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Nonlinear response of membranes to pinning sites
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Bound membranes respond to pinning sites by locally unbinding and overshooting their equilibrium spacing.
This nonlinear response can lead to long-ranged interactions between these sites. We introduce a theory which
incorporates bending elasticity, fluctuations, and intermembrane interactions to calculate the profiles of bound
membranes subject to local pinning. This theory predicts several scaling regimes where the overshoot scales
both with the pinning strength and site size. We also calculate the effective, membrane induced interaction
between the sites, and predict aggregation properties. Aggregation and reversibility of pinning sites leads to
interesting collective phenomen&1063-651X97)01308-1

PACS numbes): 68.10—m, 87.22.Bt, 82.65.Dp

In the past decade there has been much interest in the Biological adhesion is dominated by binding sites which
physics of interacting membranes, and their adhesive progecally pin one membrane to the other or to an adhesive
erties [1]. Theoretical treatments of these systems haveurface[2,3]. Although these binding sites, which are com-
mainly focused on systems that interact uniformly throughposed of specific “lock and key” molecules, cover a limited
homogeneous interactionge., van der Waals attractign area, and m|ght have re|ative|y weak bonding energhﬁy
although there is clear evidence that local interactions domiare reversiblg they can have a rather strong effect on the
nate biological adhesidi2,3] and that even in homogeneous embedding membranes, forcing the material in their vicinity
model systems local binding effects might be significant. to very close proximity. These local binding sites were ob-

Bruinsmaet al. [4] have considered the effects of local served to aggregate at certain stages in the process of adhe-
pinning on free, unbound membranes. They calculated thgion[8]. The attractive interactions which cause aggregation
profiles of pinned unbound membranes and found an effeccan also include an effective, long-range, interaction induced
tive, Iogarithmic, membrane mediated interaction betweerby the membrane response to the strong pinning constraint.
pinning sites that they treated within a mean field calcula-  |n addition to the interesting biological systems that it
tion. In this paper we introduce a theory which treats systemgddresses, the problem of pinning is also related to the un-
of interacting, uniformlybound membranes which also in- pinding transition of membrangs,6]. This transition, which
cludes local binding or “pinning” effects, and calculate the has been predicted by renormalization group techniques and
membrane profiles and membrane mediated interactiongas been reported experimentally, is driven by thermal fluc-
which we consider within a virial expansion. tuations and attractions which induce collisions between

We focus on systems of membranes bound to an equilibneighboring membranes. Pinning sites, which model local
rium intermembrane distande by either attractive interac- collisions, and the membrane response to these sites can be
tions or pressure. In addition to this uniform binding they areuseful in understanding the local collisions between fluctuat-
also subject to local adhesive patchpsning sites where  ing membranes and their role in this transition.
the intermembrane distance is restricted to a valyehich In a previous pap€f7] we reported the results of an elas-
is much smaller than the equilibrium valtie We find that ~ tic model of interacting membranes which predicted the
the overall binding of the membranes strongly affects thenembrane proflles in th.e vicinity of a local pinning site. The
membrane profiles near a pinning site and hence dramatifodel was introduced in the context of experiments which
cally changes the interaction between sites, which we find tghowed striking elastic response to laser pinching of interact-
be nonmonotonic. ing membranes. In Sec. | of this paper we introduce this

The local pinning of interacting membranes, which is im- model and brief_ly discu_s_s i_ts num_eri(_:al sc_)lutions for profiles
portant both in the context of biological adhesion and in thef membranes in the vicinity of pinning sites. In Sec. Il we
understanding of more general membrane processes such &alyze the model using scaling methods and give a compre-
the unbinding transitiofi5,6], can be mesoscopically mod- hensive picture of the scgllng behaV|o'r of the' system as it
eled by bilayer systems pinched together by laser tweezefepends on the chqra}cterlstlcs of the pinning site. Section |lI
[7]. The laser tweezer can trap the dielectric membrane mashows results pertaining to two or more pinning sites in fluid
terial within a small region, and by trapping sections of bothmembranes, including their interaction and aggregation ten-
membranes induce an effective pinning site of micrometefl€ncy.
size. Such experiments indicate that the elastic response of
the membranes to pinning can be highly nonlinear, leading to I. ELASTIC MODEL FOR PINNED
local unbinding(overshooting of the membranes in the vi- INTERACTING MEMBRANES
cinity of the pinch.

