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A B S T R A C T   

The plasma membrane (PM) is asymmetric in lipid composition. The distinct and characteristic lipid composi
tions of the exoplasmic and cytoplasmic leaflets lead to different lipid-lipid interactions and physical-chemical 
properties in each leaflet. The exoplasmic leaflet possesses an intrinsic ability to form coexisting ordered and 
disordered fluid domains, whereas the cytoplasmic leaflet seems to form a single fluid phase. To better under
stand the interleaflet interactions that influence domains, we compared asymmetric model membranes that 
capture salient properties of the PM with simpler symmetric membranes. Using asymmetric giant unilamellar 
vesicles (aGUVs) prepared by hemifusion with a supported lipid bilayer, we investigate the domain line tension 
that characterizes the behavior of coexisting ordered + disordered domains. The line tension can be related to the 
contact perimeter of the different phases. Compared to macroscopic phase separation, the appearance of 
modulated phases was found to be a robust indicator of a decrease in domain line tension. Symmetric GUVs of 
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1-palmi
toyl-2-oleoyl-glycero-3-phosphocholine (POPC)/cholesterol (chol) were formed into aGUVs by replacing the 
GUV outer leaflet with DOPC/chol = 0.8/0.2 in order to create a cytoplasmic leaflet model. These aGUVs 
revealed lower line tension for the ordered + disordered domains of the exoplasmic model leaflet.   

1. Introduction 

The plasma membrane (PM) exhibits important and vital properties 
for cell function such as protein sorting, signaling, and transduction. The 
lipid bilayer of the PM has a variety of lipid types, including different 
melting points: saturated and unsaturated acyl-chains, lipids with 
different head groups and intrinsic curvatures, and cholesterol (chol). In 
addition, the exoplasmic leaflet, which faces the exterior of the cell, has 
a different lipid composition from the cytoplasmic leaflet, which faces 
the cell interior. These differences in lipid composition could drive 
fundamental lipid-lipid interactions, leading to different physical- 
chemical properties of each individual leaflet. For example, the lipid 
composition of the exoplasmic leaflet is enriched in sphingomyelin (SM) 
and low-melting phosphatidyl choline (PC). Simplified model mem
branes prepared in vitro, e.g. brain SM (bSM)/DOPC/chol, exhibit 
coexistence of liquid phases, liquid disordered (Ld) + liquid ordered 
(Lo). Similarly, when the high melting lipid bSM is replaced by a high- 
melting PC such as DSPC, the ternary mixture also exhibits coexisting 
Ld + Lo domains. On the other hand, the cytoplasmic leaflet lacks high 

melting lipids, lipids with long saturated hydrocarbon chains, and its 
composition includes a large fraction of polyunsaturated lipids, lipids 
with very low melting points [1,2]. Therefore, due to the near absence of 
high-melting lipids in the cytoplasmic leaflet, it is found that models of 
this leaflet form a single fluid phase. Additionally, the cytoplasmic 
leaflet has large fractions of phosphatidylethanolamine (PE) and phos
phatidylserine (PS). These lipids could increase the complexity of the 
properties of the PM cytoplasmic leaflet, where PE exhibits a negative 
intrinsic curvature [3], and negatively charged PS adds an additional 
electrostatic contribution to the interactions present in this leaflet. 

Numerous questions about intra- and interleaflet interactions are 
raised regarding the bilayer asymmetry, including the peculiarities of 
individual leaflets. Does the phase-separated leaflet induce domains in 
the otherwise uniformly fluid leaflet? Does the fluid leaflet modify or 
even abolish the phase separation on the apposed leaflet? Increasingly, 
asymmetric model membranes have been used to investigate interleaflet 
interactions to better understand the coupling between leaflets [4,5]. 

Theoretical models have explored coupling between leaflets [4,5]. 
Experimentally, a few methods can produce asymmetric bilayers 
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[6–10]. For the investigation of interleaflet coupling, it is important to 
use a method free of residual organic solvent that could potentially 
accumulate at the bilayer midplane. Especially useful for this purpose is 
a method for exchanging the outer leaflet lipids of vesicles using 
cyclodextrin (CD) [11]. And as we discuss here, the hemifusion between 
giant unilamellar vesicles (GUVs) and a supported lipid bilayer (SLB) [7] 
creates a floating asymmetric model bilayer, an aGUV. 

The coupling between the inner and the outer leaflet can be discussed 
in terms of how one leaflet affects the properties of the other leaflet. For 
example, Chiantia and London monitored the diffusion coefficient of 
fluorescent lipid probes in the inner and the outer leaflet of aGUVs 
prepared by CD exchange [11]. In their series of experiments, the inner 
leaflet of aGUVs has different low-melting (low-Tm) lipids, and the outer 
leaflet has high-melting (high-Tm) lipids such as sphingomyelins from 
brain or milk. The authors measured slower diffusion in both aGUV 
leaflets, suggesting that SM lipids increase the physical interaction (and 
hence the coupling) between leaflets via interdigitation of their long N- 
acyl chains. This finding was further supported by the especially 
prominent reduction in diffusion for aGUVs containing milk SM, which 
is rich in C22:0, C23:0, and C24:0-SM species. 

Heberle et al. studied asymmetric large unilamellar vesicles (aLUVs) 
prepared using CD-mediated exchange, and investigated how one fluid 
leaflet composed of POPC interacts with the apposed leaflet of POPC/ 
DPPC using small-angle neutron scattering (SANS) [12]. Their results 
showed no change in the packing density of POPC in the inner leaflet, 
whereas the DPPC-rich domains in the outer leaflet showed a reduced 
packing density due to the coupling of the opposed POPC leaflet [12]. 
Eicher et al. reported that the lipid intrinsic curvature may also play a 
role in interleaflet interactions. In DSC experiments of aLUVs prepared 
using CD exchange, a significant difference was observed between the 
thermograms for asymmetric vesicles with POPE in the inner leaflet and 
POPC in the outer leaflet, or the reverse bilayer (POPC in the inner 
leaflet and POPE in the outer leaflet) [13]. 

In other work from London’s group, the thermal stability of Ld and 
Lo domains in asymmetric vesicles was studied by monitoring the FRET 
signal of fluorescent probes [14,15]. Wang and London [14] studied 
asymmetric vesicles in which one leaflet is phase-separated and the 
other enriched in the fluid lipid DOPC. They used different mixtures for 
the phase-separated leaflet in which the high-Tm lipids have different 
chain lengths. When the high-Tm lipid is DSPC, the existence of domains 
as a function of temperature is similar to what is observed for symmetric 
vesicles. On the other hand, when the high-Tm lipid is DPPC, the 
asymmetric bilayer becomes uniform at a lower temperature compared 
to the symmetric vesicles [14]. This result implies different interleaflet 
coupling for these different mixtures. However, without a clear mea
surement of coupling, it is also possible that another competing inter
action, such as the line tension, is playing an important role in the 
domain behavior of asymmetric bilayers. 

In symmetric vesicles, line tension controls domain size and 
morphology [16]. Line tension is the extra energy per unit of length 
along interface between the Ld and the Lo phases. For phase-separated 
lipid mixtures with high line tension, the coexisting domains coalesce 
into large round domains, which minimizes the contact perimeter be
tween two phases. For sufficiently lower line tension, the contact 
perimeter between the Ld and the Lo phases increases, leading to 
irregularly-shaped domains that form stripes and other patterns. Coex
isting domains with these features are called modulated phases. For even 
lower line tension, the total perimeter between the Ld and the Lo phases 
greatly increases, splitting the domains into many tens of nanometer- 
scale domains. From the experimental point of view, the sizes of these 
nanodomains are below the optical resolution [17–23], but they can be 
observed with cryogenic electron microscopy [24]. In summary, the 
progress of domain morphologies in GUVs (large domains, modulated 
phases and uniform appearance/nanodomains) is directly related to the 
domain line tension. 

In previous work, we systematically studied the range of lipid 

composition where modulated phases are observed for 12 different lipid 
mixtures [16]. In this previous work, we studied lipid mixtures that 
model the plasma membrane exoplasmic leaflet by use of four lipid 
components generally described as high melting (high-Tm) lipid/low 
melting (low-Tm) lipid-1/low-Tm lipid-2/chol. The low-Tm lipids differ 
from each other in length and unsaturation of their hydrocarbon chains, 
and melting points. A prominent example of such a mixture is DSPC/ 
DOPC/POPC/chol. Note that the ternary mixture DSPC/DOPC/chol 
forms macrodomains, with visible micron-sized domains on an optical 
microscope, whereas GUVs prepared with the ternary mixture DSPC/ 
POPC/chol exhibit a uniform appearance. In addition, we showed that 
DSPC/POPC/chol forms domains of sizes of the order of tens of nano
meters, and therefore the domain sizes are below optical resolution 
[17–23]. The observation of nanodomains was further confirmed by 
different research groups using a variety of experimental techniques 
[25,26]. Interestingly, for the four-component mixture that combines 
the two low-Tm lipids mentioned above, the modulated phases are 
observed over a specific and narrow compositional range, here called a 
ρ-window [21]. The appearance of modulated phases indicates a lower 
Ld/Lo line tension compared to round and macroscopic domains. 

