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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 substratepWitadgustable surface
charge. Through interferometric methods, we measured the adhesion-induced membrane tension. We find a
dramatic breakdown of the classical Young-Dufaa at higher surface charge densities. The failure of the
Young-Duprelaw 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-Dlgwe Our study demonstrates that
adhesion of multicomponent membranes is fundamentally different from that of single-component membranes.
[S1063-651%98)15610-9

PACS numbds): 87.22.Bt, 64.75tg

I. INTRODUCTION: ADHESION OF MULTICOMPONENT (i) Phase separation of negatively charged lipids due to
MEMBRANES adsorption of positively charged proteins or of polyvalent
cations[3,4,5. The driving force for the phase separation
Biological membranes are two-dimensional multicompo-here is electrostatic attraction. A prominent case is the
nent materials which play a central role as partitioning surC&*-induced fusion of synaptic vesicles with the presynap-
faces in cell§1]. The main constituent material of biomem- tic membrand1]. Protein-induced phase separation of artifi-
branes is amphiphilic phospholipid. In a typical cial membranes is in fact used in a practical manner as a
biomembrane many different types of lipids are encountered¢hromatography methdd].
with a variety of attached alkane chains and a variety of In this paper we present the results of a combined theo-
headgroup ared®], while the headgroups may or may not retical and experimental study of the role of phase separation
be charged. Moreover, biomembranes also contain substafer a process which is of considerable biological importance,
tial amounts of cholesterol and functional proteins. Finally,namely, membrane adhesion. Adhesion between artificial
membrane proteins may penetrate the membrane completedyngle-component membranes is controlled by the competi-
(integral membrane proteinor they may be associated with tion between various interaction potentials: van der Waals
the membrane through a lipid anchor or by physisorption. attraction[7], double-layer electrostatic repulsidid], and
Studies of physical properties of membranes have mostljaydration forces[7]. In addition, entropic—or Helfrich—
centered on single-component monolayers or bilayers, sinaepulsion[8] can prevent adhesion due to thermal fluctua-
such “model membranes” are easiest to characterize. Thiions. Cellular adhesion, on the other hand, is well known to
restriction may, however, neglect important physical pheproceed differently, namely, via formation of small, dense
nomena which are only present in multicomponent mem-adhesion domaingsometimes called adhesion plagues
branes. Numerous experimental studies of the phase behaneceptor-ligand pairs. Specific lock-and-key recognition of
ior of both artificial and natural membrang3 indicate that  receptor-ligand pairs plays a fundamental role for tissue de-
the lipid moiety of the biomembranes is, in general, rathevelopment and immunologjl]. Although suggestive, it is
close to a phase separation threshold or to a demixing pointurrently not known whether adhesion plagues of biomem-
The importance of this observation lies in the fact that prox-branes form through an adhesion-driven form of phase sepa-
imity to a phase separation boundary may allow membraneation.
processes to be regulated in a very flexible way, namely, by Motivated by these questions, we have studied a simple
the formation of functional entities through local forms of model system for the adhesion of a multicomponent mem-
phase separation. Examples are the following: brane in the form of vesicles containing low concentrations
(i) The lipid-mediated aggregation of integral membraneof anionic lipids. The vesicles were placed in contact with a
proteins by the selective attraction of the proteins to certairflat support covered by a membrane carrying a low concen-
lipids [3,4]. The driving force for the phase separation here istration of complementary cationic lipids. The vesicles were
the mismatch in length between the hydrophobic cores of théarge enough to allow us to follow the kinetics of the adhe-
protein and that of the lipids constituting the mixed bilayer. sion process by interferometry. In addition, since both the
anionic vesicle and the cationic flat membrane were simple
binary mixtures of neutral and charged lipids, analytical
* Author to whom correspondence should be addressed. Electrontteatment of both the thermodynamic and kinetic aspects of
address: sackmann@physik.tu-muenchen.de the adhesion process is possible, so that the experimental
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results could be compared with theory. A brief report of our  The kinetics of this decomposition process can be studied
results was published earlif®]. theoretically using linear response theory. Linear response
The positively and negatively charged lipids perform heretheory predicts that decomposition should be accompanied
a dual role: if the lipids are fully mixed and in a mobile state, by the transport of coions and counterions from regions of
they provide an attractive electrostatic interaction potentiagtrong adhesion to regions of weak adhesion by the dialytic
per unit area(at least for spacings large compared to theaction of the membrane. As a consequence, a weak-adhesion
Debye screening lengthAdhesion in this regime is similar  area surrounded by a belt of strong, charge-regulated adhe-
to that of single-component membranes. On the other handjon should trap excess salt. The resulting osmotic pressure
if the two membranes are in close contact the lipids coultshould lead to pressurization of the weak-adhesion areas,
demix, forming dense plaques of anions and cations, whickyhich will be shaped like spherical capélisters”).
could either resemble an array of salt bridges or a two- |n Sec. IIl we present our experimental procedure to test
dimensional Wigner crystal of positive and negative chargesge theory and to measure tiSW ratio. In the supported
Adhesion in this regime could be considered as a simplenembrane we uspH-sensitive cationic lipids which allow
model for receptor-ligand adhesion of biomembranes. Botlys to increase the surface charge density while monitoring
forms of adhesion thus could be realized by our model systhe adhesion area by reflection interference contrast micros-

tem. _ _ _ copy (RICM). By analyzing the membrane at the blisters and
These two adhesion scenarios can be monitored at a fugy the edge of the adhesion disk, we measured the tension
damental thermodynamic level through Young’s law, and contact angle. We then determined the spreading pres-

_ _ sure S using Eqg.(1), and compared it with the theoretical
S=y(1=cosdo), @ value of the specific adhesion energ¥for electrostatically

with Sthe so-called spreading pressiit€], y the adhesion- coupled membranes. We found that upregulation of the sur-
induced membrane tension, antl, the nominal contact face charge density of the supported membrane indeed led to
angle between the vesicle and the substrate. It is customate formation of pressurized blistelsee Fig. 9, as predicted
to identify Swith the specific adhesion eneriy of the two by the kinetic theory. The rati&/W was of order 10° in
membranes. By that we mean thatis the work per unit this regime. At low surface charge densitjes, no blistering
area required to separate the two surfaces for fixed concet@s observed. In this regime, the Young-Dujaw [i.e., Eq.
trations of the materials of which the two surfaces are com{1), with S=W] was found to be approximately correct. The
posed. The resulting expression is known as the Youngcritical surface charge density* separating the two regimes
Duprelaw. We will show that if the adhesion process doesis consistent with the theoretically predicted value quoted in
not lead to phase separation th8rs indeed equal to the Sec. Il.
specific adhesion energy. If, on the other hand, the anionic ~ The results of our study thus suggest that at least for our
lipids segregate out toward the adhesion disk, then th&wulti-component model membrane, there are indeed two
spreading pressure is, as we will show, in general quite diffundamentally different forms of adhesion possib[e. One re-
ferent fromW. By monitoring the ratic& W, we can in prin-  gime, in which adhesion follows the Young-Duptaw,
ciple examine the role of phase separation during adhesiotvhere the phenomenology of adhesion is essentially correct
An important aim of this paper is to demonstrate that meaand one in which the Young-Duptaw is seriously violated
surement of theS/W ratio can be a practical tool to distin- (i.e., S<W), and which is characterized by adhesion-
guish the different forms of adhesion. induced demixing.

