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Adhesion of Soft Membranes Controlled by Tension and Interfacial Polymers
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We examine experimental and theoretical aspects of nonspecific adhesion of giant vesicles on modified
surfaces as model systems for cell spreading. Using dual-wave interference microscopy and new analysis,
membrane undulations as well as large scale vesicle shape are monitored. Measurements and modelling
show that the nucleation of adhesion depends critically on the interfacial polymer and membrane tension.
Patch growth is governed by local membrane geometry, adhesion energy, and local viscosity. Finally,
spreading stops when tension induced by adhesion unfolds excess membrane area.
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Adhesion of biological membranes, including that of
cells, is of considerable fundamental and practical interest.
It involves a combination of specific biochemical and
generic physical interactions [1] and results from a balance
between repulsive and attractive forces [2]. The role of
fluctuations [3], membrane tension, and excess area [4]
was recently evidenced, as was the crucial role of the
polymeric pericellular coat in the early steps of adhesion.
Giant unilamellar vesicles (GUVs) are often used to under-
stand fundamental membrane processes and to test new
micro-imaging techniques, ultimately dedicated to cellular
studies. Static vesicle adhesion has been described in terms
of an interaction potential [1,5], and the role of undulations
has been recently emphasized [6]. Adhesion dynamics
typically consists of three successive stages: nucleation,
growth of the adhesion patch, and growth saturation [7—
11]. Up to now, a universal experimental and theoretical
description of these stages has been missing, even in the
simplest case of generic forces.

In this Letter, we focus on adhesion dynamics of GUVs,
driven by van der Waals attraction and tuned by a repulsive
polymer cushion. We follow experimentally, using reflec-
tion interference contrast microscopy (RICM [12]), the
three stages of adhesion and provide a theoretical basis
for a quantitative description throughout. Dual-wave
(DW)-RICM enables the determination of internal mem-
brane tension ¢ via quantification of undulations in the
prenucleation stage. A novel analysis enables correct re-
construction of membrane conformations for nonflat, semi-
arbitrary shapes, allowing precise measurement of the
adhesion energy and mechanical tension 7 induced by an
applied force. We discuss, in light of a recent theory [13],
the difference between o and 7, thus resolving a long-
standing confusion in the measurement of membrane ten-
sion [5,14]. Next, calculating the interaction potential V
and the energy to nucleate adhesion, we obtain an adhesion
state diagram and show how nucleation depends critically
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on polymer density and initial tension. The growth stage is
shown to be controlled by a balance of the driving force,
arising from V, and geometry dependent dissipation in the
polymer layer.

Experiment.—GUVs of radius 5-25 um prepared
using equimolar phosphatidylcholine (14:0) and choles-
terol, and filled with sucrose at 200 mM, were sedimented
in 250 mM salt buffer onto substrates coated with (i) avidin
(denominated after “‘no-polymer’), (ii) avidin and hyalur-
onic acid (HA) (*“‘sparse-polymer’), (iii) polylysine and
HA (“dense-polymer”) [15,16]. The GUVs are imaged
with DW-RICM [12,16].

For each incident wavelength A, the relation between
local membrane-substrate distance 4 and the intensity /
recorded in RICM, accounting for a finite illumination
aperture [17] as well as reflections from multiple layers
[15], is given by