The method used in these studies is simple, based on the observation 
and comparison of domain morphologies. We prepare and observe a 
compositional trajectory of samples with different lipid compositions. 
Importantly for this method, the ratios of high-Tm/(low-Tm-1 + low- 
Tm-2)/chol are fixed. Therefore, the variation of the lipid composition 
depends only on the fractions of the two low-Tm lipids. To facilitate the 
comparison between different lipid mixtures, we use a single parameter, 
ρ, as previously reported [21]. For mixtures composed of DOPC and 
POPC, ρ is given by 

ρ =
χDOPC

χDOPC + χPOPC
(1)  

where χDOPC and χPOPC represent the fraction of DOPC and POPC, 
respectively (for more details see Fig. 1). 

As examples of our previous observations, we can compare three 
different lipid mixtures and the lipid composition at the center of their 
ρ-window, where each mixture forms modulated phases. For example, 
modulated phases are observed for DSPC/DOPC/POPC/chol = 0.39/ 
0.04/0.35/0.22 (ρ = 0.3), pSM/DOPC/POPC/chol = 0.39/0.12/0.27/ 
0.22 (ρ = 0.1) and bSM/DOPC/POPC/chol = 0.39/0.31/0.08/0.22 (ρ =
0.6), where lower values of ρ indicate smaller fractions of DOPC and 
larger fractions of POPC. The replacement of DOPC by POPC lowers the 
domain line tension. The comparison of these three different lipid 
mixtures shows that the mixture with lower ρ need a higher fraction of 
POPC to lower the domain line tension sufficiently to form modulated 
phases. These observations imply that we can qualitatively compare the 
domain line tension by use of an optical microscope. For these mixtures, 
the line tension increases in the order bSM/DOPC/POPC/chol < DSPC 
DOPC/POPC/chol < pSM DOPC/POPC/chol. To demonstrate that this 
observation is correct, we measured the domain line tension of these 
mixtures using flicker spectroscopy, as previously reported [16]. For ρ =
1, i.e. in the absence of POPC, the mixtures containing the high-Tm lipid 
bSM, DSPC or pSM, have values of line tension 1.2, 1.4, and 2.7 pN, 
respectively [16]. It should be noted that the observed difference in line 
tension does not necessary depend on the increasing fraction of POPC. In 
the example above, the flicker spectroscopy measurements were per
formed in ternary mixtures without POPC described as high-Tm lipid/ 
DOPC/chol. Therefore, the line tension depends on the lipid-lipid in
teractions in the Ld and the Lo phase of each mixture. However, the first 
method presented here makes use of the variation of POPC fraction, i.e. 
varying ρ, to investigate the compositional range where modulated 
phases are observed. Thus, as we have previously shown, the investi
gation of modulated phases for varying ρ is a simple and robust method 
that can be used to control changes in line tension between different 
lipid mixtures. For these observations, a shift in the appearance of 
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modulated phases to higher values of ρ implies a relatively lower line 
tension. 

As explained in more detail later, because of experimental limita
tions the use of flicker spectroscopy to measure line tension is not 
practical for aGUVs. Instead, the systematic study of the appearance by 
use of optical microscopy of modulated phases with ρ values can be used 
to investigate and compare the domain line tension in both symmetric 
and aGUVs. 

Here, we present a systematic study of the symmetric four- 
component system, DSPC/DOPC/POPC/chol, varying the fractions of 
DOPC and POPC, i.e. ρ, in order to investigate the appearance of 
modulated phases. Then we compare the symmetric modulated phase 
appearance to that of aGUVs as a function of their lipid composition. 
Here, aGUVs are prepared via hemifusion [7]. To better control the 
changes in the outer leaflet composition, we assemble a single fluid 
phase that models the PM cytoplasmic leaflet, as an aGUV outer leaflet, 
whereas the aGUV inner leaflet has lipid composition that phase sepa
rates into Ld + Lo domains to model the PM exoplasmic leaflet. Thus, we 
prepared a series of aGUVs with the inner leaflet having different lipid 
composition, where the fractions of DOPC and POPC are varied, whereas 
the outer leaflet of all samples is replaced by DOPC/chol = 0.8/0.2. This 
study enables inferring the changes in domain line tension in asym
metric compared to symmetric bilayers. We found that asymmetric do
mains in these kinds of bilayers have a lower line tension compared to 
symmetric Ld + Lo domains. 

2. Materials and methods 

2.1. Chemicals 

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), DOPC (1,2-dio
leoyl-sn-glycero-3-phosphocholine) and POPC (1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine) were from Avanti Polar Lipids (Alabaster, 
AL, USA); cholesterol (Chol) from Nu Chek Prep (Elysian, MN, USA); 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), NaCl 
(sodium chloride), CaCl2 (calcium chloride) and EDTA (ethyl
enediaminetetraacetic acid) from Sigma-Aldrich (St. Louis, MO, USA). 
We performed thin-layer chromatography (TLC) using ~20 μg of lipid 
diluted in chloroform to examine the purity of lipids, which was found to 
be >99%. Briefly, lipids were spotted onto prewashed, activated silica 
gel GHL plates (Analtech, Newark, DE, USA). Plates were developed 
with chloroform/methanol/water (65/25/4). Chol stock purity was 
checked with TLC in petroleum ether/diethyl ether/chloroform (7/3/3). 
Phospholipid concentration was determined to <1% error using inor
ganic phosphate assay [27]. Fluorescent dyes were TopFluor-PC, here 
named TFPC (1-palmitoyl-2-(dipyrrometheneboron difluoride) 
undecanoyl-sn-glycero-3-phosphocholine) from Avanti Polar Lipids 
(Alabaster, AL, USA); DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindo
dicarbocyanine perchlorate) and DiI (1,1′-didodecyl-3,3,3′,3′-tetrame
thylindocarbocyanine perchlorate) from ThermoFisher scientific 
(Molecular probes) (Waltham, MA, USA). Dyes were prepared as stock 
solutions in chloroform. We used the absorbance of the fluorescent dyes 
in order to measure the dye concentration. For DiI, DiD and TFPC we 
used molar extinction coefficients ε = 144,000, 91,800 and 270,000 
(M⋅cm)−1, respectively. TLC also confirmed >99% purity of the dye 
stocks. 

Fig. 1. Phase morphologies are controlled by lipid composition. (A) GUV images show different phase morphologies at room temperature, from left to right (scale 
bars = 5 μm): macrodomains that coalesce in a single or a few large domains (ρ = 1); broken macrodomains (ρ = 0.45); phase-modulated domains (ρ = 0.32); and 
uniform appearance (ρ = 0). (B) The partial quaternary phase diagram of the DSPC/DOPC/POPC/chol mixture, shown as a tetrahedron. The shaded regions 
correspond to Ld + Lo regions in the room-temperature ternary phase diagrams of DSPC/DOPC/chol (near-left face) and DSPC/POPC/chol (far-right face). The lipid 
composition of the GUVs shown in (A) is tuned by different fractions of DOPC and POPC, as described by ρ. (C) A plot of the fraction of GUVs vs. composition that 
exhibit nanodomains, phase modulated domains and macrodomains as indicated in the legend. For DSPC/DOPC/POPC/chol a majority of the GUVs exhibit 
modulated phases at ρ ~ 0.3 (ρ-window center). Errors are calculated from the standard deviation (n = 17–32 per composition). 
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2.2. Preparing SUVs for lipid deposition of the supported bilayer 

Rapid Solvent Exchange [28] was used to prepare liposomes (~2.5 
mM total lipid concentration, ~500 μL total volume) containing the 
lipid fluorophore TFPC at a 1/1500 dye/lipid ratio. The liposomes were 
prepared in glass test tubes (13 × 100 mm) with screw caps, which were 
then placed in the center of a circular bath sonicator (Sonblater, Narda 
ultrasonic corporation, NY) for ~20 min. Samples were turbid prior to 
sonication and translucent after sonication, as previously described [7]. 

2.3. Cleaning the chambers for supported lipid bilayers 

Supported lipid bilayers (SLB) were prepared in Lab-Tek II cham
bered cover glass dishes (Thermo Fisher Scientific 155382) having 4 
wells of size 1 × 2 cm. SLBs were assembled on the cover slides of these 
dishes. The cover slide of each well was washed with a freshly prepared 
solution of ~1 M KOH (Sigma-Aldrich) in ethanol by dripping the KOH 
solution into each well directly onto the top of the cover slide. After 20 
min, the chamber was rinsed thoroughly with Milli-Q water (Thermo 
Fisher Scientific). The excess water in the chamber was first air-dried, 
then further dried with a flow of N2. Finally, the chamber was cleaned 
in a plasma cleaner/sterilizer (model PDC-3 G, Harrick Plasma, Ithaca, 
NY) for 2 min. 

