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Liposome adhesion generates traction stress
Michael P. Murrell1,2,3,4*, Raphaël Voituriez5, Jean-François Joanny2,3,4, Pierre Nassoy2,3,4,6†,
Cécile Sykes2,3,4† and Margaret L. Gardel1,7†

Mechanical forces generated by cells modulate global shape changes required for essential life processes, such as polarization,
division and spreading. Although the contribution of the cytoskeleton to cellular force generation is widely recognized, the
role of the membrane is considered to be restricted to passively transmitting forces. Therefore, the mechanisms by which the
membrane can directly contribute to cell tension are overlooked and poorly understood. To address this, we directly measure the
stresses generated during liposome adhesion. We find that liposome spreading generates large traction stresses on compliant
substrates. These stresses can be understood as the equilibration of internal, hydrostatic pressures generated by the enhanced
membrane tension built up during adhesion. These results underscore the role of membranes in the generation of mechanical
stresses on cellular length scales and that the modulation of hydrostatic pressure due to membrane tension and adhesion can
be channelled to perform mechanical work on the environment.

The regulation of cell tension at the outer cell membrane is
essential to a wide variety of morphogenetic processes such
as division1,2 migration3 and spreading4. For instance, during

cell adhesion and spreading, cells generate strong traction forces
on the extracellular matrix (ECM) and a mechanical feedback
between traction forces and ECM compliance is thought to
influence cytoskeletal organization, cell spreading and migration5.
Cellular force generation could arise from regulation of the cortical
cytoskeleton (cortical tension) or from regulation of tension within
the plasma membrane itself (membrane tension). The role of cor-
tical tension in cellular force generation has been well established6,
and it is widely accepted that a membrane transmits forces3,7.
However, the mechanisms by which pure membrane tension
could contribute to forces generated by adherent cells are less
understood, and were largely neglected because of the prevalence of
the cytoskeleton as an active force generator. The central question
addressed here is whether, beyond being a force transducer, a
plasmamembranemay also itself serve as a force generator.

In this study, we use cell-sized liposomes as a simple model
system to probe the extent to which liposome adhesion facilitates
changes in membrane tension balanced by mechanical stress on
the substrate. Liposome spreading has been studied extensively on
rigid surfaces, contributing to our understanding of the relationship
between adhesion and membrane tension8–10, and lipid phase
behaviour11,12, and more recently as a tool to probe the mechanical
properties of a model cytoskeleton13. We study liposome spreading
on deformable substrata. Surprisingly, our results show that adhe-
sion of bare liposomes generates large stresses on compliant sub-
strates. These stresses qualitatively alter the dynamics of liposome
spreading on soft matrices, as they cause contraction of the contact
area. We find that the measured traction stresses are consistent
with the elevated hydrostatic pressures within the liposomes, and
propose that the observed contraction of the substrate results from
a minimization of the total energy that is the sum of adhesion and
elastic contributions. As a secondary effect, this adhesion-induced
contraction of the substrate often induces circular, phase-separated
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membrane domains at the contact line. Thus, our study illustrates
the potential role of membrane adhesion not only in regulating
tension and hydrostatic pressure but also in participating effectively
in the generation of forces and their transmission to the ECM.

Results
Liposomes contract their contact area after initial spreading on
soft substrates. Liposome spreading on glass substrates has been
studied extensively14–16 and follows four phases: approach of the
liposome from the bulk solution to the surface of the substrate (P0),
initial contact between the liposome and substrate (P1), formation
of a flat interface between the liposome and substrate (P2/P3),
and liposome rupture through the formation of a pore next to
the contact line (P4; Fig. 1a,b). The first stage of spreading (P2)
is fast, as the excess membrane adheres to the surface with little
resistance, as has been observed previously17. P3 is slow, as the
excess membrane is exhausted and increased spread area is limited
by membrane tension increase18. Membrane tension increases to
the point of lysis tension and the liposome eventually ruptures19.
As lysis tension is ∼1mNm−1, considerable changes in membrane
tension occur during liposome adhesion. However, the role of
forces in liposome spreading has not been studied. Whereas the
presence of hyaluronan cushions underneath a spreading liposome
was shown to slow down the process17, the magnitude of stresses
that are transmitted to the substrate during spreading has not
been measured. Moreover, the consequences of increased substrate
compliance on liposome spreading have not been explored.

To study these questions, the adhesion and spreading of lipo-
somes onto polyacrylamide (PAA) gels of variable elastic modulus
(E) was monitored by imaging fluorescent lipids with confocal
microscopy. Adhesion is mediated predominantly by the negative
charges in the liposome, and the cationic poly-l-lysine chemically
coupled to the surface of the PAA gel (Supplementary Fig. 1).

