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Summa~j 

Liposomes, in the size range of microsomal vesicles, are formed when 
ether solutions of a variety of lipids are injected into warm aqaeous solutions. 
The lipo:~omes are osmotically active, most  are unilmnellar, and the volume 
trapping efficiency is approximately ten times that  of sordcated and hand- 
shaken ];,reparations. 

Li~Josomes are widely used as a mo~el membrane system. Hand-shaken 
preparations, originally introduced by Bangham et al. [1] have bee~ em- 
ployed to measure permeability parameters of various ions and molecules 
across lipid bilayers (for review, ~ e  Bangh.~n [2] ). Sonication mad gel f f l ~ t i o n  
steps have since been introduced which provide more uniform preparation~ 
composed L~f single lipid bilayer membranes [ 3] .  

Both preparation methods have certain dxawbacks. The original method 
has the advantage of simplicity but  produces multilamellar structures of a 
variety of sizes. Since a major fraction of the lipid is present in mult i lamell~ 
form, the volume sequestered per mole of lipid or trapping efficiency, is lo~ ~. 
Sonication ~ollowed by gel filtration produces uniform vesicles composed o£ 
single bilayers, but  has the disadvantage that  the vesicle~ are much smaller 
than typical biological structures. Other  methods, such as those of Reeves 
and Dowben [4] and Papv~ad~opoulos [5] wink ov~ly under fairly specialized 
conditions. ~he  alcohol injection method of Batzri and Korn [6] produces 
vesicles similar ~n size to sonicated preparations. 

~n  ideal method for producing liposomes would form unilamenar 
vesicles of uniform size, would be applicable to most  lipid mixtures, and ,could 
efficiently trap ions, metabolites and high molecular weight molecules. The 
diameter of the vesicles should be within the range of 0.1 to 1.0 #m to 
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res~xnble l. 'atural membranes  anti p r o d u c e  high t rapp ing  eff iciency.  We have 
emp loyed  s novel  m,~=thod fo r  l i posome  p r o d u c t i o n  based u p o n  a so lvent  
evaporatiorL m e t h o d  descr ibed I;y Watkins  (Papahad jopou los  and  Watkins [7]  ) 
which  involves in jec t ion  of  an  et;hex-lipid so lu t ion  d i rec t ly  in to  the  aqueous  
so lu t ion  to  be. seques tered .  Our  ra t iona le  was t h a t  t he  m o s t  ef fect ive  t r app ing  
would  occur  if t he  l ipids were  n o t  p e r m i t t e d  to  fo rm mul t i l amel la r  s t ruc tures  
pr ior  t o  mixing  wi th  the  aqueous  phase.  Rela t ive ly  gent le  conditior,~s ( n o t  
sonica t ion)  should  be e m p l o y e d  to  assure f o r m a t i o n  ~:f large vesicles. I t  was 
the re fo re  reasoned  t h a t  if  so lu t ions  o f  lipids in e ther  ~rere injected in to  an 
aqueous  phase  a t  a t e m p e r a t u r e  above  the  boi l ing poil~t o f  the  e ther ,  these  
cond i t ions  might  be  m e t  and  the  lipid wou ld  coalesce  in to  large vesicles. In  
a previous  s tudy ,  R o b i n s o n  [8] used n i t rogen  t o  evapora te  e ther / l ip id  so lu t ions  
mixed wi th  an a q u e m s  phase,  b u t  in ottr  hands  this  t e chn ique  o f t en  fo rmed  
n t tmerous  mul t i l amel la r  s t ructures .  
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Fig. 1. D i l i i~ tm  o f  e t h e r  I n j e c t / o ~  a p p a r a t u s .  (See  m e t h o d s  fo r  de ta i l s ) .  

