
900 

Bioehimica el Biophysiea Acla, 436 (1976)  900--903 
'~' Elsevier Scientif ic Publishi,l~ Compavw, A.ms~'crdam Prip.tod in The Notherlar~d~ 

BBA Repor t  

BBA 71260 

MEASUREMENT OF TIlE C! ~RV ATURE-ELA,~TIC MODUI,US OF 
EGG LECITHIN BILAYERS 

R.M. SERVUSS a, W. HARBI(',H a and W, I tELFRICH b 

a lns l i tu t  fg~r A t o m -  und P~sthOrperphysih, Freie Universilot, Konigin Luise-Str. 28 - 30, 
D I 0 0 0  Berlin 33 and b lnstit~,t D~r 7'heor,,tischp Physik, Freie Universiti~t. 4rpffmaltee 3, 
D 1000 Berlin .33 (Gernm,y !  

(Received April 201h, 1976) 

Summary. 

The first determinat ion of the curvature-elastic modulus K of a bilayer 
is presented. The method is based on the microscopic study of thermally 
fluctuating bilayer tubes. For egg lecithin at room temperature  we obtain 
K --- (2.3 ~ 0.3)" J 0  ~ ~'~ 

Various procedures have been reported to produce lecithin bilayer 
vesicles in water, large enough to be visible under an optical microscope [ 1 - -5 J  
Some of them start f rom black films; they require the use of organic solvents 
which may have the undesirable tendency to be incorporated into the 
bilayer [3,5] .  In the others, dried lecithin is brought into contact  with water; 
they do not  guarantee that  the membrane of  the vesicle is unilamellar [ 1,2,4].  
In our present work we used the second method.  Vesicles of large sizes 
{many pm in diameter) and various shapes were made to swell from lecithin 
lumps in water at sufficiently elevated temperatures. The materials used were 
distearoyl,  dipahnitoyl ,  dimyristoyl ,  and egg lecithin. All observations were 
made under a phase contrast  microscope. 

Some of our vesicles had the form of  long tubes. If their membranes 
were thin enough, they displayed wave-like fluctuations as part of  their 
Brownian motion. The strength of  these undulations should be related to 
the curvature-elastic modulus of the membranes. Studying the undulation 
modes thus opens the possibility to determine the modulus and, by way of 
a "quan tum effect" ,  to  discern the number  of lamellae making up a given 
membrane. We note that  because of its smallness the curvature-elastic modulus 
can in general not  be derived from the equilibrium shape of vesicles (i.e. the 
shape of minimum elastic energy). Even though this shape is control led by 
curvature elasticity it is a function of  membrane area, enclosed volume and 
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spon taneous  curva ture  only.  However ,  the  energy requi red  for  de fo rma t ions  
of  any k ind  depends  on  the  elastic modulus .  

In the  fo l lowing we give a t heo ry  o f  the  undu la t ion  modes  o f  tube-l ike 
vesicles and r epo r t  measurement s  on egg leci thin demons t ra t ing  a " q u a n t u m  
e f f ec t "  and giving the  curvature-elast ic  modu lus  of  the  single bilayer.  Th e  
curvature-elast ic  energy per  uni t  area of  a f luid m e m b r a n e  may be wr i t t en  

as [61 

gc = ( 1 / 2 ) - ~ - ( c i  + c2 .... c0): 11) 

where  c~ and c2 d e n o t e  the  two  principal  curvatares ,  co is the spon taneous  
curvature ,  and K the  elastic modulus .  

For  a slightly ben t  tube  the  principal  curvatures  suff ic ient ly  fat" f r o m  its 
ends can be expressed in te rms of  the  radius r of  the  tube  and the radius R o f  
curva ture  of  the  t ube  as a whole.  The  curva ture  1/R  will generally vary  along 
the tube.  With 0 denot ing  an angle measured  a round  the  c i rcumference ,  we 
may wri te  

1 cos 0 
gc = (1/2)-/~. ( -  + . . . . . . . . . . . . . . .  Co )2 (2) 

r R + r .  cosO 

The bending of  the  tube  also increases and decreases th~. surface area of  its 
ou te r  and inner half,  respectively.  As a result,  we have for  the  curva ture  
elastic energy per uni t  length of  t ube  