We consider systems of pairs of interacting membranes,
or a membrane interacting with an adhesive substrate, sub-
*Present address: Materials Research Laboratory, University gect to a local pinning site which effectively reduces the in-
California, Santa Barbara, CA 93106. termembrane distance at this site.
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Previous theoretical workd,10] has addressed the prob- this interaction can also be taken as a local interaction, even
lem of membranes weakly perturbed by inclusions. In thewhen the membranes are not parallel, so long as the effects
limit of small perturbations, linear response dictates that thef the pinning vertices are kept small by relatively large
membrane overshoots only slightly in the vicinity of the per-angles or stiff membrangd 1]. Furthermore, scaling argu-
turbation. In this paper, we address the more striking phements recently proposed by Net:2] indicate that in sys-
nomena resulting from a strong perturbation effected by aems of free membranes locally pinned to a surface, intro-
strong pinning site. We also take into account, in an effectivelucing fluctuation effects at the partition function level gives
manner, the consequences of membrane curvature fluctusimilar results to those obtained by simply including the lo-
tions. In a more fundamental treatment the fluctuationsal version of the Helfrich interactiof#].
should be taken into account at the level of the partition The minimum energy configuration of a membrane near a
function, since they renormalize, and can affect, all interacpinning site is given by solving the fourth order, nonlinear
tions in the system. However, this would make any analyticaEuler-Lagrange equation which results from the minimiza-
calculation difficult and we therefore introduce them into thetion of the free energyEq. (1.1)] with respect to the profile
free energy via effective, local interactions. Such an approxih(F);
mation is valid as long as we consider membranes in their
bound state and do not pass through the unbinding phase dv
transition where the fluctuations diverffg]. A detailed cal- KVAh(r)+ gptP-0 (1.2
culation of the effects of a pinning site on undulation inter-

actions between membranes and a justification for our Ioca’Lar from the pinning site, the membrane profile is flat and

approximation is given elsewhef&l]; see alsd12]. .
Our analysis of the pinning of two flat, bound, tensionless2' " by the balance afV/dh andP. In systems bound by

membranes is based on an interfacial curvature mgl ~ Pressure this means that- 1/h® and the free energy density
which takes into account both the bending endit;14 of  in this region isFo=1/h?, whereh is the equilibrium inter-

the membranes and the effective intermembrane interactiosembrane distance. For axially symmetric systems, the
which model the effects of thermal fluctuation&5]. The equation is solved near the pinning site with two boundary
pinning enters through the boundary conditions we imposeconditions at the edge of the pinahsr: The first is that at

As was emphasized above, we treat systems of homogd&he pinning site the membranes are forced to maintain a dis-
neously bound membranes. The binding can be induced efancehy<h; the second condition is that of a free slope
ther by attractive interactions or by pressure. The pressurghich means that the membranes minimize their free energy
can be either an osmotic pressure or an external pressuygith respect to the slope at the boundary. This is equivalent
arising from the mechanical constraints of the system such ag imposinszhlr:r():O (i.e., zero curvature at the edge of
other nearby vesicles or the walls of an experimental celly,o pinning site An alternative view of this boundary con-
Although systems bound by pressure and systems bound Ryiq, is given by the observation that the membrane profile
attractive interactions rgspond similarly to pinning sites therg,, st rise outward from the pinning area but returns asymp-
are some qualitative differences between these systems. Bgyiically to the equilibrium spacing. Therefore there must be
cause the long-ranged pressure term dominates a decayiag jnfiection line around the pinning site where the curvature
attraction, any pressure present in the system will dictate thg, \iches. One can choose this line as the effective edge of
qualitative behavior, and therefore the case of interest is thaf,o pinning site and define its strength through the intermem-

of membranes bound by pressure. In the following we willy.;n0 spacing at this lindy. At infinity the spacing decays

describe the theory for a system bound by pressure. For com- S — . . -
pleteness we show in Appendix A the calculations and re_back to the equilibrium valué, which defines the remaining

sults for systems bound by attractive interactions. bounda.ry conditions. o _
The free energy has the form Previous work[9,10] treated the limithy~ h, where Eq.

(1.2 can be linearizedi.e., V(h) + Ph are approximated by
a queﬂratic form around the minimum energy state

h(F)z h]. In this limit the Euler-Lagrange equation for the
minimum of the free energy is easily solved in terms of

Hereh(r) is the local intermembrane distaneeis the bend- Be'_ssel fur?cpions. These are oscillatory decaying. sc_>|utions
ing modulus, andP is the pressure. The integration is over Which exhibit an overshooting response to the pinning. In
the entire membrane area. The intermembrane interactiofis limit, however, the overshoot is invariably small: it is
potential V(h) is an effective repulsive interaction induced proportional to 6 —ho)/h, which is the small parameter in
by the confinement of the thermal fluctuations. The loss irthe linearization.
fluctuation entropy per membrane due to the proximity of the |n the nonlinear case WhetQ)<h_,the pinning is strong
neighboring membrane produces an effective repulgléh  and the membrane response is striking. The repulsive inter-
) 5 actip_n in the vicinity of the pinch is strong, Iead!ng to a large
V(h)= 37° (kgT)” 1 positive slopg17] and thus a strong overshooting response.
64 «k h? In order to minimize the curvature energy the profile oscil-
lates[9,10]. The strong overshooting response to the small
Although this interaction was initially calculated as an effec-intermembrane distance at the pinning site is clearly demon-
tive global interaction between membranes with average disstrated in Fig. 1 where we show membrane profiles for a
tanceh, recent calculations indicate that there are cases whesystem bound by pressure with relatively strong pinning sites

