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Lipid droplets are ubiquitous intracellular organelles regulating the storage and hydrolysis of neutral
lipids, and play key roles in cellular metabolism and other functions such as protein trafficking and
coordinating with immune responses. Though lipid droplets are widely observed in eukaryotic
organisms, it remains unclear how and what aspects of mechanical interaction between the neutral
lipids and lipid membranes contribute to the bulging and budding of nascent lipid droplets from the
endoplasmic reticulum, and particularly effects of membrane asymmetry and spontaneous curvature on
lipid droplet formation are not theoretically rationalized. Here we conduct a comprehensive theoretical
study on the mechanical behaviors of lipid droplets embedded in between two lipid monolayers of the
same or different mechanical properties, and indicate that the membrane bending rigidity, tension and
spontaneous curvature, lipid droplet size, and interfacial energy between the neutral lipids and covering
lipid leaflets collectively play key roles in regulating the growth and budding transition of lipid droplets. It
is found that the embedded neutral lipids beyond a critical volume could undergo a discontinuous
shape transition from a lens-like configuration to a budding state with a spherical bulge configuration.
Moreover, a positive lipid monolayer spontaneous curvature and smaller monolayer bending rigidity and
tension facilitate the budding transition. Budding phase diagrams accounting for these characteristic

Received 16th February 2021, interaction states are established. Based on the membrane theory at small deformation before budding

Accepted 12th April 2021 and the assumption of spherical configuration after budding, we obtain analytical solutions on the bulge
DOI: 10.1039/d1sm00245g profiles, which can be used to estimate the value of interfacial energy. Our results uncover the
fundamental mechanics of the lipid droplet formation and budding, and are of broad interest to the

rsc.li/soft-matter-journal studies of echogenic liposome stability and cellular incorporation of nanoparticles.

lipid droplet undergoes a shape transformation from a lens-like
shape to a nearly spherical bulge, which could detach from the

1 Introduction

Lipid droplets, consisting of hydrophobic neutral lipid cores
enclosed by phospholipid monolayers decorated by specific
proteins, are ubiquitous metabolic organelles in most cell
types, and play important roles in lipid metabolism, membrane
synthesis, and energy homeostasis.' ™ During the biogenesis of
lipid droplets, neutral lipids, synthesized between leaflets of
the endoplasmic reticulum (ER) membrane, accumulate and
form an oil lens with increasing lipid concentration in a
process of demixing. As the lipid core progressively grows, the
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ER membrane and stay in the cytosol before degeneration due
to the lipid remobilization.' " Over the past decade, interest in
the specific biological pathways coordinating the biogenesis of
lipid droplets has been increasing, and there exist extensive
studies on the existence and underlying mechanisms of lipid
droplet diversification in regard to the specific protein or lipid
compositions, and significant progress toward understanding
where and how lipid droplets are formed and coordinated from
the viewpoint of cell biology.' "

In contrast, much less studies (mainly experiments) have
been devoted to the mechanical and biophysical behaviors of
lipid droplets such as budding size, lipid droplet asymmetry
and directional budding. For example, the monolayer tension
asymmetry regulates the droplet budding side.””® Fat storage-
inducing transmembrane (FIT) proteins could promote lipid
droplet budding,” and asymmetric insertion of membrane
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proteins regulates the emergence side of model lipid droplets.®
Further experimental studies indicate that FIT protein 2 can
also regulate the lipid droplet emergence by reducing the level
of ER diacylglycerol, a type of lipids with negative spontaneous
curvature.'® It is reported that the budding size of lipid droplets
is affected by membrane composition and for phospholipids
exhibiting relatively low tension a small droplet size is observed.""
More recently molecular dynamics simulations have been employed
to investigate the early stage of lipid droplet formation with focus on
the structural roles of lipid molecules on lipid droplet growth.">"

Despite experimental studies and molecular simulations on
these biophysical processes, so far there have been only few
theoretical studies dedicated to the bulging and budding of
lipid droplets from a mechanical viewpoint.'*'® For example,
the lipid droplet has been simply modelled as a spherical cap on a
flat lipid monolayer during budding, leading to an oversimplified
system configuration evolution.™ In a recent theoretical study, the
lipid droplet formation in a symmetric lipid membrane with zero
spontaneous curvature has been investigated by adopting the
Helfrich membrane theory.”® 1t is found that the lipid droplet
beyond a critical volume undergoes an abrupt morphological
transit from a flat lens-like shape of mirror symmetry to an almost
spherical protrusion.™ Analytical results on the profile of the lipid
droplet at small membrane deformation are obtained but
restricted to the small droplet limit."> As the effects of the
membrane asymmetry and monolayer spontaneous curvature
on the lipid droplet formation have not been taken into account
in that work,"” the budding with directional bias observed in
experiments”®*° cannot be predicted.

Nowadays open questions remain on the general mechanical
behaviors of lipid droplets such as nonlinear deformation of the
lipid monolayers, discontinuous shape transformation of the
lipid droplet, and a robust modeling fully and accurately
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accounting for the effects of membrane mechanical properties
particularly spontaneous curvature and their difference
or asymmetry on the lipid droplet formation and directional
budding is lacked.

