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Liposomes that achieve a heterogeneous and spatially organized surface through phase separation have been
recognized to be a promising platform for delivery purposes. However, their design and optimization through
experimentation can be expensive and time-consuming. To assist with the design and reduce the associated cost,
we propose a computational platform for modeling membrane coarsening dynamics based on the principles of
continuum mechanics and thermodynamics. This model couples phase separation to lateral flow and accounts for
different membrane fluidity within the different phases, which is known to affect the coarsening dynamics on
lipid membranes. The simulation results are in agreement with the experimental data in terms of liquid ordered
domains area fraction, total domains perimeter over time, and total number of domains over time for two
different membrane compositions (DOPC:DPPC with a 1:1 M ratio with 15% Chol and DOPC:DPPC with a 1:2 M
ratio with 25% Chol) that yield opposite and nearly inverse phase behavior. This quantitative validation shows

that the developed platform can be a valuable tool in complementing experimental practice.

1. Introduction

Biological membranes are heterogenous and this characteristic is
critical for their functionality. The lipid bilayer in these membranes
hosts a variety of lipid species that may be organized into one of the two
phases: liquid disordered and liquid ordered [42]. The tight packing of
saturated lipids and cholesterol in the liquid ordered phase, in contrast
to the loosely packed unsaturated lipids present in the liquid disordered
phase leads, under certain conditions, to the lipid phase separation in
membranes [7]. The liquid ordered domains - also known as lipid rafts -
that are surrounded with liquid disordered phase in biological mem-
branes, have been recognized as a key platform for cell signaling and
membrane trafficking among other cellular processes [7,6,24,3,38].
Thus, these domains have received growing interest in the past few
decades and have been the focus of numerous experimental and theo-
retical studies [22,5].

More recently, domain formation on membranes has also been uti-
lized to create novel membrane-based materials with heterogenous
surfaces. When explored for drug delivery applications, these heterog-
enous membrane materials showed clear advantage over their
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homogenous membrane counterparts [4,33]. With the increasing num-
ber of available lipid-conjugated molecules (e.g., peptides, polymers,
etc.), lipid membranes with heterogenous and spatially-organized sur-
faces can open new avenues for the design of novel materials. However,
efficient design of such heterogenous membrane-based materials re-
quires computer-aided modeling that can predict the lipid domain for-
mation and dynamics on a given membrane composition in a reliable
and quantitative manner. As a step towards addressing this need, we
recently developed a computationally efficient method based on the
surface Cahn-Hilliard phase-field model to predict the phase behavior
and domain formation on ternary membrane compositions and we
validated this continuum-based model using experiments [47]. In this
study, we aim to further advance this computational platform to offer an
enhanced and more accurate prediction of membrane phase separation.

Our current understanding of membrane phase separation is mainly
based on the experimental studies performed on model membranes with
well-defined lipid compositions. Among these model membranes, giant
unilamellar vesicles (GUVs) have provided a particularly suitable plat-
form for studying membrane phase behavior as their free-standing lipid
bilayer closely mimics the natural membranes and their large size
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(micron-scale) makes them resolvable under optical microscopy [44].
The combined use of GUVs and advanced fluorescence-based micro-
scopy techniques have, for instance, shaped our knowledge on mem-
brane domains' thermodynamic equilibria [41,11] and their coarsening
dynamics [37]. These studies have also provided us with an insight into
the distinct characteristics (e.g. morphology and fluidity) of liquid or-
dered and liquid disordered phases [16,34,35].

It has been demonstrated that membrane fluidity within the liquid
ordered domains can be substantially lower than that in the liquid
disordered phase [35]. Such a difference can affect the coarsening dy-
namics of domains on membranes [37]. This interesting aspect of lipid
domains was not considered in our previous study [47] as fluidity is not
accounted for in the Cahn-Hilliard model. In order to enable more ac-
curate predictions on membrane phase behavior with consideration of
membrane viscosity differences between liquid ordered and disordered
phases, herein we apply a more complex model, the Navier—
Stokes—-Cahn-Hilliard model, along with a set of innovative numerical
methods, to present an advanced computational platform for modeling
membrane phase separation. To validate this model, we compare its
numerical results to our experimental results on GUVs with ternary
membrane compositions. Specifically, we apply fluorescence micro-
scopy to examine the phase separation on GUVs with two distinct
compositions (with opposite and nearly inverse phase behavior) and
monitor the number of lipid domains, area fraction and perimeter over
time and compare these results to those from our computational model.
It is noteworthy that the Cahn-Hilliard model would predict nearly the
same evolution of the domain ripening process for these two composi-
tions. However, our experiments reveal different domain ripening dy-
namics, which can be captured by the more complex
Navier—Stokes—Cahn-Hilliard model.