K
,::f (E(Vzh)2+V(h)+Ph ds 1.1
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10 the pinning regionh,. As indicated in the preceding section,

DA the strength of pinning is modeled Hy,/h. These two
length scales are the parameters that determine the mem-
brane profile.

By minimizing the free energy of the pinched system with
respect tdh,, we can formulate scaling relations for the over-
shoot profile. We find that the system has several scaling

regimes depending on both,/h andr,/h. The different
scaling regimes are relevant to different systems depending
h on the magnitude dfiy andr .

'Y The scaling behavior of systems dominated by pressure
and those dominated by attraction are different and therefore
we give separate treatments for these two types of systems.
In the following, we treat one scaling regime for systems
dominated by pressure, and in Appendix A we treat the
equivalent regime in systems dominated by attractions. In
several pinching  strengths, ho—1x10-“—solid curve Appendix B we outline the full treatment of all regimes for

. O_ I i) -
hy= 3 10" *—dotted curve, anti,=1x 10 *—dashed curve. The both'systems bound by pressure and systems bound by at
. . ; tractions.
membrane height and the distance from the pinch are both mea- . . . . .

. . S L — The first scaling law foW is obtained by analyzing the
sured in units of the equilibrium intermembrane distamceThe free energy and Euler-Lagrange equatidgs. (1.1) and
curves were calculated with the realistic rigidity;- 15kgT. (1.2] in the region of the strong overshooting bulge, away

) — from the actual pinning site and before the membrane returns
—10-4 3
and_ relatively small - area ho/h=10""-10"" and 4 5 equilibrium position. This is regionB” of Fig. 2. In
ro/h=1). The overshooting response can be suppressed hlis region, the size and strength of the pinning site are not
lower order gradient terms such as surface tension. Memmportant but the long-range behavior of the binding inter-
branes under relatively high surface tension will not exhibitaction is: The terndV/dh is negligible so that the pressure
the oscillations and overshooting characteristic of systemgrm and curvature term are left to balance each other. A

governed by curvature energy. Rather, their profiles will dedimensional analysis of this balance indicates that
cay monotonically in order to minimize arda8]. In our

discussion we limit ourselves to systems of negligible sur- W/h~(h,,/h)Y4, (2.0
face tension, such agm size vesicles, where curvature
rather than area must be minimizgtb]. This law is correct for allhg, ry, and it describes the
shape of the overshooting bump but does not determine its
Il. SCALING BEHAVIOR OF THE PINNED MEMBRANE size. The size of the overshoot depends on the pinning
N ] ) through its area and strength. Therefore to determine the
In addition to the dimensionless, small, paramef@/«  overshoot strength we must look at the profile very close to
which _scale_:s all membrane sl_opes, ther_e_ IS a nz_atural lengifhe pinning site. It is in this region that the differences be-
scale in this problem which is the equilibrium intermem- yyeen the various limits arise. For the sake of clarity, we will
brane distancér. We useh to scale all other lengths in the give, in the following, a detailed description of one scaling
problem. We characterize the membrane profile by the maxiregime, the quasi-one-dimensional limit, while the scaling
mum height it reaches in the overshooting regibp, and relations for the other limits are discussed in Appendix B and
the overall horizontal extent of the overshooting “bump,” briefly summarized at the end of this section. In the limit
W (see Fig. 2 These two length scales are determined bywhere the pinning area is relatively largg (W= 1) the free
the physics introduced by two other important length scalesenergy integrals can be approximated by one-dimensional
The area of the siter,g, and the intermembrane distance in integrals and the system’s response to pinning is independent
of rg.
To determine the overshoot height we calculéte the
spirit of a variational approximatigran approximated form
of the free energy of the system and minimize it with respect
to h,,. In doing so we will use the already known form of the
scaling law forW [Eq. (2.1)]. First we consider the profile
very close to the pinning site. In this regidregion “A” of
Fig. 2 the pressure term is negligible and we approximate
the solution to Eq(1.2) by a conelike profile:
FIG. 2. Schematic profile of a membrane near a pinning site. R .
RegionA is the strongly repulsive region near the pinch, redsois h(r)=ho+ a(|r[—ry).
the overshooting region, and regi@his the equilibrium state. The
overshoot reaches a maximum height denotedh by, and extends  This solution does not satisfy the free slope boundary condi-
in the horizontal direction a lengtW. The pinning site is charac- tion at the pinning site so it should be modified at the bound-
terized by the pinning distandg and the pinning ares3. ary. However, as can been seen from the profiles in Fig. 1, it