Our paper is organized as follows. In Sec. Il we present a
theoretical discussion of the thermodynamic and kinetic as-
pects of adhesion between oppositely charged binary mem- Il. THEORY
branes using a simple continuum theory. Continuum theory
predicts thatight adhesion between membranes in the mixed
state is in general impossiblehe equilibrium intermem- As discussed in Sec. | we need to know the specific ad-
brane spacind™ is on the order of the Debye screening hesion energyV for electrostatic attraction between charged
length. An exception is formed by so-called charge-regulatedurfaces. In this section we will examine the equilibrium
“anionic-cationic membrane pairs,” which have an equalthermodynamics of two oppositely charged membranes with
but opposite surface charge. In this cd5das a molecular the purpose of computing/. Assume the geometry of Fig. 1:
length. Above a—quite low—threshold for the surfacetwo flat, parallel charged fluid membranes that have uniform
charge density, the uniform mixed state is predicted to beurface charge densities;<<O ando,>0. The spacing be-
unstable against phase separation. The phase separationtvigen the two membranes is denotedtyWe will assume
predicted to partition the vesicle into a charge-regulated adthat the aqueous medium inside the gap contains added salt
hesion disk and a charge-depleted exterior section. with a concentratiorc. The dielectric constant of the slabs

Phase separation is not the only possible scenario to ledabrdering the gap is assumed to be small compared to that of
to charge regulation. Changes induced in the ion-dissociatiowater. We will assume that the positive surface charges are
rates of the lipid molecules by the electrostatic potential aranobile while the negative charges are fixed.
well known to be able to produce charge regulation without The simplest method to compute the specific adhesion
requiring any phase separatifiil,12. Charge regulation by energyW s to use the Debye-Hikel (DH) theory. The elec-
phase separation appears to be the route favorable for theostatic force per unit are®(h) between the two mem-
experimental conditions discussed below, but in general bothranes(“disjoining pressure’) was computed by Parsegian
scenarios are possible. and Gingell within DH theory, with the resuli3]

A. Adhesion thermodynamics
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for larger h spacings[14]. Even then, the charge densities
should be considered only as effective quantities.

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

W=—j|*dh P(h). (4)

After a straightforward calculation using E) in Eq. (4),
we find the following simple result:

®)

_Am o5 0p<|oy
—SK

FIG. 1. Two flat, parallel, charged membranes with surface
charge densitiegr; and o, of opposite sign ¢,<0, 0,>0 and ) ) ) ) B
|o4|>a,). The lipids in the lower membrane are fixed, whereasNOt€ that there is anathematical S'ngma_”ty"t op=|oyl.
those in the upper membrane are mobile. The distance between the 1Ne total free_ energy per unit aredg; ;0), for the pair
two membranes i&. The aqueous medium contains gaymbol- ~ ©f membranes is now
ized by (—) and(+)] of concentratiorc.

f(orio= 3, {kBTI [In(oraole)~ 11+ ot —w
01;09)= — |aoi|[In(oiag/e)— ——W.

b(h 81 (02+ 05— 2|0y| o, coshkh) 5 VEET A, e T 0 £K
(== (2 sinh«h)Z ’ @ (6)

The first term on the right hand side of H) represents the
free energy of isolated, charged membranes (i.e., twith
) —), It is the sum of an ideal mixing free energy for the
K2:877e c &) charged lipids inside the membrangsith a, the area per
ekgT lipid) plus the electrostatic self-energy of an isolated mem-
brane, computed using the Debyedkal limit of the
the Debye parameter. In Fig. 2 we show the cuR{). Poisson-Boltzmann free energy. The third term is the work
Attraction corresponds t&(h)<0 and repulsion ta?(h) ~ ©of adhesion. N .
>0. The repulsion for smali values is caused by the effects ~ Equation(2) leads to the rather surprising prediction that
of counterion confinemerfor o,#|c|, we must maintain WO oppositely charged plates cannot properly adhere to each
enough ions inside the gap in order to ensure local charg@ther unless we exactly match the surface charge densities.
neutrality. As we reducé, the osmotic pressure of the con- OSmotic pressure by confined counter ions in general pre-
fined ions grows a&gT|o,+ay|/(eh), providing a repul- Vents tight adhesion unless,=—o,. To check whether
sive pressure which competes with the electrostatic attradhese predictions of the equilibrium thermodynamics are in-
tion. There thus exists aequilibrium spacing T with P(h  deed reliable, we still must requitsermodynamic stability
=1*)=0, which vanishes only whemr,=—o;. It is well Since we are assuming thagl is ﬂxgd, we only have to
known that Eq.(2) incorporates some serious approxima-check the thermodynamic stability with respectd. Sta-

tions. More accurate methods show that B).is only valid  bility is obtained provideds*f/do5>0. Using Eq.(6) we
find that this requires that either,>|o| or thato,<o*,

with o* a threshold surface charge density given by

with e the dielectric constant of water, and

P(h)ﬁ

|
0 ‘\ / ] Suppose we increase the fixed chasgestarting from zero.
| h We then first encounter a thermodynamically stable regime
’ V in the interval 0<|o| <3 (with o3 the, initially uniform,
| cationic surface charge densityf |o4| exceedwg, then the
o, moiety will start to decompose provideng> o*. Fol-
the distancér between two membranes, bearing charge densitjes lowing the usual arguments on phase de.composmon, we
and o, of different sign and magnitude, given by E@). For h must ex_pect ther, membr_ane to dec_ompose into two phases.
>1*, the potential is attractivieP(h)<0], whereas foh<1*, the ~ One with 0,=|oq|—which we will call the “charge-
potential is repulsivg P(h)>0], due to the increase of osmotic egulated” state—and a phase with=o*. The decompo-
pressure of the confined counterions with reductioh.dh the case ~ Sition process can be illustrated by plottif@r,) as a func-
of different charge densitie$d,|# o), ions are always trapped in tion of o, for fixed o, using Eq.(6), where the hatched

the gap in order to ensure local charge neutrality and the equilibregion in Fig. 3 is unstable. Note the cusp in the free energy
rium spacing* vanishes only whewr;=—o. at the charge-regulated state.

. . cxkgT
1 g = 4me (7)

FIG. 2. Electrostatic forcd’(h) per unit area as a function of
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6(2) the boundary between two phases in conféioe adhesion
£(c,) o [t disk and the vesicle exterjpwhich are in chemical equilib-
2 I - >Gy rium with each other. In addition, we also will require that

the phase boundary is in osmomechanical equilibrium. The
first condition is obtained if the chemical potential,
=edf/do, of the two phases is the same. Using E).we
find, for the chemical potentials,

f(o,)
+ + 477 +
mz =KgT In(oz/09)+_— 03 (8a)
FIG. 3. f(0,) as a function ofc, for fixed o;. The hatched for the caser, <|oy|, and
region, limited byo* and|o,|, is unstable, which leads to a de-
composition of theo, (cationig membrane into a “charge- + 4 47,
regulated” phase withr,=|o| and a phase withr,=o*. o5 is m2 =kgT In(oy /o) + e 02 (8b)

the initially uniform charge density of the cationic membrane.

for the cases, >|o|, with co=e/ay. Here,u; and u,

As noted earlier, if ion-dissociation rates are allowed toare, respectively, the chemical potential of the cationic lipids
depend on the electrostatic potential, then charge regulatioof the adhesion disk and of the vesicle exterior. Note that the
also can be achieved without phase separafibh12.  disk chemical potentials, undergoes gumpat o, =|o4|,
Which of the two routes is chosen will depend on whichwhich is due to the cusp singularity of the free energy at the
form of charge regulation leads to the most significant low-charge-regulated state. Precisely at the charge-regulated
ering of the free energy. We will not carry out such a com-state, theo; chemical potentiaj, actually can assume a
parison theoretically, but allow on the analysis of the experitange of values due to this cusp singularity:
ments described below.

