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ABSTRACT Neutral lipids (NLs) are apolar oil molecules synthesized in the endoplasmic reticulum bilayer upon diverse bio-
logical stimuli. NLs synthesized are released in the hydrophobic core of the bilayer. At a critical concentration, NLs condense by
phase separation and nucleate a lipid droplet (LD). After an LD forms, a fraction of NLs can be present in the bilayer but at a
concentration below that of the nucleation. Here, we study whether and how the accumulation of NLs alters a lipid bilayer’s me-
chanical properties. In synthetic systems, we found that NLs proffer unusual bilayer stretching capacities, especially in the pres-
ence of negatively curved phospholipids. This impact becomes spectacular when an LD is contiguous with the bilayer and
supplies it with NLs. The tested NLs markedly decrease the bilayer area expansion modulus and significantly increase lysis ten-
sion but had opposite effects on membrane bending rigidity. Our data unveil how NL molecules modify overall membrane me-
chanics, the alteration of which may be linked to pathologies or anticancer treatments targeting NLs.
SIGNIFICANCE Unlike phospholipids, neutral lipids (NLs) are nonsurfactants, apolar fat, or oil molecules. They are
synthesized in the endoplasmic reticulum (ER) bilayer and diffuse within the bilayer’s hydrophobic region. At a critical
concentration, the NLs phase separate within the bilayer to form an organelle called a lipid droplet (LD). However, even if
they condense into LDs, a fraction of NLs remains in the bilayer. Also, under diverse pathological conditions associated
with alterations in the ER structure or composition, NLs accumulate in the membrane, failing to condense efficiently into
LDs. Their removal is crucial to preserve the multiple ER bilayer functions that rely on membrane mechanics. Here, we are
interested in understanding how the presence of NLs impacts such mechanics.
INTRODUCTION

Organisms from protists to humans store excess energy in
carbon-rich molecules that are often neutral lipids (NLs)
(1,2). NLs are apolar fat molecules, different from phospho-
lipids, which are the building blocks of cellular membranes.
The most abundant NLs are triacylglycerols, which are
structurally the closest NL to phospholipids, and sterol es-
ters, which are most closely related to cholesterol, another
membrane constituent (3). However, other NLs are found
depending on cell type and metabolic condition, such as
retinyl ester, phytyl esters, squalene, acylceramides, etc.
(2,4–7). Most of these NLs are synthesized in the bilayer
of the endoplasmic reticulum (ER) (8,9). Because of their
hydrophobicity, NLs accumulate within the bilayer’s hydro-
phobic region as dissolved and mobile hydrophobic inclu-
sions (10). When their concentration reaches a critical
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value, NLs phase separate within the bilayer and nucleate
an oil lens (11,12), which grows and buds off to become
an independent organelle called a lipid droplet (LD) (8).
In the context of nucleation phenomena, the formation of
an LD consists of packaging a large fraction of the NLs
into a condensed phase, in equilibrium with a dilute NL
phase in the bilayer (7,11).

Avoiding the accumulation of NLs in the ER membrane
ensures its proper functioning. NL accumulation could in-
crease the bilayer’s thickness, which would likely cause
membrane stresses and affect the stability of transmembrane
proteins. Indeed, such an accumulation may alter membrane
structure, fluidity, lipid distribution, and stability, which can
cause various forms of membrane stress. Most of these dis-
turbances can explain the onset of diseases or cell death
when NL molecules accumulate in the ER bilayer and are
not properly removed and packaged into LDs.

The assembly of triacylglycerol LDs is facilitated by
membrane curvature, composition, and specific proteins
(10,13–18) that decrease the critical nucleation concentra-
tion (10,19–21). Accordingly, when the ER’s curved struc-
ture is lost because of the dysfunction in the ER shaping
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proteins, triacylglycerols accumulate in the bilayer, unable
to effectively condense into LDs (10,18). These conditions
are associated with several diseases, such as spastic para-
plegia (22). Other factors, like the ER membrane phospho-
lipid composition and surface tension, can also regulate the
concentration of the bilayer-dissolved NLs (14) and their
propensity to condense into LDs (23). Likewise, the NL
chemistry determines its tendency to remain in the bilayer
or condense into an LD (10,14). Squalene, an intermediate
molecule in the synthesis of sterols, is an example of NL
that abnormally accumulates in membranes (6,14,24).
Increasing the proportion of squalene relative to triacylgly-
cerols leads to the formation of larger LDs (14), probably
because squalene increases the nucleation concentration
(6,24) and decreases the budding propensity of LDs (14).
Interestingly, many anticancer and antifungal drugs target
the squalene epoxidase (25–27), leading to reduced cellular
cholesterol and, inevitably, an accumulation of squalene.
These two consequences may concomitantly contribute to
cellular death.

In this work, we ask the fundamental question of how NL
molecules, referred to as fat or oil molecules hereafter,
modulate the mechanical properties of a phospholipid
bilayer. To answer this question, we used model membranes
based on the formation of giant unilamellar vesicles (GUVs)
containing neutral lipids, such as those from droplet-
embedded vesicles (28,29) or inverted emulsion vesicles
(30). We found that oil molecules’ presence substantially
modifies the bilayer response to stretching and bending, de-
pending on the phospholipid composition and oil type.
MATERIALS AND METHODS

All experiments were performed in the following HKM buffer: 50 mM

Hepes, 120 mM potassium acetate, and 1 mM MgCl2 (in Milli-Q water)

at pH 7.4 and 280 5 15 mOsm.
Preparation of GUVs

GUVs were prepared by electroformation. Phospholipids and mixtures

thereof in chloroform at 0.5 mM were dried on an indium tin oxide-coated

glass plate. The lipid film was desiccated for 1 h. The chamber was sealed

with another indium tin oxide-coated glass plate. The lipids were then rehy-

drated with a sucrose solution (280 5 15 mOsm). Electroformation was

performed using 100 Hz AC voltage at 1.0–1.4 Vpp and maintained for

at least 2 h. This low voltage was used to avoid hydrolysis of water and

dissolution of the titanium ions on the glass plate. GUVs were either stored

in the chamber at 4�C overnight or directly collected with a Pasteur pipette.
GUV composition for used phospholipid mixtures

