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ABSTRACT Lateral phase heterogeneity in biomembranes can govern cellular functions and may serve as a platform for
enrichment or depletion of membrane-anchored molecules. In this work, we address the question of how the process of mem-
brane fusion is affected by the membrane phase state (fluid or gel) and by phase coexistence, as well as the effects of fusion-
mediated incorporation of exogeneous lipids on phase separation. Our system is based on the fusion of cationic fluid large uni-
lamellar vesicles (LUVs) composed of dioleoyl trimethylammonium propane (DOTAP) and dioleoyl phosphoethanolamine
(DOPE) with neutral and anionic giant unilamellar vesicles (GUVs) composed of phosphatidylcholine and phosphatidylglycerol.
By changing the lipid composition of the GUVs, we modulated the phase state and charge of the different phases (charged or
neutral, fluid or gel) and identified systems in which we can target fusion to specific domains on phase-separated membranes.
Fusion efficiency was quantified using fluorescence microscopy-based lipid and content mixing assays, and flow chamber de-
vices were used to assess the real-time sequence of events of the fusion process. To investigate the bilayer thermal behavior,
differential scanning calorimetry (DSC) experiments were performed on LUVs. The results show that fusion is extensive in sin-
gle-component GUVs only for fluid and negatively charged acceptor membranes. On the other hand, in phase-separated GUVs,
high fusion efficiency was observed even when the gel phase was anionic and phase separation somewhat increased the fusion
efficiency. Extensive fusion led to dissolution of the gel domains as a result of extensive incorporation of lipids in the fluid state
from the fusogenic liposomes. Altogether, these findings have the potential to unravel the important role of membrane phase
state, phase separation, charge, and the effects of extensive fusion on membrane organization and may give insights in the
regulation of the interactions between cells and liposomes that are used in drug delivery systems.
SIGNIFICANCE Membrane fusion is a vital process for cell communication, trafficking, and signaling, in which two
membranes come into close contact and eventually merge, connecting the two initially separated aqueous compartments.
Beyond its physiological importance, fusion has also a great potential as a drug delivery route, avoiding the slow and
inefficient endocytic-based pathways. In cells, fusion relies on a complex protein machinery. Here we explored the protein-
free fusion of cationic liposomes to giant unilamellar vesicles exhibiting gel-fluid phase separation in which one phase is
negatively charged. Our predominant focus was to elucidate the role of membrane heterogeneity in the fusion process and
target fusion to a specific domain.
INTRODUCTION

Membrane fusion is a result of the merging of two mem-
branes and leads to mixing of the otherwise separated
aqueous compartments. It is essential for maintaining the
viability of cells and organisms, and has long been known
to play a crucial role in a wide variety of processes,
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including egg fertilization, development of muscles, intra-
cellular trafficking, and release of hormones and neurotrans-
mitters (1–4). Membrane fusion is also fundamental to the
entrance of envelope viruses in cells, e.g., HIV-1, Ebola
virus, influenza, and severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) (5,6) and in developing
vaccines against them. Although involved in seemingly
different processes, fusion follows common and well-
defined pathways. It proceeds through general intermediate
steps such as docking (adhesion of opposing membranes);
mixing of lipids from the outer leaflets of the opposing
membranes, while the inner membranes are still separated
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(hemifusion); and the formation and expansion of the fusion
neck (full fusion) (7,8). Upon full fusion, the fused vesicles/
cells have fully mixed their lipids and membrane proteins as
well as the originally separated aqueous contents (9). In
addition to its involvement in normal cell physiological pro-
cesses, membrane fusion can also be used as a route for drug
delivery. For decades, lipid vesicles (also known as lipo-
somes) have been used as one of the most popular drug-car-
rier vehicles for intracellular delivery of cargos (i.e., small
molecules, proteins, nanoparticles) (10,11). However, they
usually enter the cells via endocytosis, a slow and often inef-
ficient pathway that is dependent on the ability of cells to
internalize particles and that could potentially damage the
cargo in the low pH of endocytic organelles (12–14). As a
possible way to circumvent internalization-dependent path-
ways, direct fusion of liposomes with cells offers an alterna-
tive for fast and efficient intracellular delivery as they can
potentially release the encapsulated material directly into
the cytosol without the need of endocytosis, and, thus, fuso-
genic liposomes could fulfill this role. One such type of fu-
sogenic liposome is based on cationic large unilamellar
vesicles (LUVs) composed of positively charged dioleoyl
trimethylammonium propane (DOTAP) and the helper,
zwitterionic, non-bilayer-forming lipid dioleoyl phosphati-
dylethanolamine (DOPE), along with a fraction of fluores-
cent lipids. These LUVs fuse with a large variety of cells
and tissues and have been used for the delivery of lipids,
proteins, and nanoparticles into cells (15–18). They have
the advantage of being compositionally simple, and yet
able to fuse efficiently without the need of complex func-
tionalization moieties.

Since membrane fusion in living cells is a complex and dy-
namic process and involves many regulatory proteins, simpli-
fied assays using biomimetic systems have been established
to understand its molecular details (19–21). Such systems
allow for precise control of the membrane and environmental
components while avoiding the influence of peripheral pro-
cesses that are only marginally associated with fusion. In
this regard, the use of giant unilamellar vesicles (GUVs) in
studies of membrane fusion grant a number of advantages
that are difficult (or even impossible) to obtain with other
model membranes (21). Single GUVs can be tracked and
manipulated with microscopy-based approaches, and this al-
lows quantification of important fusion parameters, such as
fusion efficiency, kinetics, and possible disruptive effects
on single vesicles with controlled membrane composition
(21,22). Recently, using cationic DOTAP:DOPE liposomes,
we quantified the fusion efficiency and studied the role of
charges on fusion with GUVs by varying the fraction of the
charged lipid palmitoyl oleoyl phosphatidylglycerol
(POPG) in GUVs containing the zwitterionic lipid palmitoyl
oleoyl phosphatidylcholine (POPC) (22). We showed that
LUVs dock and predominantly undergo hemifusion with
GUVs composed of pure POPC or low fractions of POPG,
whereas, above 20 mol% POPG, we observe extensive fusion
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associated with a substantial increase in the surface area of
GUVs (22). Furthermore, charge-mediated fusion was found
to be a strongly exothermic process occurring concomitantly
with charge neutralization (23).

