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A method has been developed for making large unilamellar vesicles (LUV) with low polydispersity. The LUV, 
constituted of dioleoylphosphatidic acid (DOPA), 300 nm in diameter are made by a modification of the pH 
adjustment technique (Hauser, H. and Gains, N. (1982) Proc. Natl. Acad. Sci. USA 79, 1683-1687). This 
size is 10 times that (30 nm) of vesicles prepared by prolonged sonication. Vesicle size is increased stepwise 
by adding cholesterol (to a maximum of 40 mol% cholesterol) to form vesicles in 0.15 M KC! with up to 600 
nm diameter. The vesicle size is measured by photon correlation spectroscopy, electron microscopy, and by 
measurement of the internal volume with cyanocobalamin while calculating the number of DOPA molecules 
per vesicle. Vesicles are stable for at least three weeks. Sepharose 4B column chromatography of the 
preparation yields a peak of fractions with the same polydispersity as the original sample and shows that 30 to 
40% of the original lipid in a sample is recovered as LUV. Less than 2% of the sample forms small 
unilamellar vesicles (SUV) (diameter = 30 nm), which emerge from the column in a separate peak. Since the 
remaining lipid is not suspended in the buffer during vesicle formation, for most purposes the vesicles may be 
used immediately after titration so that they can be prepared in less than 40 min. 

Introduction 

Ever since the classic experiments of Chapman 
[1] which clearly described the transition tempera- 
ture in lamellar sheets of membrane lipids, investi- 
gators have been seeking methods of making model 
lipid bilayers that resemble natural biological 
membranes. Bangham and co-workers [2] first suc- 
ceeded in making lipid preparations (multilayered 
liposomes) that entrapped aqueous compartments  

Abbreviations: DLPA, dilauroylphosphatidic acid; DOPA, di- 
oleoylphosphatidic acid; EM, electron microscopy; LUV, large 
unilamellar vesicle; PA, phosphatidic acid; PC, phosphati- 
dylcholine; PCS, photon correlation spectroscopy; SUV, small 
unilamellar vesicle; TLC, thin-layer chromatography; Tris, 
t ris(hydroxymethyl)aminomethane hydrochloride. 

and were osmotically active. An important re- 
quirement was that the liposome be above the 
transition temperature of lipids. A unilamellar 
liposome (vesicle) of uniform size (30 nm) was 
soon prepared by Huang [3] using extensive soni- 
cation. Huang's  vesicles were curvature limited 
with each phospholipid head group on the exterior 
surface occupying 0.74 nm 2 and on the interior 
surface, 0.61 nm 2 [4]. In recent years methods have 
been developed for preparing large 'un i form'  
vesicles (LUV's) which are generally made at 
solvent-water interfaces [5-9] or by detergent re- 
moval methods [10-14]. See Ref. 10 for a more 
complete review of LUV preparation procedures. 
In a careful review of these procedures Parente 
and Lentz [10] found those made at solvent-water 
interfaces to be mixed with multilamellar vesicles 
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and not reliably reproducible. They found that 
cholate-prepared vesicles left significant amounts 
of cholate as a contaminant in the preparation, 
and octylglucoside-prepared vesicles required long 
dialysis (3 days) in order to produce a uniform 
preparation of detergent-free unilamellar vesicles 
in the size range reported here. Vesicle prepara- 
tions that are not monodisperse LUV's are not 
appropriate for precise osmotic swelling experi- 
ments because the forces are different in different 
sizes in the same solution [6]. In surprising con- 
trast to attempts to make LUV's with low polydis- 
persity, several vesicle preparations derived from 
biological membranes are uniform in size. The 
preparations of mitochondrial inner membrane 
vesicles (submitochondrial particles) [15] or 
bacterial membrane vesicles [16] turned out in 
later work to be relatively uniform in size. Al- 
though submitochondrial particles are uniformly 
100 nm, the latter preparation was from 500 to 
1500 nm in diameter. Both are inside-out in orien- 
tation of the bilayer as compared to that of the 
biological system. Prokaryote cells are approxi- 
mately 2/~m in length whereas eukaryote cells are 
20-30/~m. The properties (including size) of cell- 
derived vesicles are presumably dominated by the 
proteins in the membrane as each preparation has 
its unique size range and the isolated lipids do not 
spontaneously form the same size vesicles. Uni- 
form size is important for many physical studies 
and transport studies and innumerable attempts 
have been made to prepare monodisperse vesicles 
in the size range obtained from biological sources. 