We now apply this formalism to examine the adhesion of
a cationic vesicle to an anionic surface with a fixed surface kgT In <u; <k,T In(

. . 4 og EK o1} £K
chargeo ;. We will assume the geometry of Fig. &; is the 9)
cationic lipid density of the adhesion disk of the vesicle, and
oy .is the density of the exterior sectiqn qf the vesicle. TheThis has interesting consequences. Suppose we again in-
vesicle-substrate contact angletts, which is related to the  creasec, from zero. Forloq|< a9, with o2 the initial cat-
radius R of the adhesion disk by sifi.=Rr, with r the jonic vesicle lipid density, the conditiop; =x; simply
yesmle radius. _The adhesmn induced vesicle tensiop 15 reduces too = o5 =2 The cationic lipid density of the
IS a central claim of th[s paper that we aret perm|tteq 0 adhesion disk and vesicle are exactly the same. If we now
involve the Young-Dupréaw [Eg. (1), with S=W] to find increaselo,| beyondo?, thena stays “pinned” at|o],

the equilibrium value of9.. Instead, we will determine the incew’ can assume a wide ranae of values to maich
equilibrium state by treating the edge of the adhesion disk aé Mo ~a g€ . e .
or simplicity assume that the vesicle exterior acts like a

reservoir for o,. In that casep, =¢9 (the initial cationic
surface charge density of the vesjcl€he chemical potential
s =u, = pu, is then fixed by the reservoir at

0'1) 47| o| 0'1) N 47|04

4

0
g
2+ — o0 (10)

EK

,U/ZE kBT |ﬂ( o0

As we increaséo| beyondad, u, remains inside the range
given by Eq.(9), ando, stays pinned ato|.

To impose osmomechanical equilibrium on the adhesion
disk, we must require that the difference in two dimensional
(2D) osmotic pressure across the phase boundary is equal to
the externally applied 2D pressure by the vesicle tension by
e | the principle of virtual work:

FIG. 4. Schematic drawing of a positively chargeid) vesicle,
adhering to a negatively chargéd) substrateo; is the cationic
lipid concentration in the adhesion disk, the cationic lipid con- . .
centration in the exterior section of the vesicle, is the charge COMPparing Eqs(1) and(11), we see that the spreading pres-
density of the substrat& the radius of the adhesion disk of the SureScan be identified as?)(o;)—m?(0y). This is the
vesicle,d, the contact angle between the vesicle membrane and thanalog of the conventional Young’s construction for mem-
substrate, and the adhesion induced tension in the vesicle mem-branes. Alternatively it can be also considered as the 2D
brane.|o,/oq|<1. analog of the standard requirement of osmomechanical equi-

72 (o3)— 7P (0, )=y(1—cos V). (11)
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librium for semipermeable membranes where we equate the o (o) (o) ®
osmotic pressure difference with the hydrostatic pressure dif- o o -
ference © S
- . N
The 2D osmotic pressure?) doesnot obey van't Hoff's + + T +
law, as could have been guessed. It must be deduced from vV () O + 5 © a, ()
1A

the definiton of the osmotic pressuren?) (o)
=o,df/do,—f(0,). If the cationic lipid density of the ad-
hesion disk is less than that of the supported anionic mem-
brane, i.e., ifaz+<|ol|, then Eqgs.(5) and (6) give the fol-
lowing free energy area densityo, ) for the adhesion disk:

<_..
o

z=0 —

O
@@@ c (b o h(T’;t)e®—>

277(0';)2

EK

+ keT + +

f(oy)=—o0,[In(o,a,/e)—1]— +C, . _ _
€ FIG. 5. Scenario of two adjacent, oppositely charged, mem-

(129 branes. The supported membraneat0 is assumed to have fixed
. surface charge&harge densityr;), and to be impermeable to both
where we only display the dependence of the free energyater and salt ions. The minority charged membrane surface charge
density on theo, moiety [so the constanC in Eq. (128 densityo,(F;t) is assumed to be permeable to water but not to salt
depends orry]. The corresponding osmotic pressure is ions. " is a coordinate in the plane of the supported membrane.

vy(F;t) denotes the flow field parallel to the supported membrane,

7T(z)(a+) kT ‘7_; _ 277(05)2_ C of< |0_ | c(r;t) the ion concentration in the gap between the two membranes,
2 Bl e eK ! 2 1l andh(r;t) their distance.
(12b
. a7 0
Note that the osmotic pressure has been lowered compared to S= PCET lo1| <oy, (1339

van't Hoff's law due to the electrostatic interaction. If we

view Eq (12b) as a virial expansion, then the second virial which is equa| to the Specific adhesion eneWyfor |Ul|
coefficient is negative and equal B= —2m/s k. The elec- <4, according to Eq.(5). For |oy|>03, we can set

trostatic interaction thus has destabilized the adhesion disk i9+

_ - 0 ayn .
this regime. On the other hand, if the cationic lipid density Ofsérezl(;ﬂga:rigszure()-z. Under these conditions, we find &
the adhesion disk exceeds that of the supported anionic
membrane, then Eq¢5) and (6) give o0 X Ug
S=W— — (|o1|— 0%+ kT — In(—)
kg T €K e |oq]
f(o,)= o o, [In(o;ya,/e)—1]

B
+— (oal=0%), |ou>03, (130

2a(oi)? 4 2
L 2m(03)? dm(o)? |

EK

C, (120

eK that is not equal to WWWe again treated the vesicle exterior
as a reservoir. This expression can only be valid |y

with the constan(C the same as in Eq12a. The corre-  comparable tard, since, for|o,|> a3, the vesicle exterior

sponding osmotic pressure is

or 2m(a))?
_%+_Li_

w<2>(a;)=kBT( S

EK

4m(oy)?

EK

—C, (120

oy >0y

The second virial coefficient is now positive, so, fop

>|o4|, electrostatics stabilizes the adhesion disk. Note th

there is a jump in the osmotic pressuresgt=|a4|. Finally,

for the cationic lipid density outside the adhesion disk, we
must seW=0 in Eq.(6), and we find, over the whole range,

a positive second virial coefficient:

277(0'2_)2

EK

7(07)= kg(%) + —c. (12

Once again, we increase, from zero. In the stable interval

0<|o4| <09, we found thar, = o, = 03. Using Eqs(12d)
and(12e in Eq. (11) givesS= y(1—cosd,), with a spread-
ing pressure

will be depleted in anionic lipids and no longer can act as
reservoir. The specific adhesion enengy:4wa§/(s;<) in

Eq. (13b) is that of the charge-regulated state of the adhesion
disk o0, =|o1| computed at a fixed concentration. Compar-
ing Egs. (138 and (13b), we see thato|=c¢3 marks the
onset of breakdown of Young-Dupreelation. For |o]
>ag, the spreading pressui®is in generallessthan the
work of adhesion due to the reorganization of the lipids in
atlhe adhesion disk.

B. Adhesion kinetics

To examine the kinetics of the adhesion process, we will
use a simplified set of hydrodynamic equations of motion for
the conserved fields in our problem: the salt concentration
c(r;t), the minority surface charge densiiy(r’;t), and the
flow field o =[v,(F;t),v,(F;t)], with F a direction vector in
the plane of the membrari€ig. 5. We will assume that the
majority-charged membrane a&=0 has a fixed surface
charge densityr;, and that it is impermeable to both water
and salt ions(see also Fig. 1l The o, minority-charged
membrane ax=h(r;t) is assumed to be permeable to water
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but not to salt ions. The permeability for water will be de- 1. Uniform relaxation

noted by\. Both membranes are assumed to be circular with

a radiusR. At time t=0, the majority surface charge density

o is upregulated from zero to a finite valle,|> o, with
01<0 ando,>0, as before.
The hydrodynamic equations we will use are

\Y oh D.V2 14
E-ﬁ-vn' C+hE— sV°C, ( )
02 _ "2 G (% 15
T kT T2V ) (19
V2 =VP. (16)

Equation(14) is the advection-diffusion equation, witB¢
the diffusion constant of the sdlive neglect variation of in
the z direction. The origin of the term ¢/h)oh/4t in Eq.

(14) is understood by noting that, in the absence of diffusion 7-1%1/ ()\ 9P

and flow, the productch must remain constant: ih

decreases—by solvent permeation—tltemust increase as
1/h due to the impermeability of the membranes for the sal

ions. In that casegc/dt= —c/hgh/dt. Adding transport by
advection and diffusion gives El4). Equation(15) is the
diffusion equation(in two dimensionp for the minority-
charged surfactant molecules, wi[In,,2 the diffusion con-

stant. The chemical potential

Py 7

Mo,=€ doy f(o1,07)
is found from Eq.(6), but where we now allovh to differ
from 1%,

02

4meo, 8we|dy|
?ao + -

fo,=KgT In e <" (18

EK EK

assuming<h>1. Finally, Eq.(16) is the equation of motion
for the solvent fluid in the Stokes approximation, wijtthe

viscosity. The boundary conditions for the solution of Eq.

