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Adhesion of Membranes via Anchored Stickers

Reinhard Lipowsky

Max-Planck-Institut fur Kolloid-und Grenzflachenforschung, Kanstrasse 55, D-14513 Teltow-Seehof, Germany
(Received 9 April 1995

Interacting membranes are studied which experience generic repulsive and specific attractive
forces. The latter are mediated by anchored stickers, i.e., by anchored molecules with adhesive
segments. This mechanism which underlies the adhesion of cell membranes can be studied in systems
consisting of lipid bilayers with anchored polymers. It is shown that flexible membranes can adhere
only by stickers if the sticker concentration exceeds a certain tension-dependent threshold. If the
multicomponent membranes undergo phase separation, their adhesion is dominated by the sticker-rich
domains. [S0031-9007(96)00932-5]

PACS numbers: 87.22.Bt, 68.10.—m, 82.70.—y

The adhesion of membranes is governed by a variettnembranes which do not adhere in the absence of the
of genericinteractions arising from various intermolecu- stickers.
lar forces such as electrostatic or van der Waals forces [1]. If the stickers consist of very flexible polymers, they
If the membranes carry electric charges of the same sigrean bend back and form arches on a single membrane as
the electrostatic forces giverapulsivecontribution to the  shown in Fig. 1(a). For a given separation of the mem-
intermembrane interactions. On the other hand, two iderbranes, the configurational entropy of such an arch state is
tical membranes which carry no electric charges and haviarger than the entropy of a bridge state. Therefore, most
identical composition experienedtractivevan der Waals stickers will form arches and only a small fraction of these
interactions. This attraction is renormalized by thermallystickers will actually form bridges. Since the entropy of
excited shape fluctuations which leads to an unbindinghe polymer in the arch state attains its maximum in the
transition from a bound state at low temperatures to afimit of large separations, these arches lead to a repulsive
unbound state at high temperatures [2,3]. For two memeontribution to the polymer-induced interaction between
branes which differ in their composition or for a mem-
brane interacting with a rigid wall, the van der Waals
interactions can be attractive or repulsive.

In addition to these generic forces, the membranes can
interact viaspecificforces mediated by macromolecules or
polymers. | will focus here on polymers which are an-
chored in one membrane and have another “sticky” seg-
ment by which they can interact with the other membrane.
Such macromolecules will be referred to as anchored stick-
ers. They lead to bonds or bridges between the two mem-
branes (so-calledrans interactions) which may consist
of a single sticker, of two adhering stickers, or of two (b)
stickers which are connected by an additional linker mole-
cule. Prominent examples from biology are cell adhesion
molecules or receptor/ligand pairs which are anchored in
cell membranes [4]. In the absence of such molecules, cell ._(: J
membranes effectively repel one another [5].

Cell membranes are rather complex systems containing
a huge number of different types of molecules. In order
to understand the interplay between generic repulsion
and specific attraction from a physical point of view,
it is desirable to consider simplified model systems
such as lipid bilayers which repel each other, e.g., by
electrostatic forces and which contain only one type (or
a small number of different types) of stickers. Possible
candidates for artificial stickers are linear polymers WhIChFIG. 1 Pairs of membranes with stickers which can form

are anchored by a lipid molecule attached to one of it%“dgeS (left) or arches (right). In (a) and (b) the stickers

ends or by a hydrophobic segment which fits into theconsist of flexible and rigid polymers, respectively. In (c) the
lipid bilayer. In this Letter, | will consider such model bridges are formed from two different types of stickers.

(a)

(c)
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the membranes which can dominate the attractive contri- The second ternd{; in (1) contains the cis interactions
bution arising from the bridges. between the stickers whereas the last tetfy, embodies

In order to suppress the formation of arches, one maghe sticker-mediated trans interactions between the mem-
use stickers which consist of rigid polymers; comparebranes. In order to discuss the latter term, it is convenient
Fig. 1(b): If the bending rigidity of the polymers is suf- to discretize space into a two-dimensional lattice with lat-
ficiently large, arches become unlikely since the increaséce constant and lattice sites. The sticker positions
in their bending energy dominates over the gain in theiare now described by occupation numbers= 0, 1 and
entropy. Arches can be avoided completely if the bridgeshe membrane separation By= ;. In terms of these
consist of two different stickers forming a receptor/ligandvariables, the interaction ter;, has the form
bond and if each type of sticker is present only in one
membrane; see Fig. 1(c). The latter situation corresponds H»{l, n,} = Zaﬁ{(l = n)Voll;) + ni;Vi(l)}. ()
to heterophilic bonds between cell membranes but will be i

more difficult to control in artificial membrane-polymer Thus, in the absence and presence of a sticker, the inter-
systems. _ __action potential is given by (/) and V,(I), respectively.