Dynamic light scattering provides a rapid and 
accurate technique for determining the diffusion 
coefficients of vesicles in solution [17-20]. From 
diffusion coefficients, one can easily determine the 
vesicle size. Photon correlation spectroscopy (PCS) 
measures the digital correlation function of photo- 
electric pulses. As a digital technique it is well 
suited to computer analysis. The techniques of 
dynamic light scattering have been extensively dis- 
cussed in the literature [21]. 

Recently, Gains and Hauser [22-25] reported a 
new method of vesicle preparation in which uni- 
form vesicles with a diameter of 30 nm (SUV) 
were produced together with a nonuniform mix- 
ture of vesicles in a larger size range (LUV). In 
this method, a dispersion of phosphatidic acid 
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(PA) (either DLPA or PA derived from egg 
lecithin) with or without PC was subjected to a 
sudden increase of pH. Using this technique and 
applying principles developed regarding the dy- 
namics of both the hydrocarbon domain [26] or 
the headgroup domain [27] together with the sim- 
plicity and speed of a photon correlation spectro- 
scopic assay of vesicle size, polydispersity, and 
amount, the pH adjustment method has been 
honed to enhance the size, uniformity and yield of 
vesicles. We find that we can produce uniformly 
sized vesicles reproducibly in minutes with a size 
of our choice between 300 and 600 nm. 

Experimental 

Materials. L-a-Dioleoylphosphatidic acid 
(DOPA) was procured from Avanti Polar Lipids, 
Inc. (Birmingham, AL). Its purity was monitored 
with thin-layer chromatography (TLC) on Silica 
gel 60 plates (EM Laboratories, Elmsford, NY) 
using CHCI3/CHaOH/H20 (65 : 35 : 5, v /v /v)  
as a solvent system. Ultrapure sucrose was 
purchased from Schwarz/Mann (Orangeburg, 
NY). Sepharose 4B was obtained from Pharmacia 
Fine Chemicals (Piscataway, N J). The vitamin B-12 
was procured from Sigma (St. Louis, MO). For- 
mvar solution (0.5%) in ethylene dichloride was 
obtained from Ladd Research Industries, Inc. 
(Burlington, VT). The uncoated copper grids were 
procured from Polaron Equipment Ltd. (Watford, 
U.K.). Cholesterol (98% pure) was procured from 
Aldrich Chemical Company, Inc. (Milwaukee, WI). 
All chemicals were reagent grade unless otherwise 
indicated. All solvents were redistilled before use. 

Preparation of oesicles. L-a-Dioleoyl phos- 
phatidic acid (disodium salt, 8 mg) was dissolved 
in 2 ml of chloroform. In order to convert the 
DOPA largely to the acidic form, this solution was 
washed four times with 2 ml of chloroform/ 
methanol/0.2 M HC1 (3 : 48 : 47, v/v/v) .  The up- 
per phase was discarded each time. The resulting 
lower phase was washed with a 2 ml mixture of 
chloroform/methanol/water (3 : 48 : 47, v/v/v) .  
When cholesterol-incorporated DOPA vesicles 
were made, chloroform containing cholesterol was 
added in this lower phase. The lower phase solvent 
was then removed by rotary evaporation in a 
round bottom flask to form a phospholipid film. 
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The phospholipid film was dried under a water 
aspirator at room temperature for about 10 min. 
In order to establish that this procedure did not 
result in hydrolysis of DOPA, the dried film was 
examined with TLC (see Materials). It was found 
to migrate as a single spot with no free fatty acid 
or lysophosphatidic acid present. The dried film 
was then dispersed in 3.0 ml of either a sucrose or 
KC1 solution (both having pH = 7.55) depending 
on the desired medium for vesicles. Both sucrose 
(0.25 M) and KC1 (0.15 M) solutions with 2 mM 
Tris and 0.02% sodium azide had the same 
osmolality. The suspension was stirred for 30 min 
at room temperature in order to suspend the lipid 
film in the solution. The final concentration of 
DOPA in the suspension was 1.0 mg/ml .  

Sonicated vesicles. The crude vesicle prepara- 
tion (pH was about 4.6 + 0.4) was adjusted to pH 
7.55 with 0.1 M NaOH in the Tris buffer in 
sucrose solution. The resulting suspension was then 
sonicated with a Branson sonicator at a sonication 
power of 50 watt. 

pH adjustment vesicles. This suspension (pH 
was about 4.6 + 0.4) was titrated with 0.1 M NaOH 
to a pH of 7.55-11.0. The pH of the sample was 
readjusted to 7.55 with 0.1 M HC1. 