30

FIG. 1. Numerical profiles for a pinch offp~1 and
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is a good approximation for the close vicinity of the bound- 1000
ary, and sufficient for the scaling analysis. Using this linear
solution we can easily calculate the free energy density
which in the one-dimensional limit takes the form

T2\ (R+ro 1 ro/ T2\ (hm1
E| ) [ e ) [ 100

— h2
K 0 k| Jny D

(T2> Wro max

(a)

hghe” (2.2

K
This result should be added to the free energy density of 10
region “B” (since the free energy in regiorC" is constant
and independent df,, it does not contribute to the minimi-
zation and therefore is omitted from this calculajiovhich
we find by inserting the first scaling relation in the pressure
and curvature terms. In systems bound by pressure we find 1
2 10°°  0.0001  0.001 0.01 0.1
(F)g~WrgP(h)hy~Wro— = (2.3

:3.
h h,

Now we minimize the sum of these two terms, 100
(FYa+(F)g, with respect tch,, to find the overshoot which
has lowest energy. This yields the relation

i \F_ (2.4
h Vho ' w

The two relations, Eq2.1) and(2.4), describe the overshoot
profile for a system bound by pressure in the limit of a large 10r
area pinning site. In Appendix A we develop the equivalent
relations for systems dominated by attractions.

Numerical solutions of Eq(1.2) with the boundary con-
ditions mentioned in the preceding section confirm these
scaling relations. In the case of thg— oo limit we can solve
the one-dimensional version of E(.2) to find profiles of
overshoots of various sizes. In Fig. 3 we show the results of
these one-dimensional solutions for the membrane minimum

energy profiles. We show,, andW as a function ohy/h 1 10 h 100
for systems bound by pressure as well as for systems bounc max
by attractive interactions. The numerical results confirm the

scaling laws obtained for this regime which are indicated by FIG. 3. (@ Maximum intermembrane separaticovershook as
the solid lines in this figure. a function of the intermembrane distaritg at the pinching point,
both for the pressure cagempty circle$ and the interaction case
(filled circles. (b) Width of overshooting region as a function of the
overshoot. The graphs show the scaling laws in the one-dimensional
The one-dimensional limit is probably the most physically limit discussed in the tex.e., ro— ).
interesting limit because it may correspond to a patch of
many aggregated sticking sites in biological adhesion and iwhere the scaling regimes are shown as a function of the
also most appropriate for the random collisions in fluctuatingntermembrane distance at the pinning diteand the pin-
membranes, since very small contact regions are unfavorabféng areary. The boundaries of the different regimes are
with respect to curvature energy. However, numerical soluapproximate and the corresponding scaling behavior is only
tions of the two-dimensional Eql1.2) (for pinning sites accurate deep inside the regimes. The results show that there
which were relatively small or weakshow that there are are three regimes for each ca@mth the case of systems
other scaling regimes which qualitatively differ from the dominated by pressure and systems dominated by attrac-
one-dimensional limit. tions). For large pinning area, we find the one-dimensional
Using the same considerations and arguments presenteelgime where the overshoot heidhy scales inversely with a
for the one-dimensional limit one can calculate the relevanpower of the pinning strengthgy; for smaller pinning areas
scaling relations for other regimes of the problem. The rewe find the intermediate regime which scales with a weaker
sults of these scaling arguments for all the limits are calcupower, and also scales with the area throughFor even
lated in Appendix B and summarized in Table | and Fig. 4smaller pinning areas the scaling is even weaker and the

(b)

Other scaling regimes
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TABLE |. Scaling regimes and results both for systems bound 2.5
by pressure and systems bound by attractive interactions.

Pressure Regime wW (rgll“ r/ h 1/h°(1/s)
h

— 1.25 | / (a)
ro (F)lls hn \/F
| =>| — g —
h \ho h h 1 h, In(i/h )"

h
| hi<| h 4/3< ro (iT)l/B hm (r0)4/9
p— n— < —<<| — _| —
h \ ho h \ho h \ho 0 I
4/3 1/3
ro he/ h h h (] 0.5 - 1
1 2 _4 In:) —£~( In:j h/h
h h\ ho h ho

Attraction Regime w hm

(b)

hol A1 1y [h hm [Fo)?? h  In(i/h )3/
I —\ In— <=< — il h_ o o I
h ho h 0 \

ho
3/4

h
ro h h h h il
0 —i<—i(ln:) o~ Ine 0
h h\ ho h h 0 0.5 = 1

h/h
)