_ Cell membranes and other biomembranes are typicallys mentioned,v,(/) is taken to be purely repulsive. In

in afluid state. Therefore, the model membranes considzgntrast, the one-sticker potentig} (/) is characterized

ered here are also taken to be fluid which implies that botPBy a potential well of deptht/;| and of range.

the lipid molecules and the anchored stickersmmbile  ~gince the stickers are mobile, all degrees of freedom are
and can move along the membranes (the case of immobilg thermal equilibrium and one may perform an annealed
stickers will be discussed briefly at the end). In gene-yerage of the partition function over the sticker positions.
ral, two stickers within the same membrane will exhibit | the dilute limit of small sticker concentratiak,, one
different types ofcis interactions which can be repulsive 3y ignore thecis interactions and thus the correlations
or attractive. | will first discuss the case in which thesepanyeen the stickers. Likewise, these correlations are
mtera_ctlons are effe.ct|vel'y repulsive (grlsmg, e.g., fromnegligible in the dense limit witk; < 1. In these cases,
electric charges) or in which the attractive components ofhe annealed average over the sticker positions for a given

these interactions are overcome by the entropy of mixgonfiguration of the separation fieldeads to the effective
ing. In this case, each membrane consisting of a mixturgtjcker potential/ (/) as given by

of lipids and anchored stickers is in a homogeneous state,
i.e., in a state with uniform composition.

The simplest adhesion geometry is provided by one
fluid membrane, say 1, with anchored stickers which

Ty )
interacts with another membrane or a rigid wall, say Z,W'th V = qV/T etc. whereT denotes the temperature

: . . . —in energy units (i.e., the Boltzmann constapthas been
without stickers. The lateral size of such a sticker is .
denoted byay, the mean separation of their anchors byabsorbed into the symbdl). It follows from (4) that the

& The sticker concentration is measured by the are%fectivq potential well contained if () has the depth
fractionX; = (a/&um)* | as given by
A systematic theory for such a system must include ) )
() the degrees of freedom related to the shape of the ajlUl/T = Xi(exdaj|thl/T] = 1) ()
membranes and (ii) those related to the positions of the ) ]
stickers. The displacements of the two membranes wilfor small sticker concentratiok . _
be described by the displacement fielgéx) and /> (x) In the absence of lateral tension, two membranes which
which depend on the lateral coordinate their local interact via an attractive, short-ranged potential well with
separation is then given by= I, — /;. The positions depth[(_]l and rangd; undergo an unbir;ding transition at
of the stickers within membrane 1 which point towardsthe critical valuelU| = |U.| = u.T?/«li. Such a tran-
the other membrane are described by the density fiel@ition was first .predlctgd from functlonal renormallzapon
ni(x). The effective Hamiltonian for these variables hasapplied to the interaction potential [2]. The dimension-
the generic form Ibess coefficienlm haslthe val[ue]m = OHZ as determined
Monte Carlo simulations [6]. In the present context,

H{l,m} = Holl} + Hifni} + Hio{lom}. (1) tr?/e potential strength/| is proportional t?)Xl as in (5)
If the two membranes have bending rigidites and k;,  which implies the critical sticker concentration
and if they experience lateral tensiols and X,, the

elastic term#,; in (1) is given by [1] Xye = w(T /) (ay/1)?/(exdal|U|/T] = 1) (6)

e V0 =1 - X)e "0 + X170, 4)

1 1
Hell} = f ’x{3.(V’1)> + 32(VD*, (2 for tensionless membranes wharg denotes the lateral
size of the stickers as before. For phospholipid bilayers
with k = k1k2/(k1 + ko) and = 3,3,/(2; + 2»). with « = 1071° J, this expression leads to the estimate
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X1« = 1072 at room temperature. Thus, the critical valuemeasured by different methods. For lipid vesicles which
of X; is found to lie within the dilute regime which are aspirated by micropipettes, the lateral tension can be
justifies the use of (4). controlled by the suction pressure and can be varied from
The sticker concentration must exceed the threshol® = 104 mJ/m? at initial aspiration up to the tension
value X;. as given by (6) in order to induce adhesionof rupture, 3., Which is of the order of a few mJ/m
of the two membranes. On the other hand, if the[17]. For vesicles which are filled with a sugar solution
concentrationX; approaches the critical valugé,. from  and which stick to a solid wall because of gravity, lateral
above, the membranes undergo a continuous unbindintgnsions in the rangé0 3 mJ/m?> < 3 < 10! mym?
transition and their mean separatigih diverges ag/) ~  have been obtained from an analysis of the shape fluctu-
li/€ with € = (X; — Xi+)/X1« as follows from previous ations [18]. Furthermore, bunches of adhering bilayers
work using functional renormalization [2] and Monte exhibit effective contact angles from which lateral ten-
Carlo simulations [6]. sionsinthe rangd X 107®* mJm? < 3 < 1073 mJ/m?
Now, assume that the membranes experience laterabve been deduced [19]. A rather new experimental
tensions which act to suppress their shape fluctuationsmiethod is provided by optical tweezers [20] by which one
[7,8]. In this situation, the phase diagram depends omresumably applies a lateral tension beld® > mJ/m?
two dimensionless variables: the rescaled potential deptbnto the bilayers [21]. Therefore, the low-tension regime
u = |U|kl?/T? and the rescaled tension= 3/3/T. For with 3 < 3. = 0.02 mJ/m? is accessible for lipid
smalls, the singular part of the free energyper unit area  bilayer systems.