2. Materials and methods
2.1. Experimental approach

2.1.1. Materials

Lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine-N- (lissamine rhodamine B sulfonyl) (Rho-
PE) were purchased from Avanti Polar Lipids (Alabaster, AL). We pur-
chased the sucrose from VWR (West Chester, PA). Cholesterol was from
Sigma Aldrich (Saint Louis, MO) and chloroform from Omnipure (Cald-
well, Idaho). Naphtho[2,3-a]pyrene (NAP) was from Thermo Fisher
Scientific (Waltham, MA). All lipid stock solutions were prepared in
chloroform. Indium tin oxide (ITO) coated glasses and microscope glass
slides were from Thermo Fisher Scientific (Waltham, MA) and coverslips
were from Corning Inc. (Corning, NY). ITO plates were cleaned using
chloroform, ethanol and DI water prior to use. Microscope slides and
coverslips were cleaned with ethanol and DI water before usage.

2.1.2. Preparation of Giant Unilamellar Vesicles (GUVs)

GUVs were prepared using a modified version of electroformation
technique described in our previous studies [26,30,47]. In brief, an
aqueous dispersion of small vesicles was used to produce dried lipid
films on two ITO plates that later sandwiched a thin PDMS frame,
creating an electroformation chamber. A sucrose solution (235 mM) was
injected into the chamber to rehydrate the lipid films. Next, an AC
electric field was applied while the chamber was placed in an oven
(~60 °C) to exceed the melting temperature of the used lipids. With a 50
Hz frequency, the electric field was increased to 2 Vpp at rate of 100
mVpp/min and held for ~3 h using a function waveform generator
(4055, BK Precision, Yorba Linda, CA). Upon formation, GUVs were
detached by decreasing the frequency to 1 Hz for ~30 min.

The above-mentioned small vesicles were prepared using
dehydration-rehydration followed by tip-sonication as described in our
prior studies [17,47]. A mixture of DOPC, DPPC, and Chol plus 0.3 mol%
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Rho-PE and 0.5% NAP was prepared in chloroform and used to produce
a thin lipid film in a pear -shaped flask using a rotary evaporator (Hei-
Vap, Heidolph, Germany). The lipid film was then rehydrated using DI
water at ~60 °C with a 2.5 mg/ml lipid concentration. The resultant
milky suspension was tip-sonicated to produce a clear suspension of
small vesicles.

Lipid compositions applied in this study were (i) DOPC: DPPC with a
1:1 M ratio and 15% Chol, referred to as 1:1:15% composition, and (ii)
DOPC: DPPC with a 1:2 M ratio and 25% Chol, referred to as 1:2:25%
composition. We included Rho-PE and NAP (at 0.3 mol% and 0.5 mol%
of total lipids, respectively) in both compositions to enable fluorescence
microscopy.

2.1.3. GUV imaging and analysis

GUV imaging and characterization was performed as described
before [47]. Briefly, GUVs were harvested from the electroformation
chamber and placed on a clean microscope glass slide for imaging. Im-
ages were acquired using a Zeiss LSM 800 confocal laser scanning mi-
croscope (Zeiss, Germany). Prior to imaging, the sample was heated on a
hot plate to ~60 °C for 5 min and then placed on the microscope stage
where it gradually cooled down to the room temperature. The image
collection time was recorded with time zero considered as when the
sample was removed from the hot plate. Epi-fluorescence microscopy
was used for the initial assessment of GUVs and their lipid domains
while confocal microscopy was used to further assess the domains on
GUVs and quantify their size. Epi-fluorescence images were collected
using a 40x objective with numerical aperture (NA) of 0.95, with 545/
488 excitation wavelength and 572/509 emission wavelength. Confocal
images were collected using a 63x oil objective with NA of 1.40 using
488 nm and 561 nm wavelength laser. Confocal image slices were
collected with 0.4-0.9 pm Z-steps, depending on the size of the exam-
ined GUV, to minimize the time required for imaging the entire vesicle
without significant movement of vesicle. Confocal images were analyzed
using ZEN software (ZEN 2.6 lite, Zeiss, Germany).