1,2-dioleyl-sn-3glycero-3-phosphocholine (PC) GUVs were 100% PC, 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (PE)-PC GUVs were 50% PE

and 50% PC, 1,2-dioleoyl-sn-glycero-3-phosphate (PA)-PC GUVs were

30% PA and 70% PC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC)-PC GUVs were 40% DPPC and 60% PC, and 1-stearoyl-2-arach-

idonoyl-sn-glycero-3-phosphocholine (PufaPC)-PC GUVs were 30% Pu-

faPC and 70% PC.
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Preparation of DEVs

To prepare the oil droplets, 5 mL of the oil (triolein or squalene) was added

to 70 mL of HKM buffer. The mixture was sonicated. The diameter of the

resulting droplets is on the order of a few hundred nanometers. To make

droplet-embedded vesicles (DEV), GUVs were then incubated with the

LDs for 5 min. To make DEVs with triolein-NBD (1,3-Di(cis-9-octadece-

noyl-2-((6-(7-notrobenz-2-oxa-1, 3-diazol-4-yl) amino) hexanoyl), the oil

was composed of 99.95% of triolein and 0.05% (w/w) of To-NBD. The

GUV-LD mixture was then placed on a glass coverslip (pretreated with

10% (w/w) bovine serum albumin (BSA) and washed three times with

buffer) and observed with a confocal microscope.
Preparation of GUVs by the inverted emulsion
technique

Two phospholipid mixtures were diluted in chloroform at 0.5 mM and dried.

A 150 mL oil volume was poured onto one mixture and 200 mL of HKM

buffer onto the other one. These solutions were sonicated for 5 min to facil-

itate the solubilization of phospholipids. A 100 mL volume of the oil-phos-

pholipid mixture was deposited on the HKM-phospholipids solution. Then,

the remaining 50 mL of the oil-phospholipid mixture was mixed with 4 mL

of an HKM-sucrose 1:1 (w/w) solution to generate a water-in-oil inverted

microemulsion, which was then added to the HKM-contacting-oil solution.

The resulting mixture was centrifuged for 3 min. The oil-containing GUVs

were next collected in the aqueous volume.
Confocal microscope images

All micrographs of DEVs were made on a Carl ZEISS LSM 800 (Carl

Zeiss, Oberkochen, Germany) with a 63� oil immersion objective or

10� air objective, and observed samples were held by glass coverslips

(24 � 36 mm #0; Menzel Gl€aser, Saarbr€uckener, Germany).
Hypotonic shock

DEVs were produced following the techniques described above. The result-

ing solution was placed on a coverslip (pretreated with 10% (w/w) BSA and

washed three times with buffer) and observed with a confocal microscope

(10� objective). Spherical DEVs with no thermal fluctuation of the bilayer

have been selected so that the surface of the bilayer can be easily deter-

mined. Next, 50 mL of Milli-Q water was added to 120 mL of DEV solution

to apply an osmotic shock of DC ¼ 80 mOsm. The osmotic gradients

applied were always the same (DC ¼ 80 mOsm for Figs. 1, 2, and 3 and

S1–S3) except for Figs. 1, D and E and S1, J–M, because of permeability

protocol precautions, where the DC was 145 mOsm, and for Figs. 2 B

and S2 A to report rapid triolein partitioning, where DC was 210 mOsm.

The DEVs were then imaged overtime to follow the evolution during

swelling. The same protocol was used to apply hypotonic shock to GUVs

or oil-containing-GUVs (Figs. 1 F, 2 D, and 3, D–F).
Determination of the critical bilayer strain

The maximal expansion of the bilayer is given by the following equation:

εmax ¼ Amax � A0

A0

;

where Amax and A0 are the maximal areas of the bilayer before burst

(stretched state) and the area before starting the swelling experiments (un-
stretched state), respectively. This area was determined by fitting a circle

onto the DEV (GUV) bilayer and recording its radius. The radius of the

embedded droplets was also recorded for DEV swelling experiments to
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FIGURE 1 Oil droplets connected to a bilayer expand the critical membrane area strain. (A) Top: schematic representation of the behavior of a GUVunder

hypotonic shock is given. GUVs undergo swelling and burst cycles. Bottom: schematic representation of a triolein DEV (droplet-embedded vesicle) system

compared with a GUV, which also undergoes swelling and burst cycles. (B) Time lapse of triolein DEVand GUV during a hypotonic shock experiment. Black

dashed circles report maximal vesicle radius. Scale bars, 10 mm. (C) Top: green arc underlying the bilayer area for uninflated and inflated DEV is shown.

Bottom: formula used to compute the bilayer strain, ε, defined as the relative expansion of the bilayer area. (D) Corresponding bilayer strain ε variations of

triolein DEVs and GUVs over time of Fig. 1 B are shown. Swelling and burst cycles are clearly visible for GUVs (blue dots; six cycles) and DEVs (green dots;

one cycle). (E) Left: plot of the initial water permeability of PC bilayer of GUVs (n ¼ 8), triolein DEVs (n ¼ 9), and squalene DEVs (n ¼ 9). Mean 5 SD.