exhibits the scaling fornF(u — u.,s) = b 2F[b*(u — For the square well potential, functional renormaliza-
us), bs]with A, = 1 and A, = 2 [9,10]. This implies tion predicts universal critical behavior along the whole
that the phase boundary is given by= u.(s) = u. —  transition linex = u.(s) with s > 0. Along this line, the
c«+/s or by mean separation is found to behaveas~ [ In[1/€]/e

S with € = (X; — X;.)/X;. which should be compared
|U:| = Ul <1 - C*\/Eh/T) forsmallY, (7)  with (/) ~ I;/e for s = 0. This similarity is, however,
restricted to the behavior df). The membrane rough-

with a dimensionless coefficient of order one [11]. ness, for example, behaves ag/) ~ 1/e for s = 0 but
For larges, on the other hand, the shape fluctuations,¢__ \/— ~ 1/ Jefors > 0.

are strongly suppressed, and the critical value of |U| So far, | have assumed that the membrane consisting
goes to zero. In this limit, one may apply functional o¢ 5 mixture of lipids and anchored stickers is in the ho-
renormalization up to first order in the interaction poten- mogeneous one- phase region for which one may ignore

; 41 ¢ dethe cis interactions of the stickers within the same mem-
context of wetting [12] and for protrusion forces [13], and , . 5ne  f the latter interactions are effectively attractive,

its results have been confirmed by Monte Carlo simulay,q gtickers may form clusters or domains which lead to
tions [13,14]. For the square well potential con&derei‘

. e ! ew adhesion phenomena. Thus, let us assume that the
here, functional renormalization predicts the phase boungs,iyaq bilayer has been prepared in a two-phase region in

aryu = uc(s) ~ sexg—2v2msJor which a sticker-poor phase, say coexists with a sticker-
rich phase, say. If such a membrane undergoes phase

Ul ~ (T%/k)exd—2L/Is] forlargeX, (8) separation, one has domains with a small sticker con-

12 centrationX; = X, and 8 domains with a larger sticker
where the new length scale = (T/23) has been concentrationX; = Xz. When this membrane interacts

introduced. The latter scale governs the membrang
With another membrane without stickers, the effective
roughness in the presence of lateral tension. The

relation (8) implies that|U.| decays I’Eldly to zero sticker attraction|U| is now given by|Ua| ~ X, and

. |Ugl ~ Xg, respectively.
as soon agds <2l or 3 > 3, = 5. T/lf with 5. = ’ . . I
1/87 = 0.04 [15]. In general, both interaction strengths will differ from

. each other and may lie above or below the adhesion
thrlésu?)\lléxf:)llgt\;vcsrezgg \S\Z'gh ?:gre(iintg?éntggnasshesmn threshold|U,|. This Igads to different mean se_parations
¢ (D)o and(l)z for the different membrane domains. One
- o interesting case is obtained [it/,| < |U.| but |Ug| >
Xie X1*<1 O 2/2*>’ ©) |U.|. In the latter situation, the interacting mefnbranes
with the coefficientc, = c../s«/u« = c.. Sincec. is of  only adhere via thgg domains. This resembles the focal
order one, this relation should be applicable uxte- 3.  adhesions which are often observed for cell membranes.
where it matches with the large tension behavior as given A systematic theory for the interplay of domain for-
by (8) with |U.| ~ X;. [16]. mation and adhesion should start from a model as given
For a pOtential range [y =3 nm, one has by (1)—(3) Wlth.’}-[l{nl} = ZW,‘jl’l]inlj - M1 ani- At-
3. =0.02mJm?> at room temperature. For lipid tractivecisinteractions between two stickersiand; are
bilayers in agueous solution, the lateral tension has beetescribed byW;; < 0. Starting with such a model, one
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. i , |
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