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Adhesion-induced reorganization of charged fluid membranes
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Adhesion between simple single-component membranes is both theoretically and experimentally well un-
derstood. We report on a combined theoretical and experimental study of the adhesion between well-
characterized multicomponent membranes. In particular, we examined the statics and dynamics of the adhesion
between a cationic vesicle and an anionic supported membrane on a substrate with apH adjustable surface
charge. Through interferometric methods, we measured the adhesion-induced membrane tension. We find a
dramatic breakdown of the classical Young-Dupre´ law at higher surface charge densities. The failure of the
Young-Duprélaw is associated with the formation of blisters. These results are in agreement with a thermo-
dynamic analysis of anion-cation adhesion which predicts that adhesion-induced phase separation leads to
reorganization of the adhesion disk and to a failure of the Young-Dupre´ law. Our study demonstrates that
adhesion of multicomponent membranes is fundamentally different from that of single-component membranes.
@S1063-651X~98!15610-6#

PACS number~s!: 87.22.Bt, 64.75.1g
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I. INTRODUCTION: ADHESION OF MULTICOMPONENT
MEMBRANES

Biological membranes are two-dimensional multicomp
nent materials which play a central role as partitioning s
faces in cells@1#. The main constituent material of biomem
branes is amphiphilic phospholipid. In a typic
biomembrane many different types of lipids are encounte
with a variety of attached alkane chains and a variety
headgroup areas@2#, while the headgroups may or may n
be charged. Moreover, biomembranes also contain subs
tial amounts of cholesterol and functional proteins. Fina
membrane proteins may penetrate the membrane compl
~integral membrane proteins!, or they may be associated wit
the membrane through a lipid anchor or by physisorption

Studies of physical properties of membranes have mo
centered on single-component monolayers or bilayers, s
such ‘‘model membranes’’ are easiest to characterize. T
restriction may, however, neglect important physical p
nomena which are only present in multicomponent me
branes. Numerous experimental studies of the phase be
ior of both artificial and natural membranes@3# indicate that
the lipid moiety of the biomembranes is, in general, rat
close to a phase separation threshold or to a demixing p
The importance of this observation lies in the fact that pr
imity to a phase separation boundary may allow membr
processes to be regulated in a very flexible way, namely
the formation of functional entities through local forms
phase separation. Examples are the following:

~i! The lipid-mediated aggregation of integral membra
proteins by the selective attraction of the proteins to cer
lipids @3,4#. The driving force for the phase separation here
the mismatch in length between the hydrophobic cores of
protein and that of the lipids constituting the mixed bilaye

*Author to whom correspondence should be addressed. Electr
address: sackmann@physik.tu-muenchen.de
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~ii ! Phase separation of negatively charged lipids due
adsorption of positively charged proteins or of polyvale
cations @3,4,5#. The driving force for the phase separatio
here is electrostatic attraction. A prominent case is
Ca21-induced fusion of synaptic vesicles with the presyna
tic membrane@1#. Protein-induced phase separation of art
cial membranes is in fact used in a practical manner a
chromatography method@6#.

In this paper we present the results of a combined th
retical and experimental study of the role of phase separa
for a process which is of considerable biological importan
namely, membrane adhesion. Adhesion between artifi
single-component membranes is controlled by the comp
tion between various interaction potentials: van der Wa
attraction @7#, double-layer electrostatic repulsion@7#, and
hydration forces@7#. In addition, entropic—or Helfrich—
repulsion@8# can prevent adhesion due to thermal fluctu
tions. Cellular adhesion, on the other hand, is well known
proceed differently, namely, via formation of small, den
adhesion domains~sometimes called adhesion plaques! of
receptor-ligand pairs. Specific lock-and-key recognition
receptor-ligand pairs plays a fundamental role for tissue
velopment and immunology@1#. Although suggestive, it is
currently not known whether adhesion plaques of biome
branes form through an adhesion-driven form of phase se
ration.

Motivated by these questions, we have studied a sim
model system for the adhesion of a multicomponent me
brane in the form of vesicles containing low concentratio
of anionic lipids. The vesicles were placed in contact with
flat support covered by a membrane carrying a low conc
tration of complementary cationic lipids. The vesicles we
large enough to allow us to follow the kinetics of the adh
sion process by interferometry. In addition, since both
anionic vesicle and the cationic flat membrane were sim
binary mixtures of neutral and charged lipids, analytic
treatment of both the thermodynamic and kinetic aspects
the adhesion process is possible, so that the experime
ic
6340 © 1998 The American Physical Society
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results could be compared with theory. A brief report of o
results was published earlier@9#.

The positively and negatively charged lipids perform he
a dual role: if the lipids are fully mixed and in a mobile sta
they provide an attractive electrostatic interaction poten
per unit area~at least for spacings large compared to t
Debye screening length!. Adhesion in this regime is simila
to that of single-component membranes. On the other h
if the two membranes are in close contact the lipids co
demix, forming dense plaques of anions and cations, wh
could either resemble an array of salt bridges or a tw
dimensional Wigner crystal of positive and negative charg
Adhesion in this regime could be considered as a sim
model for receptor-ligand adhesion of biomembranes. B
forms of adhesion thus could be realized by our model s
tem.

These two adhesion scenarios can be monitored at a
damental thermodynamic level through Young’s law,

S5g~12cosqc!, ~1!

with S the so-called spreading pressure@10#, g the adhesion-
induced membrane tension, andqc the nominal contact
angle between the vesicle and the substrate. It is custom
to identify S with the specific adhesion energyW of the two
membranes. By that we mean thatW is the work per unit
area required to separate the two surfaces for fixed con
trations of the materials of which the two surfaces are co
posed. The resulting expression is known as the You
Dupré law. We will show that if the adhesion process do
not lead to phase separation thenS is indeed equal to the
specific adhesion energyW. If, on the other hand, the anioni
lipids segregate out toward the adhesion disk, then
spreading pressure is, as we will show, in general quite
ferent fromW. By monitoring the ratioS/W, we can in prin-
ciple examine the role of phase separation during adhes
An important aim of this paper is to demonstrate that m
surement of theS/W ratio can be a practical tool to distin
guish the different forms of adhesion.

Our paper is organized as follows. In Sec. II we presen
theoretical discussion of the thermodynamic and kinetic
pects of adhesion between oppositely charged binary m
branes using a simple continuum theory. Continuum the
predicts thattight adhesion between membranes in the mi
state is in general impossible: the equilibrium intermem-
brane spacingl ! is on the order of the Debye screenin
length. An exception is formed by so-called charge-regula
‘‘anionic-cationic membrane pairs,’’ which have an equ
but opposite surface charge. In this casel ! is a molecular
length. Above a—quite low—threshold for the surfa
charge density, the uniform mixed state is predicted to
unstable against phase separation. The phase separat
predicted to partition the vesicle into a charge-regulated
hesion disk and a charge-depleted exterior section.

Phase separation is not the only possible scenario to
to charge regulation. Changes induced in the ion-dissocia
rates of the lipid molecules by the electrostatic potential
well known to be able to produce charge regulation with
requiring any phase separation@11,12#. Charge regulation by
phase separation appears to be the route favorable fo
experimental conditions discussed below, but in general b
scenarios are possible.
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The kinetics of this decomposition process can be stud
theoretically using linear response theory. Linear respo
theory predicts that decomposition should be accompan
by the transport of coions and counterions from regions
strong adhesion to regions of weak adhesion by the dial
action of the membrane. As a consequence, a weak-adhe
area surrounded by a belt of strong, charge-regulated a
sion should trap excess salt. The resulting osmotic pres
should lead to pressurization of the weak-adhesion ar
which will be shaped like spherical caps~‘‘blisters’’ !.

