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In model lipid membranes with phase coexistence, domain sizes distribute in a very wide range, from the nano-
meter (reported in vesicles and supported films) to themicrometer (observed inmanymodel membranes). Do-
main growth by coalescence and Ostwald ripening is slow (minutes to hours), the domain size being correlated
with the size of the capture region. Domain sizes thus strongly depend on the number of domains which, in the
case of a nucleation process, depends on the oversaturation of the system, on line tension andon the perturbation
rate in relation to the membrane dynamics. Here, an overview is given of the factors that affect nucleation or
spinodal decomposition and domain growth, and their influence on the distribution of domain sizes in different
model membranes is discussed. The parameters analyzed respond to very general physical rules, and we there-
fore propose a similar behavior for the rafts in the plasma membrane of cells, but with obstructed mobility and
with a continuously changing environment.
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1. Introduction

Membranes are complex systems, with many different species in-
cluding several kinds of lipids, each with a variety of chain lengths and
unsaturations, and also different proteins. Some components of the
membrane interact transientlywith the environment: small and soluble
molecules and ions, charged polymers from the extracellular matrix,
and actin and tubulin from the cytoskeleton, as well as specific protein
receptors. The composition of membranes varies not only with cell
type but also between the organelles of the same cell, and from one
hemilayer to the other, as well as continuously changing during cell
metabolism.

It has been proposed that living organisms try to maintain the com-
position of cell membranes to keep them above the phase transition
temperature [1]. However, membranes can be fluid and simultaneously
heterogeneous, due to demixing of the components and liquid-liquid
phase coexistence. This is possible thanks to the presence of hopanoids
in prokaryotic cells [2,3] and sterols in eukaryotic cells, cholesterol in
mammals, ergosterol in fungi [4] and phytosterols in plants [4–6].
These molecular species induce the formation of liquid-ordered phases
(Lo), which are fluid phases with greater order in the hydrocarbon
chains than the liquid-disordered phase (Ld). Additionally, recent data
support the existence of gel or solid domains in a whole variety of live
cells under physiological conditions [7].

Heterogeneity ismore likely to occur than homogeneity, since such a
complex system as the membrane is not expected to behave ideally. In
this regard, Ingolffson et al., in a pioneering in silico study of systems
mimicking the complexity of cell membranes, found non-ideal lateral
mixing of the different lipid species [8]. The energy of the lateral inter-
actions between distinct lipids and the proteins that govern their misci-
bility will most probably led to immiscibility, and thereby to phase
coexistence and segregated patches. Furthermore, according to the
Gibbs phase rule, as the number of components in the mixture in-
creases, the number of degrees of freedom for a fixed number of phases
also increases. This means that the coexistence of two or more phases
corresponds to n-dimensional regions (and not points) enclosed within
the phase space of the n-intensive variables of the system. Therefore,
from this viewpoint, phase segregation appears as a consequence of
the compositional complexity of the cell of membranes.

According to the researchers who attended the Keystone Sympo-
sium on Lipid Rafts and Cell Function: “membrane rafts are small (10–
200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms through pro-
tein-protein and protein-lipid interactions” [9]. However, contrary to
the notion that rafts are assembly platforms, Owen et al. proposed a
membrane model in which the majority of plasma membrane is cov-
ered by orderedmembranes [10]. In either case, since the degree of per-
turbation on membrane properties promoted by rafts depends on their
sizes, it seems important to inquire what the parameters are that regu-
late raft sizes.

From studies carried out during the past decade, it seems clear that
model lipid membranes can contain not only micro-scale domains
that can be visualized by fluorescence imaging, but also nano-scale do-
mains that can be detected by Fluorescence Resonance Energy Transfer,
Super-ResolutionMicroscopy, Small Angle Neutron Scattering, NMR ex-
periments, Particle Tracking, Atomic Force Microscopy or predicted by
Monte-Carlo and Molecular Dynamic simulations [11]. In several
cases, nanodomains were exclusively observed, in others, nano-
coexisted with microdomains. Finally, there are several reports in
which only microdomains were analyzed, but the presence of
nanodomains cannot be discarded since opticalmicroscopywas utilized
for the observation. As proved by Heberle et al., the nanodomains in
model membranes behave closely enough to genuine phases. They ap-
pear as a consequence of the demixing of the components, and respond
to compositional changes according to the rules of equilibrium
thermodynamics, showing neat phase boundaries and phase propor-
tions consistent with the lever rule [12].

The use of different model membranes permits a wide variety of ex-
perimental approaches, and each of thesemodel systemshas certain ad-
vantages and disadvantages. Depending on the technique selected and
the questions to answer, one will be more suitable to use than others.
For instance, in Langmuirmonolayers, themolecular density can be var-
ied while the surface tension and surface potential are registered, and
themembrane can be simultaneously observedwith Brewster anglemi-
croscopy (BAM) or fluorescence microscopy (FM), enabling very good
control of the experiment. Langmuirmonolayers permit the study of lat-
eral lipid-lipid interactions, as well as membrane-peripheral protein in-
teractions [13], but they are not a good model for studying
interdigitated membranes and integral proteins, since only one leaflet
is present.

Using FM, out-of-plane deformations of themembrane, permeability
and phase behavior can be investigated in giant unilamellar vesicles
(GUVs). The behavior of individual vesicles can be studied, but motion
of the species in the plane of the membrane is not so straightforward
due to the membrane geometry [14]. Another disadvantage of GUVs is
that the accurate composition of each vesicle is unknown [15].

Smaller vesicles (LUVs and SUVs) enable population parameters to
be studied, and thus the results are complementary to those found in
GUVs. Using vesicles of different sizes, curvature effects can be investi-
gated. In both kinds of vesicles, the average membrane composition
can be determined using analytical techniques, and it is important to re-
mark that it is not necessarily the same as that used for the vesicle
preparation.

In planar free-standing bilayers, membrane texture can be explored,
and particle tracking and membrane permeability may be determined
more easily than in GUVs, but the film stability is lower [16,17]. Besides,
an organic solvent such as squalene or hexadecane has to be used for bi-
layer stabilization and residues of thesemoleculesmay remain between
leaflets [18].

The supported lipid bilayers are usually deposited on a hydrophilic
solid surface (glass, mica, or silicon) using several preparation tech-
niques such as spin-coating [19], vesicle rupture [20], solution spread-
ing [21] or film transfer from a Langmuir monolayer through the
Langmuir-Blodgett or Langmuir–Schaefer techniques [22]. Themain ad-
vantage of supported lipid bilayer systems is that they can be character-
ized by using a number of advanced techniques, such as atomic force
microscopy [22], X-ray diffraction [23], neutron reflectivity [24] and
quartz crystal microbalance [25], but, in these systems, dynamics pro-
cesses are slower due to interactionswith the support [26,27]. Support-
ed films also permit the compositional asymmetry of biological
membranes to be reproduced, and enable the inclusion of inorganic
solids or polymeric materials [20,24,28,29]. Thermodynamic compari-
sons have been performed between free-standing and supported films
prepared in different ways [16,30,31] and led to comparable general
features in some of the model systems. However, a more quantitative
analysis showed that the properties of the coexisting phases were not
the same within the systems.

