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Abstract

The physico-mechanical properties of nanoscale lipid vesicles (e.g., natural nano-vesicles and 

artificial nano-liposomes) dictate their interaction with biological systems. Understanding the 

interplay between vesicle size and stiffness is critical to both the understanding of the biological 

functions of natural nano-vesicles and the optimization of nano-vesicle-based diagnostics and 

therapeutics. It has been predicted that, when vesicle size is comparable to its membrane 

thickness, the effective bending stiffness of the vesicle increases dramatically due to both the 

entropic effect as a result of reduced thermal undulation and the nonlinear curvature elasticity 

effect. Through systematic molecular dynamics simulations, we show that the vesicle membrane 

thins and softens with the decrease in vesicle size, which effectively counteracts the stiffening 

effects as already mentioned. Our simulations indicate that the softening of nano-vesicles results 

from a change in the bilayer’s interior structure - a decrease in lipid packing order - as the 

membrane curvature increases. Our work thus leads to a more complete physical framework to 

understand the physico-mechanical properties of nanoscale lipid vesicles, paving the way to 

further advances in the biophysics of nano-vesicles and their biomedical applications.
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1. Introduction

Nanoscale vesicles primarily consisted of phospholipid molecules exist in both natural and 

synthetic forms. Exosomes, now termed small extracellular vesicles (sEV) [1], are 

endogenous lipid-bound vesicles with a diameter less than 150 nm. They serve as 

communication vehicles by transferring membrane-bound and cytosolic proteins, as well as 

lipids and RNA between cells in multiple physiological and pathological processes [2]. 

Examples include transferring placental trophoblast biomolecules to increase viral resistance 

of recipient cells , enabling T-cell activation by dendritic cells as part of the defensive 

immune response, and regulating angiogenesis by tumor cells during tumor progression [3–

7]. The molecular information carried by sEVs makes them a potential diagnostic tool [8]. In 

addition, the potential of nanoscale vesicles as next-generation nanoparticulate drug-delivery 

carriers has been extensively studied [9,10] along with their artificial counterparts, namely 

nanoliposomes or small unilamellar vesicles [11]. Recent studies have illustrated that both 

the size and the stiffness of lipid vesicles significantly regulate their interaction with 

biological systems, especially during tumor penetration and endocytosis by cells [12–16]. 

Understanding the potential coupling between the vesicle size and stiffness is critical for 

constructing a complete picture of the biological functions of sEVs as well as to optimize the 

design of lipid vesicle-based diagnostic and therapeutic applications.

Mechanical properties of large lipid vesicles, such as red blood cells and artificial giant 

unilamellar vesicles (1–200 μm), have been well described by the Canham-Helfrich’s 

theoretical framework in which the lipid membrane is modeled as an elastic sheet with zero 

thickness undergoing elastic deformation [17–19]. According to this classic membrane 

model, one can easily predict that the total bending energy of a spherical vesicle is 

independent of the vesicle size. The dependence of vesicle stiffness on vesicle size emerges 

from the following two considerations. First, the translational and rotational entropy 

contributions due to thermal fluctuation of a finite-sized vesicle make the free energy of a 

vesicle logarithmically scale with the vesicle size [20,21]. Second, when the vesicle size is 

comparable with the membrane thickness, the contribution from large curvature, nonlinear 

elasticity becomes significant and surges with the decrease in vesicle size [22–24]. Both the 

entropic and the nonlinear effects suggest the stiffening of the lipid vesicle as the vesicle size 

decreases.

In this study, we have performed detailed molecular dynamics (MD) simulations using 

Martini coarse-grained force field [25,26] to elucidate how lipid packing and mechanical 

properties are regulated by the vesicle size. We have simulated planar lipid bilayers as well 

as vesicles of two different outer diameters (17 nm and 24 nm). The 17 nm vesicle lies in the 

range of 10–20 nm diameter that we have previously predicted as the lower bound for 

vesicle sizes [24]. The 24 nm vesicles are 1.5 times bigger than the 17 nm ones and are 

closer to the natural sEV size. Considering that phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) are two of the most common phospholipid types in 

biological membranes, our model membranes are composed of either di-myristoyl-

phosphatidylcholine (DMPC) or di-myristoyl-phosphatidylethanolamine (DMPE) lipids. By 

simulating a series of swelling experiments and correcting the Laplace’s law for the finite-

membrane thickness effect, we have characterized both the stress state and mechanical 
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properties of the lipid vesicles. We have identified a membrane softening effect as the 

membrane curvature increases, which counteracts the stiffening schemes established 

previously [23] and renders a more complete physical framework for understanding the 

physico-mechanical properties of nanoscale lipid vesicles.

