study the phase behavior of immiscible mixtures of phospholipids and cholesterol at the interface of

oil-in-water emulsions, which governs the surface morphology of patchy droplets. Emulsification with

lipid mixtures leads to domain formation with a variety of shapes, such as spots, disordered stripes,

hemispheres and rings. We map out the ternary immiscibility diagram of our system, which allows one

to control the geometry of patches on the droplet surface. By contrast to short-lived domains on

liposomes, image analysis of the individual domains shows that emulsion spots grow towards a steady

state size distribution and remain stable over weeks. These domains are functionalized with biotinylated

lipids, which makes them useful candidates for directed self-assembly through specific interactions via

streptavidin. Here we bind streptavidin coated beads to these lipids and find that the binder diffusion

constant depends on the morphology of the droplet. These fluid patchy particles offer a versatile system

in which the geometry and the dynamics of the sticky patches are under control.
1 Introduction

Much progress has been made in recent years in understanding
themechanisms of self-assembly of building blocks on different
length scales.1 Biological systems employ principles of directed
association of individual components to perform particular
functions, while physical systems are designed to build complex
superstructures with tunable optical,2–4 mechanical5,6 and elec-
tronic properties.7–9 In order to achieve particular structures,
constituent particles are designed to have anisotropic features
through which they can specically interact.10,11 Depending on
the anisotropy of the particle, numerical simulations predict a
variety of macroscopic architectures, such as sheets, chains,
controlled clusters and rings.10–12 Experimentally, the anisot-
ropy of the particle can be induced by chemical patterning with
gold nanoparticles,13 functionalization of sticky patches xed
on the surface,14,15 permanent dipoles16–18 and shape control in
the case of cubic19 or dimpled colloids.20 All these techniques
involve multi-step chemical procedures and result in solid
particles in which the anisotropy is xed once the particle is
made.

Here we present a novel way to make anisotropic so parti-
cles by a single-step synthesis of oil-in-water emulsions that are
co-stabilized by ternary mixtures of phospholipids and choles-
terol. More specically, we use lipid mixtures of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), brain sphingomyelin (BSM)
s and Center for So Matter Research, 4
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and cholesterol (Chol) that are close to the composition of the
outer leaet of biological membranes21,22 and are therefore
useful tools to address the existence of sphingolipid/choles-
terol-rich ras in a simplied environment.23–29 These mixtures
are known to form spontaneous coexisting liquid phases in
membranes30–35 and in monolayers at the air–water inter-
face.36–39 Here we exploit the fact that these lipid domains are
much more stable in monolayers than in bilayers to make long-
lived patches at the interface of oil-in-water emulsion droplets.
The advantage of this system over solid functionalized particles
is that the domains are free to move on the uid emulsion
interface and thus explore a broader spectrum of accessible
architectures. Moreover, the miscibility phase diagram of the
lipids determines the morphology of the droplets and the size
distribution of the domains. Furthermore, the variability of the
available phospholipids with functionalized hydrophilic heads
allows one to tune the nature and strength of the interaction
between neighboring droplets to facilitate their self-assembly
through biologically active molecules. These interactions may
include adhesive proteins, such as the biotin–streptavidin
complex,40 lock and key interactions with antibody–antigen
recognition,41,42 complementary DNA strands43,44 or cellular
adhesion proteins, such as cadherins.
2 Materials and methods
2.1 Polydisperse emulsion preparation

