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Phospholipid vesides were prepared by detergent removal using hydrophobic porous beads, Amberlite 
XAD-2, or dialysis from detergent-phospholipid mixed micelles. The liposomes formed were found to be 
mostly unilammellar vesicles. The vesicle diameter was estimated, by both quasi-elastic light-scattering and 
gel-exclusion chromatography on Sephacryl S-1000, to be 80 nm for the resides formed by removal of 
octaethylene glycol monododecyl ether by the bead method. The effect of detergents within a bilayer on ion 
permeation was demonstrated. When the content of octaethylene glycol monododecyl ether reached a molar 
ratio of 0.2, the intrinsic ion selectivity of the phospbolipld membrane between anion and cation was 
diminished. The ion permeability measured for vesicles with detergent incorporated into initially detergent- 
free vesicles was about lO-times greater than that for vesicles with detergent remaining following the process 
of detergent removal. This observation was explained by the different disposition of the detergent in the 
bilayer, that is, when vesicles were formed by the removal of detergent from mixed micelles, the residual 
detergent became dism'buted in both the outer and inner leaflets, and when the detergent was incorporated 
into initially detergent-free vesicles, the detergent became distributed only in the outer leaflet within the 
experimental time limits. This idea was supported by the NMR studies. It was also found that, as a 
detergent, octaethylene glycol monododecyl ether has a stronger effect on ion permeation than octyl 
glucoside. 

Introduction 

Since relatively homogeneous  unilamellar  
vesicles can be prepared by the removal of deter- 
gent from phospholipid-detergent mixed miceUes, 
the detergent removal method has been widely 
used for liposome preparat ion [1-15]. Dialysis has 
been commonly used to remove the detergent, but 
for those with a low c.m.c., such as Triton X-100, 
i t t a k e s  more than 10 days to prepare phospholi- 

Correspondence: M. Ueno, Department of Hospital Pharmacy, 
Toyama Medical and Pharmaceutical University, 2630, 
Sugitani, Toyama, 930-01, Japan. 

pid vesicles by removal of the detergent by dialy- 
sis [2]. Therefore, we have developed a new method 
using hydrophobic porous beads [10] which en- 
ables vesicles to be prepared within 1 h by re- 
moval of even long-chain surfactants, i.e., those 
with a low c.m.c., from mixed micelles. 

Some detergents can remain in the membrane 
wall after vesicle formation by the detergent re- 
moval method. In such cases the remaining de- 
tergent sometimes seriously disturbs the barrier 
effect of the lipid membrane.  In this paper, we 
discuss how the amount  of residual detergent as 
well as the mode of disposition of detergent within 
the membrane  can affect ion permeation through 
the membrane.  
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Experimental 

Materials 
L-a-Phosphatidylcholine from egg yolk was 

purchased from Green Cross Co. (no less than 
99% purity). Octyl fl-D-glucoside and octaethylene 
glycol monododecyl ether (C12E8) used as de- 
tergents were purchased from Wako Chemicals 
and Tokyo Kasei Co. Ltd., respectively. Pr(NO3) 3 
was used as an N M R  shift reagent. Tes (N-tris(hy- 
droxymethyl)methyl-2-aminoethanesulfonic acid) 
for the preparation of buffer solution was 
purchased from Sigma Co. [14C]Octyl glucoside 
and [3H]dipalmitoylphosphatidylcholine were 
from (New England Nuclear and [14C]C12E8 was 
from CEA (France). All other reagents were of 
reagent grade from Wako Chemicals. 

Methods 
Vesicle size was determined by both quasi-elas- 

tic light scattering using a Coulter Submicron 
Particle Analyzer model N4 and gel-exclusion 
chromatography on Sephacryl S-1000 according to 
the method of Reynolds et al. [16]. The vesicle size 
was also estimated from the ion-trapped volume. 
1H-NMR spectra were recorded on a Varian XL- 
200 NMR  spectrometer at 200 MHz. Ionic per- 
meability was determined by electrometric mea- 
surement using an ionalyzer (Orion Research, 
model 701A) with solid membrane electrodes for 
C1- and Na + or a liquid membrane electrode for 
K ÷, and with a Ross reference electrode. 

Detergent and phospholipid concentrations 
were determined by monitoring their radioactivi- 
ties using an Aloka LSC-903 liquid scintillation 
system. The micro method of Bartlett [17] was also 
sometimes adopted to determine phospholipid 
concentration. The buffer solution used was usu- 
ally composed of 250 mM NaC1/1 mM E D T A / 2 0  
mM Tes (pH 7.0). 