After initial contact with both stiff (E = 165 kPa) and soft
(E = 1.3 kPa) gels coupled with 10mgml−1 poly-l-lysine, elec-
troformed liposomes adhere and spread, gaining 90% of their
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Figure 1 | The dynamics of liposome spreading depends on substrate stiffness. a, Diagram of liposome approach (P0), adhesion (P1) and spreading
(P2/P3) on adhesive and stiff substrates that raises their membrane tension (τ , red arrows) and induces their rupture (P4). The width of the arrows
reflects the magnitude of the tension. b, Liposome visualized by fluorescently labelled lipid (TR-DHPE) at the contact zone during the dynamics of
spreading outlined in a. c, Normalized spread area over time for liposomes on 165 kPa (filled symbols) and 1.3 kPa (open symbols) poly-L-lysine-coated
PAA gels. Each coloured line represents a different liposome sample. d, Spread area of liposomes on gels with modulus E= 1.3 kPa (same as c) over longer
times. e, TR-DHPE at the contact zone immediately before rupture, at 65 s (green) and during rupture at 70 s (red). White dotted line indicates zoomed-in
region below.

maximum contact area within the first 10–20 s (Fig. 1c). The similar
spreading dynamics at early times indicate that the first phases of
spreading (P1/P2) are unaffected by substrate stiffness and suggest
a similar extent of excess membrane in the two conditions. After
10 s, the liposomes transition to a slower phase of spreading (P3) as
indicated by a shallow slope of the curve of area versus time. On
165 kPa substrates, the liposomes terminate P3 and subsequently
rupture with a mean time of 17±14 s (N = 28) from initial contact
with the surface (Supplementary Movie 1). In contrast, the mean
time to rupture for liposomes on soft gels is much longer, of
198±36 s (N =31). Strikingly, in the P3 phase on soft gels, the lipo-
some contact area decreases by 4.0±1.2% (N = 13) before rupture
(Fig. 1d,e and SupplementaryMovie 2), whereas it remains constant
on hard gels. These data indicate that the nature of the P3 phase of
spreading is qualitatively altered on sufficiently soft substrata.

Liposome adhesion induces a uniform, three-dimensional trac-
tion strain. By embedding 40 nm fluorescent beads within the PAA
gel, the extent to which the underlying hydrogel is deformed during
P3 can be observed (Fig. 2a,b). Using particle imaging velocimetry
to calculate the x–y displacement, inward displacements of the PAA
gel are observed and increase over time (Fig. 2c and Supplementary
Movie 3). This indicates that the vesicle induces a contraction of the
underlying PAAgel in the horizontal plane that increaseswith time.

Concomitant with the observed gel displacement in the x–y
plane, we also observe a decrease in the fluorescence intensity of
beads beneath the liposome in comparisonwith those far away from
the liposome (Fig. 2b and Supplementary Fig. 2 and Movie 4). This
indicates that the gel is also displaced in the z direction.We estimate
the displacement in the z direction (uz) immediately before rupture
(t = t0) by using a three-dimensional (3D) point-spread function
to translate the decrease in fluorescence intensity of beads beneath
the liposome into a displacement of the surface of the gel (Fig. 2d,e
and Supplementary Fig. 2). This displacement is measured from
the origin at the contact line to the centre of the liposome. The
displacement reflects the total distance between the lowest point
in the substrate at a distance r from the centre of the liposome,
and the height of the substrate at the contact line. Thus, by this
estimate, the magnitude of uz is highest towards the centre of
the liposome (r = 0), and, decays to zero at the periphery of the
liposome (r = r0). We also note that the magnitude of the in-plane
displacement (dr) at the periphery of the liposome is roughly
equivalent to the magnitude of the out-of-plane displacement (uz)
at the centre of the liposome (Fig. 2g). By conservation of gel
volume, there is an upward displacement of the gel far from the
liposome (Supplementary Movie 4).