In this theoretical work, we systematically investigate the
bulging and budding of lipid droplets in symmetric and asym-
metric lipid membranes by building a thorough mechanical
model incorporating the roles of membrane rigidity, tension
and spontaneous curvature, lipid droplet size, and neutral
lipid-lipid leaflet interfacial energy. It is revealed that the
competition between membrane elastic energy and repulsive
interfacial interaction governs the configuration evolution and
budding transition of the lipid droplets. A positive lipid monolayer
spontaneous curvature and small monolayer bending rigidity and
tension could facilitate the budding. Moreover, the effects of
monolayer bending rigidity and tension asymmetry of different
leaflets on the budding direction are analyzed. Budding phase
diagrams demarcating stable embedded states and budding states
are established. Analytical predictions on the configurations of
lipid droplets of both small and relatively large sizes at initial
bulging are provided. Our results offer mechanistic insights on the
underlying physics of lipid droplet formation and are of guiding
significance for studies of echogenic liposome stability and cell
interaction with inserted nanoparticles.

2 Theoretical modeling

A continuum model based on the Helfrich membrane theory is
employed here to probe how a lipid bilayer membrane interacts
with an embedded lipid droplet of a given volume. As illustrated
in Fig. 1, the system is assumed to adopt an axisymmetric
configuration with three portions: the inner top (red, #1) and

ER

ER lumen

bilayer #3
inner lower
monolayer #2

embeded state
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Fig. 1 Axisymmetric configuration of a lipid droplet embedded in a lipid bilayer membrane in a cylindrical coordinate (r, ¢, z). (a) The system is divided
into three portions: the inner upper (red) and lower (blue) lipid monolayers in contact with the embedded lipid droplet, and the outer free bilayer region
(black). The geometry of each portion could be characterized by the tangent angle y as a function of the arclength s. The tangent angle is positive as
measured counterclockwise from the horizontal dashed line. Here y, is positive and /1 is negative as illustrated. At the junction, the tangent angle, r- and
z-coordinates are denoted as ;, R;, and Z, respectively. (b) Schematic configurations for embedded states with or without vertical symmetry and the
budding state. Neutral lipid cores (yellow) are confined between two lipid monolayers. (c) Experimental images of a nascent lipid droplet (LD) confined in
an ER membrane. Reprinted with permission from ref. 9. Copyright 2015 Choudhary et al. Originally published in Journal of Cell Biology. (d) High
magnification electron micrograph of a lipid droplet in a rat hepatoma cell. Reprinted from ref. 17. Copyright 2009, with permission from Elsevier.
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bottom (blue, #2) lipid monolayers in contact with the embedded
lipid droplet, and the outer free bilayer region (black, #3).
Quantities pertaining to these three regions are identified by
subscripts 1, 2, and 3, respectively, unless otherwise stated. The
total energy E,. of the system in the cylindrical coordinate (r, ¢,
2) is described as

Eiot = Evend + Eten + Eintﬁ

- 2
Ebend = Z %J (2M,- — CEO)) dA,'
i=1,2
. 2 1)
+ JZ %(iZM; - cﬁ‘”) dAs,
=12
Eien = O'iAAiv and Ejpr = Z 'V[Aiv

=123 i=12

where Epeg is the elastic bending energy of the membrane as a
Canham-Helfrich functional'® with x; M;, ¢® and dA; repre-
senting the bending rigidity, mean curvature, spontaneous
curvature and surface element of the membrane, respectively
(i = 1, 2, 3). Here we assume that two monolayers in the outer
free region stay in perfect contact and form a bilayer membrane
with a bending rigidity of x; + k,. In the second term of Epena,
the positive and negative signs before 2M; are associated with
the top and bottom leaflets, respectively. E.., describes the
membrane tension energy with ¢; as the membrane tension
conjugated to the excess area A4; induced by the lipid droplet
(i=1, 2, 3). Here we have o3 = 0, + 0, in the outer free region. y;,
contributing the interfacial energy Ei..s, represents the effective
interfacial energy per unit area of contact owing to the nonpolar
interaction between the neutral lipid core and lipid tail groups
of the monolayers (i = 1, 2) with a ground energy cost of the
nonpolar interaction between facing lipid tail groups in a pure
lipid bilayer. As the latter nonpolar interaction is stronger
than the former one, the interfacial energy is repulsive with a
positive y;. Such effective repulsive interaction results in the
self-assembly or accumulation of neutral lipids in the ER
membrane to reduce the nonpolar interaction energy cost. To
simplify the following analysis, we further assume y; =y, =y and
A0 = 9= ¢,

From a mechanical viewpoint, one can see that the
embedded lipid droplet of a flat lens-like shape is favored by
the membrane elastic energy Epeng + Eten to save the energetic
cost of membrane bending and tension, while the interfacial
energy Einr prefers outward spherical bud-off as a sphere has
the smallest surface area for a given enclosed volume. The
competition between membrane elastic energy and interfacial
energy regulates the bulging and budding of lipid droplets as
analyzed in the following sections.

