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ABSTRACT We combined theory and experiments to depict physical parameters modulating the phospholipid (PL) density
and tension equilibrium between a bilayer and an oil droplet in contiguity. This situation is encountered during a neutral lipid
(NL) droplet formation in the endoplasmic reticulum. We set up macroscopic and microscopic models to uncover free parame-
ters and the origin of molecular interactions controlling the PL densities of the droplet monolayer and the bilayer. The established
physical laws and predictions agreed with experiments performed with droplet-embedded vesicles. We found that the droplet
monolayer is always by a few percent (�10%) less packed with PLs than the bilayer. Such a density gradient arises from
PL-NL interactions on the droplet, which are lower than PL-PL trans interactions in the bilayer, i.e., interactions between PLs
belonging to different leaflets of the bilayer. Finally, despite the pseudo-surface tension for the water/PL acyl chains in the bilayer
being higher than the water/NL surface tension, the droplet monolayer always has a higher surface tension than the bilayer
because of its lower PL density. Thus, a PL density gradient is mandatory to maintain the mechanical and thermodynamic equi-
librium of the droplet-bilayer continuity. Our study sheds light on the origin of the molecular interactions responsible for the
unique surface properties of lipid droplets compared with cellular bilayer membranes.
SIGNIFICANCE Organelles’ biogenesis and function rely on membrane mechanics and phospholipid composition. Lipid
droplets (LDs) are unique cell organelles because of their neutral lipid oil core shielded by a single phospholipid monolayer.
LD biogenesis happens in the endoplasmic reticulum (ER) bilayer, which unzips to encapsulate the developing LD, which
subsequently buds off in the cytoplasm. The ER cytoplasmic monolayer leaflet thus equilibrates with that of the forming LD.
Experimental data and simulations support that this equilibration happens with different phospholipid densities and
tensions between the bilayer and monolayer, but the underlying mechanisms remain unknown. A theoretical framework
combined with experiments enabled us to reveal these mechanisms.
INTRODUCTION

Except for lipid droplets (LDs), most cellular organelles are
bilayer bounded (1). LDs are made of neutral lipids (NLs),
which are non-membrane lipids and often oily molecules.
These NLs are encapsulated in the core of the LDs, covered
by a single phospholipid (PL) monolayer in which proteins
are embedded. LDs form in the endoplasmic reticulum (ER)
bilayer following a multiple-step process (2,3). NLs are syn-
thesized and sheltered in the ER bilayer’s hydrophobic re-
gion. The NL phase separates from the ER bilayer at a
critical concentration and condenses into an LD (4–6). At
this stage, the LD is contiguous with the ER bilayer and
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can exchange proteins and lipids with its membrane (7).
The nucleated LDs grow by acquiring more NLs and pro-
teins. At maturation, LDs can be physically disconnected
from the ER bilayer but may reconnect with it later to ex-
change content (8,9). Hence, the droplet monolayer surface
is functionally connected to the ER bilayer to maintain the
homeostasis of lipids and proteins of the LDs (10–12). A
crucial question is how these organelles manage to share
PLs and proteins while keeping their respective identities.
Answering this question will help understand LD biogenesis
and protein targeting principles (13–17). In particular, un-
derstanding how the density of PLs is set between contig-
uous bilayer and monolayer interfaces will allow better
understanding of the mechanisms of LD assembly and pro-
tein binding (13,16–18).

Important parameters controlling LD biogenesis are
the monolayer and bilayer surface tension and curvature
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(19–21), which depend on the PL composition of the organ-
elles (16,22,23). The PL density regulates both the LD
monolayer surface tension and its accessibility to proteins
(8,16,24–28). First, while the ER bilayer can behave as an
infinite PL reservoir to the connected LD, reconstitution ap-
proaches, cell data, and molecular dynamics simulations
suggest that the droplet monolayer is less packed with PLs
than the ER bilayer (25,29–31). Such a discrepancy partly
explains the higher recruitment of peripheral or monotopic
membrane proteins to LDs than bilayer membranes
(24,25,30,32,33). Second, while the ER bilayer is of low
surface tension, circa 0.01 mN/m (34), cellular LDs, made
from and contiguous with the ER, have a surface tension
above 1 mN/m (19,20), two orders of magnitudes higher.
This tension difference is crucial for the proper emergence
of LDs from the ER bilayer (16,17,19). Reasons for the dis-
crepancies in PL densities and surface tensions between
LDs and the ER bilayer are unclear as yet. Understanding
the molecular basis of such differences between the two
contiguous organelles will improve our knowledge of their
biology.

Whether the physical properties of PL bilayers and
monolayers are identical was raised several decades ago
(35–38) because both are self-assembled interfaces with
essential functions and applications in biology and physical
science. For example, early studies focused on the kinetics
and mechanics of the PL monolayers of air/water or water/
oil interfaces for better understanding the dynamics of lung
surfactants (39) or emulsions’ stability for digestion pur-
poses (32,33,40), and so forth. In the meantime, biophysi-
cal approaches allowed studying the mechanics and
dynamics of PL bilayers, an important branch of membrane
biology (41–43). Altogether, these pioneer focuses on PL
interfaces led to the genesis of several theoretical frame-
works describing the mechanics and thermodynamics of
PL-coated fluid interfaces (35,36,44). However, because
LDs have gained focus relatively recently, little or no effort
was devoted to studying the case of the PL monolayer inter-
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face covering an LD emerging from the ER bilayer. Mech-
anisms controlling the PL density and surface tension
equilibrium between a droplet monolayer joined to a
bilayer are currently unknown. We decided to capitalize
on the established theoretical frameworks to uncover them.

This paper aims to unveil the molecular origin of mecha-
nisms maintaining the uneven PL density between a droplet
monolayer connected to a bilayer (Fig. 1 A). We customized
macroscopic and microscopic frameworks of such a situa-
tion and established the relationship between the free pa-
rameters of the system.

