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Abstract The enforced unbinding of a biomembrane
from a rigid substrate whose adhesion is mediated by a
specific interaction has been studied theoretically. We
argue that the unbinding takes place via motion of the
adhesion rim. We account for the release of the elastic
energy (stored in the membrane curvature) in the bind-
ing-unbinding process and obtain the dissociation con-
stant at the rim. We further deduce an equation of
motion for the rim. The solution exhibits an initial phase
describing a slow motion followed by a regime of rapid
motion and finally breaking of the adhesion. We show
that the unbinding force depends on the rate of force
application as F*�(F¢)b. When small forces are applied,
b=1/2, while in the case of large forces, b=1/3.
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Introduction

It is important to study the physical characteristics of
cellular adhesion since it represents an essential stage in
various biological processes such as cell recognition,
immune response, cell-tissue interaction, and endo- and
exocytosis (Alberts et al. 1994). During many of these
processes the membrane is under an external mechanical
load. For example, keratocytes have been observed to
exert forces of �10–8 N on the substrate during loco-
motion (Oliver et al. 1999), phagocytes generate forces
of �10–8 N in order to drag an object being engulfed
(Evans et al. 1993), leucocytes roll over endothelial cells
of the blood vessels (Bongrand 1999) under the action of
a force of �10–11 N arising from the flow of the blood

(Bruinsma 1996), and forces in the range of �10–6 N are
generated during cell division (Burton and Taylor 1997).
These processes, and others, involve either adhesion
taking place under the load or the enforced unbinding of
cells.

Recently, experiments on enforced unbinding of sin-
gle ligand-receptor bonds (Dammer et al. 1996;
Lehenkari and Horton 1999; Merkel et al. 1999), vesicles
(Evans 1985a; Guttenberg et al. 2000), and cells (Evans
1985b; Prechtl et al. 2002) have been reported. It has
been shown that the force for the bond breaking is a
statistical, rather than deterministic, parameter and that
the most probable bond-breaking force F* depends upon
the rate of application of the force F¢=¶F/¶t (where t is
the time) as F*�logF¢ (Evans and Ritchie 1999; Merkel
et al. 1999). For a system in which an array of elastic
ligand-receptor bonds is stretched at a constant velocity
by a rigid force transducer [for example, in AFM ex-
periments (Dammer et al. 1996; Lehenkari and Horton
1999), the breaking of each successive bond increases the
load on the rest, yielding:

F� � ðF 0Þb ð1Þ

with b=1 when the force rate is small and up to b=0.5
in the non-linear regime (Seifert 2000, 2002).

The adhesion of membranes mediated by generic in-
teractions was studied using the example of lipid bilayer
vesicles on substrates (Seifert 1997). Since the time of
formation or breaking of a ‘’generic bond’’ is negligibly
small compared to the typical time scale of the experi-
ments, the system is able to come to equilibrium. The
shapes of adhered vesicles and their unbinding from the
substrate can be understood on the basis of this fact
(Seifert and Lipowsky 1990; Lipowsky 1991; Seifert
1991, 1995). Unlike the case of the vesicle-substrate in-
teraction, adhesion between cells or between a cell and a
tissue takes place via specific forces mediated by the
interaction of ligands and receptors (Bell 1978), the ge-
neric forces being effectively screened out by the glyc-
ocalix which also plays a repulsive role (Bell et al. 1984).
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Accordingly, one should expect that the adhesion of
biomembranes mediated by specific interactions are ki-
netically dominated, analogous to the case of the single
and multiple specific bonds discussed above.

Adhesion and unbinding of cells have been studied
both experimentally (Bongrand 1999) and theoretically
using computer simulation techniques (Hammer and
Lauffenburger 1987; Hammer 1991; Hammer and Apte
1992; Chang et al. 2000) and based on a theory that
accounts for the reactions between ligands and receptors
(Bell 1978; Bell et al. 1984). However, a number of un-
known parameters have to be introduced into such
simulations.

