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Spontaneous curvature-induced pearling instability
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We investigate the instability of a tubular fluid membrane made of a water-soluble surfactant. The tubules
are obtained at high brine salinities. The instability is due to introduction within the vesicle multilayer of an
alkane. We measure the wavelength of this instability versus the unperturbed radius of the tubules and interpret
this selection by using a model that includes not only the surface tension in the elastic energy, but also the
effect of the asymmetry induced by the oil as a spontaneous curvature. The linear stability analysis shows that
within this model the selection is indeed due to nonzero positive spontaneous curvature.
[S1063-651%98)03712-X

PACS numbgs): 87.22.Bt, 68.10-m, 02.40-k, 47.20—k

I. INTRODUCTION point out that Deuling and HelfrichL1] showed theoretically
that pearled shapes can arise in cylindrical vesicles when the
Vesicles naturally exist in different shapes. The mosttube spontaneous curvature is nonzero. Figures encountered
common shapes are spherical vesicles, and vesicles with ot the literature with such pearls can be found 12]. This
late shapepotato shape Toroidal vesicles also exist under reference showed “myelin figures,” which form in aging
some particu]ar ConditionE’l,Z]_ Tubular vesicles are also blood cells. We believe that these figures are experimental
common in nature, but they are not an equilibrium solutionevidence of the pearling instability.
for the elastic energy3]. One of the most fascinating phe-  In this paper we study an instability of tubular vesicles
nomena are the shape changes of cells and the manifold 81ade of a water-soluble amphiphile. The vesicles are formed
local instabilities of cell plasma membranes in particular andn & brine solutionfwater/NaCJ. This instability is similar to
vesicle membranes in general. Under physiological condithe ones cited above at least qualitatively. Contrary to the
tions the red blood cell for example, exhibits the familiar €xperiments where pearls form as a consequence to an irra-
biconcave shapéhe discoide form Removal of some par- diation, our experiment consists of modifying the interlayer
ticular proteins leads to the echinocyte form, or to the stodistance, that is, the bilayer distance, by incorporating into
matocyte forn{4]. The interest of vesicles as a model systemthe bilayer a solvent of the aliphatic chains which constitute
of living cells, for drug delivery or for different industrial the hydrophobic part of the molecule. In Sec. Il we will
usage, is the origin of several fundamental studies over gescribe the experiment and in Sec. Il we present the theo-
couple of decadef5]. Local instabilities play an essential retical model of the instability observed. Finally, a conclu-
role in material transport process between cellular compartsion is presented.
ments or through the plasma membrane. An important ex-
ample is the transport of newly synthesized membranes to
the cell envelope, and it involves three stef@:budding of
vesicles,(b) their fission from a parent membrar(g) their It is known that alkanes are more or less good solvents,
fusion with the target compartment. Tubular vesicles, excitedlepending on their chain length, of the aliphatic chain of the
by different techniqueguv radiation, optical tweezers, etc. anionic surfactant called AOT(sodium di-2-ethylhexyl-
exhibit curious behaviors similar to the Rayleigh instability sulfosuccinate at the oil-water interfac§13,14. AOT is a
in liquid columns. Such behavior is known as “pearling” water-soluble surfactant that forms micelles when dissolved
instability [6—8,10. After exposure to radiation, tubular in water up to a concentration equal to 30 mmol/L. Beyond
vesicles become a succession of spheres, separated by ngnis “solubility limit,” the solution presents two phases: a
row necks. In the case of uv radiation, long time radiationdense, opaque phase and a lighter and more transparent one.
induces a separation of the sphergd. When tubular Observation has revealed that AOT forms spherical and mul-
vesciles are excited by optical tweezers, the shape of thélamellar vesicleqd15,16. Generally, double-tailed surfac-
spheres depends on the intensity of the laser. A long timéants form vesicled17]. These vesicles are found to be
exposure of the optical tweezers on the tubules induces a@paque when observed through a microscope and present
separation of the spheres by narrow neldk3]. Also, itwas  several layers. We believe they are onionlike vesicles. How-
found that vesicles can suffer the same pearling instabilityever, at low salinities and at low AOT concentrations, AOT
when subjected to a change of the water pH between thfarms unilamelar sphericals and prolate vesicles as well as
inside and the outside of the vesidl@]. It is important to  dumbell-shaped vesicles. At high salinitiese investigated
the range 0.1-0.175 molf)Lwe found that AOT in brine
forms tubular vesicle$15]. These tubular vesicles can be
*Present address: Department of Mechanical Engineering, Roomery long; the length can be several orders of magnitude
3-250, Massachusetts Institute of Technology, Cambridge, MAlarger than their diameter. There are two ways of preparing
02139. this phase: Either solubilizing AOT in a very short alkane
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(heptang and allowing the heptane to evaporate before add-fmems s P & }g ]/ p £ —_—
ing water to the residue, or mixing first AOT and salt in a o . 54 r 2