Experiments validated our theoretical predictions, and
this agreement allowed us to highlight molecular interac-
tions underlying the difference in PL densities and surface
tensions between the droplet monolayer and bilayer. These
interactions involve (1) the adhesion between the PL
monolayer leaflets forming the bilayer, which does not
exist on a droplet monolayer; and (2) a pseudo-surface
tension—resulting from the interaction between water
molecules and PL acyl chains of the bilayer—higher
than the classical water/oil surface tensions. Keeping a
PL density difference is essential for the mechanical and
thermodynamic equilibrium of the droplet and bilayer
contiguity.
MATERIAL AND METHODS: THEORY

Definition of the intensive thermodynamic
quantities

The surface tension and chemical potential of a PL monolayer are defined

by (supporting material, section 2),

gm ¼ fmðrmÞ � rmf
0
mðrmÞ ; mm ¼ f 0mðrmÞ ; (1)

where fm is the free energy per surface unit of a monolayer and the prime

denotes the derivative of the function. For each monolayer,

gme=mi ¼ gmðrme=miÞ and mme=mi ¼ mmðrme=miÞ; the chemical potential of a

bilayer leaflet is
C
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mb ¼ vrfbðr; rÞ; (2)

where fb is the free energy per surface unit of a bilayer, r is the density of the

considered leaflet and r that of the opposite leaflet, so that mbe ¼ mbðrbe; rbiÞ
and mbi ¼ mbðrbi;rbeÞ. The surface tension of the bilayer is defined as

gb ¼ fbðrbe; rbiÞ � rbembðrbe; rbiÞ � rbimbðrbi; rbeÞ : (3)

MATERIALS AND METHODS

Preparation of GUVs

All experiments were performed in the following HKM buffer (20 mM

HEPES pH 7.4, 150 mM potassium acetate, 2 mM magnesium chloride):

50 mM HEPES, 120 mM K acetate, and 1 mM MgCl2 (in Milli-Q water)

at pH 7.4 and 275 5 15 mOsm.

Giant unilamellar vesicles (GUVs) were prepared by electro-formation.

PLs and mixtures thereof in chloroform at 0.5 mM were dried on an indium

tin oxide (ITO)-coated glass plate. The lipid film was desiccated for 1 h.

The chamber was sealed with another ITO-coated glass plate. The lipids

were then rehydrated with a sucrose solution (275 5 15 mOsm). Electro-

formation is performed using 100 Hz alternating current (AC) voltage at

1.0 to 1.4 Vpp and maintained for at least 1 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

1,2-Dioleyl-sn-3glycero-3-phosphocholine (DOPC) GUVs: 99% DOPC

stained with 1% rhodamine 1,2-dioleyl-sn-glycero-3-phosphoethanol-

amine-N-lissamine rhodamine B sulfonyl (DOPE).

1,2-Dioleoyl-sn-glycero-3-phosphate (DOPA)-DOPC GUVs: 30%

DOPA, 69% DOPC, and 1% rhodamine-DOPE.

Polyunsaturated fatty acid (PUFA)-DOPC GUVs: 30% PUFA (18:0–

20:4) (1-stearoyl-2-arach- idonoyl-sn-glycero-3-phosphocholine), 69%

DOPC, and 1% rhodamine-DOPE.
Preparation of DEVs (GUVs plus oil droplet)

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

45 mL of HKM buffer. (20 mMHEPES pH 7.4, 150 mM potassium acetate, 2

mM magnesium chloride). The mixture was sonicated. The diameter of the

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

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

LDs for 5 min. The GUV-LD mixture was then placed on a glass coverslip

(pretreated with 10% (w/w) BSA and washed three times with buffer).
Confocal microscope images

All micrographs of DEVs were made on a Carl ZEISS LSM 800 with �10

air objective, and observed samples were held by glass coverslips (Menzel

Glaser, 24 � 36 mm #0).
Micromanipulation and surface tension
measurements by microaspiration

Micro-pipettes were made from capillaries drawn out with a Sutter Instru-

ments pipette puller. They were used to manipulate the DEVs in order to get

a side view of the system.
Additionally, surface tensions were measured and modulated using the

same pipettes. As shown in (Fig. 2 B), the micromanipulation of the external

LDmonolayer (or theDEV’s bilayer) enables themeasurement of the external

monolayer surface tension (or the bilayer surface tension). Using Laplace’s

law and the measurement of the diameter, droplet (or bilayer) diameter, and

suction pressure, the surface tension of the interface can be determined:

g ¼ DPsuc

2

�
1
Rp
� 1

Rd

�

where DPsuc, Rp, and Rd are the suction pressure, the pipette radius, and

the droplet external radius. The suction was carried out using a syringe.

The resulting pressure was measured with a pressure transducer (DP103

provided by Validyne Engineering, United States), the output voltage of

which was monitored with a digital voltmeter. The pressure transducer

(range 55 kPa) was calibrated prior to the experiments.

External monolayer and bilayer tension of DEVs were measured simul-

taneously while increasing the bilayer surface tension to obtain the mono-

layer tension-bilayer tension graph shown in (Fig. 2 C).
Tensionmeasurements of triolein-buffer interface
covered with PLs

A pendant droplet tensiometer designed by Teclis Instruments was used to

measure the interfacial tension of oil/water interfaces. All experiments were

conducted at room temperature. DOPC PLs stored in chloroform were dried

under argon and mixed with triolein oil. This mix was then sonicated and

store at room temperature for 2 h. To generate a PL monolayer at the oil-

buffer interface, PL-in-triolein droplets (5–16.0 mL) were formed at the

tip of a J-needle submerged in 5 mL of HKM buffer. The surface tension

of the interface was automatically measured by the tensiometer.
Tension of an interface at equilibrium with a large
reservoir of PLs dissolved in the oil phase

Triolein was supplemented with 0.5% (w/w) DOPC to get above the critical

micellar concentration. This mix was used in the pendant droplet tensiom-

eter to form a DOPC monolayer at the oil-water interface. As the PLs ex-

ceeded the critical micellar concentration, the oil phase acted as a PL

reservoir in supplying PLs to the monolayer. Surface tension was measured

until a plateau was reached (Fig. S1 D). This plateau of tension is the ten-

sion designated as the tension of a monolayer connected to a PLs reservoir.
The tension of a mechanically compressed PL
monolayer

Trioleinwas supplementedwith 0.05%(w/w)DOPC.Thismixwasused in the

pendant droplet tensiometer to form aDOPCmonolayer at the oil-water inter-

face. The PLs relocated at the oil-buffer interface, resulting in a decrease of

surface tension. After tension stabilization, we started to record tension while

gradually suckingup the oil back into the needle. This resulted in the compres-

sion of the PL monolayer at the interface, increasing the PL density and

decreasing surface tension. At some compression level, a tension plateau

was reached (Fig. S1 E). This plateau of tension is the tension designated as

the tension of a monolayer mechanically compressed at its maximal PL

density.
PLs monolayer characterization (DOPC)

A DOPC monolayer was formed at the triolein-buffer interface using the

pendant droplet tensiometer using the same condition as described in the
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FIGURE 2 Experimental determination of the interdependence between surface tensions. (A) Formation of the DEV system: GUVs are mixed

with nano emulsion droplets that are incorporated into the intermonolayer space of the GUVs to form DEVs. (B, left) schematic view of micro-

pipette measurement of the monolayer surface tension of a DEV while simultaneously measuring and increasing its bilayer surface tension with a

second micropipette. (Right) Representative confocal micrograph showing a brightfield image of a triolein-DOPC DEV merged with the fluores-

cence image of the PLs reported by rhodamine-DOPE. Scale bar represents 10 mm. (C) Monolayer-bilayer surface tension diagram of a triolein-

DOPC DEV. This DEV was selected with a droplet symmetrically positioned with respect to the bilayer; i.e., identical contact angles qe and qi.