In addition to membrane charges, the membrane phase
state could potentially influence membrane fusion, promot-
ing or hindering it (24–26). The lipids that constitute the cell
membrane have different forms of organization and there-
fore may give rise to heterogeneous membranes (27–29).
This heterogeneity can be related to how lipids are structur-
ally and dynamically organized. Depending on the compo-
sition and the temperature, pure lipid bilayers can be
found in the gel (solid-ordered) or fluid (liquid-disordered)
phases. Addition of cholesterol can lead to the appearance
of the liquid-ordered phase (30,31). For single-component
membranes, the transition between the gel and fluid phases
occurs at a main transition temperature (Tm) that is partic-
ular for each lipid and is highly dependent on the chain
length, degree of unsaturation, and on the lipid polar head-
group (32). Long-chain saturated lipid bilayers, such as di-
palmitoyl phosphatidylcholine (DPPC, zwitterionic) and
dipalmitoyl phosphatidyl glycerol (DPPG, anionic), have a
high Tm at 41�C (33); however, the presence of unsaturation
dramatically reduces the Tm (e.g., for POPC and POPG
lipids, Tm is around –2�C; (34)). Most natural lipids have
one saturated and one unsaturated chain and are therefore
found in the fluid phase at physiological temperature
(35,36). Several sphingolipids, such as sphingomyelin,
have long and saturated chains and are therefore in the gel
phase at room and physiological temperatures. In fact, phase
separation in both liposomes (using synthetic lipids with
different Tm) and cell membranes (presence of lipid rafts)
systems have been shown to favor membrane fusion
(37,38). Strikingly, the presence of defects associated with
phase separation was shown to be more important for mem-
brane fusion than the specific membrane phase, favoring
binding and fusion of virus-like liposomes to phase-sepa-
rated GUVs (39,40). However, the molecular details that in-
fluence membrane fusion in phase-separated systems, the
preferential binding to a specific region of the membrane,
and most importantly the mechanical and thermodynamic
effects of fusion on membrane phase state are still unknown.

Our main motivation is to explore the interdependence
of fusion efficiency and of membrane phase state in homo-
geneous membranes and, more importantly, in phase-sepa-
rated membranes. Here we study membrane fusion
between fusogenic DOTAP:DOPE LUVs (�100 nm) with
single-component GUVs (POPC, POPG, DPPC, and DPPG)
in different phases and charge state and with GUVs exhibit-
ing gel-fluid phase coexistence in which one of the phases is
negatively charged (POPC:DPPG and POPG:DPPC). We
used confocal fluorescence microscopy to assess LUV dock-
ing and fusion to GUVs. To investigate the thermal behavior
of the mixtures, differential scanning calorimetry (DSC) ex-
periments were performed.
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MATERIALS AND METHODS

Materials

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-10-rac-glycerol (POPG), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-

3-phospho-(10-rac-glycerol) (DPPG), 1,2-dioleoyl-3-trimethylammonium

propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),

and the fluorescent dyes 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-

amine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DPPE-Rh)

and 1,2-dipalmitoyl-sn-glycero-3-phosphoethan-olamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl) ammonium salt) (DPPE-NBD) were purchased from

Avanti Polar Lipids (Alabaster, AL). The water-soluble fluorescence dye

ATTO 647 (ATTO) was purchased from Atto-Tec (Siegen, Germany) and

diluted in DMSO. Sucrose and glucose were purchased from Sigma Aldrich

(St. Louis, MO).
Preparation of lipid vesicles

Cationic LUVs composed of DOTAP:DOPE (1:1) were used as fuso-

genic liposomes and acceptor membranes consisted of GUVs composed

of pure POPC, POPG, DPPC, and DPPG or of the mixtures POPC:DPPG

(1:1) and POPG:DPPC (1:1). The lipid dyes and its concentration varied

within each experiment and therefore are described together with the ex-

periments. For the formation of LUVs, a film from a lipid solution in

chloroform was deposited inside a glass vial by evaporation of the

organic solvent with N2. This tube was then placed in vacuum for 2 h

to evaporate remaining traces of the solvent. Afterward, an aqueous so-

lution of 0.2 M sucrose or glucose was added, and the test tube was vor-

texed for 1 min to form multilamellar vesicles (MLVs). To obtain LUVs,

the MLV suspension were extruded at least 13 times through a 100-nm

polycarbonate membrane in a mini-extruder (Avanti Polar Lipids,

Alabaster, AL) (41). When preparing LUVs for content mixing assays,

20 mM ATTO 647 was added to the aqueous solution before hydrating

the dried lipid film. The LUVs stock suspension was diluted at least

10 times before addition to the GUVs to ensure that the ATTO 647 con-

centration inside the LUVs was significantly higher than in the external

medium.

GUVs were prepared by the electroformation method. Briefly, 8–10 mL

of a 3 mM lipid solution in chloroform were spread on the surfaces of

two conductive glass plates coated with a thin layer of indium tin oxide

(ITO) or fluor tin oxide (FTO). After evaporation of the organic solvent with

N2, the two plates were sealed with a 1-mm-thick Teflon spacer between

them forming a z2-mL chamber. Thereafter, approximately 1 mL of

0.2 M sucrose solution was added to the chamber and the plates were con-

nected to a function generator. An alternating voltage source of either 1.8 V

or 2.6 V amplitude (for homogenous and heterogeneous GUVs, respec-

tively) and 10 Hz frequency was applied for 1 h. The growth process was

performed in the dark and inside an oven at 50�C whenever DPPC or

DPPG was present. After the incubation time, the door of the oven was

kept open for 20 min and the GUV suspension was then transferred to a

test tube that was then kept at room temperature for at least 10 min to allow

the GUVs to slowly cool down. Then, the GUVs were diluted approxi-

mately 10-fold in 0.2 M glucose solution to increase the optical contrast

when observed under phase contrast microscopy.
Observation of GUVs and LUVs using optical
microscopy

Confocal microscopy experiments were performed on a Leica TCS SP5 or

SP8 (Wetzlar, Germany) equipped with 40� air (numerical aperture [NA]

0.6) and 63� water (NA 1.2) immersion objectives. Vesicles (LUVs and

GUVs) were fluorescently labeled with 0.5 mol % or 1 mol % DPPE-
NBD DPPE-Rh membrane dyes, and they were excited with an argon laser

at 488 nm (emission 495–550 nm) and a diode-pumped solid-state laser at

561 nm (emission 570–660 nm), respectively. The exact concentrations of

the membrane dyes are described in each figure caption. For Förster reso-

nance energy transfer (FRET), a 488-nm excitation and emission at 495–

550/570–660 nm was used. For content mixing, a HeNe 633 laser was

used to detect the hydro soluble dye (ATTO 647) at 633/660–680nm (exci-

tation/emission). Phase contrast experiments were performed on a Zeiss

Axiovert 200 (Jena, Germany) inverted microscope equipped with 40�
(NA 0.6) and 63� (NA 0.75) air objectives and coupled to a PCO.edge

4.2 digital camera (Kelheim, Germany).
FRET assay

A method based on the FRET intensity was used to quantify fusion effi-

ciency between fusogenic LUVs and single-component GUVs (22). The

FRET pair used was DPPE-NBD (donor) and DPPE-Rh (acceptor).

GUVs were labeled with 0.5 mol % DPPE-NBD and fusogenic LUVs con-

tained 1 mol % DPPE-Rh. Fusogenic LUVs and homogenous GUVs

composed of POPC, POPG, DPPC, and DPPG were incubated for

15 min. Then, the FRET efficiency (EFRET) was measured from the mem-

brane fluorescence intensities of the donor (ID) and acceptor (IA) channels
when only DPPE-NBD was excited:

EFRET ¼ IA
ðID þ IAÞ

Depending on how efficient membrane fusion was, the EFRET values var-

ied from 0 (no membrane fusion) to 1 (high membrane fusion efficiency).

