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Adhesion-induced vesicle propulsion
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We study theoretically vesicle locomotion. We show how adhesion may lead to vesicle propulsion. The
problem is fully solved numerically and an analytical solution is obtained in a perturbative scheme. The
analytical result reproduces the numerical one. We provide an expression for the drift velocity as a function of
relevant parameters. We discuss how a vesicle or a cell could establish itself this motion from physico-
chemical concepts, while its environment could be initially homogeneous. We suggest experimental protocols.
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Phospholipid membranes are widely studied both experiOnce a motion has been initiated the droplet escapes the
mentally and theoretically. The reasons are at least twofoldieacted regions; it thus spontaneously moves, and attains a
(i) they constitute the major and vital compartments of cellspermanent regime. Brochard-Wyart and De Genfkl
in the realm of biology(ii) they provide canonical systems have recently given an interpretation of this phenomenon.
that lend themselves to a relatively simple modeling. The Let us start with a simple case. Suppose that a phospho-
famous Helfrich[1] model based only on curvature energy lipid vesicle is deposited on top of two contiguous substrata
has constituted an important starting point for the modelind‘ A” and “ B” with adhesion energiesV; and W,. The
of vesicle shapes. Some of these shapes are surprisinglyitial stage is that the vesicle is straddling the two sub-
close to those encountered for real biological cells, such astrates. If\W,>W,, one expects the vesicle to move sponta-
erythrocytes. This has stimulated a myriad of studies andieously fromA to B. This is what happens in our simula-
drawn attention to the fact that simple physical conceptgions. We can then imagine different protocols where the
may, to some extent, be relevant for describing several feasesicle could permanently experience different adhesion en-
tures(e.g., the shapeof apparently complex entitig2]. ergies backward and forward. Our expectation is that it

Theoretical studie$3] on equilibrium shapes of a pure should acquire a permanent motion. This is the outcome of
phospholipidic vesicle have been successfully conducted inur study.
predicting the shape conformations that are expected in a Similar to studies on vesicle shapes, we shall keep our
given range of parameter space. Experiments have played aescription as simple as possible. Since we are interested in
important role[4] in the development of this field, and have dynamics, we shall develop a time-dependent theory that
even led to the discovery of many surprising forms with should serve to study any dynamical phenomenon associated
nontrivial topologieg5] (such asi-genus toruspredicted by ~ with shape conformation and/or global motion. For ease of
the model[6]. presentation in this paper, we restrict ourselves to a two-

In the realm of biology, many features are of a nonequi-dimensional vesicle. Any fluctuation is associated with a dis-
librium dissipative nature. Perhaps one of the most noticesipation in some degrees of freedom. The slowest modes are
able and puzzling nonequilibrium features of a cell is itsof hydrodynamics type. We shall rather assume an overall
ability to move. The understanding of the mechanisms byconstant mobility. This does not alter the qualitative fea-
which crawling, rolling, etc. operate is still quite premature.tures. Inclusion of full hydrodynamics will constitute the
Several recent attracting experimental works attempt to unsubject of a forthcoming work. The model below is sufficient
derstand cell locomotion7,8]. There is also considerable in presenting the general concept. The simplest description
precedent for gradient of substratum bound, insoluble molef vesicle dynamics is based here on a model where the
ecules, in playing an important role in orienting the locomo-vesicle positiorr obeys
tion of cells[9]. That is to say, adhesion gradients selectively
guide the movement.

We report on how a phospholipidic vesicle on a substrate o1 .

. . ) n——o=——=—+6t, (1)
can move in the presence of inhomogeneous adhesion. We at \/6 or
provide an expression for the velocity as a function of rel-
evant parameters. We shall comment in the conclusion on ) ) . )
concepts related to how a cell or a vesicle could establish thi¢hereF is the total free energy including the adhesion part
motion spontaneously. and will be given belowg is the induced metric, and (t is

Our study is inspired by a recent impressive experimenthe unit tangent vectpiis a quantity which ensures a gauge
on reactive liquid dropletd10]. These are droplets of field invariant formulation under any surface reparametriza-
n-alkanes containing chlorosilane. The silane reacts with théion. As it will appear soong is a quantity which is fixed
OH group of the glass substrate, and makes it hydrophobi@nly by the curve parametrization. We consider tt{at,t) is
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parametrized byy, which is taken at liberty to belong to the
interval [ 0,1]. The simplest Helfrich free energyncluding
adhesion takes the form AW=0 V=0