The protocol for the emulsion preparation is similar to the one
described in ref. 40. The oil droplets are stabilized withmixtures
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and brain
sphingomyelin (BSM) lipids and cholesterol in various
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (A) 3D projection of a polydisperse emulsion made with 19% DOPC, 77%
cholesterol and 4% biotinylated lipids. The biotinylated lipids are labeled with
fluorescent streptavidin and reveal the separation of the lipids into immiscible
domains on the surface. (B) The fluorescent signal of the lipid NBD PC (i) labels
liquid disordered phases in bilayers and here overlays with the fluorescent stre-
pavidin signal in red (ii). The merged picture (iii) shows the colocalization in
orange. (C) Different domains morphologies are identified within the same
emulsion: (i) green spots; (ii) black spots; (iii) green spots/green cap; (iv) mixed
spots; (v) Janus; (vi) ring. All scale bars ¼ 5 mm.
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stoichiometries, while the labeling of the surfaces is performed
with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[bio-
tinyl(polyethylene glycol)-2000] (ammonium salt) (biotinylated
lipid) or 1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-
amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD PC). The
lipid products were purchased from Avanti Polar Lipids
(Alabaster, AL). All other chemicals were purchased from Sigma-
Aldrich. The molar ratios of DOPC, BSM and cholesterol are
varied to explore the phase diagram while 4% of biotinylated
lipids is introduced to label the phases with uorescent strep-
tavidin (Texas Red, Alexa Fluor 488 or Alexa Fluor 647 conju-
gated, purchased from Invitrogen). A 350 Cst silicone oil is
saturated with the lipids that are introduced at a total mass of
20 mg mL�1, before emulsication. The nal emulsion is index
matched in the buffer containing 1 mM SDS, 2 mM Tris–HCl,
pH ¼ 7.5, in a 50 : 50 glycerol–water solution, and kept at 4 �C.
Samples of 100 mL of the emulsion are mixed with 5 mL of
streptavidin at a concentration of 1 mg mL�1 and 300 mL of the
buffer solution. This solution is incubated for 1 h at 4 �C to
allow the streptavidin to bind to the biotinylated lipids on the
droplets. The sample is imaged using a fast scanning confocal
microscope (Leica TCS SP5 II).

2.2 Monodisperse emulsion preparation

Monodisperse emulsions are produced with a microuidic tech-
nique adapted from ref. 45. Since this method requires the use of
capillaries with diameters as small as 15 mm, the viscosity of the
oil is reduced to 50 Cst to ensure reasonable ow rates with the
available syringe pumps. The oil preparation remains unchanged
and the lipids are dissolved in it as described in the previous
section. Round borosilicate glass capillaries (inner diameter ID ¼
0.4 mm, outer diameter 0.55 mm, Fiber Optic Center Inc.) are
pulled in a micropipette puller to produce tip openings ranging
from 15 to 60 mm. Two capillaries with different tip openings are
then inserted into a larger square capillary (ID 0.6 mm). The
smaller one is interdigitated into the larger one (see Fig. 2) before
the set up is nally xed onto a supporting glass slide with epoxy
glue. The square capillary and the free end of the smaller round
capillary are both connected to syringe pumps (NE-300, New Era
Pump Systems). Aer ushing with ethanol in a clean environ-
ment, the set-up is transferred at 4 �C for the rest of the process.
The continuous phase buffer (5 mM SDS and 2 mM Tris, pH ¼ 7)
is pumped into the square capillary at rates ranging form 500 to
2000 mL h�1, while the lipid containing oil is pumped into the
smallest capillary at rates from 10 to 40 mL h�1. The oil droplets
ow out of the larger round capillary with the larger tip diameter
and are collected aer creaming.

2.3 Image analysis

We analyse the 3D images of the transparent monodisperse
emulsions to extract the positions and sizes of thousands of
domains in the sample. The image is sharpened by ltering out
the low frequency noise. This step ensures that the small indi-
vidual domains are well separated. The Otsu thresholding
algorithm46 is then used to binarize the original image into
white domains and a black background. The connected regions
This journal is ª The Royal Society of Chemistry 2013
in the binarized image are identied as domains with positions
given by their centers of mass. The diameter of each domain is
given by the length of the smallest cube that encloses the
domain. This allows us to measure the evolution of the distri-
bution of domain diameters as a function of time and lipid
composition.
2.4 Diffusion coefficient measurement

We use 1 mm magnetic particles, coated with streptavidin
(Dynabeads MyOne Streptavidin C1, Invitrogen), as reporters of
the lipids diffusion on the surface. The emulsion droplets (5 mL
of creamed emulsion) are incubated with the particles (1 mL) in
a buffer containing 4 mM MgCl2, 2 mM Tris, pH ¼ 7.5, 1 mM
SDS (600 mL) to allow the colloids to attach to the biotinylated
lipids on the droplets surface. We then follow the motion of the
bead on the surface of the droplets. The image is focused and
centered on the bead diffusing on the bottom of the creamed
athermal oil droplet and the movie is acquired at frame rates
from 2.5 to 10 images per second. The position of the bead is
obtained at each time by thresholding the image and isolating it
from the immobile droplet. The mean square displacement of
the bead conrms a diffuse behavior and the corresponding
diffusion coefficients are obtained for various compositions.
3 Results and discussion
3.1 Lipid stabilized emulsions display a wide range of
surface morphologies