See Fig. S1 A for confocal images of the experiment. See Fig. S1 B and C for monolayer-bilayer tension diagram of DEVs with asymmetric

droplet position and of DEVs with other phospholipidic compositions. A trend line is drawn to highlight the linear dependence of the tensions.

(D) (Left) Scheme of the droplet tensiometer method: an oil-in-water droplet is generated at the tip of a tube, with PLs added in excess in

the oil phase. Compression is achieved by decreasing the droplet volume through withdrawing the oil phase. (Right) Quantification of the surface

tension of DOPC monolayer at triolein-buffer interface, respectively for a monolayer in continuity with a lipid bilayer with tension <0.01mN/m

(DEV), a monolayer in contact with a large PL reservoir dissolved in the oil phase, and a monolayer mechanically compressed. Data are repre-

sented as mean 5 SD. Related to Fig. S1 D and E.

Chorlay et al.
above paragraph. After tension stabilization, the droplet area A was

decreased while recording surface tension gm (Fig. S2 A and B). This sur-

face tension-droplet area isotherm is then fitted by Eq. 14, gm ¼ go=w�
pðA =NÞ with pðrÞ given by the van der Waals equation of state pðrÞ ¼
kTr
1�ar � ur2 and N is the number of PLs on the droplet interface. It allows

deducing the values of the parameters go=w; a, u (and N).
Determination of the contact angles between the
droplet and the bilayer

DEVs were imaged at their equatorial plane (side view). Two osculating

circles are adjusted to delimit the droplet and bilayer of the DEV. qe, the

contact angle formed by the two tangents originating from the intersec-

tion point of the two circles (see Fig. S3 A–D), can be determined

geometrically using the following equation derived from the law of

cosines:

cos qe ¼
d2 � R2

g � R2
d

2 RgRd

where (Rd) is the radius of the droplet auscultating circle, (Rg) is the radius

of the bilayer auscultating circle, and (d) is the distance between the two

centers of the two osculating circles.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Unless mentioned, all values shown in the text and figures
are mean 5 SD.
EQUIPMENT AND REAGENTS

Equipment

All micrographs were made on a Carl ZEISS LSM 800.
Glass coverslips: Menzel Glaser (24 � 36 mm #0). Micro-
pipettes were made from capillaries (1.0 mm outside diam-
eter � 0.58 mm inside diameter � 150 mm length, 30-0017
GC100-15b Harvard Apparatus) with a micropipette puller
(Sutter instrument model P-2000). Micromanipulation was
with an Eppendorf TransferMan 4r. Pressure measurement
unit (DP103) was provided by Validyne Engineering
(United States). Plasma cleaner was purchased from Harrick
Plasma (PDC-32G-2) (230 V) and used at 0.8 mbar of air
pressure.
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Chemical product list

PLs

DOPC, DOPA, PUFA (18:0–20:4) (1-stearoyl-2-arach- ido-
noyl-sn-glycero-3-phosphocholine), and rhodamine-DOPE
were from Avanti Polar Lipids (Alabaster, AL). Triolein
(glyceryl trioleate T7140), squalene (S3626), sterol ester
(C9253 1G), HEPES (54457–250-F), K acetate (P1190),
MgCl2 (M8266-100G), BSA 98% (A7906-100G), sucrose
99.5% (59378-500G), and mPEG5K-silane (JKA3037)
were from Sigma-Aldrich.
RESULTS

The results section is organized as follow. We first present
the thermodynamic equilibrium relations, which govern
the droplet morphology and the PL distribution between
the droplet monolayer interfaces and the bilayer. In the sec-
ond part, we analyze one important and experimentally test-
able consequence of the equilibrium conditions: the
interdependence between the surface tensions of the droplet
and the bilayer, which reflects the coupling between the
monolayer and bilayer PL densities. The theoretical predic-
tions made from this second part are successfully verified
experimentally in the third part. In the fourth part, we pre-
sent a microscopic theoretical description of the contiguous
monolayers and bilayer, enabling us to derive the state equa-
tions of these interfaces. These equations are then used to
understand the molecular origin of the density difference
(part five) and surface tension difference (part six) between
the monolayers and the bilayer. In the last part, a quantita-
tive comparison between theory and experiments is made
to validate the theoretical approach and its underlying
hypothesis.
Thermomechanical equilibrium of a lipid droplet
connected to a PL bilayer

We consider a droplet of fixed volume, above tens of nano-
meters in size, connected to a PL bilayer (Fig. 1 A). At this
scale, the contribution of the bending elasticity and long-
range interactions of the different interfaces is negligible
(17,19). Hence, the PL bilayer and the droplet interfaces
can be described as homogeneous fluid interfaces joining
at the droplet edge (17). A line tension arises at this contact,
but its contribution to the order of tens of pN is negligible
with respect to surface tension forces (17) (discussion of
the origin and influence of the line tension in supporting ma-
terial sections 1 and 3). The free energy of the droplet
embedded in a bilayer is then

F ¼ Abfbðrbe; rbiÞ þ AmefmðrmeÞ þ AmifmðrmiÞ; (4)

where Ab, Ame, and Ami are the area of the three interfaces
(bilayer and monolayers covering the LD at the ‘‘external’’
and ‘‘internal’’ side); rbe;rbi, rme; rmi are the PL surface den-
sity in each bilayer leaflet and each monolayer (Fig. 1 C);
and fb and fm are the free energy per surface unit of a PL
bilayer and a PL monolayer at the water/oil interface. (A
more thorough discussion of the assumptions leading to
Eq. 1 is provided in supporting material section 1). We
consider that PLs freely diffuse and equilibrate between
the droplet and the bilayer (Fig. 1 A). PL flip-flop, which
takes several hours or days under passive conditions
(45,46), is much slower than the lateral diffusion of PLs
(�mm2/s) (21) and is negligible at relevant time scales
(Fig. 1 A). Also, experimentally, PLs are insoluble in the
NL oil phase, which is why they self-assemble into droplet
interface bilayers (19); therefore, PL exchange does not
occur through the droplet in the relevant time scales. Under
these conditions, the PL number of each leaflet is constant,

Ne ¼ rmeAme þ rbeAb ¼ constant and

Ni ¼ rmiAmi þ rbiAb ¼ constant;
(5)
where Ne and Ni can be different.
At equilibrium, the morphology of the connected droplet

and bilayer, as well as the distribution of PL between the
droplet and the bilayer, minimizes the free energy (Eq. 4),
under the constraints of Eq. 5 and of fixed droplet volume.
This minimization yields the usual equilibrium conditions
presented in the following.