FIG. 4. (a) Scaling regimes as a function of pinning strength
hy and pinning area% for a system bound by pressufb) Scaling
OVEI’ShOOt Size iS a |OgarithmiC fUnCtion Of the intermem-regimes as a function of pinning Stren@t&]and pinning areag for
brane distance at the pinning sfig. In all three regimes the a system bound by attractive interactions. Both types of systems
overshooting increases ag— 0; the strength of scaling in- show three scaling regimes which differ by their scaling strength
creases as the area of the pinning site increases, as would foem the strongest quasi-one-dimensional regithdo the weakest
expected for a perturbation in two dimensions. In the onelogarithmic regime(ll) characterized by small pinning area. The
dimensional regime and the smal limit the profiles are figures also show the functional forms of the borders between re-
essentially independent af, while in the intermediate re- gimes. The scaling relations are detailed in Table I.

gime the overshoot scales as a power law wih _ . _ o
It is important to note that the scaling relations summa-adhesion and random local collisions in the unbinding tran-

rized in Fig. 4 and Table | are strongly dependent on thesition) can be treated as particles in a two-dimensional fluid
exact form of the repulsive undulation interaction near thel-€., they are mobile in the membranes and not spatially
pinning site. We have shown elsewhere that also for wedge?'””ed- The 1r,1umber of particles is not conserved: The
like geometries, such as are produced by the membrane relock and key” molecules can open and close, and random
sponse to the pinning, the undulation repulsion has the sanf@llisions can fluctuate away and back again.

inverse square forrfil1]. However, if the pinning brings the [N @ full treatment of a system of many pinning sites the
membranes to very close distan¢é6—100 A other, stron- reversibility of the sticker should be taken into account when
ger, molecular interactions might become prominent and th&lculating the membrane profiles. However, a complete de-
scaling relations may change accordingly. Although the scalScription of the interplay of the sticker energetics and the
ing laws and the regime boundaries are expected to Chanégembrane response to the stickers would be difficult to treat
we still expect the main features of our analysis to remairRnd therefore we chose to treat this problem perturbatively.
(i.e., a quasi-one-dimensional regime which does not scalEssentially we assume that the stickers have a narrow spec-

with the pinning area, another regime where the overshooffum of binding energy and that we can model this binding
ing scales both witth, andr, and one or two regions of with one set of boundary conditions. This is the assumption

relatively weak pinning where the scaling is at most logarith-that led to the calculations in Secs. I and II. We also assume
mic). that although the stickers are reversible they are relatively

stable so that we can ask questions about bond formation and

aggregation and equilibrium phases without worrying that

these effects may also in turn affect the profiles and resulting
In physical systems that include pinning sites, the collecinteractions.

tive behavior of these sites is important to the observed phe- In this section we show on a qualitative level how the

nomend8,9]. Both in biological adhesion and in the unbind- membrane conformations between sticker sites generate an

ing transition, pinning siteg“lock and key” molecules in  effective interaction between the stickers which determines

IIl. INTERACTIONS OF SEVERAL PINNING SITES
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80 this system with the energy of a system of two pinning sites
with a flat membrane between them. In the latter case the
E interaction energy consists only of the strong repulsive Hel-
frich term and no curvature energy. This interaction is zero
when the two pinning sites coalesce and rises rapidly with
their separation, as can be seen in Fig. 5.
40H Although the interaction shown in Fig. 5 was calculated in
the extreme one-dimensional limit we expect the main fea-
tures of the effective membrane induced interaction, i.e., the
metastable state and its position, the high barrier and global
minimum at coalescence, to remain relevant in the two-
dimensional systems. These features are characteristic of ini-
0 [ tially bound membranes. Work on unbound systems indi-
0 3 - 6 cates that the interaction between sites rises logarithmically
L/h with their distance and never levels ¢#]. This interaction

FIG. 5. Energy of two pinning sites as a function of the distance?V&S treat_ed within amean field anz?llysis indicating no Criti<_:al
L between them, calculated numerically in the one-dimensionafdgregation behavior. In the following we model the intersite
limit for pinning sites of strengthy /h =0.012, andk= 15k T. L is interaction by a square well potential and use a virial-like

. . L L expansion to find the critical behavior.
in units of the equilibrium intermembrane distanceand the free - .