In testing the methoci, it was necessary to control the temperature o~ the 
aqueous phase, the concentration of the iipid in the ether, and the injection 
rate. Fig. 1 shows a schematic illustration of an apparatus which permits 
control of these parameters. In this apparatus, a glass syringe contains the 
lipid solution in ether, the solution was injected into the aqueous phase 
through a fine gauge needle; tl~.e needle tip barely penetrated the aqueous 
phase, being thermally protected along its length by a Teflon plug to prevent 
vaporization of the ether in the needle shaft. The aqueous phase was heate~i 
by a water jacket, and in practice we found it convenient to carry out the 
preparation in a Liebig conden~,er, with the jacket of the condenser connecl;ed 
to a hot water circulator. The syringe plunger was driven upwards by a 
mechanical drive, such as a screw driven infusion pump. As the ether came 
into contact with the aqueous phase, a steady stream of ether vapor rose to 
the ~'urface, producing an unstable foam which filled but did not overflow 
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the vessel. Several variables were optimiz~i for mazimum volume-trapping 
as listed below: 

Lipid concentration in ether 2 #tool., ml-t 
Rate of injection 0.25 ml. min -I 
Tempera tu re  of  aqueous  phase 55--65°C 
Volume of  upper  phase 4 ml 
Lipids which were successfully processed included egg lecithin,  dipalm- 

i toy l  lecithin,  phosphat id ic  acid prepared f rom egg lecithin,  mLxtures o f  
leci thin and phosphat id ic  acid, leci thin-choles terol  (50 mol  percent)  h u m a n  
e ry th rocy te  lipids and leci thin conta ining 2 tool  percent  ch lo rophy l l  a. 
Aqueous  sys tems included water ,  sucrose sohlt ions,  and various ionic solut ions 
of  sodium, potassium, chloride,  sulfate,  phosphate ,  a c e ~ t e  and fluoride.  
Normal ly  1 mM E D T A  was included in the  ,~queous phase. 

We alf~o developed a system which  pern 'dt ted sequgstra t ion a t  lower  
t empera tures  (30°C) bu t  "vbich did no t  pe rmi t  precLse con t ro l  over in ject ion 
rates.  In this  m e t h o d  t h e  condenser  co lumn  was s toppered  and a vacuum 
was drawn by  mechanical  pump.  The  e ther / l ip id  so lu t ion  was in t roduced  
th rough  th.e t op  of  the  co]Lumn via a f ine glass capi l lary t u b e  in to  aqueous  
solutions.  Since the  vacuum was sufficient  to  permi t  rapid vapor iza t ion  of  the  
e ther  a t  the  lower  t empera tu re ,  the  m e t h o d  could  be  used to  t rap  tempera ture -  
sensitive molecules  such as proteins.  Trapping efficiencies were  similar to  
those  ob ta ined  at  higher t empera tu res  and a tmospher ic  pressure. 

At  the  end of  the  initial  inject ion phase, t he  aqueou~ phase con ta ined  
some vesic!ies large enough to  be seen by  l ight  microscop~;  these  were  
rou t ine ly  removed  by  f i l t ra t ion th rough  a 1.2/~m Mill ipoIe filter,  and 
a m o u n t e d  to  25% of  the  original lipid. F o r  volume-t rappi~g studies,  the  f inal  
step was a f i l t ra t ion  th rough  Sephadex  (3-50 gel c o l u m n  (Z X ~,0 cm) t c  
remove residual  e ther  and  the  non- t rapped  marker  solute.  

Volume- t rapping  was es t imated  af ter  gel f i l t ra t ion  by  measuring t r apped  
ions, color imetr ical ly .  Typica l  ions were phospha te  (as 0.1 M phospha t e  
buffer)  and 0.1 M chromate ,  the  la t te r  being measured  dir~.~tly by  absorb~mc~ 
at  380 nm. Gel f i l t ra t ion  was carried ou t  in equiosmolar  po tass ium sulfate,  
.,z) t h a t  on].y t r apped  phospha t e  or ch romate  was measu red  F r o m  knowledge  
of  the  quan t i t y  o f  t r apped  anion,  a simple ca lcula t ion gave vo lume  t rapping 
eff ic iency as microl i ters  per micromole  lipid. 