2.4. Deposition and observation of one supported bilayer 

After the dish was removed from the plasma cleaner, 500 μL of the 
SUV dispersion was mixed with 1 M NaCl 1:1 by volume and dispensed 
onto the cover slide of each chamber. The lipid dispersion quickly spread 
over the freshly-cleaned cover glass, covering its entire surface. The 
chambers were then kept at 4 ◦C for 2 h. Then, the dish with total volume 
of 2 mL per chamber was immersed in Milli-Q water (2 L). The SLBs were 
gently rinsed with water using a 20 mL syringe to remove any lipid 
aggregates loosely attached to the SLB surface. After sufficient rinsing 
(as judged by examination of the SLB with a fluorescence microscope, 
followed by further water rinsing as necessary) the Milli-Q water in the 
chamber was replaced by buffer (HEPES 25 mM, NaCl 35 mM, pH =
7.43, ~103 mOsm) with an osmolarity matching that of the aqueous 
sucrose used to prepare GUVs. The osmolality of buffers and solutions 
used in this work was measured using an osmometer (Model 5004, 
Precision Systems, Inc., Natick, MA). 

2.5. GUV preparation 

GUVs were prepared using the electroformation procedure [29]. 
Briefly, lipids and dyes dissolved in chloroform were spread on micro
scope slides coated with ITO (indium tin oxide) at 40 ◦C. Samples were 
kept under vacuum of (~ 0.15 Torr) for 2 h using a heated desiccator 
(HeatVac, Minneapolis, MN) attached to a vacuum pump with temper
ature set to 50 ◦C. ITO slides were sealed with Buna-N O-rings to create a 
chamber, and the lipid film then hydrated with ~100 mM sucrose. GUVs 
were formed at 50 ◦C by electroswelling under an applied voltage of 1 V 
peak-to-peak at 5 Hz for 2 h. Then GUVs were slowly cooled from 50 ◦C 
to 23 ◦C over 12 h. We also tested a slower cooling rate of 20 h over the 
same temperature range to confirm that 12 h was slow enough to 
establish equilibrium for these liquid systems. Here the word equilib
rium is only applied to symmetric GUVs for which we know the phase 
diagrams and the tielines of the two phase region. For composition along 
the same tieline, equilibrium implies that a certain lipid has the same 
chemical potential in the Ld phase or in the Lo phase. The reproduc
ibility of domain morphologies to repeated heating and cooling cycles 
was also examined: after each cycle, we observed that GUVs displayed 
the same domain morphology according to their lipid composition. 
GUVs at 23 ◦C were collected in Eppendorf tubes and added to the SLB 
chambers as described below. For aGUV preparation via hemifusion, we 
initially prepared symmetric GUVs labeled with DiD (1/2500 dye/lipid). 

For line tension measurements of symmetric GUVs, we used DiI (1/500 
dye/lipid). 

2.6. GUV and SLB hemifusion 

A small aliquot (15–20 μL) of symmetric GUVs was collected using a 
pipettor with a large orifice tip (VWR International, Radnor, PA) and 
dispensed inside the SLB chamber filled with 1.0 mL of HEPES buffer. 
Smaller aliquots (3–5 μL) of these GUVs were dropped over the SLB, 
settling onto the SLB. Then, 5 μL aliquots of Ca2+ at 20 mM were added 
to the SLB chamber. After 20–30 min, EDTA at 6 mM was added to 
chelate Ca2+ to prevent further fusion. To harvest the hemifused aGUVs 
attached to the SLB, a 1000 μL pipettor with a large orifice tip was used, 
gently pipetting ~200 μL up and down holding the pipet tip about 0.2 
cm from the chamber bottom. This procedure shears the GUVs off the 
supported bilayer. aGUVs were then placed in a different chamber or 
slide for study. The Ca2+ concentration of all buffers and samples in this 
work was measured using the fluorescent indicator dye for Ca2+, Rhod- 
5N (Invitrogen). Rhod-5N is sensitive in the range of ~0.1–10 mM Ca2+. 
We prepared a calibration curve from a buffer by use of a Ca2+ standard 
solution of concentration 1.00 M (J.T. Baker Chemical Co.). For more 
details, see our previous report. [7]. 

Although, Ca2+ and EDTA are only on the exterior of the vesicles, it is 
important to note that we adjusted the osmotic pressure inside and 
outside the vesicles studied here (control GUVs and aGUVs). In our 
symmetric GUVs controls in the presence of Ca2+ and EDTA we do not 
observe changes in the domain morphology, for example vanishing 
domains when the lipid composition should form domains, nor creating 
domains when the lipid composition should form uniform bilayers. 
These observations can be found in the Supporting material. Because 
differences in osmolarity can indeed cause changes in the domain 
morphologies, we used freshly prepared <1–2 weeks old buffers and 
solutions, and measured the osmolarity of these solutions in every 
preparation. 

2.7. aGUV analyses: measuring the percentage of lipid exchange 

We used the fluorescence intensity of labeled GUVs and aGUVs to 
calculate the percentage of lipid exchange as follows. After hemifusion 
and exchange, unsupported aGUVs contain two types of fluorophore: 
DiD (fluorescence emission peak λem = 644 nm, far red) that was 
initially incorporated into the GUVs, and TFPC (fluorescence emission 
peak λem = 496 nm, green) initially incorporated into the SLB. DiD and 
TFPC were excited with laser lines at 488 nm and 640 nm, respectively; 
the emission spectra are sufficiently far apart that there is negligible 
cross talk between the red and green microscope channels. After hemi
fusion, the inner leaflet of aGUVs is labeled only with DiD, while the 
outer leaflet contains a mixture of DiD and TFPC that depends on the 
level of exchange. For aGUVs that achieved <100% exchange, some 
residual DiD will be found in the aGUV outer leaflet. On the other hand, 
TFPC will be located exclusively in the aGUV outer leaflet. As previously 
reported, we compare the measured dye intensities in aGUVs to mea
surements in symmetric GUVs, which act as controls that were not 
subjected to hemifusion. After lipid and dye exchange between the GUV 
and SLB, the fluorescence of DiD and TFPC will be some fraction of the 
intensity measured in symmetric GUVs, and these fractions are used to 
independently calculate the percentage of lipid exchange. 

To measure the dye intensity ratio GUV/aGUV, we used a built-in 
ImageJ (Fiji) routine that draws 360 line scans crossing the GUV or 
aGUV edge. Using a built-in Mathematica function (v11.0, Wolfram 
Research, Champaign, IL) we measured the peak intensity of each profile 
and plotted it as a function of the polar angle θ (see Fig. 4). The signal 
was integrated as a function of θ in order to measure the total intensity 
for each GUV or aGUV micrograph (see Figs. 4 and 5). The total intensity 
of aGUVs and symmetric GUV controls was then compared as shown in 
the example of Fig. 5. Fig. 6 plots the correlation between the percentage 
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of exchange calculated from each dye independently [i.e., Exchange, 
DiD (%) vs. Exchange, TFPC (%)], where we use aGUVs that achieved 
the selection criterion of agreement between the independent analyses 
of both dyes. Cases in which the calculated percentage of lipid exchange 
for DiD and TFPC do not agree occur for multilamellar vesicles, for 
example. 

2.8. Line tension measurements 

Line tension was measured using the flicker spectroscopy method of 
Esposito et al. [30]. The fluctuation spectrum of a phase domain 
boundary on a GUV is decomposed into Fourier modes that are related to 
line tension by 

〈
|un|

2 〉
=

2kBT
σπRd(n2 − 1)

, (2)  

where n is the mode number, un is the mode amplitude, Rd is the radius of 
a circle yielding the domain area, kB is the Boltzmann constant, T is the 
absolute temperature, and σ is the line tension [30]. As previously re
ported, line tension obtained from domain fluctuations does not depend 
on the nature of the domain or the surrounding phases, i.e. either Ld or 
Lo domains yield similar line tension values. In addition, for sufficiently 
large GUVs (R ≫ Rd), vesicle size does not influence these measure
ments. Here, we chose GUVs with R > 20 μm and Rd ≈ 2.5 μm. 

2.9. Line tension data collection and analysis 

For line tension measurements, we prepared microscope slides using 
2–5 μL of GUV samples. GUV samples were sealed using a coverslip No. 
1.5 and a traditional microscope slide with a silicone spacer of 0.25 mm 
thickness (Sigma-Aldrich). GUVs for line tension measurements were 
prepared with a higher dye concentration of DiI (1/500 dye/lipid) in 
order to achieve the required contrast. We made a substantial effort to 
avoid light-induced artifacts, preparing and keeping in the dark and 
using minimal room illumination during data acquisition. To find do
mains that were right on top of the GUV and of appropriate size, we 
searched the sample field using fluorescence at 2% of illumination in
tensity of the Spectra X light source. Once the domain qualifications 
were satisfied, data were collected at 50% illumination intensity. During 
the acquisition, the Spectra X was triggered by the camera so that the 
LED was only on during the 10 ms exposure time. During the 20 ms 
between frames, the LED was off. 

To facilitate the search for domains of diameter approximately 5 μm 
and on the top of the GUV, the GUV samples were heated above the 
melting point of the high melting lipid, ~50 ◦C. Then, 2–5 μL of GUV 
was collected and placed in a microscope slide and sealed with a cover 
slide, as described above. The microscope slide was then placed on the 
lab bench, at room temperature of 21 ◦C, or else in contact to dry ice for 
a few seconds. Because of the small volume of the sample on the mi
croscope slide, the sample quickly went to room temperature. This 
procedure made it easier to find small domains on top of GUVs. 