Recently, a simple but versatile experimental model
system was reported in which the specific adhesion
process can be studied. It consists of a giant vesicle with
reconstituted ligands/receptors and which acts as a test
cell. To mimic the target cell, either a supported mem-
brane with reconstituted conjugated receptors/ligands or
a substrate coated by them is used (Boulbitch et al. 2001;
Guttenberg et al. 2001). Using this system, the sponta-
neous adhesion of a biomembrane, mediated by a single
type of ligand-receptor couple, was studied (Boulbitch
et al. 2001). Recently, such vesicles with reconstituted
lipo-ligands (recognized by the integrin receptors of the
endothelial cell) were used to study the enforced un-
binding of vesicles from living endothelial cells (Prechtl
et al. 2002). A vesicle was sucked into a micropipette and
brought into contact with an endothelial cell, resulting in
their mutual adhesion (Fig. 1a). After that, the un-
binding experiment was performed at a constant force
rate (Fig. 1b). The measurements yielded the depen-
dence of the unbinding force on the loading rate in the
form of Eq. (1) with bexp�0.4.

In this letter we describe the kinetics of the enforced
unbinding of a membrane from a substrate for the case
of adhesion mediated by specific interactions. We de-
duce the equation of motion of the adhesion rim and
solve it for the case of a constant loading rate. We
predict that there are two regimes for the rim displace-
ment during the enforced unbinding. The first regime is
that of slow displacement at early times, while in the
second regime at late times the rim exhibits an expo-
nential acceleration. We show that the unbinding force
exhibits a power law dependence Eq. (1) upon the force
rate with b=1/2 for small, and b=1/3 for large, loads, in
accord with the results reported by Prechtl et al. (2002).

Results

Consider a vesicle possessing reconstituted lipo-ligands
(L) adhering to a rigid substrate covered with receptors
(R). This corresponds to the experimental geometry
reported by Prechtl et al. (2002), since the endothelial
cells used as the substrate in this work exhibited no
deformation during unbinding. We assume that the li-
gand-receptor pairs (LR) are homogeneously distrib-
uted in the adhesion interface and do not form clusters

[in agreement with the observations reported by
Guttenberg et al. (2001) and Boulbitch et al. (2001)].
The difference between the enforced unbinding of
multiple bonds by AFM [as reported by Lehenkari and
Horton (1999)] and that of a specifically adhering
vesicle or cell is that, in the latter case, the load on the
ligand-receptor bonds is transferred via the flexible
biomembrane. This results in a stress concentration in
the membrane in the vicinity of the adhesion rim (re-
gion (j) in Fig. 1c), which manifests itself as a large
membrane curvature in this area. In addition, the
elastic ligand-receptor bonds at the rim (region (jj) in
Fig. 1c) are stretched (Evans 1985b; Hammer and
Lauffenburger 1987; Dembo et al. 1988). During the
propagation of the rim the release of the energy stored
in the stretched bonds, as well as that stored in the
curved membrane, results in the breaking of the bonds.
Because of the stress concentration, this occurs mainly
in the vicinity of the rim rather than in the rest of the
adhesion area. The membrane unbinding is therefore
dominated by the rim motion.

Estimate the relative contribution of the energy re-
leased from the curved membrane and from the stret-
ched bonds for the unbinding geometry shown in Fig. 1a
and b. The energy per unit rim length, Ebdr, released

Fig. 1 a, b Geometry of the experiment on the enforced unbinding
of a vesicle (i) aspirated into a micropipette (ii) from an endothelial
cell (iii) (Prechtl et al. 2002). a The adhesion stage. b The regime of
enforced unbinding under the action of the force F. The contact
contour is a circle of radius r. The vesicle plays the role of a force
transducer. c The adhesion front. The ligands (1) are reconstituted
into the vesicle membrane and are selectively recognized by the
receptors (2) of the endothelial cell; (j) shows the reaction zone,
where most of the dissociation events take place, (jj) the pre-
stressed zone, of length Lst, and (jjj) the region of unstressed ligand-
receptor pairs
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during the process of membrane unbinding during rim
propagation through a distance dr has been calculated in
Landau and Lifshitz (1959): Eb=M2/2j, where M is the
elastic torque of the membrane at the rim per unit rim
length and j is the membrane bending elasticity.