2. Methods

2.1. MD simulations of planar lipid bilayers and vesicles

MD simulations were carried out for DMPC and DMPE lipid bilayers in both planar and 

vesicle forms using the coarse-grained MARTINI force-field version 2.2 implemented in the 

GROMACS version 2018.2 software [27–29]. In the MARTINI model, about four non-

hydrogen atoms are grouped into one bead, and thus the 14 carbon atoms in each DM tail of 

DMPC or DMPE lipids are mapped to three beads and four water molecules into one bead. 

DMPC lipid features an NC3 head-group while DMPE features an NH3 group, the latter 

being able to form hydrogen bonds with neighbouring PE head-groups. This is reflected by 

the lower Lennard-Jones potential minimum at the equilibrium distance between two NH3 

beads compared to that between two NC3 beads in the MARTINI force-field.

The initial configurations and simulation set-up files for planar lipid bilayers and vesicles 

were generated using the Martini Bilayer Maker and Martini Vesicle Maker [30], 

respectively, within the CHARMM-GUI web-based platform [31]. Planar bilayers were 

generated with 1024 lipids per monolayer, and 3 nm-thick water layers above and below the 

bilayer. Lipid vesicles were generated with an initial outer diameter of 7.5 nm for small 

vesicles and 11.25 nm for large vesicles with six, symmetrically placed 2-nm-diameter pores 

to facilitate the exchange of inner and outer water as well as possible lipid flip-flops between 

the inner and outer leaflets. After energy minimization steps, MD simulations were carried 

out with progressively reduced restraints on lipid head-group positions as the simulation 

time-step increased from 2 to 20 fs. During equilibration of vesicles, the pores were 

progressively closed by reducing the strength of position restraints. Unrestrained simulations 

were subsequently carried out for at least 0.5 μs.

Electrostatic interactions were computed using Reaction-Field method with dielectric 

constant of 15 and cut-off distance of 1.1 nm. Van der Waals interactions were computed 

using cut-off method with the same distance of 1.1 nm. System temperature was maintained 

at 310 K with the Velocity-rescale thermostat, whereas pressure was maintained at 1 bar 

with the Parrinello-Rahman barostat with semi-isotropic coupling for bilayers (X-Y plane 

coupled separately from the Z or bilayer normal direction) and isotropic coupling for 

vesicles, with time-constant of 12 ps and compressibility of 4.5 × 10−5 bar−1.

2.2. Calculation of lipid bilayer physical properties

Bilayer thickness was calculated as the difference in the mean locations of PO4 beads 

between the two leaflets. Distributions of PO4 bead positions were extracted from the 

respective simulation trajectories. For planar bilayer, the bead positions were taken relative 

to the center of mass of the bilayer along the normal direction of the bilayer. For vesicles, 

the bead positions were taken relative to the center of the vesicle along the radial direction. 
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The area per lipid for planar bilayers was computed from the time-averaged simulation box 

area divided by the number of lipids in each monolayer. For vesicles, the inner (Rin) and 

outer (Rout) radii of the vesicle were estimated based on the respective PO4 bead positions of 

each leaflet. The inner and outer surface areas were computed and divided by the number of 

lipids in each leaflet in the final configuration to obtain the area per lipid for each leaflet. 

Both the bilayer thickness and area per lipid obtained for the planar bilayers are consistent 

with previously reported results [32]. The physical properties of vesicles were summarized 

in Table S1. The radius at the interface of the inner and outer leaflets (Rcore) was determined 

based on the mean of the distribution of lipid tail beads (C3A and C3B). Note that Rcore 

values are close to the average of inner and outer radii.

