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SUMMARY 

A method  for measur ing  the energy of formation,  W, of artificial,  b imolecular  
l ipid membranes ,  in aqueous solutions,  is described.  The me thod  is based  on the 
de te rmina t ion  of the  radius  of curva ture  of the  membrane  as a funct ion of the  pressure 
difference across it. This is accomplished by  the use of capaci tance  measurements  on 
bowed membranes .  The me thod  allows W to be de te rmined  as a funct ion of the  film 
extension.  The energy of format ion  of the  membranes  under  a va r i e ty  of ionic solut ions 
was found to be 3.4 erg. cm -2. 

INTRODUCTION 

Recent  exper iments  with artificial,  b imolecular  l ipid membranes  have shown 
tha t  these sys tems have  proper t ies  common to the  na tu ra l ly  occurring cellular  
membranes .  These proper t ies  include a thickness  of approx.  6o A, a refract ive index of 
approx.  1.6 (ref. I),  an isotopical ly  measured  pe rmeab i l i ty  coefficient for water  of 
approx.  4 ~ sec-1 (ref. 2) and  a f requency dependence of the  dielectr ic cons tan t  on the 
e lec t ro ly te  concent ra t ion  a. 

Fur the r ,  a r t i f i c ia lmerabranes  conta in ing leci thin and cholesterol  have, in common 
wi th  m a n y  na tu ra l ly  occurr ing membranes ,  a low f requency capaci tance  of a round  
o . 6 / ~ F - c m  -2 (ref. 3). If, as seems l ikely,  the  pro te in  pa r t  of na tu ra l  meinbranes  is in 
series with the  l ipid 4, then  the low-frequency capac i tance  of these membranes  is 
essent ia l ly  tha t  of the  l ipid 5. The l a t t e r  for m a n y  sys tems is p r imar i ly  phosphol ip id  
and cholesterol  (see e.g. ref. 6). Since capaci tance  m a y  be regarded  as an index of 
molecular  packing  and po la r izab i l i ty  i t  seems reasonable  to suppose tha t  m a n y  
na tu ra l  and  art if icial  membranes  are similar  in this  regard,  so t ha t  energy relat ions 
deduced  for one sys tem should have some relevance to the  other. 

An i inpor t an t  s tep towards  obta in ing  the energies of b inding  in the art if icial  
b i layers  lies in an accura te  de te rmina t ion  of their  energy of formation,  here defined as 
the  i so thermal  work required to increase bo th  interfaces of the inembrane  b y  one uni t  
of area. Measurements  made  to da te  (ref. 7 ; T. E. THOMPSON, personal  conmmnicat ion)  
relied on measur ing  the pressure d i f f e r e n c e / I P  needed to bow the membrane  to an 
hemisphere,  the l a t t e r  being de tec ted  visual ly.  However ,  the  low l ight  reflectance of 
the  fihns leads to inaccuracies  in de te rmin ing  when the films are hemisphericah 

The measurement  of the energy of fo rmat ion  as a function of melnbrane  area  by  
tiffs me thod  is difficult and  to our knowledge has not  been a t t empted .  Never theless  

Piochim. Biophys. Acta, I63 (I968) 234 239 



ENERGY OF FORMATION OF MEMBRANES 235 

this information is important, both for determining whether film extension involves a 
corresponding increase in intermolecular spacing, and for determining a suitable 
criterion by which to compare the film tensions deduced for natural and artificial 
membranes. 

The present work describes a very sensitive method for determining the energy 
of formation of these membranes as a function of surface extension. 

GLASS ~ICRO MANIPULATOR 

P=,CA.B0 T  B :  

- -  - -  ! : I--PERSP X O,L BAT. 

AN'FI VIBRATION PLATFORM 
Fig. i. A diagram of the experimental  appa ra tus  used in the energy of formation measurements .  
The membranes  were formed over a 7-toni diameter hole in the sep tum dividing the polycarbonate  
cell into two compar tments .  The membrane  was bowed by lowering a glass rod into one compar t -  
ment  with a micromanipulator .  The area of the bowed film was deduced using capacitance meas-  
urements  (see text).  