In the axisymmetric configuration, the mean curvature is
M; = (dy/ds; + siny,/r)/2 and the excess surface area is

A4; = 2n_f8r,~(l —cosy;)ds; with [; as the unknown total
arclength of each region (i = 1, 2, 3). The area of each inner
monolayer is A4; = erjf)"rids,- (i = 1, 2), and the lipid droplet

volume is V' = nt[rs siny,dsy — [, ri sinyy,ds;. Here we have
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used the geometric relations dr;/ds; = cosy; and dz;/ds; = sin ;.
Introducing ¢; = s;/I{ €[0, 1]) for each membrane portion, the
elastic energy of the system can be expressed in terms of the
unknown functions v(t;), which can then be approximated by

n . .
cubic B-spline curves as (1) = > a](-l)N](I)(tj), where the basis
=

functions Nj(i](t,-) are defined recursively on a non-uniform knot
vector of ¢;. A typical choice of the knot vector of ¢ is {tﬁ"), tgl),
2 N with (9 =0 (k=0,1,2,3)and 9 =1 (k=n+1,..,
n + 4). The expression of the cubic B-spline basis functions
Nj(i)(ti) can be found in the appendix of ref. 18.

Numerical optimization method is used to determine the
minimum energy state of the system at a given volume of the
lipid droplet. Several boundary conditions are imposed. The
axisymmetric and smooth configuration requires y/;(0) = ¥,(0) =
0 at r; = r, = 0. At the junction between inner monolayers and
the outer free bilayer (¢; = t, = 1 or ¢3 = 0), the continuity of ,
r and z are required. At the remote boundary (r; = R.), we have
z3 = 0, meanwhile 3 = 0 is imposed to enforce the flatness of
the bilayer far away from the embedded lipid droplet. Here
R. = 10a is taken. The lipid droplet volume V is enforced by
introducing an equality constraint. At a given V, the minimum
system energy is obtained via the interior point optimization
approach after deriving the first and second derivatives of Ey
in eqn (1) and the volume constraint with respect to parameters
aJ(’j and /. In our calculations, all lengths are rescaled by the
effective radius of the lipid droplet a = [3V/(4n)]"®. The system
energy then becomes Eic = Ei(G1, G2, 7, Cod, Kp/kq) With the
dimensionless parameters defined as

G; =20, (i =1,2) and y = 2ya*/i;.

3 Results and discussion
3.1 Lipid droplet in two chemically identical monolayers

Before we systematically investigate the lipid droplet morphology
in a general case, we consider a simple condition that the lipid
membrane is composed of two chemically identical monolayers of
spontaneous curvature ¢,, bending rigidity (= x; = k), and tension
a(= g1 = 6,). In this case, the bilayer portion is flat and has zero
mean curvature.

In this subsection, we first seek analytical prediction on the
initial local bulging of the lipid droplet based on small
membrane deformation and then perform fully nonlinear
analysis on the mechanical behaviors of the system undergoing
budding transition.

3.1.1 Analytical solutions for the initial bulging of a lipid
droplet. At relatively large membrane tension or small repulsive
interfacial energy, the lipid droplet before budding adopts a
flat lens-like shape, and the system configuration can be
approximated by a perturbation from a flat conformation as
follows. Due to the vertical symmetry of the system, the outer
free bilayer is flat and our theoretical analysis is focused on the
inner contact region. For simplicity, the subscripts associated
with quantities pertaining to the contact region are ignored.
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In the cylindrical coordinate (Fig. 1a), the local membrane
force per unit circumferential length can be expressed as"’

K K
2, = ECO(CO —2c)+o+y +5((,‘22 — C]z),

d(ci + ) @
1+
2= —k———
n dS I

where 2, and X represent the out-of-plane shear force along
the inward normal direction and in-plane force along the
meridional direction, respectively, and the principal curvatures
in the meridional and circumferential directions are denoted
by ¢; = dy/ds and ¢, = sin//r, respectively.

For the inner upper monolayer, a force balance along the
z-axis leads to the governing equation

2nr(Zgsiny + X, cos ) = —pnr?, (3)

where p, originating from the volume constraint of the lipid
droplet, represents an effective pressure difference between the
lipid droplet and external environment.

At small deformation (|dz/dr| « 1), we have

dy
ds ~dr?

&y d:

. dz
siny = — w2 o (4)

~1
T cos ,

Substituting eqn (4) into eqn (2) and retaining the leading
orders in z and its derivatives with respect to r, eqn (2)
reduces to

1, ldz
X = P KCO;E-FG-F Vs
5 5 ()
5o g (dE 1z 1de
" dr’  rdr2 2dr)’

With the help of eqn (4) and (5), the governing equation for the
monolayer shape z = z(r) in a form of a linear modified Bessel
differential equation can be obtained from eqn (3) as

3z %z oty o dz p
eI G\ 292 _ P ;3
TR { * ( T2 )' ar 2 (6)

where effects of g, 7, p, K, and ¢, on the membrane shape z = z(r)
are explicitly considered.