Attempts have been made in model membranes to answer the
question of what the physicochemical basis is for the size distribu-
tion of phase segregated domains, and the current panorama is sum-
marized here. How the structures observed in model bilayers are
related to lipid rafts in biomembranes is not completely understood
at present. Nevertheless, the real picture of lipid rafts may become
more evident as we explore physical mechanisms and phenomena
such as diffusion, phase separation and critical points in model sys-
tems, because those mechanisms are well-defined and can be quan-
titatively measured and investigated in these simpler systems, and
the physics is extrapolatable to any real system. With this in mind,
we first reviewwhat is known about size distribution inmodel mem-
branes, and then give our view of the validity of those results in cell
membranes.
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2. Domain genesis: nucleation process and spinodal decomposition
in model membranes

The initial stages of phase separation in membranes may occur
through two different mechanisms: through the initial formation of
clusters involving an energy barrier, named nucleation, or through
spinodal decomposition, which occurs when there is no thermodynam-
ic barrier. The general characteristics of bothmechanisms are described
below.

2.1. Nucleation process

A complete first-order phase transition to a denser state involves dif-
ferent stages; firstly, germs of the new phase are generated (nucleation
stage). Afterwards, they grow, with larger regions of the denser phase
appearing as a consequence of their independent growth, Ostwald rip-
ening and merging of the clusters.

A germ of the new phase is a small cluster formed by density or con-
centration fluctuations. This cluster is unstable; it may dissolve or may
grow to become stable once it passes an activation barrier. As germs
of the new phase grow, their energy per molecule E decreases because
of the increase in favorable interactionswithin it, which exceeds the un-
favorable energy necessary to create a one-dimensional interface. The
germ becomes a stable cluster once it reaches a critical radius rc, corre-
sponding to the radius where E is maximum [32]:

dE
dr

r ¼ rcð Þ ¼ 0; rc ¼ aλ
Δμ

ð1Þ

Here, a is the average molecular area, λ is the line tension, and Δμ is
the chemical potential difference between the actual value in the sys-
tem and that corresponding to equilibrium conditions. Then, the value
of rc is directly proportional to line tension and inversely proportional
to the supersaturation of the system (i.e. the distance to the transition
point).

During coarsening, the clusters formed can collide and merge
into a larger cluster or, alternatively, a collision-free coalescence
called Ostwald ripening may occur. Ostwald ripening is a near-
equilibrium process of aging, redistribution, or coarsening of mat-
ter of importance in various fields. Throughout this ripening, larger
ba

Fig. 1. Upper panel: Excess free energy ofmixing as a function of the composition. Lower panel:
line encloses the spinodal region. Arrows represent a temperature quench, driving the membra
(b). Images: time evolution of the topographical features usually observed during nucleation o
clusters grow at the expense of the smaller and less stable clusters
that eventually dissolve completely.

Domain merge, Ostwald ripening and independent domain growth
may occur simultaneously with independent kinetics. In systems with
out-of-equilibrium domain size distribution, the relative rate of each
process becomes important, and we will discuss these issues in
Section 3 in relation to different kinds of artificial membranes.
3. Spinodal decomposition

Besides nucleation of a new phase, phase transition may occur
through a different process named spinodal decomposition. This
process takes place inside a miscibility gap, where the free energy
of mixing has a negative curvature (Fig. 1). In practice, this region
will correspond to demixed patterns with similar areas of both
phases. Within the spinodal region, the system is unstable against
small fluctuations of composition. There are no thermodynamic
barriers to phase transformation and the process is solely diffu-
sion-controlled. In contrast to nucleation, which needs a large fluc-
tuation to onset, spinodal decomposition elapses with gradual
compositional changes. The signature of both processes is largely
different. While nucleation is a phase transition that is large in de-
gree (i.e., large composition fluctuations) and small in extent (i.e.,
number of nucleation events), spinodal decomposition is small in
degree but large in extent, in the sense that it occurs uniformly
throughout the system after a small perturbation. At a particular
point of the phase space, known as the critical point, the limits of
the spinodal region meet the coexistence curve (or binodal limits).
The spinodal region of the phase diagram is reached after a shallow
quench through the critical point (Fig. 1). Away from the critical
point, a deeper quench will also reach the spinodal region, but
along this path the membrane will necessarily cross the binodal re-
gion, and nucleation is usually observed. Spinodal decomposition
begins with composition fluctuations structured into a fine grain
periodic pattern that grows steadily. After short time, primitive do-
mains start to change shape and coarsen through merging and Ost-
wald-ripening, as in the case of nucleation, until the final pattern is
achieved, and therefore, the relative rate of each process is also im-
portant for systems in the critical point.
c

The black line represents the limits of the immiscibility gap, or binodal curve, and the pink
ne from a homogeneous to a demixed state, into the binodal (a and c) or spinodal regions
r spinodal decomposition.
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4. Relative velocities in different model membranes

Emerging domains can change their size through different mecha-
nisms, such as independent growth, merging or splitting, and evapora-
tion-condensation (i.e., Ostwald ripening). Stanich et al. compared the
dynamics of domain growth after a temperature quench for domains
formed by nucleation or spinodal decomposition, in free-standing
giant vesicles [33]. For compositions within the spinodal region and
close to the critical point, they distinguish two kinetic regimes. First, do-
main growth is fast and occurs through line tension-driven shape
changes to a more isotropic morphology. Eventually shape transitions
cease, and at this second stage, domain coarsening occurs, with the
same growth rate as for nucleation born domains.

The time-scale for phase separation has beenmeasured and calculat-
ed in bilayers with different approaches [34–36], and it was found that
equilibrium may take hours to be achieved after a sudden thermal
quench from the one-phase region. The whole process involves the re-
action of phase transition and the generation of regions corresponding
to the new phase.

The rates for Ostwald ripening and domain merge have been de-
scribed in the evolution of phase separated domains in lipid bilayer
membranes by Frolov et al. [32]. They found that the nucleation process
in free-standing bilayers takes place in the first 10−4 s, and then the nu-
clei generated grow independently in the following milliseconds. Ost-
wald ripening occurs simultaneously with the merging of the nuclei
and is a very slow process, taking from minutes to hours depending
on the germ size. The growth rate due to merging or coalescence is sig-
nificantly higher than that of ripening, and therefore, ripening may be
important only for immobile systems, whilemobile systems form larger
domains mostly by merging after collision. Experimental results match
this prediction [33,37–39].