If the vesicle adhering to the substrate is in equilib-
rium, the membrane has a certain radius of curvature R0

at the contact point in accord with the condition
j=2R2

0 ¼ eadh (Seifert and Lipowsky 1990), where �adh is
the adhesion energy. This corresponds to an equilibrium
torque per unit rim length M0=(2j�adh)

1/2 (Fig. 1a). If a
force F is applied to the micropipette, it is balanced by
the force f=F/2pr per unit length at the rim, where r is
the radius of the rim. Applying the lever rule of Archi-
medes (Guttenberg et al. 2000) one finds DM, the con-
tribution of the balancing force to the torque at the rim:
DM=fr=F/2p. The total torque at the rim,
M=M0+DM, takes the form:

M ¼ M0 þ
F
2p

ð2Þ

(see Fig. 1b). Estimating �adh�10–5 J/m2 and j�4·10–19
J (Guttenberg et al. 2001), one finds M0�10–12 N, which
is much smaller than the minimal yield force measured
by Prechtl et al. (2002). This justifies the estimate
Eb=F2/8pj.

The stretching of ligand-receptor bonds takes place
within a distance Lst�(ja/k)1/4 from the rim (Fig. 1c, jj)
(Landau and Lifshitz 1959), where k is the spring con-
stant of the single ligand and a is the area per single
bond. The number of the stretched bonds is N�rLst/a.
The energy per unit area stored in stretched bonds takes
the form Est�F2(2kNLstr)

–1. One finds the ratio /=Est/
Eb�4pr–2(aj/k)1/2. Since the integrin receptors tend to
cluster in the adhesion area (Dustin et al. 1996), one can
estimate a as the area per ligand-receptor head as
a�100 nm2 (Tangemann and Engel 1995). This corre-
sponds to the estimate for the area per selectin bond
(Hammer and Lauffenburger 1987). No direct mea-
surements of the spring constant of a single ligand-re-
ceptor bond have been reported. We assume it to be of
the same order of magnitude as the spring constant of a
myosin molecule reported by Veigel et al. (1998), i.e.
k�10–3 N/m, which is in the range of estimates for a
selectin bond (Hammer and Lauffenburger 1987). One
finds j�10–18 J (Sackmann 1995). During the initial
stage of the unbinding, r�10–5 m. This yields Lst�10–
8 m, which is below the distance between receptors.
Thus, the region with the stretched bonds can be con-
sidered as an infinitely thin line. The estimate for the
ratio Est/Eb is /�10–5, which means that during the
initial stage of unbinding the energy stored in the stret-
ched bonds is negligible with respect to that stored in the
curved membrane.

The concentrations of the components of the reaction
L+R¢LR obey the equation:

@CLR

@t
¼ kþCLCR � k�CLR ð3Þ

where k+ is the forward reaction rate, k– is the dissoci-
ation rate, and Ci (i=L, R, LR) are the molar concen-
trations of the reagents with the dimension mol/L. Since
during unbinding the elastic torque has the highest values
in the vicinity of the contact line (Fig. 1c, j) and much
smaller values away from this line (Fig. 1c, jjj), dissoci-
ation takes place mainly in a narrow area in the vicinity
of the contact line referred to as the ‘’reaction zone’’
(Fig. 1c, i) (Evans 1985a). The variables Ci and the rates
k± in Eq. (3) are coordinate-dependent. In general, in
order to describe the unbinding process using Eq. (3) one
should additionally account for the lateral motion of li-
gands and receptors (cf. Boulbitch et al. 2001) and thus
the problem is spatial. However, in the regime of high
concentration of ligands considered here, the unbinding
results in the displacement of the adhesion rim, rather
than the variation in the lateral distributions of the
concentrations. This corresponds to the automodel ap-
proach proposed by Dembo et al. (1988). Variation of
the surface number density of the of the ligand-receptor
pairs dqLR determines the variation of their number as
dNLR=dqLRbD, where b is the width of the reaction zone
and D is the rim length. On the other hand, according to
the above assumption, this variation is related to the
displacement of the contact line as dNLR=qLRDdr. The
surface number density of the pairs, qLR, is related to
their molar concentration, CLR, as:

qLR ¼
CLRNA

AdLR
ð4Þ

Here NA is the Avogadro number, A is the membrane
area, and dLR is the thickness of the layer of the ligand-
receptor pairs. Analogously for the surface number
density of ligands, qL, one finds qL=CLNA/AdL, where
dL is the thickness of the membrane. Making use of
Eq. (4) one finds that:

b
CLR

@CLR

@t
¼ @r
@t

ð5Þ

This yields:

@r
@t
¼ v 1� Kd

Kð0Þd

 !
ð6Þ

where Kd=k–/k+ is the dissociation constant, and
Kð0Þd ¼ CLCR=CLR is the ratio of the concentrations in
front of the reaction zone (Fig. 1c, jj). v ¼
bkþKð0Þd ¼ bkð0Þ� characterizes the unbinding velocity.
Transition from Eq. (3) to Eq. (6) essentially simplifies
the description of the unbinding. In general, the disso-
ciation constant Kd may depend on the position r of the
rim. Thus Eq. (6) defines the equation of motion r=r(t)
of the rim in the implicit form.

The condition of equilibrium for the reaction
L+R¢LR has the form lL+lR–lLR=0 (Landau and
Lifshitz 1958). Assuming an ideal solution, one finds the
chemical potentials of the receptors and the ligand-re-
ceptor pairs in the form li=l0i+kBTln(Ni/N), where
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i=R and LR, l0i are the chemical potentials at standard
conditions, Ni is the number of receptors or pairs, and N
is the number of lipids in the membrane. Since the
membrane bending takes place in the unbound part of
the vesicle (i.e. the ligand-containing part of the mem-
brane), the chemical potential lL of the ligands must, in
addition, account for the release of the membrane
bending energy, equal to –Eb per unit area (Landau and
Lifshitz 1959), which takes place during the unbinding
followed by the rim propagation: lL=l0L+kBTln(NL/
N)–M2a/2j, where NL is the number of ligands. In
general, one should also take into account the contri-
bution of the variation of the membrane entropy during
the unbinding. The latter, however, decreases with ten-
sion and under the tension of �10–4 N/m (as used by
Prechtl et al. 2002) can be neglected (Evans and Rawicz
1990). Denoting l0L+l0R–l0LR=�0, one finds that the
dissociation constant has the form:

Kd ¼
N

NAVm
exp

1

kBT
M2a
2j
� e0

� �� �
ð7Þ

where Vm is the volume of the membrane.
The characteristic time sr describing the approach of

the reaction L+R¢LR to chemical equilibrium, under
the condition of an excess of ligands, if the ligand-re-
ceptor pairs are not stressed, takes the form sr�(k+CL)

–1.
The molar concentration can be calculated as CL=NL/
NAVm, where Vm=NalipdL and alip is the area per lipid.
In experiments (Prechtl et al. 2002) the ligand to lipid
ratio of NL/N�0.04 has been used. Estimating
alip�6·10–19 m2 and dL�4·10–9 m, one finds for this
value of the NL/N ratio the molar concentration
CL�0.03 mol/L. Taking into account the proper orien-
tation of ligands and receptors which yields the reaction
rate k+�6·105 l/mol s (Boulbitch et al. 2001), one finds
sp�10–4 s.

The rim propagation process has, however, another
characteristic time sp, during which the releasing energy
Eba per pair exceeds kBT. Representing F=F¢t (where
the force rate F¢ is kept constant) one finds
sp=2p(2jkBTa

–1)1/2(F¢)–1. Estimating the force rate F¢ as
ranging from 10–11 to 10–9 N/s as used in the experi-
ments reported by Prechtl et al. (2002), one finds sp�1 to
0.01 s. This enables one to distinguish the regime of slow
rim motion, sr<<sp, from that of its rapid propagation.