In Sec. III we present our experimental procedure to t
the theory and to measure theS/W ratio. In the supported
membrane we usepH-sensitive cationic lipids which allow
us to increase the surface charge density while monito
the adhesion area by reflection interference contrast mic
copy~RICM!. By analyzing the membrane at the blisters a
at the edge of the adhesion disk, we measured the ten
and contact angle. We then determined the spreading p
sure S using Eq.~1!, and compared it with the theoretica
value of the specific adhesion energyW for electrostatically
coupled membranes. We found that upregulation of the s
face charge density of the supported membrane indeed le
the formation of pressurized blisters~see Fig. 9!, as predicted
by the kinetic theory. The ratioS/W was of order 1023 in
this regime. At low surface charge densities, no blister
was observed. In this regime, the Young-Dupre´ law @i.e., Eq.
~1!, with S>W] was found to be approximately correct. Th
critical surface charge densitys* separating the two regime
is consistent with the theoretically predicted value quoted
Sec. II.

The results of our study thus suggest that at least for
multi-component model membrane, there are indeed
fundamentally different forms of adhesion possible. One
gime, in which adhesion follows the Young-Dupre´ law,
where the phenomenology of adhesion is essentially cor
and one in which the Young-Dupre´ law is seriously violated
(i.e., S!W), and which is characterized by adhesio
induced demixing.

II. THEORY

A. Adhesion thermodynamics

As discussed in Sec. I we need to know the specific
hesion energyW for electrostatic attraction between charg
surfaces. In this section we will examine the equilibriu
thermodynamics of two oppositely charged membranes w
the purpose of computingW. Assume the geometry of Fig. 1
two flat, parallel charged fluid membranes that have unifo
surface charge densitiess1,0 ands2.0. The spacing be-
tween the two membranes is denoted byh. We will assume
that the aqueous medium inside the gap contains added
with a concentrationc. The dielectric constant of the slab
bordering the gap is assumed to be small compared to th
water. We will assume that the positive surface charges
mobile while the negative charges are fixed.

The simplest method to compute the specific adhes
energyW is to use the Debye-Hu¨ckel ~DH! theory. The elec-
trostatic force per unit areaP(h) between the two mem
branes~‘‘disjoining pressure’’! was computed by Parsegia
and Gingell within DH theory, with the result@13#
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P~h!5
8p

«

~s1
21s2

222us1us2 coshkh!

~2 sinhkh!2 , ~2!

with « the dielectric constant of water, and

k25
8pe2

«kBT
c ~3!

the Debye parameter. In Fig. 2 we show the curveP(h).
Attraction corresponds toP(h),0 and repulsion toP(h)
.0. The repulsion for smallh values is caused by the effec
of counterion confinementfor s2Þus1u, we must maintain
enough ions inside the gap in order to ensure local cha
neutrality. As we reduceh, the osmotic pressure of the con
fined ions grows askBTus21s1u/(eh), providing a repul-
sive pressure which competes with the electrostatic att
tion. There thus exists anequilibrium spacing l* with P(h
5 l * )50, which vanishes only whens252s1 . It is well
known that Eq.~2! incorporates some serious approxim
tions. More accurate methods show that Eq.~2! is only valid

FIG. 1. Two flat, parallel, charged membranes with surfa
charge densitiess1 and s2 of opposite sign (s1,0, s2.0 and
us1u.s2). The lipids in the lower membrane are fixed, where
those in the upper membrane are mobile. The distance betwee
two membranes ish. The aqueous medium contains salt@symbol-
ized by ~2! and ~1!# of concentrationc.

FIG. 2. Electrostatic forceP(h) per unit area as a function o
the distanceh between two membranes, bearing charge densitiess1

and s2 of different sign and magnitude, given by Eq.~2!. For h
.1* , the potential is attractive@P(h),0#, whereas forh,1* , the
potential is repulsive@P(h).0#, due to the increase of osmoti
pressure of the confined counterions with reduction ofh. In the case
of different charge densities (us1uÞs2), ions are always trapped in
the gap in order to ensure local charge neutrality and the equ
rium spacingl * vanishes only whens152s2 .
e

c-

-

for larger h spacings@14#. Even then, the charge densitie
should be considered only as effective quantities.

Within the limitations of the DH theory, the workW per-
formed by the electrostatic interaction as we bring the t
membranes from infinity down tol * is then computed as

W52E
I*

`

dh P~h!. ~4!

After a straightforward calculation using Eq.~2! in Eq. ~4!,
we find the following simple result:

W5
4p

«k H s2
2,

s1
2,

s2,us1u
s2.us1u. ~5!

Note that there is amathematical singularityat s25us1u.
The total free energy per unit area,f (s1 ;s2), for the pair

of membranes is now

f ~s1 ;s2!> (
i 51,2

H kBT

e
us i u@ ln~s ia0 /e!21#1

2ps i
2

«k J 2W.

~6!

The first term on the right hand side of Eq.~6! represents the
free energy of isolated, charged membranes (i.e., with
→`). It is the sum of an ideal mixing free energy for th
charged lipids inside the membranes~with a0 the area per
lipid! plus the electrostatic self-energy of an isolated me
brane, computed using the Debye-Hu¨ckel limit of the
Poisson-Boltzmann free energy. The third term is the w
of adhesion.

Equation~2! leads to the rather surprising prediction th
two oppositely charged plates cannot properly adhere to e
other unless we exactly match the surface charge dens
Osmotic pressure by confined counter ions in general p
vents tight adhesion unlesss252s1 . To check whether
these predictions of the equilibrium thermodynamics are
deed reliable, we still must requirethermodynamic stability.

Since we are assuming thats1 is fixed, we only have to
check the thermodynamic stability with respect tos2 . Sta-
bility is obtained provided]2f /]s2

2.0. Using Eq.~6! we
find that this requires that eithers2.us1u or that s2,s* ,
with s* a threshold surface charge density given by

s* 5
«kkBT

4pe
. ~7!

Suppose we increase the fixed charges1 starting from zero.
We then first encounter a thermodynamically stable reg
in the interval 0,us1u,s2

0 ~with s2
0 the, initially uniform,

cationic surface charge density!. If us1u exceedss2
0, then the

s2 moiety will start to decompose provideds2
0.s* . Fol-

lowing the usual arguments on phase decomposition,
must expect thes2 membrane to decompose into two phas
One with s25us1u—which we will call the ‘‘charge-
regulated’’ state—and a phase withs25s* . The decompo-
sition process can be illustrated by plottingf (s2) as a func-
tion of s2 for fixed s1 , using Eq.~6!, where the hatched
region in Fig. 3 is unstable. Note the cusp in the free ene
at the charge-regulated state.
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As noted earlier, if ion-dissociation rates are allowed
depend on the electrostatic potential, then charge regula
also can be achieved without phase separation@11,12#.
Which of the two routes is chosen will depend on whi
form of charge regulation leads to the most significant lo
ering of the free energy. We will not carry out such a co
parison theoretically, but allow on the analysis of the expe
ments described below.

We now apply this formalism to examine the adhesion
a cationic vesicle to an anionic surface with a fixed surfa
charges1 . We will assume the geometry of Fig. 4:s2

1 is the
cationic lipid density of the adhesion disk of the vesicle, a
s2

2 is the density of the exterior section of the vesicle. T
vesicle-substrate contact angle isqc , which is related to the
radius R of the adhesion disk by sinqc5R/r, with r the
vesicle radius. The adhesion induced vesicle tension isg. It
is a central claim of this paper that we arenot permitted to
involve the Young-Dupre´ law @Eq. ~1!, with S5W] to find
the equilibrium value ofqc . Instead, we will determine the
equilibrium state by treating the edge of the adhesion dis

FIG. 3. f (s2) as a function ofs2 for fixed s1 . The hatched
region, limited bys* and us1u, is unstable, which leads to a de
composition of thes2 ~cationic! membrane into a ‘‘charge
regulated’’ phase withs25us1u and a phase withs25s* . s2

0 is
the initially uniform charge density of the cationic membrane.