Right: plot of the critical bilayer strain (εmax) of GUVs (blue, n¼ 28), triolein DEVs (green, n¼ 29), and squalene DEVs (gray, n¼ 21) for PC bilayer. Mean

5 SD. (F) Plot of the critical bilayer strain (εmax) of GUVs (blue), triolein DEVs (green), and squalene DEVs (gray) for various phospholipid compositions

of the bilayer. Mean 5 SD. ***p < 0.001; **p < 0.01; *p < 0.05. To see this figure in color, go online.
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determine the corrected surface area of the DEV bilayer (see the section

below).
Bilayer surface area of the DEVs

To consider only the surface of the DEV’s bilayer, the surface occupied by

the embedded droplet had to be removed. To do this, we calculated the sur-

face of the sphere formed by the bilayer and subtracted the surface of the

spherical cap corresponding to the droplet (Fig. S1 C). This gave the

following expression of the surface area of the DEV bilayer (A)

ADEV ¼ 2pR2
g �

0
@1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
Rd

Rg

�2
s 1

A;

where Rg and Rd are the DEV radius and droplet radius, respectively.
Permeability assay

To determine permeability, we made osmotic shock experiments thanks to

an applied osmotic gradient between the outside and inside of the vesicles

ofDC¼ 145 mOsm. To do so, we added 20 mL of DEVs (or GUVs) sucrose

solution (280 5 15 mOsm) into 100 mL HKM buffer. Then, we added

100 mL of Milli-Q water to induce an osmotic shock. During the experi-

ment, we maintained the DEVs (or the GUVs) thanks micropipettes, to

have a clear determination of both vesicle radius and droplet radius (see

Fig. 1 C and Supporting materials and methods). This enables to determine

the permeation area and the volume of the vesicle as a function of time dur-

ing the swelling experiment.
GUVs, triolein DEVs, and squalene DEVs initial
permeability computation

See Supporting materials and methods for the computation of the initial

permeability.
Determination of the triolein concentration in the
bilayer

To determine the concentration of triolein molecules in the bilayer, we used

triolein DEVs (or triolein GUVs). The triolein mixture was made of 99.95%

triolein and 0.05% (w/w) of triolein-NBD. For all our experimental condi-

tions involving these measurements (Figs. 1, 2, and 3), we chose DEVs (tri-

olein GUVs) with a radius between 5 and 15 mm with micrometric triolein

droplets. DEV snaps were taken by keeping the same settings for each DEV.

Then, fluorescence profiles were drawn perpendicular to the bilayer of tri-

olein DEVs (or triolein GUVs) and averaged over 15 pixels. The maximal

value of the profiles was recorded and averaged over multiple DEVs. The

same protocol was used for Cy5-PE fluorescence signals measurements

(Fig. 3 C). For monitoring of triolein concentration in the bilayer

(Fig. S1, D and E), we captured images every 5 min to avoid bleaching

of the triolein-NBD signal.
FRAP experiment: triolein-NBD bleaching in the
bilayer

Fluorescence recovery after photobleaching (FRAP) experiments were per-

formed by bleaching a part of the DEV bilayer (Fig. S1, B and C). The

To-NBD signal was bleached; then, the fluorescence signal recovery was
Biophysical Journal 120, 607–617, February 16, 2021 609
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FIGURE 2 Stretching increases the oil concentration in the bilayer depending on the phospholipid composition. (A) Schematic representation of the triolein

DEV formation protocol. To report triolein distribution, triolein was supplemented with 0.05% (w/w) triolein-NBD. (B) Left shows confocal images of PC

triolein DEVs under hypotonic shock with triolein tagged by triolein-NBD. Line scans show a triolein-NBD signal colocalizing with the bilayer. Scale bars, 5

mm. Right shows corresponding quantification of triolein-NBD signal and bilayer area variation. During bilayer stretching, triolein-NBD signal increased and

quickly dropped after deflation. (C) Representative confocal fluorescence images of a PC triolein DEVat the maximal bilayer expansion state (high tension)

and at the ‘‘unstretched’’ state (low tension). Line scans allow for quantification of triolein-NBD fluorescence intensity in the bilayer in each state. ‘‘Triolein

enrichment’’ was computed by taking the fluorescence ratio between stretched state/unstretched state. Scale bars, 5 mm. (D) Triolein enrichment measured for

PC (n¼ 8), PA-PC (n¼ 5), PE-PC (n¼ 4), DPPC-PC (n¼ 3), and PufaPC-PC (n¼ 8) triolein DEVs. Mean5 SD. (E) Plot of the critical bilayer strain ratio

between DEVs/GUVs against the triolein enrichment for previous phospholipid compositions. Statistical analysis revealed a significant slope different from

zero for a linear fit (dotted lines). Mean 5 SD. ***p < 0.001; **p < 0.01; *p < 0.05. To see this figure in color, go online.
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monitored. The FRAP curve is normalized by the fluorescence before

bleaching DEVs and just after the bleach (in nonbleached regions).

GraphPad Prism was used to fit the FRAP recovery curve with a nonlinear

regression and the exponential ‘‘one-phase association model.’’
BODIPY fluorescence in squalene DEVs during
hypotonic shock

To follow BODIPY fluorescence signal during hypotonic shock upon squa-

lene DEVs (Fig. S2 F), 0.5 mL of BODIPY was added in 100 mL of HKM

buffer containing squalene DEVs. After 10 min, 20 mL of water was added

to the coverslip, and the evolution of BODIPY signal in the bilayer of the

squalene DEV was monitored.
Micromanipulation and surface tension
measurements by micropipette-aspiration-
applied bilayer tension

Micropipettes were made from capillaries drawn out with a Sutter Instru-

ments (Novato, CA) pipette puller. They were used to manipulate GUVs,

DEVs, or GUVs containing oil. The pipettes were incubated for 30 min

in a 5% BSA solution before use, to prevent droplets and membranes

from adhering to the glass.