The droplet and bilayer shapes obey the laws of three-
fluid phase wetting systems (47). The interfaces must have
a constant mean curvature (Laplace’s law). We focused on
axisymmetric geometries for which the droplet interfaces
are spherical caps, and the bilayer can either be flat or
bear a constant curvature. The droplet morphology is fully
characterized by the contact angles between the droplet in-
terfaces and the bilayer, qe and qi (Fig. 1 B). These angles
are fixed by the balance of the forces acting at the contact
line (Fig. 1 B): ~gme þ~gmi þ~gb ¼ 0 or,

gme cos qe þ gmi cos qi þ gb ¼ 0;

gme sin qe ¼ gmi sin qi;
(6)
where gme, gmi, gb are respectively the surface tension of
the external and internal monolayers of the droplet (me,
mi), and the bilayer (b). In vitro experiments (20) confirmed
the validity of Eq. 6 to describe the morphology of large
membrane-embedded droplets. In the particular case where
the bilayer is tensionless, gb ¼ 0, the angles are not un-
equivocally determined but must be such that qe þ qi ¼
180�, which implies that the droplet is spherical.
The PL partitioning between the bilayer and droplet

monolayers (Fig. 1 C) is controlled by the chemical poten-
tial equilibrium,

mme ¼ mbe and mmi ¼ mbi ; (7)
Biophysical Journal 120, 5491–5503, December 21, 2021 5495



Chorlay et al.
where mme, mmi, mbe, mbi respectively denote the chemical
potential of the external and internal monolayers of either
the droplet (me, mi) or the bilayer (be; bi). A monolayer
and its contiguous bilayer leaflet have equal chemical poten-
tials. Because of the rapid diffusion of PLs, the chemical po-
tential equilibrium is quickly reached, much faster than the
growth rate of a cellular LD (�minutes) or the time scale of
perturbations imposed in DEVs (16,20).

Surface tensions and chemical potentials are functions of
the PL densities: gme ¼ gmðrmeÞ, gmi ¼ gmðrmiÞ; mme ¼
mmðrmeÞ, mmi ¼ mmðrmiÞ; gbðrbe; rbiÞ; mbe ¼ mbðrbe; rbiÞ;
mbi ¼ mbðrbi; rbeÞ, where gm, mm; gb; mb can be expressed
in terms of the free energy densities fm and fb defined in
Eq. (4) and their derivatives, Eq. 1, 2, and 3 (section, ‘‘ma-
terials and methods’’). It follows that the relations (6) and
(7) are interdependent: a variation in PL densities modulates
tensions, which alter the contact angles (Eq. 6) and interface
areas, as the droplet volume is fixed. Conversely, changes in
morphology, and, hence, in interfacial areas, redistribute
PLs because of mass conservation (Eq. 5) and, subsequently,
modify chemical potentials (Eq. 7).

In conclusion, for a given oil volume, number of PLs in
each membrane leaflet, and bilayer tension, the PL densities,
rme, rmi, rbe, rbi, and the contact angles, qe, qi, adjust in a
coupled manner to fulfill the thermomechanical equilibrium
conditions (Eq. 6 and 7).
Coupling between PL densities and between
surface tensions

The above equilibrium relations impose an interdependence
between the different interfaces’ PL densities and, thus, the
droplet and bilayer surface tensions via two distinct
mechanisms.

The first coupling mechanism pertains to the chemical po-
tential equilibriums, Eq. 7. Indeed, a slight variation in sur-
face tension of one interface will modify the density of this
interface. In response, PLs will redistribute between the
adjacent interfaces to re-establish the equilibrium of the
chemical potentials (Eq. 6). Such an adjustment will change
the respective PL densities and, hence, the surface tensions.
The link between variations of surface tension and chemical
potentials of an interface, due to variation of its PL density,
is expressed by the Gibbs-Duhem relations,

dgm ¼ �rmdmm and dgb ¼ �rbedmbe � rbidmbi: (8)
Combining these relations and the differentials of Eq. 7,
dmme ¼ dmbe ; dmmi ¼ dmbi, we obtain a general link be-
tween surface tension variations,

dgb ¼ rbe

rme
dgme þ

rbi

rmi
dgmi : (9)
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This first coupling due to the chemical potential equilib-
rium (7) is the unique coupling in two practical and biolog-
ically interesting situations: a symmetric bilayer and an
infinite bilayer reservoir.

In a symmetric membrane, rbe ¼ rbi ¼ rb and rme ¼
rmi ¼ rm, the balance of chemical potentials (Eq. 7) reads
mmðrmÞ ¼ mbðrbÞ and therefore imposes an unequivocal
relation between bilayer and monolayer tensions, gbðrbÞ
and gmðrmÞ. Thereupon, Eq. 9 becomes,

dgm ¼ 1

2

rm

rb
dgb (10)

This relation indicates that the droplet interfacial tension
increases with the bilayer one with a slope proportional to
the ratio of their PL densities.

For a droplet embedded in a large (Ab [Ame;miÞ and
possibly asymmetric membrane, the bilayer behaves as
an infinite PL reservoir of fixed PL density, independent
of the state of the droplet. This configuration is more
relevant in cell conditions when nascent LDs form in the
ER membrane. In this case, a similar relation to Eq. 10
holds,

dgme ¼ be

rme

rbe
dgb (11)

and dgmi ¼ bi
rmi
rbi

dgb with bi ¼ 1� be (derivation of Eq. 11
and definition of be in supporting material, section 6.3).
This equation shows that the monolayer tension should
also increase linearly with the bilayer ones as for a symmet-
ric membrane, but with a numerical pre-factor depending on
the membrane asymmetry; be>1=2 if the external leaflet is
less dense than the internal one and vice versa.

A second density coupling mechanism exists for small
(bilayer area comparable with droplet area) and asymmetric
membranes. This coupling arises from the PL number con-
servation (Eq. 5) and the mechanical equilibrium (Eq. 6),
together linking the PL distribution to the system’s
morphology. A change in surface tension affects the
morphology (Eq. 6), i.e., the surface area of the interfaces,
which in turn affects the densities (Eq. 5), and hence ten-
sions. No simple mathematical relations resembling Eq. 9
expressing this coupling can be derived.
Experimental determination of the
interdependence between surface tensions

We wanted to experimentally test the theoretical findings by
probing the interdependence between the droplet and
bilayer surface tensions. For this purpose, we used the
DEV system (19,48) (Fig. 2 A), which mimics the theoreti-
cally described situation of an oil droplet in contiguity with
a bilayer. DEVs were formed by inserting triolein droplets
within the bilayer of GUVs made of DOPC (48).
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The external droplet monolayer and the bilayer of the
DEV were captured by two micro-pipettes (Fig. 2 B). We
selected DEVs with a symmetrically positioned droplet,
i.e., identical contact angles qe ¼ qi, which, consequently,
have similar tension, gme ¼ gmi (Eq. 6). These DEVs
meet the symmetric condition leading to Eq. 10, which
can be tested experimentally. To establish the tension depen-
dency predicted by this equation, we imposed the DEV
bilayer tension step by step, by fixing the aspiration pressure
of the micropipette, and concomitantly measured the micro-
pipette-aspiration-applied surface tension of the external
monolayer of the droplet (Fig. 2 B). We found that the
monolayer tension increased with the bilayer tension
(Fig. 2 C), agreeing with the theoretical description:
increasing the bilayer tension decreases the chemical poten-
tial in the bilayer leaflets; to keep the chemical potential
equilibrium, the droplet must, therefore, supply PLs to the
bilayer, resulting in its tension increase.