The vesicle preparation of pH adjustment was 
chromatographed on a Sepharose 4B column (47 
× 0.9 cm) at room temperature. The elution rate 
was 18-20 ml /h .  An automatic fraction collector 
was used to collect 0.3 ml fractions. 

Photon correlation spectroscopy (PCS). The size 
of the vesicles was determined by using photon 
correlation spectroscopy. The apparatus used is 
described in Ref. 28. Light from an argon ion laser 
at 488 nm was focussed onto the vesicle sample in 
a glass cuvette maintained at constant temperature 
(20°C) by a Lauda water circulator. The intensity 
of the scattered light was detected at 90 ° to the 
incident beam with a Hamamatsu (Middlesex, N J) 
photomultiplier tube (PMT). 

The radius of the vesicles in a sample is calcu- 
lated from the correlation function. In PCS, one 
measures the second order correlation function 
g(2)('r), where ~- is the delay time. For particles in 
Brownian motion, the correlation function decays 
exponentially with the delay time according to the 
following expression: 

g(2)(7") = B(1 + A .e - r ' ' )  

where B is the base line, F is the inverse correla- 
tion time and the A is a constant between 0 and 1 
determined by the optical system. F is given by 
2Dq 2, where D is the translational diffusion coef- 
ficient and q is the scattering vector. D is related 
to the particle radius (R)  by the Einstein-Stokes 
expression: 

D = k T / 6 ~ r ~ R  

k =  Boltzmann's constant, ~ =viscosity of the 
solution and T =  absolute temperature. By fitting 
a single exponential through the correlation data, 
one can determine the diffusion coefficient, D and 
from this the particle radius (R). 

If the vesicles in a sample have a distribution of 
sizes, the correlation function does not exhibit the 
simple exponential decay indicated above, but is a 
superposition of exponentials instead. It is then 
possible to extract the mean decay time F o and #2, 
the second moment of F about F 0. By a cumulants 
analysis technique, the average radius (actualIy the 
z-average radius) is found from F 0 while the ratio 
t~2/Fo 2 is an index of polydispersity. For vesicles 
whose size distribution is gaussian with a mean 
radius R 0 and a standard deviation o, the frac- 
tional width of the distribution is related to the 
index of polydispersity (/~ 2/F~) by: 

O/Ro= ~ 2 /  Co 2 

where x is an empirical number between 1 and 4 
determined experimentally. Our comparison of 
electron micrograph measurements of the diameter 
and standard deviation of uniform polystyrene 
spheres (Dow Chemical Co., Indianapolis, IN) with 
the polydispersity obtained from PCS on samples 
having diameters 85 nm, 126 nm and 557 nm yield 
x = 4, 3, and 1, respectively. For DOPA vesicles 
having diameter 50 nm, and 500 nm the values for 
x are 1.5 and 3, respectively. Several workers have 
developed techniques for extracting the complete 
molecular weight distribution of polydisperse sam- 
ples from correlation data by sophisticated com- 
puter analysis, but these techniques are still con- 
troversial. The cumulants method, on the contrary, 
is generally reliable and has been widely applied 
[29]. 

The correlation function was accumulated in a 
60 channel photon autocorrelator and initially dis- 
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played on an oscilloscope. An A / B  ratio greater 
than 0.5 indicates a good signal to noise ratio. The 
sampling time was adjusted to obtain exponen- 
tially decaying correlation functions which were 
collected by a DEC PDP-8 minicomputer and 
subsequently analyzed by the technique of multi- 
ple linear regression (cumulants analysis) on a 
VAX 11/780  mainframe computer  (DEC, 
Maynard, MA). 

The average diffusion coefficient and standard 
deviation were calculated by averaging eleven 
successive autocorrelation functions, each with the 
same bin (sampling) time. The count rate was 
essentially constant in most of the samples which 
implies that the vesicle sample was not highly 
polydisperse. Occasional samples with widely 
fluctuating count rates were discarded. In addition 
to the diffusion coefficient, the analysis yields an 
index of polydispersity of the sample which was 
determined by the cumulants analysis method [29]. 