Considering that Rho-PE and NAP have shown preferential parti-
tioning to the liquid disordered phase and liquid ordered phase [15,18],
respectively, we assumed that green patches on the examined GUVs
represented the liquid ordered phase while the red regions represented
the liquid disordered phase. Rho-PE was 0.3 mol% and NAP was 0.5 mol
% of total lipids.

For image-based characterization of GUVs, we assumed that the
GUVs were perfect spheres and that the lipid domains on GUVs were in
the form of spherical caps. For each GUV, all collected confocal image
slices were analyzed to find the vesicle diameter and surface area, as
well as the surface area and perimeter of the lipid domains as detailed in
[47]. We performed this analysis on 20 GUVs with 1:2:25% composition
and 18 GUVs with 1:1:15% composition from at least 3 independent
experiments per composition.

2.2. Computational approach

2.2.1. Mathematical model

In order to model phase separation, viscous and fluidic phenomena
occurring in the GUV membrane, we consider a suitable modification
[29] of a well-known thermodynamically consistent Navier—
Stokes—Cahn-Hilliard (NSCH) model [1]. Let I" be a sphere representing
a liposome with a 10 pm diameter and let c; be a fraction of elementary
surface area occupied by phase i, with i=1,2. We choose ¢ = ¢y, c € [0,1],
as the representative surface fraction, e.g. the fraction of the ordered
phase. Let p; and p5 be the densities and #; and 75 the dynamic viscos-
ities of the two phases. Then, the density and viscosity of the mixture can
be written as p = p(c) = pic + p2(1 — ¢) and n = 5(c) = n1c + n2(1 — ©).
Finally, let u be the averaged tangential velocity in the mixture, p the
thermodynamic interfacial pressure, and u the chemical potential.

The NSCH system that governs the evolution of ¢, u, p, and y in time ¢
and space x € I ¢ R® is given by:
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on T forte (0,2, In Eq. (1)-(3), V- stands for the tangential gradient,
Ar for the Laplace-Beltrami operator, Es(u) = % <Vru + (Vpu)T) is the
Boussinesq-Scriven strain-rate tensor, and div, is the surface diver-
gence. Eq. (3) provides the definition of the chemical potential, with
fole)=3%c2(1 - c)2 being the double-well thermodynamic potential and
parameter >0 representing the width of the (diffuse) interface between
the phases. In addition, o, is line tension coefficient, M is the mobility
coefficient (see [21]), and 6> = %. Problem (1)-(3) models the total
exchange of matter between phases (Eq. (3)) with surface flow described
in terms of momentum conservation (Eq. (1)) and area preservation (Eq.
(2)). Finally, problem (1)-(3) needs to be supplemented with initial
values of velocity ug and state c(. Here, we take cg = co(x) corresponding
to a homogeneous mixture and up = 0 (surface fluid at rest).

Several experimental works help with the settings of viscosity [32]
and line tension [14,19,20]. For density, we calculated the value for
each phase using the estimated molecular weight and molecular surface
area for the corresponding phase (see supplementary material for de-
tails). Table 1 reports the values or range of values for such parameters
for both compositions under consideration at two temperatures related
to our experiments. We note that temperature does not appear in Egs.
(1)-(3), which describe the evolution of phases and coupled surface flow
independently of what initiates phase separation. Indeed, the same
model could be used if phase separation was triggered by, e.g., pH [3]
instead of temperature.

It is known that the dependence of the mobility on the phase-field
parameter ¢ produces important changes during the coarsening pro-
cess [48]. In the absence of studies on the appropriate mobility function
for lateral phase separation in liposomes, we consider degenerate
mobility of the form M = Dc(1 — c), which is a popular choice for
analytical and numerical studies.