Coarse emulsication of the droplets using an iso-
stoichiometric mixture of DOPC–BSM–Chol leads to a variety of
domain shapes and sizes, as shown in the 3D confocal image
projection in Fig. 1a. This diversity may arise from the non-
uniform composition of the lipids on the droplet surfaces
during emulsication in the narrow gap couette cell. Similarly,
small variations in the lipid composition were shown to induce
Soft Matter, 2013, 9, 7150–7157 | 7151
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large changes in the phase behavior of liposomes.47 We identify
a broad spectrum of available patterns, shown in Fig. 1c,
including bright spots, dark spots, coexisting spots, Janus
droplets, and rings. These patterns are independent of the
radius of the droplet, indicating that curvature plays a negli-
gible role on the colloidal length scale (see ESI†). In model
membranes, these patterns are due to the liquid–liquid
immiscibility of the species and are composed of two types of
domains: the liquid ordered (Lo) and liquid disordered (Ld)
phases.30 The cholesterol and sphingomyelin are enriched in
the Lo phase, while DOPC is concentrated in the Ld phase.48 In
our system, the bright regions are labeled with uorescent
streptavidin, which binds to the biotinylated lipids, but this
measurement does not reveal the phase type. We therefore add
another uorescent probe, the lipid NBD-PC, which is known to
enrich into the Ld domains of lipid bilayers.49 In Fig. 1c, the
colocalized uorescence signals of the NBD-PC and the strep-
tavidin show that the biotinylated lipids label the DOPC rich
phase, which we use as the label throughout the article. In
addition, replacing the biotinylated lipids with 4% of another
labeling lipid, NBD-PC, does not affect the formation of
domains when mixed with equal amounts (48%) of DOPC and
cholesterol. This result suggests that the biotinylated lipids do
not play a dominant role in the segregation of the species.

3.2 Immiscibility phase diagram of lipids in emulsions

To gain control over the domain morphology we produce
monodisperse athermal emulsions using a ow-focusing
microuidic device, as shown in Fig. 2A and B.50 For a given
lipid composition, these droplets exhibit reproducible and
homogeneous lipid patterns. For example, a binary mixture of
DOPC–Chol (1 : 4) produces bright spots on a dark background
Fig. 2 Flow-focusing technique for the production of monodisperse emulsions.
(A) A thin capillary (opening diameter � 20 mm) flows the lipid containing oil into
a larger capillary in which the continuous phase is flown as well. This results here
in the production of monodisperse droplets of diameter ¼ 24 mm (B). Homoge-
neous morphologies are obtained throughout the obtained monodisperse
emulsions. The patterns depend on the lipid composition, bright spots (C) are
formed with a DOPC–cholesterol (1 : 4) ratio while dark spots (D) appear for an
isostoichiometric mixture. Scale bars ¼ 20 mm.

7152 | Soft Matter, 2013, 9, 7150–7157
in Fig. 2C. The morphology of the droplets does not depend on
the droplet size in the range from 20 to 54 mm in diameter (see
ESI†). Reducing the cholesterol level inverts the phases and
gives rise to dark spots on a bright background, as shown in
Fig. 2D. Interestingly, in this case there are on average six dark
spots per particle, which would set the coordination number of
an assembly of such particles, provided that the dark spots are
functionalized with binders.

Next, we characterize the ternary immiscibility diagram for
mixtures of DOPC–BSM–Chol lipids in monolayers formed at the
oil-in-water emulsion interface. This circumvents the problem of
DOPC oxidation that occurs at the air–water interface.51,52 Phase
diagrams for similar lipid mixtures are described in terms of a
and a b-region,53 which correspond to different transition pres-
sures at the apparition of domains.38,39 Instead, here we construct
the phase diagramby characterizing the domainmorphology as a
function of the lipid composition following the methodology
employed for patchy nanoparticles.54 This classication is based
on distinguishing droplets with bright or dark spots, stripes, gel
structures and homogeneous surfaces, as shown by the legend in
Fig. 3. Using this phase diagram one can produce droplets with
the desired morphology by emulsifying at the corresponding
lipid composition.

