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We have investigated by means of quasi-elastic light scattering the aggregative behavior of aqueous mixed 
miceilar solutions of glycocholate and phosphatidylcholine. Upon dilution with buffer the miceilar size and 
the polydispersity increases dramatically, and, as the system is diluted beyond the mixed micellar phase 
boundary, a spontaneous transition from polydisperse miceiles to monodisperse vesicles occurs. The radius of 
the vesicles formed upon dilution depends strongly upon the final composition of the solution and can be 
varied between 120 and 550 A. In contrast to the thermodynamically stable mixed miceiles these vesicle 
solutions can be brought into a metastable state in which it is possible to remove by dialysis the bile salt 
molecules from the mixed vesicles without changing their radius by more then 10%. The combination of 
dilution and dialysis thus represents a method for the preparation of unilamellar, monodisperse and 
detergent-free vesicles with a desired radius that can be chosen between 120 and 500 A. 

Vesicles have become of considerable impor- 
tance as model membranes and drug delivery sys- 
tems [1-4]. A number  of methods for the prepara- 
tion and characterization of vesicles have been 
published (for recent reviews see Refs. 5 and 6). In 
particular by detergent removal from mixed micel- 
lar solution by means of gel filtration [7] or dialy- 
sis [8] one can produce very homogeneous small 
unilamellar vesicles. However, for a variety of 
applications it could be useful to have a method 
for reproducible preparation of monodisperse 
vesicles of a chosen size [9,10]. Recent quasi-elastic 
light scattering studies of the aggregation behavior 
of mixed miceUar solutions of bile salt and phos- 
phatidylcholine brought across the mixed micellar 

Abbreviations: RH' apparent mean hydrodynamic radius; V, 
polydispersity index. 

phase boundary by means of dilution wxth aque- 
ous buffer have indicated that a micelle-to-vesicle 
transition occurs spontaneously as the phase 
boundary is crossed [11] and that the vesicle radius 
can be varied between 120 and 550 A by choosing 
the final solution composition [12]. In the present 
work we will show that it is possible to prepare 
small unilamellar and detergent-free versicles of a 
chosen size by dilution of mixed micellar solutions 
and subsequent detergent removal by dialysis. 

Egg yolk phosphatidylcholine was obtained 
from Lipid Products (South Nutfield, Surrey, U.K. 
(grade I)) and the sodium salt of glycocholic acid 
from Calbiochem. Glycocholate was dissolved in 
ethanol, filtered and recrystallized. The ra- 
diolabelled compounds di[1-14C]palmitoylphos- 
phatidylcholine (100 m C i / m m o l )  and [3H(G)]gly- 
cocholic acid (1.7 C i /mmol )  were obtained from 
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New England Nuclear (Boston, MA) and phos- 
phatidyl[N-methyl-14C]choline from Amersham 
International (Buckinghamshire, U.K.). All other 
reagents used were of analytical grade. 

Mixed micellar bile salt-phosphatidylcholine 
solutions with different phosphatidylcholine to bile 
salt molar ratios were prepared by the method of 
coprecipitation [13]. After dissolving an ap- 
propriate amount of each lipid in ethanol the 
mixture was dried in vacuo until the dry weight 
was constant. Buffer (0.15 M NaC1/Tris,  pH 8) 
was then added to obtain stock solutions with a 
total lipid concentration of 50 m g / m l .  The final 
concentrations were then prepared from the stock 
solutions by a number  of rapid dilution steps. 
Each sample was flushed with purified N 2, sealed 
and incubated at 20°C until the light scattering 
properties were time independent. Whereas the 
micellar systems reached equilibrium within 
minutes, the incubation time needed for solutions 
containing vesicles was usually of the order of 48 
h. 

Bile salt was removed from the incubated ves- 
icle solutions by dialysis. These solutions (1-5 ml) 
were dialyzed for 24 h against different volumes of 
0.15 M NaC1/Tris  buffer (usually 4 litre) using a 
rotating teflon dialysis cell (Diachema Ltd., 
Riischlikon/Zi~rich) and a cellulose disk mem- 
brane with 10000 molecular weight cut off (Ref. 
No. 10.16, Diachema Ltd.). The concentration of 
glycocholate and lecithin was determined with a 
3H/14C dual label counting program on a Beck- 
man LS 7800 liquid scintillation counter. 