Parameter ¢ in the definition of the mixture free energy defines the
width of transition layer between ordered and disordered phases. While
both model parameters D and ¢ correspond to thermodynamics prop-
erties of matter, their direct evaluation is not straightforward. In
particular, the coefficient D determines the rate of change of ¢ depending
on the specific free energy fluctuations, rather than depending on a
molar flux due to molecular Brownian motion. Note that in Eq. (3) the
time scale depends linearly on D, while ¢ defines the relative duration of
the (fast) decomposition and (slow) patterns evolution phases. Given the

Table 1

chemical momentum flux

uncertainties about the values of D and ¢, in [47] we followed a data
driven approach: using backward optimization, we set the coefficient
values to match the time evolution of the patterns observed in vitro.
Therein, we estimated D to be in the range of 10_5(cm)25_1 —
2.5x 10~>(cm)?s ™! depending on membrane composition. For numeri-
cal simulations presented in Section 3, we set D=1 075(em)?s~ . As for £,
we found that with é=0.1 pm we obtain a good match with the experi-
mental data. This value over-estimates the 5 nm prediction of the
transition layer width found in [31] because such width is beyond the
current resolution capabilities of the discrete continuum model. This can
be interpreted as letting tension forces act in a wider strip between
phases, while preserving the produced momentum.

In order to model an initially homogenous liposome, the surface
fraction cg is defined as a realization of Bernoulli random variable canq
~ Bernoulli (ap) with mean value ap, where ap denotes domain area
fraction, i.e., we set:

Co := Crana(x)  for active mesh nodesx. (€))
Following the thermodynamic principles described in our previous work
[47], we set ap = 0.71 for the 1:2:25% (DOPC: DPPC: Chol) composition
and ap = 0.29 for the 1:1:15% composition.

2.2.2. Numerical method and input data

In order to find solutions to the NSCH problem in a generic setting,
one has to resort to numerical methods. We discretize problem (1)-(3)
with the trace finite element method (Trace FEM), a state-of-the-art
computational technique for systems of partial differential equations
(PDEs) posed on surfaces [28]. Trace FEM belongs to the family of un-
fitted finite element methods, whose main advantage is the flexibility in
handling complex shapes [45] and possibly evolving surfaces [46].
Although in this paper we deal only with steady spherical surfaces, our
interest in evolving surfaces is associated with the long term goal of
simulating fusion between phase-separated liposomes and a model
membrane (i.e., a homogeneous GUV). The first step in the application
of Trace FEM is common to other finite element methods. One writes an
equivalent integral form of the PDE system, also known in PDE theory
(see, e.g. [10]) as weak formulation. The weak formulation is obtained
by multiplying the equations by smooth test functions, integrating the
equations over I, and applying the surface Stokes formula. See [29] for
the weak form of a reformulation of problem (1)-(3), that uses auxiliary
pressurep =p + o, (f(c) — cu), with f(c) = fo(c) + €2 | Vrc|?, and modifies
the surface tension force accordingly for numerical purposes.

The remaining steps are specific to Trace FEM. The sphere I is
immersed in a cube, which is meshed into tetrahedra [8]. See Fig. 1. The
zero level set of the Py (i.e., first order polynomial) Lagrangian inter-
polant (to the vertices of the tetrahedra) of the signed distance function
of I' provides a polyhedral approximation I'y, of the sphere, which will
further be used for numerical integration in the weak formulation

Calculated value or range of values for the density of liquid ordered (p; = p;) and liquid disordered (p2 = p;,) phases in g/ (mol-A?), viscosity of liquid ordered (1 = ;)
and liquid disordered (12 = 1) phases in Pa-s-m, and line tension in pN for the two membrane compositions at different temperatures. See supplementary material for

details on the density calculations.

Composition (Temp) o1, P, m, m, o,

1:2:25% (15 °C) 14.67 11.75 5-8-107° 0.2 -0.4-10° 1.2-1.8
1:2:25% (17.5 °C) 14.35 11.72 5-8-1078 0.2-04-108 1.2-1.8
1:1:15% (22.5 °C) 14.01 11.72 0.43 -5.7-107% 0.2-04-108 1.2-1.6
1:1:15% (25 °C) 13.69 11.84 0.43 -5.7-10"% 0.2-04-1078 1.2-1.6
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Fig. 1. A model liposome (blue) immersed in a bulk tetrahedral mesh (gray)
coarser than the actual computational mesh for visualization purposes. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

