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ObservationofStableShapesandConformal withtwOhOlesOrmore)ofanewphenom- 
enon, which they called conformal diffu- 

Diffusion in Genus 2 Vesicles sion (7). Here. we re~or t  the observation 

Xavier Michalet* and David Bensimon 

. . 
of this phenomenon. 

To understand the possible shapes of 
vesicles, it is helpful to- first consider the 

The observed equilibrium shapes of phospholipid vesicles of topological genus 2 (shapes invariance properties of their elastic curva- 
with two holes) are found to be in agreement with theoretical predictions on the basis of ture energy (Eq. 1). This energy is obviously 
a minimization of the elastic curvature energy for fluid membranes under the constraints invariant under translations and rotations. 
of constant area, volume, and area difference (between the inner and outer layers of the It is also invariant under dilations. Indeed, 
membrane). For some particular geometrical characteristics, the shapes of the vesicles if we scale a vesicle (if it is spherical, its 
change continuously and randomly on a slow time scale (tens of seconds) and thus exhibit radius) by a factor a, because its area in- 
conformal diffusion. This phenomenon is a reflection of the conformal degeneracy of the creases as a2, its overall energy and shape 
elastic curvature energy. Its observation sets a limit (three constraints) on the number of remain unchanged. This invariance has an 
physical constraints relevant to the determination of the shapes of vesicles. important consequence: The number of rel- 

evant geometrical characteristics is reduced 
by one, and adimensional parameters are 
defined as the reduced volume u and the 

Phospholipid vesicles are closed fluctuat- the most obvious. However, these are not reduced area difference Aa (8). Another 
lng bags (less than a few micrometers in sufficient to account for all the vesicle more subtle property of the energy is its 
size) whose surfaces are made of phospho- shapes that have been observed, for exam- invariance with respect to sphere inver- 
lipid molecules organized in a membrane, a ple, the variety of red blood cell morphol- sions. A sphere inversion is defined simply 
fluid bilayer structure a few nanometers ogies. To account for those cases, other by choosing an inversion center 0 and 
thick. These vesicles, also known as lipo- constraints have been introduced, such as "inverting" the distances (9). In contrast 
somes and used as such in a number of a spontaneous curvature (which might re- with the previous symmetries, the sphere 
applications (from cosmetics to pharmacol- sult from a bilayer asymmetry) or a con- inversions, although they may preserve the 
ogy), are often studied as a simplified model straint on the area difference AA between energy of a vesicle, may alter its shape. All 
of the cell membrane. They are easily the inner and outer layers of the mem- of these transformations combined-trans- 
formed from a sample of phospholipids dis- brane [which could be constant as a result lations, rotations, dilations, and inver- 
solved in water and can be observed by of a very low rate of lipid exchange (flip- sions-form the group of three-dimensional 
phase-contrast microscopy (1 ). Under- flop) between the two layers], or a combi- conformal transformations, and, as just ex- 
standing the shapes of these vesicles is a nation of both (4-6). Recently Julicher, plained, the elastic curvature energy does 
crucial test for the validity of the various Seifert, and Lipowsky (JSL) pointed out not change as a result (that is, it is confor- 
physical models that describe fluid mem- that the number of relevant constraints mally invariant). 
branes. This has been an active experimen- could be determined to be three on the In particular, the state of minimal elastic 
tal field since the mid-1970s when the first basis of the observation in vesicles of to- curvature energy (the ground state) is con- 
models were proposed as an explanation for pological genus 2 or higher (that is, shapes formally invariant. For vesicles of spherical 
the various shapes of red blood cells that 
had been observed (2). These models are all 
based on an elastic description of the fluid Fig. 1. Some of the absolute minimal shapes of - -. 

topological genus 2 (shapes with two holes) for the (shearable) membrane, its energy being 
elastic curvature energy (Eq. 1). These shapes can 
be obtained by special conformal transforms 