The method relies on measuring the pressure difference as a function of the 
radius of curvature for a bowed membrane. Determination of the radius of curvature 
of the 'black' membrane is accomplished to a fairly high degree of accuracy through the 
use of measurements of the low-frequency capacitance of the bowed film. 

EXPERIMENTAL METHODS 

Cell and associated apparatus 
A diagram of the experimental apparatus is shown in Fig. I. Each compartment 

of the polycarbonate cell was filled with about 20 ml of electrolyte solution. 
The membranes were formed over a 7-ram hole in the septum which divides the 

cell into two compartments. The cell was mounted in an oil bath which was rigidly 
attached to a concrete block. The latter itself was mounted on an anti-vibration plat- 
form. This arrangement was found necessary to reduce vibrations to a tolerable level. 
The oil bath was made from 'perspex' so that the membranes could be viewed under 
reflected light. 

Formation of the membrane 
The technique for generating the membranes was essentially that of HANAI, 

HAYDON AND TAYLOR 3 with the exception that, in the present work, the membranes 
were much larger in area. The membranes were generated from a solution containing 
egg phosphatidyl choline, cholesterol, n-tetradeeane and n-heptane dissolved in a 
chloroform-methanol (3:2, v/v) solvent. 

The measurement of the energy o f formation 
The method for obtaining the energy of formation W relied on measuring the 
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radius  of cu rva tu re  R of the  b i layer  n lembrane  as a funct ion of the pressure difference 
A p  across it. I t  is read i ly  shown tha t  

2 I[" 
J P  . {i) 

R 

Because of the  low l ight  ref lect ivi ty  (approx.  lO -6) of the  b i layer  membranes ,  i t  
is most  difficult to es t imate  R, and hence AP,  b y  the convent ional  opt ical  techniques.  
In  the  present  work these pa rame te r s  were es t ima ted  as follows. 

A rod of uniform d iamete r  was lowered into one c o m p a r t m e n t  of the cell with a 
micromanipu la to r .  This p roduced  a pressure difference across the membrane  given by  

, p  _ U + (_,) 

where a is the  cross sect ional  area  of the  rod;  Ax is tile change in length of the sub- 
merged por t ion  of the  rod;  S t  is the cross sect ional  area  of the  compar tn len t  into 
which the rod is lowered;  S., is the cross sect ional  a rea  of the other  compar t lnen t ;  
p is tile dens i ty  of the  aqueous e lect rolyte ;  g is the accelerat ion due to g rav i ty ;  v is the 
volume of l iquid in the  other  cell c o m p a r t m e n t  which is d isplaced by  the bowed 
membrane .  

Assuming tha t  the  membrane  is homogeneous in i ts propert ies ,  it  will have the  
same radius  of cu rva tu re  everywhere  which is given b y  

H 
t ~  - - - -  ( 3 )  

Hence,  
i 

~' == (} - r:z i 2 '  "a ( 4 )  

where A is the area  of the  membrane  and r is the  radius  of tile membrane  when fiat. 
The  l a t t e r  is ahnost  equal  to the  radius  of the  hole on which the fihn is generated.  

Using Eqns.  I,  2, 3 and  4, the  energy of format ion  is given by,  

t ( )( ) ( ,  pgA [ aAx ~ ~4 ~ ' A  -~- 2 r  (5)  

Thus  W can be ca lcula ted  from measurements  of A as a function of Ax. The 
membrane  area  was de te rmined  b y  the me thod  of HAXAI, HAYDON ANt) TAYLOR 8 in 
which area  is ob ta ined  from measurements  of i ts capaci tance,  i.e., 

C 
.4 - -  ~r 2 (6) 

C m i n 

At  each posi t ion of the  rod, the  conductance  and capaci tance  of the ciIcuit  were 
measured  b y  an a.c. bridge. The reproduc ib i l i ty  of the  measurements  was then 
checked by  repea t ing  the run. The membrane  was then broken and the measurements  
repeated .  F rom these measurements  the membrane  capaci tance  could be ca lcula ted  
(see APPENDIX). 