FIG. 4. Schematic drawing of a positively charged~1! vesicle,
adhering to a negatively charged~2! substrate.s2

1 is the cationic
lipid concentration in the adhesion disk,s2

2 the cationic lipid con-
centration in the exterior section of the vesicle.s1 is the charge
density of the substrate,R the radius of the adhesion disk of th
vesicle,qc the contact angle between the vesicle membrane and
substrate, andg the adhesion induced tension in the vesicle me
brane.us2 /s1u!1.
on
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the boundary between two phases in contact~the adhesion
disk and the vesicle exterior! which are in chemical equilib-
rium with each other. In addition, we also will require th
the phase boundary is in osmomechanical equilibrium. T
first condition is obtained if the chemical potentialm2
5e] f /]s2 of the two phases is the same. Using Eq.~6! we
find, for the chemical potentials,

m2
65kBT ln~s2

6/s0!7
4p

«k
s2

6 ~8a!

for the cases2
1,us1u, and

m2
65kBT ln~s2

6/s0!1
4p

«k
s2

6 ~8b!

for the cases2
1.us1u, with s05e/a0 . Here,m2

1 and m2
2

are, respectively, the chemical potential of the cationic lip
of the adhesion disk and of the vesicle exterior. Note that
disk chemical potentialm2

1 undergoes ajump at s2
15us1u,

which is due to the cusp singularity of the free energy at
charge-regulated state. Precisely at the charge-regul
state, thes2

1 chemical potentialm2
1 actually can assume

rangeof values due to this cusp singularity:

kBT lnS s1

s0
D2

4pus1u
«k

<m2
1<kbT lnS s1

s0
D1

4pus1u
«k

.

~9!

This has interesting consequences. Suppose we again
creases1 from zero. Forus1u,s2

0, with s2
0 the initial cat-

ionic vesicle lipid density, the conditionm2
15m2

2 simply
reduces tos2

15s2
25s2

0: The cationic lipid density of the
adhesion disk and vesicle are exactly the same. If we n
increaseus1u beyonds2

0, thens2
1 stays ‘‘pinned’’ at us1u,

sincem2
1 can assume a wide range of values to matchm2

2 .
For simplicity assume that the vesicle exterior acts like
reservoir for s2 . In that case,s2

2>s2
0 ~the initial cationic

surface charge density of the vesicle!. The chemical potentia
m2

15m2
25m2 is then fixed by the reservoir at

m2>kBT lnS s2
0

s0
D 1

4p

«k
s2

0. ~10!

As we increaseus1u beyonds2
0, m2 remains inside the rang

given by Eq.~9!, ands2
1 stays pinned atus1u.

To impose osmomechanical equilibrium on the adhes
disk, we must require that the difference in two dimensio
~2D! osmotic pressure across the phase boundary is equ
the externally applied 2D pressure by the vesicle tension
the principle of virtual work:

p~2!~s2
1!2p~2!~s2

2!5g~12cosqc!. ~11!

Comparing Eqs.~1! and~11!, we see that the spreading pre
sureS can be identified asp (2)(s2

1)2p (2)(s2
2). This is the

analog of the conventional Young’s construction for me
branes. Alternatively it can be also considered as the
analog of the standard requirement of osmomechanical e
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librium for semipermeable membranes where we equate
osmotic pressure difference with the hydrostatic pressure
ference.

The 2D osmotic pressurep (2) doesnot obey van’t Hoff’s
law, as could have been guessed. It must be deduced
the definition of the osmotic pressure:p (2)(s2)
5s2d f /ds22 f (s2). If the cationic lipid density of the ad
hesion disk is less than that of the supported anionic m
brane, i.e., ifs2

1,us1u, then Eqs.~5! and ~6! give the fol-
lowing free energy area densityf (s2

1) for the adhesion disk

f ~s2
1!>

kBT

e
s2

1@ ln~s2
1ao /e!21#2

2p~s2
1!2

«k
1C,

~12a!

where we only display the dependence of the free ene
density on thes2 moiety @so the constantC in Eq. ~12a!
depends ons1]. The corresponding osmotic pressure is

p~2!~s2
1!5kBTS s2

1

e D 2
2p~s2

1!2

«k
2C, s2

1,us1u.

~12b!

Note that the osmotic pressure has been lowered compar
van’t Hoff’s law due to the electrostatic interaction. If w
view Eq. ~12b! as a virial expansion, then the second vir
coefficient is negative and equal toB522p/«k. The elec-
trostatic interaction thus has destabilized the adhesion dis
this regime. On the other hand, if the cationic lipid density
the adhesion disk exceeds that of the supported ani
membrane, then Eqs.~5! and ~6! give

f ~s2
1!>

kBT

e
s2

1@ ln~s2
1ao /e!21#

1
2p~s2

1!2

«k
2

4p~s1!2

«k
1C, ~12c!

with the constantC the same as in Eq.~12a!. The corre-
sponding osmotic pressure is

p~2!~s2
1!5kBTS s2

1

e D 1
2p~s2

1!2

«k

1
4p~s1!2

«k
2C, s2

1.us1u. ~12d!

The second virial coefficient is now positive, so, fors2
1

.us1u, electrostatics stabilizes the adhesion disk. Note
there is a jump in the osmotic pressure ats2

15us1u. Finally,
for the cationic lipid density outside the adhesion disk,
must setW50 in Eq.~6!, and we find, over the whole range
a positive second virial coefficient:

p~2!~s2
2!5kBTS s2

2

e D 1
2p~s2

2!2

«k
2C. ~12e!

Once again, we increases1 from zero. In the stable interva
0,us1u,s2

0, we found thats2
15s2

25s2
0. Using Eqs.~12d!

and~12e! in Eq. ~11! givesS5g(12cosqc), with a spread-
ing pressure
he
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l
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S5
4p

«k
s1

2, us1u,s2
0, ~13a!

which is equal to the specific adhesion energyW for us1u
,s2 according to Eq.~5!. For us1u.s2

0, we can set
s2

15us1u and s2
2>s2

0. Under these conditions, we find
spreading pressure

S5W2
2p

«k
~ us1u2s2

0!21kBT
us1u

e
lnS s2

0

us1u D
1

kBT

e
~ us1u2s2

0!, us1u.s2
0, ~13b!

that is not equal to W. We again treated the vesicle exteri
as a reservoir. This expression can only be valid forus1u
comparable tos2

0, since, forus1u@s2
0, the vesicle exterior

will be depleted in anionic lipids and no longer can act
reservoir. The specific adhesion energyW54ps1

2/(«k) in
Eq. ~13b! is that of the charge-regulated state of the adhes
disk s2

15us1u computed at a fixed concentration. Compa
ing Eqs. ~13a! and ~13b!, we see thatus1u5s2

0 marks the
onset of breakdown of Young-Dupre´ relation. For us1u
.s2

0, the spreading pressureS is in generalless than the
work of adhesion due to the reorganization of the lipids
the adhesion disk.

B. Adhesion kinetics

To examine the kinetics of the adhesion process, we
use a simplified set of hydrodynamic equations of motion
the conserved fields in our problem: the salt concentra
c(rW;t), the minority surface charge densitys2(rW;t), and the
flow field vW 5@vz(rW;t),v i(rW;t)#, with rW a direction vector in
the plane of the membrane~Fig. 5!. We will assume that the
majority-charged membrane atz50 has a fixed surface
charge densitys1 , and that it is impermeable to both wate
and salt ions~see also Fig. 1!. The s2 minority-charged
membrane atz5h(rW;t) is assumed to be permeable to wa

FIG. 5. Scenario of two adjacent, oppositely charged, me
branes. The supported membrane atz50 is assumed to have fixe
surface charges~charge densitys1), and to be impermeable to bot
water and salt ions. The minority charged membrane surface ch
densitys2(rW;t) is assumed to be permeable to water but not to
ions. rW is a coordinate in the plane of the supported membra
v i(rW;t) denotes the flow field parallel to the supported membra
c(rW;t) the ion concentration in the gap between the two membra
andh(rW;t) their distance.
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but not to salt ions. The permeability for water will be de
noted byl. Both membranes are assumed to be circular w
a radiusR. At time t50, the majority surface charge densi
s1 is upregulated from zero to a finite valueus1u@s2 with
s1,0 ands2.0, as before.

The hydrodynamic equations we will use are

]c

]t
1vW i•¹W c1

c

h

]h

]t
5Ds¹

2c, ~14!

]s2

]t
5

Ds2

kBT
¹W •~s2¹W ms2

!, ~15!

h¹2vW 5¹W P. ~16!