The substrate deformation is quantified by a strain energy, which
increases over time as the liposome contact area decreases (Fig. 2f).
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Figure 2 | Liposome adhesion deforms soft substrates. a, Fluorescence images (TR-DHPE) of a liposome during contraction on a 1.8 kPa gel, 315, 435 and
570 s after the start of P3. b, Fluorescence images of 40 nm beads beneath the liposome in a. The circle indicates the position of the liposome in a.
c, Substrate deformation measured by displacement of embedded beads shown in a (×10 magnified). d, Averaged radial bead displacement (black) and
averaged z-bead displacement (red) as a function of distance from the centre of the liposome, r. Error bars indicate the standard deviation.
e, z-displacement (uz) of the centre of the liposome over time. Inset: diagram of the volume of the liposome that lies below the initial surface (red dotted
line). f, Elastic strain energy (black) and liposome contact area (red) over time corresponding to the deformations of the gel in c. Inset: elastic strain energy
plotted against contact area. g, Schematic of the radial displacement (black) and the vertical displacement (red) with the net displacement vectors (green)
of a liposome at its peak contracted state.

During times of substantial substrate deformation, the contact
area decreases and the substrate strain energy increases (Fig. 2f,
inset). Thus, there is a direct correlation between the reduction

in the contact area of the liposome and the gel contraction and
we confirm that no slip occurs between the substrate and the
membrane (Supplementary Fig. 3).
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Figure 3 | Substrate traction stress varies with liposome size. a, Fluorescence images of a liposome spreading on a 1.3 kPa PAA gel at times after the start
of P0. b, Calculated in-plane traction stress induced by the spreading of liposomes. c, Mean in-plane traction stress (red) and mean traction strain (black)
for liposomes less than 17 µm in radius as a function of substrate stiffness, E. The traction stresses are measured for PAA stiffness, E= 1.3, 1.8, 4.2 and
8.4 kPa. Error bars indicate the standard deviation. The lines are intended to guide the eye. d, Mean in-plane traction strain as a function of the radius of the
contact area between the liposome and substrate (E=8.4 kPa).

We wondered whether the curving of the adhesion surface
was simply generating this apparent decrease in projected area
we observe, by an effect that would be purely geometric. We
estimate the real area of the curved adhesion surface (Fig. 2e,
inset), A3D, by assuming it to be a truncated sphere with the
observed depth uz below the contact line. For a liposome at the
peak in its strain immediately before rupture on a 1.8 kPa gel, we
approximate that the 3D curved area differs from the 2D projected
area by <0.01% (Supplementary Eqs 1,2). Thus, we consider the
volume of the liposome to be essentially constant, as we do not
observe large changes in the radius of the liposome that could
account for the ∼3.5% strain we measure during contraction.
Therefore, the 3D contact area undergoes a true negative strain in
the reduction of the contact area.

Substrate traction stress is consistent with Laplace pressure. The
indentation of the gel arises from the vertical force applied by the
liposome to the elastic substrate. Mechanical equilibrium implies
that a traction force located at the contact line balances the
pressure Pi acting on the contact area between the substrate and
the liposome. Writing the Laplace law at the free membrane of
the liposome yields:

Pi−Po=
2τ
Rc

where Po is the pressure outside the liposome, and Rc is the
radius of curvature of the upper side of the liposome, similar in
magnitude to the radius of adhesion, r0 (Supplementary Fig. 1).
The lysis tension is approximately 0.3mNm−1, close to previous
estimates13,20. By traction force microscopy21, we show that tension
builds within approximately 100 s (Fig. 3a,b), yielding a loading
rate of ∼0.003mNm−1 s−1. At this loading rate, we expect a very
weak dependence of lysis tension on rate and therefore consider it
negligible20,22. At a tension of 0.3mNm−1 close to the lysis tension,
for a radius of 10 µm, and considering that P0� Pi, we find that Pi
is approximately 60 Pa.

We assume here that the surface of the substrate is only weakly
deformed and close to a planar surface (Supplementary Figs 1
and 2). The vertical force per unit length pulling the substrate
upwards at the contact line is then f = Pir0, where r0 is the radius
of adhesion. We proceed here by analogy to the calculation of the
deformation of a soft substrate by a sessile drop. In the vicinity of
the contact line, the tensions dominate and the angles between the
vesicle and the substrate are given by the classical Neumann triangle
construction23. The competition between interfacial tensions and
the shear modulus µ≈ E of the substrate define a length, `≈ S/E ,
where S is the spreading power of the vesicle on the substrate,
which is of the order of the interfacial tension τ . This length is
much smaller than the horizontal radius of the vesicle: `/r0 ≈ 0.1.
Except in a boundary region of size ` in the vicinity of the contact
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Figure 4 | Substrate contraction induces compression of the membrane and budding of the bilayer at the contact zone. a, ‘Budding’ of the membrane
during the compression of the bilayer within the contact zone on a 1.8 kPa PAA gel during early P3 visualized by TR-DHPE fluorescence. The red line
indicates the region over which the area is measured. b, Projected 2D area of the membrane buds in a over time, where each colour is a different bud (top);
traction stress for the liposome over time (bottom). c,d, Confocal reconstruction of the bottom half (c) and top half (d) of an adherent liposome with
‘budding’ domains (TR-DHPE). Adjacent to each is the computed surface of the liposome showing a roughened surface. Red arrows point to membrane
buds at the contact line. e, Image of a 3D projection of the bottom half of an adherent liposome showing buds emerging from the contact line. The red
dotted line focuses on a bud that deflates in f. f, Bud deflates over time. Red line outlines bud. Images in a,e,f are inverted contrast.