Solutions of mixed lipid-detergent micelles were 
obtained by incubating a detergent solution at the 
desired concentration with a lipid film deposited 
on the walls of a test tube. It is known that 
micellar solutions with detergent/ l ipid ratios of 
10 : 1 or more produce virtually 100% single-walled 
vesicles, whereas lower ratios are insufficient for 
complete dispersal of the lipid and lead to the 
appearance of multilamellar liposomes in the final 
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product [9]. Micellar solutions used in the present 
study generally contained 15 mM phosphati- 
dylcholine and 150 mM C12E8. For the experi- 
ments using octyl glucoside, the initial detergent 
content was 175 mM to allow for the approximate 
concentration of 25 mM monomeric octyl gluco- 
side that would be present because of this de- 
tergent's high c.m.c. 

Detergent removal was carried out using either 
the dialysis method or the bead method under low 
light and nitrogen in order to avoid possible 
oxidation of phospholipid. In principle, the latter 
method uses the adsorption ability of detergents 
on hydrophobic porous beads [18,19] such as am- 
berlite XAD-2. Usually, 1-3 g of the beads are 
packed into a short column (Econocolumn from 
Bio-Rad of dimensions 0.7 × 10 cm and contain- 
ing polyethylene support films); 1 ml of mixed 
micelle solution is then passed rapidly through the 
column using a syringe. Since the small sample 
volume does not come into contact with all of the 
adsorbent when this procedure is used, multiple 
passes were employed to remove the detergent to 
the desired level. It should be noted that the short 
time of exposure to the bead surface in multiple 
passes is insufficient to achieve equilibrium [19]. 
Using our method, liposomes can be prepared 
within only 10 rain or so. This is far more rapid 
than the dialysis method, which requires 24 h or 
more. Furthermore, this method enables the re- 
moval of detergents with a low c.m.c., or low 
monomer solubility, which can not be removed by 
the dialysis method. Detergent incorporation was 
carried out by adding an appropriate amount of 
detergent from the outside to initially detergent- 
free vesicles, which were prepared by dialysis from 
octyl glucoside-phospholipid mixed micelles and 
contained essentially no residual detergent. All 
experiments were carried out at 25 _+ 1 o C. 

Results and Discussion 

Fig. 1 shows the relationship between vesicle 
diameter or its dispersion parameter (standard 
deviation) and the number of passes made in the 
Cl2E 8 removal process. After one pass, the ap- 
parent size of the mixed micelle became maximal 
with a very wide size range. With repeated pas- 
sage, the size and size dispersion became smaller 
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Fig. 1. Relationship between ,p~ticle size (O), its dispersion 
index (standard deviation) (k2)), detergent/lipid in molar 

ratio (O) and number of passes. 

and reached a specific value. The diameter of the 
vesicles at this specific value was 85 nm when 
using C12E s as a surfactant and 150 nm when 
using octyl glucoside. 

The total ion-trapped volume was determined 
from the difference between C~ and Co, the exter- 
nal concentration at zero time. Zero time was 
defined as the mid-point of the time required to 
exchange the external medium (replacing CI-  by 
NO 3 or Na ÷ or K ÷ by choline), which was usu- 
ally about 7 rain before the first potentiometric 
measurement. Coo was obtained by destruction of 
the vesicles by addition of a detergent. Trapped 
volume per mole of phospholipid was used as a 
measure of the apparent vesicle diameter. The 
values of the diameter measured by several meth- 
ods are summarized in Table I. Since the values 
measured by a quasi-elastic light-scattering or gel 
chromatography almost agreed with those calcu- 

lated from the ion-trapped volume of the vesicles, 
these vesicles were considered to be practically 
unilameUar vesicles. Electron micrographs also 
supported this consideration [20]. 

Ion permeabilities through the vesicle mem- 
brane were measured within a detergent con- 
centration range for which unilamellar vesicle has 
been known to be formed [10,20]. Fig. 2 shows 
typical plots for the first-order e/flux of C1- ion 
from vesicles containing specific amounts of de- 
tergent. When octyl glucoside/lipid = 0.39, the e/- 
flux rate constant (k)  = 5.8.10 -5 s -1, When octyl 
glucoside/lipid = 0.89, k = 1.08.10 -3 s -1. 