Equation~14! is the advection-diffusion equation, withDs
the diffusion constant of the salt~we neglect variation ofc in
the z direction!. The origin of the term (c/h)]h/]t in Eq.
~14! is understood by noting that, in the absence of diffus
and flow, the productch must remain constant: ifh
decreases—by solvent permeation—thenc must increase as
1/h due to the impermeability of the membranes for the s
ions. In that case,]c/]t52c/h]h/]t. Adding transport by
advection and diffusion gives Eq.~14!. Equation~15! is the
diffusion equation~in two dimensions! for the minority-
charged surfactant molecules, withDs2

the diffusion con-
stant. The chemical potential

ms2
5e

]

]s2
f ~s1 ,s2! ~17!

is found from Eq.~6!, but where we now allowh to differ
from l * ,

ms2
>kBT lnS s2

e
aoD1

4pes2

«k
2

8peus1u
«k

e2kh, ~18!

assumingkh@1. Finally, Eq.~16! is the equation of motion
for the solvent fluid in the Stokes approximation, withh the
viscosity. The boundary conditions for the solution of E
~16! are

vW uz5050, ~19!

which expresses the impermeable nature of thez50 surface,
and

]h

]t
2vzuz5h5l$P~h!1kBT~c2c0!%, ~20a!

vW iuz5h50. ~20b!

Equation ~20a! describes permeative transport through
membrane. The second term inside the brackets is the ex
osmotic pressure due to salt ions trapped between the m
branes, withc0 the salt concentration of the surrounding re
ervoir. Equation~20b! states that we do not allow flow insid
the membrane. In the following we will discuss the hydr
dynamics, using only qualitative methods aimed at provid
physical insight into the adhesion process.
h

n

lt

.

e
ess
m-
-

-
g

1. Uniform relaxation

We start by assuming thats2 andh are independent ofrW,
and study howh(t) depends on time following upregulatio
of s1 at t50. The initial valueh05h(t50) is assumed to be
large compared to the new equilibrium spacingl *
>k21 ln(us1 /s2u) @found by settingP(h)50 in Eq.~2!#. The
relaxation ofh from h0 to l * follows a two time scale sce
nario. First,h can relax rapidly via solvent permeation to
state of local mechanical equilibrium. By this we mean th
the electrostatic and osmotic pressures on the mino
charged membrane are in balance. Ifh̄ and c̄ are, respec-
tively, the spacing and salt concentration of this state, th

P~ h̄!1kBT~ c̄2c0!'0. ~21!

This is anonconservedprocess requiring a relaxation timet1
of order

t1'1Y S l
]P

]h D , ~22!

which is independent of the disk radiusR ~see Fig. 4!. Since
we do not allow flow or diffusion to contribute to permeativ
relaxation,ch must be constant, soc̄5c1 with c15c0h0 /h̄.

The second type of relaxation involves diffusion and flo
which are slower, conserved processes. Solute diffusion f
the region of the gap to the surrounding fluid is driven by t
concentration gradient (c̄2c0)/R. Similarly, hydrodynamic
flow from the gap region to the ambient fluid is driven by t
hydrodynamic pressure gradient@2P(h̄)#/R ~setting the
pressure in the ambient fluid to zero!. Both processes allow
excess salt ions to escape from the gap regions. The
scale for diffusive relaxationt2

D is

t2
D}~1/Ds!R

2, ~23!

while, for hydrodynamic relaxation,

t2
H}S h

h2uP~h!u DR2, ~24!

using the classical result of Reynolds on flow from betwe
two plates pressed together by an external force. We
assume the disk radiusR to be sufficiently large sot1

!t2
D,H , which implies that the membrane remains in loc

mechanical equilibrium during the relaxation process.
It is helpful to illustrate the two step relaxation process

a qualitative manner, for the case that thet2 process is due to
diffusion. Suppose we start att50 with h5h0 . After up-
regulation of us1u, the new quasiequilibrium state withh
5h1 is found from Eq.~21!:

P~h1!1kBTc0S h0

h1
21D50. ~25!

We can constructh1 graphically from the intersection o
P(h) with the curvekBTc0(12h0 /h) @Fig. 6~a!#. The excess
osmotic pressure inside the gap is nowDp1
5kBTc0(ho /h1). Next we keeph fixed at h1 , and allow
diffusion to remove the excess salt from between the me
branes, requiring a timet2}R2/D. As a result the membran
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is out of mechanical equilibrium. The new mechanical eq
librium stateh2 is found by constructing the intersection
P(h) with kBTc0(12h1 /h) @Fig. 6~b!#, producing a new
excess osmotic pressureDp25kBTc0(h1 /h2). Repeating
this graphical construction gives a succession of spac
hn5h1 ,h2 ,h3 ,..., which approximate the equilibrium stat
h5 l * for large n @Fig. 6~c!#. Note that the excess osmot
pressure first increases and then drops.

2. Linear-response theory

To examine the stability of this uniform relaxation pr
cess against small perturbations, we expand

c~rW,t !5 c̄1c8~rW,t !, ~26a!

FIG. 6. Illustration of the relaxation process of the spacingh
between two membranes withs1,0 ands2.0 to the new equi-
librium spacingl * after a jumpwise increase ofus1u. Immediately
after upregulation ofus1u, the distanceh between the two mem
branes is reduced fromh0 to h1 . P(h1) is counterbalanced by th
excess osmotic pressure inside the gap,Dp15kBTc0h0 /h1 . This
quasiequilibrium state can be constructed graphically from the
tersection ofP(h) with kBTc0(12h0 /h) ~a!. After diffusion of the
excess ions out of the gap the spacing,h is further reduced to the
quasiequilibrium state withh5h2 , which is found graphically from
the intersection ofP(h) with kBTc0(12h1 /h) ~b!. Repeating this
graphical construction gives a succession of spacingshn

5h1 ,h2 ,h3 ,..., which approximate the equilibrium stateh5 l * for
largen ~c!.
i-

gs

s2~rW,t !5s21s8~rW,t !, ~26b!

h~rW,t !5h̄1h8~rW,t !, ~26c!

with c8/ c̄, s8/s2 andh8/h̄ infinitesimal.
We insert Eq.~26! into the hydrodynamic equations und

the following assumptions:~i! no hydrodynamic flow, and
~ii ! local mechanical equilibrium@so Eq.~21! also remains
valid for the perturbed fields#. We will include effects~i! and
~ii ! below. After linearization we find

]c8

]t
1S c̄

h̄
D ]c8

]t
5Ds¹

2c8, ~27a!

]s8

]t
5Ds2

e ¹2s81eDcDs2
¹2h8, ~27b!

]P

]hU
h̄

h81
]P

]s2
U

s2

s281kBTc850. ~27c!

Here

Ds2

e 5Ds2
S 11

4pes2

«kBTk D ~28!

is the effective single-layer surface diffusion constant~i.e.,
including electrostatic self-energy effects! while the constant

Dc[
8pus1us̄2

«kBT
e2kh̄ ~29!

has units of concentration. The average valuesc̄ and h̄ here
are actually time dependent, as discussed in Sec. II B 1,
always connected through the condition of local mechan
equilibrium, Eq.~21!. Using Eq.~2! with s2!us1u in Eq.
~21! allows us to simplify Eq.~27c! to

F2~ c̄2c0!2Dc

c0
G~kh8!2S Dc

c0
D S s28

s̄2
D 1S c8

c0
D50. ~30!

We look for solutions to Eq.~27! of the forms

c8~rW,t !5cqe2vqt1 iqW •rW, ~31a!

s8~rW,t !5sqe2vqt1 iqW •rW, ~31b!

h8~rW,t !5hqe2vqt1 iqW •rW. ~31c!

Stability requires that only solutions withvq.0 exist. In-
serting Eq.~31! into Eq. ~27! leads to

~2vq1Dsq
2!cq2vqS c̄

h̄
D hq50, ~32a!

~2vq1Ds
eq2!sq1eDcDs2

q2hq50, ~32b!

G~khq!2
Dc

c0
S sq

s2
D 1

cq

c0
50, ~32c!

-
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with G5@2(c̄2c0)2Dc#/c0 . The onset of instability is
marked by the appearance of solutions to Eq.~32! with vq
50. Such solutions appear when

Gk1
eDc2

c0
S Ds2

Ds2

e D 50. ~33!