Thin- layer  ch roma tog raphy  was carrie~ ou~ on  the  pm'ified egg lecit~dn 
before  and af ter  it  was used to  fo rm l iposomes by e ther  injt.~tion. We were  
unable  t o  de tec t  any  evidence of  degradat ion  in the  form of  lysoleci thin  or  
f a t t y  acid on  the  thin- layer  ch roma tog raphy  plates, b u t  in general this  tes t  
should be  per formed  on  any new lipid rr~ixture to  which the  m e t h o d  is appliL~i. 

Lipo:somes were prepared  f rom leci th in/10% phosphat~idic acid mixtux~,i 
by  hand-shaking, , sonicat ion or e ther  injection,  fo l lowed by light and e lec t ron  
microscopic examinat ion .  A typica l  aqueous  solut ion for  these  exper iments  
was 0.1 M sodium phosphate ,  pH 7.0. In the  polarizing microscope,  l iposomes 
prepared by hand-shaking were highly birefringent,  indicatiwg tha t  the  m~jor 
lipid f rac t ion was in the  form o f  t ight ly  packed,  mul~flamelhtr s tructures.  In 
unf i l tered e ther  preparat ions ,  some of  the  lipid fo rmed  vesicles large enough 
to  be  seen, b u t  significantly,  these vesicles were not  birefrin~ient. Af ter  
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Millipore f i l t rat ion,  no vesicles a t  all were vtsible in the light microscope 
even though  f i l t ra t ion removed only  a f ract ion (20--30?5) of  the lipid present.  
We conclude  ~ha~ the  major f ract ion of  lipid processed by ether inject ion forms 
l iposomes too  small for light microscopic resolut ion.  

Fig. 2 shows uranyl  aceta te ,  ammon ium molybda te  and freeze-fracture 
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Fi~.  2- E l e c t r o n  m i c r o s c o p i c  a P p e a r a n c e  o f  l i p o s o m ~ $  prepa~.~d b y  e t h e r  i n j e c t i o n  a n d  c o n t a i n i n g  egg  
l e ~ - i t h i n / 1 0 %  p h o s p h a t i d i c  a c i d .  A.  T h i s  appe~uranee  is  t y p i c a l  o f  f i e l d s  s e e n  in  s e v e r a l  d i f f e r e n t  p r e p =  
~ l i o n s  s t ;~ ined w i t h  2 %  a m m o n i u m  m o l y b d a t e 0  T h ~  a g g r e g a t i o n  m a y  b e  a n  a r t i f a c t  o f  m o l y b d a t e  
s ~ i n i ~ ,  s i n c e  i n d i v i d u a l  v e s i c l e s  w e r e  m o r e  u s u a l l y  o b s e r v e d  b y  u r a n y l  a c e t a t e  s t a / n i n g  o r  b y  t h e  
f r e e z e - f r a c t u r e  m e t h o d .  B, A l i p o s o m e  p r e p a r a t i o n  s t a i n e d  w i t h  1 %  ~ r a n y l  a c e t a t e .  T h e  u ~ a n y l  c a t i o n  
~ p p ~ r e n t l y  p r o d u c e s  a m o r e  r / g / d  m e m b r a n e  w h i c h  f o l d s  d u r i n g  d r y i n g .  C. T h e  l i p o s o m ~  p E e p ~ a t i o n  
s h o w n  in  A a b o v e  w a s  s o n / c a t e d  f o r  o n e  m i n u t e  in  a B i o s o n i k  I l l  s o n i c a t o r  s e t  a t  h a l f  p o , ~ e r ,  t h e n  
s ~ n e d  w i t h  2 %  a m m o n i u m  m o l y b d a t e .  T h e  r e s u l t i n g  v e s i c l e s  w e r e  c o n s i d e r a o l y  s m a l l e r  a n d  a l l  
a p p e a r e d  t o  b e  u ~ / a m e U a r .  D.  E t h e ~ - i ~ e c t i o x ~  l i p o s o m e s  v i s u a l i s e d  b y  f r e e z e - f r a c t u r e  m i c 1 ~ a c o p y  w e r e  
~ e e n  indi~Adu~Llly ,  =lAd s e v e r a l  a r e  s h o w n  h e r e  as  a c o t t a g e .  G l y c e r o l  ( 2 0 % )  w a s  p r e s e n t  as  a c r y o p z o t e c t a n t .  
T h e  f r e e z e - f r a c t u r ~  m e t h o d  t e n d s  t o  d i s p l a y  l a r g e r  ~ 'esicles,  s i n c e  t h e  f r a c t u r e  p l a n e  is m o r e  l i k e l y  t o  
str~!,,,  ~:~.,-h ~. v¢~c-~e. B~rs  s h o w  0. '2 a n d  0 . 4  ~ m .  
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mic rog raphs  of  l e c i t h i n / p h o s p h a t i d i c  acid l i posomes  p r e p a r e d  by  e the r  
in jec t ion  and ,  for  c o m p a r i s o n ,  a f te r  sonica t ion .  N o t e  t h a t  t he  f i l te red  e the r  
p r epa ra t i ons  were  p r ima r i l y  c o m p o s e d  of  un i l ame l l a r  vesicle:~ iin t h e  size range  
of  0 .13  -* 0 .06  # m  d i a m e t e r ( F i g .  2 A and  B). In an  unf i l t e red  p r e p a r a t i o n ,  
occas iona l  mu l t i l ame l l a r  vesicles cou ld  be  f o u n d  (no t  s h o w n )  b u t  t he  l amel lae  
were  no t  t i gh t ly  p a c k e d  as in h a n d - s h a k e n  p repa ra t ions .  Ins tead ,  loose  
concent ,  ric bags were  seen, a resul t  cons i s t en t  w i t h  t he i r  lack of  b i re f r ingence .  