The scattering vector q =4~rn s in(0/2)/X,  
where n is the refractive index of the solution, 0 is 
the scattering angle and X is the vacuum wave- 
length of the incident light. To determine D and R 
from the measured F, it is thus necessary to accu- 
rately determine n and r/. Refractive indices of 
sucrose and KC1 solutions were determined by 
measuring the angle of minimum deviation at a 
wavelength of 488 nm. The refractive index was 
measured at various concentrations and the de- 
sired value was evaluated from a linear fit through 
the data. The viscosity, 7, of sucrose and KC1 
solutions were directly determined with an Ostwald 
viscometer using water as a standard. , 

The light scattering apparatus was calibrated 
with a standard, monodisperse sample of poly- 
styrene latex spheres (diameter 85 nm). Whether 
or not samples were chromatographed prior to 
examination by light scattering, they were diluted 
10 times to bring the photon count rate within the 
range of 5000 'to 10000 counts per second. They 
were filtered through Millipore (Bedford, MA) 
membrane filters with a pore size of 3/~m. Sucrose 
and KC1 Tris buffers were prefiltered through a 
0.25 ~m pore size filter. 

Negative staining electron microscopy. Vesicle 
sizes were also studied with a Philips 300 EM at 60 
kV. Formvar coated grids were prepared with a 
0.5% formvar solution on uncoated grids. A drop 

of solution containing phospholipid vesicles was 
placed on the Formvar grid. The excess solution 
was adsorbed with a No. 1 filter paper after 15 s. 
A drop of uranyl acetate solution (5%) was placed 
on the grid. After 5 s, the excess was absorbed 
with filter paper. The grid was then allowed to dry 
in air for 10 min prior to examination with the 
electron microscope. 

Trapped volume determination. The trapped 
volume of the vesicles was determined by prepar- 
ing the vesicles in the presence of vitamin B-12 
(7.0 mM in 0.15 M KC1 solution). External vita- 
min B-12 was removed by passage over a Sep- 
harose 4B column. The total trapped marker was 
determined on a spectrophotometer at 361 nm 
(e = 2.81. 104). The internal volume was calcu- 
lated from the amount of trapped vitamin B-12, its 
concentration in the initial medium and the amount 
of phosldholipid. The latter was assayed by the 
procedure of Ames and Dubin [30]. A DOPA 
molecule was assumed to occupy 0.6 nm 2 on both 
the inner and outer surface of the bilayer. 

Results 

Column chromatography of vesicles 
The pH adjustment method of Hauser and 

Gains [22] yielded uniform small unilamellar 
vesicl[s of dilauroylphosphatidic acid (DLPA) of 
about 30 nm diameter. These vesicles came off a 
Sepharose 4B column as the major peak with some 
large vesicles containing a wide variation of size 
coming off with the void volume. 

In our experiments (Fig. 1) the pH adjustment 
vesicles produced from DOPA also yielded two 
peaks, the principal one, however, came off the 
column near the void volume. The SUV peak was 
minor. Three methods were used to quantitate the 
results. First, phosphate analysis (Fig. 1) was used 
to determine the amount of phospholipid per frac- 
tion [30]. Second, the total counts per fraction 
(Fig. 1) were measured with photon correlation 
spectroscopy. Third, the absorbance of vitamin 
B-12 at 361 nm (not shown) was measured during 
the entrapped volume determination. All results 

g a v e  the same pattern (Fig. 1), which shows the 
utility of light scattering for assaying vesicles in 
column fractions (as well as measuring vesicle 
radii) since it is so rapid and convenient. 
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Fig. 1. Elution profile of DOPA vesicles from a Sepharose 4B 
column (47 x 0.9 cm). Phospholipid was assayed by the method 
of Ames and Dubin [30] and total counts were measured by 
PCS. The vesicles were made by the pH  adjustment method 
(maximum pH 9.00) in 0.15 M KC1-Tris buffer. The original 
vesicle suspension in the buffer solution (1.0 ml) was loaded 
onto the column. Fractions (0.3 ml) were collected with an 
elution rate of 18-20 rn l /h  at room temperature. The void 
volume is approximately at fraction 40, the total" volume is off 
scale at about fraction 110. 

No difference was noted in vesicle size when 
isoosmolal solutions of sucrose (0.25 M) or KC1 
(0.15 M) were used with buffer (Table I). 

The addition of cholesterol to DOPA did not 
increase the size of the vesicles made in sucrose 
solution. 

Huang [3] and others [22-25] have found that 
the passage of phospholipid vesicles through a 
Sepharose 4B column results in adsorption of 
phospholipids onto the column. It was suggested 
that this problem might be avoided by first 

TABLE I 

A COMPARISON OF VESICLES P R E P AR E D IN SUCROSE 
A N D  KCl SOLUTIONS HAVING T HE  SAME OSMOLAL- 
1TY. 