This condition can be simplified using Eqs.~4!, ~9!, ~28!, and
~29!. Define a critical spacing

hc5 l * 1
1

k
lnS 2s*

s21s* D . ~34!

For h̄.hc only positivevq solutions exist, while an unstabl
mode appears forh̄,hc . The quantitys* in Eq. ~34! is just
the s2 stability threshold encountered in Sec. II A. The u
stable mode forh̄,hc has aq2 spectrum,

v~q!>2Ds2
S hc2h̄

hc
D q2. ~35!

Note that the instability only can appear ifhc is greater than
l * —the equilibrium spacing. This condition is equivalent
demanding thats2 must exceeds* . We thus recover the
result of equilibrium theory thats25s* is the stability limit.
The structure of the marginally stable mode, withv(q)50,
follows from Eq.~32!,

sq52eDcS Ds2

Ds
e D hq , ~36!

while cq50. The concentration fluctuation is thus out
phase with the height fluctuation. As shown in Fig. 7, th
means that the regions of excess charged surfactant are
to the~oppositely charged! support, while regions depleted i
charged surfactant are moved further away. Note that, e
thoughcq50, there are more trapped salt ions in the char
depleted regions than in the charge-enriched regions.

In the preceding analysis we neglected deviations fr
local mechanical equilibrium—which involve permeatio
@see Eq. 20~a!# and hydrodynamic flow. Both effects lead
relaxation. The relaxation ratevR of a deformed membran

FIG. 7. Decomposition process of the minority charged me
brane. The supported membrane atz50 bears a homogeneous m
jority charge densitys1 . The fluid minority charged (s2) mem-
brane decomposes into patches of enriched charge de
(with s252s1) and into regions of reduced charge dens
(with s25s* ), where the solutes are enriched and trapped
tween the membranes. 2p/q characterizes the wavelengths of th
unstable undulation modes of heighthq .
ose

en
-

by permeation and flow in proximity of a flat surface at
distanceh̄ was computed—for a similar set of hydrodynam
equations—by Lennon and Brochard@15#, with the result

vR5lKcq
41

hc
3

12h
Kcq

6, ~37!

with Kc the Helfrich bending modulus of the membrane. T
complete spectrum of the unstable mode nearh̄5hc is then

v~q!>2aDs2
S hc2h̄

hc
D q21lKcq

41
hc

3

12h
Kcq

6, ~38!

with a a numerical constant. The wave vectorq* of the
unstable mode forhc close toh̄ is thus

q* }F Ds2

lKc
S hc2h̄

hc
D G1/2

. ~39!

3. Late-stage decomposition

The later stages of the membrane decomposition pro
can be inferred from the nature of the unstable mode~see
Fig. 8! and our earlier discussion. Those parts of the me
brane which are enriched in positive charge will come in
contact with the substrate. They are expected to have a
face charge densitys25us1u, as follows from the discussion
of the equilibrium adhesion energy.

The regions which are depleted in cationic surfactant m
terial are prevented from adhering material to the subst
by the added solute trapped between the membranes.
thus expect the formation of charge-regulated adhesion a
interspersed with a weak-adhesion area, withs2's* cap-
turing excess salt. The initial size of these regions will be
orderq* 21. These salt bubbles, or ‘‘blisters,’’ as we will ca
them, should be pressurized due to the osmotic pressur
the excess salt. The excess hydrostatic pressure should
Laplace’s law

-

ity

-

FIG. 8. Late stage of membrane decomposition. At the patc
of enriched charge density (s252s1) the membranes are in clos
contact. Solutes are enriched and trapped in the gap betwee
two membranes at the areas of depleted charge density (s25s* ).
This causes osmotic pressurized ‘‘salt bubbles,’’ which fo
spherical caps of radiusRb . r is the radius of the disk of the bubble
qc the contact angle, measured at the intersection of the bu
membrane with the supported membrane, andg the adhesion-
induced tension of the minority charged membrane.
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DP5
2g

Rb
, ~40!

with Rb the curvature radius of the blister. The thre
dimensional excess osmotic pressureDp (3) of the blister
should equalDP. The blister thus should have the shape o
hemispherical cap. The contact angleqc between the caps
and the substrate should be determined by the same typ
arguments which leads to Young’s law

S5g~12cosqc!, ~41!

and we expectqc to be equal to the contact angle betwe
the vesicle and substrate.

It follows from Eq.~40! that if a collection of salt blisters
of various radii forms, then both the hydrostatic and osmo
pressures inside the blisters should be inversely proporti
to Rb . This process should lead tocoarseningphenomena:
small blisters will be adsorbed by large blisters, leading t
growth of the mean size. If two blisters come into clo
contact, then the smaller blister must drain into the lar
blister, either by hydrodynamic flow~driven by the differ-
ence inDP values! or by diffusion~driven by the difference
in Dp values!. The mean blister size should grow with tim
Similar phenomena are well known from studies of the e
lution of foams@16#.

III. EXPERIMENTAL TESTS AND DISCUSSION

A. Evolution of blistering

Figures 9~a! and 9~b! show typical RICM images of a
cationic vesicle close to an anionic substrate at pH 2.8
4.5, respectively. The detailed description of the system
the preparation procedure are described in the Appendix.
vesicle contained 1 mol% of positively charged dihexa
cyldimethyl ammonium bromide~DHDAB!, and the sup-
ported membrane 10 mol% of negatively chargeable li
octadecyl-@NBD-decyl#-dimethyl ammonium succinic acid
~NBD-DODA-SA! @17#. The outer solution of the vesicl
contained 5-mM sodium chloride~NaCl! and 10-mM sucrose
and citric acid, which was isoosmolar to 30-mM sucro
The inner solution contained 40-mM sucrose and 5-m
NaCl.

At pH 2.8 (s1>0), the vesicle exhibits a small and ho
mogeneous adhesion disk, with a large number of diffract
fringes, indicating that the contact angel is small and t
adhesion is weak@see Eq.~1!#. Weak adhesion is also sug
gested by the fact that pronounced flickering of the vesicl
observed, indicating a low vesicle tensiong. At pH 4.5 we
find that the adhesion disk decomposes into blisters
rounded by regions of strong, close adhesion. Flickering
supressed, indicating that the vesicle is under appreci
tension.

The full scenario of blister formation is shown in Fig
10~a! for the case of a change in pH from 4.1 to 4.5. Acco
ing to separate experiments, apH change is accomplishe
within about 20 min. The sequence of images shows t
during the increase of the adhesion area, blisters form sp
taneously both within the adhesion disk and at the lead
front of the spreading vesicle.
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For a quantitative evaluation of the time evolution of bli
ters, the reduced area of blisters,ab , and the reduced num
ber of blisters,nb , was determined.ab is defined here as the
ratio of the sum of the areas of the blisters to the total are
the contact zone. The membrane area of the blisters,Ab , is
estimated from the blister radius in the contact zone,r, and
the heighth of the blister, according toAb5prAr 21h2. The
value of h was obtained by analyzing the RICM interfero

FIG. 9. Typical RICM image of a positively charged vesicl
which is electrostatically attracted to a negatively charged subst
at pH 2.8~a! and pH 4.5~b!. At pH 2.8 the vesicle exhibits a sma
homogeneous contact area, whereas at pH 4.5 the increased c
area shows a large number of domains, exhibiting two or th
diffraction fringes. The vesicle contained 1 mol % of positive
charged DHDAB, and the supported membrane 10 mol % of
negatively chargeable NBD-DODA-SA. The pH was adjusted fro
the initial 2.8 to 4.5, by incremental steps of 0.3 pH units. Sim
taneously, the volume of the vesicle was reduced by a factor 0
as described in the Appendix. The dark lines mark the secti
along which the surface profile was analyzed. Note that the bli
in the center of contact area of~b! was induced by a small lipid
particle trapped on the surface of the supported membrane. W
the resolution of RICM, no nucleating particles could be detecte
the sites of the other blisters.