& ) Y  

Iz = !! 2 [I(& + &)2ds ( 1 ) (SCTs) of the Lawson surface L; SCTs are defined , 
by IoBoI, where B indicates the translation of vector 
b, and I is the sphere inversion with its center at the 

'4 

where is the elastic R~ and R2 origin of coordinates (7, 9). For the sake of corn- B BS2 

are the local principal radii of curvature of modlty, we start from the "button" surface B. wth 
X 

the membrane (3), and S is the differential b parallel to thezaxis, 13 [ ( v , h )  = (0.68,l .OW)] can 1 

surface element. be continuously transformed into L [ ( v , h )  = 

The shape of the vesicle can be deter- (0.67,1.021)1, which has a threefold symmetry c 'v 
L 

mined by minimizing its elastic curvature axis, and finally into a sphere with two infinitesimal *id' 
energy under various physical constraints, handles (a "genus 2 sphere") [ (vsh )  = (1 ~1)Is go- 

ing through surfaces of the LS kind shown here. among which its area A and "lume are wth b parallel to thex axis, it is possible to contin- ' 
Laborato~re de Physique Statistique. Ecole Norrnale Su- UOUS~Y reach a genus 2 sphere going through sur- iw' 
perieure, 24 rue Lhomond, 75231 Pans Cedex 5, France. faces of the BS, kind; the same is true forb parallel B S ~  LS 

.Present address: Laboratolre de Bophyslque de to they axis and surfaces of the BS, kind. Shapes were calculated with the SURFACE EVOLVER program 
lnstltut Pasteur, 25, 28 me du Dr R ~ ~ ~ ,  75724 Pans (1 7). This figure was inspired by a similar figure published in (7), which was based on a dierent numerical 
Cedex 15. France. algorithm. 
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topology this ground state is the sphere, 
which remains a sphere under any three- 
dimensional conformal transformation. For 
the toroidal topology (surfaces of topologi- 
cal genus 1 or shapes with one hole) the 
Clifford torus, a particular axisymmetric 
doughnut, is an absolute minimal-energy 
shape (10). It is not unique. Upon inver- 
sion, it can be deformed continuously into a 
nonaxisymmetric, one-parameter family of 
minimal-energy tori known as the Dupin 
cyclides. The ground state of genus 1 shapes 
is thus degenerate. This degeneracy is, how- 
ever, raised with the introduction of physi- 
cal constraints, such as v, which selects one 
particular family member for each value 
0.711 < v < 1 (I I ,  12). 

For vesicles of topological genus 2, the 
ground state is the Lawson surface L (Fig. 1) 
and its conformal transforms (13). Because 
of the low symmetry of L, the minimal sur- 
faces form in this case a three-parameter 
family W (14). JSL pointed out that if two of 
these degrees of freedom are enough to sat- 
isfy the relevant constraints, then one de- 
gree of freedom remains to continuously de- 
form the shape while preserving its elastic 
curvature energy and the constraints. This 
means, for example, that for certain values 
of v and Aa there exists a one-parameter 
family of vesicles with minimal energy. Be- 
cause it costs them no energy, these vesicles 
are expected to randomly explore the vari- 
ous shapes of their family, a process called 
conformal diffusion. Because this process re- 
quires redistribution of fluid volumes, these 
vesicles will evolve on a long hydrodynamic 
time scale (tens of seconds), which can be 
differentiated from the fast (subsecond) 
thermal fluctuations of their membranes. 

For geometrical constraints not reached 
by the degenerate ground state W ,  a unique 
stable shape is expected (15). Our observa- 
tions fully confirm these predictions. Fig- 
ures 2, 3, and 4 present observations of 
vesicles of genus 2 with a unique stable 
shape. The "buttonv-like vesicle shown in 
Fig. 2 has been reported by our group (1 2). 
In Fig. 2 we compare its shape with a direct 
numerical minimization of the energy (Eq. 
1) under the constraints v = 0.52, Aa = 
1.17. The good agreement between the ob- 
served and calculated shapes and the fact 
that the corresponding calculated elastic 
curvature energy is higher than the ground- 
state (W) energy support the arguments of 
JSL presented above. This agreement is fur- 
ther confirmed in Figs. 3 and 4, in which 
our observations are compared with a nu- 
merical minimization of Eq. 1 under appro- 
priate constraints. Other stable shapes with 
different symmetries have also been ob- 
served, in agreement with the theoretical 
  re dictions of ISL. 