In the case of a localized vertical force f along z-axis instead
of a pressure p, the term pr® on the right-hand side of eqn (6)
should be changed to fi/n.>°

Note that in literature another governing shape equation of
W = Y(r) restricted with ¢, = 0 has been obtained at small
monolayer deformation based on the variation of the total
system energy [eqn (29) in the ESI of ref. 15]. In its derivation,
the linear order in y has been only retained in terms without
association to the tension and ignored in the tension term with
the aim of deriving approximate expression in the small lipid
droplet limit, leading to a simple equation without the effect of
o and 7. As the membrane tension can suppress bulging, the
governing equation in ref. 15 is expected to overestimate the
membrane deformation compared with eqn (6) as confirmed
in later comparison in this subsection. Compared to ref. 15,
eqn (6) in the present work is not restricted to the case of small
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lipid droplets and can offer more precise analytical prediction
in cases of both small and relatively large lipid droplets.

With the boundary condition of = 0 at r = 0, eqn (6) can be
solved as

dz _ p R 11(Pr) 1i(Br)
ar 2[{%{ L n )| Ry Y @
where f = /(0 +7)/x + ¢i?/2, R; and ; denote the unknown

r-coordinate and tangent angle at the triple junction between
two inner monolayers and the outer bilayer membrane, and I,
represents the first order of the modified Bessel function of the
first kind. Integrating eqn (7) with respect to r gives
tan
2(r) = 2(Ry) — = [l (BR}) — Lo(Br)
: ﬁh(ﬁRﬂ[ ' ]
- (8)
4 2.2 j
+7 R B e — —
4ﬁ2K{ ! BL(BRy)

where I, represents the zeroth order of the modified Bessel
function of the first kind.

In the case of two identical monolayers, the system before
budding has vertical symmetry, and we have z(R;) = 0 and ;= 0
at r = R;, from which eqn (7) and (8) further reduce to

h(BR;) — To(Br)] }

dz_ p [ | & L))
& o) ©
and
0) = g B 7 = g R) ~ o] | (10

respectively. To obtain the bulge profile z(r), we still need to
determine p and R; in eqn (10). The center height or maximum
deflection of the monolayer before budding transition is

_ _ 7pR- o 2
=iAr=0= 4ﬁ2jr<{RJ FLGR)|

Zmax

I(BR;) — 1]}.

Based on the balance of tangential force'® at the junction
with i; = 0, we have y = k(dy/ds)?/2 at r = R;, which at the small
membrane deformation is further approximated as

K (d22\’
y%§<@) atr = R;.

Then we obtain an approximation of y at small monolayer
deformation as

P R (BR))
8kf(BRy)

i —

(11)

Though the r-coordinate R; of the triple junction and the
effective pressure p are related via eqn (11), they remain
unknown. From the lipid droplet volume V/2 = an'g‘ rzdr, we
can obtain p from eqn (10) in terms of R; as

_ 16a3ﬂ2K11 (ﬁRJ)

3RA(BR) ()
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where a = [3V/(4n)]'?® is the effective radius of the lipid droplet.
Here we have used the relation xI5(x) = xI;(x) — 4I(x).
Combining eqn (11) and (12), we have

32ua® B 1 (BR;

- Ka ﬁ 2 (ﬁ J) (13)

ORI (BR;)

Recognizing eqn (13) as a Taylor series at fR; « 1 (the small

lipid droplet limit) and taking the linear term, R; can be
approximately obtained as

2a

j = m (14)
The eqn (14) expressed in a different form has been derived in
ref. 15. Substituting eqn (12) and (14) into eqn (10) gives a good
analytical prediction on the bulge profile at small deformation
(see Fig. 2a and Fig. S1a, S2 in the ESIt). Note that the effects of
o and ¢, on R; are negligible at fR; « 1 as eqn (14) indicated,
which is confirmed by numerical comparison in Fig. 2b and
Fig. S1b (ESIY).

For the case of two identical monolayers with zero spontaneous
curvature, another analytical prediction on the bulge profile at
small deformation has been obtained in ref. 15, and its compar-
ison with our analytical results and fully nonlinear numerical
results is shown in Fig. S2 (ESIt). As discussed in the second
paragraph following eqn (6) and confirmed in Fig. S2 (ESIt), that
analytical prediction derived in ref. 15 overestimates the bulge

(a) e numerical results
= = analytical prediction with eqns (10), (12) and (14)

c=1 5 9
LA B —— S —

T <l <l <
3 <> <> <

307" numerical results at different &
analytical prediction with eqn (14)

Fig. 2 Comparison between our numerical results using optimization and
analytical prediction at zero spontaneous curvature. (a) Selected shapes of
the contact region, and (b) r-coordinate R; of the triple junction.
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deformation of the monolayer and is valid in the small lipid
droplet limit.

Substituting R; in eqn (14) into eqn (12) gives an approxi-
mation of p at fR; « 1 as

1284°k  8ky'/?
P=—pi = = 84/2yx,
g a

which indicates that p is insensitive to ¢ and ¢, and is
proportional to (yx)"* at fR; « 1.