ber
s
ion

PRE 58 6349ADHESION-INDUCED REORGANIZATION OF CHARGED . . .
FIG. 10. ~a! Scenario of blister formation during an increase of the contact area after an increase of thepH from 4.1 to 4.5. The frames
were taken every 75 s. Note that blisters form both within the adhesion area and at the spreading front of the vesicle.~b! Demonstration of
fusion of blisters 14 min after formation. The time interval between the frames is 1 s.~c! Plot of the time dependence of the reduced num
of blisters ~crosses! and the reduced contact area of blisters~circles! after increasing thepH from 4.1 to 4.5 inside the dialysis tube
~indicated by the steplike line!. The pH inside the chamber is adjusted to the new value within 20 min, following an exponential funct@J.
Nardi ~unpublished!#.
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grams.nb is the actual number of the blisters divided by t
total area of the blisters. As shown in Fig. 10~c!, the reduced
blister area,ab ~open circles! increases monotonically with
time, and reaches saturation after 12 min. In contrast,
reduced number of blistersnb increases sharply to a max
mum, and decreases again with increasing time. The la
finding is a consequence of the fusion of the blisters, wh
is demonstrated in Fig. 10~b!. A closer inspection of a num
ber of fusion processes shows that smaller blisters alw
drained into larger blisters, as predicted by the theory. T
fusion behavior of the pressurized blisters is indeed remi
cent of the fusion of interconnected soap bubbles. This
scribed evolution of blisters may underly the blisterlike p
tern, which has been observed in contact area
erythrocytes, which were agglutinated by polylysine@18#.

B. Analysis of contour—measurement of spreading pressure

Following a procedure reported previously@19#, the
spreading pressureS, defined in Eq.~1!, is determined by
simultaneous measurement of the contact angleqc and the
adhesion-induced membrane tensiong, based on the analysi
of the contour of the membrane surface at the rim of
adhesion disk and of the blisters, respectively. An exam
e

er
h

ys
is
s-
e-
-
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e
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of such an analysis for the outer rim of the vesicle is sho
in Fig. 11~a! for the case of the weakly adhering state (pH
2.8!. The vesicle contour is straight far from the contact li
L, as should be expected for adhesion of a tense ves
Close to the contact lineL the membrane is bent and goe
smoothly over into the adhesion disk@20#. The slope of the
tangent of the straight section defines an effective con
angleqc , which enters in Eq.~1!. The distancel between
the intersection of this tangent with the horizontal axis a
the contact lineL defines a crossover lengthl, which is
related to the bending modulusKc and the membrane tensio
g by @21#

l5S Kc

g D 1/2

. ~42!

The physical meaning ofl is that membrane deflections a
length scales larger thanl are dominated by tension an
deflections at scales smaller thanl by membrane bending
rigidity. Since the bending modulus of the membrane can
measured in a separate experiment~e.g., by flicker spectros-
copy @22#! the spreading pressureS now can be obtained by
separately measuringl and qc . In the following we will
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FIG. 11. ~a! Contour of the vesicle near contact lineL as obtained by analyzing the interference pattern of the RICM micrograph sh
in Fig. 9~a! along lineE0 , which is perpendicular to contact lineL. The crossover lengthl and contact angleqc are defined as shown
graphically.~b! Reconstruction of the surface profile of a blister~circles! as obtained by analyzing the interference pattern of the RI
micrograph shown in Fig. 9~b! along line 1. Crossover lengthl is defined by the distanceAB. A is the point on the contact lineL where the
vesicle membrane starts to curve away from the substrate, andB is the intersection of the base lineXYwith the circle segment (radiusRb)
fitted to the central part of the blister surface profile. The contact angleqc is the angle at the intersection of the base lineXYand the tangent
of the fitted circle at pointB.
io
o
s

rg

in

th
o
y
se

-

rs.
le
at

ter
he
but
e-

2

g.

s
s of
use for the value of Kc that of a 1:1
L-a-dimyristoylphosphatidylcholine ~DMPC!-cholesterol
mixture: Kc510218J/m2 @23#. The values ofS obtained in
this manner by analyzing the contour at the rim of adhes
disk at pH 2.8 and 4.5 are given in Table I. For comparis
we also present the calculated values of the specific adhe
energy per unit area,W, using Eq. ~5!. For pH 2.8, s2
.us1u, and we can directly use Eq.~5! with W
5(4p)s1

2/(«k). For pH 4.5, whereus1u.s2 , we are in the
regime of charge regulation withs2

15us1u. If we would
compute the work of adhesion at a fixed surface cha
us2u5us1u we would again findW5(4p)s1

2/(«k). If, on
the other hand, we would let the mobile charges relax dur
the separation of the surfaces, thenW would be reduced due
to the electrostatic free energy cost of concentrating
charges in the adhesion disk and the corresponding entr
free energy cost. This leads to a similar adhesion energW
5(2p)s1

2/(«k), which is reduced by one half. For the ca
of a vesicle containing 1 mol% of~positively! charged lipid,
the cationic charge density iss251.631023 C/m2 ~assum-

TABLE I. Adhesion energyW and spreading coefficientS, as
obtained by analysis of the contour of the adhered vesicle, at pH
along sectionE0 @Fig. 9~a!# and pH 4,5 along sectionE1 @Fig. 9~b!#.
The last column gives the ratio ofS/W.

pH 2.8 4.5

S ~J/m2! 4.531028 931027

W ~J/m2! 331028 1.531024

S/W 1.5 631023
n
n
ion

e

g

e
pic

ing an area per lipid of 100 Å2). The charge density of the
supported membrane at pH 2.8 iss1'21.631025 C/m2.
@9#. The resulting ratioS/W of the spreading coefficient to
the specific adhesion energy is thenS/W'1.5 for the case of
weak adhesion, andS/W'1023 for the case of tight adhe
sion.

Next, we performed a contour analysis of the bliste
Figure 11~b! shows a reconstruction of the surface profi
~circles! along the section through the center of a blister
pH 4.5 @denoted by 1 in Fig. 9~b!#. By following the time
evolution of the shape of the blisters from the onset of blis
formation to the state shown in Fig. 9, we found that t
shape always is that of a spherical cap in the center,
exhibiting a smoothly curved transition into the tight adh

.8

TABLE II. Characteristic parameters of blisters 1–4 in Fi
9~b!. The parameters are radiusRb , contact angleqc , crossover
length l, adhesion-induced membrane tensiong, spreading coeffi-
cient S, Laplace pressureDP, and enriched concentration of ion
Dc in the blister caps. For comparison, the corresponding value
the contour at the edge of adhesion disk along sectionE1 are added.

Blister No. 1 2 3 4 E1

Rb ~mm! 1.6 1.6 2.0 2.4
qc ~°! 45 45 38 41 32
l ~nm! 360 470 447 466 465
g (1026 J/m2) 7.0 4.5 5.0 5.0 4.5
S (1026 J/m2) 2.1 1.4 1.1 1.3 0.9
DP ~N/m2! 9 6 5 4
Dc (1026 M) 3.6 2.4 2.0 1.6



is

o
ed
e

th

e

-
-
ls
h

h

io
s
er
id
he
an
5,

e
e

io
n

tio
te

t.

or-
We

icle

h
4.5,
the
ions
or

imit
nder
he

-
lt

m-

ity

kes

d
0%

ob-

the
eas
a-

PRE 58 6351ADHESION-INDUCED REORGANIZATION OF CHARGED . . .
sion area. The blister size~bottom diameter and height! in-
creases both with pH and with time. For evaluation of bl
ters in terms of the crossover lengthl and contact angleqc ,
the following procedure was applied. A circular segment
radiusRb was fitted to the central part of the reconstruct
blister cap. The contact angleqc was determined as th
angle of intersection of the base line~denoted asX-Y) and
the fitted cap@Fig. 11~b!#. The crossover lengthl was the
distance between this point of intersection~denoted asB! and
the point where the membrane starts to curve away from
base line~denoted asA!.