Line tension measurements were performed using an inverted Nikon 
Eclipse TI-E (Nikon Instruments) with a 60 × 1.2 NA water immersion 
objective and an additional 1.5× intermediate magnifier for a total 
magnification of 90× and corresponding pixel size of ~71 nm for images 
acquired with a Zyla 5.5 sCMOS camera (Andor Technology Ltd). 
Excitation of DiI was via a Spectra X Light Engine (Lumencor, Inc.) with 
an LED (Wavelength/bandwidth 542 nm/27 nm). Filters in the excita
tion and emission pathways were 545 nm/25 nm and 605 nm/70 nm, 
respectively. Data acquisition and control of illumination intensity were 
performed using the software NIS-Elements Basic Research (MVI, Inc.). 
Analysis of domain fluctuations was implemented using MATLAB 
v.2010a (Mathworks, Natick, MA) following the basic methodology of 
Baumgart et al. [30], as previously reported [16]. Importantly, we 
checked the line tension measurements for every successive subset of 

100 frames. Any abrupt change in these subsets can indicate light- 
induced artifacts, and such data were discarded from our analyses. 
Light-induced artifacts can also lead to irregular domain shapes, and 
these cases are also not considered in our analyses. For more details, see 
Supporting material and our previous paper [16]. 

3. Results and discussion 

We investigated the Ld/Lo line tension by visualizing the domain 
phase morphologies in GUVs or aGUVs. First, we describe the correla
tion between domain morphology and domain line tension in symmetric 
GUVs. Then we show the results obtained for aGUVs, focusing on how 
the percentage of lipid exchange changes the bilayer properties. For 
aGUVs having a percentage of lipid exchange > 60%, we compare the 
domain morphologies and line tension values of aGUVs with those of 
symmetric GUVs. 

3.1. Domain morphology is correlated with line tension in GUVs 

GUVs composed of the ternary mixture DSPC/DOPC/chol = 0.39/ 
0.39/0.22 form micron-sized domains (here called “macrodomains”) in 
GUVs, as shown in Fig. 1A. The Ld + Lo phase separation is character
ized by large domains and a line tension of ~1.4 pN, as we previously 
measured (4) and discuss below. This high line tension imposes a large 
energy cost to form domain interface. A single large domain minimizes 
the perimeter between the Ld and the Lo phases, and hence minimizes 
the total unfavorable boundary energy. In this work, the line tension was 
controlled by varying the value of ρ, our metric to quantify the ratio of 
DOPC to the total low-melting lipid (defined in Eq. (1)). The three- 
component mixture DSPC/POPC/chol corresponds to ρ = 0, the three- 
component mixture DSPC/DOPC/chol corresponds to ρ = 1, and any 
quaternary mixture of DSPC/DOPC/POPC/chol corresponds to a value 
0 < ρ < 1. Decreasing ρ—that is, increasing the fraction of POPC and 
decreasing the fraction of DOPC—decreases the line tension and mod
ifies the domain morphology. 

The sequence of images in Fig. 1A shows symmetric GUVs prepared 
at different values of ρ. As ρ decreases, the domain morphology changes 
from one or two large domains (ρ > 0.5), to macrodomains broken into 
large domains that are surrounded by a continuous phase (0.5 > ρ >

0.35), to domains shaped in patterns termed modulated phases (0.35 >
ρ > 0.2), and GUVs with a uniform appearance (ρ < 0.2). For this 
sequence of images, we observe that the transition from macrodomains 
to modulated phases is accompanied by a gradual increase of the total 
perimeter of Ld and Lo phase contact, implying that the energy cost in 
the domain interface (and therefore the Ld/Lo line tension) decreased. 
For GUVs composed of DSPC/POPC/chol = 0.39/0.39/0.22 (i.e., ρ = 0) 
which display a uniform appearance by light microscopy, we previously 
reported the existence of Ld + Lo nanodomains [18,19,22,23,31]. The 
same trend discussed above applies to nanodomains, where in this case a 
larger number of domains with much smaller sizes are formed, leading 
to a larger total perimeter of two phases in contact. 

Fig. 1B shows a partial phase diagram for DSPC/DOPC/POPC/chol 
[31]. Ternary phase diagrams for DSPC/DOPC/chol and DSPC/DOPC/ 
chol are shown on the far-left and far-right faces of the tetrahedron, 
respectively, and were previously determined by FRET experiments 
[31]. The red arrow marks the lipid compositional trajectory used in this 
work, and shows the variation of the fractions of DOPC and POPC with 
increasing ρ. The fractions of high-melting lipid DSPC and chol remain 
constant along these trajectories, such that the phase mole fractions 
hardly change (i.e., χLd ≈ χLo ≈ 0.5 along the arrow in Fig. 1B). Because 
the phase fractions are approximately equal, changes in the domain 
morphology do not involve one phase becoming the minority phase 
surrounded by a higher fraction of the second phase. In addition, 
changes in the domain morphologies are not induced by mechanical 
stress (such as deflating or inflating the GUVs) in this work, because we 
maintained the same osmotic pressure inside and outside the GUVs. We 
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also minimized light-induced artifacts that can occur when high dye 
concentrations combined with long light exposure results in dye cross
linking, which in turn can induce domain formation and/or affect 
domain morphologies such as modulated phases [32]. Here, we used 
very low dye concentration (lipid/TFPC = 1/1500 = 0.06 mol% and 
lipid/DiD = 1/2500 = 0.04 mol% - see Materials and methods). 

Modulated phases occur in GUVs at sufficiently low line tension. We 
refer to the compositional range where this low line tension occurs as the 
“ρ-window” [21]. Fig. 1C illustrates the ρ-window for DSPC/DOPC/ 
POPC/chol, which is centered at ρ = 0.32. The ρ-window marks a key 
domain size transition, from nanodomains to macrodomains, as previ
ously reported [16]. Thus, for lipid composition with ρ values below the 
ρ-window, GUVs have a uniform appearance, and for compositions 
above the ρ-window GUVs show macrodomains. Fig. 1C shows the 
fractions of GUVs with nanodomains, modulated phases and macro
domains as a function of ρ, with fractions of DOPC and POPC also shown. 
These data confirm our previous findings [16] and extend them with the 
observation that the ρ-window is independent of the choice of dye used 
to label the Ld phase: we found an identical ρ-window for DSPC/DOPC/ 
POPC/chol using DiD, TFPC and DiI (see Figs. 1, 2 and 8). 

In order to demonstrate that observation of domain morphologies 
can be used to visually indicate the Ld/Lo line tension, we measured the 
line tension using flicker spectroscopy as developed by Baumgart’s 
group and collaborators [30,33]. Fig. 2 shows the Ld/Lo line tension for 
different domain morphologies. 

We tested the reproducibility of domain morphologies for GUVs 
showing either macrodomains (Fig. 2A, upper image) or modulated 
phases (Fig. 2A, lower image). These samples were heated above the 
melting point of the high melting lipid (50 ◦C) and then slowly cooled at 
~2 ◦C/h to room temperature to reach thermodynamic equilibrium. To 
verify the reproducibility of these domains, we heated and cooled GUVs 
with macrodomains or modulated phases a few times, collecting images 
between the heating and cooling cycles. We observed the same domain 
morphology after each heating/cooling cycle, with macrodomains or 
modulated phases appearing according to mixture composition (see 
Data in Brief co-submission). 

To measure domain fluctuations, we used a previously reported 
strategy [16] of heating the GUVs above the melting point of the high 
melting lipid, then quickly cooling to room temperature, resulting in 

kinetically trapped small domains. We then monitored the domain 
fluctuations for samples with different ρ values and calculated the 
domain line tension using Eq. (2). Fig. 2B shows the measured line 
tension for GUVs with different lipid composition. 

When these samples were heated and slowly cooled to room tem
perature, the GUVs recovered their phase morphologies as shown in 
Fig. 2B images. Fig. 2B clearly shows that the domain morphology is 
correlated with line tension: the line tension decreases significantly from 
σ = 1.4 ± 0.2 pN at ρ = 1 (where macrodomains are observed) to σ =
0.56 ± 0.05 pN at ρ = 0.32 (where modulated phases are observed). 
Therefore, the domain morphologies observed in GUVs can be used to 
infer the Ld/Lo line tension. 

For investigating line tension in aGUVs, we chose the simpler, 
qualitative method described above (i.e., visual inspection of domain 
morphologies) rather than performing flicker measurements. This 
choice was made primarily because domains that satisfy flicker spec
troscopy criteria for tracking fluctuations (namely, domains of ~5 μm 
diameter positioned directly on top of the GUV, and much smaller than 
the GUV size to avoid effects of domain curvature) are relatively rare. 
Taken together with the challenge of successful aGUV preparation by 
hemifusion, the morphology-based method enabled comparisons be
tween symmetric and asymmetric GUVs that would otherwise have not 
been possible. We next describe the results obtained for aGUVs, and 
further we compare the ρ-window of symmetric GUVs and aGUVs. 

