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Dynamics of Specific Vesicle-Substrate Adhesion: From Local Events to Global Dynamics
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We present a synergistic combination of simulations and experimental data on the dynamics of
membrane adhesion. We show that a change in either the density or the strength of the bonds results
in very different dynamics. Such behavior is explained by introducing an effective binding affinity that
emerges as a result of the competition between the strength of the chemical bonds and the environment

defined by the fluctuating membrane.
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Adhesion of living cells is an immensely complex pro-
cess, mediated by a bewildering variety of specific adhe-
sion proteins (ligand-receptor pairs) [1]. It is controlled
tightly by active intracellular signaling pathways that are
still being elucidated [2], mostly by probing cell spreading
on functionalized surfaces. Here cells first flatten locally
[3,4] and establish initial contacts that are often intermit-
tent [3] due to membrane fluctuations [5]. Cells then
undergo global shape deformation concomitant with a
nearly monotonous increase in the contact area [4,6—11].
Ultimately, through an actively controlled process, fully
mature focal adhesions are established [2].

Unlike for mature adhesion, experimental data for the
first stages of spreading are scarce but indicate that
(1) spreading sometimes proceeds by expansion-retraction
cycles [7], and (ii) growth until saturation of the contact
area is typified by one [8,10,11], or more [4,6] power-law
regimes. It is suggested that this seemingly universal be-
havior relies on the competition between bond formation
and cell-body deformation [9-11]. However, a credible
consensus based on physical principles has yet to emerge.

Elements of this physical framework were identified
[12] and vindicated both in the context of cells [1] and of
cell-mimetic giant vesicles ([13] and references therein).
The latter are ideal for a proof-of-principle approach as
vesicles spreading on substrates are simpler, yet capture
many aspects of cell adhesion. Most striking is the coop-
erative nature of bond formation, which leads to the spon-
taneous formation of adhesion domains. At a low
concentration of ligands in the vesicle (diffusion-limited
adhesion), the area of domains was found to grow linearly
in time [14—-17]. In the reaction-limited adhesion (large
ligand concentrations) a variety of scaling modes were
suggested [14-16,18], exposing the lack of a common
stance, already on the level of a passive vesicle process.

Importantly, adhesion domains are always found to grow
radially, with small perturbations of radii larger than the
nucleation size [17]. As will be shown herein, this result is
a consequence of the exclusive use of intrinsically strong
ligand-receptor pairs typifying all dynamical studies with
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vesicles and cells conducted so far. Here we focus on the
reaction-limited adhesion of vesicles [19-21], which con-
tain an abundance of sialyl-LewisX (sLex) ligands. The
latter have an intrinsically low affinity [22] to E-selectin
receptors (Esel) immobilized on a substrate (~3200, 1600
or 800 molecules/um?).

Changing the density of Esel induces both drastic var-
iations in the adhesion dynamics and strong deviations
from radial growth. We introduce an effective binding
affinity that consists of the intrinsic chemical bond-
strength v, and a competing term dependent on the envi-
ronment. By this, we show that a decrease of the Esel
density effectively decreases the affinity for sLex-Esel
binding, strongly impacting the adhesion process.

We complement our experiments with simulations of
reaction-limited adhesion dynamics of fluctuating mem-
brane segments (Fig. 1). These segments contain 64 bind-
ers placed on a 640 X 640 nm square lattice [21,23]. Each
ligand-receptor bond is assigned binding and unbinding
rates that explicitly depend on v, time and the membrane-
substrate distance [24]. We show that decreasing the in-
trinsic strength (vy = 1-10kgT), while keeping the bond
environment constant (membrane properties, temperature
and density of bonds), results in a similar decrease in the
effective affinity as does changing the bond environment
while keeping v, constant in the experiments.
Consequently, the variations in the growth dynamics are
reproduced, confirming the competitive nature of the two
parts comprising the effective affinity.