Additionally, surface tensions of bilayers were measured using the same

pipettes. Using Laplace’s law and measuring the pipette inner radius, the
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GUV radius, and suction pressure, the surface tension of the bilayer can

be determined by

g ¼ DPsuc

2
�

1
Rp
� 1

Rg

�;
where DPsuc, Rp, and Rg are the suction pressure, the pipette inner radius,

and the vesicle radius, respectively.
The suction was carried out using a syringe. The resulting pressure was

measured with a pressure transducer (DP103; Validyne Engineering, North-

ridge, CA), the output voltage of which was monitored with a digital volt-

meter. The pressure transducer (range 55 kPa) was calibrated before the

experiments. Micropipettes were made from capillaries (1.0 oD � 0.58

iD � 150 Lmm 30-0017 GC100-15b; Harvard Apparatus, Holliston, MA)

with a micropipette puller (model P-2000; Sutter Instruments). Microma-

nipulation (TransferMan 4r) was provided by Eppendorf (Hamburg,

Germany).

For bending rigidity measurements (see Bending rigidity measurements)

that needed a better measurement precision, the suction was applied thanks

to a water reservoir whose height was controlled with a micrometer gauge

(precision 0.005 mm). The resulting suction pressure was determined by

measuring the water level variation.
Lysis tension measurements

To determine an estimation of the bilayer lysis tension of GUVs, DEVs, or

GUVs containing oil, we used the micropipette aspiration technique.
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FIGURE 3 The sole presence of oil molecules in-

creases the critical bilayer strain. (A) Left, illustration

of the formation of triolein GUVs (To-GUVs) using a

water-in-oil inverted emulsion method. The triolein

was tagged with 0.05% (w/w) of triolein-NBD. Right,

fluorescence confocal imaging of the resulting triolein

GUVs. Significant triolein-NBD signal colocalizes

with the bilayer reported by Cy5-PE. Scale bars, 5

mm. (B) Top shows three different model systems: a

bilayer with no neutral lipids (GUV), a bilayer supple-

mented with triolein molecules (To-GUVs), and a

bilayer supplemented with triolein molecules provide

by a triolein droplet (To-DEVs). Bottom: to assess the

concentration of triolein in the bilayer of the three

model systems, we compute the ‘‘triolein in bilayer’’

by taking the fluorescence ratio between triolein-

NBD signal/Cy5-PE signal; microscope settings

were kept constant. (C) Quantification of the triolein

in bilayer for GUVs (n ¼ 6), triolein GUVs (n ¼
13), and triolein DEVs (n ¼ 49) made with PC phos-

pholipids is given. Mean 5 SD. t-test shows no sig-

nificant difference of triolein in bilayer between

triolein GUVs and triolein DEVs. (D) Quantification

of the critical bilayer strain ðεmaxÞ of PC GUVs

(n ¼ 28), triolein GUVs (n ¼ 41), and triolein

DEVs (n ¼ 29), showing higher stretching for DEVs

and GUVs containing oil. Mean 5 SD. (E) Plot of

the critical bilayer strain ðεmaxÞ for PC-PA GUVs

(n ¼ 9), triolein GUVs (n ¼ 15), and triolein DEVs

(n ¼ 6) showing higher stretching for DEVs and

GUVs containing oil. Mean5 SD. (F) Quantification

of the critical bilayer strain ðεmaxÞ of PC GUVs (n ¼
28), squalene GUVs (Sq-GUV) (n ¼ 7), and squalene

DEVs (Sq-DEVs) (n¼ 21), showing higher stretching

for DEVs and GUVs containing oil. Mean 5 SD.

***p < 0.001; **p < 0.01; *p < 0.05. To see this

figure in color, go online.
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Thanks to a slight aspiration, a bilayer tongue was sucked into the micropi-

pette. The aspiration was then increased at an approximate rate of 2–3

mbar/s, causing a proportional increase in the bilayer surface tension (see

Micromanipulation and surface tension measurements by micropipette-

aspiration-applied bilayer tension). At a certain tension, the bilayer ruptured

because of a pore opening. The measured lysis tension was taken as the

higher tension reached just before bilayer rupture.
Bending rigidity measurements

First, streptavidin-coated microspheres were added to the bulk on the glass

coverslip. Then, the GUV was gently captured by one of the two micropi-

pettes to control the surface tension g. One streptavidin-coated microsphere

was caught by the other micropipette, and it was slowly moved toward the

GUV. Upon contact, the biotinylated phospholipid of the GUV interacted

strongly with the streptavidin-coated microsphere surface. Finally, a nano-

tube was pulled by removing slowly the micropipette in the opposite direc-

tion as the GUV.

The bending rigidity was obtained with the following equation:

Rt ¼
ffiffiffiffiffiffi
k

2g

r
;

where k is the bending rigidity of the membrane that has to be determined

with the experimental measurements of the bilayer tension g (see Microma-
nipulation and surface tension measurements by micropipette-aspiration-

applied bilayer tension) and nanotube radius Rt.

To obtain Rt, we vary the tube length at a constant displacement velocity

of 2.5 mm , s�1 at constant surface tension, which keeps the radius constant

based on the previous equation. Therefore, for a given tension, we have

many couples of tube length Lt and tongue length Lp in the micropipette.

The conservation of surface yields

Lp ¼ d � Lt þ b

Thus, from this conservation, the slope (d) was extracted by measuring

different couples of Lp and Lt. We also checked that we do not detect hys-

teresis on these curves (Fig. S4, H and I) to ensure that we reached equilib-

rium for the oil partitioning (for triolein GUVs and squalene GUVs)

between the nanotube and the GUV.

On the other hand, conservation of the volume of the system links the

radius of the tube to that of the GUV (Rg) and the pipette through the

following equation (31):

Rt ¼ d �
�
1�Rp

Rg

�
� Rp

Finally, different values of Rt, associated with a different value of g were

measured, which gave us a mean value for k with the first equation of this

section.
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Apparent area expansion modulus
measurements

GUVs or oil-containing GUVs were gently captured with a micropipette.

Then, aspiration in the micropipette was slowly increased to obtain mul-

tiple values of membrane tension (�20 s between each point). For each

value of micropipette aspiration (MPA)-applied bilayer tension, the varia-

tion of the length of the bilayer tongue in the micropipette and the radius

of the GUV were measured, allowing us to determine an approximate

variation at the first order of the surface area of the bilayer of the GUV

DA (32):

DA ¼ 2pRp

�
1�Rp

�
Rg

	
DLp;

where DLp, Rp, and Rg are the variation of the bilayer tongue length in the

micropipette, the pipette inner radius, and the GUV radius, respectively.