(16) are

v],-0=0, (19

which expresses the impermeable nature ofzth@® surface,
and

dh
__Uz|z:h:)\{P(h)+kBT(C_CO)},

at (203

vil—h=0. (20b)

Equation (20a describes permeative transport through the

We start by assuming that, andh are independent o:f,
and study howh(t) depends on time following upregulation
of o4 att=0. The initial valuehy=h(t=0) is assumed to be
large compared to the new equilibrium spacifid
=k 1 In(loy /o)) [found by settingP(h)=0 in Eq.(2)]. The
relaxation ofh from hy to 1* follows a two time scale sce-
nario. First,h can relax rapidly via solvent permeation to a
state of local mechanical equilibrium. By this we mean that
the electrostatic and osmotic pressures on the minority
charged membrane are in balancehliand ¢ are, respec-
tively, the spacing and salt concentration of this state, then
P(h)+kgT(c—cg)=~0. (21
This is anonconservegrocess requiring a relaxation time
of order

“h (22)

which is independent of the disk radiis(see Fig. 4. Since

we do not allow flow or diffusion to contribute to permeative
relaxation,ch must be constant, so=c; with ¢;=cghg/h.

The second type of relaxation involves diffusion and flow,
which are slower, conserved processes. Solute diffusion from
the region of the gap to the surrounding fluid is driven by the
concentration gradientc(- c,)/R. Similarly, hydrodynamic
flow from the gap region to the ambient fluid is driven by the
hydrodynamic pressure gradieht-P(h)]/R (setting the
pressure in the ambient fluid to zerd@oth processes allow
excess salt ions to escape from the gap regions. The time
scale for diffusive relaxation> is

72 (1/Dg)R?, (23
while, for hydrodynamic relaxation,
H U 2

TZ“(hle’(h)l)R ’ @9

using the classical result of Reynolds on flow from between
two plates pressed together by an external force. We will
assume the disk radiuR to be sufficiently large sor;
<7>'", which implies that the membrane remains in local
mechanical equilibrium during the relaxation process.

It is helpful to illustrate the two step relaxation process in
a qualitative manner, for the case that theprocess is due to
diffusion. Suppose we start &&=0 with h=hg. After up-
regulation of|o4|, the new quasiequilibrium state with
=h, is found from Eq.(21):

P(hy)+kgTcy (25)

ho
h—l—l)—o.

membrane. The second term inside the brackets is the excess
osmotic pressure due to salt ions trapped between the mer#/e can construch; graphically from the intersection of
branes, withc, the salt concentration of the surrounding res-P(h) with the curvekgT co(1—hg/h) [Fig. 6@]. The excess

ervoir. Equation(20b) states that we do not allow flow inside osmotic

pressure inside the gap is nowAm,

the membrane. In the following we will discuss the hydro- =kgTcy(hy/hy). Next we keeph fixed ath,, and allow
dynamics, using only gqualitative methods aimed at providingdiffusion to remove the excess salt from between the mem-

physical insight into the adhesion process.

branes, requiring a time,<R?/D. As a result the membrane
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(@) kT c oo(f ) =0yt a' (F 1), (26b)
P(h) KpT co(l—hy/h) h(r,t)=h+h'(r.t), (260
0 e with ¢'/c, o'lo, andh’/h infinitesimal.
| / We insert Eq(26) into the hydrodynamic equations under
the following assumptions(i) no hydrodynamic flow, and
“T | T T . (i) local mechanical equilibriunjso Eq.(21) also remains
I hy h valid for the perturbed fieldsWe will include effects(i) and
(i) below. After linearization we find
(b) ac’ c| ac’
| kpT <o —+(= — =DV, (273
at h/ ot
P(h) kgT co(l—hlll})
] et do’ e w2 -
0 e TZDUZV o +eAcD02V h', (27b)
l
T T v T T T 1 1 (9P h,+(9P !+kT I_O 27
1* hy h %F O,’T‘_Z_O'Z glC =0. (270
g2
Here
(c)
7 kBT Co

- D =D (1+ 47760_2)
P(h) "_,.A::::kBT Co(l—h;}l;) 72 72 EkBTK

(28)

is the effective single-layer surface diffusion constérs.,
including electrostatic self-energy effectghile the constant

L T T 1 87T|0'1|;2 _KF
Phghy  hy by h A= T © 29
FIG. 6. lllustration of the relaxation process of the spading has units of concentration. The average valwesdh here
between two membranes with; <0 ando,>0 to the new equi-  are actually time dependent, as discussed in Sec. 11B 1, but
librium spacingl™ after a jumpwise increase ¢f|. Immediately  ajways connected through the condition of local mechanical
after upregulation ofo,|, the distancen between the two mem- equilibrium, Eq.(21). Using Eq.(2) with o,<|o,| in Eq.
branes is reduced from, to hy. P(h,) is counterbalanced by the (22) allows us to simplify Eq(270 to
excess osmotic pressure inside the gap,, =kgTcghg/hy. This
quasiequilibrium state can be constructed graphically from the in- 2(?— Co)—Ac (AC) ( o-é) ¢/
tersection ofP(h) with kgTcy(1—hgy/h) (a). After diffusion of the ——(kh") = | — || =] + (—) =0. (30
excess ions out of the gap the spacihgs further reduced to the Co Co/\ 02 Co
quasiequilibrium state with=h,, which is found graphically from

the intersection oP(h) with kgTcy(1—h;/h) (b). Repeating this

We look for solutions to Eq(27) of the forms

graphical construction gives a succession of spaciigs - ont4id
=hy,hy,hs,..., which approximate the equilibrium state=1* for c'(r,t)y=cqe a1, (313
largen (c). . .

o' (rt)=gqe” @ tiar, (31b

is out of mechanical equilibrium. The new mechanical equi-
librium stateh, is found by constructing the intersection of h’(F,t)=hqe‘wqt+‘d‘F. (310
P(h) with kgTce(1—hy/h) [Fig. 6b)], producing a new

excess osmotic pressurdm,=kgTCo(h1/h;). Repeating  Stability requires that only solutions with,>0 exist. In-
this graphical construction gives a succession of spacingserting Eq.(31) into Eq.(27) leads to

h,=hy,h,,hs,..., which approximate the equilibrium state
h=1* for large n [Fig. 6(c)]. Note that the excess osmotic

c
pressure first increases and then drops. (—wqtDs8?)Cq—wq %)hq=0, (329
2. Linear-response theory
. . . _ (—wq+DSY?)oq+eAcD, g?h,=0, (32b
To examine the stability of this uniform relaxation pro- 2
cess against small perturbations, we expand
Ac [og| Cq
- - I'(khg)—— :)+—=O, (320
c(r,t)y=c+c’(r,t), (264 Co \o2) GCo
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FIG. 7. Decomposition process of the minority charged mem-

brane. The supported membranezat0 bears a homogeneous ma- £ g | ate stage of membrane decomposition. At the patches
jority charge densny(rl_. The fluid minority charged ¢7) mem- _of enriched charge densityrp= — o) the membranes are in close
bre_me decomposes mto patc_hes of enriched charge de_ns'%ntact. Solutes are enriched and trapped in the gap between the
(with o,=—07) and into regions of reduced charge density two membranes at the areas of depleted charge densjty ¢*).