In the case of two identical monolayers, the total system
energy E, in eqn (1) is given as

!
Eo = 2RKJ r(%—&-
0 dS

. 2 /
sin — co) ds+4(c + y)nJ rds
r 0 ()

— 20mR + neg’ (R — RY),

where [ is the total arclength of the bulged upper or lower
monolayer. At small monolayer deformation, substituting
eqn (4) and (9) into eqn (15) gives

5 PR +) { _212(/5Rj){10(ﬁRj)+ 4 H
. 842 L(BRy) L1 (BR;) ~ PR
PPrR? [RAIF (BR;)
452k [ I2(PR;)

4
— Rj2 — —2] + TUCC()2R32 + ZTCRJ'Z)/,

p
(16)

where p and R; are given by eqn (12) and (14), respectively.
Fig. S2 (ESIf) indicates that the analytical approximation in
eqn (16) agrees well with the fully numerical results at small
bulge deformation before budding.

3.1.2 Fully nonlinear numerical analysis for the bulging
and budding transition. In the above analysis, analytical attention
is paid to the initial bulging of the lipid droplet at small membrane
deformation. In the case of large membrane deformation, in
particular the budding transition, no simple analytical solutions
are available and we conduct fully nonlinear analysis on the
bulging and budding using numerical optimization. Fig. 3a shows
the typical system morphologies at different ¢ and y with
¢o = 0. Two representative stable states are observed. One is the
embedded state in which the lipid droplet forms a flat lens-like
shape in between two monolayers, and the other one is
the budding state in which the lipid droplet forms a nearly
spherical bulge on one side of the lipid membrane (upper side
in the present work). The transition from the embedded state to
the budding state is facilitated by 7 and suppressed by & (see
Fig. 3a). The lens-like bulge before the budding becomes more
flattened as 7 decreases (a lower interfacial energy) or &
increases (a lower membrane tension energy), since a more
flattened configuration gives a larger contact area A. = A; + 4, as
well as a smaller excess area AA; + A4, = A, — ZTERJ-Z. Once the
lipid droplet buds off, the bulge adopts an almost spherical
shape with a curved monolayer neck of an infinitesimal toroid
radius (see inset in Fig. 3b), and the spherical bulge is about to
pinch off from the membrane. To accurately capture the
membrane neck, dense meshing in the vicinity of the highly
curved region is required (Fig. S3, ESIt). The almost spherical
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Fig. 3 System configurations, energy gaps, and interfacial contact areas in the case of two identical monolayers of zero spontaneous curvature at
different repulsive interfacial energy 7 and membrane tension . (a) Selected system configurations at ¢ = 26a%/k = 1, 5 and 9 and 7 = 2ya®/x = 1, 5, 10,
20 and 30. (b) Energy gap AE as functions of 7 at different 4. (c) Contact area A.(= A; + Az) versus 7. Inset in (b), illustration of neck in the budding state

ate =17 =10 and cq = 0.

bulgeleadsto Y A4+ > 7,4; = 4na’(c +79) = 2(6 + y)nx,
=123 =12

which means that the sum of j and ¢ acts as a joined parameter.
As the elastic deformation energy of the narrow neck region is
negligible,> the total energy Ei in the budding state can be
well approximated by

Eior = 21K(2 — coa)” + 4n(o + y)a® + nrcy’R. (17)

The accuracy of eqn (17) is confirmed by numerical comparison
in Fig. S4 (ESIY).

If the lipid droplet splits into two identical droplets and
buds off separately, then we have

Eior = 4mi(2 — coa/2"?)? + 8n(c + 7)a?/2%" + mico R
(18)

In the case of vanishing monolayer spontaneous curvature, Eqo¢
in eqn (18) is always larger than E, in eqn (17), which means
that in this case the separate budding is not energetically favor-
able. Similar phenomena can also be observed in the dispersion of
hydrophobic nanoparticles within lipid bilayers** and aggregation
of adhesive nanoparticles between adjacent lipid membranes.>
The shape transformation in Fig. 3a is consistent with
the energy analysis in Fig. 3b, in which the curves of the system
energy change AE(}) = Ex — Eo with E, as the ground state
energy showing kinks correspond to the discontinuous transition
from the embedded state to the budding state. As ¢ increases, the
value of y associated with the kink increases. Here the reference
state is taken as a flat bilayer membrane of radius R. with
a spherical monolayer vesicle of radius a (approximating
the budding state), and its energy is given by eqn (17) as E, =
21k(2 — coa)® + 4n(o + y)a’ + mrcy*R.’. Moreover, the slope d(AE)/
dy of the energy profile decreases before the shape transition
(Fig. 3b), which indicates that the interfacial contact area A.
decreases as y increases, consistent with the results in Fig. 3c.
To further elucidate the physical mechanism underlying the
budding transition, profiles of the total system energy E,. and
its three components Epend, Eten, and Ejn are analyzed (Fig. 4).
Here we take ¢ = 5 as a case study. It is shown that all these
three energy components increase nonlinearly as y increases
for the embedded state, followed by a kink or discontinuous
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Fig. 4 Total system energy Ei.: and its three components (the membrane
bending energy Epens, Membrane tension energy Ein, and interfacial
energy Einy) as functions of j at cg = 0 and & = 5.