The MPA-applied bilayer tension was then plotted against the relative

surface area variation of the GUV’s bilayer. Because the GUV was already

slightly tensed (initial tension above 0.1 mN/m), the membrane fluctuation

is negligible, and the MPA-applied bilayer tension (g) can be linked to

the surface area variation (DA/A0) by the apparent area expansion

modulus (Y):

Yapp ¼ g

DA=A0

Therefore, the slope of the MPA-applied bilayer tension-surface area

variation curve gave the apparent area expansion modulus of the membrane

(Yapp).
Area expansion modulus computing

Area expansion modulus was determined following the experiment in the

Apparent area expansion modulus measurements and previously deter-

mined bending rigidity k. To plot the MPA-applied bilayer tension g against

the relative surface area variation DA/A0 as above, the MPA-applied bilayer

tension is the plot as a function of

DA

A0

þ Da

with

Da ¼ � ðKBT = 8pkÞlnðg =g0Þ

KB is the Boltzmann constant, T the room temperature in Kelvin, and g0
the initial MPA-applied bilayer tension at the beginning of the experiment.

Therefore, the slope of the MPA-applied bilayer tension- ðDA =A0Þþ Da

curve gave the area expansion modulus (Y) (32).
Quantification and statistical analysis

Statistical analysis

The statistical comparison was made using a Student parametric test in

which we assume a Gaussian distribution. Then, the test is an unpaired t-

test. The statistical analyses were made with GraphPad Prism 7.0a; *** in-

dicates p < 0.001, ** indicates p < 0.01, and * indicates p < 0.05.

When the bar graph is plotted, values shown in the text and figures are

mean5 standard deviation (SD). When only the data set of one experiment

is shown, the values on the graph are absolute value 5 uncertainty of

measurements.
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Equipment and reagents

Equipment

All micrographs were made on a Carl ZEISS LSM 800. Glass coverslips

were from Menzel Gl€aser (24 � 36 mm #0). Micropipettes were made

from capillaries (1.0 OD � 0.58 ID � 150 Lmm 30-0017 GC100-15b;

Harvard Apparatus) with a micropipette puller (model P-2000; Sutter

Instruments). Micromanipulation was performed with TransferMan 4r

(Eppendorf). Pressure measurement unit (DP103) was provided by Val-

idyne Engineering.

Chemical products

Phospholipids: PC, PE, PA, DPPC, PufaPC 18:0–20:4, biotynil-PE

(1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)), Rh-PE

(1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine

B sulfonyl), and Cy5-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanol-

amine-N-(Cyanine 5)) were from Avanti Polar Lipids (Alabaster, AL).

BODIPY 493/503 was from Thermo Fisher Scientific (Waltham, MA).

Triolein and squalene were from Sigma-Aldrich (St. Louis, MO), and

To-NBD glycerol was from Setareh Biotech (Eugene OR). Streptavidin-

coated microspheres were from Bangs Laboratories (Fishers, IN). Hepes

(54457–250-F), potassium acetate (P1190), MgCl2 (M8266-100G),

BSA 98% (A7906-100G), and sucrose 99.5% (59378-500G) were from

Sigma-Aldrich.
RESULTS

Oil droplets expand the critical bilayer area strain
while decreasing permeability

We opted for osmotic swelling as a straightforward mean to
probe the expansion capacity of a GUV bilayer (Fig. 1 A,
top; (33–36)). To investigate whether NLs alter this expan-
sion, we used the DEV system (37), consisting of a GUV
containing an oil droplet made of triolein, the major triacyl-
glycerol NL (Fig. 1 A, bottom). In the DEV system, the
oil droplet equilibrates within seconds, with a constant
fraction of triolein molecules mobile in the bilayer
(Fig. S1, A–E; (10)).

We prepared GUVs and triolein oil-based DEVs (Fig. 1 B,
bottom), both made of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) phospholipid, and we subjected them to
the same osmotic shock. Both systems showed swelling
and bursting cycles during which their bilayer underwent
stretching and relaxation phases (Fig. 1, A and B; (33)).
To describe and understand the systems’ response, we
focused on the bilayer surface area strain ε for both GUVs
and DEVs (Fig. 1 C). For DEVs, the bilayer area is calcu-
lated at each time point by withdrawing the space occupied
by the droplet from the area of the sphere fitting the bilayer
(Fig. 1 C; Fig. S1, F–I). Furthermore, the DEVs’ swelling
time took a few minutes (Fig. 1, C and D), much longer
than the time it takes for triolein oil molecules to partition
between the droplet and the bilayer (10). Therefore, the
swelling process of DEVs occurred at equilibrium.

Triolein DEVs had a slower strain rate than GUVs (initial
slope, Fig. 1 D), which underwent many cycles within the
same time lapse. The strain rate is determined by the water
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flux, i.e., the permeability of the bilayer; the higher the
permeability, the higher the strain rate. Accordingly,
we found a permeability higher for GUVs, 24.8 5
8.3 mm , s�1, than triolein DEVs, 9.0 5 2.6 mm , s�1

(Fig. 1 E, left; Fig. S1, J–M; Supporting materials and
methods; (32)). Squalene DEVs were less permeable than
triolein DEVs (Fig. 1 E, left; Fig. S1, J, L, and M; Support-
ing materials and methods), consistent with permeability
studies with droplet interface bilayers (38).