Where  possible the  electr ical  measurements  were made  at  frequencies below the 
dispersion frequencies for the  sys tem (see e.g. ref. 3). However ,  because of the decrease 
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in dispersion f requency with  decreasing concent ra t ion  of e lectrolyte ,  this  was not  
possible for the  exper iments  in which the concent ra t ion  of salt  was < IO mequiv/1. 
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Fig. 2. The m e m b r a n e  capac i t ance  p lo t t e d  as a funct ion  of the  he igh t  of the  rod. The m i n i m u m  on 
th is  curve  corresponds to the  capac i t ance  of the  m e m b r a n e  when i t  is flat. 

Fig. 3. The ca lcu la ted  inverse  rad ius  of c u r v a t u r e  (I/R) p lo t t ed  as a funct ion  of the pressure  
difference across the membrane .  

RESULTS 

Fig. 2 shows a plot  of the  measured  value  of membrane  capaci tance  as a funct ion 
of the  posi t ion of the  rod (relat ive to some fixed position) when the ex te rna l  solut ion 
was 2 iX{ NaC1 at  2o °. Similar  curves were ob ta ined  for all the  sys tems exanfined,  
namely  NaC1, KC1, LiC1 and CaC12 at  var ious  concent ra t ions  in the  range I mequiv/1 
to 2 equiv/1 and in the  t empera tu re  range 6-4  o°. 

Subs t i tu t ion  of the  known capac i tance  per  uni t  area  of membrane ,  as deduced 
when the film is flat, and  the measured  value  of the  film capac i tance  into Eqn.  6 
above  allows the de te rmina t ion  of the area  of the  membrane  at  different rod heights.  
This enables the  de te rmina t ion  of v and R in Eqns.  3 and 4 and hence A P  (Eqn. 2). 

Fig. 3 shows a plot  of A p  agains t  the  inverse radius  of curva ture  when the out-  
side solut ion was 2 M NaC1 at  2o °. I t  is seen from Eqn.  2 tha t  the  slope of this  curve 
equals 2W. For  all the  sys tems inves t iga ted ,  the  plot  of A P  agains t  I /R  was l inear a t  
high pressure differences (i.e. A p  > IO dyne .  cm-e). Occasional ly  the  plot  was curved 
at  low pressure differences. This was a t t r i b u t e d  to an unce r t a in ty  in es t ima t ing  when 
the membrane  is exac t ly  flat. 

Most sys tems  examined  showed some var ia t ion  in the  energy of format ion  from 
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membrane  to membrane .  Wi th in  these var ia t ions  it was found tha t  the  energy of 
format ion  was independen t  bo th  of the  na ture  and concent ra t ion  of the  e lect rolyte  
and also of t empera tu re ,  and  had  a value of 3.4 ± o.6 erg. cm -2. 

DISCUSSION 

The energy of format ion  for a l ipid b i layer  film relates  not  only  to the  interfacia l  
free energies bu t  also to the in te rac t ion  energy between the two bu lk  aqueous solutions 
tha t  i t  separates .  This l a t t e r  energy (per uni t  area), E,  is given by  

H 
E 

where H is the  HAMAKER--VAN DER WAALS cons tan t  and ~ is the thickness  of the  
membrane .  Fo r  two wate r  layers  sepa ra t ed  b y  air H has a value  of 6. IO - la  erg (ref. 9), 
and  i t  seems unl ike ly  t ha t  the  value of H in the  present  case will differ b y  more than  
an order  of magn i tude  from this (e.g. see ref. IO). Using this value for H and a mem- 
brane  thickness  of 5o A the in te rac t ion  energy between two wate r  layers  separa ted  by  
a l ipid b i layer  is a round  o.o6 erg- Cln -2. This value is much smaller  than  the value found 
for W, suggest ing t ha t  there  is not  much error  involved in ignoring it and assuming 

t ha t  
W -- 2 7 

where y is the  free energy of the  molecules at  the  membrane -wa te r  interface.  
On this basis, the in terfacia l  free energy (per uni t  area) has a value of about  