Interestingly, the tensions’ dependency followed a linear
trend line (Fig. 2 C). Based on Eq. 10, this linear depen-
dency suggests that the ratio of the monolayer-to-bilayer
PL density did not vary, independently of the bilayer ten-
sion. The slope rm

2rb
of 0.45 5 0.02 indicates that the bilayer

PL density is slightly higher than the monolayer one,
agreeing with our previous fluorescence and droplet tensi-
ometer measurements where this value was 0.435 (30).

The PL density is maximum, i.e., close to full packing, in
a tensionless bilayer. Since the droplet monolayer PL den-
sity evolves like the bilayer one, one may speculate that it
also reaches near close packing when the bilayer is tension-
less. Thereupon, the monolayer tension would also be close
to zero. Such assumption was not valid as, when the bilayer
tension fell to almost zero (<0.01 mN/m), the monolayer
tension was non-negligible, around 1.5 mN/m (Fig. 2 C).
We initially hypothesized that the non-zero tension of the
monolayer could be due to the nature of the tensionless
bilayer of the DEV, which may have been unable to supply
PLs to the droplet. To test this hypothesis, we changed the
system and put the droplet in contact with another type of
PL reservoir.

At the tip of a tensiometer apparatus,wegenerated a triolein
oil-in-buffer droplet, over-supplied with PLs in the oil (0.5%
w/w to triolein) (Fig. 2 D, left). In this setting, the oil phase
acts as a PL reservoir to the droplet interface. As soon as the
droplet was formed in the buffer solution, the surface tension
dropped, due to the spontaneous adsorption of PLs to the inter-
face, to reach an equilibrium value of 1.15 mN/m (Figs. 2 D
and S1 D); without PLs, the triolein/buffer tension is
�34mN/m. Thus, evenwith this reservoir, themonolayer ten-
sion was non-zero and close to the�1.5 mN/m obtained with
DEV (Fig. 2C). Next, starting from the equilibrium tension at
1.15 mN/m, we mechanically compressed the PL monolayer
of the droplet by sucking off the droplet volume (Figs. 2 D
and S1 E). Even under this action, surface tension decreased
but was still not close to zero, �0.6 mN/m, compared with
the tensionless bilayer (<0.01 mN/m). These results indicate
that, unlike a bilayer, a droplet monolayer has specific fea-
tures, detailed hereafter, that prevent it from reaching a high
PL density and near-zero surface tension.

Altogether, the experimentswithDEVs are consistentwith
the theoretical prediction (Eq. 10). For symmetric conditions,
the monolayer tension responds linearly to an increase in
bilayer tension, implying that the PL density ratio is constant
between the bilayer and the monolayer. However, our results
revealed two essential aspects: (1) although the bilayer and
the droplet are connected, the PL density is lower for the
droplet monolayer than the bilayer; and (2) the tensions of
the droplet and the bilayer are largely different in general;
even in contact with a bilayer of very low tension, the droplet
remains at relatively high tension (above 1 mN/m). In the
following sections, we delve deeper into these findings
with a theoretical approach, subsequently validated by a
quantitative analysis of the surface tension curves of DEVs.
Microscopic description of the contiguous
droplet-bilayer system

To pinpoint the origin of the molecular interactions respon-
sible for the discrepancy in tension and PL density between
the monolayer and bilayer, we developed a microscopic
description closely following the approach and assumptions
of refs. (36,44). The goal is to express the equations of state
relating surface tensions, chemical potentials, and densities,
for a monolayer and a bilayer.

The different contributions to the free energy of a mono-
layer and a bilayer are depicted in Fig. 3 A. The free energy
per surface unit of a monolayer at a water/oil interface func-
tion of the PL density can be written as

fmðrÞ ¼ go=w þ fintðrÞ þ fhydðrÞ þ fmoðrÞ : (12)

The four terms account respectively for the bare oil/wa-
ter surface tension, lateral PL-PL interactions, hydrophilic
interaction of PL head groups with water, and PL
tails interaction with oil. The free energy density of the
bilayer is

fbðrbe; rbiÞ ¼ fintðrbeÞ þ fhydðrbeÞ þ fphobðrbeÞ þ fintðrbiÞ
þfhydðrbiÞ þ fphobðrbiÞ þ fmmðrbe; rbiÞ :

(13)

The functions fint and fhyd in Eq. 13, which account for the
lateral interactions between PLs and from PL head -water in
a bilayer leaflet, are identical to the ones in Eq. 12 for the
monolayer. The term fmm accounts for the trans interaction
between the two leaflets, i.e., the interaction between the
tails of PLs belonging to different leaflets. Last, fphob ac-
counts for the hydrophobic interaction of PL tails with wa-
ter, responsible for the cohesion of bilayer in water.
Following ref. (37), this contribution is supposed to be
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FIGURE 3 Microscopic description of the contiguous droplet-bilayer system. (A) Microscopic contributions to the free energy density of a monolayer and

of a bilayer. For the monolayer: the surface tension of the bare water/oil interface (go=w), the interaction of the PL tails with the oil phase ðfmo ¼ εmormÞ, the
lateral interaction between PLs (fint), and the interaction of the PL headgroups with water (fhyd). For the bilayer: the unfavorable interactions of the PL tails

with water (fphob ¼ gphob), the trans interaction between PL tails (fmm ¼ εmmðrbe þrbiÞ) of the apposed leaflet, the lateral interaction between PLs (fint), and
the interaction of the PL headgroups with water (fhyd). (B) Lateral pressure as a function of PL density at the triolein-water interface deduced from a compres-

sion isotherm obtained from a pending droplet experiment (see Fig. S2 A and B). (C) Chemical potential of a bilayer and a monolayer as a function of PL

density. The two chemical potentials vary identically but are shifted by the amount εmm � εmo. At equilibrium, a monolayer in contact with a bilayer has the

same chemical potential (mb ¼ mm) and therefore has different PL densities, whose values are directly affected by the εmm � εmo gap. (D) Molecular structure

of the different oils used to probe the effect of oil composition on monolayer-bilayer surface tension diagram. (E) Monolayer-bilayer surface tension diagram

of DOPC DEVs made with different oil composition: sterol ester-triolein (1:3) (red circles), triolein (black circles), and squalene (blue circles). DEVs were

selected with a droplet symmetrically positioned with respect to the bilayer. Black dot represents the average monolayer tension of osmotically deflated tri-

olein DEVs (bilayer tension<0.03mN/m; n¼ 17). Blue dot represents the average monolayer tension of osmotically deflated squalene DEVs (bilayer tension

<0.09mN/m; n ¼ 9). See Fig. S2 C for monolayer-bilayer tension diagram of squalene and sterol ester-triolein (1:3) DEVs with asymmetric positions of the

droplet.
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negligible for monolayer (and is thus absent in Eq. 12)
and nearly constant fphobðrÞ ¼ gphob for bilayer, with the
parameter gphob of the order 34 to 39 mN/m for DOPC.
The contributions fmo and fmm are assumed to be linear in
PL densities (37), fmoðrÞ ¼ εmor and fmmðrbe; rbiÞ ¼
εmoðrbe þrbiÞ, i.e., the free energy per PL molecule due to
PL tail interaction (with oil in a monolayer and with the tails
of PL in the other leaflet in a bilayer), εmo and εmm are con-
stant parameters.