. . To treat systems of many pinning sites and the problem of
energy is in units okgT.

aggregation we must also consider entropy effects. In addi-
tion to the translational entropy of the pinning sites, entropy
their aggregation properties and thus the stability of reversalso affects the membrane mediated interaction via thermal
ible stickers. Since the membrane induced interactions are @urvature fluctuations which are a dominant factor in the
much longer range than the direct interactions, they dominatmembrane response to pinning. The free energy per unit area
the aggregation at long distances. We begin by calculatingf a system of many adhesion sites with concentratidras
this effective interaction energy between two sticking siteshe approximate fornm14]
and show how this affects the aggregation properties and
bonding stability. 1

Molecular pinning sites can interact via direct interactions f(n)=— b+ T[ninn+(1—-n)in1—n], (3.1
(such as van der Waals attraction or other short-range inter- 2
actions and via effective interactions induced by the sur-

rounding membraneist, 20). The strong membrane response yhere the first term is an effective second virial coefficient
to a pinning site affects the free energy of the system andq the second term is the entropy of mixing in a lattice gas
induces interactions between the pinning site and any othgfodel for the pinning centers. We can use this form of ex-
nearby inclusions or boundaries in the system, including)ansion if we assume the stickers are relatively dilute and
other pinning sites. These effective interactions can be relgsecause the interaction has a finite range which is of the
tively long ranged because they scale with the length scale Qfiger of the range of the membrane’s response to the sticker,
the deformationsh. Their range is the same, more or less, asw.
the range of the overshooting bulge which can be large for Using the scaling arguments presented in Sec. Il we can
strong pinning(In the preceding section we showed how theeasily construct a simple model for the thermal aggregation
size of the overshoot scales with the pinning strend@-  properties. For simplicity we consider a potential well ap-
cause the effective membrane induced interaction is longgsroximation for the interaction shown in Fig. 5. The depth of
ranged than the direct interactions, they are dominant in théhe well is proportional to the energy difference between two
aggregation of the sites. coalesced sites and two distant sites, while the well width is
In Fig. 5 we show the effective interaction between twothe horizontal length scal&y. The interaction coefficient for
pinning sites as a function of their distan@ee., the differ-  the attraction then consists of the product of the depth and
ence in free energy between two pinning sites a distance width of the well: b(T)<[F(1=0)—F(l=%)]W. The en-
apart, and two coalesced pinning sjteBhe interaction was ergy of two coalesced sites is equal to the energy of one site
calculated numerically in the one-dimensional limit. In this with doubled aredthis area factor is not significant because
system the pinning area is effec_tively infinite and the pinningjt changes the energy only by a numerical fagtmd there-
strength is relatively stronghg/h=0.012). fore
The system shows a shallow metastable state while the
global minimum of the interaction is reached only when the
pinning sites coalesce. The metastable state is reached when
the two sites are separated by a distance which is of the order
of the overshoot size, and is optimal for the curvature energyhe energy of a pinning site was calculated in Appendix B
of the membrane. Once the pinning sites are closer than thier all the scaling regimes. From E¢B1) we can estimate
geometrically optimal distance the curvature energy riseshe interaction in the three regimégressure binding onjy
steeply, resulting in a high energy barrier. The barrier heighfor a two-dimensional system. Each regime has a different
is determined by the intersection of the curvature energy ointeraction coefficient:

boc[F(1 site) — F(2 siteg W~ —F(1 site W.
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h 3/4 5 i{ € /h_
. o &
b~T(h—:) , regime I, (3.23 NN ex KeT ao/N.
ro|2° The average distance between the fluctuating membranes
b~T(—) , regime I, (3.2  does not have to be smaller thag for a significant sticking
0 probability.
__ The most interesting aspect of the reversibility of the
h ) stickers is its interplay with their aggregation properties. A
b~T"\ '”h_o’ regime Il (320 sticker which is stuck within an aggregate has increased
“stickiness” because the effects of the surrounding pulling
where the regimes 1, II, and Il are defined in Fig. 4 andgmembrane are screened by the neighboring stickers; in addi-

Table I. The temperature dependence is analogous to that PN it cannot gain translational entropy by unbonding. In
entropic solids, such as polymeric gels, which condens_@ffeCt' the bonding energy of stickers vy|th|n an aggregate is
upon heating. In these systems, the attraction between tHBcreased by the membrane deformation energy of an iso-
aggregating objects is an effective manifestation of thermalated sticker. This energy was shown to depend on the pin-
fluctuations in the media connecting these objects. In ouning strength througl,/h. On the other hand, the revers-
case the thermal fluctuations of the membrane curvature iribility of the stickers stabilizes aggregates with respect to
duce a strong repulsive response between ritenbranes dispersed states for the same reasons that aggregation stabi-
near the pinning site which costs curvature energy and therdizes the bonds: Isolated stickers have a shorter lifetime than
fore induces attraction between thiges The higher the tem-  stickers within an aggregate. The interplay of aggregation
perature, the stronger the membrane repulsive response a@td sticker reversibility may be essential to the interesting
the resulting attraction between sites increases. collective phenomena in both biological adhesion and the
Although the interaction coefficients in the three regimesunbinding transition.
scale differently with the pinning strength, there is a com-
mon trend. As the intermembrane distatgeat the pinning ACKNOWLEDGMENTS
site is decreased, the interaction increases and eventually the
stickers will phase separate. In the lattice gas model this This work was motivated by experiments performed by
happens whem/T=4. Sinceb/T is temperature indepen- Roy Bar-Ziv and Elisha Moses and has greatly benefited
dent there will be no critical behavior as the temperature igrom their ideas. We are grateful to Phil Nelson and espe-
varied, but there will be a transition as the intermembraneially Phil Pincus for useful discussions. We acknowledge
pinning distanceh, and the pinning areaé are varied. As the support of the Israel S_cience Foundation _qdministered by
was noted at the end of the preceding section, the quantitdde Israel Academy of Sciences and Humanities.
tive exponents of the scaling laws depend strongly on the