The permeability coefficient ( p )  was obtained 
from the relation 

internal volume/vesicle 
p /k  membrane area/vesicle (1) 

In Fig. 3, permeability of C1- ion through the 
membrane of vesicles prepared by the use of C12E 8 

or octyl glucoside is plotted against the remaining 
detergent following the detergent-removal process. 
When the residual octyl glucoside was present at a 
molar ratio of less than 0.4, the ion permeability 
was rather small. With a molar ratio of detergent 
of 0.4 or more, the ion permeability increased 
abruptly. Residual C12Es  has a stronger effect on 
permeation than octyl glucoside. 

In Fig. 4, the permeability of several types of 
ion in a logarithmic scale are plotted against the 
content of C12E8 in both the detergent removal 
process and detergent incorporation process car- 
tied out by incorporating the detergent in initially 
detergent-free vesicles. When the content of C12E 8 

reached a molar ratio of 0.2 the discrimination 
between small cation (Na +) and small anion (C1-) 

TABLE I 

AVERAGE DIAMETER OBTAINED BY SEVERAL METHODS AND RESIDUAL DETERGENT 

QELS: quasi-elastic light-scattering. 

Method Detergent Detergent Diameter (run) from: 

Lipid trapped vol. S-1000 column QELS 

XAD-2 ~ C12E s 0.25 70 78 
XAD-2 a octyl glucoside 0.20 140 100 
Dialysis b octyl glucoside = 0.01 200 210 

85 
150 
200 

a Detergent was removed by using XAD-2. 
b Detergent was removed by dialysis. 
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Fig. 2. Typical plots for the first-order efflux of CI- ion from 
vesicles containing detergents. 

became  reduced.  I t  was also r emarkab le  that  the 
ion  pe rmeab i l i t y  of  ions for  vesicles with incorpo-  
r a t ed  de tergent  was abou t  10-times greater  than  
the pe rmeab i l i t y  for  vesicles with de te rgent  re- 
ma in ing  f rom the r emova l  process.  

This  d i sc repancy  m a y  be  ascr ibed  to the asym- 
met r ic  d i s t r ibu t ion  of  the i nco rpo ra t ed  de tergent  
wi th in  the vesicle bi layers .  Idea l  mixing  wi thin  the 
b i l ayer  would  m a k e  a l inear  funct ion  be tween the 
mole  f rac t ion of  de te rgen t  in the b i l ayer  (XD) and 

the m o n o m e r  concen t ra t ion  (C,~o,o) [21]. 

X D = C m o . o / c m c  (2) 

where  Cmo,o is equal  to the total  free de tergent  
concen t ra t ion  as long as one is be low the cmc. In 
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Fig. 3. Effect of residual detergent in vesicle membrane in the 
removal process on the permeability coefficient of Cl-. 
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Fig. 4. Effect of C12E s incorporated into initially detergent 
free vesicles and residual C12 E s in vesicle membrane in deter- 
gent removal process on permeability coefficient. ©, Na+; ®, 

K+; O, CI-. 

the previous  p a p e r  [10], a l inear  re la t ion was ob-  
served within the l imits  of exper imenta l  error,  bu t  
the s lope was on ly  half  of the theoret ica l  s lope of 
X 0 agains t  1 / c m c ,  as p red ic ted  by  Eqn. 2. We  
have p re sumed  that  on ly  half  the b i layer  volume 
( the outer  leaflet)  was accessible  to the detergent  
within the t ime taken for  the exper iment .  This 
idea  was suppor t ed  by  the subsequent  N M R  study.  

Fig. 5 shows the ~ H - N M R  spect ra  near  the chol ine  
methyl  p ro ton .  In  the case of the process  of de ter -  
gent  i nco rpora t ion  into  in i t ia l ly  detergent- f ree  

(OCH2CH2)"  N * ( C H 3 )  3 
) : Pr3" 
i 

' b 

Fig. 5,"IH-NMR spectra of ( O C H 2 C H 2 )  n of a detergent and 
choline group of a phospholipid. (a) Without pr3+; (b) Pr 3+ 
added to vesicle in C12E 8 incorporation process; (c) Pr 3÷ 
added to vesicle in C12E s removal process. Schematic repre- 
sentation of disposition of C12E 8 in the detergent incorpora- 

tion process (d) and removal process (e), 
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vesicles, the signal  be longing  to the p ro ton  of  

e thylene  oxide  in C12E 8 was comple te ly  shif ted by  
a shift  reagent  Pr (NO3)  which was a d d e d  af ter  
p r e p a r a t i o n  of  vesicles. On  the o ther  hand,  in the 
case of  the process  of  de te rgent  remova l  f rom 
mixed  micelles,  the  signal  for half  the a m o u n t  of 
de te rgent  was shif ted by  add ing  the shift  reagent ,  
while the o ther  half  r ema ined  in its or iginal  place,  
in which the signal of  the e thylene oxide  p r o t o n  of  
the de tergent  in the shift  reagent- f ree  cond i t ion  
was located.  