3.2. Hemifusion yields aGUVs 

To facilitate the ensuing discussion, we briefly illustrate the pro
cedure for preparing aGUVs via hemifusion [7] in Fig. 3. SLBs were 
prepared by depositing SUVs on the cover slide of a chamber dish, and 
GUVs were prepared using the electroformation procedure. We used 
different fluorescent probes to label the GUVs and the SLB. We added 
symmetric GUVs to the SLB chamber, and monitored the contact be
tween them using a confocal microscope. At this point, GUVs and SLB 
contain only their original fluorescent dye. After adding the fusogenic 
agent Ca2+ to the chamber, we observed dye exchange between the 
GUVs and the SLB. Hemifusion precedes the full fusion event [34–38] 
and consists of the fusion of only the outer leaflets of the GUV and the 
SLB. Hence both outer leaflets are connected, and lipids and dyes freely 

Fig. 2. Phase morphologies and measurements of Ld/Lo line tension. (A) Images used for line tension measurements using flicker spectroscopy. GUVs with mac
rodomains (upper image) or with modulated phases (lower image) are cooled quickly (−ΔT) in order to facilitate the search for small, round domains ~5 μm 
diameter. The fluctuations of the edges of these domains are monitored to measure the line tension (see main text and SM). (B) Line tension values obtained from 
flicker spectroscopy measurements. Bar plots show Ld/Lo line tension for different domain morphologies, indicating a lower line tension when domains form 
modulated phases. Scale bar 5 μm. Errors are calculated from the standard deviation (n = 8–14 per composition). 
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diffuse through them, enabling the exchange of lipids between the GUV 
and the SLB. The SLB is a reservoir of new lipids to replace the outer 
leaflet of the few GUVs that establish contact with the SLB, leading to 
efficient outer leaflet exchange. 

The complete fusion of both bilayers involves the expansion of the 
hemifusion diaphragm and the formation of a fusion pore [34–38] that 
creates contact of inner/outer leaflets of GUV and SLB. Indeed, fully- 
fused GUVs are strongly attached to the SLB, and they are gradually 
absorbed by the SLB [7]. Conversely, hemifused GUVs are not strongly 
attached to the SLB, since the contact area between GUVs and SLB is still 

very small. We monitored the hemifused GUVs in order to avoid the 
expansion of the hemifusion diaphragm, and interrupted the hemifusion 
procedure by adding EDTA to chelate Ca2+ ions 15–30 min after Ca2+

addition. Then we detached the aGUVs form the SLB with a gentle shear 
force by flushing buffer through the SLB chamber, and pipetting the 
aGUVs off the SLB (for more details, see Materials and methods). 

We previously reported that with the hemifusion method, a small 
contamination of guest lipids from the SLB are found in the inner leaflet 
of a small fraction of the hosting aGUVs [7]. We used sodium dithionite 
to quench the fluorescence of DiD and NBD-PE. DiD was found in both 

Fig. 3. Hemifusion yields asymmetric GUVs (aGUVs). Diagram shows the experimental procedure. SLB and GUV are prepared with different fluorescent dyes. After 
the contact of GUV and SLB the addition of the fusogenic agent Ca2+ induces hemifusion. The outer leaflet of the GUV and the SLB exchange lipids and dyes. Ions of 
Ca2+ are chelated, and the new aGUV is detached from the SLB. 

Fig. 4. GUV fluorescence intensity analysis of different Ld + Lo morphologies. The first column shows examples of symmetric control GUV images for different 
domain morphologies: macrodomains (A); modulated phases (D); and uniform appearance (G). Plots B, E and H (second column) show intensity profiles as a function 
of the polar angle θ for the vesicles shown in the first column. Plots C, F and I show the corresponding cumulative intensity as a function of θ for several symmetric 
control GUVs (individual lines), with the box plot representing the distribution (n = 9–10). 
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leaflets due to the incomplete exchange of the outer leaflet. On the other 
hand, NBD-PE was found almost exclusively in the outer leaflet. The use 
of sodium dithionite to quench both dyes resulted in 50% of DiD fluo
rescence signal, suggesting that the outer leaflet was completed 
quenched, and the fluorescence of NBD-PE was mostly quenched. We 
found a small percentage of guest lipids in the inner leaflet of aGUVs, 
which varies from 5 to 8% of total lipids, and this small percentage was 
found in ~25% of the aGUVs analyzed [7], similar to results previously 
observed in asymmetric large unilamellar vesicles [12]. 

In addition, for the study of asymmetric bilayers, it is important to 
pay attention to the time stability of the asymmetric state. Note that the 
hemifusion procedure can be performed in a few minutes 15–30 min, 
and the observation of aGUVs is completed in a few hours. Since most 
evidence supports that phospholipids, as used in this work, undergo 
transbilayer diffusion on a timescale of days to weeks [12,39,40], our 
observations are hardly affected by phospholipid flip-flop. On the other 
hand, chol undergoes rapid flip-flop, likely on the timescale of milli
seconds to seconds [41–43]. Here, we match the fraction of chol in the 
GUVs and the SLB, but because of rapid translocation of chol between 
leaflets, its chemical potential could be essentially identical in both 
leaflets. Our intuition is that chol is enriched in the inner leaflet of the 
aGUVs due to preferential interactions with DSPC, but this is not the 
only contributor to chol chemical potential. It has been suggested that 
differential stress between leaflets [44] and bending energy [45] are also 
factors that can influence the transbilayer chol distribution. 

3.3. Percentage of lipid exchange of aGUVs 

To measure the percentage of lipid that was exchanged between the 
GUV and the supported bilayer, we compared the intensities of dyes in 
aGUVs (guest dyes: originally on the SLB, and host dye: originally on the 
GUV) to the dye intensities in symmetric control GUVs that were not 
subjected to hemifusion (see Materials and methods). First, we measured 
the fluorescent dye intensities of control GUVs, and rejected cases of 
multilamellar vesicles. Fig. 4 shows micrographs of GUVs that exhibit 
different domain morphologies (Fig. 4A, D and G) and the respective 
intensity profile as a function of the polar angle, θ (Fig. 4B, E and H). 

For phase-separated GUVs with macrodomains (Fig. 4A), intensity 
vs. θ shows a step-shaped profile (Fig. 4B) in which intensities origi
nating from the Ld and Lo phases are clearly distinct. However, for GUVs 
with modulated phases (Fig. 4D), intensity vs. θ exhibits multiple in
termediate levels (Fig. 4E). Most of the intensities fall between the 

characteristic values for the pure Ld and Lo phases, making it difficult to 
assign individual θ values to a particular phase. Instead, we integrated 
the intensities over θ and plotted the accumulated sum vs. θ. Fig. 4C, F 
and I shows the cumulative sum of intensity vs. θ of DiD (host dye) 
measured for different symmetric GUVs (shown as individual lines) for 
the respective morphologies represented by Fig. 4A, D and G. The in
tensity value at θ = 360◦ represents the total sum for a particular GUV, 
while the box plot represents the distribution of the total intensities for 
the set of control GUVs. 

The cumulative intensity plots for GUVs exhibiting macrodomains 
(Fig. 4C) are qualitatively different than that from GUVs exhibiting 
modulated phases (Fig. 4F) or having a uniform appearance (Fig. 4I). In 
the macrodomain case, accumulated intensity vs. θ for individual GUVs 
displays regimes with shallower or steeper slopes corresponding to re
gions of Lo and Ld phases, respectively. In subsequent analyses (for 
example, Fig. 5) we carefully analyzed these intensities, and only 
compared GUVs and aGUVs with similar phase fractions (as judged by 
counting the number of intensities from Ld or Lo divided by their sum) 
and similar morphologies (i.e., GUVs with macrodomains are compared 
to aGUVs with macrodomains). 

Fig. 5 compares the accumulated intensity vs. θ in asymmetric GUVs 
(solid lines) with control GUVs labeled with a single dye (lines with 
symbols). In his kind of plot, we can compare the total intensity of 
different aGUVs to the total intensities measured in the symmetric GUVs. 
(For GUVs with uniform appearance, modulated phases or macro
domains, one curve is used as an example.) Interestingly, the compari
son of panel (A) and (B) shows that DiD fluorescence decreases and TFPC 
increases, as the percentage of exchange increases. This observation 
represents the DiD dye leaving as the TFPC dye enters the aGUV outer 
leaflet. 

The three control GUVs represent the three different observed mor
phologies: macrodomains (half-filled squares), modulated phases (filled 
triangles), and nanodomains (open circles). Fig. 5A shows the fluores
cence intensity of DiD (the dye originally labeling the symmetric GUV 
before hemifusion), and Fig. 5B shows the intensity of TFPC (the dye 
originally in the SLB). After hemifusion and the detachment of the 
aGUVs from the SLB, aGUVs (solid lines) display a fluorescence signal 
from both dyes. With increasing extent of lipid exchange in the aGUV, 
DiD intensity (Fig. 5A) decreases linearly, from its maximum value in the 
control GUV to half that value. In contrast, TFPC intensity (Fig. 5B) 
increases linearly, from an initial value of zero to half the value in the 
symmetric control GUV. The percentage of lipid exchange P for TFPC is 

Fig. 5. Comparison of dye fluorescence measured in symmetric control GUVs and aGUVs by use of angular integration around the vesicle equator. (A, B) Intensity 
sum (×103) as a function of θ for DiD (panel A) and TFPC (panel B) in symmetric GUVs (lines with symbols) and aGUVs (lines only). For aGUVs, the data plotted in A 
and B correspond to the same aGUV. The total intensity at θ = 360◦ is used to calculate the percentage of lipid exchange, P. Errors were calculated by propagating the 
uncertainty using Eq. (3) and considering the standard deviation in the intensities measured in symmetric and aGUVs. 
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calculated as 

P =
IaGUV

IGUV /2
× 100% (3) 

A value of 100% calculated using Eq. (3) indicates complete ex
change of the outer leaflet, while a value of 200% would indicate full 
fusion and complete exchange of both leaflets. 