ratio 1:3 in weight, then pouring gently the appropriate quan- 8 - ,, Tk * j”/ Q : s ® .
tity of water to the AOT/salt mixture to have the desired | = - = $h .;f" ,) -y >

(AOT/salh concentrations. For the purpose of this work we =
used the second procedure, so that we could avoid any kinc, '."e'
of mixing of the two alkanes. If we prepare a low salinity = %
solution by dissolving the amount of AOT in water and add- | &
ing brine to bring the solution to the desired salinity, no |
vesicle is observed. The formation of these vesicles is prob-
ably due to an electrostatic effect between the polar head:
[17]. In this paper we will not describe the phase observed
when changing salinities or amphiphiles concentrations. In- FIG. 1. A peristaltic state, in a thick cylinder. The bar represents
stead we will focus on a particular effect of dodecane onl0 um.
tubular vesicles obtained at high salinities. An instability is
studied and the wavelength selected at the onset of the instdirectly introduced into the solution. Due to the weak solu-
bility is measured as a function of the radius of the unperbility of dodecane in water, and its slow diffusion, it takes
turbed tubules. The instability and the wavelength selectiorseveral hours for the instability to start. The oil probably
are found to be a result of the fact that the spontaneousavels inside the solution after being incorporated in the
curvature deviates from zero because of oil incorporatiorswollen micelles. After the oil reaches the tubules situated
into the tubular vesicle layers, which makes the bilayer nonfar enough from the point where the drop was introduced,
symmetrical. Although spontaneous curvature is a welltubules become unstable, forming pearls similar to the ones
known parameter in the study of topological and mechanicabbserved in Refs[6—9]. We have not noticed any shape
properties of membranes, we will explain briefly its origin in changes when the gap between the horizontal walls of the
Sec. lll. observation cell is much smaller than 1 mfiwe do not
The vesicles are observed through an inverted phase coknow why this effect depends on the gap between the cell
trast microscope (49 objective, Nikon diaphot 200 The  walls where the vesicles are being observed. Oil evaporation
cell where the vesicles are observed is a 1-mme-thick closethay affect the dynamics t0oA sinusoidal instability is ini-
glass cell; the gap between these two glass slides is ald@ted, and develops to a peristaltic state, with a reduction in
1-mm-thick. The AOT-brine solution is left for a couple of fluctuations. However, large cylinders are stable; this will be
days, so that any shape transformation due to macroscopdtarified in the following model. The structure observed is
flow, after transfering the solution from a test tube to theperiodic and typical necks between the pearls are apparent.
observation cell, disappears. The observation cell is hermetln the case of thick walled vesicles, the pearls do not discon-
cally closed and sealed up in order to avoid any fluid leakagaect. However, tubules with thin layers are cut into separated
and oil evaporation. The brine salinities used correspond tgpheres at the end of the instability. The time over which the
the minimun of oil-water interfacial tensions and are 0.175spheres disconnect is still unknown. This kind of state is
mol/L for dodecane and 0.075 mol/L for decane and an AOTshown in Fig. 1. Bar-Ziv and Mosd$] suggested, after an
concentration of 7.5 mmol/L and 4 mmol/L, respectively. experiment where a tubular phospholipid membrane was ex-
The critical micellar concentratiofCMC) of AOT water so-  cited using optical tweezers, that the instability appears be-
lution without salt is around 2.5 mmol/l(CMC is the am- cause of a change in the surface tension induced by the twee-
phiphile concentration at which the air-water or oil-water zers with analogy to the Rayleigh instability of a column of