0

variations corresponding to the budding transition. The sud-
den increase experienced by the tension energy Ei.,, is of more
extent than that observed in the bending energy Epeng, meaning
that the energy cost inhibiting the budding transition mainly
arises from the monolayer expansion on the budding side at
high tension. Upon budding, the system configuration can be
approximated by a flat membrane and an almost spherical
bulge of radius a. Therefore, in the budding state, the Epe,qg and
E.., curves are almost flat and the E;,s curve exhibits a linear
dependence on 7 as the system configuration does not change.
The sudden drop in the Ej, curve corresponds to a drop in the
contact area A. as shown in Fig. 3c. As long as the decrease
of the repulsive interfacial energy can compensate the increase-
ment of the membrane bending and tension energy, the budding
transition occurs. In the cases of vanishing or negative 7, no
interfacial tension energy decrease would appear, and hence the
lipid droplet would never bud off.

In ref. 15 on the study of the lipid droplet budding from a
symmetric membrane, the elastic deformation energy of the
inner membranes before budding at y > ¢ is further approxi-
mated by a phenomenological line energy Ej;, = 16n0.¢R; based

This journal is © The Royal Society of Chemistry 2021
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on a previous theoretical study on the cell membrane wrapping
around a rigid spherical nanoparticle,>* where o is the effective
line tension scaling as \/x (o + y) and R; is the r-coordinate of the
lipid layer junction. Though the line energy Ejine(y) has the energy
unit and . as a parameter provides a phenomenological
explanation on the budding transition as Ejn(y) displays a trend
similar to what eqn (16) exhibits in Fig. S4 (ESIt), Ejne(y) in fact
overestimates the elastic energy associated with monolayer
deformation. More importantly, this phenomenological analysis
cannot specify the main or dominant aspect among the membrane
bending energy, tension energy and interfacial energy in governing
the budding transition, compared with Fig. 4 and relevant
discussion in the last paragraph.

Depending on the membrane lipid composition, the geometry
of the lipid molecules could vary significantly, and the monolayer
spontaneous curvature could have a finite positive or negative
value (¢, # 0). For example, the lipid monolayers composed of
phosphatidylinositol and monoacylglycerol molecules have a
positive ¢y, while diacylglycerol and phosphatidic acid form lipid
monolayers with a negative spontaneous curvature.'* The lipid
spontaneous curvature has been demonstrated experimentally to
affect the lipid droplet formation."® Here we conduct a case study
of coa = 1 and present the evolution of lipid droplet configura-
tions, energy change, and contact area A. in Fig. S5 (ESIt). In
comparison with the case of ¢, = 0 (Fig. 3b), smaller 7 is required
for budding transition at coa = 1 (Fig. S5b, ESIT).

Extracting the critical values of 7 in the curves of AE(}) at
given ¢ and ¢y, we could determine the budding phase diagram
with respect to normalized membrane tension ¢ and interfacial
energy 7 (Fig. 5). It is shown that the transition from the
embedded state to the budding state is facilitated by 7 and
suppressed by ¢. In addition, y for budding increases as the
monolayer spontaneous curvature ¢, decreases from a positive
value to a negative value. This is expected as the lipid mono-
layer of a positive ¢, prefers a bulge configuration to reduce the
membrane bending energy. In short words, positive (negative)
monolayer spontaneous curvature promotes (suppresses) the
budding of an embedded lipid droplet. This is consistent with recent
experimental studies that lipid molecules with negative intrinsic
curvature such as diacylglycerol and phosphatidylethanolamine

A
y

{ P

(=3
|
spontaneous curvature
- =0

o

1

0 —Tore . embeglded
0 2 4 6 8 10

Fig. 5 Budding phase diagram with respect to ¢ and 7 for two identical
monolayers with cpa = —0.5, 0, 0.5 and 1. Each dashed straight line passes
through the origin and is tangent to the corresponding phase boundary at
the marked place of slope dj/dé = y/a. Right panel: Illustration of mono-
layers of positive, zero, negative spontaneous curvatures.
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favor the embedded state for the lipid droplets, while lysolipids
with positive intrinsic curvature facilitate the budding.'® At each
phase boundary, there is one position at which the tangent
line passes through the origin (G, 7) = (0, 0) and the value of
the corresponding slope is listed. For y/c smaller than that
value at given cya, no matter how large a is, only the embedded
state is achieved.

3.2 A lipid droplet between two monolayers of different
mechanical properties

In a more general case of a lipid droplet embedded between two
chemically different lipid monolayers, the mechanical properties
of two monolayers could be different. Consequently, the system in
the embedded state could lose the vertical symmetry. In this
subsection, we focus on this circumstance and consider the
cases of such as bending rigidities (k; # k,) and membrane
tensions (o; # ¢,) but with vanishing monolayer spontaneous
curvature (¢, = 0) without losing generality.