Quantification of the fluorescence intensity in the DPPE-Rh channel was

performed using the LAS X software. Contour lines were drawn along the

outer and inner sides of the GUV membrane and the fluorescence intensity

value within the two contour lines was used to quantify the total amount of

transferred lipid (Fig. 1 C).
Flow chamber for single-vesicle analysis

A sticky-Slide I 0.4 Luer (Ibidi) flow chamber was used to observe changes

in the same GUV upon controlled injection of LUVs in the solution. The

chamber coverslip was coated with 2 mg/mL casein to avoid the excessive

binding of LUVs onto the glass. The flow chamber coupled to a neMESYS

syringe pump (Cetoni, Germany) was mounted on a confocal microscope

(SP8, Leica). The chamber’s channel and reservoirs were completely filled

with 232.5 mL of 0.2 M glucose. After removing 70 mL of solution from the

reservoir of the chamber, 70 mL of GUVs labeled with 0.5 mol % DPPE-Rh

were added in the reservoir and introduced in the channel with a flow of

20 mL/min for 2 min. After a few minutes, the GUVs had settled to the glass

surface as a result of the sucrose/glucose asymmetry imposed to the GUV.

Then, 40 mL of a dispersion of LUVs (210 mM lipid concentration labeled

with 1 mol % DPPE-NBD) encapsulating 20 mM ATTO 647 (z2 mM

ATTO 647 on the outside) were added in the reservoir and introduced at

a fixed flow of approximately 2 mL/min. The flow was stopped once the

LUVs were close to the GUV of interest and the first hints of fusion were

detected (e.g., green fluorescence on the GUV surface). Then z stack im-

ages of GUVs were taken at every 2–3 min to follow changes in a single

GUV from when the LUVs had initially arrived at the surroundings of

the GUV until the total dissolution of the domains.
DSC

The thermal profiles of LUVs with different compositions were performed

using the MicroCal PEAQ-DSC. The reference cell was filled with 250 mL

of 0.2 M glucose and the sample cell was filled with 250 mL of LUVs
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FIGURE 1 Lipid mixing due to fusion is strongly affected by the phase state and charge of single-component membranes. FRET efficiency (EFRET) for

single-component GUVs composed of POPC, POPG, DPPC, and DPPG with 0.5 mol % DPPE-NBD after 15-min incubation with fusogenic LUVs (20 mM

DOTAP:DOPE with 1 mol % DPPE-Rh). (A) Representative confocal microscopy images of GUVs obtained after incubation with fusogenic LUVs. Top row,

DPPE-NBD channel; middle row, FRET channel (DPPE-Rh fluorescence upon DPPE-NBD excitation); bottom row, overlay of both channels. Scale bars,

5 mm. (B) EFRET values measured on GUVs. Each open circle represents a measurement on a single GUVand solid squares are mean values with SD. EFRET

values could not be measured in the DPPG system. (C) Fluorescence intensity of the DPPE-Rh channel (DPPE-Rh fluorescence upon DPPE-Rh excitation; in

arbitrary units) measured over the whole contour of the GUVs, which reflects the amount of lipids transferred upon fusion. Each open circle represents a

measurement on a single GUV and solid squares are mean values with standard deviation (SD). To see this figure in color, go online.
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composed of 5 mM total lipid concentration of: POPG:DPPC (1:1),

POPC:DPPG (1:1), DOTAP:DOPE (1:1), POPG:DPPC:DOTAP:DOPE

(1:1:1:1), and POPC:DPPG:DOTAP:DOPE (1:1:1:1). DSC measurements

of LUVs composed of 5 mM POPC:DPPG (1:1) and 5 mM POPG:DPPC

(1:1) were also taken after 20 min of incubation with 5 mM DOTAP:

DOPE (1:1) LUVs in a 1:1 volume ratio. The temperature range was 2–

60�C at a scan rate of 20�C/h (heating). Baseline subtraction was performed

in Microcal Origin 7.0. The thermograms are shown as molar heat capac-

ities considering only the concentration of DPPC or DPPC lipids in the

mixture.
RESULTS

Membrane fusion between fusogenic LUVs (�100 nm)
composed of equimolar fractions of DOTAP (cationic) and
DOPE (zwitterionic) with GUVs with different phase states
(gel or fluid) and charge (zwitterionic or negative) was as-
sessed using a variety of optical microscopy techniques and
DSC. Fusion was investigated in single-component and in
phase-separated GUVs of different charges after incubation
with increasing concentrations of LUVs and quantitatively
assessed with intensity-based FRET on single-component
GUVs. For phase-separated GUVs, fusion efficiency was
quantified by the transfer of fluorescent probes incorporated
in the LUVs or encapsulated in their inner compartment
and the dynamics of the fusion process was tracked using a
flow chamber. Last, the thermal behavior of the lipid mixtures
before and after fusion was analyzed using DSC.
Fusion of LUVs with single-component GUVs

GUVs composed of pure lipids (POPC, POPG, DPPC, or
DPPG), forming respectively neutral fluid, charged fluid,
neutral gel, and charged gel membranes, were prepared
and incubated with fusogenic LUVs (20 mM lipid concentra-
4 Biophysical Journal 122, 1–13, March 7, 2023
tion). Fusion efficiency was quantified by a lipid-mixing
assay in a FRET configuration (22) as explained in the
‘‘materials and methods’’ section. The membrane dye
DPPE-NBD was incorporated in the GUVs and served
as a FRET donor, and the LUVs were prepared with the
membrane probe DPPE-Rh as a FRET acceptor. However,
GUVs of pure DPPG were difficult to grow. Representative
confocal microscopy images of GUVs after incubation with
LUVs are shown in Fig. 1 A. Significant FRET signal was
observed only for POPG, whereas the very few obtained
DPPG vesicles exhibited bright spots in which both donor
and acceptor probes were found enriched. Fig. 1 B shows
EFRET values calculated for several GUVs. POPC GUVs
incubated with the fusogenic LUVs show a small but detect-
able EFRET (0.20 5 0.09), indicative of low fusion effi-
ciency, consistent with previous results (22). In sharp
contrast, incubation of fusogenic LUVs with GUVs
composed of POPG led to a large increase in EFRET

(0.58 5 0.09), as expected for highly negative membranes
(22). Although Lira et al. (22) labeled the fusogenic LUVs
with 5 mol % DPPE-Rh, the FRET experiments performed
here used only 1 mol % DPPE-Rh. This explains the lower
EFRET values observed here compared with Lira et al. (22).
As seen in Fig. 1 A, fusion is restricted to the bilayer in con-
tact with the LUVs, whereas the membranes of internal ves-
icles remain inaccessible. When the LUVs are incubated
with neutral gel GUVs composed of DPPC, EFRET