Diffusion coefficient D, apparent mean hydro- 
dynamic radius RH and polydispersity index V 
were determined by quasi-elastic light scattering. 
Our light scattering apparatus for both static and 
dynamic measurements consists of an argon ion 
laser (Spectra Physics, model 171, X0 = 5145 ,~), a 
temperature controlled scattering cell holder, a 
digital autocorrelator (Malvern K 7023, 96 chan- 
nels) and an 'on-line' data analysis performed by a 
Nova 3 computer. Details are given elsewhere [14]. 

Sample purification and data analysis are de- 
scribed in Ref. 15. A cumulant analysis [16] was 
used to determine the mean diffusion coefficient 

and the polydispersity V (as defined in Ref. 15). 
From D an apparent mean hydrodynamic radius 
RH as defined by Equation 1 was calculated [15,17] 

kr_ (z) 
6~ '~D 

where k is Boltzmann's constant, T the absolute 
temperature and ~/the viscosity of the solvent. 

Dilution of a mixed micellar solution of bile 
salt and phosphatidylcholine causes a marked in- 
crease in micellar size and polydispersity (see Fig. 
1A, B). At the approach of the mixed micellar 
phase limit Rr~ appears to diverge. 

If  the mixed micellar solution is diluted beyond 
the phase limit one observes a spontaneous transi- 
tion to almost monodisperse vesicles [11]. The size 
of the vesicles decreases with increasing dilution 
starting at approx. 500 ,h, close to the phase 
boundary and levelling off at 120 ,~ [12]. The 
increase of micellar size with dilution and the 
existence of a micellar phase boundary can be 
explained in terms of the mixed disk model pro- 
posed by Mazer et al. [18] by taking into account 
the partition equilibrium between bile salt mole- 
cules in the mixed micelles and bile salt monomers 
in the intermicellar solution [12,18]. 

The dependence of the vesicle size upon the 
final solution composition has been investigated 

l O O O  

(A) 

5 0 0  • 

i 

,r 
• ' i  

0 
0 10 

i 
i A 
i 
( 
i micellar phase 
i r  "J limit 

j 

2 0  2 0  

1DC 

V 

5( 

0 
0 

D I L U T I O N  

I I 

L 

. i  

i 

lO 

Fig, 1. Effect of dilution on the mean apparent hydrodynamic 
radius RH (A) and polydispersity index V (B) of a mixed 
micellar solution of glycocholate/egg phosphatidylcholine 
(PC/bile salt = 0.75, total lipid concentration= 50 mg/ml, 
t = 20 °C). The micellar phase limit is calculated using the 
mixed disk model (Refs. 18, 19). 
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Fig. 2. Dependence of the hydrodynamic radius of glyco- 
cholate/egg phosphatidylcholine vesicles upon the solution 
composition in 0.15 M NaCl/Tris buffer at 20 o C. Dilution of 
mixed micellar stock solutions produces vesicles of radii, (o) 
500 A, ( , )  450 A, (*) 400 A, (n) 350 A, (O) 300 A, (+)  250 A, 
(~)  200 ,~,, depending upon the concentrations of glycocholate 
and phosphatidylcholine. 

sys temat ica l ly  for d i lu t ion series at  dif ferent  
P C / b i l e  salt  ra t ios  (see Fig. 2) [12,19]. This  s tudy 
has led to the hypothes is  that  the vesicle size is 
p r imar i ly  de t e rmined  b y  the amoun t  of bi le  salt  
i nco rpora t ed  in the bi layer .  On this basis it  was 
poss ib le  to develop  a s imple phenomenolog ica l  
equ i l ib r ium mode l  that  accounts  for the l ight 
scat ter ing results  shown in Fig. 2 [12]. Therefore  
d i lu t ion  of  mixed  micel lar  bile sa l t -phosphat i -  
dylchol ine  solut ions  is a p roduc t ion  me thod  for 
a lmos t  monod i spe r se  vesicles with radi i  that  can  
be chosen be tween 120 and  500 ,~ using Fig,  2 * 
However ,  the large amoun t  of  bile salt  in the 
b i layer  and  in the aqueous  phase  may  p roh ib i t  
cer ta in  appl ica t ions .  This l imi ta t ion  can be over-  
come  by  removing  bile salts with dialysis ,  tak ing  
advan tage  of  the fact  that  previous ly  equi l ib ra ted  
mixed  vesicles can stay in a metas tab le  state,  in 
which  the vesicle rad ius  remains  close to its origi-  
nal  value,  even if bi le  salt  is removed.  [12,19]. This  
means  that  the vesicle size is not  only  de te rmined  