We first probe the membrane bulging at different bending
rigidities. Fig. 6 shows the selected system morphologies at
K, = 1.5K, = 1.5k, 61 = 0, = 0, and ¢y = 0. It is shown that the

increasing o

-50 —
o={1,3,5,7,
<0 { }
-707 K=1.5x=1.5k, o,=0,=0, ¢,=0
-8 : : : :
%.1 5 10 15 20 25

/4

Fig. 6 Evolution of system configurations and energy for a lipid droplet
between two monolayers of different mechanical properties of k, = 1.5k =
1.5k, 01 = 62 = g, and ¢o = 0. (a) Selected system configurations at different
sets of (@, 7). (b) Profiles of the energy change AE.
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embedded lipid droplet loses vertical symmetry before bud-
ding, exhibits more bulging toward the monolayer with a
smaller bending rigidity to avoid a higher bending energy
associated with the stiffer monolayer, and buds off from the
softer monolayer eventually (Fig. 6a). The energy profiles
AE(y) = Eior — Eo as functions of 7 at different ¢ are shown in
Fig. 3b, where the energy E, of the ground state approximating
the budding state is defined as E, = 27ic1(2 — coa)*+ 4n(c +7)a® +
(k1 + K5)co Re>/2. In comparison with Fig. 3b (k; = k, = k), the
critical y at the kink is smaller in Fig. 6b, which means that a
smaller 7 is required for the lipid droplet to bud off at x, > ;.

Besides the case of unequal monolayer bending rigidities,
we also investigate the case of g; # ¢, but x; =k, and ¢, = 0. In
Fig. S6 (ESIt) (0, = 1.50; = 1.50, Kk, = k3 = k, and ¢, = 0), the
bulging before budding exhibits a similar vertical symmetry
breaking as that observed in Fig. 6b. The lipid droplet buds
toward the lipid monolayer of a smaller membrane tension to
prevent a higher cost of the membrane tension energy. In
addition, a larger membrane tension prefers a less biased
budding at a given 7, consistent with experimental observation
that the artificial lipid droplet embedded in the bilayer of a
giant unilamellar vesicle (GUV) upon a micropipette suction
bulges into the GUV lumen.”

With the knowledge of the energy profiles AE(7) as shown in
Fig. 6 and Fig. S6 (ESIT), we extract the critical values of 7 and
determine the budding phase diagrams for a lipid droplet
embedded between two lipid monolayers of different bending
rigidities and membrane tensions (Fig. 7). As the ratio of x,/K;
or o,/0; increases, the interfacial energy 7 required for the
budding transition decreases due to the less deformation of the
lipid monolayer with a larger bending rigidity or tension. Note
that ¢ in Fig. 7 is defined by the lower tension.

The budding phase diagrams in Fig. 5 and 7 indicate that
the outward budding transition is facilitated by 7 and sup-
pressed by &, consistent with recent experimental studies in
which artificial lipid droplets in giant unilamellar vesicles of
different phospholipid composition show a clear budding
transition and occurrence as the measured bilayer tension
decreases below around 0.1 mN m *.'*

The budding phase diagrams established in Fig. 5 and 7
enable us to estimate the critical lipid droplet size for budding
transition. In Fig. 8 we extract the phase boundary at ¢, = 0 from
Fig. 5 and plot the critical budding size as a function of y for
different o at k = 10kgT with the thermal energy 1kgT = 4.1 X
10~ %' N m. Typical values of physical properties associated with
ER membranes and lipid droplets are listed in Table 1."¢7" At
a given interfacial energy 7, the critical lipid droplet size a
slightly decreases, agreeing with recent experiments showing
that small lipid droplet sizes are favored for phospholipids
exhibiting relatively low tension.’* As y decreases, a increases,
relatively insensitive to ¢. Recent experimental studies suggest
that y is around 1 mN m~",'* orders of magnitude larger than
the ER bilayer membrane tension (around 0.013 mN m™').*”
Therefore, the critical size is expected to be around few tens of
nanometers.">'> As shown in Fig. 8, the critical radius a is
around 10 nm at y = 1 mN m™". This predicted size as a lower
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Fig. 7 Budding phase diagrams for different values of x,/k; at o1 = o, (a)
and different values of g,/01 at k1 = K (b) with cg = 0.
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Fig. 8 Critical budding size with respect to different interfacial energy y
and monolayer tension ¢ at vanishing monolayer spontaneous curvature.

bound of the lipid droplet size is significantly smaller than the
experimentally observed size (ranging from 100 nm to around
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Table 1 Typical values of physical properties of lipid membranes and lipid droplets

Physical properties Values Ref.
Bending rigidity « of lipid monolayer 10ksT 26

ER bilayer tension 0.013 mN m™" 27
Interfacial energy y 1mNm*' 11
Spontaneous curvature —0.05 nm~* to 0.5 nm™* 28

Lipid lens size Tens of nanometers 3,5and 9
Size of lipid droplets 100 nm to 5 um 29-31

5 pm in most cell types) of lipid droplets released from the
ER**?' and in yeast mutants.’> One possible reason for this
discrepancy is that a freshly budded spherical lipid droplet with
the critical size could further grow as more neutral lipids
accumulate within the budded region.