(0.07 5 0.01) is much lower than with fluid-neutral
POPC, suggesting that practically no fusion occurred. For
DPPG vesicles, EFRET could not be reliably obtained, as
the vesicles exhibited a lower amount of incorporated
DPPE-NBD before incubation with the fusogenic LUVs
(about four times less than the other compositions) and a
very heterogeneous distribution of probes was observed
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after incubation, as can be seen in the different example in
Fig. S1, which shows images of DPPG GUVs with enhanced
contrast. The bright spots observed on the membrane sur-
face of DPPG were detected in all channels (green, red,
and FRET), which makes their interpretation hard. The het-
erogeneous presence of DPPE-Rh on the membrane surface
suggests docking of LUVs onto the negative gel membrane;
however, it is not clear why DPPE-NBD is also found
enhanced in these regions and whether effective fusion
could have occurred. The presence of this punctate fluores-
cence could be a result of events at disclination defects in
the gel membrane. To compare the amount of fluorescent
lipids transferred from the LUVs through fusion to the sur-
face of the GUVs, we quantified the fluorescence intensity
in the DPPE-Rh channel integrated along the contour of
all GUVs, since for DPPG a very heterogeneous distribution
was obtained. The results are shown in Fig. 1 C. The trend
observed for POPC, POPG, and DPPC is similar to that
observed from the EFRET values (Fig. 1 B). The values found
for the few DPPG vesicles show a large scatter and a mean
value between those found for POPC and POPG. However,
there is no unambiguous sign of membrane fusion, and the
relatively high intensity probably points to docking and/or
membrane defects. These results show that both membrane
FIGURE 2 Increasing concentrations of fusogenic LUVs suppress the phase sepa

Rh channels obtainedwith confocalmicroscopyof phase-separatedGUVs compose

15-min incubation with fusogenic LUVs (DOTAP:DOPE with 1 mol % DPPE-NB

equatorial (bottom) and top view (top; image collected with an open pinhole) are sh

LUVs onto the negatively charged gel region of the GUVmembrane. The images w

vation of the details. Scale bars, 5mm.The intensity of transferredDPPE-NBDtoGU

increasing fusogenic lipid concentration.Each circle represents oneGUV(5–7GUV

shown as squares. The images for POPG:DPPC GUVs after incubation with 10 an

therefore the fluorescence intensity measured was divided by 3. To see this figure
charge and phase state play important roles in the fusion of
fluid membranes.
Fusion of LUVs with phase-separated GUVs

Lipid-mixing experiments with homogenous GUVs showed
that significant full fusion was only observed when
the GUVs were negatively charged and in the fluid state.
Before analyzing fusion with binary mixtures, we first
characterized the phase separation in GUVs composed of
POPC:DPPG (1:1) and POPG:DPPC (1:1) in the absence
of the fusogenic LUVs. Representative images of these
two systems are shown in Figs. S2 and 2 (first images,
0 mM), in which equatorial views and 3D projection
(Fig. S2) or top view (Fig. 2) are shown. The fluorescence
dye used, DPPE-Rh, preferentially partitions in the fluid
phase (42) and thus phase separation in GUVs is seen by
the presence of red (fluid phase) and dark (gel phase) re-
gions. Interestingly, the domain shape of the two GUVs
compositions is different: POPC:DPPG exhibits flower- or
star-like domains (Figs. 2 A and S2 A), similar to those pre-
viously observed in POPC:DPPC (43) and DOPC:DPPG
(44), whereas POPG:DPPC displays a coexistence of fluid
stripes and faceted domains (Figs. 2 B and S2 B) similar
ration onGUVswith fluid and gel domains.Overlay ofDPPE-NBDandDPPE-

d of (A) POPC:DPPGand (B) POPG:DPPCwith 0.5mol%DPPE-Rhafter 10–

D) in increasing concentrations (0–40 mM lipid). For each composition, both

own. The white arrows displayed in (A) indicate docking of positively charged

ere processed (brightness,þ40%, and contrast,þ20%) to enhance the obser-

Vs (arbitraryunits) are shown in (C) for POPC:DPPGand (D) POPG:DPPC for

swereobservedper fusogenic lipid concentration) andmeanvalues andSDare

d 20 mM fusogenic lipids were acquired with a threefold higher laser power,

in color, go online.
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to shapes characteristic for DLPC:DPPC GUVs (45). Such
morphologies were detected for the vast majority of
GUVs from several different preparations. For the
POPC:DPPG membranes, the dark domains preserved their
shapes over time (consistent with their gel phase state)
but could diffuse along the GUV surface (consistent with
fluid phase environment). The linear domains in the
POPG:DPPC vesicles were rather static because the matrix
phase was in the gel phase. It has been shown previously that
larger mismatch between lipids and thus higher cost
for boundaries could explain these different domain
shapes (45,46). Additionally, DPPG was found to enhance
and DOPG to suppress phase separation in ternary mixtures
containing, respectively, DOPC and DPPC (44).

Next, we investigated the fusion of LUVs with phase-
separated GUVs. GUVs were labeled with DPPE-Rh
(red) and the LUVs with DPPE-NBD (green), and the fluo-
rescence signal of each dye was observed separately in
different channels. Precise measurements of EFRET could
not be performed due to the difficulties in resolving domain
fractions in each GUV, and hence the data shown are based
on the amount of DPPE-NBD green fluorescence transferred
to the GUVs upon fusion with the LUVs. Two microscopy
approaches were used. First, GUVs were incubated
with increasing concentrations of LUVs and the outcome
was observed under confocal microscopy. In the second
approach, a flow chamber was used to follow changes in in-
dividual GUVs over time after addition of fusogenic LUVs.
In the latter experiment, the LUVs were loaded with an
aqueous soluble dye to assess content mixing.

Pre-incubation of GUVs with fusogenic LUVs

The two binary GUV compositions, POPC:DPPG (1:1) and
POPG:DPPC (1:1), were incubated for 10–15 min with
increasing concentrations of fusogenic LUVs (0–40 mM
lipid) to study the gradual effects of membrane fusion. Repre-
sentative images of both compositions of GUVs for all LUV
concentrations studied are shown as equatorial and top view
projections in Fig. 2 A and B. Incubation of green-labeled
LUVs with red-labeled GUVs led to progressive changes in
the color of the GUV membrane due to lipid transfer of
LUVs lipids to the GUV membrane (see the cartoon in
Fig. S3). Thus, as a result of the increase in the extent of
fusion as the LUV concentration increases, the GUVs ex-
hibited three main colors: 1) red, 2) orange/yellow, and 3)
green, related to no/low, intermediate, or high fusion effi-
ciencies, respectively. The amount of fluorescent lipids trans-
ferred from fusogenic LUVs was quantified from the
fluorescence intensity of DPPE-NBD on GUVs as a function
of the fusogenic lipid concentration (Fig. 2 C and D).