The coalescence of domains,which is drivenby line tension, depends
on their mobility and on the intensity of their repulsion, both of which
vary, amongother factors, with their size andwith thedistance between
them (which depends on the fraction of area occupied by the new
phase, and thus changes during the phase transition). Merging of do-
mainsmay take from seconds to hours depending on these parameters.
As an example, Fig. 2 shows the kinetics of microdomain merging for
mobile domains (diffusion coefficients of the domains of the order of
10−11 m2 s−1) in free-standing bilayers composed of a mixture of neu-
tral lipids. In this system, the number of domains decreases 50% in about
6min, which is a slow rate compared to nucleation (milliseconds or less
in this case). From the domain diffusion coefficient (D), an average dis-
placement (d) of 0.1–1 μmper second is expected (d=t ¼
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Fig. 2. Number of domains divided by the initial value as a function of time after a fast
temperature decrease from a homogeneous region to final values below the demixing
temperature. The system is a free-standing bilayer composed of DOPC:pSM:Chol (3:3:2).
Adapted fromMangiarotti et al. [17].
), leading to a colliding time with another domain placed at 10 μm dis-
tance in tens of seconds instead of tens of minutes. This indicates that
repulsive inter-domain interactions are hindering domain coalescence.
These interactionsmaybe of different origins, and cause a kinetic barrier
against domain merging, kinetically stabilizing them against fusion.
Kuzmin et al. [40] predicted that relatively small changes in barrier
heights can dramatically change the times for domain merge in free-
standing bilayers by as much as from 0.1 to 1010 s!

As far as we know, no analysis similar to that of Frolov et al. [32] has
been performed inmonolayers or supported films, but their approach is
also applicable in those other systems. The possible differences among
themodels formembranes are the lipid and domainmobility, themem-
brane and solution viscosities, the inter-domain repulsions, the interac-
tions of the membrane with its surroundings and the line tension
values, as well as the degree towhich each parametermodulates nucle-
ation and domain growth. Therefore, in the next section we make an
analysis of each of these parameters in the different models of
membranes.

4.1. Factors affecting nucleation and domain growth: line tension

Since the critical radius of a germ to become a stable nucleus is di-
rectly proportional to the line tension, λ (see Eq. (1)), and since λ is
the driving force for domainmerging and Ostwald ripening, this param-
eter appears as an important factor for determining the size of the do-
mains. The values reported for the line tension are in the range of 0.1–
10 pN in different membrane systems such as free-standing lipid bilay-
ers [41], lipid monolayers [42,43] and supported bilayers [37,44]. See
the review by Sriram et al. for further details [45].

In equilibrium and in the absence of other forces, line tension would
drive to a systemwith the two phases completely separated, andwith a
minimal border subject to thermal fluctuations. Therefore, low values of
line tensionwere postulated as a requirement for the existence of nano-
meter sized domains. In this context, it was hypothesized that some
specialmolecules named “linactants”may assemble at the boundary be-
tween domains, reduce the packing incompatibility and hence diminish
the line tension associated with the interface [45,46]. If the line tension
is reduced to zero, this can allow finite size domains to be stable even in
equilibrium [46].

However, in some cases, long-range interactions have to be consid-
ered as amechanism to stabilize nanometer size domains. In this regard,
modulated phase morphologies have been found in different systems
pointing to the existence of opposing forces. Modulated phases occur
for two coexisting phases when line tension drives the minimization
of the domain perimeterwhile an opposing long-range interaction com-
petes with line tension to break up the domain into periodic patterns
[47]. Modulated phase morphologies have been observed in a variety
of systems, from simple binary mixtures to vesicles blebbed from cells
[48] and also in other systems different from membranes [47].
Feigenson et al. found modulated phase morphology in a particular re-
gion of composition within the liquid-liquid coexistence region in the
four-component lipid bilayer mixture DSPC/DOPC/POPC/Chol [49]. By
tuning the fraction of the low melting lipids in GUVs, they observe a
transition from nanodomains to modulated phases, and finally to mac-
roscopic round domains [50]. Their experimental observations are con-
sistent with a competing interactions model of line tension and
curvature energies or dipolar repulsions [49].

Although still debated, themodulated patterns are likely to be kinet-
ically trapped non-equilibrium structures, which would completely
phase separate after very long observation times. Thus, non-equilibri-
um-sized domains are usually obtained, unless a very slow and con-
trolled protocol for phase transition is used [36]. Moreover, as already
mentioned, the relevant time scale for domain formation in bilayers is
proposed to be of the order of hours after a sudden quench of the mix-
ture from the fluid phase into the gel-fluid phase-separated region [34],
pointing to very slow relaxation kinetics, and thus to metastable phase
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organizations. Under some conditions, lipid nanodomainsmight be sta-
ble at equilibriumor have long but finite lifetimes, and therefore it is dif-
ficult to experimentally differentiate kinetically trapped from true
equilibrium modulated phases [51].

Frolov et al. [32] found in their model that there is a particular line
tension value (λ*) that defines two different behaviors. For systems
with λ lower than λ*, nanodomains remain in quasi-equilibrium, with
a size distribution around rc due to an entropic trap, while for λ larger
than λ*, nanometer-sized domains coexist with larger ones.

In recent years, a correlation has been sought between line tension
and domain size distribution. A rough correlation between the hydro-
phobic mismatch of the coexisting phases and the average domain
size has been reported in supported bilayers of different composition
using AFM [52]. Since it was suggested that line tension depends,
among other parameters, on the hydrophobic mismatch between
coexisting phases [53], that correlation with the domain size would be
caused by a greater line tension in the systemswith higher hydrophobic
mismatch.

Related to this, Tokumasu et al. [30] determined the domain size of
supported films of DPPC/DLPC/chol at different proportions, also using
AFM. Interestingly, they found a similar most probable size for domains
in films with and without chol (in the range of 15–50 nm) with a min-
imum value for the composition of 1:1:0. This is remarkable, since line
tension is expected to decrease when chol is added to the system due
to liquid-liquid phase coexistence.

Similarly, Giocondi et al. [54] found that, in supported bilayers of a
binary lipid mixture of DOPC/DPPC (and therefore the same λ value ac-
cording to the lever rule) but different compositions (different position
in the phase diagram), the larger domains presented different sizes,
changing from1.5 for 3:1 to 5 μm2 for 1:1. A simplemodel of line tension
dictating domain size cannot predict this result unless the line tension
depends on the relative amounts of the higher and lower melting lipid
molecules in the coexistence region [51]. Therefore, all this evidence in-
dicates that, in supported bilayers, line tension appears not to be the
most important factor for the adoption of a defined domain size.