In this work, the Helfrich membrane theory is adopted to
investigate the lipid membrane deformation during bulging
and budding of lipid droplets. Using this continuum theory,
the lipid membranes are modelled as mathematical surfaces
with zero thickness. In real situations, the overall thickness of
cell membranes with consideration of the protrusion of
membrane proteins could vary in a range of 4 nm to 10 nm,
and a representative value of the thickness of simple lipid
bilayers or cell membranes excluding protein protrusion is
around 4 nm to 5 nm.*! For endoplasmic reticulum membranes,
the thickness is around 4 nm.*® Recalling that the critical radius
of curvature for the lipid droplet formation could be as small as
10 nm based on the present theoretical model (Fig. 8), readers
might wonder whether the continuum membrane theory is still
valid and applicable in cases with the membrane curvature
radius comparable to the lipid bilayer thickness. By investigating
the tensile force necessary for a stable membrane nanotube, a
combination of molecular dynamics simulations and theoretical
analysis indicates that the Helfrich membrane theory indeed
remains valid and applicable for highly curved regimes with a
radius of curvature down to a length scale comparable to the lipid
bilayer thickness.** Therefore, the membranes can be modelled
as mathematical surfaces here and the effect of membrane
thickness on the present theoretical analysis is negligible.

As the measurement of the interfacial energy y is not easy,
especially in cellular conditions, eqn (14) of 7 = (2a/R;)® may
provide a valuable and relatively easy estimation on y by
measuring lipid droplet size a and the r-coordinate R; of the
layer junction.

A mechanical feature of the lipid droplet formation is that
the embedded neutral lipids of a fixed volume can flow and
deform easily or reorganize. Similar mechanical features are
observed in drug loaded liposomes®*™’ and incorporation of
nanoparticle clusters or decorated nanoparticles within lipid
membranes.**™*! For example, the microfluidic technique has
be employed to fabricate multicompartment liposomes with
residual oil droplets embedded in the lipid membranes.*
For echogenic liposomes, microscale gas bubbles are formed in
the lipid membranes.*>*” In addition, experimental results show
that the embedded hydrophobic nanoparticle cluster evolves from a
lens-shaped to a spherical cap-shaped configuration, as more nano-
particles assemble and reorganize within the vesicle membrane.*®

This journal is © The Royal Society of Chemistry 2021

For dendrimer-like soft nanoparticles®® and amphiphilic polymer-
decorated nanoparticles*>*' undergoing cell interaction, they could
become embedded within cell membranes and exhibit significant
morphological transformation.

4 Conclusions

We have conducted a systematic theoretical study on the
budging and budding of an embedded lipid droplet in a lipid
bilayer membrane, taking into account the membrane asym-
metry and spontaneous curvature. As the interfacial energy per
unit area of contact between lipid droplet and monolayer
interface increases, lipid droplets go through a discontinuous
shape transition from a lens-like embedded shape to a budding
state with a spherical bulge configuration. The shape transition
is an energy driven process. The sharp decrease of interfacial
contact area coordinating with a sharp increase of elastic
energy yield a continuous total energy evolution while a kink
emerges at the shape transition point. Analytical expression
governing the lipid droplet morphology before budding transition
has been obtained. Positive spontaneous curvature of monolayers
can promote lipid droplets budding transition while negative
spontaneous curvature inhibits this process. Moreover, the existence
of monolayer bending rigidity asymmetry promotes budding transi-
tion and regulates budding direction toward the side with lower
monolayer bending rigidity, and so as the asymmetry of monolayer
tension. A rich variety of budding phase diagrams have been
established for both symmetric and asymmetric situations,
from which the lipid droplet budding size can be examined.
Our results provide fundamental insights on the underlying
physics of lipid droplet formation and are of interest to the
studies of echogenic liposome stability and nanoparticle clustering
within lipid membranes.
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Fig. S1 Comparison between our numerical results using optimization and analytical prediction at co=1/a.
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Fig. S2 Bulging profiles in the cases of two identical monolayers at coy=0. Comparing the present fully nonlinear
numerical results (black lines) and small deformation based analytical solutions (blue dash-dotted lines) with
another small deformation based analytical predictions (red dashed lines) in the Supplementary Material of ref.
15. The small deformation assumption adopted in ref. 15 has been used in characterizing the membrane geometry
as well as the membrane forces and their balance but in an inconsistent way.
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Fig. S3 System configurations in the budding state for two identical monolayers at G =0, 7 =3.4, and ¢¢=0.

Numerical results based on the energy optimization with dense meshing (a) and loose meshing (b) in the vicinity
of the highly curved neck regions. (c) The system configuration from Supplementary Material of ref. 15. The
configuration (a) with dense meshing has a slightly lower energy of Eiw/xk=46.495 in comparison with
Ei/k=46.636 for the configuration (b) mimicking reported configuration (c). It is indicated that the system
configuration with a relatively large neck reported in ref. 15 might have a higher system energy than that with
an extremely narrow neck, and the discrepancy suggests that a more appropriate initial guess is required for the
shooting method in ref. 15.
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Fig. S4 Comparison of the total system energy Ei: between fully nonlinear numerical results and theoretical
predictions given by eqn (16) and eqn (17) in the main text. The kinks in curves represent the critical values of
7 associated with the budding transition.
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Fig. S5 Evolution of lipid droplet configurations and total energy change for the case of two identical monolayers
with co=1/a. (a) Selected lipid droplet configurations at different sets of (&, 7). (b) Energy change AE as a

function of 7 .
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Fig. S6 Evolution of the system configurations and total energy change for a lipid droplet between two
monolayers of different mechanical properties of o,=1.501=1.50, x»=Kki=k, and c¢=0. (a) Selected system
configurations at different sets of (&, 7). (b) Profiles of the energy change AE.
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