In general, the LUV concentration-dependent behavior
was similar for both binary compositions, and a progressive
lipid transfer from LUVs was observed as the LUV concen-
tration increased. This is seen from the images and more
quantitatively from the green fluorescence intensity trans-
6 Biophysical Journal 122, 1–13, March 7, 2023
ferred to the GUVs. More specifically, for POPC:DPPG
GUVs at low LUV concentrations (10 and 20 mM), LUVs
docked predominantly onto the surface of the dark, nega-
tively charged gel domains, where the LUVs are seen as
diffraction-limited green dots (see white arrows in Fig. 2
A). Increased lipid concentrations (30 mM) resulted in signif-
icant fusion and a detectable increase in GUVarea, where the
GUVs were often no longer spherical because of acquiring
excess surface area. In addition, the area of the dark (gel) do-
mains decreased. At the highest LUV concentration (40 mM),
a homogenous green signal was detected throughout the
GUV surface, and the gel domains were completely dissolved
because of the transfer of a large amount of fluid lipids from
the fusogenic LUVs. At this stage, after so much fusion, the
GUV regained a spherical shape and the excess area obtained
from fusion with LUVs was stored in the form of buds and
tubes. We have shown previously that this shape transition
is caused by the increase in spontaneous curvature resulting
from area leaflet asymmetry present in the LUVs that was
transferred to the GUVs upon fusion (22). The images
show that GUVs of both compositions become progressively
yellow and then green and that the domains disappear. The
results in Fig. 2 A are interesting and to some extent surpris-
ing, because they show that, although LUV docking occurs
predominantly in the (negative) gel phase, membrane fusion
is still very efficient, unlike interaction with charged and ho-
mogeneous gel GUVs.

In the case of POPG:DPPC GUVs (Fig. 2 B), changes in
the domain shape and a more intense DPPE-NBD fluores-
cence signal on the GUV membrane were already observed
after incubation with low lipid concentrations (20 mM). This
is expected as, for this GUV composition, both LUV bind-
ing and fusion take place in the (negative) fluid phase.
Furthermore, we did not observe docking, presumably due
to the fast LUV fusion with negative fluid membranes, in
the order of a few milliseconds (22). Further increasing
LUV concentration (30 mM) also led to area increase that
is stored in GUV budding. Note again that fusion is
restricted to the outer membrane, and internal vesicles are
not accessed by the LUVs (equatorial view in Fig. 2 B,
30 mM lipids). The gel domains were already completely
dissolved at 30 mM LUVs and the DPPE-NBD dye was ho-
mogenously distributed on the GUV surface. Similar out-
comes were observed after GUVs were incubated for
different periods of time with a fixed LUV concentration
(15 mM lipid) and then imaged (see Fig. S4): GUVs of
both compositions become progressively yellow and then
green and the domains disappear.

Quantification of the amount of green fluorescent probe
transferred to the GUVs (Fig. 2 C and D) show that fusion
efficiency is somewhat higher for the POPG:DPPC system,
since higher transfer is observed for the intermediate fuso-
genic lipid concentrations (20 and 30 mM). However, both
compositions show similarly high fusion efficiency for the
highest fusogenic lipid concentration (40 mM).
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Since efficient fusion was observed with both phase-sepa-
rated systems, irrespective of the phase of the charged lipid,
we have directly compared the fusion efficiency of these
membrane compositions with that for the homogeneous
fluid POPC:POPG investigated in detail previously (22)
when incubated with an intermediate concentration of fuso-
genic lipids (25 mM). The amount of transferred lipid was
quantified from the fluorescence intensity of the DPPE-
NBD channel on the surface of the GUVs. Representative
images of the GUVs after incubation and quantification of
fluorescence transferred are shown in Fig. 3. Even though
LUVs fused to all binary compositions investigated, statisti-
cally significant differences in fusion efficiency were
observed. A somewhat higher fusion efficiency was detected
for phase-separated POPG:DPPC as compared with homo-
geneous POPC:POPG. This indicates that phase separation
can indeed enhance the fusion efficiency to the fluid nega-
tive portion, although mildly. On the other hand, lower
fusion efficiency was detected for the POPC:DPPG system
compared with the other two, but nonetheless higher than
for the pure gel phase, for which no irrevocable sign of
fusion was detected (see Fig. 1). It was also evident that
FIGURE 3 Quantification of DPPE-NBD transferred to GUVs of POPC:

DPPG, POPC:POPG, and POPG:DPPC (1:1 mol:mol) upon fusion. (A)

Confocal microscopy images of GUVs after incubation with LUVs of

25 mMDOTAP:DOPE 1:1 with 1 mol % DPPE-NBD obtained in the DPPE-

NBD (green) channel. Scale bars, 10 mm. (B) Quantification of the DPPE-

NBD fluorescence (in arbitrary units) transferred to the GUVs. Each symbol

represents one vesicle, and mean values with SD are shown for each composi-

tion. Open symbols indicate homogeneous vesicles, whereas half-filled sym-

bols represent phase-separated vesicles. *p < 0.05, **p < 0.01 (one-way

ANOVA Bonferroni test). To see this figure in color, go online.
most of the POPG:DPPC vesicles (�85%) were already ho-
mogeneous (homogeneous/phase-separated vesicles are
shown as open/half-filled symbols in Fig. 3 B), in sharp
contrast with POPC:DPPG vesicles, for which only a few
did not exhibit phase separation (�15%), showing again
that less fusion has occurred when the negative lipid is in
the gel phase.

Real-time membrane fusion using a flow chamber device

In the experiments above, we detected membrane fusion in-
termediates (docking and lipid mixing) as a function of
LUV concentration after LUV-GUV incubation for a fixed
period of time. Although the incubation approach offers
the advantage that the GUVs are exposed to controlled
and precise concentrations of LUVs for a given time and
allow quantitative analysis of the fusion efficiency, one is
only able to observe the final stage of a given process,
whereas intermediate stages and the dynamics of the process
are lost. Furthermore, characterization for phase state is
practically performed over different vesicle populations.
To observe membrane fusion in real time with fine spatio-
temporal control of the interaction partners, we used a
flow chamber to add LUVs to the GUVs in a controlled
way. Using a flow chamber to trap GUVs or to study their
dynamics has been proved to be a useful tool to observe
changes in individual GUVs throughout the whole experi-
ment (47–49), and a variation of this approach has been
used by us to study membrane fusion with homogeneous
charged membranes (22). We should stress, however, that
even though this approach allows for time-resolved assess-
ment of the complete fusion process on single vesicles, it
does not permit detailed quantitative and comparative anal-
ysis of the fusion efficiency, as the actual concentration of
LUVs reaching a specific GUV cannot be determined
throughout the experiment, and absolute fluorescence inten-
sity is affected by photobleaching, laser intensity, detector
gain, vesicle size, etc.