In o t h e r  e x p e r i m e n t s ,  e the r  in jec t ion  p r e p a r a t i o n s  ( leci l ;hin/10% phospha -  
t idic  acid)  we re  s u b s e q u e n t l y  son ica ted  in o rder  to  p r o d u c e  k;~own un i l ame l l a r  
vesicles for  c o m p a r i s o n ,  b y  negat ive s taining.  U n d e r  these  c o n d i t i o n s  smal le r  
vesicles were  f o r m e d  (Fig.  2C) w h i c h  o the rwi se  did n o t  vary  m a r k e d l y  in 
a p p e a r a n c e  f r o m  e the r  in jec t ion  l iposomes .  F reeze - f r ac tu re  e le~t ron  micros-  
c o p y  was  also carr ied  ou t  on  e ther - in jec t ion  l iposomes  and  r~.vealed rough ly  
spheric~l  vesicles in the  same  size range as t h o s e  visual ized by  negat ive  ..staining 
(Fig. 213). Mul t i l amel la r  l iposomes  showing  d o u b l e  or m u l t i p l e  f r ac tu re  p lanes  
were  occas iona l ly  visual ised b~: f reeze- f rac ture  analys:s ,  b u t  did no t  a c c o u n t  
for  more  t h a n  5% of  t he  to ta l  vesicles observed.  