The effective binding affinity.—Most generally, the
binding affinity £, is defined as the change in free energy

DENSE SPARSE
BONDS BONDS

i il

FREE ADHERED FREE

FIG. 1 (color online). An adhering membrane.
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due to the formation of a bond. Equivalently, E, =
kgT In(k,,/kos). Here k., and k. are Kramers® binding
and unbinding rates representing the probability that the
bond is or is not formed, respectively. If one or both of the
binding partners are in solution, E, is given by the depth v
of the free energy well plotted along the reaction coordi-
nate [24]. Confining the binding partners to two opposing
surfaces decreases the binding and increases the unbinding
probability when the surfaces are set to larger / separations
[24]. Consequently, E, becomes distance dependent.

In the case of a flat substrate interacting with a vesicle
membrane, the separation A(r, ) varies in time ¢ and space
r, due to membrane fluctuations and local forces exerted on
the membrane (Fig. 1). Therefore, k,, and k., as well as
E,, are also local, time-dependent properties that should be
defined on the level of a bond. By assuming that a bond at
the position r;, is a harmonic spring with a constant k,
which can be stretched from its rest length [, and under
conditions of detailed balance, the effective binding affin-
ity of a bond is EY(r, t) = vy — k[h(r;, t) — [o]*/2.
Here the first term is the intrinsic binding affinity, whereas
the second, harmonic term depends on the local position of
the membrane, and thus accounts for the elastic properties
of the membrane and its fluctuations indirectly (Fig. 1). In
our simulations this definition is exact, whereas in experi-
ments, the harmonic term is the first order correction.

One can average over all positions within a region to
obtain the binding affinity of that region ES?¢ =
vy — k{(h(r;) — [,]?)/2. If, at a given instance of time,
the height of a membrane is almost uniform within such
region, averaging over all positions can be approximated
by averaging over the membrane conformation: ES%'¢ =~
vy — k((h*®€) — [,)?/2. In adhering vesicles, such regions
are the interior of the adhesion domains (state = A) and the
freely fluctuating membrane in the remainder of the con-
tact zone (state = F'), where furthermore, the mean heights
are found to be time independent. Because of (hf) > (h*),
one gets (kF.) > (kA;) and (k) <(k4,). As a result,
Ef < EA4.

The adhered and the free states comprise the majority of
the binders. The two states are separated by a rim (Fig. 1)
where the membrane, controlled by its elasticity and fluc-
tuations, gradually changes height from the domain edge at
(h*) to (h''). The height of a membrane profile at which v,
equals the spring contribution, defines a critical distance
from the domain edge. This distance characterizes the
lateral width of the moving front where the events that
govern the domain growth take place.

Nucleation.—Initially, the vesicle sediments down to the
minimum of a weak membrane-substrate potential, about
100 nm above the substrate, where a strongly fluctuating
contact zone is created (the free state). Although the in-
corporation of binders allows for specific adhesion, the
affinity EZ at this height is such that the formation of bonds
is rendered almost impossible. It is the fluctuation-induced
approach of the membrane to the substrate occurring si-

multaneously with ligand-receptor interaction (promoted
by vg) that is entirely responsible for the formation of the
first bond(s). The first bond(s) deforms the membrane and
keeps it close to the substrate, locally elevating the effec-
tive affinity. This allows the establishment of further bonds
with a strong preference for the vicinity of the first bond
(s)—we term this the ‘“‘neighbor effect.”” An increase in
receptor density leads to denser packing of bonds and a
mean profile of the membrane that is, on average, closer to
the substrate than when the bonds are sparse (Fig. 1).
Furthermore, the fluctuations, which pull and unbind
formed bonds, are more efficiently suppressed. Hence,
stronger neighboring effects (larger E4,) occur with greater
density of binders and the nucleation is thus faster.
Nucleation of a domain marks the onset of the adhered
state, seen in RIC-micrographs as a dark, nonfluctuating
patch. The development of domains that follow nucleation
is mediated by the formation of membrane patches
(500 nm in size), henceforth called speckles. In all inves-
tigated systems, speckles adhere or de-adhere with their
entire area at once, but independently of each other.

The above reasoning is fully supported by our simula-
tions that model the adhesion process of a single speckle.
There, no stable adhesion is achieved if fluctuations in the
free state (h = 120 nm) are suppressed, or the membrane
is not allowed to deform. Indeed, the formation of the first
bond is facilitated by membrane deformability and fluctu-
ations as well as by stronger v,. Moreover, larger v is
associated with the stronger neighbor effect, simply be-
cause the bonds have longer lifetimes and pull more
strongly on the membrane.