For the case of free-standing bilayers, domain size was seen to vary
with position in the phase coexistence region, by measurements of
time-resolved FRET in liposomes comprised of a ternary lipid system
with higher- and lower-melting lipids and cholesterol [55]. The authors
found that domainswere smallest near the boundarywith the homoge-
neous Ld phase (below 20 nm) and largest near the boundary with the
Lo phase (below 100 nm). Illustrating a different issue, Heberle et al. for
nanodomains showed a clear correlation between bilayer thickness dif-
ferences in LUVs using SANS [56] for systems with the same four com-
ponents, but different relative amounts of DOPC and POPC. They found
that increasing the amount of DOPC in detriment of POPC induced a de-
crease in the thickness of the disordered phase (and a concomitant
1 2 3
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Fig. 3. Line tension as a function of the average domain radius for monolayers composed of dc
composed of DLPC and Dchol (2:1) with 1% of RhoPE in the absence (blue) and in the presen
from Bischof et al. (Refs. [23] and [24]).
increase in the hydrophobic mismatch) with a decrease in the domain
radii.

In free-standing monolayers, the line tension has been determined
for different systems with micrometer-sized domains. As shown in Fig.
3A, the domain size distribution for systems with different line tension
values overlaps, making it difficult to extract a clear conclusion from
these data. To get more insight on this, monolayers of the same lipid
composition were studied in the absence and in the presence of 1% of
a line active molecule. Fig. 3B shows the size distribution of domains
in monolayers composed of DLPC/Dchol (3:1) with and without 1% of
a linactant, which reduced the line tension by one order of magnitude
without noticeably affecting other parameters [42]. As shown in Fig.
3B, a decrease of λ of one order of magnitude does not affect the size
distribution.

In summary, the size of domains appears to dependnot solely on line
tension. Apart from this parameter, it depends on the kinetics of nucle-
ation, domain growth and on fusion, in a manner that is not simple. Do-
main merging will be driven by line tension, but also depends on the
rate of motion of the domains and on domain-domain repulsion, and
thus, although line tension favors domain merging, inter-domain inter-
actions may screen this effect. Therefore, it is not possible to predict a
universal relationship between λ and domain sizes.

4.2. Factors affecting nucleation and domain growth: perturbation rate and
membrane dynamics

It has long been observed that the size and morphology of domains
depend on non-equilibrium parameters such as the perturbation rate.
In a nucleation process, once the two-phase region has been reached,
germs become stable and a number of nuclei appear. The higher the su-
persaturation of the system (i.e. higher the excess in the chemical po-
tential), the smaller rc is, as indicated by Eq. (1), and smaller germs
become stable. Therefore, if the two-phase coexistence region is
reached in an abrupt fashion, many germs will become stable at the
same time. In contrast, if the system is perturbed gently, it will go
through the one-phase to two-phase frontier slowly and germs will be-
come stable gradually as they grow.

A particular point in the phase diagram can be reached through dif-
ferent perturbations, such as a compositional change, a temperature
change, film compression or pH changes. Fig. 4 shows images of mono-
layers composed of a mixture of Stearic Acid (SA) with DMPC at the
same point in the phase diagram (SA/DMPC = 2:3, 20 °C, 20 mN/m
and pH = 4) reached by fast acidification of the subphase (Fig. 4A) or
by slow compression (Fig. 4B). At this composition, themonolayer is ho-
mogeneous at pH=10 and shows phase coexistence at pH=4 (see the
corresponding phase diagrams). The percentage of denser phase (dark
regions) is similar in both images (43% ± 2% and 40 ± 3% in Fig. 4A
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and B, respectively), and thus both systems are in equilibrium in terms
of the phase lever rule. However, the distribution of the phases is re-
markably different: when the point in the phase diagram is reached in
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Fig. 5. Images: representative micrographs of free-standing bilayers composed of
DOPC:pSM:Chol (3:3:2) after a fast (A) or a slow (B) temperature decrease below the
demixing temperature. Scale bar: 50 μm. Plots: Domain size distribution for experiments
such as A (plot C) or B (plot D). The average size is indicated in each plot. For
experimental details see supporting information.
an abrupt fashion, more germs become stable. This determines the fu-
ture of the film texture. Once many germs become stable, it appears
that they grow and no (or very slow, in the order of hours) redistribu-
tion occurs in this system. Similarly, an increase in the compression
rate of this lipid monolayer has been correlated with an increase in
the number of domains [57,58].

In supported bilayers, a linear relationship has been reported be-
tween the rate at which the temperature decreased and the number
of domains [59]. In the case of free-standing bilayers, a similar behavior
is observed; Fig. 5 shows BLMs composed of DOPC:pSM:Chol (3:3:2)
thatwere heated until they becamehomogeneous and thenwere quick-
ly (Fig. 5A) or very slowly (Fig.5B) cooled. The number of domains in-
creases with the increase in the rate of cooling, with a corresponding
decrease in size, as can be observed in the histograms of Fig. 5 C and
D. This system is the same as that shown in Fig. 2, but domains in Fig.
5 are quantified in the first 5–10 s after the slow or fast decrease in tem-
perature. In this system, domain redistribution occurs in time ranges of
the order of minutes (Fig. 2).

In the experiments described above, the final point in the phase dia-
gramwas always the same, but the rate of perturbationwasmodified. In
another approach, the system can be suddenly taken from a point in the
one-phase region of the phase diagram to different points in the two-
phase region. In this case, the critical radius will decrease with the
super-saturation of the system in the final conditions, i.e., it decreases
as the distance to the two-region frontier increases (see Eq. (1)). This
was used by Blanchette et al. as a tool for determining the line tension
of rigid domains [37,44]. They studied supported bilayers of different
compositions; starting from homogeneous films above the transition
temperature, the samples were quickly cooled to various final tempera-
tures. The bilayers were imaged with AFM throughout the process and
the number of nuclei per unit area per unit timewas determined during
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the initial short nucleation stages (first minutes after the temperature
quenching). As expected, a higher number of nuclei were generated as
the temperature drop increased.

Experiments can also be performed with a constant perturbation
rate and final position in the phase diagram, but varying the film dy-
namics. In lipid monolayers, Camara et al. showed that, in the presence
of a sub-layer of a cationic polymer, films of DMPG become more vis-
cous with a concomitant increase in the number of domains and a de-
crease in the average domain size for the same perturbation rate
[163]. The domains become larger when monolayers are compressed
more slowly.

Once they appear, independent domain growth requires the migra-
tion of themolecules to the closest nuclei, and this defines an important
parameter: the capture region, which is the region of the film from
which molecules are more likely to migrate to a given domain than
from any other. An estimation of this region is usually performed
through the Voronoi polygon [57,59], that is, the region that contains
all points that are closer to the corresponding nucleation point than
any other. As the number of nuclei increases, the size of the Voronoi
polygons (and thus of the capture region) decreases, and therefore,
the rate of perturbation, the number of domains, the size of the capture
region and the final domain size are expected to correlate [60]. Fig. 6
shows a quantitative example of this phenomenon for free-standing
monolayers and for bilayers, both composed of DOPC:pSM:Chol 3:3:2.
The plots show a clear correlation between the size of the Voronoi poly-
gons and that of the domains, with Pearson correlation coefficients lying
between 0.90 and 0.98. A similar result was observed by Bernchou et al.
[59] in supported bilayers.