The maximum pH of KC1 solution was 9.00 and that of sucrose 
solution was 9.05. Standard deviation (o)  refers to the error in 
measurement  (not to the vesicle size). 

Sepharose 4B Buffer Radius + o % Index of 
column containing (nm) polydispersity 

+ 0.15 M KC1 125.0+6.8 6 
+ 0.25 M sucrose 127.6+_3.5 8 

TABLE 1I 

THE EFFECT OF PASSAGE T H R O U G H  THE SEP- 
HAROSE 4B C H R O M A T O G R A P H I C  C O L U M N  ON THE 
VESICLE SIZES 

The vesicles were prepared with the pH adjustment method in 
a sucrose-Tris buffer. The maximum pH was 8.3. Standard 
deviation (o)  refers to the error in measurement  (not to the 
vesicle size). 

Sepharose 4B Radius + o % Index of 
column (nm) polydispersity 

once 77.0 +_ 0.8 4 
twice 62.7 _+ 1.2 8 

saturating the column with phospholipids. In order 
to explore the nature of this adsorption, we ex- 
amined vesicles that were passed through a column 
twice. The vesicle size was found to be smaller for 
vesicles prepared in sucrose after a second passage 
through the column (Table II) and the polydisper- 
sity was found to increase. This suggested that the 
adsorbed phospholipids may be derived directly 
from the vesicles reducing their average diameter. 
For vesicles prepared in a KC1-Tris buffer, the size 
did not change on passing the sample twice through 
the column. 

The size of sonicated vesicles 
The size of vesicles prepared in sucrose by the 

sonication method was found to decrease with the 
duration of sonication up to a period of 30 rain. 
At this point, the vesicles had a radius of 27 _+ 0.2 
nm with a standard deviation of 20% of vesicle 
size. It should be noted that Huang [3] obtained 
curvature-limited vesicles with a radius of 12.5 nm 
displaying low polydispersity after 160 min sonica- 
tion. 

Thd size of pH adjustment vesicles 
Routine size measurements were made by pho- 

ton correlation spectroscopy. Because the results 
were different from those of Hauser and Gains 
[22] we reexamined the effect of varying the maxi- 
mum pH (Fig. 2) and the pH adjustment time 
(Table III). Gains and Hauser [24] examined how 
variation of maximum pH affected the relative 
amount of LUV and SUV on columns. Our inter- 
est was in maximizing the uniformity and the size 
of the LUV's. 
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Fig. 2. The size of DOPA vesicles made by the pH adjustment 
method in 0.25 M sucrose-Tris buffer in which the maximum 
pH is varied. The initial pH was 4.80 for • and 5.20 for both e 
and ~ .  (The latter are separate measurements  of duplicate 
experiments). Vesicle size was measured with photon corre- 
lation spectroscopy (PCS). Standard deviation refers to the 
error in measurement  (not to the vesicle size). 

The variation of vesicle size, prepared in a 
sucrose-Tris buffer, with the magnitude of pH 
adjustment is shown in Fig. 2. We found that there 
was not a significant change in the mean vesicle 
size of the LUV's prepared in sucrose with varia- 
tion in maximum pH. Vesicles prepared in both 
sucrose and KC1 by the pH adjustment method 
were found to be stable for at least 3 weeks. When 
cholesterol was incorporated into the lipid pre- 
paration of vesicles prepared in 0.15 M KC1-Tris 

TABLE III 

VARIATION OF VESICLE SIZE WITH THE C H A N G E  IN 
pH A D J U S T M E N T  D U R A T I O N  

Vesicles were prepared in a 0.25 M sucrose-Tris buffer at room 
temperature. The magnitude of the maximum pH was 10.0 and 
the sample was filtered through 0.8 # m  pore size filter. Stand- 
ard deviation (o)  refers to the error in measurement  (not the 
vesicle size). 

Sepharose 4B pH adjustment  Radius + o % Index of 
column duration ' (nm) polydispersity 

- 1 s 75.6+0.9 8 
- 1 rain 71.55:0.5 7 
- 5 rain 74.4 + 1.0 8 
+ 1 s 76.2+0.9 6 
+ 1 rain 77.05:0.8 4 
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buffer by the pH adjustment method, the ensuing 
vesicles were found to be larger than those without 
cholesterol. The variation of vesicle sizes with the 
amount of cholesterol in DOPA is shown in Fig. 3. 