Local events.—The effective binding affinity concept
can be applied to all experiments reported so far. For
example, large v, such as in biotin-avidin bonds (vqy =
35kyzT), completely dominates the harmonic term in EZ4.
This leads to a prompt nucleation after which the strong
neighbor effect drives the fast, radial movement of the
narrow domain front [15]. The high velocity of the front
ensures that the adhesion is complete before a competing
nucleation patch is formed. When a weaker integrin-RGD
pair (vy = 10kgT) is used, the intrinsic term in E4 still
dominates, but the spring term starts to play a role.
Consequently, the adhesion process is slower, more do-
mains have time to form, and the perturbations of the
moving front are larger [25].

In the present case of sLex-Esel binding, v, is further
decreased to ~5kgT, providing true competition with the
harmonic term in E2. The radial growth is perturbed to
length scales typical for nucleation and the moving front is
decomposed into speckles. After a speckle (dis)appears,
the domain-edge stands still before restarting in another
direction or at a different section of the domain-edge. The
time between individual movements increases notably with
decreasing the Esel coverage, as the neighbor effect is
suppressed. Single speckle formation occurs over a time
scale of seconds and is seen in RICM as tapping of the
membrane close to the substrate.
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At low Esel coverage [Fig. 2(b)], speckle growth fre-
quently induces steplike features in domain-area growth
curves. Entire speckles frequently de-adhere [speckle A in
Fig. 2(a)], resulting in substantial noise and occasional
decline in growth curves. The adhesion process is so
slow that typically 4-5 domains form and develop inde-
pendently. At intermediate Esel coverage, a smaller num-
ber of domains appear, some of them merging. Speckle
retractions are not so common, and the domain growth
curves are less rough (data not shown). At high Esel
density [Fig. 2(c)], speckle retractions are virtually non-
existent, giving rise to typically 1 or 2 domains that
smoothly grow in time. Speckle formation is frequent
and often several form simultaneously at various locations
along the edge of a single domain. However, for small
domain sizes, the data remain noisy until the domains
become large and a smooth growth curve is obtained.
Finally, most of the contact zone is adhered, showing that
the system is near the first order “wetting” transition [14].

Since the transition from the free to the adhered state
occurs locally by formation of a speckle, it can actually
be simulated, which we do for various v,. At lower v,
[Fig. 3(a)] the time for the formation of first bonds is long.
The unbinding of individual bonds induce large fluctua-
tions in the total number of bonds. Occasionally, the num-
ber of bonds in the speckle drops to zero which is
equivalent to a de-adhesion event. On the other hand, large
v, [Fig. 3(b)] leads to fast development of first stable
bonds, whose number grows smoothly. Simultaneously,
the average height of the membrane and its fluctuations
decrease, promoting binding until the entire speckle is in
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FIG. 2 (color online). (a) The contact zone with several dark
adhesion domains and an inset over 3 snapshots is shown. The
domain edge at t = 0 (thin black line) is displayed and overlayed
with the insets from later times. Growth of speckle B is marked
in red at t =5 sec. De-adhesion of speckle A is seen at r =
17 sec as white area within the initial domain boundary. The
scale bar shows 10 um. (b) Growth of three domains developing
on a low Esel concentration. (c) For high Esel concentration, the
area of two domains merging in time.

the adhered state (no de-adhesion was observed). Notably,
only 2kzT difference in v, leads to these various growth
patterns, confirming the large sensitivity of the adhesion
dynamics to small changes in E4.

The global dynamics emerges as a smooth process only
as a result of sufficient averaging over independent local
events. Experimentally, spatial averaging over speckle ad-
hesions in the entire contact zone occurs naturally when
determining the area of all domains [Fig. 4(a)]. The growth
of the adhered state saturates as the equilibrium is reached
(Fig. 4). The latter arises from the balance between the
sLex mixing entropy and binding enthalpy within the finite
vesicle geometry [13,19], and can take place before the
contact zone is filled with bonds. The speckle-by-speckle
domain growth is mimicked in the simulations by averag-
ing over many (200) runs [Fig. 4(b)]. In simulations, the
equilibrium is generally, but not always associated with a
loss of the free state.