2n 1 COS 0 r 
G c = ( 1 / 2 ) . ~ .  f ( - - +  . . . . . . . . . . . . . . .  c0) 2 ( 1 +  . . . .  c o s O ) r ,  dO (3) 

r R + r. cos 0 R 
0 

(The  bending  may cause a deviat ion of  the  cross sect ion f rom the  circular  
shape. This  higher  order  e f fec t  can be neglected.)  Expand ing  1 / (R  + r.  cos 0 ) 
at r-  cos 0 = 0 we obta in  up  to  second order  in ( l / R )  

[ I R~ ~r ]  G c = ( 1 / 2 ) ' ~ "  ( r - - C ° ) 2 " 2 ~ r +  (4) 

The first t e rm in the  bracke t  represents  the  curva ture  elastic energy of  the  
tube  whe n  it is no t  bent .  The  elastic energy per  un i t  length required  by  bending 
is 

1 1 1 1 
Gc = - " n - ~ - r  . . . . . . . .  K . . . .  (5) 

2 R 2 2 R 2 

where  K deno te s  the  elastic modu lus  of  t ube  bending.  
The  undu la t ions  of  a tube ,  if t hey  are small enough,  may  be separated 

in to  two  c o m p o n e n t s  in o r thogona l  planes. For  e i ther  c o m p o n e n t  the  
curva ture  C(x)  of  the  t u b e  may  be represen ted  b y  a Four ie r  expans ion .  Using 
cosines we have 

7f 

C(x)  = Co + ~ Cn 'cos (n"  - -  "x) (6) 
n=l L 
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where  L is the  cons idered  length o f  t u b e  and x the  pos i t ion  a long the  t ube  
(0 ~< x ~ L). The  m e a n  elastic energy  per  m o d e  as given by  the equ ipar t i t ion  
t h e o r e m  and Eqn.  5 is 

1 1 
- . K .  < Co 2 > .L  . . . . . .  k B . T  
2 2 (7) 

1 1 
• K" <~ Cn 2 ~ "L . . . .  h B ' T  

4 2 

where  h B is B o l t z m a n n ' s  c o n s t a n t  and  T abso lu te  t e m p e r a t u r e .  We are inter- 
ested in the  angle d i f fe rence  A 9 = 9(L)  .... 9(0)  be tween  the  ends  o f  the  tube.  
Because o f  C = d 9 / d x  we have  for  the  angle as a func t ion  o f  x 

"~ C n 7[ 
. . . . .  • 9 ( x ) - - 9 ( O ) = C o x +  ~ n ( n / L )  sin(n- L x) (8) 

n = 1 

Only  the  average cu rva tu re  Co c o n t r i b u t e s  to  A 9- Eqns.  5 and  7 lead to  

L . h B . T  
< ( A ~ ) 2 > _  (9) 

~r.K "r 

Egg leci thin  pu rchased  f r o m  Merck  was used w i t h o u t  f u r t he r  pur i f ica t ion .  
A b o u t  10 mg  were  suspended  in 8 ml  of  twice-dist i l led water .  Of  t he  op t ica l ly  
clear suspens ion,  10 gl were  p u t  b e t w e e n  glass slides and  sealed to  p reven t  
evapora t ion .  Swell ing for  1 h or m o r e  conve r t ed  the  leci thin l umps  a lmos t  
c o m p l e t e l y  in to  vesicular  s t ructures .  All e x p e r i m e n t s  were  done  at  r o o m  
t e m p e r a t u r e  ( (22.0  + 1.5)°C) well  above  the  t rans i t ion  t e m p e r a t u r e  o2 the  
crysta l l ine-f luid  phase  t rans i t ion  o f  egg lecithin.  The  measu red  p H  o f  the  
suspens ion  was 5.0 +- 0.3. 