(with o,=0™), where the solutes are enriched and trapped beys causes osmotic pressurized “salt bubbles,” which form
tween the memb_ranes.quq charaptenzes the wavelengths of the spherical caps of radiug,, . r is the radius of the disk of the bubble,
unstable undulation modes of heighy. Y. the contact angle, measured at the intersection of the bubble
membrane with the supported membrane, gndhe adhesion-

with I'=[2(c—co) —Ac]/co. The onset of instability is j,qyced tension of the minority charged membrane.

marked by the appearance of solutions to B9 with o,

=0. Such solutions appear when by permeation and flow in proximity of a flat surface at a

eAc? (D, distanceh was computed—for a similar set of hydrodynamic
M+ —— D_ez =0. (33)  equations—by Lennon and Brochgitb], with the result
Co o
? 3
This condition can be simplified using Ed4), (9), (28), and wR=NK g%+ ¢ K.q°®, (37)
(29). Define a critical spacing 127
ho—[* 4 1 | 20" (34) with K the Helfrich bending modulus of the membrane. The
c pad oyt a*)’ complete spectrum of the unstable mode rteah, is then

3

Forh> h. only positivew solutions exist, while an unstable h
Q2+ NK g4+ ch K.q% (39

he—h!
mode appears fdi<h.. The quantityc™ in Eq. (34) is just w(g)= —aDgz(ch—
the o, stability threshold encountered in Sec. Il A. The un- ¢
stable mode foh<h, has ag? spectrum,

with « a numerical constant. The wave vecipf of the

h,— unstable mode foh, close toh is thus
U)(Q)E_Doz( h )qZ (35)
c D, (h.—n]Y2
Note that the instability only can appearf is greater than q* o )\Kz ( Ch ” ) (39
- . . . . . . Cc Cc
|* —the equilibrium spacing. This condition is equivalent to
demanding thatr, must exceedr*. We thus recover the N
result of equilibrium theory that,= o* is the stability limit. 3. Late-stage decomposition
The structure of the marginally stable mode, wii(q) =0, The later stages of the membrane decomposition process
follows from Eq.(32), can be inferred from the nature of the unstable meske
Fig. 8 and our earlier discussion. Those parts of the mem-
Do, brane which are enriched in positive charge will come into
Tq~ _eAC(D_fr) hg. (36) contact with the substrate. They are expected to have a sur-

face charge density,=|o4|, as follows from the discussion

while c,=0. The concentration fluctuation is thus out of of the equilibrium adhesion energy.
phase with the height fluctuation. As shown in Fig. 7, this The regions which are depleted in cationic surfactant ma-
means that the regions of excess charged surfactant are claseial are prevented from adhering material to the substrate
to the(oppositely chargedsupport, while regions depleted in by the added solute trapped between the membranes. We
charged surfactant are moved further away. Note that, evetius expect the formation of charge-regulated adhesion areas
thoughc,=0, there are more trapped salt ions in the chargeinterspersed with a weak-adhesion area, with=o™ cap-
depleted regions than in the charge-enriched regions. turing excess salt. The initial size of these regions will be of

In the preceding analysis we neglected deviations fronorderg* ~. These salt bubbles, or “blisters,” as we will call
local mechanical equilibrium—which involve permeation them, should be pressurized due to the osmotic pressure of
[see Eqg. 2()] and hydrodynamic flow. Both effects lead to the excess salt. The excess hydrostatic pressure should obey
relaxation. The relaxation rate® of a deformed membrane Laplace’s law
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AP==" (40)

with R, the curvature radius of the blister. The three-
dimensional excess osmotic pressurer(®) of the blister
should equalAP. The blister thus should have the shape of a
hemispherical cap. The contact angle between the caps
and the substrate should be determined by the same type of
arguments which leads to Young's law

S=y(1-cosd,), (41)

and we expeci), to be equal to the contact angle between
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 osmotic
pressures inside the blisters should be inversely proportional
to R,. This process should lead twarseningphenomena:
small blisters will be adsorbed by large blisters, leading to a
growth of the mean size. If two blisters come into close
contact, then the smaller blister must drain into the larger
blister, either by hydrodynamic flowdriven by the differ-
ence inAP values or by diffusion(driven by the difference
in A7r valueg. The mean blister size should grow with time.
Similar phenomena are well known from studies of the evo-
lution of foams[16].

Ill. EXPERIMENTAL TESTS AND DISCUSSION

A. Evolution of blistering

Figures 9a) and 9b) show typical RICM images of a
cationic vesicle close to an anionic substrate at pH 2.8 and
4.5, respectively. The detailed description of the system and
the preparation procedure are described in the Appendix. The
vesicle contained 1 mol% of positively charged dihexade-
cyldimethyl ammonium bromldéDHDAB), and the ) Typical RICM image of a positively charged vesicle,
ported membrane 10 mol% of negatlv_ely charg_egble I_'p'q/vhich is electrostatically attracted to a negatively charged substrate,
octadecylENBD-decyl-dimethyl ammonium succinic acid 4 hii 2 8(a) and pH 4.5(b). At pH 2.8 the vesicle exhibits a small

(NBD-DODA-SA) [17]. The outer solution of the vesicle homogeneous contact area, whereas at pH 4.5 the increased contact
contained 5-mM sodium chlorid®laCl) and 10-mM sucrose area shows a large number of domains, exhibiting two or three

and citric acid, which was isoosmolar to 30-mM sucrose iffraction fringes. The vesicle contained 1 mol % of positively
The inner solution contained 40-mM sucrose and 5-mMcharged DHDAB, and the supported membrane 10 mol % of the
NaCl. negatively chargeable NBD-DODA-SA. The pH was adjusted from
At pH 2.8 (0y=0), the vesicle exhibits a small and ho- the initial 2.8 to 4.5, by incremental steps of 0.3 pH units. Simul-
mogeneous adhesion disk, with a large number of diffractionaneously, the volume of the vesicle was reduced by a factor 0.22,
fringes, indicating that the contact angel is small and thags described in the Appendix. The dark lines mark the sections
adhesion is weaksee Eq.1)]. Weak adhesion is also sug- along which the surface profile was analyzed. Note that the blister
gested by the fact that pronounced flickering of the vesicle i$1 the center of contact area @) was induced by a small lipid
observed, indicating a low vesicle tensignAt pH 4.5 we particle trapped on the surface of the supported membrane. Within
find that the adhesion disk decomposes into blisters sufthe resolution of RICM, no nucleating particles could be detected at
rounded by regions of strong, close adhesion. Flickering ié€ Sites of the other blisters.
supressed, indicating that the vesicle is under appreciable
tension. For a quantitative evaluation of the time evolution of blis-
The full scenario of blister formation is shown in Fig. ters, the reduced area of blistets,, and the reduced num-
10(a) for the case of a change in pH from 4.1 to 4.5. Accord-ber of blistersn,, was determinedy,, is defined here as the
ing to separate experiments,pdd change is accomplished ratio of the sum of the areas of the blisters to the total area of
within about 20 min. The sequence of images shows thathe contact zone. The membrane area of the blisfgys,is
during the increase of the adhesion area, blisters form spomstimated from the blister radius in the contact zanend
taneously both within the adhesion disk and at the leadinghe heighth of the blister, according t8,= 7t \r2+h?. The
front of the spreading vesicle. value of h was obtained by analyzing the RICM interfero-
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(a) blister formation
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FIG. 10. (a) Scenario of blister formation during an increase of the contact area after an increas@Hfftioen 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 thébyd3eienstration of
fusion of blisters 14 min after formation. The time interval between the frames i€l Rlot of the time dependence of the reduced number
of blisters (crossey and the reduced contact area of blistécscleg after increasing thepH from 4.1 to 4.5 inside the dialysis tubes
(indicated by the steplike lineThe pH inside the chamber is adjusted to the new value within 20 min, following an exponential fudction
Nardi (unpublishedi].

grams.n,, is the actual number of the blisters divided by the of such an analysis for the outer rim of the vesicle is shown
total area of the blisters. As shown in Fig.(&¢ the reduced in Fig. 11(a) for the case of the weakly adhering stapeH(
blister area«,, (open circles increases monotonically with 2.8). The vesicle contour is straight far from the contact line
time, and reaches saturation after 12 min. In contrast, the, as should be expected for adhesion of a tense vesicle.
reduced number of blisters, increases sharply to a maxi- Close to the contact line the membrane is bent and goes
mum, and decreases again with increasing time. The latteamoothly over into the adhesion digR0]. The slope of the
finding is a consequence of the fusion of the blisters, whictiangent of the straight section defines an effective contact
is demonstrated in Fig. 10). A closer inspection of a num- angle J., which enters in Eq(1). The distancex between
ber of fusion processes shows that smaller blisters alwayshe intersection of this tangent with the horizontal axis and
drained into larger blisters, as predicted by the theory. Thishe contact lineL defines a crossover length which is
fusion behavior of the pressurized blisters is indeed reminisrelated to the bending modulils. and the membrane tension
cent of the fusion of interconnected soap bubbles. This dey by [21]
scribed evolution of blisters may underly the blisterlike pat-