2.3. Calculation of pressure profiles

The GROMACS-LS v2016.3 program [33,34] was used with default settings to post-process 

simulation trajectories (with particle positions and velocities saved every 100 ps) to obtain 

the time-averaged Hardy stress tensor at every grid point on a spatial grid (default grid 

spacing of 0.1 nm) covering the entire simulation box. The simulation trajectories had to be 

adjusted to make the center of mass of the bilayer or vesicle remain at the center of the 

simulation box. The Hardy stress tensor σij (i, j = x, y, z) is a sum of contributions from 

kinetic (due to particle momentum) and potential (due to inter-particle forces) components 

[33]. The output files containing stress tensor values at each grid point in the simulation 

domain from GROMACS-LS were processed by the Pressure-Tools programs for planar 

bilayers and vesicles [35], which averaged the pressure tensor (pij = −σij) values at grid 

points with the same z coordinate value (i.e. in the x-y plane) to give pij(z) for planar 

bilayers. The normal component of the pressure profile of the planar membrane was then 

given by PN(z) = pzz(z) whereas the lateral component was given by PL(z) = pxx(z) = pyy(z) . 

For vesicles, the program transformed the pressure tensor to the spherical coordinate system 

and averaged over grid points within spherical shells of radius r, with coordinate origin at 

the vesicle center. The vesicle pressure profile components were radial and tangential in this 

case, given by PR(r) = prr(r) and PT(r) = pθθ (r) = pφφ (r), respectively [35]. The inner 

pressure is then calculated as the average of the radial and tangential pressure profile values 

from the location at r = 2.5 nm till the rise of the first tangential pressure profile peak. The 

outer pressure is calculated similarly from r = 11 to 20 nm for 17 nm vesicles and r = 15 to 

20 nm for 24 nm vesicles and confirmed to be close to 1 bar.

2.4. Estimation of the membrane elastic modulus

For the estimation of membrane tension and elastic modulus of planar DMPC and DMPE 

bilayers, we first stretched each bilayer to different tension levels by specifying a negative 

value for pressure PL in the bilayer plane [36]. The membrane tension was then calculated 

from the external pressure applied to the system as σ = LZ(PZ − PL), where LZ and PZ are 

the size of the simulation box and the pressure in the direction perpendicular to the bilayer 

plane, respectively. We varied PL from −5 bar to −30 bar while maintaining PZ at 1 bar. The 

membrane tension values were then plotted against the fractional change in the membrane 

area and the elastic modulus KA taken as the slope of the linear regression fit to the curve at 

small area strains [37,38].
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To estimate the elastic modulus of vesicle membranes, equilibrated lipid vesicles were 

swelled by increasing the water density in their inner core. We first removed the largest 

water core of the equilibrated vesicle that do not overlap with lipid head-groups. A water 

sphere of the same diameter generated using PackMol [39,40] with a density ranging from 

1.1 to 2.25 times higher than the standard density was inserted into the centre of the 

hollowed vesicle, leading to a reconstituted vesicle with higher inner water density. The 

reconstituted vesicles were subsequently subjected to 7 equilibration phases, whereby 

Phases 1 and 2 are energy minimization phases and Phases 3 to 7 are MD phases (1 ns 

duration each with simulation time-step increasing from 2 to 20 fs). The resultant pressure 

profile was calculated and the difference between inner and outer pressures (see Section 2.3) 

were used to determine the membrane tension following either classic Laplace law or the 

corrected equation. The vesicle elastic modulus KA was then obtained from the slope of the 

linear regression fit to the plot of membrane tension against vesicle area strain (A − A0)/A0, 

where A0 is the vesicle area at zero membrane tension obtained by extrapolating the linear 

regression fit to membrane tension against vesicle area data to zero tension. The 

corresponding bilayer thickness of each vesicle at tensionless state was similarly obtained 

for use in the estimation of bending modulus from elastic modulus from tension vs area 

strain curves.

3. Results and Discussion

3.1. The effect of vesicle curvature on the structural properties of the lipid membrane

The representative equilibrated configurations of our simulated planar bilayers and vesicles 

are shown in Fig. 1(a). Compared with planar bilayers, the sharp distributions of the 

locations of PO4 beads suggest suppressed shape fluctuation of lipid vesicles (Fig. S1(a)). 