Conformal diffusion is expected for ves- 
icles whose geometrical parameters are 

Fig. 2. Genus 2 button- -7 .illW .+r like vesicle (78, 79): (A) I 

top view, (B) side view, (C) 
front view. Scale bar, 10 
pm. For comparison, the 
numerically equilibrated 

3, 
surface that minimizes the 

"I 
elastic curvature energy E 
[with constraints (v,&) = - - - -- 
(0.52,1.17)] is shown as a 
wire frame oriented in the 
corresponding directions 
with respect to the ob- 
server. These values do 
not belong to the W do- 
main calculated bv JSL 
(EJ8.rr~ = 2.13 ; EW/8.rr~ - 1.75), which explains the stability of this vesicle. The symmetries of the 
vesicle are in agreement with the predictions of JSL for these (v,Aa) values. 

Fig. 3. Genus 2 vesicle: (A) 
top view, (B) side view, (C) 
front view. Scale bar, 10 pm. 
In comparison, the numerical 
surface represents the SCT of 
the minimal button surface B 
of Fig. 1 with vector b = 
(0,0,1.4/Rd, that is, an inter- - - 
mediate surface between B x. +WE a 

-- f 
and L, which lies on the 
boundary of the W region (7) 
[(v,&) = (0.69,1.029); E I ~ P K  - 1.75; Ro = m]. 

Fig. 4. Genus 2 Lawson-like 
vesicle, with an approximate 
Dm symmetry: (A) top view, 
(B) vertically tilted threefold 
symmetry axis, (C) fully tilted 
threefold symmetry axis. 
Scale bar, 10 pm. We did not 
tty to find its geometrical pa- 
rameters. Corresponding 
views of the exact Lawson - 
surface L of Fig. 1 are shown 
as an aid in visualizing the ori- 
entation of the vesicle with re- 
spect to the optical axis 
[(v,&) = (0.67,1.021); E / 8 n ~  - 1.751. 

Fig. 5. (A through E) -" " E l -  - l a  - - - m -"' 
Conformal deformation 
of a genus 2 vesicle 

3. 
(elapsed time between 
images, -30 s). Scale 

\ 
*, 

bar, 10 bm. For compar- PI- e- - = ' - - 
ison, nhnerical shapes 
belonging to the same 
one-parameter family of 
absolute minimal shapes 
are shown. They were ob- 
tained by a succession of SCTs that preserved (v,&), as discussed in (4, starting from a (0.7/R0,0,1 .4/Rd 
transformed button B [(v,&) = (0.67,1.025); E / ~ T K  = 1.751. 
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reacheii h\- the grounJ state 1 1  '. In F I ~ .  5 
( top) ,  auccessl\-e linages, -317 z apart, of the 
same veslcle ~ndicate  that it cxh~hi ts  clcar 
chanpes 111 shapc. Thls sequence 1s corn- 
parcd ivith the ~lumcricallv e~~ui l lhra ted sur- 
faces \v~rhin  thc 'it' t;rm~l\- sho~vn  in Fig, 5 
(hottom), all of \ \ .h~ch have the  same geo- 
metrical parameters ( ~ 8 , l a )  ailii ~ ) t  cour\c 
the samc ~ n ~ ~ l i l l l a l  energ\-. T1-i~ \-cry lony 
t~lllc scale of the ol~scrl.ed dett>rmation 
~l lode demonstl-atcs that this IS not a tlher- 
mallv cxc~tcil  hcll~iil-iy moiie. the time scale 
for ~v111ch I typ~call\- lebs than a second 
( I  6). K'e cnnclucie that t h ~ s  deformation 1s 
a zero-energ\- moile anil thus is exper1111e11- 
tal e ~ d e n c e  of confc)rmal ciiit;~aic~ll. K'e 
have yxlera11:ed these (>her\-ation\ to ye- 
nus 3 ves~clcs, althouqh the dz.;cr~ption o t  
collformal i l ~ f f u s ~ o ~ ~  for these vesicle.; 1s 
much Inore dcl~catc .  
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Two-Dimensional imaging of Patentia! Waves 
in Electrochemical Systems by 
Surface Plasmon Microscopy 