form of the repulsion near the pinning site and therefore will APPENDIX A: MEMBRANES BOUND
also affect the aggregation properties. BY ATTRACTIVE INTERACTIONS
The implications of these qualitative results to nonuni- ) ) ) ) .
form adhesion(early stage biological adhesipand to the In this appendix we briefly describe the calculations and

unbinding transition must also take into account the reverstesults for systems bound by attractions corresponding to
ible nature of the pinning sites. With the exception of de-Secs. | and Il for the pressure case.
signed model systems, most individual adhesion sites are In Systems bound by attractions the pressure is negligible
formed by reversible stickef8]. The stickers will bond and and binding is the result of the balance of the repulsive and
unbond as a function of temperature and the bonding energgftractive interactions. The interaction tevh) can also
and as a response to the pulling of the membrane. include microscopic attractive interactiorig.g., van der

The uniform binding of the membranes via either pressurdVaals[21]). The attractive interactions are renormali&g
or other attractive interactions increases the probability foPy the thermal fluctuations of the membranes which cause
membrane patches to approach, thus increasing the probatﬁ.’le intermembrane distance to ﬂUCtuate; the effective attrac-
|ty for a pinning site to form. The probabiiity of a lock and tion can be relatively |Ong ranged. This is due to the fact that
key bond to form is proportional to the concentration of keyeven when the average membrane separation is large, the
molecules,n,, the concentration of lock molecules,, a  fluctuations produce regions which are close and therefore
Boltzmann factor for the lock and key bonding energy,interact strongly. One model for the attraction uses a Flory
exp(e/ksT), and the probability that the membrane patchedYPe argumenf22] to write
are closer than some minimum distarsgeneeded for a bond
to form, P(h=<ag). When confined, fluctuating membranes
tend to fill space, thus the probability to find a patch of
membranes at some distarités more or less constant and
therefore inversely proportional to the intermembrane disyye studied several such effective interactif2d] and found
tanceh. Hence, the probability for two membrane patches tothat, qualitatively, the system is not sensitive to the exact
approach closer than some minimum vadyerequired for a  form and range of the effective attraction so long as it decays
sticker to form is proportional to the ratiag/h. Conse- to zero when the intermembrane distamé) goes to infin-
guently, the sticking probability has the form ity.

Va(h)~— 1.
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In systems that are dominated by an attraction such asonelike profile approximation for the membrane in region
V,=—v,/h the equilibrium intermembrane distance is A of Fig. 2:

given by - -
h(r)=ho+a(|r|—ro),
—1 1%
hxv— and Fo=——. (A1)  we can integrate the free energy in this region. The only
a 2h significant term in this region is that of the Helfrich repulsion

Solving the Euler-Lagrange equatipia. (1.2)] for such and therefore the energy density in this region is

a system with the same pinning boundary conditions pro- 2
duces profiles that are indistinguishable from those shown in (F)Aoc<—2)
Fig. 1 for the pressure case. However, we find that this case e
exhibits different scaling relations than the pressure case. e add this free energy to that of regi@hwhich was cal-
The steps leading to the calculation of the scaling relacylated in Sec. Il for systems bound by pressure and in Ap-
tions of systems dominated by attractions are similar to thosgendix A for systems bound by attractiof&gs. (2.3 and

dominated by pressure. Starting with regiBrof Fig. 2 we  (A1)]. A priori the sum of these two terms has four regimes
see that the only non-negligible term in the free energy is theorresponding to the different limits:

curvature energy. The scaling law for the horizontal extent of

m

1 1
|nh—0—(l’0a—h0)(h—m—h—0”. (Bl)

i roa
the overshooty, is found to be In(h,, /)< r(]) and ro>R, (B2a)
J— — 0
W/h~+hy/h. (A2)
I’Oa
The second relation is derived exactly as in the case of pres- In(him/ho) <= and ro<R, (B2b)
sure dominated systems. The free energy density in region 0
A is the same as in the case of pressure dominated systems roa
[Eq. (2.2)] and the energy density in regidh[Eq. (A2)] is In(h,/hg)> e and ry<R, (B20)
found to be a constant dependent only on the equilibrium
intermembrane distande: roa
L InChy,/hg)> h and ro>R. (B2d)
(F)s~roWFo(h). (A3) °
. _ . However, not all four limits are accessible because there
Minimization leads to the second scaling relation: are interdependencies that must be consistent. We find three
h e consistent limits while the fourth, corresponding to
m
=~ (A) i Toa
h o In—s -2 and ro>R, (B3)
ho = ho