We observe that membrane curvature enhances the asymmetry of lipid organization across 

the bilayer. For both DMPC and DMPE membranes, the ratio of the number of lipids in the 

outer leaflet to that in the inner leaflet is always larger than 1.0 and consistently increases 

with membrane curvature (Table S1 and Fig. S1(b)), which is facilitated by lipid flip-flops 

during equilibration. Both DMPC and DMPE membranes exhibit a decrease in the thickness 

as the membrane curvature increases (Fig. 1(b)). This curvature-regulated membrane 

thinning phenomenon is consistent with previous studies using dissipative particle dynamics 

[41].

The thinning of the membrane with curvature is directly correlated with the observed 

decrease in the order parameter of lipid tails (Fig. 1(c)). The order parameter of the bonds 

along each lipid molecule was calculated according to the following definition: P2 = (3cos2

〈θ〉 − 1)/2, where θ is defined as the angle between the bond vector and the bilayer normal 

for planar bilayers while as the angle between bond vector and radial vector from vesicle 

center to the middle of the bond for vesicles. The low order parameters suggest that both our 

DMPC and DMPE membranes are in the fluid phase at 310 K (Fig. 1(c) and Fig. S2(a–b)). 

At a lower temperature of 282 K, the planar DMPE membrane has much higher order 

parameters, implying that the lipids are in the gel phase (Fig. S2(a)). Both planar DMPE and 

DMPC membranes are in the gel phase at the even lower temperature of 270 K. In contrast, 

the 17 nm vesicles show no significant increase in the lipid order as the temperature is 
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lowered, suggesting that they remain in the fluid phase. The suppression effect on the global 

gel formation by the strong curvature agrees with a prior simulation study whereby a coarse-

grained model of a 20 nm DPPC vesicle at 265 K was found to remain in the fluid phase 

over hundreds of nanoseconds whereas its planar counterpart entered the gel phase [42].

Curvature-induced reduction in the lipid order parameter is observed in both inner and outer 

leaflets (Fig. S2(c–d)). However, in contrast to DMPE vesicles whose inner leaflets are more 

ordered than their outer leaflets, an opposite trend is observed in DMPC vesicles of the same 

size. The order parameter data suggest that DMPE lipids prefer the inner leaflet of vesicles 

due to their smaller and more attractive head-groups, whereas the reverse is true for DMPC. 

As suggested by the difference in the average area occupied by each lipid (Fig. 1(d)), the 

lipid packing of the inner leaflet becomes tighter as the curvature increases, while an 

opposite trend is observed for the outer leaflet, indicating that the outer and inner leaflets are 

in different stress states. In general, DMPE vesicles are relatively thicker, more ordered and 

packed more tightly than their DMPC counterparts due to the more attractive interactions 

among the DMPE head groups.

3.2. The effect of vesicle curvature on the stress state of the lipid membrane

For planar bilayers, the in-plane pressure profiles show deep, but symmetric negative peaks 

from both the inner and outer monolayers which represent the localized membrane stress 

due to the attractive interactions between lipid head-group particles (Fig. 2(a) and (d)). 

Similar pressure profiles have been observed in previous studies [33,35]. The large positive 

region between the negative peaks arises from the lipid tail repulsion within the hydrophobic 

core of the bilayer. However, the pressure normal to the bilayer plane does not show any 

significant spatial variation.

In contrast to planar bilayers, the enhanced physical asymmetry by the membrane curvature 

of vesicles leads to an asymmetric pressure profile across the lipid bilayer. In the vesicles, 

both the tangential and radial pressure profiles exhibit significant asymmetries between the 

inner and outer monolayers. First, the tangential pressure profiles of both DMPC (Fig. 2(b–

c)) and DMPE (Fig. 2(e–f)) vesicles feature a relatively deeper peak in the outer leaflet than 

that in the inner one, indicating that the outer membrane leaflet is under a higher membrane 

tensile stress. The peaks become progressively deeper than that in planar bilayer as the 

vesicle size decreases, suggesting that membrane stress increases with membrane curvature. 

The negative pressure peaks of DMPE membranes are always deeper than the DMPC ones 

in agreement with the stronger attractive interactions among DMPE head-group particles. 