In summary, for demixing not at the critical point and for short times
(seconds or minutes, depending on the particular system), and for both
supported and free-standing lipid membranes, the average domain size
correlates with the size of the capture region,which in turn decreases as
nuclei density increases. The nuclei density is determined by the super-
saturation of the system and by the manner in which this point is
reached. In this regard, not only is the perturbation rate important,
but also the time of response of the membrane, i.e. the membrane dy-
namics. Therefore, the relevant parameter is not the perturbation rate
but the ratio between this and the membrane dynamics.

At longer times, redistribution of the number of domains may occur
(i.e., domain fusion and Ostwald ripening). For these processes, the dy-
namics of the membrane appears as a determining factor. In supported
membranes, the diffusion is slower than in free-standing bilayers [26,
27] and thus, the processes that involve lipid and domain motion are
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expected to be slower. In fact, diffusion is so slow that inter-domain re-
pulsion loses importance and domains will remain close to the place
where theywere generated,which are regions of increased density [59].

The time-dependent evolution of the domain sizes has been studied
in DOPC/DPPC supported bilayers by AFM, after a temperature quench
[54]. The authors observed that the completion of the phase transition
may take several hours, and that this time range is needed for the largest
domains to acquire 1–5 μm2 size. They also found that phase separation
proceeds by slow growth of individual domains, instead of by an in-
crease in their number or by domain merging even at long times,
which is different to what occurs in free-standing bilayers as shown in
Fig. 2. Blanchette et al. studied the same process in supported bilayers
composed of DSPC or GalCer and did not report ripening or merging of
the domains during the hour following nucleation. Only independent
growth of domains was reported, which depended on the approach
speed of the molecules to the domain and on the chemical reaction
(phase transition) rate. Domains grow in time until reaching a plateau
at about 5–30 min after temperature quenching, depending on the in-
duced supersaturation and on the details of the system under study. In
particular, they found that it is important whether domains in each
hemilayer are coupled or not [38].

Jeppesen et al. studied the long term behavior of gel domains gener-
ated in cooled supported bilayers composed of DPPC and DOPC [39].
They reportedOstwald ripening occurring in a scale of days, whilst equi-
librium shapes and sizes were reached months after the thermal
quenching. The dynamics of supported Lo domains in the presence of
proteins was also studied, and Ostwald ripening was reported to occur
in a scale of minutes [61].

For free-standingmembranes,where domains are expected tomove
and coalesce, domain diffusion is affected by inter-domain interactions,
which prevent merging even of nanometer domains for several days
[62], and by the viscosity of the continuous phase. It has thus been de-
scribed in planar free-standing bilayers (BLMs) that an inversion of
the continuous phase (from Lo to Ld) decreased the time for domain co-
alescence [63]. In that study, the lipid mixture, aqueous composition
and protocol for bilayer preparation remains the same, but the viscosity
in which domains move is higher when the continuous phase is Lo than
when it is the Ld. This change in the viscosity of the continuous phase
very probably leads to a decrease of the rate of domain motion, and
thus of the kinetics for domain merging.

Regarding inter-domain interactions, an estimation of the magni-
tude of these repulsive forces can be performed experimentally by
tracking the relative positions of domains over time. This can be
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Table 1
Time scales of the processes occurring in cells that may affect raft formation.

Process Time scale References

Topological transitions ms-min [94,95]
Membrane-active enzymes 10–100 ms [96,97]
Molecular exchange (lipid & protein) 0.1–10 μs [98]
Diffusion of ions through channels 107 ions/s [99]
Diffusion of ions through pumps 101–103 ions/s [99]
Time corresponding to MSD = 1 μm2

for protein/lipid lateral diffusion
(MSD = 4Dt)

1–100 s Estimated with the
reported ranges of D
values

Protein interfacial insertion ms-min [100–103]
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achieved by compiling the positions of all domains throughout a time
series and constructing a radial distribution function g(r) for a given lat-
tice. The first peak of the g(r) function shows a Gaussian distribution of
inter-domain distances that can provide a spring constant for the dis-
placement of a domain from its equilibrium position among its neigh-
bors considering the potential of mean force: w(r) = − ln(g(r))/β [64,
65]. Using this approach, a value of 0.5 kBT/μm2 for neutral and
1.1 kBT/μm2 for charged domains was determined for a similar value
of area occupied by the Lo phase in planar free-standing bilayers [17].

Another manner of determining the spring constant for the mean
field interaction force is by tracking the position of a central domain in
relation to the center of mass of an array of 7 domains, assuming a
Boltzmann distribution and local equilibrium. In this hexagonal array,
a central domain (surrounded by at least two rings of domains) is ex-
pected to move in the potential trap generated by the other domains,
showing a distribution of positions that depends on this local potential
minimum. Using this approach in GUVs, a value for k of 1.4 kBT/μm2

was obtained for domains of 4 μm diameter and 30% of Lo phase [66].
In the case of monolayers, a similar value was found for similar %Lo
and larger domains [67].

Inter-domain interaction may be related to electrostatic forces (di-
polar or Coulombic repulsions), forces related with the spontaneous
curvature of the coexisting phases and hydrodynamic (drag) forces
which appear when domains are in motion. All these repulsive forces
hinder the coalescence of the domains. Dipolar repulsion is always pres-
ent, since the molecules forming the membrane are ordered and dipo-
lar. Coulombic forces appear for charged domains, while curvature
effects are important when the spontaneous curvature of the coexisting
phases is markedly different [68], and for large domains with high line
tension [69]. The variation in thickness of each hemilayer may also re-
sult in energy barriers between domains [53]. In monolayers, electro-
static repulsions may be very strong [67,70,71], thus commanding the
velocity of domain fusion and stabilizing superstructures inmonolayers
[70]. Rufeil-Fiori et al. studied the dependence of g(r) on the interaction
strength and area fraction of dipolar domains in monolayers at the air-
water interface and, using their results as a working curve, the dipolar
repulsion can be estimated directly from the experimental data (i.e.
from images of the monolayer) [72].

Theoretical studies have shown that dipolar repulsionmay occur be-
tween transmembrane proteins and lipids in cells to maintain
nanodomains [73]. However, dipolar repulsion in bilayers may be effec-
tive only over distances of a few nanometers, due to screening from the
water and ions from both sides of the membrane [49,73]. In addition, it
is suggested that the symmetry across the bilayer results in a net zero
dipole moment per unit of bilayer volume [74–76] and that only in
the case of asymmetric domains and low ionic strengthmust the dipolar
interactions be considered [75]. Therefore, curvature effects may be-
come preponderant and thus, the elastic interactions due to the dim-
pling of domains were suggested to be responsible for the domain
distribution in the membrane plane of bilayers [66,69,73,77,78]. The
puckered shape of a domain sets a constraint on the surface normal of
the membrane along its boundary, which deforms its surrounding
membrane, and as a result, provides a long-range repulsive force that
could drive the formation and stabilization of a structured pattern [79].