interface is saturated and the first micelles are forinkds liquid [20]. The surface energy should be the source of in-
noteworthy that by adding AOT to water, the surface tensiorstability, however as the surface energy increases the linear
drops continuously and reaches a value, at the CMC, beyorahalysis shows that the instability develops only long-wave
which it (the surface tensignremains constant. At 0.075 modulations without any wavelength selection. Later, and to
mol/L of NaCl, the stable shapes are essentially prolate andxplain the observations of Bar-Ziv, Tlusty, and Mo$ék
spheres; at 0.175 mol/L of NaCl, the shapes are cylinderdNelson, Powers, and Seif¢@1] showed that nonzero wave-
This shape transformation from low salinities to high salini-length could be selected by the radius of the tubular mem-
ties is probably due to an electrostatic effect as AOT is arbrane, because of the fluid viscous motion inside the tube.
anionic moleculd17-19. We observed the effect of dode- See alsd26]. However, in the case of our experiment this
cane on stable tubular vesicles at 0.175 m@#Lthis salinity  model is not sufficient to select a well-defined periodic spa-
the dodecane-brine interface tension is minimi&8]. The tial modulation of tubular membranes with the right depen-
introduction of the oil into the cell does not perturb hydro- dence of the wavelength versus the initial size of the cylin-
dynamically the solution and it is a noninvasive way to in-der. In fact, in our case an extra length scale becomes
troduce the drop into the solution. To avoid instabilities suchimportant in the problem.
as the Marangoni effect, the oil is introduced through a less Figure 2 shows the dependence of the dimensionless hum-
than 1-um-diam crack-type orifice. The drop, with a volume ber (q.R,) as a function of the initial radius of the tubule
of the order of 0.25uL, travels through the glass by capil- Ry. The wavelength at the onsey,, is measured whenever
larity before it reaches the solution. The orifice is located at tubular vesicle starts to suffer the instability. The disper-
the lateral wall of the cell, that is, between the lower glasssion in the data is probably due to the fact that the wave-
slide and the piece separating the two slides. The drop is thdength is not measured exactly at the onset with an error of
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06 | whereck is the rigidity,a=(a++a_)—;<c§/2 is the “effec-
’ tive” surface tension of the bilayer, anc,=(o
05 L —o_)h/k is the spontaneous curvature of the layer and is
o zero when the bilayer is symmetric, or when the neutral sur-
9-"0_? 04l face of the layer is in th_e mido!le of the lay3]. Here the
spontaneous curvature is not introduced as a parameter, but
031 is considered as a measure of the asymmetry in the layer and
a shift of the neutral surface from the middle of the layer.
02} Also the surface tension is expressed as a combination of the
different mechanical parameters of the membrane and has a
01} different meaning than the surface tension of a monolayer or
a liquid-liquid interface. For an axisymmetric surface char-
0 ) 4 6 8 10 acterized by a local radiuR(z), the mean curvature is
R, (um) 1 1 1 R o
— 4 — = — ,
FIG. 2. The product .R,) as a function of the unperturbed Ri R: RJ1+R'? (1+R’?)?%?
radius Ry, in um). The line represents a fit with the theory devel-
oped below. on the other hand the surface element is

dS=27R\J1+R’?dz. HereR'=dR/dz andz is the cylin-

the order of 2 sec after the onset of the peristaltic state. Theer axis. _ _

oil molecules reach the tubular vesicles in a random way, so LetRo be the radius of a nonperturbed tube; af2], we
the instability onset is also random. The finer tubules start t&€t
suffer the instability earlier than the larger ones; this fact
explains also the dispersion in the data of Fig. 2.