The surface tension and the chemical potential of a mono-
layer, functions of the PL density, can be deduced from the
free energy Eq. 12 and Eq. 1 (section ‘‘materials and
methods’’):

gmðrÞ ¼ go=w � pðrÞ (14)
and
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mmðrÞ ¼
Z

p0ðrÞ
r

drþ εmo; (15)

where the prime denotes the derivative of the function. The
quantity pðrÞ, named the lateral pressure, is defined as
pðrÞ ¼ rðfint0ðrÞþfhyd

0ðrÞÞ� fintðrÞ� fhydðrÞ: it arises
from lateral PL-PL interactions and hydrophilic PL head in-
teractions. This lateral pressure can be measured and well
described theoretically by classical equations of state of
two-dimensional fluids, such as the van der Waals equation
of state (37) (see below).

The surface tension of a bilayer function and the chemical
potential of one of its leaflets, functions of the leaflet den-
sities, are deduced from Eq. 13 and Eq. 2 and 3 (section
‘‘materials and methods’’), and read

gbðrbe; rbiÞ ¼ 2gphob �pðrbeÞ�pðrbiÞ (16)
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and

mbðrbÞ ¼ mmðrbÞ þ εmm � εmo: (17)

(The chemical potential of a leaflet is independent of the
density of the other leaflet under our assumptions.)

A central parameter in these state equations (14, 15, 16,
and 17) is the lateral pressure pðrÞ. By using the pending
drop experiment, described Fig. 2 C and ref. (30), we ob-
tained pðrÞ for a DOPC monolayer at the water-triolein
(TO) interface (Figs. 3 B and S2 A); it was well described
by a van der Waals state equation, pðrÞ ¼ kTr

1�ar� ur2.
The parameter a characterizes the excluded area due to ste-
ric repulsion and u the strength of the lateral interactions be-
tween PL molecules (section ‘‘materials and methods’’;
Fig. S2 B). The determination of pðrÞ enabled us to deter-
mine (up to a constant) mmðrÞ using Eq. 15 (Fig. 3 C).
Note that the exact profile of pðrÞ depends on the PL
type, yet the global features of the curves in Fig. 3 B and
C should be generic.

Combining the state equations (14, 15, 16, and 17) with
the equilibrium conditions (7), we discuss in the following
two sections the origin of the density difference between
the connected monolayers and bilayer, and then the basis
of their surface tension difference. Additionally, these
equations of state allow performing a complete quantita-
tive analysis of the surface tension curves obtained for
DEVs, in particular in the case of asymmetric DEVs
(last section).
Droplet-bilayer PL equilibration following the
microscopic description

PL partitioning is governed by the equilibrium condition
(7): the PL densities in adjacent monolayer and bilayer
leaflet, rm and rb, are such that mmðrmÞ ¼ mbðrbÞ. The
chemical potentials of the monolayer and bilayer leaflet,
mb and mm, functions of the PL density, as given by the state
Eq. (15) and (17), are shown in Fig. 3 C. The two curves
have the same profiles, but are shifted by εmm � εmo.
Then, for the chemical potentials to be equal, the densities
of contiguous monolayer and bilayer must be different in
general, rmsrb, as long as εmmsεmo. Thereupon, the
microscopic description (Eq. 17) pinpoints the parameter
εmm � εmo as the primary lever imposing the PL density dif-
ference between the monolayer and bilayer. Remember that
this parameter quantifies the difference in interactions of PL
tails with their underneath environments, which are the tails
of PLs in the opposite leaflet for the bilayer, and the NL oil
phase for the droplet monolayer (Fig. 3 A). Depending on
the sign of εmm � εmo, the monolayer lipid density is always
larger or smaller than the bilayer leaflet density.

However, according to the surface tension measurements
(Fig. 2 C) and Eq. 8, the PL density is expected to be lower
at the droplet interface rm<rb, meaning that εmm � εmo< 0.
Consequently, trans interactions between PL tails in the
bilayer are energetically more favorable than the interac-
tions of PL tails with oil molecules in the droplet.

Assuming a slight relative difference of PL density be-
tween the droplet monolayer and bilayer leaflet, and ex-
panding the equilibrium relation mbðrbÞ ¼ mmðrmÞ to the
linear order (supporting material, section 8), one obtains

rb � rm

rb
x

εmo � εmm

p0ðrbÞ (18)

This equation shows that the relative density difference
between the bilayer and droplet monolayer is modulated
by εmm � εmo (Fig. 3 A). A bilayer is stable only in a narrow
range of PL density, near close packing, and can be stretched
by only about 5% (49,50). Consequently, p0ðrbÞ should be
very large and, according to Eq. 18, the relative difference in
density between a bilayer leaflet and its contiguous droplet
monolayer should be relatively small. This interpretation
agrees with the density ratio obtained from the slope of
Fig. 2 C using Eq. 10 and our recent experimental finding
in DEVs (30), suggesting that, for 100 PLs on a bilayer
leaflet, droplet monolayer in contiguity with this leaflet
has �90 PLs.
Surface tensions comparison following the
microscopic description

Combining the previous results on the PL distribution with
the state equations (14 and 16) allows understanding how
the droplet tension compares with the bilayer one. In partic-
ular, we wanted to understand why the droplet remains with
a non-zero tension while being in contact with a tensionless
bilayer (Fig. 2 C).

According to Eq. 14, the droplet surface tension is
maximal in the absence of PLs, equal to go=w, and decreases
when the PL density or the lateral pressure increases. The
bilayer tension has a similar dependency on the PL density
(Eq. 16), with gphob being reminiscent of go=w, although they
have different molecular origins (Fig. 3 A). As found above,
the bilayer PL density should always be slightly higher than
the droplet monolayer one. Consequently, the monolayer
should be of lower lateral pressure than the bilayer leaflet;
i.e., pðrbÞ>pðrmÞ.