L1, 1 -
F:Kf dS(ECZ—E(P/K)I’Xt-F(g/K) + WX, — WoXs .
0
2

Aw=1.3 V=0.7

c is the curvaturex the rigidity, L the total lengthx, andx,
the x positions of the two contact point®, and  are time-
dependent Lagrange multipliers enforcing a constant en-
closed aredor volume in 3D and a total lengthor surface

in 3D)-_ ) . . FIG. 1. Typical solution moving at constant speed sideways for
Setting gr/gt=v we immediately obtainexcept at the gifferent values of parameters. Hepes fixed while the area adapts
end points; andx,, as we shall see latefrom Egs.(1) and  jtself. V is measured in units of 10@m andW in units of 10 4

Aw=3.2 V=1.8

(2), mJ/nt.
k[d’c 1 ~ 0. IX IX
v=—| —+ =3~ P/k—{c/k |n+ —t. 3 Y ec2— T Y(ke2—
a2 2 { 7 3 =D ke?—2wWy), — I Y(kc?—2W,),

©)
The quantity6 is simply the tangential velocity, while the

physics is contained in the normal pa_t;{. The Introductlor_1 whereI” is a phenomenological dissipation coefficient. It is
of 6 offers the freedom for the choice of any convenient

=an important task for future investigations to determine this
Toefficient from microscopic considerations. The time scale
jnvolved in the dissipation coefficiedt might be (but not
ecessarily fixed by hydrodynamics. Which dissipation
ominates in the general case, should clearly depend on spe-

fixed, the tangential velocity is determined, without altering
the physics. Note that the normal part is similar to that foun
by Goldstein and Langdi2] in the context of dynamics of d

.S“ff polymers. We find it convenient to use a parametrisation;e. iy ations. We hope to address these crucial questions in
in a such way Fhat the rglatlve distance petween WO POINt§ o fiture. The signs in E@5) are fixed by the condition that
zi(l_esog [T:?] vesicle remains constant as time proceeds. Thig .o is either adhesidienergy gaip or detachmentenergy
' . . I loss.
We are now in a position to tackle nonequilibrium .fea- The first result is that the vesicle spontaneously moves
tures. For the _qdhesmn problem one needs to specity tht%wards theB part. If W; andW, are constant on both sides,
boundary cqndltlon_s. Ley b.e the angle betwee_n thg normal ihe vesicle acquires a constant velocity, a situation on which
and the vertical axis. The first boundary condition is we now direct our attention. The full transient problem will
be presented elsewhere. We sgt V sin(y), whereV is the
P(X=X)=m, P(X=X;)=—m, (4)  (constank drift velocity. Equation(3) can be converted into
three differential equations of first order. We then require
because any other value would imply an infinite curvature athree conditions. Moreoved, and { are unknown quantities
the contact points. The second condition follows from ana<{here we fixp which implies a freedom on the ajed@here is
lyzing consequences of virtual displacements of the contac@ hidden unknown, the contact argg—x,. We need six
pointsx, andx,, a classical variational problem withpri-  conditions in total. Four conditions are provided by E@s.
ori nonfixed boundariegl4]. In the present context, Seifert and(5), whereas the remaining two conditions stem from the
[15] has treated this problem for static vesicles, and provideg@eometric constraints, namelfsin(y)=0 (which imposes to
a boundary condition on the curvature at the contact pointthe height on both sides to be identicand$cos(y)ds=x,
There isa priori no reason that the same condition holds in—x; (which ensures that the “landing” point in a shooting
the dynamical case. Any virtual displacement of the contactnethod is preciselx,, if x; is the shooting origin
point by an amountx leads to an energy change at that Figure 1 shows a typical vesicle for three values of the
point given bysF = éx(xc?—2W). Any fluctuation is asso- driving force. Note that the motion direction corresponds to
ciated to a dissipation. One of the most serious points to b#éhe one where the vesicle has developed a “foot.” Figure 2
emphasized16] is the relation between fluctuations and dis- shows how the velocity behaves as a function of the adhe-
sipations. For example, a liquid contact line can dissipate theion difference. Due to various parameters that enter into the
energy in the hydrodynamic flow in the wedge, or via theproblem, it is highly desirable to have analytical results at
microscopic jump of molecules at the tip. Another importantour disposal. Our starting point is to notice that the velocity
guestion concerns the type of motion at the contact point. Wés a global quantity, and there should be no need to go into
can think of bond breaking on one side of the contact andocal details to determine it. For that purpose, we start from
bond restoring at the other side. In this work we shall postuthe third order differential equation fa# as it follows from
late a dissipation law where the contact points obey the folEg. (3). Multiplying on both sides bylc/ds and integrating
lowing dynamical equations: over the vesicle fronx, to x, yields
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{ adhesion difference (units of 30 kT/ umz)