i 4
I=S-— D% COS{ an [h(l - sinz%) - ho]} (D

where S and D are the sum and difference of the theoretical
maximal and minimal intensities, «p, is the illumination
aperture angle, n; the refractive index of the medium, z =
@sin2 %, and hy is of the order of 40 nm [15]. Com-
bining intensity measurement from two wavelengths, / is
determined unambiguously in quasiflat zones by inverting
Eq. (1) [16]. For the steeply ascending part of the mem-
brane, the membrane profile is represented by a series of
curved segments corresponding to each fringe, each de-
fined by a radius of curvature and a tilt from the substrate.
The profile is reconstructed fringe by fringe, starting from
the substrate and writing the conditions of reflection on the
curved interface and fringe formation using Eq. (1) [16].
Interaction potential.—The free energy of a vesicle next
to a substrate is given by F[h(r)]= [f{5(V*h)* +
o(Vh)> + V(h)}d’r where « is the bending rigidity
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(k ~ 100kzT [15]) and o is the internal tension of the
vesicle membrane [1]. The interaction potential V(h) is a
sum of lipid steric repulsion, vesicle weight, van der Waals
attraction (Hamacker constant 2 X 1072! J), repulsion
due to membrane undulations [16]. Additionally, there is
the steric repulsion by the polymer layer which depends
on the surface density and the polymer Flory radius
(~100 nm) [16].

The shape of V(h) results essentially from the balance of
van der Waals attraction and polymer repulsion. With
increasing polymer density, it exhibits first one deep mini-
mum [state 1, strong adhesion, Fig. 1(a)]; then a secondary
shallow minimum appears at 2 > 100 nm (state 2, weak
and strong adhesion); at high polymer density, only the
shallow minimum at /4 > 100 nm remains (state 3)
[Fig. 1(a)]. Experimentally, state 3 is realized in the
dense-polymer, state 1 in the no-polymer, and state 2 in
the sparse-polymer case. The energy of the deep minimum
of V was compared with the adhesion energy W measured
on adhering vesicles, using Young-Dupré relation W =
7(1 — cos), with the contact angle 6 and mechanical
tension 7, which is obtained by local balance with bending
in the adhesion rim [18]. We obtained for no-polymer W ~
1.5X 1073 J/m?> and for sparse-polymer W ~ 2 X
107® J/m? in agreement with the predicted values of V
[Fig. 1(a)].

Prenucleation state.—Following sedimentation, vesicles
reside transiently in the shallow minimum of V, in a state
of weak adhesion. They hover on a cushion of trapped
liquid of thickness /. ~ 100-200 nm and form a flat con-
tact zone of radius R,.. The membrane exhibits strong
undulations (out-of-plane fluctuations) whose amplitude
is related to the internal membrane tension o and the
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FIG. 1. (a) Calculated interaction potential depends on poly-

mer density. (b) Energy barrier for nucleation of adhesion, F*
(kgT), transition size between adhered and nonadhered zone, ¢
(um), and nucleation radius, R (um) depend on polymer
density and internal membrane tension.

stiffness of the potential ‘;27‘2/ [1]. Typically, the measured

amplitude is about 15 nm which corresponds to an internal
tension o ~ 107> N/m [16].

An alternative measurement of tension arises from ap-
plication of an external force—this is the mechanical ten-
sion 7. In the prenucleated state, 7 can be measured by
balancing it against gravity g which gives, in the capillary
approximation, 7 ~ (4/3)ApgR% /R? [14,19], with Ap the
vesicle specific density and R,, the vesicle radius at the
equator. Depending on vesicle size and initial excess area,
7 is in the range 10~7 — 107% N/m, much lower than o.
The difference between o and 7 is consistent with a re-
cent theoretical description [13] which predicts that o =
7+ 0y, where o= kT/8ma>=6Xx10"°N/m, a~
0.2 nm~! being a wave vector upper cutoff. Finally, with
this understanding of tension and using Young-Dupré re-
lation, the effective adhesion energy induced by gravity is
about 1078 — 1077 J/m?.

Nucleation.—In case V exhibits a deep minimum (no-
polymer or sparse-polymer), the membrane, initially in the
shallow minimum, eventually nucleates an adhesion patch
in the deep minimum. The nucleation depends on the
barrier height V), its distance to the shallow minimum
(~h,.), and the adhesion energy difference AW between
the two minima [Fig. 1(a)] [20]. Let & be the lateral
transition size on which the membrane passes from the
shallow to the deep minimum. Minimization of the total
free energy F, with respect to the radius of an adhesion
patch, gives the critical adhesion radius as R} =
Fo/(2€AW), with Fy = Vy(&4/& + & + &), €=
(kh2/V)'/4, &, = hJo/V,. The corresponding energy
of nucleation is F* = Fy(1 + R}/2£) which should be
maximized in order to determine & numerically. In the
limit Vj << AW, and in the rigidity dominated regime,

the classical results &= &, and Fy~ v kVyh2 [1,2,20]
are retrieved. In the general case, F* is represented in
Fig. 1(b). The time of nucleation scales as exp(F*/kzT),
and, in contrast to previous prediction [10], increases
strongly with increasing tension. Thus, the nucleation
time between two vesicles differing in tension by a factor
2 increases by about ~ exp(3) ~ 15.