• The phase diagram in Fig. 2 for glycocholate/egg phos- 
phatidylcholine mixed vesicles at 20 o C had to be modified 
slightly when different lots of egg phosphatidylcholine were 
used, owing to small changes in the phosphatidylcholine 
composition [19]. For a practical use of the relation between 
vesicle size and solution composition it is therefore necessary 
to first 'calibrate' the system by measuring the hydrody- 
namic radius as a function of dilution for at least two 
PC/bile salt ratios. 
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by  the values of  the phys ica l  and  chemical  pa rame-  
ters, and  that  it  can  also depend  u p o n  the par t icu-  
lar  sequence of s teps lead ing  to the final s tate of 
the system. The  d a t a  in Table  I as seen in the 
context  of Fig. 2 can serve as an example  for this 
' p a t h  dependence ' .  F r o m  Fig.  2, and  consider ing 
tha t  the m i n i m u m  size for detergent- f ree  vesicles 
p roduced  by  detergent  removal  or  sonica t ion  is 
approx.  120 ,~ [5], one would  expect  that  comple te  

removal  of  bile salt  by means  of  dialysis  f rom 
solut ions  con ta in ing  mixed  micelles or  vesicles 
should  cause the fo rma t ion  of  small  vesicles wi th  a 
rad ius  of 120/k .  As  shown in Tab le  I, dialysis  of a 
mixed  micel lar  solut ion results  in vesicles wi th  R n  
equal  to 140 .~, in sa t is factory  agreement  with this 
expecta t ion.  However ,  when previously  equi- 
l ib ra ted  solut ions of mixed  vesicles are  dialyzed,  
the bile salt  molecules  are  a lmost  comple te ly  re- 
moved  while the vesicle radius  decreases only 
sl ightly (approx.  10%). 

This  par t i cu la r  p rope r ty  of  mixed  vesicle solu- 
t ions offers a me thod  for the p r epa ra t i on  of uni-  
lamel lar ,  monod i spe r se  and de tergent  free vesicles 
wi th  radi i  tha t  can be  chosen be tween 120 and  500 
~,. One  s imply  has to combine  mixed  vesicle p rep-  
a ra t ion  by  d i lu t ion  Of a mixed micel lar  solut ion 
with  subsequent  de tergent  removal  through dialy-  
sis, The  final concen t ra t ion  of  bile salt  (glyco- 
chola te)  is less than  0.5% of  the ini t ia l  concentra-  

TABLE I 

APPARENT MEAN HYDRODYNAMIC RADIUS RH AND 
BILE SALT AND P H O S P H A T I D Y L C H O L I N E  C O N -  

CENTRATION (CBs, Cpc ) OF VESICLE SOLUTIONS BE- 
FORE AND AFTER DIALYSIS 

The mixed vesicles were prepared through rapid dilution of 
mixed micellar solutions. (PC/BS = 0.3 and 0.75, total lipid 
concentration Cto t = 50 mg/ml, t = 20 o C) 

Before dialysis After 24 h dialysis 

Css Cpc R H V C ~s Cpc R n V 
(raM) (raM) (.~,) (%) (raM) (raM) (.4,) (%) 

17.54 a 5.26 24 60 0.20 4.99 140 30 
4.05 1.20 525 20 0.03 1.13 470 25 
4.03 1.18 516 17 0.04 1.11 460 20 
3.76 1.09 430 17 0.04 1.07 390 15 
3.70 1.07 370 15 0.01 0.99 340 15 
1.48 1.12 135 - 0.02 1.0 140 15 

a This composition corresponds to a micellar solution. 
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tion and the polydispersity index V is below 20%. 
An examination of the stability of these solutions 
by means of PC/bi le  salt showed no changes in 
the light scattering parameters over a period of 
two months. It is possible to increase the low 
vesicle concentration (after the dialysis) by ultra- 
filtration. Using an ultrafiltration system (Amicon 
model 8MC) and a filter (Diaflo XM 50) with a 
molecular wight cut off of 50000 the concentra- 
tion could be increased by a factor of four without 
changing the vesicle size. Further systematic inves- 
tigation of the time dependence of these con- 
centrated solutions remains to be done. 
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