In summary, the differences in film dynamics between different
model membranes is responsible for the fact that, although a lipid mix-
ture usually depicts similar phase diagramswhen forming free-standing
or supported films [16,30,31,80–82], the film texture is very likely dif-
ferent. For example, the binarymixture of DMPC/DSPC has been studied
in Langmuir monolayers [58], supported bilayers [54] and free standing
bilayers [83] and, despite the demixing temperatures being similar, do-
mains were smaller in the supported films, in which only nanometer-
sized domains were observed. In contrast, both free-standing mono-
layers and bilayers presented micrometer-sized domains. The differ-
ences observed are most probably caused by the slower lipid motion
in the supported films, which leads to more nuclei during germ
generation and to hindered domain redistribution by coalescence and
Ostwald ripening.

5. From models to membrane rafts

Complex model membranes prepared using all the components
present in a plasma membrane are frequently heterogeneous, with the
phase diagram depending on the aqueous composition [48,84–88].
However, even when the natural complexity in composition is con-
served, natural membranes are far more complex than artificial ones
in their interactionwith the environment and their dynamics. The com-
position is fixed in model systems, as well as the interactions with the
media, which in cells is highly crowded, far from a simple saline solu-
tion. In contrast, conditions are continuously changing in a living cell,
leading to transient emergent properties in local regions. Therefore,
one should be cautious when extrapolating conclusions from models
to cell membranes.

Several reviews have been reported to date regarding rafts in cells,
and we do not want to repeat information here. A good summary of
the current knowledge on rafts is given in the review by Jacobson et
al. [89]. Regarding the size of rafts in restingmammalian cells, heteroge-
neity is generally described in the nanometer scale [11,89,90]. A com-
mon observation is that ligands, such as antibodies, antigens or toxins,
can induce a redistribution of components and aggregation of microm-
eter-size rafts after cross-linking [11,90,48,91]. In linewith this observa-
tion, Putzel et al. demonstrated, using a phenomenological model, that
cross-linking expands the immiscibility gap, reducing themixing entro-
py [92]. Not only the size but also other properties (such as fluidity)
change after stimulation [85].

In order to be functional, rafts do not have to be equilibrium struc-
tures, but just need to exist for biologically relevant time scales, which
in turn depend on the specific processes under study. For instance, a
lipid moves typically 1 μm per second, and thus a raft may influence
the lipid motion on micrometric distances if it is stable for at least one
second. In order to influence a topological transition, which takes from
micro- to milliseconds, rafts may be less stable structures. Table 1 sum-
marizes the range of time scales for membrane-related processes that
are important for the cell metabolism.

Furthermore, “equilibrium” is a word barely relatedwith the state of
themembrane of a living cell [93], where constant local changes are ex-
pected, leading to non-equilibriumdomain shapes, sizes and even com-
position. Phase transition and demixing of the components are driving
forces that lead to lack of membrane homogeneity and raft formation,
but these processes very likely do not occur completely before a new
change (of the membrane composition, local pH or ionic strength,
local curvature, interactionwith the extracellularmatrix,with peripher-
al proteins or the cytoskeleton, etc.) modifies the equilibrium state
which the system directs to, promoting a new value for Δμ and thus a
new driving force.

Most of the experimental approaches reviewed here induce phase
transition by a thermal quench, which is generally not biologically rele-
vant. However, under isothermal conditions, the same phenomenology
described in the previous Sections is known to apply. Phase-coexistence



797C.M. Rosetti et al. / Biochimica et Biophysica Acta 1859 (2017) 789–802
and non-equilibrium heterogeneous membrane structures can be in-
duced by changes in non-thermal thermodynamic parameters such as
the ionic strength, e.g., via an increase in Ca2+ concentration, which,
in lipid mixtures containing charged lipids, is known to induce phase-
coexistence [104]; a sudden change in membrane composition as a re-
sult of the enzymatic activity of e.g., sphingomyelinase [105], or changes
in the local pH as shown in Fig. 4 [13].

In addition to this, the majority of the experiments in model mem-
branes are performed using lipid mixtures, i.e. without proteins. One
may ask whether neglecting membrane proteins can be a starting
point for simple models, especially considering that plasma cell mem-
branes are highly crowded systems with a percentage of protein as
high as 30–50% in mass, which in some membrane regions could lead
to surface coverages greater than 20% [106]. Regarding the phase dia-
gram for example, proteins cannot be considered just as impurities,
since very low mole fractions have been reported to largely affect the
phase behavior of the system [87,107]. However, it has to be considered
that the very nature of the membrane as a bilayer phase is entirely a
property of the lipids, not of the proteins. Furthermore, cell blebbings
and artificial membranes prepared from the whole membrane compo-
nents (but in the absence of cytoskeleton and of metabolism-related
changes) show similar behavior to that of pure lipid membranes [93].
Therefore, lipid-only models are likely to yield information about
some aspects of the nature of cell membranes, but other phenomena,
such as the diffusion and the spatial organization of components, are
known to be greatly influenced by membrane proteins, as summarized
below.

Concerning the diffusion of the species, we will first analyze the
values reported for model membranes, which for lipids spread over a
very wide range, but after a comprehensive search, it can be roughly
stated that, on average, diffusion is slower in supported films (ranging
from 0.02 to 8 μm2/s) [26,27,108–114] than in free-standing ones (1
to 80 μm2/s) [26,27,115–119]. Additionally, lipid diffusion was mea-
sured for the same film composition in different model membranes by
the same researchers using the same technique in at least two cases,
and they found a three- [27] and four-fold [26] decrease in the presence
of the support.

In comparison, lipid diffusion inmammalian cells was determined to
be in the range from 0.02 to 4 μm2/s [120], i.e. similar to those for sup-
ported films. It may seem surprising that diffusion in mammal cells is
not higher than that in supported films, in which a static and rigid con-
finement should impose a very slow motion of the species. However, a
thin aqueous film is always present that decouples the membrane
from the support [80,121,122] and allows lipid diffusion, although it is
hindered in comparisonwith free-standingfilms. Additionally, a natural
membrane is not really a “free-standing” film, since the extracellular
matrix, peripheral proteins and the general crowded composition of
the intra- and extracellular milieu impose a more viscous environment
than the ionic aqueous solution in contact with GUVs. In this regard, the
presence of polymers interacting with the lipid membrane slightly de-
creased lipid diffusion (2–5 times) in supported and free-standing
model membranes [108,109,163].