Just as in the case of monolayers at the air–water interface,38,39

the binary axis of DOPC–cholesterol in Fig. 3 reveals domain
formation for cholesterol concentrations above 30%. Initially, the
cholesterol-rich dark spots diffuse on a bright background of
DOPC. Above 60% of cholesterol the phase inverts to form bright
spots on a dark background. This inversion conrms the
previous observation that cholesterol separates from the bright
phase containing DOPC and the biotinylated lipids that coloc-
alize with NBD-PC. The ternary phase diagram reveals that
Fig. 3 Immiscibility diagram for ternary mixtures of DOPC–BSM–cholesterol
stabilizing monodisperse emulsion droplets. This mixture constitutes 96% of the
lipids on the surface since 4% is always dedicated to biotinylated lipids for fluo-
rescent labeling. We report the steady state morphologies observed after times
ranging from �1 min to several hours. The patterns are classified into different
categories: bright spots on a dark background (green circles); dark spots on a
bright background (dark circles); bright tree-like structures on a lighter back-
ground (orange circles); mixtures of bright and dark spots (green circle with a
black line); homogeneous surface (crosses).

This journal is ª The Royal Society of Chemistry 2013
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regions between dark and bright spots are populated with
emulsions that exhibit coexisting patterns of the two phases, as
shown for example by the point at (DOPC–BSM–cholesterol;
40 : 20 : 40). Owing to the high melting temperature of BSM
(Tm ¼ 50 �C), increasing its concentration leads to the precipi-
tation of these lipids into a solid phase, which form uorescent
branched patterns on the droplet surfaces. These branches oat
on the surface as rigid bodies without the shape uctuations
observed for the liquid–liquid coexistence regions.
3.3 Domain formation and stability

While the phase diagram in Fig. 3 is based on the nal state
observed for each composition, here we investigate the kinetics
of domain formation and their stability. At room temperature,
the domain topology on the surface of a droplet evolves on a
time scale that depends on the lipid mixture. Minutes aer
heating emulsions containing large amounts of cholesterol
from 4 �C to room temperature we observe the formation of
disordered stripes, as shown in Fig. 4A for the mixture DOPC–
Chol (1 : 4). These stripes then coarsen into stable bright spots
shown in Fig. 4B. Following a single droplet over time reveals
that the low viscosity bright phase extends ngers with
increasing thickness into the higher viscosity dark phase over
an hour, as shown in the snapshots in Fig. 4C. These ngers
then evolve into bright spots on a dark background, as shown
for the example droplet in Fig. 4D. While all droplets achieve the
bright spot pattern in the time frame of 24 hours, the variability
in this timescale between individual droplets spans from the
onset of imaging (i.e. minutes) to hours.

The observed mechanisms of domain formation are remi-
niscent of viscous ngering into disordered stripes and spino-
dal decomposition into spots in liposomes,33 or more broadly in
Fig. 4 A large number of droplets with homogeneous patterns can be packed
together and imaged in 3D. The same mixture (DOPC–cholesterol 1 : 4) first
reveals disordered stripes (A), before displaying bright spots on all the droplets
(B). The formation of disordered stripes appears right after heating up to room
temperature and looks similar to viscous fingering (C), and is followed by the
formation of spots that takes also �1 hour (D). Scale bars ¼ 10 mm in (C) and (D).