instead of I'. Tetrahedra intersected by I'; form an active mesh .7 %k

that supports the degrees of freedom (red layer in Fig. 1). On .7 " we
further define finite dimensional spaces of continuous functions, which
are polynomials of degree either 1 or 2 on each tetrahedra of .7, Let
the restrictions of uy, pp, cp, and up to I'y, be the approximations of u, p, c,
and p. Replacing u, p, ¢, ¢ in the integral formulation with up, pp, ch, #n
and choosing the test functions in the corresponding spaces leads to a
large (but finite) system of ordinary differential equations (ODEs). De-
tails of the Trace FEM for the NSCH equations on surfaces are given in
[45,29]. The fidelity of the numerical solution is ensured by a sequence
of mesh refinements until the solutions on two subsequent meshes
demonstrate the same qualitative and quantitative behavior [27,9]. For
the results in this paper we adopted mesh with 225,822 active degrees of
freedom (193,086 for uy and 10,912 for pp, cp, and up). In order to
contain the computational time required by the solution of the system of
ODEs, we use time-stepping scheme that (i) decouples the fluid and
phase-field equation solvers at each time step [29] and (ii) makes use of
an adaptive time stepping technique [13]. The time step At adaptively
varies from At=4 x 107 % during the fast initial phase of spinodal
decomposition to about At=8 x 10~ “%s during the later slow phase of
lipid domain coarsening and growth, and up to At=4 s when the process
is close to equilibrium. The piecewise polynomial approximations up, pp,
ch, and pp are computed at every time £ = ¢ + At till £7%=4000 s.

Just like the method proposed in [47], the finite element method
described here produces numerical solutions that satisfy the mass con-
servation principle behind (1)-(3):

/ ch (X,I,,) ds = / ch <X, tn1> ds implying
Iy Iy

for alln=1,..., N. Following [47], we also consider the total perimeter of
the lipid domains pjq as a quantity of interest for the quantitative

frh ch <X7 t"> ds

7] Tds ~ap (5)
Iy

18
16

12 llI

[0.673,0.685] (0.685,0.697] (0.697,0.709] (0.709,0.721] (0.721,0.733] (0.733,0.744]
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2
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comparison with the experiments. We remark that numerically pyq is
computed as

. (r) — 2 / eIVren (x,t,,)\zds. ®)
Ty

See [47] for more details on this.
3. Results and discussion

We focused on a ternary membrane composition DOPC: DPPC: Chol,
which is known to separate into co-existing liquid ordered (l,) and liquid
disordered (l;) phases near room temperature when mixed in proper
ratios [15,40]. Upon phase separation, the l; phase is composed pri-
marily of DOPC and the [, phase is primarily composed of Chol and
DPPC. The relative size of these two phases can be tuned by adjusting the
molar ratio of the lipid components. To assess our model of phase sep-
aration, we decided to focus our experiments on two membrane com-
positions that provide distinct and nearly opposite phase-behavior: one
composition with majority [, phase and the other one with a minority [,
phase. We chose membranes composed of DOPC: DPPC: Chol at molar
ratio of 1:1:15%, in which the [, phase is predicted to occupy about 29%
of the membrane surface at 25 °C and 1:2:25%, in which the [, phase
would occupy about 70% of the membrane area at 15 °C. These area
fractions were calculated using an approach described in our previous
study [47] that relies on the composition of each phase (determined
based on the phase diagram tie-lines [41]) and the molecular area of the
lipid components. The Cahn-Hilliard model used in [47], as well as
continuum based models applied in other studies [43,25,36,23,12],
would predict nearly the same evolution of the domain ripening process
for these two compositions since they do not account for in-membrane
viscous and transport effects. However, the experimental data pre-
sented in this section reveal a different domain ripening dynamics,
which can be correctly captured by the more complex NSCH model
described in Section 2.2.1. Table S1 summarizes the lipid composition of
each phase in the examined membranes along with the fraction of lipids
in each phase and the membrane area fraction of the ordered phase for
the corresponding membranes. Our estimated values of average mo-
lecular areas in I, and lj phases are in great agreement with previous
experimental measurements reported in literature [14].