The predicted values of ¢ and R], [Fig. 1(b)] are in
agreement with measurements from RICM images, which
give £ = 0.7-1.6 um, and R, = 0.7-1.8 pm (the latter is
slightly higher than expected, possibly due to limited
spatial and temporal resolution).

Growth of adhesion patch.—We examine now the situ-
ation where a patch nucleated at time r = 0 grows larger
than the critical radius R},. In analogy to droplet spreading,
the growth law is set by balancing gain in adhesion energy
with viscous dissipation in the outer medium near the
contact line [8,21]

_ dR (1) _ tand(r)

U
dt cv

AW 2)
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FIG. 2. (a) Initial spreading velocity in each case (SP: sparse-
polymer and NP: no-polymer) is proportional to adhesion energy
W, as predicted by Eq. (2). (b) Viscosity is higher on SP. The
dashed line indicates the viscosity of water.

where U is the growth velocity, R,(7) the instantaneous
radius of the adhesion patch, AW = W, — W, is the dif-
ference between adhesion energies in the deep (final state)
and shallow minimum (initial state), ¢ is a numerical
constant of order 10-100, v is the local viscosity of the
external medium, and 6(¢) is the local contact angle. Two
limiting cases have been previously described theoretically
[10,11,21], corresponding to the classical situations of
(a) spreading of a liquid droplet where the contact angle
increases with time, or (b) dewetting of a liquid film, where
the contact angle remains constant. In practice, however,
the initial nucleation patch always subtends a local contact
angle of order h,./& = 0.2 [7]. Furthermore, from measured
values, We> W, Therefore, since for a given system ¢ X
v is roughly constant, a linear dependence of the initial ve-

locity on Wy is expected and is indeed observed [Fig. 2(a)].

Plotting Wflt]ane at the onset of growth as a function of W,

[Fig. 2(b)] gives an estimate of cv. Setting ¢ = 100, the
friction in the no-polymer case corresponds to the viscosity
of water [dashed line, Fig. 2(b)], while, in the sparse-
polymer case, the relative viscosity is increased [Fig. 2(b)].

We now focus on two typical examples of GUVs of
similar size adhering on sparse polymer. For a floppy
vesicle (Fig. 3, vesicle F of radius R, = 22 um, W, =
1.8 X 107% J/m?), the initial tension is low (7~ 2 X
1077 N/m) resulting in a large cushion R, = 12 um
[Fig. 3(a)]. Nucleation occurs, within seconds after sedi-
mentation, at the edge of the contact zone, resulting in an
asymmetric spreading geometry. The shape of the mem-
brane [Fig. 3(c)] towards the interior of the contact zone
clearly shows the presence of a liquid cushion which is in
the process of being expulsed or dewetted (with measured
angle 6 ~ 0.2 rad). For a vesicle initially more tense
(Fig. 4, vesicle T, R, = 17 um, W;=1.4X107°J/m?),
7~5X10"7 N/m and R, = 3 um. As expected for a
tense vesicle, nucleation is delayed (by few minutes).
The growth behavior is initially dewetting-like (6 constant
at ~0.2 rad). After about 1 s, the growth switches to
spreading-like—the angle starts increasing, as indicated
by a change of slope in the adhesion growth curve [arrow
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FIG. 3. Initially floppy vesicle F adhering on a sparse-polymer
layer. (a) Successive RICM snapshots. (b) Time evolution of the
adhesion radius. (c) Successive membrane profiles (time: 0.6,
3.7, 6.2, 8.7, 45 s).

in Fig. 4(b)], as well as by the shape of the membrane
profile [Fig. 4(c)]. The tension, measured throughout the
growth regime, is seen to be roughly constant and increases
only into the saturation regime.