Fig. 5A–B also reveals differences between the percentage of ex
change calculated independently from DiD and TFPC intensity. For 
example, considering the aGUV represented by the black line, analyses 
of DiD and TFPC indicated 25% and 38% exchange, respectively. Very 
large differences can be an indication that a vesicle has multiple bi
layers. We also occasionally observed >100% exchange (e.g., the orange 
line in Fig. 5A–B), an indication that some lipids in the inner leaflet were 
also exchanged. We excluded from our analyses aGUVs showing greater 
than 100% exchange, or those where DiD and TFPC disagreed by more 
than 50%. 

For a few aGUVs we performed an additional control experiment of 
tracking individual aGUVs during heating, monitoring temperature in 
the sample chamber using a thermocouple. Upon heating to 50 ◦C, aGUV 
became uniform in appearance, indicating a single Ld phase. We 
compared the fluorescence intensity of these aGUVs to the intensities of 
control GUVs at the same temperature of 50 ◦C. Analysis of uniform 
GUVs/aGUVs allowed for a straightforward calculation of the percent
age of lipid that was exchanged during hemifusion. The purple line in 
Fig. 5 shows an example of an aGUV with modulated phases that was 
subjected to this test. Analysis of images collected at 23 ◦C showed 96% 
and 80% exchange using DiD and TFPC intensity, respectively. For im
ages of the same aGUV collected at 50 ◦C, exchange was 98% and 84% 
for DiD and TFPC, respectively. This additional control experiment was 
performed in order to validate the analyses that use the intensity sum to 
calculate the percentage of lipid exchange. 

Fig. 6 shows correlation plots of the exchange values calculated 
independently for the two fluorescent probes, DiD and TFPC. In such a 
plot, a line with slope = 1 represents perfect agreement between these 
two dyes. Independent experiments were performed starting with sym
metric GUVs of different ρ values, which were subsequently hemifused 
with an SLB composed of DOPC/chol = 0.8/0.2. After hemifusion, 
aGUVs have an inner leaflet with the lipid composition of the initial 
symmetric GUV, and an outer leaflet with increased fractions of DOPC. 
The fraction of chol was chosen to be the same for the initially 

symmetric GUVs and the SLB, leading (at least initially) to the same 
fraction of chol in both leaflets of the aGUVs. 

Fig. 6A shows the percentage of lipid exchange obtained for aGUVs 
with inner leaflet composition at ρ = 0.32, where symmetric GUVs with 
this lipid composition exhibit approximately 80% of GUVs with modu
lated phases and 20% of GUVs with macrodomains (see Fig. 1C). After 
hemifusion, aGUVs with a low percentage of exchange < 40% exhibited 
the domain morphologies observed in the original symmetric GUVs, 
either modulated phases or macrodomains. For aGUVs with a greater 
percentage of exchange, modulated phases or macrodomains were no 
longer observed; instead, the vesicles appeared uniform. As we explain 
in detail below, the percentage of exchange is a key parameter for 
interpreting the influence of one leaflet on another. Here, we grouped as 
highly asymmetric vesicles those aGUVs with a percentage of lipid ex
change > 60%. For this group of aGUVs, the bilayer asymmetry causes a 
dramatic change in the domain morphology, with vesicles now showing 
a uniform appearance in micrographs. These results imply in a large shift 
in the ρ-window of these aGUVs compared to the initially symmetric 
GUVs, as discussed below. Fig. 6B shows results obtained for aGUVs with 
different lipid composition in the inner leaflet (ρ values indicated in the 
legend). The solid colored lines in Fig. 6B represent the lines of slope 1 
for each composition, and the symbols in this plot represent different 
morphologies as given by Fig. 6A legend. 

3.4. Increasing asymmetry changes bilayer phase behavior 

The percentage of lipid exchange plays an important role in the 
interpretation of asymmetric bilayers. Previously, we showed that the 
physical-chemical properties of aGUVs change as the percentage of 
asymmetry increases [7]. Fig. 7A and B shows examples of two different 
symmetric GUVs with ρ = 0.45 labeled exclusively with TFPC or DiD, 
respectively. 

Fig. 7C shows the phase diagram and the lipid composition of the 
symmetric GUVs (star) displayed in Fig. 7A and B. The line that connects 
the ternary phase diagrams DSPC/DOPC/chol (near face of the tetra
hedron) and DSPC/POPC/chol (far face of the tetrahedron) represents 
the trajectory of lipid compositions studied in this work. Moreover, Ld 
and Lo phase boundaries are represented by the lines colored red and 
blue, respectively, with the critical point found in between these lines. 
Phases boundaries and critical points were obtained in a previous report 
[31]. 

Fig. 6. Percentage of lipid exchange in aGUVs measured by two different dyes. (A) An example of the percentage of lipid exchange calculated for DiD and TFPC 
in the aGUVs. The line of slope 1 represents 100% agreement between the percentages of exchange reported by both dyes. The symbols represent different domain 
morphologies: uniform (open circle), modulated phases (filed triangles) and macrodomains (half-filled squares). For aGUVs shown in (A) the inner leaflet has the 
composition described as ρ = 0.32, and high percentage of exchange reflects increasing fractions of DOPC on the outer leaflet. (B) Percentage of lipid exchange 
calculated for both DiD and TFPC in aGUVs with different inner leaflet compositions. The inner leaflet composition is equivalent to the lipid composition of sym
metric GUVs before hemifusion. 
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The sequence of images in Fig. 7D, E, G, H, J, and K shows aGUVs 
after hemifusion and lipid exchange, with the aGUVs now containing 
both DiD and TFPC. Each row displayed in the sequence of images in 
Fig. 7D–E, G–H and J–K now represents the same aGUV that is visualized 
in red and green channels in the microscope. For these rows (D–E, G–H 
and J–K), images represent increasing percentages of lipid exchange 
between the GUV and the SLB, with the aGUV in J-K having highest 
percentage of asymmetry, 86%. Symmetric GUVs shown in Fig. 7A–B 
have the lipid composition DSPC/DOPC/POPC/chol = 0.39/0.18/0.21/ 
0.22, and display macro and broken Ld domains surrounded by a 
continuous Lo phase. These symmetric GUVs show distinct Ld and Lo 
phases, where the intensity in the Ld domains is approximately 7–10 
times brighter than the intensity in the Lo domains. GUVs with this 
composition, labeled exclusively with DiD (red fluorescence), are hem
ifused to a SLB composed of DOPC/chol = 0.8/0.2. 

After hemifusion and detachment of the aGUVs from the SLB, we 
observe a population of aGUVs with different percentages of lipid ex
change. Fig. 7D–E shows an example where 26% of the outer leaflet was 
exchanged with DOPC/chol (0.8/0.2). We calculate the lipid composi
tion in the outer leaflet for this aGUV (Fig. 7D, E) to be 0.74 × (DSPC/ 
DOPC/POPC/chol = 0.39/0.18/0.21/0.22) + 0.26 × (DSPC/DOPC/ 
POPC/chol = 0/0.8/0/0.2) = DSPC/DOPC/POPC/chol = 0.29/0.34/ 
0.16/0.21, whereas the lipid composition of the inner leaflet remains 
equal to that of the previous symmetric GUV before hemifusion. Fig. 7F 

shows these lipid compositions on the phase diagram, where the star and 
the square represent the inner and the outer leaflet lipid composition, 
respectively. With 26% outer leaflet exchange, the inner and the outer 
leaflets have a lipid composition that forms Ld and Lo domains, although 
the outer leaflet is slightly enriched in DOPC (see purple square). 
Therefore, Fig. 7D–E shows that this aGUV still forms Ld/Lo domains in 
each leaflet. The red and the green channel also shows the alignment of 
domains between the inner and the outer leaflet, although the domains 
are less distinct than in the images of symmetric GUVs (Fig. 7A–B). 
Compared to symmetric GUVs, the dye partition coefficient between Ld 
and Lo phases of the fluorescent probes DiD and TFPC decreased for 
aGUVs [7], and the domains also became slightly smaller. Fig. 7G–H 
shows an aGUV with 52% outer leaflet exchange. The lipid composition 
of the inner and outer leaflets are DSPC/DOPC/POPC/chol = 0.39/ 
0.18/0.21/0.22 and DSPC/DOPC/POPC/chol = 0.19/0.50/0.10/0.21, 
respectively (Fig. 7I). Although the aGUV appears to be more uniform, 
there are still a few detectable dark Lo domains. In addition, the red and 
the green channel each report similar behavior, indicating coupled 
leaflets. 