Here, we injected LUVs to GUVs loaded in the channels
of the flow chamber and followed the fusion-dependent
changes in the GUVs. These changes can be followed at a
single GUV level throughout the whole process, before
and upon incubation with the LUVs and in real time. Each
of the GUV binary compositions labeled with DPPE-Rh
(red) were loaded in a flow chamber; the sugar asymmetry
and subsequent sedimentation of the GUVs permitted the
external solution to be exchanged without significantly dis-
placing the GUVs. Fusogenic LUVs labeled with DPPE-
NBD (green) and encapsulating 20 mM ATTO 647 (gray)
were introduced with a slow constant flow rate to facilitate
imaging and minimize the displacement of the GUV on
the coverslip. Although the precise concentration of LUVs
reaching the GUVs cannot be determined because it de-
pends on the position of each GUV in the flow chamber,
we started observation when LUVs were detected close to
the chosen GUV in the green or gray signal. Fig. 4 shows
Biophysical Journal 122, 1–13, March 7, 2023 7



FIGURE 4 Single-vesicle fusion assay in a flow chamber shows that lipid mixing is coupled to content mixing. Representative confocal microscopy im-

ages of GUVs composed of (A) POPC:DPPG and (B) POPG:DPPC with 0.5 mol % DPPE-Rh during controlled addition of LUVs (210 mM DOTAP:DOPE

with 1 mol % DPPE-NBD and encapsulating 20 mMATTO 647) with a flow chamber. The time indicated is relative to the beginning of the recording, which

was started as soon as the presence of the LUVs was detected in the green channel close to the selected GUV. Top rows, DPPE-Rh red channel (3D recon-

struction of the bottom hemisphere); middle rows, DPPE-NBD green channel (3D reconstruction of the bottom hemisphere). The brightness (þ40%) and

contrast (�40%) of the green channel were modified to better visualize the beginning of the process; bottom rows, ATTO 647 gray channel (equatorial cross

section). Scale bars, 10 mm. (C) and (D) Graphs of the fluorescence intensity measured on the surface of the GUVs in the green channel (DPPE-NBD, in

arbitrary units) and ratio between the ATTO 647 inside and outside the GUVs in the gray channel. For the former, line profiles across the equatorial slices

were done and the intensity at the membrane was measured. The intensity values of the green channel were corrected for the laser intensity, which was

different for the two compositions. To see this figure in color, go online.
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the lower vesicle half in 3D projections of selected GUVs of
each composition in the red and green (lipid mixing) chan-
nels and equatorial views in the gray (content mixing) chan-
nel as a function of time (see Fig. S5 for images of top
hemispheres of each GUV composition). Overall, the se-
quences of images for both compositions showed that the
dissolution of the domains (red channel) occurred simulta-
neously with the increase in the fluorescence signal from
the fusogenic lipids (lipid mixing) on the surface of the
GUVs (green channel). In other words, the dissolution of
gel domains was coupled with membrane fusion. Lipid mix-
ing was accompanied in the POPG:DPPC vesicle by content
mixing, as seen by the concomitant increase in the ATTO
647 concentration (gray channel, Fig. 4 B). The graphs in
Fig. 4 C and D show the progression of the fluorescence in-
tensity of the green (in the membrane) and gray channels
(ratio between the intensity inside and outside the GUV).
The ATTO 647 signal shows a very efficient full fusion in
the POPG:DPPC system, for which a higher intensity inside
8 Biophysical Journal 122, 1–13, March 7, 2023
the GUV was detected. On the other hand, the intensity of
ATTO 647 inside the POPC:DPPG GUV became similar
to that outside, saturating over time at in/out intensity ratio
of 1, suggesting that this GUV became permeable around
40 min. Vesicle permeabilization was observed in several
GUVs of both compositions after extensive fusion when
phase contrast observation was employed (see Fig. S6,
which shows that the percentage of GUVs with intact
contrast due to sucrose/glucose asymmetry under phase
contrast decreases with the fusogenic lipid concentration).
Curiously, a very strong ATTO 647 signal was detected on
the membrane of the POPC:DPPG vesicle, but not on
POPG:DPPC. This might indicate a considerable quantity
of adhered LUVs onto that system, even though extensive
lipid mixing was detected as well.

The fusion processes of other GUVswere followedwith the
flow chamber and were found to exhibit the same overall
behavior as in Fig. 4. The sequences and the quantification
of the membrane and content mixing signals are shown in
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Fig. S7 for POPC:DPPG GUVs and S8 for POPG:DPPC
GUVs. All POPC:DPPG GUVs tracked became permeable
(reached the same ATTO intensity inside and outside) and
exhibited enhanced ATTO signal at the membrane surface
(see Fig. S7). For the POPG:DPPC GUVs, clear content
mixing was always detected (see Fig. S8). In all cases,
fusion efficiency (increase in green fluorescence) was accom-
panied by domain dissolution. The absolute levels of trans-
ferred green fluorescence cannot be directly compared
among all experiments/compositions, as different parameters
(e.g., vesicle size and imaging location, different laser inten-
sity, and detector gain settings optimized for the individual
experiment) were used and photobleaching over long periods
of illumination/observation had a direct effect on fluorescence
intensity.

Altogether, real-time controlled experiments using flow
chambers allowed us to follow qualitatively the transfer of
lipids from the fusogenic liposomes into single GUVs and
the dissolution of the domains that followed. Additionally,
content mixing was detected concomitantly with the transfer
of lipids for the POPG:DPPC system.
Thermal behavior of lipid mixtures as seen by
DSC

Fluorescence microscopy experiments showed that the
incorporation of low-Tm lipids via fusion from the LUVs
led to the dissolution of the gel domains in the GUV mem-
branes (leading from gel-fluid coexistence to predominantly
fluid phase membrane). To investigate the thermal profile of
the lipid mixtures and to gain insights into the suppression
of phase separation and domain dissolution, DSC experi-
FIGURE 5 DSC thermograms of LUVs. DSCs of the acceptor LUVs compose

curves) and after (green curves) mixing with the fusogenic system (5 mM DOTA

each system (blue curves). The curves were vertically shifted for better visualiza

The scale bars in the upper left corners indicate 1 kcal/mol/�C. The magnitude of

only lipids that melt in this temperature range (the only exception is the fusogenic

To see this figure in color, go online.
ments were performed. By observing the changes in the
excess heat capacity (DCp) with increasing the temperature,
it is possible to assess the profile of the gel-fluid phase tran-
sition of a lipid bilayer (33) and determine the membrane
phase of the investigated mixture at room temperature, the
condition explored with microscopy. For these experiments,
only LUVs were used since it is possible to control the lipid
concentration and molar ratios of the fusogenic and acceptor
mixtures.

It is well known that pure DPPC and DPPG have Tm

around 41�C, so bilayers from these lipids are in the gel state
at room temperature (33,50). On the other hand, the Tm of
bilayers composed of POPC or POPG is �2�C, and mem-
branes formed from these lipids are fluid at room tempera-
ture (34). Conversely, mixture of low- and high-Tm lipids
will usually result in a gel-fluid coexistence region in
the phase diagram (51). Our DSC experiments show that
LUVs composed of equimolar mixtures of POPC:DPPG
and POPG:DPPC exhibit broad transition regions between
10�C and 30�C, and are therefore in the gel-fluid coexis-
tence region at room temperature (Fig. 5, black curves).
The thermal profiles of both mixtures are somewhat
different. POPC:DPPG (Fig. 5 A) exhibits a broad transition
between two bands, which is compatible with a well-phase-
separated system, as observed with confocal microscopy
(see Figs. 2 A and S2 A). On the other hand, POPG:DPPC
(Fig. 5 B) shows a narrower profile, probably indicating a
higher miscibility of the two lipids, which is probably re-
flected in the smaller size of the linear domains formed
(see Figs. 2 B and S2 B). However, both mixtures are in
the transition region at room temperature and become fluid
at approximately 30�C.
d of 5 mM (A) POPC:DPPG (1:1) and (B) POPG:DPPC (1:1) before (black

P:DOPE, 1:1; red curve) and of LUVs preformed from the full mixtures of

tion, and the room temperature (RT) is indicated with a vertical dashed line.