Beside o the r  s t ruc tu res  each sample  s ho wed  tubes  o f  vary ing  length,  
radius  and a p p a r e n t  th ickness  o f  walls. Most  o f  t h e m  were  loosely  a t t ached  
at  one  end to  a l u m p  of  leci th in  while  the  o the r  end was f loa t ing  f ree ly  in 
the  suspension.  Series of  a t  least  20 p ic tu res  were  t a k e n  f r o m  s o m e  fair ly 
long t ubes  (11 p m  < L < 34 p m :  17 < L / r  < 83). The  t ime  intervals  were  
f ixed  and  longer  t han  the  a p p a r e n t  decay  t imes  of  the  undula t ions .  Depend-  
ing on t u b e  length and  shape,  the  intervals ranged  b e t w e e n  5 and  30 s. Only  
those  f o r m s  were  p h o t o g r a p h e d  which  were  in focus  over  the i r  whole  length.  
The  m a x i m u m  dev ia t ion  f r o m  the  p lane  of  obse rva t ion  was 1.3 t~m. A 9 was 
typ ica l ly  10 - -20  ° , which  just i f ies  the  a s s u m p t i o n  o f  f l uc tua t ion  smallness.  
The  m a x i m u m  angle in ou r  m e a s u r e m e n t s  was 59 ° . For  each t u b e  we def ined  
a length  L in such a w a y  tha t  the  t ips  were  omi t t ed .  Usual ly  the  sec t ion  cut  
o f f  was o f  the  o rder  o f  the  t u b e  d iamete r .  The  t angen t s  to  the  cen te r l ine  of  
the  t u b e  at  t he  end  po in t s  o f  L were  d rawn  and the  angle A 9 b e t w e e n  the  
t angen t s  was measured .  F o r  each  t u b e  we ca lcula ted  K. No er ror  was com-  
p u t e d  for  the  individual  tube ,  bu t  all t ubes  wi th  A9 s t rongly  devia t ing f r o m  

Q 

a Gauss ian  d i s t r ibu t ion  were  discarded.  
The  curvature-e las t ic  m odu l i  ca lcula ted  for  16 d i f f e ren t  tubes  f r o m  

Eqn.  9 are shown  in Fig. 1. The  dis t inc t  gap b e t w e e n  the  first  g roup  o f  values 
and  all the  o thers  leads to  the  conc lus ion  t ha t  this g roup  c o r r e s p o n d s  to  
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Fig.1. Bars above  the  axis show the  measu red  values of  g. Heavy  bars  u n d e r  the  axis indica te  the  
mul t ip les  of  the  m e a n  value of  K ob ta ined  f r o m  the first group.  (The  weight  a t t a c h e d  to the  individual  
values varies wi th  the  n u m b e r  of  pho tog raphs ) .  

tubes with a unilamellar membrane. The larger values of ~ scatter too  strongly 
to allow the unambiguous assignment to a number  of lamellae. The scatter 
might be related to the frequent  observation that  in multilamellar membranes 
the lamellae ar~ not  everywhere in close contact .  (Bilayers in immediate 
contact  are likely to influence each other. Therefore,  the total curvature- 
elastic modulus need not  be strictly proport ional  to their number, as long as 
this number is small.) The result for the single egg lecithin bilayer is 

K = (2.3 +- 0 .3 ) . 10  -12 erg. 

It agrees fairly well with earlier estimates [6,7 ]. Markedly smaller values, 
1 . 3 . 10  -13 erg < K < 3 . 1 0  -13 erg, were obtained from the so-called flicker 
phenomenon for the human red cell membrane [8] .  

References 

1 Bangham,  A.D.,  Standish,  M.M. and Watkins,  J,C. (1965)  J. Mol. Biol. 1 3 , 2 3 8 - - 2 5 2  
2 Papahad jopou los ,  D. and  Miller, N. (1967)  Bioehim.  Biophys.  Ac ta  135,  6 2 4 - - 6 3 8  
3 Pagano,  R. and  T h o m p s o n ,  T.E. (1967)  Bioehim.  Biophys.  Ac ta  144,  6 6 6 - - 6 6 9  
4 Reeves,  J.P. and D owbe n ,  R.M. (1969)  J. Cell. Physiol,  73, 49- -60 .  
5 Yguerab ide ,  J. and  Stryer ,  L. (1971)  Proc, Natl.  Aead.  Sci. U.S. 68, 1 2 1 7 - - 1 2 2 1  
6 Helfr ieh,  W. (1973)  Z. Na tu r fo r sch .  28e,  6 9 3 - - 7 0 3  
7 Helf~ich, W. (1974)  Z. Na tu r fo r sch .  29e,  5 1 0 - - 5 1 5  
8 Brochard ,  F. and  L en non ,  J .F.  (1975)  J. Phys. (Paris) 36, 1 0 3 5 - - 1 0 4 7  