. . 1/2
tern, which has been observed in contact area of = ( Kc)

erythrocytes, which were agglutinated by polylys[dé]. v

5 (42

B. Analysis of contour—measurement of spreading pressure The physical meaning of is that membrane deflections at

Following a procedure reported previousfjl9], the length scales larger than are dominated by tension and
spreading pressurg, defined in Eq.(1), is determined by deflections at scales smaller thanby membrane bending
simultaneous measurement of the contact amgleand the  rigidity. Since the bending modulus of the membrane can be
adhesion-induced membrane tensigibased on the analysis measured in a separate experim@ng., by flicker spectros-
of the contour of the membrane surface at the rim of thecopy[22]) the spreading pressu&now can be obtained by
adhesion disk and of the blisters, respectively. An examplseparately measuring and J.. In the following we will



6350 J. NARDI, R. BRUINSMA, AND E. SACKMANN PRE 58

height [nm]

height [nm]
N
o
o

I I ! I T T
500 1000 1500 2000 2500

fom] >

FIG. 11. (a) Contour of the vesicle near contact liheas obtained by analyzing the interference pattern of the RICM micrograph shown
in Fig. 9a) along lineE,, which is perpendicular to contact line The crossover length and contact angle), are defined as shown
graphically.(b) Reconstruction of the surface profile of a blisteircles as obtained by analyzing the interference pattern of the RICM
micrograph shown in Fig.(®) along line 1. Crossover lengthis defined by the distanc®B. A is the point on the contact lile where the
vesicle membrane starts to curve away from the substrateB @the intersection of the base lie with the circle segment (radiuR,)
fitted to the central part of the blister surface profile. The contact afigle the angle at the intersection of the base kand the tangent
of the fitted circle at poinB.

b

—_
=

use for the value of K, that of a 1:1 ing an area per lipid of 100A. The charge density of the
L-a-dimyristoylphosphatidylcholine (DMPC)-cholesterol  supported membrane at pH 2.8 45~ —1.6x10 ° C/n?.
mixture: K.=10"18)/m? [23]. The values ofS obtained in  [9]. The resulting raticS/W of the spreading coefficient to
this manner by analyzing the contour at the rim of adhesiorthe specific adhesion energy is th&iW=~ 1.5 for the case of
disk at pH 2.8 and 4.5 are given in Table I. For comparisonweak adhesion, an8/W~10"3 for the case of tight adhe-
we also present the calculated values of the specific adhesiaion.

energy per unit areaW, using Eg.(5). For pH 2.8, 0, Next, we performed a contour analysis of the blisters.
>|o4|, and we can directly use Eq(5) with W  Figure 11b) shows a reconstruction of the surface profile
=(47r)a§/(s;<). For pH 4.5, wheréo ;| >0, we are in the (circles along the section through the center of a blister at
regime of charge regulation with; =|o4|. If we would pH 4.5[denoted by 1 in Fig. @)]. By following the time
compute the work of adhesion at a fixed surface chargé&Vvolution of the shape of the blisters from the onset of blister
|os|=|o1| we would again findW=(47)c?/(sk). If, on  formation to the state shown in Fig. 9, we found that the
the other hand, we would let the mobile charges relax duringhape always is that of a spherical cap in the center, but
the separation of the surfaces, thatwould be reduced due €xhibiting a smoothly curved transition into the tight adhe-
to the electrostatic free energy cost of concentrating the

charges in the adhesion disk and the corresponding entropic TABLE II. Characteristic parameters of blisters 1-4 in Fig.
free energy cost. This leads to a similar adhesion eng/gy 9(b). The parameters are radif,, contact angled., crossover
=(27) 0.5/(8,()’ which is reduced by one half. For the case'?”gth \, adhesion-induced membrang tensi;@rspreadipg coeffi-

of a vesicle containing 1 mol% dpositively) charged lipid, cient S Laplace pressurAP, and enriched concentration of ions

o e — Ac in the blister caps. For comparison, the corresponding values of
=1.6x10° - arsor (
the cationic charge density ts,=1.6x10"> C/n¥* (assum the contour at the edge of adhesion disk along se&ipare added.

TABLE |. Adhesion energyW and spreading coefficier8 as

obtained by analysis of the contour of the adhered vesicle, at pH 2.8 Blister No. 1 2 3 4 Eq
along sectiorE, [Fig. Ya)] and pH 4,5 along sectidg, [Fig. Ab)]. Ry (4m) 1.6 16 20 24
The last column gives the ratio &W. 9, (°) 45 45 38 a1 32
pH g 45 N (nmﬁ)6 360 470 447 466 465
y (1078 J/nP) 7.0 4.5 5.0 5.0 45
S @/m) 45x10°8 9x 107 S (1078 J/n?) 2.1 1.4 1.1 1.3 0.9
W (J/n?) 3x10°8 1.5x10°* AP (N/m?) 9 6 5 4

SIW 1.5 6x10°3 Ac (107 M) 3.6 2.4 2.0 1.6
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sion area. The blister sizdottom diameter and heighin- Measurement of contact angles 9y values in this regime
creases both with pH and with time. For evaluation of blis-simply reflects the membrane demixing and gives no infor-
ters in terms of the crossover lengttand contact anglé.,  mation at all concerning the specific adhesion energy. We
the following procedure was applied. A circular segment ofconclude that foto,| large compared ter,, the S/W ratio
radiusR,, was fitted to the central part of the reconstructedmonitors the enrichment of the adhesion disk of a vesicle

blister cap. The contact anglé. was determined as the following adhesion-induced phase separation.
angle of intersection of the base lidenoted asX-Y) and

the fitted capgFig. 11(b)]. The crossover length was the

distance between this point of intersectiolenoted a®) and C. Long time stability of blisters
the point where the membrane starts to curve away from the d heck the | . bility of bli hich
base line(denoted ag). In order to check the long time stability of blisters, whic

In Table I, the results are given for a number of analyzedVere formed after adjusting the pH to the constant value 4.5,
blisters[denoted in Fig. @) as 1-4 at pH 4.5 exhibiting the contact area was observed for 4 h. During this time the
radii R, from 1.6 to 2.4um. By using Egs(1), (42), (43),  Dblisters remained spherical caps. This suggests that the ions
(44), and (45), we obtained the adhesion-induced tensjon are trapped in the blisters at least over this time scale or
of the membrane, the Spreading presﬁrme Lap|ace pres- |Onger. This observation enables us to obtain an upper limit
sure across the blister membrah®, and the enriched con- Of the spacing between the two adhering membranes under
centrationAc = c;,— C,, Of Solute inside the blisters, as com- conditions of charge regulation. According to Fick's law, the
pared to the surrounding medium. For comparison, we alséate of change of the total number of moleculeBN(dt),
included the results of measurements at the rim of the adhdt@pped in the blisters, is of the order of
sion disk[line E; in Fig. Ab)].