We observe a qualitatively different behavior for an aGUV with 86% 
outer leaflet exchange, shown in Fig. 7J–K. For the vesicle, which has an 
outer leaflet lipid composition DSPC/DOPC/POPC/chol = 0.06/0.71/ 
0.03/0.20, the aGUVs appear uniform. As shown in Fig. 7L, the outer 
leaflet composition is now outside the two-phase region of the phase 

Fig. 7. High percentage of lipid ex
change removes remnants of phase 
separation, ensuring a fluid outer 
leaflet. (A, B) Images of symmetric 
different GUVs labeled with DiD and 
TFPC, respectively. (C) Tetrahedron 
shows the phase diagram of DSPC/ 
DOPC/POPC/chol, where the ternary 
phase diagrams of DSPC/DOPC/chol 
and DSPC/POPC/chol are highlighted 
in the near and far faces of the tetra
hedron. The phase boundaries dis
played in red and blue represent the Ld 
and Lo phases boundaries that separate 
the one- from the two-phase region. The 
star represents the lipid composition of 
symmetric GUVs (C, F, I, L), and the line 
crossing the tetrahedron and through 
this point represents the ρ-trajectory 
studied in this work. The following 
sequence of images displays aGUVs 
with different percentage of exchange. 
The first column (images D, G and J) 
and second column (images E, H and K) 
are the fluorescence of DiD and TFPC, 
respectively, from the same aGUV. 
Here, DiD and TFPC signal reports 
registered leaflets. The third column 
(tetrahedrons F, I and L) shows the lipid 
composition of the inner leaflet (star) 
and the lipid composition of the outer 
leaflet (purple square connected to the 
star). The extension of the line that 
connects the inner and outer leaflet 
compositions is related to the percent
age of lipid exchange, P. In L the open 
circle displays the lipid composition 
that would be expected for scrambled 
bilayers.   
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diagram for symmetric GUVs. Although the phase diagram for sym
metric and asymmetric bilayers may be different [5], for 86% lipid ex
change, the outer leaflet of this aGUV seems to form a uniform fluid 
phase. Interestingly, for this aGUV having a high percentage of asym
metry in which the outer leaflet is estimated to be a uniform Ld phase, 
we observe a change in the domain morphology compared to the sym
metric GUVs in Fig. 7A–B, in which GUVs display macrodomains and 
aGUVs have a uniform appearance. For all percentages of lipid exchange 
discussed, the inner and the outer leaflet exhibit aligned domains. 
However, we observed that a few percent of aGUVs (5–10%) show anti- 
alignment of domains between the inner and the outer leaflet (see Data 
in Brief co-submission). Here, we have not investigated domain anti- 
registration. 

The total lipid composition of the aGUV displayed in Fig. 7J–K is 
estimated as the composition of the inner leaflet DSPC/DOPC/POPC/ 
chol = (0.39/0.18/0.21/0.22 + the composition of the outer leaflet 
DSPC/DOPC/POPC/chol = 0.06/0.71/0.03/0.20) / 2, which is equiv
alent to DSPC/DOPC/POPC/chol = 0.22/0.45/0.12/0.21 (open circle in 
the two-phase region of the tetrahedron, Fig. 7L). For 86% lipid ex
change of one leaflet, if the inner and outer leaflets were to equilibrate 
their lipid compositions, the GUV with such composition would phase- 
separate into Ld + Lo domains. In other words, if the lipids from the 
aGUVs shown in Fig. 7J–K were scrambled to create a symmetric GUV, 
that symmetric vesicle would be phase-separated instead of showing a 
uniform appearance. This simple explanation also corroborates the 

evidence that the studied aGUV is asymmetric. 

3.5. Line tension is reduced in asymmetric GUVs 

Since the percentage of lipid exchange strongly influences the phase 
properties of the bilayer, we focused the next part of our study on only 
highly asymmetric aGUVs having a large percentage of lipid exchange. 
We compared the domain morphologies of aGUVs with >60% lipid 
exchange to the morphologies observed in symmetric GUVs. Fig. 8A 
shows a sequence of images for symmetric GUVs labeled with DiD (top 
row, red fluorescence), and asymmetric GUVs labeled with TFPC (bot
tom row, green fluorescence), for different values of ρ. We note that 
although TFPC that labels only the outer leaflet of the aGUVs, both the 
inner and outer leaflets show the same domain morphology, meaning 
that the leaflets are registered. Although the outer leaflet lipid compo
sitions of the aGUVs in Fig. 8A were slightly different, given the high 
percentage of exchange, they were mostly composed of DOPC (>60%) 
and 20% chol. These numbers were obtained by the calculations of lipid 
exchange for the aGUVs shown in Fig. 7. More importantly, such com
positions should form a uniform fluid phase according to the phase di
agram of symmetrical bilayers, and the discussion above, Fig. 7. 
Interestingly, compared to the symmetric bilayer that exhibits modu
lated phases (ρ = 0.32, second column in Fig. 8A), the new outer leaflet 
enriched in DOPC erased the Ld and Lo patterns on the bilayer, and the 
aGUV had a uniform appearance. In addition, the macrodomains formed 

Fig. 8. Comparison of modulated phases in symmetric and asymmetric GUVs. (A) Micrographs of symmetric GUVs (upper images) and aGUVs (lower images). From 
left to right, the sequence of images represents ρ = 0, ρ = 0.32, ρ = 0.6 and ρ = 1. For aGUVs, the nomenclature ρ refers to the inner leaflet. (B) the window in lipid 
composition where the majority of the GUVs and aGUVs (with percentage of exchange > 60%) exhibit modulated phases. For aGUVs this window is shifted to higher 
values of ρ, indicating a decrease of the Ld/Lo line tension. Here, all aGUVs examined have percentages of exchange greater than 60%. (C) the fraction of aGUVs with 
modulated phases, uniform appearance or macrodomains. Errors are calculated from the standard deviation (n = 9–22 per composition). 
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in the symmetric case for ρ = 0.6 (third column in Fig. 8A) changed to 
modulated phases once the outer leaflet of the aGUV was replaced by a 
composition of a single Ld phase. These observations are consistent with 
the increase of Ld + Lo contact perimeter, indicating a decrease of Ld/Lo 
line tension. Although the outer leaflet has the lipid composition of a 
fluid phase, the inner and the outer leaflet form modulated phases. For ρ 
= 1, aGUVs exhibited macroscopic domains. These vesicles have an 
outer leaflet composition DOPC/chol ≅ 0.8/0.2, but clearly show do
mains in the outer leaflet that were induced by the inner leaflet. Indeed, 
we previously reported these domains to have different properties 
compared to the symmetric Ld and Lo phases [7] (see discussion below). 

Fig. 8B and C shows the counted frequency that these changes in the 
domain morphologies occur. Fig. 8B shows the fraction of GUVs or 
aGUVs with modulated phases. Comparing symmetric and asymmetric 
bilayers, for aGUVs, we observe that modulated phases occurred at 
higher values of ρ (i.e., a higher fraction of DOPC and lower fraction of 
POPC). As described in Figs. 1 and 2, increasing fractions of POPC lead 
to a decrease of Ld/Lo domain line tension in symmetric vesicles. Fig. 8B 
shows that the fraction of POPC needed to form modulated phases is 
smaller in aGUVs than in symmetric GUVs, implying that aGUVs have 
asymmetric domains with an intrinsically lower line tension. Fig. 8C 
shows the fraction of aGUVs that appear uniform, or with modulated 
phases, or with macrodomains. For example, for ρ = 0.32, ≈80% of 
symmetric GUVs display modulated phases (Fig. 8B) whereas almost 
100% of aGUVs are found to be uniform (Fig. 8C). Moreover, for ρ = 0.6, 
almost all symmetric GUVs exhibit macrodomains (see Fig. 1C), whereas 
about 80% of aGUVs exhibit modulated phases + 20% macrodomains. 
As mentioned above, the ρ-window marks the domain size transition 
from nano- to macrodomains [16]. The shift of the ρ-window to higher 
values of ρ is known to stabilize the regime of nanometer-sized domains. 
We plan a future investigation of nanometer-sized domains in aGUVs. 
Although we have not verified that any of the compositions that precede 
the ρ-window form nanodomains, our results are consistent with 
decreased line tension in aGUVs. 

Measuring the Ld/Lo line tension directly, for example, by use of 
flicker spectroscopy as we have done for symmetric GUVs, is not feasible 
for aGUVs. Instead, we compared where modulated phases appear in 
symmetric and aGUVs. Based on our previous study of line tension in 
symmetric GUVs where we could directly measure line tension, 
appearance of modulated phases corresponds to a lowering of line ten
sion in these mixtures from ~1.4 pN (macrodomains) down to between 
0.3 and 0.6 pN, the line tension ranges for modulated phases. In a 
symmetric GUV with both leaflets phase-separated, a simple model of 
the measured line tension involves the sum of line tensions from each 
leaflet [46]. In aGUVs, if we disregard the coupling between the leaflets, 
the observed decrease of line tension is in the ballpark of what we would 
predict from complete loss of the in-register interfacial energy from one 
leaflet. This simple model does not account for the interaction at the 
middle of the bilayer where the phase-separated domains are in contact 
with the initially uniform leaflet, but agree with our experimental 
observation. 