Consider first the former regime. In this case the li-
gand-receptor pairs in front of the reaction zone
(Fig. 1c, jj) have time to come to equilibrium; Kð0Þd is
obtained by taking the value equal to the dissociation
constant in Eq. (7) with the equilibrium value of the
torque M=M0. One finds:

Kd

Kð0Þd

¼ exp
M2 �M2

0

2jkBT
a

� �
ð8Þ

Substitution of the torque (Eq. 2) and the ratio
(Eq. 8) into the equation of the rim motion (Eq. 6) and
integrating yields the radius of the adhesion rim:

rðtÞ ¼ r0 þ v
�

t þ spp1=2

2
exp

�
� t2

s2p

�

� erfi
t0
sp

� �
� erfi

t þ t0
sp

� �� ��
ð9Þ

where r0 is the initial radius of the rim,

erfiðzÞ ¼ 2p�1=2
Z z

0

expðx2Þ dx ð10Þ

and t0=2pM0/F¢ is the time necessary for the external
torque to become equal to M0.

The motion described by Eq. (9) is highly non-uni-
form. The rim displacement is small during the initial
time interval of few sp (Fig. 2a), and this is followed by a
period of exponential acceleration (covering a fraction
of the characteristic time sp, Fig. 2b). This explains the
minor decrease in the size of the adhesion interface fol-
lowed by an instantaneous (within 40 ms) break of the
adhesion reported by Prechtl et al. (2002).

The force measurements can take place only during
the regime of the slow motion. Assuming (M2a/2j–�0)/
kBT<<1 and M0<<F/2p, and expanding the solution
in series, one finds the time of the unbinding, t*, obeying
the condition r(t*)=0, to be:

t� � 2
3p2jkBTr0

va

� �1=3

ðF 0Þ�2=3 ð11Þ

In the moment of time t* the force takes its maximum
value F*�F¢t*, corresponding to the unbinding:

F� ¼ 2
3p2jkBTr0

va

� �1=3

ðF 0Þ1=3 ð12Þ

Thus, the dependence of the unbinding force upon the
force rate obeys the power law F*�(F¢)b with b=1/3.
Note that if the force applied to the vesicle is small so that
M0>>F/2p, the same type of argument yields b=1/2.

Fig. 2 Dependence of the position of the adhesion front r on time.
(a) The initial regime of slow motion. (b) The regime of exponential
acceleration. If the initial position of the rim, r0, is chosen to be
r0 ¼ 10vsp;one finds that 50% of the front displacement takes place
in the time t�1.7sp, while the other 50% takes about 0.2sp
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Discussion

The equation of motion (Eq. 6) with the expression
for the dissociation constant (Eq. 7) enables one to de-
scribe the process of spontaneous adhesion of the loaded
membrane as well as its enforced unbinding. We illus-
trated this using, as an example, the enforced unbinding
of a vesicle from a substrate as reported by Prechtl et al.
(2002). The dependence of F* upon F¢ as measured in
that work exhibited a dispersed set of data (which is
natural, since the role of a rigid substrate was played by
living endothelial cells). Its best fit with a power law
(Eq. 1) yielded the exponent bexp�0.4±0.05. Our theo-
retical arguments predict b=1/2 when the small forces
are applied and b=1/3 in the opposite case. One can see
that 1/3<bexp<1/2, which may be an indication of a
cross-over been the low- and the high-force regimes
taking place in the experiments reported by Prechtl et al.
(2002).

In the above arguments we did not take into
account the contribution to the unbinding of the
osmotic pressure of the laterally mobile repeller mol-
ecules, such as the glycocalix of the endothelial cell
and the lipo-poly(ethylene oxide) reconstituted into the
lipid bilayer of the vesicle (Prechtl et al. 2002). The
experimental observation of its impact reported earlier
(Boulbitch et al. 2001) shows that this contribution is
important. Accounting for this contribution is out of
the scope of the present letter. We note, however, that
it results in dependence of Kð0Þd and v on the surface
number density of the repellers, qREP. Accounting for
this contribution leaves, however, the form of Eqs. (6)
and (8) unchanged. Since the glycocalix surface num-
ber density and its mobility are unknown, one cannot
account for its contribution to the unbinding. There-
fore, the present contribution predicts the value of the
exponent b, rather than the pre-factor depending on
v ¼ v qREPð Þ.
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