1. 7 e rg . cm 2. This is cons iderably  higher  than  the o.I  e r g . c m  2 figure repor ted  for a 
number  of cel lular  membranes  4. However  the present  results  are comparab le  with the  
value of 2 erg. cm -2 repor ted  for the  in terfacia l  energy of a carbon te t rachlor ide  solu- 
t ion of phosphol ip ids  in contac t  wi th  an aqueous solut ion H. 

There  are essent ia l ly  two methods  b y  which a b imolecular  film m a y  undergo 
extension.  F i r s t l y  the  in te rmolecular  spacing m a y  increase and secondly addi t ional  
molecules m a y  be in t roduced  into the membrane  from a reservoir  (the torus) of such 

molecules. 
The present  results  show tha t  the  energy of format ion  is independen t  of the  film 

extension.  This resul t  is consis tent  wi th  the assumpt ion  on which the calculat ions were 
based,  namely  t ha t  the  membrane  capaci tance  is p ropor t iona l  to i ts area. Since the  
resul t  would not  be expec ted  if the  assumpt ion  were inval id  i t  is concluded tha t  i t  is 
most  l ikely correct.  I t  appears ,  therefore,  t ha t  the  increase in fihn area  is accomplished 
by  the wi thdrawa l  of add i t iona l  molecules from the toms .  

I t  is uncer ta in  whether  an increase in the  area  of surface of cellular membranes  
involves an increase in in termolecular  spacing. This complicates  an objec t ive  com- 
par ison of the  different  values found for y in the  two systems.  However  the  method  of 
membrane  extension for the  art if icial  membranes  descr ibed above is consis tent  with 
there  being more work involved  in increasing the in termolecular  spacing than  in with-  
drawing addi t iona l  molecules from the toms.  I t  is deduced from this t ha t  extension 
of the  surfaces of artificial  membranes  in the  same manner  as tha t  associated with 
na tu ra l  membranes  involves at  least  3.4 e rg -cm -2 of membrane .  

I t  is in teres t ing  to note  t ha t  cellular membranes  conta in  prote ins  which lead to 
very  low interfacia l  tensions when adsorbed  at  an o i l -wa t e r  interface.  I t  seems l ikely 
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that the small value of the interfacial free energy for natural membranes relative to 
the artificial membranes arises from the presence of the protein in the former systems. 

APPENDIX 

The bridge measurements yielded the equivalent parallel combination of 
conductance and capacitance of the entire circuit, including the electrodes, both with 
and without a membrane present. 

When there is no membrane, the equivalent circuit given by the bridge measure- 
ments is 

Ge 

where both Ge and Ce are frequency dependent. 
When there is a membrane present the equivalent circuit is 

In the present work it was found that the stray capacitance and conductance 
shunting the membrane was negligible. The membrane capacitance and conductance 
can then be obtained from the following equivalent circuits: 

Gt G e G 

Ct Ct C 

where C and G refer to the membrane capacitance and conductance and are given by: 

GeGt(Ge - -  Gt) + co2(Ce2Gt - -  Ct2Ge) 
G 

(Ge - -  Gt) 2 --  (o2(Ce - -  Ct) 2 

Ge2Ct - -  Ct2Ce --  602CtCe(Ce - -  Gt) 
C =  

(Ge - -  Gt) 2 @ ~o2(Ce - -  Ct) 2 

Ge, Ce, Gt and Ct were measured at each position of the rod and hence C and G could 
be calculated as a function of the depth of the rod. 
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