Georg Flatgen, Katharina Krischer," Bruno Pettinger, 
Karl Boblhofer, Heinm Junkes, Gerhard Ertl 

The potential dependence of resonance conditions for the excitation of surface plasmons 
was exploited to obtain two-dimensional images of the potential distribution of an elec- 
trode with high temporal resolution. This method allows the study of spatiotemporal 
patterns in electrochemical systems. Potential waves traveling across the electrode with 
a speed on the order of meters per second were observed in the bistable regime of an 
oscillatory electrochemical reaction. This velocity is close to that of excitation waves in 
nerve fibers and is far greater than the velocity of reaction-diffusion waves observed in 
other chemical systems. 

A11 d~sc~pl i l les  of sclence exhihit the phc- 
nomenon of spontaneous format~on of spa- 
t~otemporal patterns fro111 an  or~glnallv ho- 
rnoye~~eous state ( I  ) .  In cl-icm~cal si-stcms. 
spatla1 patterns may ilcvelop 1t an  autcicat- 
a l \ - t~c  react1011 is coupled to t i~ i ius~on  of the  
reacti~lg species, Tllesc \ystems can he Lie- 
scr~hcd by reaction-diff~~sio~l ec~uat~oi-is al-ici 
have I?cen ii-itcllsi\.ely in\-estlgated (2 ) .  
How\ -e r .  iilff~~sloll 1.; not thc onlv mecha- 
~ l i s ~ l l  hv ivliich i~ltc)l-lllati~)ll call be passed 
011. For example. in ~ l c r \ ~ c  fihcrs, e s c ~ t a t i o ~ l  
statcs propagate as a result of c lect r~c trani- 
p"rt p l ~ c ~ l o i n e ~ l a .  This 1s also true ill clec- 
trocl-ie~llical systems, n.l-icre y o t e ~ ~ t i a l  ,uracii- 

Fritz-Haber-lnstit~t der ?/lax-31arc~-Gesellsc~iai. Fara- 
d?:f'/!eg 4-6. D-14195 Berl~r IDaPlan, Ger,rary. 

cnts are respc~llsihlc i;)r commun~cat ion be- 
tween cl~fferent parts of thc clectrotle. T h e  
c o ~ ~ p l ~ i l g  o t  the  electrode k~i-ietic\ to the 
l~ull< electrolvtc, which i\ ~~~~~~~~~~~~~ral, 
leads to pl-ienomena that arc qual~ta t~\ lc lv  
clitkrellt from those expected 111 svstems 
that call hc cic\cr~lxd h7- react ion- i l~ff i ls~o~~ 
cqilatlons (3) .  T o  datc, tllc i n v c s t i ~ a t ~ o n  of 
thcsc patterns has 1,cel-i 1-iii-iclc.rccl h7- a lack 
c ~ f  suitahle experimental techniques. Hcre, 
n,e present ilnaycs of t~vo-dimcns~onal (213) 
pote~ltlal  14 ayes 111 a n  electrochemical s\-s- 
tern. They ivcrc oh t ,~~~- ie i i  wit11 surfacc 1312s- 
mon (SP) m~criosccip~, a newlv ile\,elopcd 
methoil fcir tllc stuclv ot rapid spatial \.aria- 
tions at electrochemical ~nterfaces. 

111 electrochcm~cal systems, spatla1 pat- 
tel-lls are cc,mpc,scid of d~fferent \li~ltape drops 
across the electroile-elcctrolvte ~nterf;-ice 