The critical strain εmax, reached when the bilayer bursts,
was higher for DEVs than GUVs (Figs. 1 D and E, right,
and S1 J). A burst occurs when a critical pore size appears
in the membrane. GUVs stretched at a slower strain rate
have a higher probability of reaching the critical pore
size (33) and therefore a lower εmax. This correlation is
not verified with DEVs, which had slower strain rates
than GUVs but higher εmax (Fig. 1 D and E, right). There-
fore, other factors absent in GUVs favor the increase in
εmax for DEVs. We hypothesized that oil molecules re-
cruited to the bilayer are responsible for this higher critical
bilayer strain for DEVs.

To test our hypothesis, we decided to vary the phospho-
lipid composition, which controls the bilayer’s oil concen-
tration (14). We worked with different phospholipid
mixtures, including DOPE (PE), DOPA (1,2-dioleoyl-sn-
glycero-3-phosphate; PA), DPPC, or PufaPC (18:0, 20:4).
For each condition, we determined the critical bilayer strain,
εmax, and compared it between GUVs and DEVs (Figs. 1 F
and S1, N–R). Regardless of composition, triolein DEV bi-
layers withstood larger expansions than GUVs (Figs. 1 F
and S1 R). Interestingly, the critical bilayer strain of triolein
DEVs was systematically higher in the presence of nega-
tively curved lipids such as PA and PE, between three and
five times higher than for GUVs (Figs. 1 F and S1 R). We
found that squalene enabled a higher membrane expansion
than triolein in PC conditions and, more strikingly, in Pu-
faPC (Figs. 1 F and S1 R). This particular increase in Pu-
faPC may pertain to p-p interactions between the
numerous unsaturations in the squalene’s carbon skeleton
and those in the PufaPC acyl chain. However, compositions
containing PA and PE showed no difference between the
two oils (Figs. 1 F and S1 R), suggesting that these phospho-
lipids’ contribution masked the difference between the two
oils.
Stretching increases the bilayer oil concentration
depending on the phospholipid composition

Based on the above results, we hypothesize that the oil
droplet buffers oil molecules to the bilayer, which has
more material to withstand more significant expansions.
Following this hypothesis, PA and PE would lead to more
oil molecules in the bilayer.

To test our model, we used a fluorescently labeled ‘‘tri-
olein,’’ triolein-NBD, mixed with triolein at 0.05% (w/w),
to report for triolein localization (Fig. 2 A). The resulting
DEV was then monitored during the osmotic swelling
(Fig. 2 B, left). We found that the bilayer’s triolein signal
increased concomitantly with the bilayer stretching
(Fig. 2 B, right). Then, the bilayer concentration sharply
decreased after a rapid burst of the DEV (Fig. 2 B, right);
the oil molecules almost spontaneously re-equilibrated be-
tween the droplet and the bilayer after this burst (Fig. 2 B;
Fig. S2 A). These results show that increasing the bilayer
surface tension by osmotic swelling raises the amount of
oil in the bilayer, agreeing with previous in silico results
(14) and confirmed here by using micropipettes to vary sur-
face tension (Fig. S2, B and C). To test whether squalene
behaves like triolein, we used BODIPY, which labels the
bilayer’s hydrophobicity, as we could not find available
fluorescent squalene reporters. We observed a stronger
BODIPY signal in the bilayer during osmotic swelling,
most likely because of an increase in squalene in the
bilayer (Fig. S2 D).

Our hypothesis suggests that the number of oil molecules
incorporated into the bilayer during swelling determines the
extent of membrane expansion. Because the critical bilayer
strain depended on the phospholipid type (Figs. 1 F and S1
R), we measured the triolein increase in the bilayer for each
phospholipid condition. We found an increase in the triolein
signal during swelling for all lipid compositions but to
different extents (Figs. 2 D and S2 E). We defined the
bilayer triolein enrichment as the ratio between the triolein
level in the bilayer at the maximal expansion (high tension)
and the initially unstretched bilayer (low tension) (Fig. 2 C).
We found that DEVs containing PA or PE, which had the
most remarkable expansion (Fig. 1 F), displayed the highest
triolein enrichment (Fig. 2 D). In contrast, triolein DEVs
made with PufaPC-PC, which did not significantly increase
the critical bilayer strain (Fig. 1 F), exhibited a low triolein
enrichment. These data are consistent with our model: dur-
ing stretching, triolein molecules can behave as membrane
building blocks, like phospholipids, and allow for more
bilayer expansion.

If our model is correct, then the enrichment level of tri-
olein in the bilayer should dictate the critical bilayer
strain. To test this prediction, we considered for each
phospholipid composition the ratio of the critical bilayer
strain of DEVs/GUVs (Fig. 1 F). This normalization can-
cels the contribution of phospholipids to the membrane
expansion and highlights the contribution of triolein mol-
ecules. Consistent with our prediction, we found that the
amount of triolein injected into the bilayer during stretch-
ing increases linearly with the critical bilayer strain ratio
(Fig. 2 E).

In summary, an oil droplet connected to a bilayer equili-
brates with residual oil molecules in the bilayer. The con-
centration of this residual oil increases as the bilayer is
stretched. Phospholipids with negative spontaneous curva-
ture favor a higher delivery of oil molecules from the droplet
Biophysical Journal 120, 607–617, February 16, 2021 613
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to the stretched bilayer and, thereupon, a higher critical
bilayer strain.
The sole presence of oil molecules in a bilayer
increases the critical area strain

To fully demonstrate that the oil molecules favored the in-
crease in the critical bilayer strain, we decided to repeat
the previous experiments with oil molecules in the bilayer
without any droplet reservoir. To do so, we used the wa-
ter-in-oil inverted emulsion method (30) by using a triolein
oil phase containing triolein-NBD (Fig. 3 A, left). With this
approach, indeed, we found that the resulting GUVs, called
triolein GUVs, carried only triolein molecules in their
bilayer (Fig. 3 A, right). The bilayer triolein concentration
is defined as the triolein-NBD bilayer signal divided by
Cy5-PE, reporting phospholipids (Fig. 3 B). Based on this
normalization, triolein GUVs and DEVs composed of PC
and not subjected to an osmotic swelling had a similar
bilayer triolein signal (Fig. 3 C).