The characteristic slope of the experimental data of Fig. 2
represents an extra lengtbf the order of 2 um) in the
problem, as we will show later. The inverse of this lengthinto the free energy getting a power expansionujn(the
may be interpreted as a spontaneous curvatyyeneasuring  square root appears because of conservation of the volume of
a symmetry breaking between the two sides of the membrariée tube; note also that,_, cannot hold a value diffrent
by incorporating a different amount of oil molecul¢sm  from zero:
some sense this is the analog of chirality in liquid crystals
In the next section we will introduce a simple model which _ 2 @ 4

: _ . i F=Fo+a(q)|ug/“+ |ugl™, 4)
explains the physical meaning of this length scale. 2

R(z)=Rg| v1—|ug|*+

1 ()

Uq iqz
—el%%+c.c.
J2

where
I1l. THEORY

L
One may model this by considering a membrane layer as Foz%[(l—coRo)er 25],

composed of two different layers separated by a distdmce 0

and with different values of surface tension and surface eles= /,c2 is a dimensionless number, and the coefficient of

ments, one witho, anddS, and the other withv_ and e quadratic term is

dS_. Therefore, one has an energy of the foom [dS,

+o_[dS_. This energy would include all the elastic con-  a(q)= 7L k/2Ry{ — (CoRy)>— (qRy)?—4(coRo) (qRy)?

tributions (curvature and surface tension of the whole layer ) ) 4

[17]. Expanding now both surface elementS. in powers +(CoR0)*(AR0)“+2(aRy)

of h with dS.=dlidIZ=dI*dI[1+h/(2R)][1 —25(CoRe) 21— (qRo)2]1. (5)

+h/(2R,)], one getdwe leave out thef dS/(R;R,) term

because it is a topological invariant which does not contrib- The linear instability appears far(q) <0. Geometrically,

ute to the equations of equilibrium the transitiona(q)=0 allows us to express the control pa-
rameterS as a function of the perturbation wave number

(¢,—o )h[1 1 gRO. For 0<cgRy<1/2, S has a minima at|=0. T_he cyl-
f ds{(m +o_) +T(R_1 +R—2> }ds inder is stable for low values &, however as one increases

S up to a critical valud S(q=0)], the tube suffers a long
wavelength instability, without wave-number selection. For
Here 1R, +1/R, is the mean curvature amtS=dI*dI?isa  1/2<cyRy,<1, S has a minima fogq=q.. A short wave-
geometrical neutral surface element between the two layergength instability appears as soon&s S . This is shown as
Finally, adding a “bending” energy of a tube, the free en-local minima in Fig. 3. From Eq(5) one gets explicitly the
ergy is[22] threshold of the instability, hence the wave vector of the
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FIG. 3. The order parametéras a function of the produgfR,; the figure on the left is obtained for a zero spontaneous curvature and
the one on the right is focy# 0.

most unstable modeq(), and the value of the control pa-  The fit represented in Fig. 2 was performed using the

rameter §) at the onset of the instability. expression(6), i.e., we triedq.Ry~ [1—K ll—coRo. The

In Fig. 4, one can see that the control parameter vanishefﬁ gives K~1.2 (instead of 1.#andc,=0.16 um*. This

as soon as the radius of the tube is equal to the spontaneoys, o is in the range of values measured for vesicles. In Fig.
curvature, i.e., when the tubule layers are symmetrical. Frongf the value ofS, at theq, is of the order of 2
C Cc .