FIG. 2. V as a function ofW,—W;. p=60 mPa(the area
adapts itself =107 Kgm 2 s ! (note that it has a dimension of a

viscosity per unit length «=25gT, L=7 um, T
=110 Kgmi ! s™! (dimension of a viscosily
KI2A (%) + kA (%) — py2IkA (V) — ¢/ kA(a)
y[ dsinuos
(6)

where use has been made of E(®, andA stands for the
difference between, andx; of the quantity under consid-
eration. Herea,=W,—VI'/2, anda;=W,;+VI'/2. For ex-
ample,Aa=W,—W,;—VTI'. In order to get more insight to-
wards a full analytical expression, we confine ourselves to
relatively small osmotic pressure. In that cagés a slowly
varying function around a circle geometiiy particular, we
can show that fopx/R2 not too large in comparison to unity
(this is our meaning of a small osmotic pressuitee free

vesicle is circulal. Therefore,is can legitimately be disre-
garded. Within this approximation the numerator in Egj.is
completely evaluated as a function ef and the adhesion

(bulk dissipation)/(local dissipation) (um)

FIG. 3.V as a function of the bulk to contact dissipation ratio.

resistance dominates the limitation of the vesicle motion.
Here we have made an expansion of the numerator irf@q.
for small enouglAW. This corresponds to a linear response
limit. However, it is clear from Eq(6) that the full expres-
sion of the velocity is a nonlinear function of the velocity.
However, we did not find a very pronounced deviation from
a relatively linear behaviofFig. 2), althoughAW varies by
an order of magnitude. In contrast as a function of the
dissipation ratio ['/n) shows a nonlinear behavior as dis-
played in Fig. 3. Suppos€ is fixed. At smallT'/# (this
means largey), most of the energy is dissipated in the free
art. The slope o¥ is very large. On increasing this ratio, a
rossover to a regime where contact dissipation dominates.
In that case it is easy to check from E®) that V=(W,
—W),)/T", which is independent of;. The order of magni-
tude of the velocity for typical valuefx~(10—20)kgT,
W~10"* md/n?f (weak adhesion a typical size R
~10 wm, SW/W~0.1-0.5, an osmotic pressure of the or-
der of 10 % bar, andy~0.1 gcm 2 s™%; this value corre-
sponds to a real dissipation value associated with hydrody-

difference on both sides. To evaluate the denominator W@amics transpoytis V~100—1000 um/s. This velocity

find it convenient to sety=2ns/L— w7+ ¢ (wherel is

lies in the range of real cells velocities. For example, granu-

the length of the vesicle which is not in contact with the ocytes move in the range B0 wm/s in vivo, and can

substratum In a perturbative schemghat is neglectingp?
as well as ¢?), the denominator reads-(2/L)%L 4qn

reach 500 um/s in vitro[7].
The most obvious suggestion is to prepare a vesicle strad-

+47/Lfds¢cos(2rsL+¢). This integral is related exactly dling on two substrata with different adhesion energies. The
to L,qn, the adhering length of the vesicle which is directly vesicle should spontaneously move sideways. The next step
accessible to experimentand which turns to be a weak IS to Use a progressive coating of the substrate in order to
function of all other parametersso that the denominator €stablish an adhesion gradient. The vesicle should move to-

takes the form (2/L)°L ,qn. This amounts to wards the strong adhering regions. _
Hitherto vesicle locomotion required an inhomogeneous

w environment from outside. Perhaps the most spectacular situ-
A= ?(R /Laan[1—PpRo/W—¢/W], ation would be that a vesicle establish the motion itself in an
7) initially homogeneous medium, in a similar manner as with
droplets[10]. The vesicle would deposit through channels a
whereR=L/27 andRy=/(«/2W). Recall that the dissipa- substance reducing its adhesion. We believe that, though
tion powers are proportional to #/and 1I" for the free part more complex, this should be feasible with vesicles.
and the contact point, respectiveN is the average adhe- On the general ground cell movement is essential to body
sion energy. The above expression shows that the two disssurvival: the immune system fight infections trough cell lo-
pation mechanisms can be viewed as two resistances whicdomotion. At the same time cell emigration may also con-
are mounted in parallel in an electrical analdyywould be tribute in reinforcing diseases. For example, cancer cells
the current andAW the potential differende The largest crawl and spread out throughout the organfdmi. It is well

y AAW
T pt+Al
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documented that crawling occurs via the bottom of the cellvesicles with protein channels allowing permeability are
which attaches to the underlying substrate primarily througlgood candidates on which to perform experiments. This
the action of the membrane-adhesion protditig. Under-  should constitute a decisive step towards elucidation of el-
standing how and by which mechanisms cells move in reementary physico-chemical concepts, before dealing with
sponse to tissue injury is a major branch of research in biomore complex entities.