Whether the growth of the adhesion patch proceeds by
dewetting or droplet-like spreading depends on geometry
through the value of the spreading index y = (R,(r) +
&)/R,. Initially, ¥ = x; = (R} + £)/R. depends only on
the radius of the vesicle and its mechanical tension 7 in the
prenucleation state [Fig. 5(a)]. For small vesicles or large
7, X; > 1, and the initial growth is like droplet spreading.
For large floppy vesicles, as is always the case here, y; <
1, and initial growth is dewetting-like, governed by Eq. (2)
with @ = 0.2. When R,(f) overtakes R., y exceeds 1,
signalling a switch to droplet-like spreading—@6 increases
in Eq. (2) and accelerates the growth. For vesicle T, the
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FIG. 4. Initially tense vesicle T adhering on a sparse-polymer
layer. (a) Successive RICM snapshots. (b) Time evolution of the
adhesion radius. (c) Successive membrane profiles (time: 0, 1, 3,
4, 14 s).
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FIG. 5. (a) Isolines of the initial spreading index y; for a

polymer density of 0.75/um?. Points F and T show parameters
for the two vesicles detailed in Fig. 3 (F) and Fig. 4 (T).
(b) Spreading velocity as a function of spreading index for
vesicles F and T.

velocity increases for y > 1 when the vesicle enters drop-
let spreading-like growth, showing that dewetting and
droplet-like spreading are not fundamentally different
[Fig. 5(b)].

Saturation of growth.—Saturation is set by the micro-
scopic membrane excess area «, which is related to the
internal tension o. The difference in the macroscopic ex-
cess area 0A between the initial (i) and final (f) state of

spreading is given by [21]
kT +
- ln(u) 3)

0A; —BA = a; —ay=——
f AT 8wk  \og + T

where we have rewritten ¢ in terms of 7 and o. If the
global vesicle shape is a spherical cap, §A ~ 6*/16 with
the contact angle [19]. Estimating 6; = arcsin(R./R,), 7;
from the balance with gravity [19], 6 from direct mea-
surement, and 7, from local balance of tension and bend-
ing (range 7 X 107% — 7 X 107> N/m), Eq. (3) is seen to
hold for all vesicles studied within a factor 5 (for oy =
107% N/m) or 10 (for 6y = 6 X 107% N/m). The lack of a
better match may arise from the failure of the spherical cap
approximation [16]. Simultaneously solving Young-Dupré
law and Eq. (3) for 7, and 6 allows prediction of the final
state.

Conclusion.—We have outlined the first complete quan-
titative description of vesicle adhesion driven by generic
forces, emphasizing the role of membrane tension and
glycocalyx-like polymers. Though the three stages of nu-
cleation, growth, and saturation are, in principle, well
separated, we show that due to overlap of the growth
regimes, power laws without limit between regimes [10]
are insufficient to describe even the simple case of generic
interactions. Our integrated approach yields new features
in each stage of adhesion: (i) tension increases nucleation
time by limiting membrane deformation thus restricting
membrane-substrate contacts, (ii) growth behavior is dic-
tated by local viscosity and local contact angle through the
spreading index, (iii) saturation of growth occurs after

unfolding of the membrane excess area by the applied
mechanical tension. In a reverse manner, microscopic
quantities, including interaction potential and polymer-
coat viscosity, can be deduced from our measurements
[22]. Several possible complications have not been dealt
with: formation of a dimple in the contact zone following
sedimentation, beginning of nucleation before the end of
sedimentation, a nonsmooth adhesion rim, and multi-
nucleations. The quantitative approach presented here is
expected to serve as a basis for studying the more compli-
cated case of specific ligand-receptor mediated adhesion
and, ultimately, adhesion of cells.
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