3.6. Inter- and intra-leaflet interactions 

In our previous work, we studied aGUVs in which the inner leaflet 
phase separates into macrodomains, whereas the outer leaflet is DOPC/ 
chol (0.8/0.2) [7]. Although these aGUVs presumably have lipid com
positions forming different domain morphologies (with domains on the 
inner leaflet, and one single uniform phase on the outer leaflet), the 
fluorescent dyes that report the phase behavior of each individual leaflet 
show that both leaflets phase-separate into macrodomains (as we 
observed here, see Fig. 8A, ρ = 1). This observation suggests that the 
phase-separated leaflet induces domains in the opposed fluid phase of 
the outer leaflet. However, asymmetric domains on aGUVs have a 
significantly lower dye partition coefficient compared to symmetric Ld 
and Lo phases on GUVs. The observed lower dye partition coefficient 

suggests that the Ld and the Lo phases are more alike in terms of lipid 
packing/order, and possibly in terms of lipid composition [7]. For the 
outer leaflet mainly composed of DOPC/chol (0.8/0.2), the induced 
domains might involve chol preferentially locating across from the inner 
Lo phase [7,47]. Indeed, the partition coefficient of TFPC in the outer 
leaflet was measured to be KpTFPC, aGUV = 3.6 ± 1.4 suggesting a slight 
difference in lipid composition and lipid order between the induced 
ordered and disordered domains in this leaflet [7]. In a previous study, 
we used the fluorescent probe C-Laurdan to measure the lipid packing/ 
order of the asymmetric domains. We found that the difference in lipid 
packing/order between the asymmetric ordered and disordered domains 
is ~25% smaller than the order difference observed between the sym
metric Ld and Lo phases [7]. Therefore, the asymmetric ordered and 
disordered domains are indeed more alike in terms of lipid packing/ 
order. In part, the fluid and disordered outer leaflet influences the lipid 
packing of the phase-separated inner leaflet. A similar effect was 
observed in asymmetric LUVs using small-angle neutron scattering, 
where it was found that a highly fluid leaflet reduced the packing den
sity of ordered domains in the opposing leaflet [12]. Moreover, this Ld 
outer leaflet could induce a slight re-distribution of lipids and chol be
tween the inner Ld and Lo phases [7]. The re-distribution of high Tm 
lipid, low Tm lipid and chol in the phase-separated inner leaflet con
tributes to the decrease of the difference in order between ordered and 
disordered asymmetric domains. In addition, we also observed that the 
asymmetric ordered domain is significantly less ordered than the sym
metric Lo phase. 

A highly packed/ordered phase across from a disordered phase must 
involve some unfavorable contact energy in the bilayer midplane. In 
these asymmetric bilayers, the disorder of the fluid outer leaflet affects 
the phase-separated inner leaflet, mostly affecting the order of the Lo 
phase, in addition to possibly a slight redistribution of lipids that con
tributes to decreased order of the inner Lo phase [7]. In the presence of a 
lipid such as POPC (i.e., a lower ρ-value), the line tension decreases. 
Thus, the mechanism discussed above of the fluid leaflet possibly 
inducing a reorganization of the lipid in the phase-separated leaflet, can 
contribute to breaking the domains into even smaller domains. It should 
be noted that the domain morphology is only affected when the line 
tension decreases to a certain level, i.e. at high line tension such as ρ = 1 
the influence of the fluid leaflet is not enough to break the domains 
apart, but it does so for ρ = 0.6 (Fig. 8). Thus, in this study we can 
identify two main fundamental interactions that drive the lipid phase 
behavior. The intra-leaflet (intra-plane) interaction is related to the line 
tension, or the unfavorable interaction of two distinct phases in lateral 
contact. The inter-leaflet (inter-plane) interaction is related to how both 
leaflets affect each other, possibly changing the lipid packing/order 
across the bilayer, “transmembrane lipid packing”. Thus, the inter-plane 
interaction is also related to the leaflet coupling. The competition be
tween these interactions explains our observations. For a high line 
tension, for instance as observed at ρ = 1, the presence of a fluid leaflet 
opposed to a phase-separated leaflet affects the properties of the bilayer, 
as the lipid packing/order [7], but not strongly enough to change the 
domain morphology. On the other hand, for ρ = 0.6 compared to ρ = 1, 
the line tension is slightly smaller due to the presence of POPC, and now 
the influence of a fluid outer leaflet opposed to the phase-separated 
leaflet changes the domain morphology, giving rise to modulated pha
ses (see Fig. 8). As discussed above in Fig. 2, the observed change in the 
domain morphology from macrodomains to modulated phases leads to a 
decrease in the Ld/Lo line tension by a factor of 2–3, Fig. 2B. 

Line tension is commonly discussed in the literature in terms of the 
hydrophobic mismatch between thickness of Ld and Lo phases [48]. 
Here, we emphasize the line tension as an interaction between two 
phases in contact and not only due to the hydrophobic mismatch [46]. 
There is experimental evidence that hydrophobic mismatch and line 
tension can be correlated but this has not been shown to be a causal 
connection. Heberle et al. [23] reported that the Ld/Lo thickness 
mismatch decreases with the increase of the fraction of POPC (decrease 
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of ρ), as shown in Fig. 2 the line tension follows the same trend. Thus, the 
decrease of Ld/Lo thickness mismatch is associated with the decrease of 
the Ld/Lo line tension [16]. Looking at the hydrophobic mismatch of 
asymmetric membranes, Wang and London [14] investigated asym
metric bilayers, in which one leaflet is phase-separated, and another is 
enriched in the fluid lipid DOPC. In their experiments, they compared 
the melting transition of Ld + Lo domains for a series of ternary mixtures 
in the phase-separated leaflet; the high Tm lipids studied in their work 
have different chain lengths. Interestingly, for the series of PC head- 
groups, Wang and London found that for the mixture with highest hy
drophobic mismatch, i.e. highest line tension, there is a higher tendency 
to maintain the domain phase separation in asymmetric vesicles [14]. 
For the mixture of the lowest thickness mismatch, and therefore for a 
line tension that has decreased to a certain level, they observed that the 
initially phase-separated leaflet becomes uniform due to the influence of 
the fluid, DOPC-enriched leaflet [14]. The results of Wang and London 
[14] can also be explained by the competing inter- and intra-plane in
teractions that here we first contrapose with the experimental evidence. 

A number of theoretical studies have investigated interleaflet 
coupling in asymmetric lipid bilayers [4,5,48]. Collins [49] proposed 
that the key interaction is a surface tension between the two leaflets. 
Different from the line tension energy that scales with domain perim
eter, it is suggested that this interfacial energy scales with the area and 
favors liquids on either side of the midplane to be identical [49]. May [4] 
estimated the mismatch energy, which is the energy penalty for having 
an Ld phase across from an Lo phase compared to the symmetric case. 
May concluded that dynamic chain interdigitation is likely the largest 
contributor to the interleaflet coupling constant, whereas electrostatic 
interactions and cholesterol flip-flop are approximately an order of 
magnitude smaller [4]. Putzel et al. [50] found that gauche bond energy, 
orientational interactions, and chain configurational entropy contribute 
to the mismatch energy. They suggested that since these contributions 
are constrained in a complex way, the interleaflet coupling cannot be 
traced to a single factor [50]. Estimates of the mismatch energy span 
nearly two orders of magnitude, ranging from ~0.5 kBT/nm2 [49], 
~0.1–0.2 kBT/nm2 [51] and 0.01–0.03 kBT/nm2 [50]. 

Here, we do not have any method to estimate an interleaflet coupling 
energy, but instead measure the more readily interpreted influence on 
line tension in the phase-separated leaflet. Therefore, we prefer not to 
speculate on the molecular nature of the leaflet coupling, which we feel 
requires its own systematic investigation. Instead, we focus on how a 
leaflet having a mixture composition that would yield a single phase 
were it a symmetrical bilayer, can influence the Ld/Lo line tension, and 
hence phase domain size, of a coupled phase-separated leaflet. 

4. Conclusions 

We investigated the line tension of asymmetric domains. Line tension 
is the key parameter that affects the domain size. Therefore, the exis
tence of domains in model membranes, or “lipid rafts” in the cell, is 
correlated to this fundamental interaction that originates from the 
domain interface where Ld and Lo phases are in contact. We showed that 
the domain line tension could be systematically studied by monitoring 
the phase morphology of coexisting Ld and Lo domains. Thus, compared 
to macroscopic phase separation, the appearance of modulated phases is 
associated with an increase in the contact perimeter of Ld/Lo phases, 
indicating a decrease of the domain line tension. We prepared aGUVs via 
hemifusion, where the inner leaflet is phase separated and the outer 
leaflet forms induced asymmetric domains when consisting mostly of 
DOPC/chol = 0.8/0.2, a genuinely fluid lipid composition. This method 
enables selection and study of aGUVs exhibiting a high percentage of 
asymmetry, in which most of the outer leaflet of aGUVs was exchanged 
with the desired lipid composition. Comparing our results for GUVs and 
aGUVs, we found that the interaction between a phase-separated and 
fluid leaflet (DOPC/chol) lowers the line tension of asymmetric 
domains. 
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