The treatment of the other scaling regimes is given in Ap- . i . ) )
pendix B, along with the case of systems bound by pressuréS inconsistent with the scaling laws applied hig and R.

and the full results are presented in Fig. 4 and Table I.  (R~W, which is the horizontal length scale.
Minimization of the total free energhEq. (B1) and Egs.

(2.3) and (Al)] leads to the final scaling relations féu,

which are summarized in Table | and Fig. (#ote that the
In this appendix we outline the arguments leading to thescaling relation folW is not dependent on the above men-

scaling relations summarized in Fig. 4 and Table I. Using theioned regimes, only on the type of binding interactjon.

APPENDIX B: TWO-DIMENSIONAL SCALING

[1] R. M. Servuss and W. Helfrich, J. Phy&rance (France 50, [6] M. Mutz and W. Helfrich, Phys. Rev. Let62, 2881(1989.
809 (1989; U. Seifert and R. Lipowsky, Phys. Rev. 42, [7] R. Bar-Ziv, R. Menes, E. Moses, and S. A. Safran, Phys. Rev.

4768(1990; J. Raller and E. Sackmann, J. PhyErance II Lett. 75, 3356(1995.
3, 727(1993. [8] G. I. Bell, M. Dembo, and P. Bongrand, Biophys.4h, 1051
[2] G. I. Bell, Science200, 618 (1978; E. A. Evans, Biophys. J. (19849; J. Braun, J. R. Abney, and J. C. Owicki, Natt®n-
48, 175(1985; 48, 185(1985. don 310, 316(1984).
[3] Ernst-Ludwig Florin, Vincent T. Moy, and Hermann E. Gaub, [9] E. A. Evans, Biophys. #8, 175 (1985.
Science264, 415(1994. [10] N. Dan, P. Pincus, and S. A. Safran, Langn®i2768(1993;
[4] R. Bruinsma, M. Goulian, and P. Pincus, Biophys63. 756 N. Dan, A. Berman, P. Pincus, and S. A. Safran, J. Phys.
(1999; D. Zuckerman and R. Bruinsma, Phys. Rev. L&, (France Il (France Il 4, 1713(1994.
3900(1995. [11] R. Menes and S. A. Safraunpublishedl

[5] R. Lipowsky and S. Leibler, Phys. Rev. Leb6, 2541(1986); [12] Roland R. Netz, J. Phys$France (to be published
R. Lipowsky Nature(London 349 475 (1991); Phys. Rev. [13] P. B. Canham, J. Theor. Biak6, 61 (1970; W. Helfrich, Z.
Lett. 77, 1652(1996. Naturforsch. C28, 693(1973.



56 NONLINEAR RESPONSE OF MEMBRANES TO PINNING SITES 1899

[14] S. A. Safran,Statistical Thermodynamics of Surfaces, Inter- tions to find that the second order linear Euler-Lagrange equa-
faces and Membrand&ddison-Wesley, Reading, MA, 1994 tion is solved by exponentially decaying modes.

[15] R. Lipowsky, Phys. Rev. B2, 1731(1985. [19] In the laser experiment one could observe in the overshoot

[16] W. Helfrich, Z. Naturforsch. A33, 305(1977. region curvature fluctuations which indicate that there is no

[17] When Vh~1 the curvature approximation used here breaks massive tension buildup in this structure.
down. However, one can show that the profile slope near th¢20] M. Goulian, R. Bruinsma, and P. Pincus, Europhys. L22.
pinning site scales agkgT/«, and that for experimental mem- 145(1993.
branes =15kgT) the approximation breaks down only at [21] J. N. Israelachvili,Intermolecular and Surface Forcg#ca-
hoh~1073, demic, New York, 1985

[18] In systems dominated by surface tension the gradient term ifi22] S. T. Milner and D. Roux, J. Phy¢France | 2, 1741(1992;
the free energy has the form(Vh(x))?, and the profiles that P. G. DeGennesScaling Concepts in Polymer Physi@Sor-
minimize this free energy are monotonic. In the linear regime nell University Press, Ithaca, 1979
where the pinning is very weak we can linearize the interac{23] R. Lipowsky, Europhys. Lett7, 255 (1988.