This journal is ª The Royal Society of Chemistry 2013
coexisting liquid phases in 2D systems.55,56 However, these
processes are much faster in liposomes and take place on the
timescale of seconds. The nal segregated domain shapes have
been observed and explained in coexisting liquid phases in
monolayers, either as kinetic traps along the way to phase
separation,57 or as equilibrium patterns at the air–water
interface.58

In order to determine whether the patches formed on the
droplets are at equilibrium we next investigate their evolution
over long times. We observe that the domains slowly ripen on
the timescale of hours through coalescence, as shown in the
sequence in Fig. 5A. In each image, the arrow points to
the domain that coalesces with a neighboring domain in the
subsequent image. To quantify this effect in a statistically
signicant manner, we image a 3D packing of patterned
emulsion droplets that cream under gravity, as shown in
Fig. 5B. Image analysis methods are then employed to identify
the position and diameter of each circular domain, as shown by
their superposition with the original image in Fig. 5C. Aer the
initial nucleation of domains, which are below the resolution of
the image analysis method, their average diameter only grows
by 25% over two weeks, as shown in the graph in Fig. 5D. This
result suggests that the domains are stable on experimental
timescales and may imply equilibrium conditions. It is also
interesting to note that the size distribution of domains is non-
Gaussian and has a broad tail of large domains, as shown in the
inset in Fig. 5D. Such a stability for lipid domains is only
observed at air–water interfaces,58,59 where the equilibrium
shape and stability are controlled by the balance of line tension
and electrostatics. The line tension arising from the segregation
of the lipids drives fusion of the domains into a Janus particle to
Fig. 5 (A) The domains fluctuate and fuse on the surface of a droplet obtained
from a polydisperse emulsion, with the lipid mixture DOPC–Chol 4 : 1. The arrows
indicate the domain that is about to fuse in the next image. Droplet diameter ¼
14 mm. (B) A 3D transparent packing of monodisperse droplets (DOPC–Chol 7 : 3)
displays bright spots and is imaged through confocal microscopy. (C) Image
analysis identifies each patch center, indicated by the orange dots, and radius in
the packing. (D) For this lipid composition the bright patches rapidly reach a
stable size that doesn't evolve significantly over weeks at room temperature. The
corresponding radii distributions are shown in the inset.

Soft Matter, 2013, 9, 7150–7157 | 7153
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minimize liquid–liquid interfaces, while the electrostatic
repulsion between the lipid domains keeps them from coa-
lescing.60–62 Even though the electrostatic energies are reduced
at the oil–water interface,63,64 they are strong enough to keep the
domains stable on surprisingly long timescales in our system.
3.4 Diffusion of the lipids

The long-lived patches on the emulsion surfaces can be used to
assemble larger scale structures through specic patch inter-
actions. The diffusion of the binders within the patches controls
the kinetics of the assembly process and should depend on the
domain morphologies as shown previously for bilayers.32 We
therefore measure the diffusion of streptavidin coated colloids,
which are bound to biotinylated phospholipids in the bright
liquid-disordered domains. Since the colloid can bind to
multiple lipids on the surface, the diffusion constant corre-
sponds to the mobility of the adhered lipids and the viscous
drag of the bead on the surface. The colloids are darker than the
emulsion droplets and are identied by thresholding, as shown
in Fig. 6A. The movement of the colloid on the surface of the
droplet is tracked over time to yield the mean square displace-
ment, as shown in Fig. 6B. The linear relationship indicates that
the lipids undergo normal diffusion, while the spread of the
slopes of the lines shows that the diffusion constant varies
slightly from droplet to droplet and more signicantly between
different droplet morphologies. Homogeneous droplets stabi-
lized by DOPC and biotinylated lipids have the highest diffusion
coefficient of hDi ¼ 0.36 mm2 s�1. This value is governed by the
viscous drag of the phospholipid tails in the 50 Cst silicone oil
phase, in agreement with previous studies.65,66 For example,
repeating the experiment with a higher viscosity oil of 350 Cst
leads to a lower diffusion constant hDi ¼ 0.012 mm2 s�1 in
homogeneous droplets. Alternatively, the average diffusion
constant is lowered by spatial constraints imposed by the
Fig. 6 Raw images show the darker bead diffusing on the surface of the immobile d
for its tracking (B) and the subsequent diffusion coefficient estimation. The diffusio
performed on different droplets for each condition, grouped by colors in (B). The in
morphology.