Second, vesicles show unequal peak tangential pressures between the inner and outer vesicle 

leaflets, with the inner pressure being relatively higher. Our large DMPC vesicle has an inner 

pressure of 18 bar, and the small DMPC vesicle has a higher pressure of 47 bar. 

Corresponding values for large and small DMPE vesicles are 26 bar and 65 bar, respectively. 

Given that the pressure outside vesicles is at 1 bar, the nanoscale vesicles are sustaining a 

substantially large pressure difference across their lipid bilayers. To verify that the large 

pressure difference is not caused by possible insufficient relaxation during equilibration, we 

have formed a DMPC vesicle by self-assembly (see SM for simulation details). The self-

assembled vesicle shows a similar pressure profile as the constructed ones (Fig. S3).
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For micron-sized vesicles, we can imaginarily cut a spherical vesicle at the equator and the 

membrane tension (σ) can be readily obtained based on the force balance between the forces 

stemming from the surface stresses and the force from the pressure difference inside and 

outside the vesicle (ΔP = Pin − Pout) [43]:

2πR 2κH0
1
R − H0 − σ = − πR2ΔP (1)

where the first term inside the brackets is the spontaneous tension, and R, κ and H0 are the 

radius of the curvature at the midplane of the lipid bilayer, the bending modulus and the 

spontaneous mean curvature of the vesicle membrane, respectively. Although a non-zero 

spontaneous curvature presents due to the asymmetric number of lipids in the inner and 

outer leaflets, the spontaneous tension is expected to make a negligible contribution because 

of the fact that lipid exchange via flip-flops between the two leaflets has been allowed to 

release the spontaneous tension during the equilibration phases. We confirm that the 

curvature of equilibrated vesicles is quite close to the spontaneous curvature, resulting in a 

minor spontaneous tension (< 1 mN/m) that contributes < 5% compared to the membrane 

tension (see SM and Table S3). Note that the contributions by the spontaneous tension were 

estimated using the bending stiffness of planar lipid bilayers. Since the membranes of lipid 

vesicles are relatively softer than planar bilayers (see more details in Section 3.3), the actual 

contributions by the spontaneous tension terms are expected to be even smaller. Hence, Eqn. 

(1) reduces to the well-known Laplace’s law after omitting the spontaneous tension term.

However, the assumption that the membrane thickness is negligible compared to the vesicle 

size in the Laplace’s law is clearly violated in the case of nano-vesicles. For example, the 

small DMPC vesicle in our study has a membrane thickness of ~3 nm and an outer radius of 

~8.5 nm. To correct the finite-membrane thickness effect, we consider that the inner and 

outer pressures act on the inner and outer surfaces of the vesicle, respectively, and the 

corrected force balance leads to a corrected expression for membrane tension as (see SM for 

more details; Fig. S4):

σ = ΔP + Pout Rin
2 − PoutRout

2

2R
(2)

where Rin and Rout are the inner and outer radii of the vesicle, respectively. Note that we 

have followed the general practice to treat the midplane of the lipid bilayer as the reference 

surface within the membrane. Equation (2) reduces to the Laplace’s law when the membrane 

is treated as a zero-thickness film, i.e., Rin = Rout = R. As shown in Fig. 3, the membrane 

tension obtained with our correction using Eqn. (2) is lower than that from the Laplace’s law 

by Eqn. (1), for both 24 nm diameter and 17 nm diameter DMPC or DMPE vesicles. 

Nevertheless, both methods show that the small vesicle’s membrane is under a higher 

tension than the large ones with DMPE membrane featuring a higher tension than their 

DMPC counterparts. Since membrane tension closely regulates both the configuration and 

lateral mobility of membrane-embedded proteins, such as large mechanosensitive channels 

[44] and voltage-gated potassium channel KvAP [45,46], the dependence of membrane 

tension on the vesicle size may serve as a mechanism for maintaining vesicle homeostasis.