We first compared GUVs and triolein GUVs, both made
of PC, subjected to osmotic swelling. We found that the crit-
ical bilayer strain, εmax, for triolein GUVs was significantly
higher than for GUVs (Fig. 3 D), consolidating our model
that the sole presence of NLs is sufficient to increase the
membrane expansion limit.

We next compared triolein GUVs to triolein DEVs. Trio-
lein DEVs had a 1.45-fold higher membrane expansion limit
than triolein GUVs in PC (Fig. 3 D). The presence of PA
exacerbated this difference by 3.2-fold higher (Figs. 3 E
and S3, A and B). These observations agree with our model.
Indeed, the bilayer of triolein GUVs had a fixed number of
oil molecules and, therefore, less material to withstand
larger expansions; in contrast, the bilayer of a triolein
DEV can be continuously supplied with oil molecules by
the droplet. PA highlighted further this difference because
it induced the most substantial triolein release into the
bilayer of DEVs (Fig. 2, D and E). Finally, squalene had a
similar impact than triolein in squalene GUVs versus squa-
lene DEVs (Fig. 3 F).

Overall, these data show that the oil molecules’ presence
increases the bilayer’s ability to withstand more extensive
stretching than a pure phospholipid membrane. If a NL
droplet is physically connected to an expanding bilayer, it
will buffer it with NLs and further increase its expansion.
A dramatic consequence of such an increment in the bilayer
stretching is that the area per phospholipid can be increased
by severalfold by NLs, especially in the presence of nega-
tively curved phospholipids (Figs. 1 F and 3, D–F).
Oil molecules modify the mechanical properties
of a bilayer

We wanted to know whether the mechanical properties of
the bilayer are influenced by the presence of oil, as it was
614 Biophysical Journal 120, 607–617, February 16, 2021
observed for solvents (39). The critical bilayer surface
area strain is determined by the appearance of a critical
pore size, which depends on membrane stretching and
bending factors (33). We probed how NLs altered these me-
chanical factors independently.

First, we studied whether NLs altered the lysis tension of
DEVs, i.e., the surface tension at which a pore opens in the
bilayer. We used micropipette suction to increase the surface
tension of PC GUVs and PC DEVs made of triolein or squa-
lene. The MPA-applied bilayer tension was increased
continuously by pulling on the bilayer at a rate of �2–3
mbar/s (Fig. S4 A). The lysis tension was taken as the
MPA-applied bilayer tension recorded right before the bila-
yer’s burst (Fig. S4 A). In PC, the lysis tension of GUVs was
8.1 5 1.9 mN/m, in the range of previously reported values
(32,40). Triolein increased this lysis tension to 9.7 5
1.9 mN/m, and squalene DEVs led to a more significant in-
crease to 10.8 5 2.2 mN/m (Fig. 4 A). A similar trend was
found for a PC-PA membrane composition (Fig. S4 B). This
increase in the lysis tension can partly explain the higher
critical bilayer area strain proffered by oil molecules
(Figs. 1 F and S1 R).

Secondly, we determined the impact of the oil molecules
on the area expansion modulus. For surface tensions over
0.5 mN/m, sufficient to smoothen thermal membrane fluctu-
ations, the apparent area expansion modulus is given by
Hooke’s law (Fig. 4 B; (41,42)). Experimentally, we
increased the bilayer area with a micropipette while
recording its MPA-applied surface tension (Fig. 4 B). The
slope of the resulting MPA-applied bilayer tension-area
curve (Fig. S4, C and D) yields the apparent area expansion
modulus of the bilayer (Yapp) (42). With this approach, we
could only work with GUVs containing oils (Fig. 3 A)
because, in DEVs, the droplet has a contribution in elasticity
difficult to model. GUVs made of PC had an apparent
expansion area modulus of 194 5 25 mN/m (41), whereas
those bearing triolein and squalene had lower values, 89 5
31 and 111 5 27 mN/m, respectively (Fig. 4 C). This
marked decrease in the apparent area expansion modulus
is consistent with the overall increase in the critical bilayer
strain observed when the NL oils are present in the bilayer
(Fig. 3, D and E). However, no significant difference was
found between squalene and triolein, suggesting that the
apparent area expansion modulus does not solely account
for the disparity in the critical bilayer strain between these
two oils (Fig. 1 F).

Finally, we determined the bending rigidity (K) by nano-
tube pulling experiments (Figs. 4 D and S4, E–I). We found
that the presence of triolein in a PC GUV bilayer decreased
the bending rigidity (125 4 kBT) roughly by a factor of two
compared with the value for a bare GUV (21 5 4 kBT)
(Fig. 4 E); a similar trend was found when measuring the ri-
gidity by fluctuation analysis (43). Surprisingly, squalene
slightly increased the bending rigidity (27 5 4 kBT), illus-
trating that oil molecules do not necessarily change
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FIGURE 4 Oil molecules modify the mechanical

properties of a bilayer. (A) Bilayer lysis tension

measured for GUVs (n ¼ 43), triolein DEVs (n ¼
24), and squalene DEVs (n ¼ 41) made with PC.

Mean 5 SD. (B) Illustration of the experimental

setup to determine the apparent area expansion

modulus of a bilayer. Thanks to micropipettes, ten-

sion is measured while increasing the bilayer area.

Apparent area expansion modulus (Yapp) is

computed from the ratio between surface tension

and area variation. (C) Apparent area expansion

moduli of PC GUVs (n ¼ 5), triolein GUVs (n ¼
7), and squalene GUVs (n ¼ 5). Mean 5 SD.