line, the deformation of the substrate is dominated by elasticity
and not by tension. We therefore calculate the deformation of the
substrate due to the vertical force of the vesicle by considering only
substrate elasticity. Assuming that the substrate is incompressible,
we write that the stress at the surface balances the force exerted
by the liposome, and obtain the vertical component uz of the
displacement of the surface in the centre of the adhesion area (see
detailed calculation in Supplementary Information):

uz (r = 0)=−
Pir0
4µ
=−

3Pir0
4E

With Pi of the order of 60 Pa as estimated above, E = 1.8 kPa and
an adhesion radius of the order of 10 µm, one finds a vertical
displacement of 0.25 µm, which is in good agreement with our
experimental measurement (Supplementary Fig. 2 and Movie 5).

No deformation is observed (uz(r = 0) = 0) when pores are
formed or when the liposome ruptures and Pi= 0 (Supplementary
Fig. 4 and Movie 6).

Liposomecontractionof the substrate induces compressionof the
bilayer within the contact zone. During late P3, the membrane
adherent to the E = 1.3 kPa PAA gel undergoes a negative
strain of up to ∼4% (Fig. 3c) during adhesion and is therefore
compressed. Bilayer compression has been shown to modulate
the tubulation of membranes in vitro24. We also observe the
formation of membrane defects that resemble outward projections
during the P2–P3 stages of spreading (Fig. 4a). These projections
we term ‘buds’. Dynamically, buds may form at the contact line
or within the contact area (Fig. 4a) and shrink as the liposome
contracts the substrate (Fig. 4b). After formation at the contact
surface, they may diffuse across the liposome surface (Fig. 4c,d)
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substrate to increase the charge density (blue) at the cost of the elastic strain energy. The increased membrane tension due to adhesion elevates the
Laplace pressure (red) and indents the substrate. The thickness of the arrows represents the magnitude of the hydrostatic pressure.

or rupture and deflate spontaneously (Fig. 4e,f). At 37 ◦C, the
growth rate is comparable to 25 ◦C (0.23±0.10 µm2 min−1 versus
0.39±0.13 µm2 min−1, Supplementary Fig. 5) although the rate of
fusion is considerably higher (∼30% versus ∼6%, Supplementary
Movie 7). Furthermore, the presence of buds is not reversed by
osmotic shock (Supplementary Movie 8). Morphologically, buds
are flat, ‘pancake-like’ structures, and are round at the contact
line, but may be tubular within the contact area (Fig. 4c,d and
SupplementaryMovie 9). Buds are also enriched in fluorescent lipid
(Supplementary Fig. 6) and are phase-separated (Supplementary
Fig. 7) reminiscent of charge-induced domain formation in
polyanionoic polymersomes25.

Discussion
Our results show that the spreading of pure liposomes generates
large traction stresses on compliant substrates. The measured
traction stress is consistent with the stress generated by Laplace
pressure. More interesting is the question of the mechanistic
origin of these stresses. Note that deformations occur in the
three dimensions: horizontally, we observe a radial contraction
of the adhesion surface, and perpendicularly to the substrate is
an indentation. Here, we present a simple model to propose that
the horizontal, radial, contractile stresses are a result of adhesion
on a deformable substrate whereas indentation is generated by an
applied pressure through membrane tension elevated by adhesion
to the substrate.When contact between the floppy, low-membrane-
tension liposome and the substrate is initiated, spreading consists
of smoothening out membrane undulation without significantly
increasingmembrane tension.Minimization of the total free energy
is thus achieved by increasing the adhesion contact zone. Note that
the adhesion energy Ea has, by convention, a negative sign and is
taken to be proportional to the number of poly-l-Lysine-mediated
bonds and therefore to the contact area by assuming negligible
increase of poly-l-lysine–lipid interaction density at this stage. After
exhaustion of excess membrane, an adhesion energy E0

a is reached,
and further spreading occurs at the cost of elevated membrane ten-
sion because surface increases. Themembrane tension consequently
elevates the Laplace pressure, and generates a positive outward
pressure difference reflected in the indentation of the substrate.