logical and medical science. It goes without saying, that real

cells are much too complex to lend themselves to simple We are grateful to C. Caroli, B. Fourcade, V. Hakim, F.
modeling(for example, cytosqueleton should play a decisiveJuicher, R. Lipowsky, P. Nozies, and Y. Saito for enlight-
role). Selecting few ingredients is thus necessary in order t@ning discussions. We are especially indebted to Fchkr
identify the primary physico-chemical prototypes, which oth-for many comments that were crucial for the revised version.
erwise may express themselves in a quite disguised form iK.K. and C.M. benefitted from a NATO Grant No.
real cells. We thus believe that experiments antificial CRG.920541.

[1] W. Helfrich, Z. Naturforsch. @9, 510 (1974). [6] Ou-Yang Zhong-can, Phys. Rev. 4, 4517(1990; F. Jui-

[2] For a recent review, see U. Seifert and R. Lipowskyand- cher, U. Seifert, and R. Lipowsky, J. PhyErance Il 3, 1681
book of Biological Physigsedited by A. J. Hoff, R. Lipowsky, (1993; X. Michalet, F. Jlicher, B. Fourcade, U. Seifert and
and E. SackmantNorth-Holland, Elsevier, 1995 D. Bensimon, La Recherch2b, 269 (1994.

[3] S. Svetina, A. Ottova-Lietmannoyvand R. Glaser, J. Theor. [7] M. B. Lawrence and T. A. Springer, Ce8b, 859 (1991).

Biol. 94, 13(1982; S. Svetina and B. &s Biomed. Biochim [8] M. Schindl, E. Wallwraff, B. Deubzer, W. Witke, G. Gerisch,
Acta 42, S86(1983; 979(1985; S. Stevina, M. Brumen, and and E. Sackmann, Biophys. 88, 1177 (1995.

B. Zeks Stud. Biophys.110 177 (1989; S. Svetina and B. g1 p_ Bray, In Cell Behavior edited by R. Bellair, A. Curtis, and
Zeks Eur. Biophys. J17, 101(1989; U. Seifert, K. Berndl, G. Dunn (Cambridge University Press, Cambridge, England,
and R. Lipowsky, Phys. Rev. A4, 1182(1991); L. Miao, B. 1982

Fourcade, M'_ Rao, M. Wortis, and R. _K' P. Z!b?d. 43, 6843 [10] F. Domingues Dos Santos and T. Ondsdmg, Phys. Rev. Lett.
(1991); U. Seifert, K. Berndl, and R. Lipowskybid. 44, 1182 75, 2972(1995

(1991). .
[4] E. Sackmann, H. P. Duwe, and H. Engelhardt, Faraday Dis-[ll] F. Brochard-Wyart and P. G. De Gennes, C. R. Acad. Sci. |,
Math. 321, 285(1995.

cuss. Chem. So@1, 281(1986; K. Berndl, J. K&, R. Lip- Histel 4 h
owsky, E. Sackmann, and U. Seifert, Europhys. LE®.659 [12] R. E. Goldstein and S. A. Langer, Phys. Rev. L6, 1095

(1990; H. P. Duwe, J. Ka, and E. Sackmann, J. PhyBarig (1995. ) )

51, 945(1990: E. Evans and R. Rawicz, Phys. Rev. L&, [13] D. Kessler, J. Koplik, and H. Levine, Adv. Phy87, 255
2094 (1990; J. Kzs and E. Sackmann, Biophys. 60, 825 (1988. _

(1991): E. Farge and P. Devauibid. 92, 347 (1992. [14] J. Bass(unpublishedl

[5] B. Fourcard, M. Mutz, and D. Bensimon, Phys. Rev. L8, ~ [15] U. Seifert, Phys. Rev. A3, 6803(1991.
2551 (1992; X. Michalet, D. Bensimon, and B. Fourcade, [16] F. Juicher (private communication
ibid. 72, 168(1994. [17] T. Stossel, Sci. Am271 (3), 40 (1994.