These  observa t ions  show that  res idual  de te rgent  
is d i s t r ibu ted  in b o t h  the outer  and  inner  leaflet,  
when vesicles are fo rmed  by  the remova l  of  deter-  
gent  f rom mixed  micelles,  while, on the o ther  
hand,  when a de te rgent  is i nco rpo ra t ed  into  ini- 
t ia l ly de te rgent - f ree  vesicles, the de te rgent  be-  
comes  d i s t r ibu ted  only  within the  outer  leaf let  of 
the vesicles wi th in  the exper imenta l  t ime l imit  
because  of slow f l ip- f lop  of  the  de te rgent  in the 
b i l ayer  [22]. I t  was conc luded  tha t  the d i f ferent  
d i spos i t ion  of  a de te rgent  wi th in  a vesicle mem-  
b r a n e  could  be respons ib le  for the di f ferent  char-  
acter is t ics  of ion pe rmea t i on  th rough  the vesicle 
membrane .  

Acknowledgements 

The  au thor  is i ndeb ted  to Professors  C. Tan-  
ford  and  J.A. Reynolds ,  Duke  Univers i ty  Medica l  
Center ,  for helpful  discussion.  This  work  was sup- 
po r t ed  by  the grant  f rom the Min i s t ry  of  Educa -  
tion, No.  60460218 and  the T a m u r a  F o u n d a t i o n  
for the P romot ion  of  Science and  Technology.  

References 

1 Brunner, J,, Skrabal, P. and Hauser, H. (1976) Biochim. 
Biophys. Acta 455,322-331 

2 Allen, T.A., Romans, A.Y., Kercret, H. and Segrest, J.P. 
(1980) Biochim. Biophys. Acta 601, 328-342 

3 Enoch, H.G. and Strittmatter, P. (1979) Proc. Natl. Acad. 
Sci. 76, 145-149 

4 Rhoden, V. and Godin, S.M. (1979) Biochemistry 18, 
4173-4176 

5 Schurtenberger, P., Mazer, N., Waldvogel, S. and Kanzig, 
W. (1984) Biochim. Biophys. Acta 775, 111-114 

6 Zumbuehl, O. and Weder, H.G. (1981) Biochim. Biophys. 
Acta 640, 252-262 

7 Milsmann, M.H.W., Schwendener, R.A. and Weder, H.G. 
(1978) Biochim. Biophys. Acta 512, 147-155 

8 Nozaki, Y., Lasic, D.D., Tanford, C. and Reynolds, J.A. 
(1982) Science 217, 366-367 

9 Mimms, L.T., Zampighi, G., Nozaki, Y., Tanford, C. and 
Reynolds, J.A. (1981) Biochemistry 20, 833-840 

10 Ueno, M., Tanford, C., and Reynolds, J.A. (1984) Biochem- 
istry 23, 3070-3076 

11 King, R.G. and Marchbanks, R.M. (1982) Biochim. Bio- 
phys. Acta 691, 183-187 

12 Martin, D.W. and Ueno, M. (1985) Biophys. J. 47 (part II), 
154 

13 Schurtenberger, P., Mazer, N. and Kanzig, W. (1985) J. 
Phys. Chem. 89, 1042-1049 

14 Almog, S., Kushnir, T., Nir, S. and Lichtenberg, D. (1986) 
Biochemistry 25, 2597-2605 

15 Ueno, M. (1986) Med. Drug J. 22, 2045-2051 
16 Reynolds, J.A., Nozaki, Y., and Tanford, C. (1973) Anal. 

Biochem. 130, 471-474 
17 Bartlett, G.R. (1959) J. Biol. Chem. 234, 466-468 
18 Holloway, P.W. (1973) Anal. Biochem. 53, 304-308 
19 Cheetham, P.S.J. (1979) Anal. Biochem. 92, 447-452 
20 Ueno, M., Tanaka, N., Adachi, I. and Horikoshi, I. (1986) 

The 39th Simposium on Colloid and Interracial Chemistry, 
1986, Tsukuba, Abstr. p. 388 

21 Tanford, C. (1980) The Hydrophobic Effect, 2nd. Edn., p. 
68, Wiley, New York 

22 Billington, D., Coleman, R. and Lusak, Y.A. (1977) Bio- 
chim. Biophys. Acta 466, 526-530 