In Table II, the results are given for a number of analyz
blisters @denoted in Fig. 9~b! as 1–4# at pH 4.5 exhibiting
radii Rb from 1.6 to 2.4mm. By using Eqs.~1!, ~42!, ~43!,
~44!, and ~45!, we obtained the adhesion-induced tensiong
of the membrane, the spreading pressureS, the Laplace pres-
sure across the blister membraneDP, and the enriched con
centrationDc5cin2cout of solute inside the blisters, as com
pared to the surrounding medium. For comparison, we a
included the results of measurements at the rim of the ad
sion disk@line E1 in Fig. 9~b!#.

The adhesion-induced tensiong of the membrane in the
blisters was found to range from 4.531026 to 7.0
31026 J/m2, and the spreading coefficientS from 1.1
31026 to 2.131026 J/m2. These values agree well wit
those at the rim of the adhesion disk, where we foundg
'4.531026 andS'0.931026 J/m2. The uniformity ofg is
an important result, because it shows that the tens
throughout the inhomogeneous membrane is constant, a
pected for a fluid membrane. If tension gradients w
present, there would be tension-induced transport of lip
until a homogeneous tension was reached. Physically, t
appears to be little difference between the contact line
the rim of the blisters. We found in this way that for pH 4.
the ratioS/W is of the order of'1023 both for the outer rim
and for the blisters. The spreading pressure in this regim
apparently completely unrelated to the specific adhesion
ergy W.

The physical interpretation of the ratioS/g and the con-
tact angleqc is in fact quite different in the regime ofus1u
large compared tos2 . Suppose we assume that the adhes
disk exhausts all of the anionic lipids. Then we must dema

pR2us1u54pr 2s2
0, ~43!

with r the ~original! radius of the vesicle ands2
0 the original

cationic surface charge. Since sinqc>R/r it follows from
Young’s law @Eq. ~1!# that

S/g512A12~R/r !2. ~44!

Eliminating the ratioR/r by Eq. ~43! gives

S/g512A124s2
0/us1u. ~45!

The S/g ratio is then simply set by the concentration ra
s2

0/us1u of the surface charges. To verify this claim, no
that, for pH 4.5,us1u'10s2

0 since the NBD-DODA-SA to
DHDAB ratio is roughly 10:1. The value ofS/g predicted by
Eq. ~45! is then 0.22, while the measuredS/g value of Table
II gives anS/g value of 0.20 for pH 4.5, in good agreemen
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Measurement of contact angles orS/g values in this regime
simply reflects the membrane demixing and gives no inf
mation at all concerning the specific adhesion energy.
conclude that forus1u large compared tos2 , the S/W ratio
monitors the enrichment of the adhesion disk of a ves
following adhesion-induced phase separation.

C. Long time stability of blisters

In order to check the long time stability of blisters, whic
were formed after adjusting the pH to the constant value
the contact area was observed for 4 h. During this time
blisters remained spherical caps. This suggests that the
are trapped in the blisters at least over this time scale
longer. This observation enables us to obtain an upper l
of the spacing between the two adhering membranes u
conditions of charge regulation. According to Fick’s law, t
rate of change of the total number of molecules (dN/dt),
trapped in the blisters, is of the order of

dN/dt>DsolDc~ t50!hgap. ~46!

whereDsol is the diffusion constant of the solute,hgap is the
intermembrane distance, andDc(t50) is the initial concen-
tration difference of ions trapped in the blisters.

This means thatDc(t)>Dc(t50)e2t/t must decay expo-
nentially in time with a time constantt>VB /(Dsolhgap),
with VB the blister volume. Using a typical diffusion con
stant Dsol'100mm2/s for the sucrose, citric acid, and sa
ions, we find that the condition thatt must exceed
1023– 1024 s demands thathgap must be of the order of Å.
This is in agreement with our assumption that the two me
branes adhere closely in the charge-regulated state.

D. Threshold charge densitys*

Blistering is only expected if the minority charge dens
s2 exceeds the thresholds* 5ekkBT/4pe @see Eq.~8!#. As-
suming an area of 100 Å2 per lipid, a dielectric constante
580, a Debye screening length ofk21562 Å2 ~correspond-
ing to an ion concentration of 5 mM!, the thresholds*
would correspond to a molar fraction ofx5731024 of
charged lipids. In order to test the prediction that ifs2 ex-
ceeds this threshold then decomposition and blistering ta
place, we performed the following experiment: DMPC—
cholesterol vesicles containing molar fractions ofx57
31025, 731024, 731023, and 731022 of the charged
lipid DHDAB, corresponding to charge densities of 0.1s* ,
1s* , 10s* , and 100s* , respectively, were prepared, an
their adhesion on the supported monolayers, containing 1
of NBD-DODA-SA was examined following apH jump
from pH 2.8 to 4.5. For DHDAB molar fractions ofx57
31024, 731023 and 731022, blisters were formed for
vesicles with contact areas larger than 2565 mm2. For
vesicles with smaller contact areas, no blisters were
served. For the molar fraction of DHDAB ofx5731025,
no blistering was observed. This appears to agree with
theoretical predictions, but for these vesicles contact ar
larger than 2565 mm2 have not been observed and the me
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surements do not allow one to determine the threshold
rectly. Techniques with a higher lateral resolution th
RICM are required.

IV. CONCLUSION

We have examined both theoretically and experiment
the adhesion of a multicomponent cationic vesicle to an
ionic substrate. The study was motivated by the question
whether the physical description of adhesion of sim
single-component membranes could be generalized to m
realistic multicomponent membranes. The key conclusi
of our work on the simple binary membranes is that if ad
sion induces phase separation inside the membrane, th
quite different form of adhesion takes place which is char
terized by a serious failure of the Young-Dupre´ law and by
enrichment of the adhesion disk in those chemical cons
ents of the vesicle which favor vesicle-substrate bonding

We believe that this second form of adhesion should
tually be more typical for biomembrane adhesion than
first, and that the breakdown of the Young-Dupre´ law should
be essential. The reason is as follows. A single vesicle
liposome in suspension has a tensiong which is essentially
zero. Adhesion of vesicles produces a finite tensiong, in
particular if the vesicle volume is fixed by solute conte
From the Young-Dupre´ law, we would have expected tha
the adhesion-induced tensiong must be of the order of the
specific adhesion energyW. Now, the lysis tensiongL of
vesicles is of the order of 0.1 erg/cm2 @24#. We thus should
expect that adhering vesicles will burst ifW exceeds
0.1 erg/cm2 provided the Young-Dupre´ law holds. van der
Waals forces produce adhesion energies which are less
the lysis tension, and there is no problem. However, a pa
of ‘‘molecular bridges’’ with a reasonable binding energy
10kBT or more, and a reasonable surface density excee
1023 1/Å2, would have a specific adhesion energyW which
would exceed 1.0 erg/cm2. The validity of the Young-Dupre´
law thus would appear to be inconsistent with adhesion
intact vesicles by molecular bridging under reasonable c
ditions. However, we have seen for our model system t
experimentally, the Young-Dupre´ law is actually seriously
violated, and that we can account for this failure by therm
dynamic analysis. The breakdown of the Young-Dupre´ law
produces a ‘‘tension release’’ which does allow formation
adhesive patches withW@gL , with no lysis. Although we
did not find other references concerning failure of t
Young-Duprélaw in the literature on membrane adhesion
is in fact well known in the literature on surfaces adhering
polymers@25#.

We are aware that our conclusions are based on a c
parison between an experimentally measured spreading
sureSand a theoretically computed specific adhesion ene
W, based on a rather simple continuum description. It is
portant to recall that the adhesion energyW was computed
only within a simple DH theory. We have considered corre
tions to the predictions of DH theory using Poisso
Boltzmann theory. Although there are indeed noticeable c
rections, they certainly were not able to account for the v
large difference betweenSandW for the tight adhesion case
Ideally, W would have been measured experimentally its
We are however encouraged by the fact that for the sin
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phase regimeus1u,s2 , the calculatedW value and the mea
suredS value were in good agreement, while the failure
the Young-Dupre´ law, with S/W'1023, in the two phase
region, was very serious indeed. Furthermore, the predic
blister formation and coarsening phenomena are in qua
tive agreement with experiment as is the threshold surf
charges* .