We applied a modified form of electroformation to produce GUVs of
these two compositions and studied phase separation on these GUVs at
temperature ranging in [15.8, 17.5]°C for 1:2:25% and [23.8, 25.7]°C
for 1:1:15% composition. Note that the experimental temperature
ranges were selected to match the temperatures used for the above-
mentioned theoretical calculations. Using confocal fluorescence micro-
scopy, we examined a minimum of 18 GUVs (from 4 to 5 independent
experiments) for the number of their lipid domains as well as area and
perimeter of domains at different time points, for each GUV composi-
tion. The fraction of vesicle surface area occupied by the [, phase, i.e.,
lipid domain area fraction, in GUVs was calculated from the confocal
images. The results are summarized in Fig. 2, which shows the

15
10
0- -__

[0.271, 0.279] (0.279, 0.286] (0.286, 0.294] (0.294, 0.302] (0.302, 0.309] (0.309, 0.317]

Measured lipid domain area fractiion

Number of GUVs

«

Fig. 2. Left: Distribution of experimental measurements of the lipid domain area fraction, with average 0.708 and standard deviation 0.017, for composition
1:2:25%. The total number of measurements is 65 and they are related to 20 GUVs. Right: Distribution of experimental measurements of the lipid domain area
fraction with average 0.287 and standard deviation 0.008, for composition 1:1:15%. The total number of measurements is 59 and they are related to 18 GUVs.
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Fig. 3. Experimentally measured lipid domain area fraction over time for composition 1:2:25% (left) and 1:1:15% (right). Different markers correspond to different
GUVs and the dashed line represents the linear fit to the experimentally measured lipid domain area fractions.

distribution of lipid domain area fractions for both GUV compositions.
The experimental [, domain area fractions, 0.287 £ 0.008 and 0.708 +
0.017, are in great agreement with those predicted above (Table S1)
based on the literature-reported phase diagrams, 0.294 and 0.704, for
1:1:15% and 1:2:25% compositions, respectively. This agreement vali-
dates our experimental results. We report in Fig. 3 the experimentally
measured lipid domain area fraction over time for the two compositions.
We observe only slight (i.e., non-significant) changes on a given GUV as
time passes, i.e., as the number of domains reduces. This result supports
one of the assumptions behind the NSCH model, that is the conservation

25 .
€
Z20 .
-
[0}
o
[0]
£
S15 1
o

102 10°
time (s)

of lipid domain area fraction over time. The time on the horizontal axis
in Fig. 3-6 corresponds to the time as measured in the experiments, as is
the case for the times reported in Figs. 7 and 8.

Independent of the experimental results, 10 numerical simulations
were run for each composition. All the simulated liposomes had a 10 pm
diameter and they differed in the realization of the random variable used
to set up initial state as explained in Section 2.2.1. For each simulation,
we tracked the total lipid domain perimeter and the total number of lipid
domains in order to compare with the experimental data. The computed
lipid domain area fraction is not reported since, as mentioned before, the
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Fig. 4. Total lipid domain perimeter in pm over time for composition 1:2:25% (left) and 1:1:15% (right): numerical results average (solid line) and experimental

data (markers).
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Fig. 5. Total number of lipid domains over time for composition 1:2:25% (left) and 1:1:15% (right): numerical results average (solid blue line), minimum and
maximum values found numerically (solid orange and yellow lines, respectively), and experimental data (circles). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Superimposition of experimental data for composition 1:2:25% (red dots) and 1:1:15% (blue triangles) with the corresponding computed means (solid line
with corresponding colour) for the total lipid domain perimeter (left) and total number of lipid domains (right). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Qualitative comparison for 1:2:25%: epi-fluorescence microscopy images (with black background) and numerical results (with white background) at four
different times in time interval [102,1030] s. Click any picture above to run the full animation of a representative simulation.

Fig. 8. Qualitative comparison for 1:1:15%: epi-fluorescence microscopy images (with black background) and numerical results (with white background) at five
different times in time interval [73, 322] s. Click any picture above to run the full animation of a representative simulation.



Y. Wang et al.

max speed: 0.214

0.0075

BBA - Biomembranes 1864 (2022) 183898

t=135

0.0030 0.0015

Fig. 9. Composition 1:2:25%: Evolution of the velocity vectors superimposed to the lipid domains and maximum speed in pm/s for composition 1:2:25% (top) and
1:1:15% (bottom). The velocity vectors are magnified by a factor 100, 300, 300, 700, and 1500 (from left to right) for visualization purposes.

NSCH model is conservative and thus the lipid domain area fraction
stays constant over time.