T h e  t r a p p e d  v o l u m e  of  the  t h r ee  p repa ra t ive  mei;hods v,ere c o m p a r e d  
in 4 separa te  e x p e r i m e n t s  using l e c i t h in /10% p h o s p h a t i d i c  ac.id l iposomes .  
Sonica~ed l i posomes  were  least  e f f ic ient ,  con t a in ing  (; ,8 + 0.3 #1 per  # tool  
lipid. H a n d - s h a k e n  p r e p a r a t i o n s  were  s l ight ly m o r e  eff ic ient ,  b u t  s ince m o s t  
of  t h e  ~ipid was  mul t i l ame l l a r ,  ~h,~ -'.,-=p;ovement was  minima~ (1 .8  • 0.t~ #1 per  
#mol ) .  L i p o s o m e s  p r e p a r e d  by  e the r  in jec t ion  s h o w e d  ~ d r a m a t i c  increase  
in t r a p p i n g  vo lume ,  w i th  t yp i ca l  values  of  14 -+ 6 #1 per  ~moI  l ipid for  
f i l tered p repa ra t ions .  In  th is  regard,  i t  is in te res t ing  to  ca lcu la te  t h e  e x p e c t e d  
value for  v o l u m e  t r app ing  for a single size of  l iposome.  For  ins tmlce ,  if we  
a s sume  t h a t  t h e  average d i a m e t e r  o f  t he  negat ive ly  s ta ined  ma te r i a l  is 
d = 0 .13  # m  and  t h a t  each  p h o s p h o l i p i d  m o l e c u l e  has a pack ing  ~xea of 
5.5 n m  2 [9] the  e x p e c t e d  t r a p p i n g  value  is 36 / J l  per  ~ m o l  lii3id. T h e  grea tes t  
measu ' :ed value  in ou r  e x p e r i m e n t s  was 22 #1 per  # tool ,  and  typh :a l  values 
ranged a r o u n d  14. T h e  d i s c r epancy  is m o s t  l ike ly  d u e  to errors  i n t r o d u c e d  
by  t he  negat ive  s ta in  m e a s u r e m e n t s ,  s ince t h e  d i s t r i b u t i o n  of  par t ic le  size.; 
is p r o b a b l y  s k e w e d  t o w a r d  smal ler  par t ic les  w h i c h  are l ikely  to be  over- 
lookeci. T h e  occas iona l  mu l t i l ame l l a r  vesicle w o u l d  also cont~:ibute to  the  
d i sc repancy .  

Na tu ra l ly  it  was  i m p o r t a n t  to  cons ide r  w h e t h e r  res idual  e the r  cou ld  

T A B L E  I 

R E L A T I V E  P E R M E A B I L I T Y  O F  L I P O S O M E S  T O  S M A L L  M O L E C U L E S  

T h e  l i g h t  s c a t t e r i n g  c h a n g e s  m o n i t o r e d  f o r  t h e  o s m o t i c  r e s p o n s e  w e r e  t o o  r a p i d  t o  b e  m e a s u ] ~ e d  i n  
l e c i t h i n f p h o s p h a t i d i c  a c i d  l i p o s o m e s .  T h e r e f o r e  5 0  t o o l  p e r c e n t  c h o l e s t e r o l  w a s  i . d d e d  t o  t h e  l i p i d  
m i x t u r e  t o  s l o w  t h e  r e s p o r L s e  b y  d e c r e a s i i t g  w a t e r  p e r m e a b i l i t y  o f  t h e  l i p ~ s o m e  n ~ e m b r a n e s .  T h i s  i ;  
t h e  s a m e  l i p i d  m i x t u r e  a s  t h a t  u s e d  b y  H i l l  a n d  C o h e n  [ 1 0 ] .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P r e s e n t  s t u d y  H i l l  a n d  C o h e n  [ 1 0 ]  
( 4  e x p e r i m e n t s ,  2 0  ° C )  - -  • " 

15°C 3 0 ° C  
. . .  

E r y t h r i t o l  i . 0  1 . 0  l . O  
M a l o n a m i d e  4 . 2  ± 0 . 4  4 . 0  ± J . 3  3 . 2  ~ 0 . 3  
U r e a  8 . 4 " -  1 . 5  9 . 5 ±  ~).6 7 . 6  ~ 1 . 2  
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affect permeabili ty mid other  propert ies of  the l iposomes prepared by this 
technique. I t  seemed appropriate,  therefore,  to measure a parameter  such as 
osmotiv permeabili ty to  various small molecules and compare the  restflts witt~ 
similar data  from hand-shaken preparations.  We made such a comparison 
according to the method of Hill and Cohen [10] and our results are shown 
in Table I. I t  is clear tha t  the  ether preparations are osmotically active, and 
tha t  their  permeabili ty characteristics to  small uncharged molecules 
resemble tha t  of  hand-shaken ]iposomes. In a second paper, we will show 
that  the  ether preparations also resemble hand-shaken preparations in their 
permeabil i ty to sodium ions. 

We c~ncludt. ~ a t  ether injection produces a useful system of  lipid 
bilayer membranes,  approximately the size of  microsomes, their most  im- 
por tan t  proper ty  being tha~ they are primarily unilamellar vesicles with a 
usefully large sequestered volume. 
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