The ac[ihesioé—indu?:eg(tt)a]nsiqnof the membrane in the dN/dt=DsoAc(t=0)hgap. (46)
blister(as was found to range from &30 ° to 7.0
e e g o WeISDays e fusn consant o 1 soluhy s e
those at the rim of the adhesion disk, where we foynd intermembrane distance, addt(t=0) is the initial concen-

~4.5x107° andS~0.9x 10~® J/n?. The uniformity ofyis ~ Uauon difference of ions trapped in the blisters.
an important result, because it shows that the tension This means thaAc(t)=Ac(t=0)e """ must decay expo-

throughout the inhomogeneous membrane is constant, as ghentially in time with a time constant=Vg/(Dsogap,

pected for a fluid membrane. If tension gradients wereWith Vg the blister volume. Using a typical diffusion con-

present, there would be tension-induced transport of lipid ?tantDSO'% 1_00"”"2/5 for the sucrose, citric acid, and salt
until a homogeneous tension was reached. Physically, therlgrlsg’ we4f|nd that the condition thatr must exceed
appears to be little difference between the contact line an 0. ._l.(T S demands. theltg,, must be. of the order of A,
the rim of the blisters. We found in this way that for pH 4.5, his is in agreement W'.th our assumption that the two mem-
the ratioS/W is of the order of=10"2 both for the outer rim branes adhere closely in the charge-regulated state.

and for the blisters. The spreading pressure in this regime is
apparently completely unrelated to the specific adhesion en-
ergy W.

The physical interpretation of the rat®y and the con- Blistering is only expected if the minority charge density
tact angled, is in fact quite different in the regime ¢t,| o, exceeds the thresholg* = exkgT/4me [see Eq(8)]. As-
large compared to,. Suppose we assume that the adhesiorsuming an area of 100%Aper lipid, a dielectric constand
disk exhausts all of the anionic lipids. Then we must demand= 80, a Debye screening length of 1=62 A? (correspond-

ing to an ion concentration of 5 mMthe thresholdo*
7R?|oq| = 47209, (43)  would correspond to a molar fraction of=7x10"* of
charged lipids. In order to test the prediction thatrif ex-
with r the (original) radius of the vesicle andg the original  ceeds this threshold then decomposition and blistering takes
cationic surface charge. Since sig=R/r it follows from  place, we performed the following experiment:. DMPC—

D. Threshold charge densityo™

Young's law[Eqg. (1)] that cholesterol vesicles containing molar fractions »f7
X10°%, 7x10°4 7x10°3 and 710 2 of the charged
S/ly=1-1—(R/r) (44)  lipid DHDAB, corresponding to charge densities of &1
lo*, 10c*, and 10@*, respectively, were prepared, and
Eliminating the ratioR/r by Eq.(43) gives their adhesion on the supported monolayers, containing 10%
of NBD-DODA-SA was examined following g@H jump
Sly=1—\1—40%|04|. (45  from pH 2.8 to 4.5. For DHDAB molar fractions of=7

X104, 7x10 % and 7x10 2, blisters were formed for
The S/y ratio is then simply set by the concentration ratio vesicles with contact areas larger than+Z5um? For
ool|ay| of the surface charges. To verify this claim, notevesicles with smaller contact areas, no blisters were ob-
that, for pH 4.5,/0;|~1009 since the NBD-DODA-SA to  served. For the molar fraction of DHDAB of=7x10"%,
DHDAB ratio is roughly 10:1. The value @/ y predicted by no blistering was observed. This appears to agree with the
Eq. (45) is then 0.22, while the measur&fly value of Table theoretical predictions, but for these vesicles contact areas
Il gives anS/y value of 0.20 for pH 4.5, in good agreement. larger than 25 5 xwm? have not been observed and the mea-
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surements do not allow one to determine the threshold colphase regiméo;|<o,, the calculatedV value and the mea-

rectly. Techniques with a higher lateral resolution thansyreds value were in good agreement, while the failure of
RICM are required. the Young-Duprdaw, with SSW~10"3, in the two phase
region, was very serious indeed. Furthermore, the predicted
IV. CONCLUSION blister formation and coarsening phenomena are in qualita-

. . . tive agreement with experiment as is the threshold surface
We have examined both theoretically and experlmentallychargea*

the adhesion of a multicomponent cationic vesicle to an an- o antitative verification of the theory would involve a
ionic substrate. Thg study was _motlvated by 'Fhe question °§tudy of the phase-transition bounddy,|= o, to monitor
whether the physical description of adhesion of simplehe decrease o&/W starting at the phase boundary as pre-

single-component membranes could be generalized to moigcted by Eqgs(13a and(13b), combined with a quantitative

realistic multicomponent membranes. The key conclusiongletermination of the specific adhesion enevdyfor instance
of our work on the simple binary membranes is that if adhe-

sion induces phase separation inside the membrane, then a(a) 2 mm
quite different form of adhesion takes place which is charac-
terized by a serious failure of the Young-Dupasv and by >
enrichment of the adhesion disk in those chemical constitu- :
ents of the vesicle which favor vesicle-substrate bonding. El

chamber

coverslides

dialysis tubes
»— teflon frame

We believe that this second form of adhesion should ac-
tually be more typical for biomembrane adhesion than the
first, and that the breakdown of the Young-Dupa® should =
be essential. The reason is as follows. A single vesicle or
liposome in suspension has a tensipwhich is essentially ®)
zero. Adhesion of vesicles produces a finite tensjorin
particular if the vesic]e volume is fixed by solute content. /
From the Young-Duprdaw, we would have expected that \
the adhesion-induced tensignmust be of the order of the
specific adhesion energy/. Now, the lysis tensiony, of
vesicles is of the order of 0.1 erg/éf4]. We thus should
expect that adhering vesicles will burst W exceeds /
0.1 erg/cm provided the Young-Dupréaw holds. van der \

Waals forces produce adhesion energies which are less than / \

the lysis tension, and there is no problem. However, a patch © \ contact area
of “molecular bridges” with a reasonable binding energy of
10kgT or more, and a reasonable surface density exceeding
103 1/A?, would have a specific adhesion enekyywhich somported membrane
would exceed 1.0 erg/(ﬁnThe validity of the Young-Durjre .................................... R NED-DODASA (tsenstve,
law thus would appear to be inconsistent with adhesion of : .

vesicle

___— vesicle (€70 um)

,,/X/
\
\
(X,y) | supported membrane

sandwich structure:
4 MgF,, SiO,, OTS, hairy rods

b2 )\ Qw
/\

/N

— cover slide
objective

| 1=l 1= 1(h)

__— vesicle membrane
- 4= DHDAB ( charged +)

O== DMPC/ cholesterol

O== DEPC
intact vesicles by molecular bridging under reasonable con- ~ polymer cushion
ditions. However, we have seen for our model system that, oTs
experimentally, the Young-Dupriaw is actually seriously S0

9Fs

violated, and that we can account for this failure by thermo-
dynamic analysis. The breakdown of the Young-Dulans
produces a “tension release” which does allow formation of FIG. 12. Schematic drawing of measuring chamkay de-
adhesive patches with>y, , with no lysis. Although we Signed to change the pH of the aqueous solution inside the chamber
did not find other references concerning failure of thevia dialysis tubes. The chamber is formed by a teflon frame, the
Young-Dupr'eIaw in the literature on membrane adhesion, itfunctionalized coverslide, serving as the bottom of the chamber,

i in fact well known in the literature on surfaces adhering by2"d @ normal coverslide as the top. The dialysis tul@meter 1
polymers[25]. mm, pore width smaller than 0.65m) are located close to the top

We are aware that our conclusions are based on a CorT?oversllde, and the shortest distance between the parallel oriented

. . . tubes is 1 mm. Vesicles which are close to the bottom coverslide
parison between an_ experimentally meas_gred Spre_adlng prea?r'e observed by RICMb). The bottom coverslide is coated with a
sureSand a theoretlcall_y Compute_d specific ad_he_5|on e_ne_rgyayer of 95-nm Mgk, which is covered by a 25-nm-thick layer of
W, based on a rather simple contmuum description. It is Im'SiOz (c). The glass surface is rendered hydrophobic by silanization
portant to recall that the adhesion enetyywas computed i 0TS, Six layers of hairy rods form a 10-nm-thick cushion, on
only within a simple DH theory. We have considered COIT€Cop of which a monolayer of DEPC and NBD-DODA-SA is depos-

tions to the predictions of DH theory using Poisson-jteq. The charge of the carboxy head groups of the latter can be
Boltzmann theory. Although there are indeed noticeable corchanged from negatively charged to uncharged, and vice versa, by
rections, they certainly were not able to account for the veryarying the pH of the bulk. This leads to pH-dependent electrostatic
large difference betweedandW for the tight adhesion case. interactions of this layer with the adjacent lipid bilayer of the
Ideally, W would have been measured experimentally itself.vesicle, which is charged positively, due to the positively charged
We are however encouraged by the fact that for the singlelipid DHDAB.