In order to compare the total lipid domain perimeter between sim-
ulations and experiments, we first scaled all dimensional observables
that depend on a length unit by the radius of the corresponding GUV,
since the diameter of GUVs varied in the experiments (between 9 and 16
pm) while it was constant in the simulations. Fig. 4 reports all the
rescaled experimental measurements with markers (a different marker
for each GUV) and the average of the computed total lipid domain
perimeter from all the simulations with a solid line for compositions
1:2:25% and 1:1:15%. In both cases, the average of the computed total
lipid domain perimeters falls within the cloud of experimental mea-
surements. We note that no experimental measurement is available
before 40 s because no lipid domains were observed in this time frame,
presumably due to the small size of domains that could not be resolved
under fluorescence microscopy. We introduced a time shift to match the
time in the computations with the time in the experiments (i.e., the time
on the horizontal axis) in Fig. 4. Indeed, the initial time for the com-
putations is the time when phase separation is initiated, which is hard to
observe experimentally.

Next, we performed a quantitative comparison for the total number
of lipid domains on a GUV over time. Fig. 5 shows the experimentally
measured and numerically computed data for both examined composi-
tions. The measurements are reported with a circle, while for the sim-
ulations we reported three solid lines corresponding to the numerical
results average, minimum, and maximum number of lipid domains
found in the simulations. We see that the vast majority of the experi-
mental data (89% for composition 1:2:25% and 91% for composition
1:1:15%) falls within the computed extrema.

In order to facilitate the understanding of the different domain
ripening dynamics for the two membrane compositions under consid-
eration, we superimpose the experimental data for total lipid domain
perimeter and total number of lipid domains in Fig. 6. We observe in
average faster dynamics towards the equilibrium state (i.e., one domain
of the minority phase within a background of the majority phase) for
composition 1:1:15%, which has majority Il phase. This is correctly
captured by the NSCH model described in Section 2.2.1. Indeed, we see
that the solid blue curve (corresponding to the computed mean for
composition 1:1:15%) lies below the red curve (corresponding to the
computed mean for composition 1:2:25%) for the majority of the time
interval under consideration in both graphs in Fig. 6. We recall that the
simplified model in [47] would predict the same evolution for ap=0.71
and ap=0.29 and thus it would be unsuited to reproduce the experi-
mental data reported in this paper. With consideration of membrane

viscosity in each phase, the NSCH model provides a more accurate
prediction of phase separation dynamics in membranes with the oppo-
site phase behavior.

To further compare the experimental data to the simulation results,
we present a qualitative comparison between images acquired with epi-
fluorescence microscopy and images obtained from post-processing the
numerical results. Fig. 7 and Fig. 8 present such comparison for com-
positions 1:2:25% and 1:1:15%, respectively. Notice that the represen-
tative microscopy images in Figs. 7 and 8 refer to different sets of GUVs
than those used for the quantitative analysis in Figs. 2-5 because
confocal microscopy (needed for the measurement) and epi-
fluorescence microscopy cannot be used simultaneously. Overall, from
Figs. 7 and 8 we see an excellent qualitative agreement between ex-
periments and simulations.

Beyond the experimental validation presented above, numerical
simulations can provide information about quantities that cannot be
measured experimentally or phenomena that cannot be visualized, e.g.,
the flow field. Fig. 9 shows the evolution of the computed velocity
vectors superimposed to the computed surface fraction for both com-
positions. We observe a larger velocity magnitude when there are
several lipid domains on the surface that are in the process of merging.
The velocity magnitude becomes smaller as the number of lipid domain
decreases and the system gets closer to an equilibrium. Such flow field
details could be of interest in other contexts, such as evolution of rafts in
cell membranes.

10 micron

Fig. 10. Composition 1:2:25%: formation of I, domains (green) within the Iy
phase (red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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10 micron

Fig. 11. Composition 1:2:25%: combination of I; domains (red) within the [,
phase (green) and viceversa. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Interestingly, in the case of composition 1:2:25%, we observed
different types of domain formation on GUVs. While at equilibrium these
GUVs consistently had a [, phase that occupied the majority of their
surface (in average 70.8%), prior to the equilibrium state, three distinct
domain patterns were observed on these GUVs. In some GUVs, l; do-
mains formed within the [, phase (i.e., red patches on green background
as shown in Fig. 7), in others [, domains formed within the I phase (i.e.,
green patches on red background, see Fig. 10), and in others a combi-
nation of these domain patterns was detected (see Fig. 11). Often, the
dominating phase in the membrane forms the background in which
domains of the minority phase form, merge, and grow into one larger
domain at equilibrium. Domain formation in our GUVs with 1:1:15%
composition always followed this typical phase behavior. However, in
some compositions such as 1:2:25%, it is also possible that the domi-
nating phase forms domains within the minority phase [32]. Thus,