7154 | Soft Matter, 2013, 9, 7150–7157
droplet morphology, as shown in the inset in Fig. 6B. In the case
of domains on a bright background the lipids bound to the
colloid are free to diffuse inbetween the domains over the entire
droplet surface. The presence of obstacles roughly halves the
average diffusion constant. Moreover, conning the lipids
within the bright spots on a dark background further slows
down their diffusion. Finally, when the lipids precipitate into a
gel phase the diffusion constant is as low as hDi ¼ 0.0074 mm2

s�1 since the structures exhibit very little motion.
These results are in qualitative agreement with the trends

observed in bilayers. The highest diffusion constant ofz13.4 mm2

s�1 is measured in model membranes of pure DOPC, while the
introduction of cholesterol reduces it to z8.9 mm2 s�1.67 A more
dramatic effect is observed in biological membranes, where the
presence of transmembrane proteins, the underlying cytoskeleton
and ra-like structures slows down the diffusion of lipids to a
range from 0.1 to 1 mm2 s�1 depending on the cell type.68,69

4 Conclusions

We have presented a versatile system of patchy particles for self-
assembly, in which the morphology is predicted by the ternary
immiscibility phase diagram of lipids. The advantage of this
system is that the patch formation is spontaneous and requires
no surface modications or multi-step synthesis. Microuidic
emulsication with a given lipid mixture leads to monodisperse
droplets with uniform patch morphologies that are stable over
weeks. Another inherent advantage of this system is that the
uidity of the surface adds an extra degree of freedom to the
self-assembly process: the system will be able to explore
congurations even aer droplets bind together through the
sticky patches. In this paper, we have quantied the diffusion
constant in different droplet morphologies, such that the
timescale on which the congurations are sampled can be nely
tuned. Bringing together the control of the number of
roplet (A). A good contrast allows thresholding of the image to isolate the particle
n coefficients were thus obtained for various morphologies and the analysis was
set in (B) shows the average values of the diffusion coefficient for each analyzed

This journal is ª The Royal Society of Chemistry 2013
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functionalized patches per particle (by tuning the droplet size or
lipid composition) and the mobility of the domains (by the
viscosity of the oil) opens the path to building super-structures
with a programmable design. For example, the emulsion in
Fig. 2D has z6 patches per particle, which may assemble into
super-structures with octahedral symmetry if all the patches are
bound to each other. Other patch valencies and morphologies
are predicted to lead to a wide array of structures.10

More generally, we have discovered a system of stable
domains on curved oil-in-water interfaces of emulsion droplets.
Their phase diagram resembles that of other monolayers and
reveals long-lived domains of different shapes. One plausible
explanation for the stability of domains with a characteristic
length scale is an equilibrium balance between line tension
around the domains and long-range repulsive forces, such as
the dipole–dipole electrostatic repulsion between the
domains.70,71 This theoretical framework predicts nearly circular
domains of a given size on the droplet surface. The experi-
mental size distribution therefore indicates deviations from
equilibrium that may be a result of deep kinetic traps along the
way. Moreover, it is unclear how the spherical topology of the
droplet inuences these long range interactions, given that
the curved surface introduces a nite length scale compared to
at monolayers.

Depending on the shape of the energy landscape, this equi-
librium phase can be reached via different kinetic pathways. If a
temperature jump leads to an instability, then the system will
spontaneously exhibit a spinodal decomposition along the
downhill slope towards equilibrium. By contrast, the presence
of a barrier imposes a nucleation and growth mechanism for
the formation of circular domains. Such a scenario leads to the
coalescence of smaller domains with larger ones until a stable
domain size is reached. Our experiments reveal examples of
both those mechanisms, depending on the composition of
the lipids.

Alternatively, if the system is out of equilibrium and there is
a reservoir of lipids that remains in the bulk oil, the lipids may
be recruited into the domains and thus drive coarsening on
timescales that are beyond those probed in the experiment.72,73

In that case, the equilibrium state implies complete phase
separation. This mechanism does not preclude the kinetic
pathways observed in the experiment. Future work will require a
more detailed study of the interaction energies involved in the
experimental system to distinguish between the possible
scenarios for stable domain formation. This technique may
therefore be extended to other lipid mixtures, while the phase
diagram can be further manipulated by external parameters,
such as the temperature, pH and salt concentration. Such
studies will shed new light on the mechanisms of domain
formation and stabilization.
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