DCp is given per mole of DPPC or DPPG in the mixture, since these are the

mixture, which is given per total mole of lipids). The scan rate was 20�C/h.
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DSC experiments were also performed on LUVs
composed of the fusogenic system DOTAP:DOPE (1:1).
The thermogram of this system (Fig. 5, red curve) shows
that the equimolar mixture of the DOTAP:DOPE vesicles
is fluid throughout the temperature scan, as expected, since
the Tm values of these lipids are below 0�C (52,53).

Next, both binary compositions of the acceptor systemwere
incubated for 20minwith the fusogenic system ina 1:1 accept-
or:fuso molar ratio and DSC scans were then obtained (Fig. 5,
green traces). The thermograms show that the transition
region shifts to lower temperatures, as expected, and at room
temperature both mixtures are in the fluid state. No clear dif-
ferences were observed between the two acceptor systems.
To assess the thermal behavior of fully mixed acceptor and
fusogenic systems,LUVswerepreparedcontainingequimolar
mixtures of all lipids: POPC:DPPG:DOTAP:DOPE (1:1:1:1)
and POPG:DPPC:DOTAP:DOPE (1:1:1:1) (Fig. 5, blue
curves). Both compositions show a relatively high miscibility
and a transition band around 15�C and are completely fluid
above 22�C. Importantly, the thermal profiles of the acceptor:-
fuso 1:1 of both systems (green curves) are very similar to
those of the fully mixed systems (blue curves), showing that
fusion is extensive in both systems, corroborating the dissolu-
tion of the domains observed in the microscopy experiments
for both compositions. The enthalpy variations of the transi-
tions were around DH �9–10 kcal per mole of DPPC or
DPPG for all scans, in agreement with the enthalpy variations
of pure DPPC and DPPG (33).
DISCUSSION AND CONCLUSIONS

Membrane fusion is a fundamental process by which cells
communicate with the environment and transduce intracel-
lular signals. Although reconstituted systems lack the mo-
lecular complexity of fusion observed in living cells, in
which both the extent and kinetics are shown to differ
from those seen in live cells (54–56), they bypass the
complexity of such processes by affording precise control
of the membrane and environmental components while
avoiding the influence of peripherical processes that are
only marginally associated with fusion. Although we have
recently characterized some of the molecular and mechani-
cal aspects of fusion between oppositely charged LUVs and
GUVs, these studies have been limited to the use of fluid and
homogeneous membranes (22,23). Here we carried out a
comprehensive study to also take into account the role
of membrane phase state on membrane fusion. For that
purpose, we first examined homogeneous membranes in
different phase states (gel and fluid) and then phase sepa-
rated membranes in which one of the domains was nega-
tively charged. As expected, high fusion efficiency of
cationic LUVs with single-component GUVs was restricted
to POPG membranes (i.e., fluid and negative). Fusion with
POPC was limited, whereas fusion with gel phase mem-
branes was hindered regardless of charge, as a consequence
10 Biophysical Journal 122, 1–13, March 7, 2023
of the very high bending rigidity and resistance to sheering
of gel phase membranes (22,57,58). Fusion efficiency was
high in both phase-separated GUVs, when the negative
lipid was in the fluid (POPG:DPPC) but also in the gel
(POPC:DPPG) state, although slower and less efficient
for the latter. In both systems, transfer of large amounts of
low-Tm lipids from the LUVs (DOTAP and DOPE) to the
phase-separated GUVs eventually led to phase separation
suppression and the dissolution of the gel domains. In
fact, if fusion proceeds up to charge neutralization, as ex-
pected from our previous studies (22,23), then the final
membrane composition consists of a fluid:gel lipid ratio of
3:1, hence leading to the reorganization of the lipid domains
in the bilayer. Quite importantly, when the fusion effi-
ciencies of the two phase-separated systems were compared
with the homogeneous fluid system POPC:POPG explored
in detail in our previous study (22), a mild but statistically
significant increase in lipid mixing was observed when
POPG was phase separated (POPG:DPPC versus POPC:
POPG). Thus, our results show that phase separation in-
creases the fusion efficiency.

As previously mentioned, multiple steps precede the
final and efficient fusion between two opposing mem-
branes. More specially, for the stalk formation, an energy
barrier must be overcome so that the following steps can
take place. For an efficient membrane fusion, a low en-
ergy barrier in the system is expected. Oppositely charged
membranes attract each other, and that facilitates a tight
contact. Then, phase separation can facilitate fusion, since
simulations have previously shown that, near the bound-
aries of phase-separated membranes, the asymmetry
causes the relaxation of the deformation energy, which de-
creases energy barriers and facilitates fusion (59). The
fact that POPG:DPPG exhibited more lipid mixing than
POPC:POPG and that such a high fusion efficiency was
detected also in the POPC:DPPG system indicates that
phase separation and presence of domain boundaries in
our experiments also favor membrane fusion. The shape
of the domains in the POPG:DPPC could also favor
more efficient fusion, as a much higher fraction of domain
boundaries exist for this composition. In addition, bilayer
thickness mismatch can lead to the formation of ‘‘soft’’
boundary regions throughout the membrane. Therefore,
fusion with DPPG lipids might start in the vicinity of
the domain boundaries, where such lipids might be more
disordered, or with the few DPPG lipids present in the
fluid domains. This rationale would be consistent with
the fact that fusion is slower in the POPC:DPPG system,
but almost as effective as with the POPG:DPPC mem-
branes for higher fusogenic lipid concentration.

The fact that phase separation can facilitate fusion can
have clear physiological implications, as biomembranes
are highly heterogeneous, not only due to the existence of
membrane rafts, which are supposed to be close to the
liquid-ordered phase, but also to the highly heterogeneous
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distribution of proteins and the presence of the cytoskeleton
on the leaflet facing the cytosol. The results presented here
are relevant not only in the field of biophysics but also in cell
biology, as the reorganization of lipid domains in the cell
membrane can affect a wide range of biological processes.
Membrane organization can either promote cell viability,
such as cell proliferation and adhesion, or allow viral and
bacterial infection (27,60–63). The presence of lipid
charged domains in bacteria have been proposed to exist
and to influence protein ordering within the membrane
(64). Targeting anionic lipids in the lipid domains can be
used to deliver antimicrobial agents, for instance. Moreover,
the mechanism of how Ca2þ can trigger membrane fusion
involves inducing phase separation in cells. More specif-
ically, this mechanism has been associated with its capacity
to induce the formation of phase boundaries as a result of
molecular packing (65,66). Our group is now investigating
how to controllably induce phase separation in the acceptor
membrane using a novel highly fusogenic system composi-
tion. Thus, understanding molecular details of how phase
separation can be controlled has an important role in main-
taining cell viability and investigating possible mechanism
of actions of promising drug molecules.