At zero bilayer tension, the mechanical equilibrium con-
dition (6) imposes the same tension and thus the same PL
densities between the two droplet monolayers. It follows
from Eq. 7 that the two bilayer leaflets also have the same
density, r0b. Under this condition, the lateral pressure in
the bilayer balances exactly the hydrophobic contribution
in Eq. 14, gphob ¼ pðr0bÞ. On the droplet monolayer side,
the lateral pressure is lower, i.e., pðr0mÞ < pðr0bÞ, and too
small to completely cancel the tension of the droplet inter-
face (Eq. 13), g0

m ¼ go=w � pðr0mÞs0. Assuming a slight
relative difference in PL density between a monolayer and
Biophysical Journal 120, 5491–5503, December 21, 2021 5499
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a bilayer leaflet (30), the tension of a droplet embedded in a
tensionless bilayer can be approximately expressed by (sup-
porting material, section 8),

g0
mxgo=w � gphob þ r0bðεmo � εmmÞ (19)

This equation shows that go=w � gphob and εmo � εmm,
which controls the monolayer-bilayer density mismatch,
are the two key parameters keeping the droplet monolayer
tension to a non-zero value when the bilayer is tension free.

The parameters go=w and εmo, are functions of the oil
type. Thus, changing the oil type should vary the tension
of the droplet when the bilayer is tensionless (Eq. 14). To
test this prediction, we established the monolayer-bilayer
tension diagram of DEVs made with different oils. Namely,
we used a triolein-sterol ester mixture or squalene (Fig. 3 D
and E). Independently of the oil type, a linear trend was
observed for symmetric DEVs, as expected from Eq. 10.
The slopes were also conserved, confirming that these
oils’ monolayer-bilayer densities were similar (30). How-
ever, the droplet tension at zero bilayer tension was signifi-
cantly different (Fig. 3 E), agreeing with our prediction from
the theoretical analysis (Eq. 19). At very low bilayer tension
(<0.1 mN/m), the squalene droplet had a lower tension than
the triolein one (Fig. 3 E). Since go=w was respectively
23.7 mN/m and 34 mN/m for squalene and triolein, the
term I go=w � gphob I would be lower for squalene, which,
following Eq. 19, would partly explain the lower droplet
monolayer tension value for squalene.
FIGURE 4 Validation of the microscopic model by the DEV experi-

mental system. (A) Monolayer-bilayer surface tension diagram of a trio-

lein-DOPC DEVs having droplets with different positions relative to the

bilayer: centered droplet (qe ¼ p=2, black dots), droplet budding outward

of the bilayer (qe< p=2, blue dots), or droplet budding inward of the bilayer

(qe> p=2, red dots). See Fig. S3 A–D and section ‘‘materials and methods’’

for angle determination. Theoretical model was used to fit the centered

experimental data (black line) and enabled to extract the microscopic pa-

rameters. Using the same parameters and only adjusting the droplet’s size

and position parameters, the model perfectly fit the data of the other

DEVs with asymmetric droplet positions (blue and red lines). (B) Main

microscopic parameters obtained by fitting the model to the centered exper-

imental data. (C) Schematic illustration of the effect of the variation of

(εmm � εmo) on PL density at the surface of a droplet in contiguity with a

bilayer. If the bilayer tension is kept constant, the increase εmm � εmo leads

to a higher density of PLs on the surface of the droplet and therefore a lower

surface tension of the droplets, which causes the droplet to spread. This can

be achieved by increasing the affinity of the PL tails for the oil, or

decreasing the strength of the trans interactions between PL tails in the

bilayer. (D) Theoretical prediction of the effect of the variation of

εmm � εmo on the difference between the density of PLs in a bilayer sheet

and that at the droplet surface. The bilayer surface tension (gb) was kept

at 0.5mN/m. (E) Theoretical prediction of the variation of the surface ten-

sion of the bilayer (gb) on the PL density in the bilayer and in the monolayer

of droplets. εmm � εmo was kept constant at �4.4 pN.nm.
Validation of the microscopic model by the
quantitative analysis of the DEV system

We wished to compare quantitatively experimental data ob-
tained with the DEV system and theory output to go beyond
the qualitative agreement between theoretical predictions
and experimental observations. A quantitative agreement
would eventually validate our theoretical approach and the
underlying hypothesis.

We built a complete theoretical description of the DEV
system based on the thermodynamic approach developed in
the preceding sections (supporting material, section 7). The
model allows us to compute all the characteristics of a
DEV, in particular the surface tension of the different inter-
faces, which are experimentally measurable and tunable ob-
servables. The parameters of the model are of two origins:
geometrical and physicochemical. The geometrical parame-
ters (oil volume, vesicle inner volume, and leaflet asymmetry
in PL number) are specific to each DEV and are experimen-
tally obtained by image analysis. The physicochemical (or
microscopic) parameters are the ones in the state equations
(14, 15, 16, and 17) and only depend on the PL and oil types
composing the DEV. The physicochemical parameters go=w

and the lateral pressurewere determined by the drop tensiom-
eter method (Fig. S2 B). The only unknown physicochemical
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parameters of the model are hence gphob and εmo � εmm

(Fig. 3 A). We adjusted these two parameters to fit the model
to the surface tensions data of Fig. 2 C, obtained with a
symmetric DEV. We found that gphob ¼ 38:6 mN/m, close
to reported values for DOPC (36), and εmm � εmo ¼ �4:4
pN.nm ¼ 1:1 kBT (Fig. 4 B). The value of εmm � εmo looks
rather low but is sufficient to proffer a higher PL packing
to the bilayer than the monolayer (Eq. 17). This means that
the small differences between the PL tail-NL interactions
on the droplet and the tail-tail interactions between PLs on
opposite leaflets of the bilayer are sufficient to induce a PL
density gradient between the bilayer and the monolayer.
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By definition, the above values of the different physico-
chemical (or microscopic) parameters should only be set
by molecular interactions, exclusively depending on the
PL and oil type and not on DEV geometry. Therefore, the
values of these parameters should allow fitting the model
for any DEV geometry. To test this prediction, we consid-
ered DEVs, made of DOPC vesicles and triolein droplets
of different sizes, and different asymmetries in DOPC num-
ber between their internal and external leaflets. PL asymme-
try is obvious at low bilayer tension, as the droplets are
spherical (16,20) and differently positioned in the bilayer
(16,20): the droplets are either centered, qe ¼ p= 2, or
emerged outward, qe<p=2, or inward, qe>p=2 (Figs. 4 A
and S3 A–D). We took advantage of this variability in
DEV geometry, i.e., in size and asymmetry, to test whether
the microscopic parameters’ values (Fig. 4 B) allow us to
predict the correct DEVs tensions for all DEV geometry.