coverslide
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by use of the Israelachvili force box. Quantitative studies Preparation of vesicles

also will require precise calibration ef;. This is currently The vesicles were composed of an equimolar mixture of

difficult due to the fact that the bulk pH level in general pmpC and cholesterol, to which 1 mol % of the positively

differs from the pH value close to the surface of the mem-charged lipid DHDAB (the o, component was added.

brane. The theoretical work could be improved by using thQ/esides were prepared by the method of e|ectroswe{ﬁhg

full Poisson-Boltzmann theory rather than the linearizedelectrical tension was 0.1 V/dnthe frequency 10 Hz and

Debye-Hickel theory. the swelling time 2 hin water containing 5-mM NaCl and
We only addressed adhesion-induced phase separation saicrose, following Ref[26]. The concentration of sucrose

our study. Other forms of adhesion-induced phase separatiomas adjusted to 40 mM. After swelling, the solution of

are possible as well. For instance, the van der Waals intenesicles was diluted by an isoosmolar citric acid buffer, con-

action between substrate and vesicle is likely to favor the gefaining 5-mM NaCl. The volume ratio of the vesicle solution

state of the membrane. Another example would be the forto that of buffer suspension was 1:3.

mation of C&" bridges between equally charged acidic

membranes, which is well known to induce the fluid to gel

transition of charged lipidd3]. These adhesion-induced

freezings are likely to produce phase separation in a multi- Preparation of substrate and supported membrane

component membrane. We plan to address this question in a

future study. The glass support was first coated with a 95-nm-thick

MgF, film, and subsequently with a 25-nm-thick Si@im.
The MgF, coating served the increase of the contrast of the
interferometric techniquéRICM) following Refs.[27] and

APPENDIX: MATERIALS AND METHODS [28]. The SiQ coating was deposited in order to enable the
) silanization of these substrates with OTS, which is necessary
Materials to generate a hydrophobic surface for the deposition of the

DEPC (L-a-dielaidoyl phosphatidycholine cholesterol  hairy rod multilayer. The latter consisted of 6 ML, which
and DMPC (L-a-dimyristoyl phosphatidycholine (all ~ Were transferred from the film balance at a lateral pressure of

>09%) were purchased from Avanti Polar Lipidgdla- 20 MN/m, following Ref.[28]. This soft polymer cushion
bama. DHDAB (dihexadecyldimethyl ammonium bromide had a thickness of 101 nm (28] ,
(=97% was purchased from Fluka A@uchse, Switzer- Finally, the monolayer of negatively chargeable NBD-

land. The lipid NBD-DODA-SA (octadecylfNBD-decyll- DODA-SA (the o; component and neutral DEPGmolar

dimethyl ammonium succinic acid=99% was synthesized ra_ltio_ 1:9 was transfere_d onto this cushion c_>f hairy rods by
by Ingmar Dorn in our laboratory14]. Lipids were used dipping the substrate in horizontal orientation through the

without further purification. Chloroform, methanol and 1- lipid monolayer, which was spread at the air water interface

butanol(all HPLC quality) were purchased from Fluka AG \c/)vfag Izlelert g?lggcn(:i\l%{rlng the transfer, the lateral pressure
(Buchse, Switzerland OTS (octadecyltrichlorosilane su-

crose[<99.5%, HPLC(high pressure liquid chromatogra-
phy) quality] citric acid, sodiumchloridéNaCl) were from
Sigma (Deisenhofen, Germany Hairy rods (poly(y-
octadecylk-glutamatg-co-y-methyli-glutamate])  were For the experiments the dialysis chamber shown in Fig.
synthesized by the Wegner group at the Max Planck Institutd2 was used. The bottom and the top plate consisted of two
fir PolymerforschungMainz, Germany. All lipids were  coverslides, which were separated by a teflon frame forming
dissolved in a mixture of chloroform and methai2il vol- & volume of 10<2X 2 mn?. The hairy rod multilayer and
ume ratio, hairy rods were dissolved in chlorofort@.5 mg/ ~ the lipid monolayer were deposited onto the bottom plate
ml). In order to adjust the pH, buffers were titrated by 1M before assembling the chamber. The two dialysis tubes were

NaOH (pro analysis, Riedel de Haen, Seelze, Ger oriented parallel to the long axis of the chamber at a distance
1-M H((:F') (p.a Ii//lerck Darmstadt, GermanyFor a”m;ﬂ_ of 1 mm. The bottom plate was assembled below water. The

. - L addition of the diluted vesicle solution to the water filled
El;ihsbc:)“rjr:lorge\;vn?;er)ry%it?Ilgp%ryfegil#iilItggslilgi);r:geeggi—lé chamber, the positioning of the dialysis tubes, and the clos-
0 w,as ised, Magnesiumdifiuoride (M3F siliconox- ing by the top plate occurred outside. The chamber was
ide (SiO), and indium fin oxide(ITO)-coated glasses were sealed by silicon grease. Before usage, the glass parts, the

. . ) teflon frame, and the mounting chamber were cleaned by
purchased from Balzen(@phtenstew). The thickness of ITO subsequent sonification, first in 2% Hellmanex solution and
was 120 nm, and the thickness of the coated glass was 1

o . then in Millipore water, for 15 min each time.
mm. Borosilicate coverslides, D26, were products of Deut- P

sche Spezialglas A@GGermany.

The dialysis tubes AccurelPP, type Q3/2 were pur-
chased from Akzo Faser AGNuppertal, Germar)y Before
mounting, dialysis tubes were hydrophylized by pumping 1- The experiments were started with uncharged supported
butanol into the tubes for 20 min. By closing one of their membranes. At the beginning, the pH of the aqueous phases
ends, the 1-butanol was squeezed through the tube pores.Wwas adjusted to a valugypically pH 2.8 well below the
a second step, water, instead of 1-butanol, was pumpegKj value of the NBD-DODA-SA, which ipK;=4+0.5in
through the pores of the tubes for 20 min, and finally wateraqueous bulk solution. In order to charge the supported
was pumped through the reopened tubes for 5 min. membrane by deprotonization of the carboxyl head groups of

Measuring chamber

Charging of o4
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the NBD-DODA-SA lipid, the pH of the outer medium was ACKNOWLEDGMENTS
increased by continuously pumping a solution of the same

o : . ; .~ R.B. would like to thank the colleagues and students of
composition, but higher pH, through the dialysis tubes. Typi- ) . o
cally the pH was increased by succeeding pH jumps of 0_:ghe Physics Department for their hospitality and the Sonder-

pH units. This increase of the pH is accompanied by arforschungsbereich 266/C1 for their financial support, as well
increase of the ionic strength of the buffer, and thus a defla@S thank the NSF under Grant No. DMR-9706646 for sup-

tion of the originally spherical vesicleof volumeV,). The ~ Port. We would like to thank E. Evans, E. Frey, B. Gelbart,
change in relative volumev=V/V, with pH is and F. Pincus for helpful discussions. We are also grateful to
d(V/V,)/d(pH)=0.13. The contact area of a selected vesicleG- Wiegand for his advice concerning the preparation of the
was observed with RICM, and images were recorded conbairy rod cushion, and to I. T. Dorn, L. Schmitt, and R.
tinuously at a rate of 25 images per second. In a separattampefor providing the lipid NBD-DODA-SA. Finally, we
measurement the time evolution of the pH change inside ththank K. Eberle for his outstanding design and construction
chamber after pumping a solution with increased pH througtof the measuring cell. The work was supported by the Deut-

the dialysis tubes was measured with the help of carboxysche Forschungsgemeinsch@rant No. SFB 266, Qland

fluorescein dissolved in the ageous medilZ8].
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