Chng et al. Page 7

Extreme Mech Lett. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3. The effect of vesicle curvature on the mechanical properties of the lipid membrane

To illustrate how the curvature-regulated lipid organization affects their mechanical 

properties, we calculate the elastic and bending moduli for both planar lipid bilayer and 

closed vesicles. The elastic moduli (KA) of planar bilayers were estimated by stretching the 

bilayer to different area strains and KA is determined as the slope of the linear regression 

line to the membrane tension vs area strain curves at low strain levels (Fig. S5). Our 

approach to obtaining KA potentially avoids the issue with system-size dependence observed 

with the projected area fluctuation method [47,48]. The KA value of our coarse-grained 

DMPC bilayer (248 mN/m) is close to the values obtained from both simulations of a near-

atomistic bilayer model [48] and experiments based on micropipette aspiration of giant 

vesicles [38].

We then obtain the elastic moduli of vesicle membranes by virtually swelling our nano-

vesicles to various extents to obtain membrane tension vs area strain curves (resembling 

osmotic swelling [37]). Swelling of equilibrated nano-vesicles is induced by replacing their 

inner cores with water molecules packed at higher densities, followed by equilibration 

simulations (see Methods for more details; Fig. S6). The vesicle size increases during 

induced swelling and stabilizes after equilibration. The pressure profile of each swelled 

vesicle is computed and the pressure difference between the inside and outside of the vesicle 

is extracted to calculate the corresponding membrane tension. The tangential pressure profile 

peaks become increasingly more negative with the swelling level, implying an increase in 

membrane tensile stresses due to swelling (Figs. S7 and S8).

The pressure difference across the bilayer membrane increases with the swelling level, 

which translates to an increase of the membrane tension. The membrane tension increases 

linearly with the vesicle area under low swelling conditions for both stress values from Eqn. 

(1) and from Eqn. (2), and nonlinear correlation is observed when the vesicle is swelled 

excessively (Fig. S9). However, the membrane tension with correction is always lower than 

that without correction. In addition, the membrane thickness decreases with increased 

swelling (Fig. S10). The same trend has previously been reported by Lin et al. using a 

different coarse-grained model [49]. The elastic modulus KA is extracted by fitting the linear 

region in the stress vs area strain curves (Fig. S11) [37,38]:

σeqm = KA
Aeqm − A0

A0
(3)

where σeqm and Aeqm are the membrane tension and surface area of swelled vesicles after 

equilibration, respectively, and A0 is the surface area of the same vesicle at zero membrane 

tension state. The A0 value is obtained for each vesicle by extrapolating the linear regression 

lines in the area-membrane tension plot to zero tension (Fig. S9). The membrane elastic 

modulus may also be extracted from the force-indentation curves for giant unilamellar 

vesicles (GUVs) as detailed by Schäfer et al. [50], however, theoretical analysis carried out 

by Tang et al. indicates that such a process is not trivial for pressurized elastic fluid nano-

vesicles [51]. The membrane bending moduli of our vesicles are estimated from the elastic 

moduli using KB = KA(h0 − 1)2/24 based on the polymer brush model [38], where h0 is the 

bilayer thickness of the membrane at zero tension. We have assumed that the relation 
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between the two moduli which was derived for GUVs (15–30 μm in diameter) is valid for 

our nanoscale vesicles. The h0 values are obtained by extrapolating the thickness-membrane 

tension plots for all the vesicles (Fig. S10). Our predicted KB value of 14.1 kBT for DMPC 

bilayer is close to the experimental value of 13.4 kBT [38]. Although the membrane bending 

stiffness may also be determined by analyzing the shape fluctuation of micron-sized GUVs 

[52], the largely suppressed fluctuation makes this approach less suitable for nano-vesicles.

As shown in Fig. 4, both the elastic and bending moduli obtained using the Laplace’s law 

(Eqn. (1)) reduce with the increase in membrane curvature. Our correction to the Laplace’s 

law leads to even larger reductions, indicating a strong curvature-regulated membrane 

softening effect. We have performed a simple sensitivity analysis by placing the reference 

surface used in the calculation of the membrane tension at different locations within the 

membrane for the DMPC vesicles. As we move the reference surface from the inner surface 

of the vesicle to the outer surface, the estimated elastic moduli obtained using Laplace’s law 

shows opposing trends; but with Eqn. (2), the moduli are always smaller for the smaller 

vesicle (Table S4). In other words, the curvature-regulated softening effect is observed 

regardless the location of the reference surface with Eqn. (2). This mechanical softening 

effect is consistent with the lowering of lipid tail ordering as the curvature increases. A 