The presence of neutral lipids in the bilayer (triolein

or squalene) decreases apparent area expansion

modulus. See also Fig. S4, C–E. (D) Experimental

determination of the bending modulus (K) by pull-

ing a nanotube from the bilayer. The bending

modulus is directly linked to the nanotube radius

and the membrane tension. For further details, see

Fig. S4, E–I. (E) Bending moduli of GUVs (n ¼
7), triolein GUVs (n ¼ 4), and squalene GUVs

(n ¼ 3) made with PC. Mean 5 SD. The presence

of triolein in the bilayer results in a significant

bending modulus decrease. Squalene increases the

bending modulus. (F) Area expansion moduli of

PC GUVs (n ¼ 5), triolein GUVs (n ¼ 7), and squalene GUVs (n ¼ 5). Mean 5 SD. The presence of neutral lipids in the bilayer (triolein or squalene)

decreases absolute area expansion modulus (Y). ***p < 0.001; **p < 0.01; *p < 0.05. To see this figure in color, go online.
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membrane properties in the same way. We used the bending
rigidity values to compute the absolute area expansion
moduli (Y) (Fig. 4 F; (32)). PC GUVs had an expansion
area modulus of 2145 25 mN/m (41), whereas GUVs con-
taining triolein or squalene had a lower value of 101 5 35
and 120 5 28 mN/m (Fig. 4 F).

In conclusion, the above data illustrate how and which
membrane mechanical properties are altered by NL oil mol-
ecules. NLs can have similar or opposite effects on mem-
brane mechanical properties, depending on the NLs’
chemistry.
DISCUSSION

Precise control of the biophysical properties of membranes
is crucial for cell survival. Phospholipids and membrane
proteins often control these properties. Here, we consider
the impact of neutral lipids, which can behave as hydropho-
bic membrane inclusions. We found that neutral lipids prof-
fer unusual mechanical properties to the bilayer membrane.
Such an effect depends on the nature of the hydrophobic in-
clusion but also the phospholipid composition.

We worked with triolein, the main component of cellular
LDs, and squalene, which can significantly accumulate in
cells upon drug treatments targeting the squalene epoxidase
(25–27). For the phospholipid conditions that we tested, we
found that these neutral lipids increased the lysis tension of
a bilayer and significantly decreased its area expansion
modulus. Whereas triolein decreased the bilayer bending
stiffness, squalene increased it. Overall, these mechanical
alterations are consistent with the greater membrane expan-
sion proffered by the neutral lipids. At the molecular level,
the increased critical membrane strain likely results from
the insertion of neutral lipids between phospholipids when
the membrane is stretched, i.e., when tension increases.
Thus, the neutral lipids may adopt different molecular con-
formations when tension varies (44–46). At low tension,
triolein molecules could remain perpendicular to the phos-
pholipids but parallel to them at high tension, exposing their
glycerol backbone to water (45). This molecular adapt-
ability would allow phospholipids to be spaced further apart
than in a pure bilayer.

Squalene is a long terpene with numerous unsaturation,
chemically different from triolein. Despite contrasting
chemistry, the two neutral lipids yielded similar elasticity.
As for triolein, squalene may also adopt phospholipid-paral-
lel or antiparallel orientations in the bilayer (47), depending
on the surface tension, in a way that decreases the area
expansion modulus. Concerning the membrane lysis ten-
sion, both neutral lipids increased it, especially squalene.
This difference may pertain to the interaction spectrum of
NLs with phospholipids. In particular, squalene can develop
multiple interactions p-p (48) with phospholipids, making it
act like a molecular glue, ‘‘cross-linking’’ the bilayer leaflets
and delaying the opening of a pore.

Interestingly, squalene increased the bilayer bending ri-
gidity, whereas triolein decreased it, relative to GUVs.

The bending rigidity (k) depends on the bilayer thickness
(d), the area expansion modulus (Y), and the coupling
constant (b) of the monolayer leaflets composing the
Biophysical Journal 120, 607–617, February 16, 2021 615
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bilayer: k f b � d2 � Y (49). Triolein and squalene
decreased the area expansion modulus, Y (Fig. 4 F),
by two, which tends to reduce the bending rigidity,
but not for squalene (Fig. 4 E). Squalene particularly in-
creases membrane thickness, more than triacylglycerols
(38,39,50,51). Also, via p-p interactions developed with
phospholipids (48), squalene likely increases the monolayer
coupling b. Consequently, the contribution of b , d2 for
squalene may compensate for the decrease in Y sufficiently
to overall increase the bending rigidity k.

Based on the above analysis and the rigidity measurement
(Fig. 4 E), curving squalene-rich membranes is more diffi-
cult. Squalene accumulation is promoted by several anti-
fungal and anticancer drugs (25–27), and therefore, the
subsequent alteration in membrane mechanics could
contribute to the death of fungal or cancer cells. Inducing
the synthesis andmembrane accumulation of specific neutral
lipids could be a strategy to prompt cancer cells to die.

Finally, our data show that a droplet connected to a
bilayer can supply neutral lipids to the membrane, espe-
cially when the bilayer experiences stretching. The amount
of neutral lipids delivered to the bilayer depends on the
bilayer phospholipid composition. Thus, in a cellular
context, LDs should be disconnected from the ER bilayer
to avoid residual neutral lipids in the membrane. If not,
the neutral lipid accumulation would hinder the ER’s multi-
ple functions that rely on the precise regulation of its
mechanical properties, involving membrane tubulation,
stretching, budding, or fusion.

In conclusion, our study provides important insights into
how neutral lipids can change membranes’ biophysical
properties. This study is relevant to better understand the
ER membrane mechanics during fat storage, particularly
in pathological conditions in which neutral lipids fail to effi-
ciently phase separate into LDs. Our approaches can be
adapted to test the behavior of more exotic lipids.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2021.01.009.
AUTHOR CONTRIBUTIONS

A.R.T. designed research. A.C. and A.S. performed experiments and

analyzed the data with L.F. A.C., A.S., and A.R.T. wrote the manuscript.
ACKNOWLEDGMENTS

We are thankful to all the group members, Chloë Thimonier, and Jean
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