For each DEV (Fig. S3 A–D), including the one in Fig. 2
C, we measured the tension of the external droplet mono-
layer gme against the bilayer one, gb (Fig. 4 A, data points);
we also determined by image analysis the DEV geometrical
parameters (size and droplet position asymmetry). Then, us-
ing the microscopic parameters’ values (Fig. 4 B), we
computed gme as a function of gb for each DEV imposing
specific geometrical constraints (Fig. 4 A, model, solid
lines). Strikingly, the computed curves were perfectly super-
posed to each of the experimental data they modeled,
without any adjustment of the microscopic parameters
(Fig. 4 A). Given the number of experimental data points,
the perfect match with the model, with the pre-adjustment
of only two microscopic parameters, i.e., gphob and εmo �
εmm, supports the validity of the theoretical approach.
Two additional features also support the validity of our

model. First, at zero bilayer tension, the tensions of the
droplet interfaces are the same for all the DEVs (Fig. 4
A), which had different geometries. This observation agrees
with Eq. 17, which predicts in this regime that the tensions
of the LD interfaces should exclusively depend on the
microscopic parameters and be independent of DEV size
and morphology. Second, the slope of gmeðgbÞ curve de-
pends on the droplet position at zero bilayer tension
(Fig. 4 A). The more the droplet budded inward, the steeper
was the slope dgme=dgb. The exact expression of the slope
dgme=dgb at gb ¼ 0 predicted by the theory is provided in
supporting material, section 6.4 and, indeed, confirms that
the larger qe at zero tension, the larger dgme=dgb.

In conclusion, the comparison of the DEV experimental
data to the theory output showed a quantitative agreement,
which supports the validity of our theoretical approach
and its underlying hypothesis.
DISCUSSION

LDs have multiple biological functions that rely on the tar-
geted proteins to their surface and their surface tension. The
PL monolayer of LDs represents a barrier for proteins to ac-
cess to LDs and determine their tension (13,14,18,19,51).
Since LDs share a hemimembrane with the ER bilayer, at
least during the steps of lipid droplet assembly (52), under-
standing how PLs partition between the bilayer and the
droplet monolayer is crucial.

We developed macroscopic and microscopic models to
establish the relationship between the system’s free param-
eters composed of an oil droplet embedded in a PL bilayer.
We subsequently set up experiments based on DEVs to test
the theoretical outputs and found strong agreements. Such
achievement led us to pinpoint molecular parameters or in-
teractions responsible for the unequal PL density and sur-
face tensions between the droplet and the bilayer.

The PL density discrepancy between the droplet mono-
layer and the bilayer in contiguity essentially pertains to
the different environments underneath a PL layer in the
bilayer and the droplet monolayer. For the bilayer, the PL
tails of a leaflet interact with the PL tails of the counterpart
leaflet (the interaction energy per molecule is εmm) while, in
the monolayer, the PL tails interact with the NL oil phase
beneath the monolayer (the interaction energy per molecule
is εmo) (Fig. 3 A and C). At a constant bilayer tension,
increasing εmm � εmo, for example by increasing the affinity
between oil molecules and PL acyl chains, will result in a
PL flux from the bilayer to the droplet, thereby increasing
the droplet PL density (Fig. 4 C, rm). Such an improvement
in PL cover will induce a decrease in the droplet tension and,
consequently, the spreading of the droplet, according to Eq.
6. Quantitatively, a 2 pN.nm variation of εmm � εmo, at fixed
bilayer tension, will result in a variation in density of the or-
der of a few percent (Fig. 4 D).

Should the bilayer present an asymmetry of PL composi-
tion between its two leaflets, the droplet’s inner and outer PL
monolayers may experience different interactions with oil
molecules and therefore have different densities. Such an
asymmetric monolayer PL distribution will promote the
droplet emergence to the better-covered monolayer (16).

The bilayer tension also affects the PL densities (Fig. 4
E). If the bilayer tension is increased, the densities of the
bilayer and monolayer will decrease simultaneously. How-
ever, the relative difference between the droplet density
and the bilayer density remains almost constant.

PL packing voids occur more often when triacylglycerols
are infused in a bilayer (25,27,29,32,49). Such observations
already suggested, at least qualitatively, that a lipid droplet
connected to a bilayer would be less packed with PLs. This
is confirmed by fluorescence measurement showing that a
droplet monolayer connected to a bilayer is �13% less
packed with PLs than the bilayer. Our approach in this paper
provided an alternative measurement of the relative PL den-
sities but, most importantly, it points to the origin of such PL
density gradients.

Previous experimental and theoretical studies illustrated
the relevance of the surface tension difference between a
Biophysical Journal 120, 5491–5503, December 21, 2021 5501
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lipid droplet and its host membrane (16,17,20,53). This ten-
sion gap controls, to a large extent, the morphology of
droplet, its stability, and budding capacity. While the tension
of organelles such as the ER is very low (34), the surface
tension of LD forming in their membranes is much larger
(19). This could seem surprising since the monolayers at
the LD interfaces and the host membrane leaflets are con-
nected. The present work shows how the surface tensions
of the forming LD and host membrane are coupled in gen-
eral and reveals the microscopic origin of the different ten-
sions. Our results explain how a lipid droplet connected to a
nearly tensionless membrane can keep a relatively high sur-
face tension.

Finally, our theoretical approach may present two limita-
tions. First, our model does not explicitly consider the par-
titioning of oil molecules from the droplet to the bilayer
hydrophobic region, as seen in DEVs, which alters the mem-
brane’s biophysical properties (49). From a theoretical
standpoint, it will be interesting to include the presence of
these oil molecules to gain accuracy in the microscopic
description. Nonetheless, the match between our theoretical
predictions and experimental data, including fluorescent
density measurements with DEVs (30), suggests that the
oil-free description captured the dominant mechanisms con-
trolling the PL densities, as well as the interdependence be-
tween surface tensions. Second, in the biologically relevant
tensions, below 0.1 mN/m (34), the bilayer tension mostly
affects the excess area stored in the thermal undulations
(54,55) rather than the intermolecular distance between
PLs in the bilayer. In other words, tension affects the effec-
tive density, i.e., the inverse of the projected area per mole-
cule, rather than the real surface density. This effect of
thermal undulations is not included in our theoretical
description, in particular in the equation of state (16) for
the bilayer tension. Our model might thus be unable to pre-
cisely reproduce gmeðgbÞ curves (Fig. 4 A) for very low
bilayer tension, provided such curves could be obtained
experimentally in this range. However, the most important
effect expected is that, in the low-tension regime, the real
surface density of the bilayer is always very close to the
zero-tension density r0m and then the monolayer tension
close to g0

m (Eq. 19). Then, the conclusions drawn for the
zero-bilayer-tension case should hold more generally in all
the low-bilayer-tension regimes.

In conclusion, our present study highlights critical param-
eters that may modulate the PL density at the surface of LDs
connected to the ER. More generally, our approach may be
upgraded to study how PL mixtures, and even protein mix-
tures, redistribute or partition between the bilayer and the
droplet, a crucial question in lipid droplet biology.
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