Eq. (5) andbimpo?jirlga(?hhdﬁ/lgqaot(_)ne gets the critical At the critical point g, the sign of the coefficient
wave number and the threshold, that Is, B(dc,Se) of the fourth-power termug|* is positive for all

values ofcyRy such that 1/2 cyRy<1. Therefore, this peri-
deRo= V1= 2y1-coRy, (6)  staltic instability is supercriticala second-order transitign

It is interesting to note that for large tubular radius there is
Note that there are two different solutions: The solution withno instability, as we can see in expressi@), where Oe
the + sign represents a situation whegigR,>1 and this  pecomes a complex number. This characteristic is indeed
instability is possible only ifS takes negative valuegiote  observed in experimenfd5]. On the other hand, for small
that this negative surface energy allows the instability to octubule radius, the instability grows fay,=0, but this is not
cur with a well-defined wavelength even fog=0), how-  possible because of volume conservation, in other words a
ever the selected wave number in this case has a negatif®mogeneous growth af,, is forbidden. In conclusion, in
“mean slope,” that is, a line essentially perpendicular to thepoth casesi) for small tubular radiuRky< 1/c, (experimen-
experimental line given in Fig. 2. The critical surface tensionta|ly we getR,<1 w m) and(ii) for large tubular radius

for the casegRp<1 is Ro>1/c, (experimentally R,>10 um) the tubules are
stable.
s = 3+ 2521 —coRg+4coRy— (CoRy)? .
¢ 2(CoRy)? ' @ IV. CONCLUSION
35 The oil, when incorporated in the vesicle membrane, is
distributed asymmetrically between the different layers com-
30 | posing the membrane, i.e., between the outer layer and the
inner layer, giving rise to a nonzero spontaneous curvature.
25 | A possible scenario would be that when the swollen micelles
reach the tubular vesicles, they load their amphiphiles at the
20 outer surface and a symetry breaking occurs between the
S outer and the inner layers. One can wonder, how is it pos-
‘151 sible to vary the spontaneous curvature without changing the
length of the surfactant molecule? As for AOT monolayers at
10 the planar interface between the oil and brine phases, this can
be done by changing the brine salinf84], but in the range
5t of the salinity that one can probe, the Debye length changes
from 0.456 nm to 0.608 nm, which is not sufficient to change
ok - - L L the spontaneous curvature of the tubular vesicle radius in the
0 02 04 06 08 1 1.2 range from 5 to 20um [27]. This could be perfomed, per-
¢cR haps, using optical tweezers to bring proteins to a particular
00 region of the membrane.
FIG. 4. The critical valueS, vs the product,R,. As the radius In conclusion, tubular vesicles can be excited in different

of the tube approaches spontaneous curvature, the tension vanishegys, from uv radiation to laser tweezers; the latter repre-
as it should be. sents a powerful tool to control the onset of the instability
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and the size of the pearls that nucleate in the ves[@gdt respectively, and vice versa. A microscopic description of
is found that with the incorporation of another molecule, inthe distribution of molecules, in terms of the volume fraction
this case an alkane, in the bilayer, a more or less good sobf oil introduced into the alipahtic part of the layer, is nec-
vent for the aliphatic chain of the surfactant, the tubules als@ssary to understand this effect on the spontaneous curvature
suffer an instability similar to the Rayleigh instability. The of the tubules[25]. It is also of importance to notice that
nonzero spontaneous curvature is created by the incorporaayelin figures observed in aged blood cells can be a result of
tion of oil molecules(dodecanginto the membrane of the a migration of molecules in the bilayer, which causes the
vesicles, inducing a short-wavelength instability to appear. Irbilayer to be nonsymmetric4ll1,12. This can be checked

our model surface tension of the whole layer is necessary butsing the same experimental procedures of Bar-Ziv, Tlusty,
not sufficient to describe the peristaltic state observed in sucand Moseg7].
fluid tubular membranes. It is then important to introduce an

effective surface tensiofnot to be mistaken for surface ten-

sion of monolayers and liquid interfagesvhich is probably

created by the incorporation of oil molecules between the We are very grateful to X. Michalet for helpful discus-
aliphatic tails of the surfactant, composed of the bilayer ri-sions and critical comments. The Laboratoire de Physique
gidity, where the thickness and the surface tension of th&tatistique is associated with the CNRS and the Univeysite
outer and inner layers suffer elongation and compressiorge Paris VI and Paris VII.
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