Quantitative verification of the theory would involve
study of the phase-transition boundaryus1u5s2 to monitor
the decrease ofS/W starting at the phase boundary as p
dicted by Eqs.~13a! and~13b!, combined with a quantitative
determination of the specific adhesion energyW, for instance

FIG. 12. Schematic drawing of measuring chamber~a!, de-
signed to change the pH of the aqueous solution inside the cham
via dialysis tubes. The chamber is formed by a teflon frame,
functionalized coverslide, serving as the bottom of the cham
and a normal coverslide as the top. The dialysis tubes~diameter 1
mm, pore width smaller than 0.65mm! are located close to the to
coverslide, and the shortest distance between the parallel orie
tubes is 1 mm. Vesicles which are close to the bottom covers
are observed by RICM~b!. The bottom coverslide is coated with
layer of 95-nm MgF2, which is covered by a 25-nm-thick layer o
SiO2 ~c!. The glass surface is rendered hydrophobic by silaniza
with OTS. Six layers of hairy rods form a 10-nm-thick cushion,
top of which a monolayer of DEPC and NBD-DODA-SA is depo
ited. The charge of the carboxy head groups of the latter can
changed from negatively charged to uncharged, and vice versa
varying the pH of the bulk. This leads to pH-dependent electrost
interactions of this layer with the adjacent lipid bilayer of th
vesicle, which is charged positively, due to the positively charg
lipid DHDAB.
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by use of the Israelachvili force box. Quantitative stud
also will require precise calibration ofs1 . This is currently
difficult due to the fact that the bulk pH level in gener
differs from the pH value close to the surface of the me
brane. The theoretical work could be improved by using
full Poisson-Boltzmann theory rather than the lineariz
Debye-Hückel theory.

We only addressed adhesion-induced phase separati
our study. Other forms of adhesion-induced phase separa
are possible as well. For instance, the van der Waals in
action between substrate and vesicle is likely to favor the
state of the membrane. Another example would be the
mation of Ca21 bridges between equally charged acid
membranes, which is well known to induce the fluid to g
transition of charged lipids@3#. These adhesion-induce
freezings are likely to produce phase separation in a m
component membrane. We plan to address this question
future study.

APPENDIX: MATERIALS AND METHODS

Materials

DEPC ~L-a-dielaidoyl phosphatidycholine!, cholesterol
and DMPC ~L-a-dimyristoyl phosphatidycholine! ~all
>99%! were purchased from Avanti Polar Lipids~Ala-
bama!. DHDAB ~dihexadecyldimethyl ammonium bromide!
~>97%! was purchased from Fluka AG~Buchse, Switzer-
land!. The lipid NBD-DODA-SA ~octadecyl-@NBD-decyl#-
dimethyl ammonium succinic acid! ~>99%! was synthesized
by Ingmar Dorn in our laboratory@14#. Lipids were used
without further purification. Chloroform, methanol and
butanol~all HPLC quality! were purchased from Fluka AG
~Buchse, Switzerland!. OTS ~octadecyltrichlorosilane!, su-
crose @<99.5%, HPLC~high pressure liquid chromatogra
phy! quality# citric acid, sodiumchloride~NaCl! were from
Sigma ~Deisenhofen, Germany!. Hairy rods „poly@~g-
octadecyl-L-glutamate!-co-~g-methyl-L-glutamate!#… were
synthesized by the Wegner group at the Max Planck Insti
für Polymerforschung~Mainz, Germany!. All lipids were
dissolved in a mixture of chloroform and methanol~2:1 vol-
ume ratio!, hairy rods were dissolved in chloroform~0.5 mg/
ml!. In order to adjust the pH, buffers were titrated by 1
NaOH ~pro analysis, Riedel de Haen, Seelze, Germany! and
1-M HCl ~p.a., Merck, Darmstadt, Germany!. For all aque-
ous solutions water of millipore quality~Millipore GmbH,
Eschborn, Germany! with a specific resistance of>18
MV/cm was used. Magnesiumdifluoride (MgF2), siliconox-
ide ~SiO!, and indium tin oxide~ITO!-coated glasses wer
purchased from Balzers~Lichtenstein!. The thickness of ITO
was 120 nm, and the thickness of the coated glass was
mm. Borosilicate coverslides, D26, were products of De
sche Spezialglas AG~Germany!.

The dialysis tubes Accurel~PP, type Q3/2! were pur-
chased from Akzo Faser AG~Wuppertal, Germany!. Before
mounting, dialysis tubes were hydrophylized by pumping
butanol into the tubes for 20 min. By closing one of the
ends, the 1-butanol was squeezed through the tube pore
a second step, water, instead of 1-butanol, was pum
through the pores of the tubes for 20 min, and finally wa
was pumped through the reopened tubes for 5 min.
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Preparation of vesicles

The vesicles were composed of an equimolar mixture
DMPC and cholesterol, to which 1 mol % of the positive
charged lipid DHDAB ~the s2 component! was added.
Vesicles were prepared by the method of electroswelling~the
electrical tension was 0.1 V/cm2, the frequency 10 Hz and
the swelling time 2 h! in water containing 5-mM NaCl and
sucrose, following Ref.@26#. The concentration of sucros
was adjusted to 40 mM. After swelling, the solution
vesicles was diluted by an isoosmolar citric acid buffer, co
taining 5-mM NaCl. The volume ratio of the vesicle solutio
to that of buffer suspension was 1:3.

Preparation of substrate and supported membrane

The glass support was first coated with a 95-nm-th
MgF2 film, and subsequently with a 25-nm-thick SiO2 film.
The MgF2 coating served the increase of the contrast of
interferometric technique~RICM! following Refs. @27# and
@28#. The SiO2 coating was deposited in order to enable t
silanization of these substrates with OTS, which is necess
to generate a hydrophobic surface for the deposition of
hairy rod multilayer. The latter consisted of 6 ML, whic
were transferred from the film balance at a lateral pressur
20 mN/m, following Ref.@28#. This soft polymer cushion
had a thickness of 1061 nm @28#.

Finally, the monolayer of negatively chargeable NBD
DODA-SA ~the s1 component! and neutral DEPC~molar
ratio 1:9! was transfered onto this cushion of hairy rods
dipping the substrate in horizontal orientation through
lipid monolayer, which was spread at the air water interfa
of a film balance. During the transfer, the lateral press
was kept at 20 mN/m.

Measuring chamber

For the experiments the dialysis chamber shown in F
12 was used. The bottom and the top plate consisted of
coverslides, which were separated by a teflon frame form
a volume of 103232 mm3. The hairy rod multilayer and
the lipid monolayer were deposited onto the bottom pl
before assembling the chamber. The two dialysis tubes w
oriented parallel to the long axis of the chamber at a dista
of 1 mm. The bottom plate was assembled below water.
addition of the diluted vesicle solution to the water fille
chamber, the positioning of the dialysis tubes, and the c
ing by the top plate occurred outside. The chamber w
sealed by silicon grease. Before usage, the glass parts
teflon frame, and the mounting chamber were cleaned
subsequent sonification, first in 2% Hellmanex solution a
then in Millipore water, for 15 min each time.

Charging of s1

The experiments were started with uncharged suppo
membranes. At the beginning, the pH of the aqueous ph
was adjusted to a value~typically pH 2.8! well below the
pKs value of the NBD-DODA-SA, which ispKs5460.5 in
aqueous bulk solution. In order to charge the suppor
membrane by deprotonization of the carboxyl head group
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the NBD-DODA-SA lipid, the pH of the outer medium wa
increased by continuously pumping a solution of the sa
composition, but higher pH, through the dialysis tubes. Ty
cally the pH was increased by succeeding pH jumps of
pH units. This increase of the pH is accompanied by
increase of the ionic strength of the buffer, and thus a de
tion of the originally spherical vesicle~of volumeV0). The
change in relative volume v5V/V0 with pH is
d(V/V0)/d(pH)50.13. The contact area of a selected vesi
was observed with RICM, and images were recorded c
tinuously at a rate of 25 images per second. In a sepa
measurement the time evolution of the pH change inside
chamber after pumping a solution with increased pH throu
the dialysis tubes was measured with the help of carbo
fluorescein dissolved in the aqeous medium@29#.
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