BBA - Biomembranes 1864 (2022) 183898

membranes of such compositions may show either type of domains. The
rather rare formation of domains of the dominating phase within the
minority phase background may be due to the existence of a metastable
third phase for such membrane compositions, which could be due to the
formation of some temporary molecular complexes. It can be seen as an
example of the Ostwald rule of stages, by which the system may go
through a sequence of intermediate states before reaching the most
energetically preferable one [2,39]. The metastable phase does not
present as an equilibrium state (i.e., the states reported in phase dia-
grams), nonetheless it can exist long enough to influence the dynamics
of the phases. For instance, the presence of such third phase can cause
variations in domain area fraction before reaching a two-phase equi-
librium state. In fact, we noticed that in those GUVs that formed [, do-
mains within [; phase in 1:2:25% composition, the area fraction of [,
phase was not as stable and varied prior to equilibrium; the I, domain
area fraction was on average ~6% lower than that at equilibrium.
Interestingly, our numerical simulations initially did not reproduce
the rare patterns that were observed in our above-mentioned experi-
ments on the 1:2:25% composition. We note that the NSCH model, i.e.,
Egs. (1)-(3), is not suitable to model the dynamic of a third temporary
phase. Even reproducing the reverse phase pattern (domains of domi-
nating phase in minority phase) in the numerical simulations proved to
be challenging as the initial conditions formulated in Section 2.2.1
would inevitably lead to l; domains formed within the [, phase for
composition 1:2:25%. In an effort to emulate the effect of the metastable
phase on the pattern evolution observed in our experiments, we intro-
duced the following 2 changes with respect to the set up described in
Section 2.2.1: i) the simulations were started with a number of pre-
formed [, domains placed symmetrically in l; background and ii) the
area fraction of [, phase was reduced by about 6% to match experimental
evidence. Fig. 12 shows the formation of [, domains within the [; phase
starting from 12 symmetrically placed l, domains and ap=0.64. These
simulations reproduced the reverse pattern shown in Fig. 10, where the
dominating phase formed domains within the minority phase. The third
scenario (co-existence of [, and Iy domains) is shown in Fig. 13 and was

Fig. 12. Composition 1:2:25%: simulated evolution of I, domains (green) within the [; phase (red) starting from 12 symmetrically placed [, domains and ap=0.64.
Time is increasing from left to right. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Front view

Rear view

Fig. 13. Composition 1:2:25%: front (top row) and rear (bottom row) view of a simulated GUV showing mixed 1, (green) and l; (red) domains starting from 6
symmetrically placed [, domains and ap=0.65. Time is increasing from left to right. Click any picture above to run the full animation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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obtained starting from 6 symmetrically placed [, domains and ap=0.65,
reproducing our experimental results in Fig. 11. Since the computational
mesh is asymmetric, symmetry eventually breaks as shown in Figs. 12
and 13. Because of the forced initial condition described at the above
point i), which differ from the initial composition in the experiments (i.
e., a initially homogenous GUV), we preferred not to report time in
Figs. 12 and 13. These results demonstrate that, although somewhat
challenging, dynamics of the membrane with a temporary third phase
can be captured by the numerical simulations.

4. Conclusions

This paper presents an experimental and computational study on the
evolution of lipid domains in membranes with ternary membrane
composition DOPC: DPPC: Chol. We focused on two specific composi-
tions that yield opposite and nearly inverse phase behavior. A non-
equilibrium thermodynamics model describing phase separation alone,
like the Cahn-Hilliard model, would predict nearly the same evolution
of the domain ripening process for these two compositions. However,
our experimental data collected using fluorescence microscopy reveal
different domain ripening dynamics. In order to capture this phenom-
enon, we considered the more complex Navier-Stokes-Cahn-Hilliard
model, which accounts for in-membrane viscous and transport effects.
The computational results obtained with this improved model are in
excellent agreement with the experimental data in terms of domain area
fraction, total domain perimeter over time and total number of domains
over time for both compositions under consideration.
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