We speculate that the subsequent contraction of the substrate
results from a minimization of the total energy Et = Ea + Ee of
the system, where Ee is the elastic energy stored in the substrate.
We assume here that the liposome volume is conserved and that
the membrane is inextensible, so that the variation of the elastic
energy stored in themembrane is neglected. In a first approximation
the radius of adhesion, r0, is hence assumed to be constant; the
substrate is then undeformed so that E0

e =0. The binding partners of
poly-l-lysine are lipids; they can thus be recruited by diffusion and
we assume that they are in excess in the contact area (Supplementary
Fig. 6). The adhesion energy is therefore proportional to the
number of poly-l-lysine molecules in the contact area and we write
Ea=−αr20na, where na is the surface density of poly-l-lysine of the
substrate and α a positive constant that accounts for the adhesion

Table 1 | Comparison of traction stresses of adherent cells on
soft gels.

Cell Mean
stress
(Pa)

Peak
stress
(Pa)

Gel
stiffness
(kPa)

Refs

Liposome 70 n/a 1.3 Current work
Human airway
smooth muscle
cells

32–90 450 1.3 35

Mouse embryonic
fibroblasts

99 1,140 6.2 36

Bone osteosarcoma
(U2OS)

96 300 2.8 37

Bovine aortic
endothelial cells

200 400 1.0 38

NIH 3T3 fibroblasts 190 3,500 6.2 36

Mean stress is calculated as the average total force per cell, divided by the average cell area. The
peak stress is the maximum stress measured at a focal adhesion. The gel stiffness is the elastic
modulus of the gel at which the mean and peak stresses were measured.

strength. The key point is then that density depends on the change
in contact area and follows na ≈ n0a(1−2ε), where ε= dr/R is the
strain of the substrate. In turn, contraction comes at the cost of
the elastic energy stored in the substrate. This elastic energy Ee is
proportional to the elastic modulus E , and depends quadratically
on the strain, and therefore is proportional to ε2. As r0 is the
characteristic length of the system, a dimensional analysis of the
remaining terms gives Ee≈ βEr30 ε

2, where E is the elastic modulus
and β is a positive constant that accounts for the geometry of
the system. These simple theoretical arguments then imply that
the total energy Ee is minimized for a negative value of the strain
ε ≈−(αn0a)/(βEr0). This shows that contraction of the substrate
canminimize the total energy and is therefore favourable, which, we
suggest, is the mechanism responsible of our observations (Fig. 5).
Moreover, as can be seen in Fig. 3d, we find that larger liposomes
induce less traction strain than do smaller liposomes. This reduction
in strain is consistent with the 1/r decrease of the above equation
for the strain. Note that this model may be extended to incorporate
potential ‘solid-like’ domains near the contact line, as was observed
in similar charge-mediatedmembrane reorganization25.

Liposome adhesion to rigid substrates has been shown to induce
the formation of topological membrane defects such as blisters12
and the separation of lipid species within the bilayer26–28. Separately,
membrane projections have been observed in model lipid bilayers
under compressive stress24, reminiscent of the formation of ‘blebs’
that have been observed during cell spreading29–31 and after osmotic
shock32. Buds differ qualitatively from adhesion-induced blisters in
liposomes and pressure-induced blebs in cells. First, the formation
of buds follows the initial spreading of liposomes (P2–P3), and the
buds disappear during contraction and tension increase whereas
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blisters appear during spreading (P1) and remain. Second, buds
may emerge at the periphery of the adhesion zone as opposed
to purely within the adhesion zone itself and appear as flat,
‘pancake-like’ structures that are phase-separated, reminiscent of
the charge-induced formation of domains polymersomes25. Thus,
in our experiments we observe that buds are sensitive to both
pressure and adhesion.

Hydrostatic forces are the restoring forces that balance tension
generated on cellular length scales. To balance the tension, the
liposome induces a vertical indentation of the gel, in line with
previous observations of indentation of polymer cushions due to
liposome adhesion17 and the 3D deformation of adherent cells
on substrates of physiologically relevant moduli33,34. However,
through the use of substrates that are isotropically elastic, we report
in plane radial stresses that accompany the vertical indentation
that are comparable in magnitude to the mean traction stresses
exerted by select cell types (Table 1). Thus, we show that
liposomes can induce contraction mediated by adhesion, therefore
transmitting mechanical stresses to their environment. Together,
these results contribute to a more complete description of cell
contractility, highlighting the important role of the membrane
in generating stresses.
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