The affinity characterizing the ligand-receptor interac-
tion Eg!, can be extracted from the effective binding affin-
ity of the system in equilibrium. By definition, this is the
ratio of probabilities that a bond is and is not formed:
E;' = In[(N,)/(Ny — {N,))]. Here (N,,) is the equilibrium
number of bonds and the N, is the total number of
receptors on the surface. In simulations Eg! can evidently
be determined explicitly while in the experiments, equiva-
lent reasoning provides Eg! = In(A4/AF)), AT and A4
being the free and adhered areas of the contact zone. For
high, middle and low Esel coverage, A% is associated with
98%, 43%, and 26% occupancy of the contact zone, which
leads to an Eg! of 4.0, —0.3, and — 1.0k T, respectively.
The negative E;' emerges when less than 50% of the
contact zone is adhered. A similar crossover from positive
to negative Ej' is obtained in simulations by decreasing v,.
This shows that small variations in the chemical bond
strength or in the environment drastically change the con-
ditions for the specific adhesion.

We attempted to determine the time dependency of
curves in Fig. 4, as was done hitherto, by fitting an ex-
ponentially saturating or a power law. At experimentally
high Esel density or high v in simulations (E;' > 0), the
linear curve is most appropriate. At medium Esel density
or intermediate v, (Eg! = 0), both an exponentially satu-
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FIG. 3 (color online). Number of bonds as a function of time
(set by the attempt frequency f,, [23]). Three simulation runs are
shown for (a) weak [exp(vy/kgT) = 3.0] and (b) strong
[exp(vo/kgT) = 10.0] binding.
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FIG. 4 (color online). (a) Adhered area (normalized by the
equilibrium contact zone area) in time for vesicles on substrates
with high, middle and low Esel densities. For vesicles of com-
parable size halving the concentration of Esel approximately
doubles the equilibration time. The scale bar is 10 um.
(b) Average number of bonds in time in sets of 200 simulation
runs for exp(vo/kgT) = 3.0, 3.25, 3.5, 3.9, and 4.5. The direc-
tions of growing Esel density and v, are shown with arrows.

rating and a power law with an exponent <1 are good
choices. At low density or low v, (Ez' <0), only the
exponential provides a good fit. On the other hand, we
empirically find that a hyperbolic tangent [A(f) =
C, tanh(C,t + C3) + C,4] can be very well fitted to all
cases (all E5Y). Here the coefficients should be nontrivial
functions of the ligand and receptor densities, E4, and E~.

This fit allows for three phases in the adhesion dynam-
ics: (i) the nucleation inducing a slow onset. It is dominated
by the membrane free state and relies on the statistical
coordination of the membrane-substrate approach and the
stable bond formation; (ii) the (linear) growth which results
from a fine balance between the intrinsic properties of
binders and the membrane; (iii) the exponential saturation
to the equilibrium driven by a single relevant time scale.
The relative strength of the fitting coefficients (and the
parameters that they comprise) determines how much
time the system spends in one of the phases before con-
tinuously moving into the next one.

In conclusion, by revealing the statistical nature of the
adhesion process, theoretically explained through the con-
cept of the effective affinity, we have succeeded in inte-
grating understanding of local events with the global
behavior of adhering vesicles. The idea of associating local
reaction rates with the adhesiveness has been successfully
applied already in the context of multiple conformations of
binders, where the binding rates vary due to active pro-
cesses [26] rather than being environment dependent. Here,
we have shown that for binders confined to surfaces and
under conditions of detailed balance, the binding rates are
not intrinsic properties of a binding pair, but depend sensi-
tively on the environment. This turns out to be a very
powerful tool to control adhesion. We have identified
membrane fluctuations and the density of binders as one
of main environmental factors that affect the nucleation
and the effective binding affinity in vesicles. In the context
of cells, it remains to be revealed how this affinity is used
and controlled. Here too fluctuations may have an impor-

tant role, as they strongly influence the early stage of the
cell adhesion process [3,5].
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