Additionally, the diffusion values given above were determined
using FRAP, which measures average mobility at long time-scales. In
this regard, Nicolau et al. presented a stochastic model of lipid rafts
and microdomains and showed that, on short time scales, the mobility
of proteins is relatively insensitive to the presence of rafts, while on
long time and distance scales, rafts significantly slow the exchange of
proteins between membrane regions [123]. Fujiwara et al. studied the
motion of unsaturated phospholipids in rat kidney fibroblasts at the sin-
glemolecule level and found that the cell membrane is compartmental-
ized: phospholipids are confined before hopping to adjacent
compartments. These compartments exist within greater compart-
ments in which the phospholipids are confined for larger times. The dif-
fusion rate within the smaller compartments was nearly as fast as that
in vesicles, indicating that diffusion in the cell membrane is reduced,
not because diffusion per se is slow, but because the cell membrane is
compartmentalized with regard to lateral diffusion of phospholipids
[124].

This kind of compartment can be studied using newmethods for im-
aging and tracking singlemolecules conjugatedwithfluorescent probes,
which are now providing researchers with the unprecedented ability to
directly observe molecular behavior and interactions in living cells
[125]. However, a clear knowledge and control of the system is not pos-
sible, since these are passive methods. Nevertheless, these techniques
clearly offer a great advance in the research of plasmamembranes in liv-
ing cells.

Raft merging in the regions inside the confinements (where lateral
movement is not impaired by barriers) is expected to depend on free
molecular motion and thus may be just as probable as in lipid model
membranes. The same reasoning is valid for Ostwald ripening and for
independent domain growth: the three phenomena may be similar to
that in model membranes inside a compartment. The confinements
mentioned act as limits to the capture regions for rafts, similar to the
role played by the other domains in model membranes. These barriers
have been related mainly to the presence of the cytoskeleton (the
“actin membrane-skeleton-induced compartments”, of 40–300 nm)
and also to curved regions (topological barriers), membrane junctions,
protein clusters, among others [126–128]. The presence of these bar-
riers strongly inhibits or may even prevent large-scale demixing [129,
130]. As a result, the radius of membrane rafts is expected to be largely
determined by the characteristic compartment radius [128,131–133]. It
has been shown that disruption of the cytoskeleton significantly alters
the localization and dynamics ofmembrane components inmammalian
cells [134–136].

In connection to these observations, a theoretical work presented by
Fischer et al. demonstrates that the presence of randomly distributed
static obstacles showing a preferred interaction for part of the mem-
brane components, prevents macroscopic segregation during phase
transition. Since the same trends are reproduced by means of Monte
Carlo simulations of the Ising model [130] and fromMolecular Dynam-
ics simulations of a more realistic membrane [129], they concluded that
the result is remarkably insensitive to the details of the molecular
interactions.

At this stage, it is interesting to mention the membranes of yeast, in
which micrometer-sized domains have been observed even in resting
cells. It has been shown that the membrane-cytoskeleton interaction
does not affect lipid and protein diffusion in yeast as much as in mam-
malian membranes [137], pointing to a less restricted motion derived
from cytoskeleton barriers. We hypothesize that a weaker confinement
by cytoskeleton corrals may be the principal reason for the formation of
larger rafts in yeast compared to mammalian cells, in line with the
major role proposed for these corrals in the size of rafts.

In addition to the presence of corrals, another important difference
between artificial and real cell membranes is related to the manner in
which the different intensive properties of the system change. In a
cell, a great number of modifications occur locally and simultaneously,
for instance, changes in pH, pCa, pCl, etc., or theplethora of chemical sig-
nals delivered by the surroundings. These stimuli will lead to local
changes in the multi-parameterized phase diagram that describes the
phase behavior of such a complex system. Changes in salt content may
not necessarily lead from heterogeneity to homogeneity or vice versa,
but may change the composition of the coexisting phases, i.e. the do-
main content. The components most affected are the ionizable ones,
and therefore, these are probably very important regulators of this
kind of changes in the environment. All these effects are local (i.e. in
the proximity of the pump, channel, receptor) and the perturbation
rate depends on the process occurring. For example, a pH pump or an
ion channel inserted in the membrane provokes an abrupt change in
the local aqueous composition. Pumps and channels will generate a ra-
dial diffusion of soluble species, promoting a fast increase or depletion
of these species. For channels, the rates are in the order of 107 ions per
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second, and pumps are 4–6 orders of magnitude slower (see Table 1).
On the other hand, enzymes related with lipid synthesis will provoke
a local increase of the lipid product and a local decrease of the promotor,
which is a slower change. Peripheral proteinsmay also recruit particular
lipid species in a region of the membrane where the protein interacts
with the membrane [138].

In contrast to processes that occur in the membrane under study,
signals coming from other cells and from the media will be related
with normal (and not radial) diffusion, which is a slower 3D diffusion
process, andwill generate a more homogeneous change in the environ-
ment of the whole membrane, instead of being restricted to a region.
This difference in themanner in which the stimuli reach themembrane
may induce more homogeneous patches in the entire cell.

As a consequence of the diverse stimuli received by themembranes,
they are expected to be not only heterogeneous, but also with raft com-
position, size and stability varying from one region to another in a time-
dependent fashion. Thus, even if the results obtained from cold deter-
gent extraction hold some correlation with the actual distribution of
species in the cellmembrane (which is a big “if” as largely demonstrated
[139–141]), these results will provide only average information, which
does not necessarily reflect the local environment of the molecules
under study.

A further point to be considered when results from model mem-
branes are extrapolated to natural membranes is the influence of one
hemilayer on the other. There is theoretical and experimental evidence
of a coupling between both bilayer leaflets, even in the absence of trans-
membrane proteins [17,142–147]. Actually, domains in one layer are
observed to colocalizewith domains in the other, with just a few excep-
tions reported for small solid domains [37,148] and simulations of do-
mains with a large thickness mismatch [147]. Free floating
monolayers, which lack the second leaflet, do not represent a good
model in this sense. GUVs and black lipid membranes present a bilayer
architecture, but the composition is generally symmetric, while natural
membranes, such as the plasma and Golgi membranes, are markedly
asymmetric: the cytoplasmic hemilayer is rich in charged and unsatu-
rated lipids, and the exoplasmic layer is rich in saturated, long and neu-
tral lipids. It is interesting to note here that membranes with a
composition characteristic of the exoplasmic layer show two-phase sep-
aration, but mixtures mimicking the cytoplasmic layer display a single
phase [149]. With the aim of emulating the differences in composition
of the leaflets in natural membranes, asymmetric membranes have
been first achieved by using deposition techniques from monolayers
to solid supports, from vesicle fusion or a combination of these tech-
niques [150,151], but the interpretation of the results from these sys-
tems has been questioned due to the support influence on the
membrane properties [16,30,150]. Some of these systems have present-
ed a non-equilibrium behavior with decoupled domains, and the mem-
brane texture was not reproducible [150–152]. In this regard, it has
been reported that a separation of the bilayer from the substrate of
about 60 Å (using hydrophilic polymers) is enough to prevent support
influence and to observe domain coupling through both hemilayers
[152]. Building an unsupported, free floating asymmetric membrane is
a hard experimental challenge, but there are already a few cases of suc-
cess. Asymmetric liposomes have been devised by using cyclodextrin-
mediated exchange of lipids [153] or by sequential assembly of mono-
layers as the bulk solvent phase changes [154], and asymmetric black
lipid membranes were prepared following the Montal-Mueller proce-
dure [146]. These asymmetric bilayers represent an interesting im-
provement in membrane models, allowing, for example,
transmembrane proteins to be reconstituted and analyzed in a more
natural asymmetric environment [155].