In summary, we have extended the use of GUVs as a
model system for membrane fusion investigations where
the effects of both charge, phase state, and phase separa-
tion on fusion efficiency were directly visualized by a
combination of optical imaging and thermal analysis us-
ing DSC. By tuning membrane charges, we could control
the preferential binding sites of cationic fusogenic LUVs
and, to some extent, the location of fusion events. The re-
sults show that both membrane charges as well as the
membrane phase state control the ability of cationic fuso-
genic LUVs to fuse with acceptor membranes. Of note,
phase separation favors membrane fusion irrespective of
the domain charge. Efficient fusion results in a high trans-
fer of lipids to the acceptor membranes, leading to a com-
plete restructuring of membrane organization. More
generally, the study sheds light on the modes of interac-
tion of cationic fusogenic liposomes with heterogeneous
membranes and could potentially be extended to cells.
More specifically, it highlights the importance of under-
standing complex cargo-carrier mechanical effects in cells
during intracellular delivery. Efficient fusogenic lipo-
somes thus have the potential to bypass slow and ineffi-
cient internalization pathways and could deliver
intracellularly a large range of materials that would
become readily available, while offsetting the possible
side effects associated with cell interactions, both of
which are major goals in the field of drug delivery.
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Figure S1. Confocal microscopy images of four DPPG GUVs containing 0.5 mol% DPPE-NBD after 15 

minutes incubation with fusogenic LUVs (20 M DOTAP:DOPE with 1 mol% DPPE-Rh) acquired in the 

DPPE-Rh channel (excitation and emission set for DPPE-Rh detection). The images on the bottom are the 

same as on top but with contrast enhanced (+40 brightness/-40 contrast). Scale bars represent 5 m. GUV 

1 is the same shown in Figure 1A. 
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Figure S2. Representative confocal microscopy images of phase-separated GUVs composed of (A) 

POPC:DPPG (1:1) and (B) POPG:DPPC (1:1) labeled with 0.5 mol% DPPE-Rh in 3D projections of the 

GUV (left) and equatorial GUV sections (right). Scale bars: 10 μm.  

 

 

 

 
 

Figure S3. Cartoon showing fusion events between green-labeled (DPPE-NDB) LUVs and red-

labeled (DPPE-Rh) GUVs. Incubation of LUVs and GUVs (A) can lead to docking of LUVs 

onto the GUV surface (B) or eventually to full fusion (C). The vesicles are not drawn to scale. 

The colors represent intensity changes due to lipid transfer. 
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Figure S4. Overlay of DPPE-NBD and DPPE-Rh channels (equatorial sections) obtained with confocal 

microscopy of phase-separated GUVs composed of (A) POPC:DPPG and (B) POPG:DPPC with 0.5 

mol% DPPE-Rh after incubation with fusogenic LUVs (15 M, DOTAP:DOPE with 1 mol% DPPE-

NBD). The time stamps indicate the incubation time. These images are from different GUVs in different 

incubation times. Scale bars: 10 μm. 
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Figure S5. 3D reconstruction of confocal microscopy images of the top halves of GUVs composed of 

POPC:DPPG (1:1) and POPG:DPPC (1:1) with 0.5 mol% DPPE-Rh during controlled addition of LUVs 

(210 M DOTAP:DOPE, 1:1, with 1 mol% DPPE-NBD encapsulating 20 M ATTO 647) in a controlled 

flow chamber. The time indicated is relative to the beginning of the recording, which was started as soon 

as the presence of the LUVs was detected close to the selected GUV. The brightness (+ 40%) and contrast 

(- 40%) of the green channel were modified to better visualize the beginning of the process Scale bars: 10 

μm. Scale bars: 10 μm.  
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Figure S6. Quantification of permeabilized GUVs composed of POPC:DPPG POPG:DPPC (1:1). The 

GUVs were incubated with increasing concentrations of fusogenic lipids (DOTAP:DOPE 1:1) and were 

then observed under phase contrast microscopy in three separate experiments. (A) Phase contrast 

microscopy images of GUV with (top) and without (bottom) high optical contrast, identified as 

impermeable and permeable, respectively. Scale bars represent 10 m. (B) Fraction of impermeable 

GUVs (with high optical contrast) as function of the fusogenic lipids concentration for each experiment 

separately.  
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Figure S7. Single-vesicle fusion experiments in a flow chamber for GUVs composed of POPC:DPPG 

(1:1). Left panels: confocal microscopy images of three different GUVs composed of POPC:DPPG (1:1) 

with 0.5 mol% DPPE-Rh during controlled addition of LUVs (210 M DOTAP:DOPE with 1 mol% 

DPPE-NBD and encapsulating 20 M ATTO 647). The time indicated is relative to the beginning of the 

recording, which was started as soon as the presence of the LUVs was detected in the green channel close 

to the selected GUV. Top rows: DPPE-Rh red channel (3D reconstruction of the GUV bottom half); 

middle rows: DPPE-NBD green channel (3D reconstruction of the bottom half).; bottom rows: ATTO 647 

grey channel (equatorial cross section). Scale bars: 10 μm. Right panels: Graphs of the fluorescence 

intensity measured on the surface of the GUVs in the green channel (DPPE-NBD) and ratio between the 

ATTO 647 intensity inside and outside the GUVs in the grey channel. The analyses were performed as 

described in Fig. 4 in the main text. The brightness (+ 40%) and contrast (- 40%) of the green and red 

channels were modified to better visualize the beginning of the process. 
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Figure S8. Single-vesicle fusion experiments in a flow chamber for GUVs composed of POPG:DPPC 

(1:1). Left panels: confocal microscopy images of two different GUVs composed of POPG:DPPC (1:1) 

with 0.5 mol% DPPE-Rh during controlled addition of LUVs (210 M DOTAP:DOPE with 1 mol% 

DPPE-NBD and encapsulating 20 M ATTO 647). The time indicated is relative to the beginning of the 

recording, which was started as soon as the presence of the LUVs was detected in the green channel close 

to the selected GUV. Top rows: DPPE-Rh red channel (3D reconstruction of the GUV bottom half); 

middle rows: DPPE-NBD green channel (3D reconstruction of the bottom half); bottom rows: ATTO 647 

grey channel (equatorial cross section). Scale bars: 10 μm. Right panels: Graphs of the fluorescence 

intensity measured on the surface of the GUVs in the green channel (DPPE-NBD) and ratio between the 

ATTO 647 inside and outside the GUVs in the grey channel. The analyses were performed as described in 

Fig. 4 in the main text. The brightness (+ 40%) and contrast (- 40%) of the green and red channels were 

modified to better visualize the beginning of the process. The intensity values of the green channel were 

corrected for the laser intensity which was different from the one used in the experiments in Figure S7.  
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