similar decease in lipid order parameter with membrane curvature has been reported 

previously by Lin et al. [41]. However, in their study, the elastic moduli of lipid vesicles 

were found to increase with the membrane curvature, which is in stark contrast to our 

observations, despite similar observations of thinner and more disordered membranes for 

smaller vesicles. In their attempt to consider the finite-membrane thickness effect on 

membrane tension, the two leaflets were treated as two zero-thickness surfaces and the 

interfacial tensions in the inner and outer monolayers were assumed to be equal. However, 

as we have shown in Fig. 2, the outer monolayer of vesicles always exhibits a deeper in-

plane pressure peak than the inner one, which suggests a higher interfacial tension in the 

outer monolayer. Symmetric pressure profiles are observed only for planar bilayers (Fig. 

2(a) and (d)). Such a fundamental difference in pressure profiles between vesicles and planar 

bilayers has been shown previously [35]. Hence, the validity of the assumptions made by Lin 

et al. is questionable for nano-vesicles. Curvature softening of gel-phase lipid membranes 

has been previously identified by comparing the shape of buckled membranes with that of 

their fluid-phase counterparts [53]. However, it is fundamentally different from the 

mechanical softening effect presented in this work for the following reasons. First, both our 

DMPC and DMPE membranes are in liquid phase as suggested by their low order 

parameters (Fig. 1(c)). In addition, the membrane curvature of lipid vesicles is caused by the 

asymmetry in lipid number between the two leaflets facilitated by lipid flip-flops, while the 

curved membrane structure in the work by Diggins IV et al. was induced by mechanical 

compression.

4. Conclusions

In conclusion, by performing systematic coarse-grained MD simulations of planar bilayer 

membranes and nano-vesicles, our results suggest that the lipid membrane thins and softens 

with an increase in curvature. This curvature-regulated membrane softening effect is 

fundamentally different from the scheme that controls the softening or stiffening of other 
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common nanostructures (e.g., nanowires [54–57], nanofilms [58–61], and nanodroplets 

[62]). The novel mechanical properties of solid nanomaterials typically result from the 

difference in stress condition between the bulk and the free surface [63]. In contrast, the 

softening of lipid vesicles results from the change in the lipid tail ordering and membrane 

thickness. Our study demonstrates that this curvature-regulated membrane softening effect 

counteracts the stiffening schemes established previously [23] and renders a more complete 

physical framework for understanding the physico-mechanical properties of nanoscale lipid 

vesicles (see SM and Fig. S12). Considering that vesicle stiffness plays an important role in 

regulating their interaction with biological systems, we expect that taking this membrane 

softening effect into consideration will allow more faithful prediction to understand the 

biological function of sEVs and to harness the design of nano-vesicle-based therapeutics.
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Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Curvature-regulated structural properties of lipid bilayers. (a) Molecular simulation 

snapshots of equilibrated planar (top) and vesicular (bottom) MARTINI coarse-grained lipid 

bilayers. Inset shows particles in each MARTINI lipid, with hydrophilic head group particles 

being NC3 for DMPC or NH3 for DMPE. (b) Membrane thickness of planar lipid bilayers 

and lipid vesicles with outer diameters of 24 nm and 17 nm, where membrane thickness is 

defined based on the locations of head group PO4 particles. (c) Order parameter of the bonds 

along each lipid molecule averaged over all lipid molecules and over 100 ns of simulation 

time in planar and vesicle simulations. (d) Area/lipid of planar lipid bilayers, and of inner 

and outer monolayers in DMPC/DMPE vesicles.
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FIG. 2. 
Pressure profiles of equilibrated DMPC (a–c) and DMPE (d–f) bilayers.
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FIG. 3. 
Membrane tension of equilibrated DMPC (a) and DMPE (b) vesicles obtained based on 

pressure difference across the vesicle membranes using Eqns. (1) and (2) in the main text.
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FIG. 4. 
Curvature-regulated mechanical properties of lipid bilayers. (a) Variation of elastic modulus 

(KA) with the bilayer curvature. (b) Variation of bending modulus (KB) with the bilayer 

curvature. The data for planar bilayer (zero curvature) are shown as reference using diamond 

symbols with DMPC in blue and DMPE in red.
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