Theoretical research and experimental results obtained up to now
agree on the development of surface tension in the bilayer midplane
[92,145,156] which will increase as the phase properties of both
hemilayers becomemore different. Several mechanisms have been pro-
posed as the origin for this coupling, such as chain interdigitation [157],
curvature-mediated coupling [77], cholesterol flip-flop, or an order-dis-
order incompatibility analogous to that observed at the interface of Lo-
Ld domains [92,154]. Theoretical estimations from a molecular mean
field model reached a surface tension value in the order of 0.01–
0.03 kBT/nm2 for Lo and Ld apposed domains. Pioneer experimental
measurements of the force needed to move domains out of registry,
sliding the upper leaflet over the lower leaflet in supported lipid bilay-
ers, report an interleaflet coupling parameter of 0.016 ±
0.004 kBT/nm2 (2). This surface tension is in linewith the usual observa-
tion of coupling between domains of one and the other side of the bilay-
er. It also matches experimental and theoretical results showing that
lipids, facedwith an ordered domain, becomemore ordered themselves
and more restricted in their diffusion [147,157]. This effect becomes
larger in the presence of interdigitation [157].

Finally, regarding the manner in which domains are formed,
spinodal decomposition occurs when the system is close to a critical
point, while nucleation takes place far from these points. Based on stud-
ies using Laurdan [85] and the observation of critical fluctuations in
GPMVs [158,159], it has been proposed that coexisting phases in biolog-
ical membranes present rather small differences, remaining close to
critical points, poised for activation [160]. However, as already stated,
in a living cell, composition andphase diagrammay change fromone re-
gion to another, and thus nucleation and spinodal decomposition may
happen simultaneously in different regions of the membrane or at dif-
ferent moments in response to diverse stimuli. A theoretical work by
Williamson et al. concluded that the antiregistered or registered archi-
tecture of domains may affect the path (i.e. nucleation or spinodal de-
composition) adopted for phase separation [161]. This raises a
complex landscape, that up to now has not been fully captured by
more generalized model membranes.

6. Concluding remarks

From the previous analysis of information reported about domain
size using differentmodelmembranes,we conclude that there are com-
mon features in all of these. First, in systems that are in equilibrium re-
garding the phase diagram (i.e. that meet the lever rule), the phases
may acquire a non-equilibrium distribution of domain sizes. Actually,
reaching equilibrium sizemay take fromminutes tomonths, depending
on the system. Second, in the case of first-order phase transitions or de-
mixing, the number of domains depends on the line tension, the super-
saturation level and the perturbation rate in relation to the membrane
dynamics. Close to critical points, spinodal decomposition occurs, and
the membrane will uniformly demix. Third, the size of immobile or
highly repulsive domains depends on the size of the capture region
since merging is hindered, and thus they mainly enlarge by indepen-
dent growth. In free-standing membranes, domains diffuse and
merge, depending on their inter-domain repulsion. Ostwald ripening
is a slow process and is hardly reported. And finally, the demixing tem-
peratures observed in different model membranes (free standing bilay-
ers, supported films, etc.) are not exactly the same, but they are similar.
However, the distribution of the phases may be very different from one
model to another due to kinetically trapped domain sizes.

The physical driving forces that govern phase transitions are univer-
sal, and are thus the same in all systems.With this inmind, we visualize
the cell membrane as follows: even when the driving force for raft for-
mation is phase transition/demixing, equilibrium is hardly reached.

Since the melting and demixing temperatures observed in different
model systems for artificial membranes are not exactly the same but
are similar, no great difference is expected in this parameter as a conse-
quence of interactionswith the cytoskeleton or the extracellularmatrix.
It has to be stated however, that these small changes may be important
in regions close to the transition frontier [132].

In very dynamic systems such as cell membranes, the local condi-
tions are important: local pH, pCa, changes in the degree of saturation
of the lipid chains, in the polar head-group (and other changes in the



Fig. 7. Sketch of a cellmembrane snapshot including different sources of complexity. Corrals of cytoskeleton (shown in green) transiently obstruct themobility of proteins and lipids in the
bilayer due to local interactions. Some metabolic changes occurring simultaneously comprise gradients of ions (white spots), the action of lipases, and the interaction with peripheral
proteins which may recruit certain lipids. In the extracellular side, the glycocalyx, composed mostly of polysaccharides (blue lines), is bound to and interacts with the membrane. For
the sake of clarity, the bilayer surface is depicted as a continuum and only two individual proteins are shown. Some molecular detail is drawn in the cross-section, with emphasis on
the actual protein/lipid ratio. In this panorama, rafts emerge as another source of obstruction in the membrane dynamics.
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lipid composition in general), interaction with the extracellular matrix,
with peripheral proteins… all these changes may lead to local phase
transitions/demixing due to changes in the multidimensional phase di-
agramor a shift in the samephase diagram. Other stimuli promote glob-
al changes in themembrane, such as those delivered from other cells or
those added to the culture media.

The membrane dynamics depend on the membrane and aqueous
composition and, most importantly, on the presence of corrals/fences.
Peripheral proteins and the extracellular matrix increase membrane
viscosity. Corrals preclude domain merging and growth and act as a
limit for the capture region of rafts. Thus, rafts may not have the chance
of growing or merging. Their small size may be a consequence of both
the presence of continuous changes in themultidimensional phase dia-
gramand the presence of corrals and obstacles that hinder diffusion. Fig.
7 summarizes our view.

Finally, it has been suggested that raftsmay originate by othermech-
anisms besides a classical nucleation process or spinodal decomposi-
tion. For example, rafts have been related with wetting of a protein or
clusters of proteins serving as a nucleation center for condensing specif-
ic lipids around it [106,162]. Alternatively, rafts may emerge as a conse-
quence of exocytosis and endocytosis [162]. In addition, Machta et al.
proposed a model that differs substantially from the explanations of
membrane heterogeneity described here. They demonstrated that crit-
ical fluctuations modulated by connectivity to the cortical cytoskeleton
explain the phenomena associated with the 10–100 nm fluid domains
in cell plasma membranes. All these possibilities were not considered
here but their existence has to be kept in mind.
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