Electron microscopy 
Negative stained electron micrographs of 

vesicles made both by sonication and by pH ad- 
justment are shown in Fig. 4. The uniformity of 
the vesicles is apparent in both pictures. Below 
each micrograph is a distribution of the size as 
measured from the photomicrographs. The stan- 
dard deviation of the size is shown above the bar 
graph. Both the sonicated and the pH adjusted 
vesicles are shown to have standard deviations 
representing approx. 20% of the size. This ap- 
proach was checked by examining polystyrene 
spheres of 85 nm, 126 nm, and 557 nm size. We 
found the same standard deviation as those pro- 
vided by Dow Chemical Co., who also used elec- 
tron microscopy to measure the size and determine 
the standard deviation. The size of the vesicles 

500  

4 0 6  

c 

,. 300 
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I00 I I I 
0 25 50 75 

Molar % Cholesterol in DOPA 

Fig. 3. Size of DOPA vesicles made by the pH adjustment 
method in 0.15 M KCI-Tris buffer (maximum pH 9.00). The 
init ial pH was 4.50. Chloroform contaJrfing the cholesterol was 
added in the lower phase after acid washing of the disodium 
salt of DOPA. The acidified phosphatidic acid/cholesterol 
mixture was dried in vacua, and the buffer was added to the 
dried film. The size was measured with photon correlation 
spectroscopy (PCS). Standard deviation refers to the error in 
measurement  (not to the vesicle size). 
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Fig. 4. Negative stained electron micrographs of vesicles made by sonication (A) and pH adjustment (B). The DOPA vesicles were 
both made in 0.15 M KCl-Tris buffer. Maximum pH for the vesicles made by pH adjustment was 9.00. Sonication time for the 
sonicated vesicles was 30 min. Grids were examined on a Philipis 300 EM at the magnification × 33000 and × 13000 for (A) and (B), 
respectively. Uranyl acetate solution (5%) was used for negative staining. (C) and (D) are vesicle size distributions for (A) and (B), 
respectively. They were the measurements of vesicle size on the electron micrographs. The size of sonicated vesicles on electron 
micrograph (A) were smaller than those obtained from photon correlation spectroscopy (PCS) presumably because the negative 
staining procedure shrunk the vesicles slightly. The standard deviation (o) of the vesicle size is shown above the bar graph. 

found  in the e lect ron micrographs  is smal ler  than  
those ob ta ined  by  light scattering.  

Encapsulation of vitamin B-12 
F o r  in ternal  vo lume de te rmina t ion ,  vesicles were 

p repa red  in cyanocoba lamin .  The  sizes of  vesicles 
en t r app ing  coba lamin  do  not  s ignif icant ly differ  
f rom those wi thout  cyanocoba l amin  as measured  
by  pho ton  corre la t ion  spectroscopy.  Vesicles pre-  
p a r e d  in the presence of  cyanocoba l amin  dis- 
p l ayed  a mean  rad ius  of  80.2 + 1.4 n m  (compared  
to a cont ro l  of  87.7 + 0.6 nm)  with an index of 
po lyd ispers i ty  of  8%. The  t r apped  volume de- 
t e rmina t ion  yie lded a mean  radius  of  90.4 nm 

which is c ompa ra b l e  to that  ob ta ined  by  l ight 
scat tering.  Vesicles con ta in ing  cyanocoba l amin  
were found  to be  uns tab le  over several  hours.  

D i s c u s s i o n  

The fo rmat ion  of  monod i spe r se  large uni lamel-  
lar  vesicles of a des i red  size be tween 32? and 600 
n m  d iamete r  is descr ibed.  The p r epa ra t i on  is m a d e  
of  d io leoy lphospha t id ic  acid in 0.15 M KCt-Tr i s  
buffer  with vary ing  amounts  of  cholesterol .  The  
me thod  is a fur ther  deve lopmen t  of  the p H  adjust-  
men t  technique of  Hauser  and  Ga ins  [23]. The  
ionic  s t rength is appa ren t ly  cri t ical  since add i t ion  
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of cholesterol to the vesicles made in sucrose-Tris 
buffer did not produce larger vesicles. Important 
differences allowed us to make vesicles 10-times 
larger and yet with the same standard deviation in 
vesicle size as is found for small unilamellar 
vesicles. These differences include a high-salt con- 
centration (0.15 M KC1), the choice of di- 
oleoylphosphatidate as opposed to dilauroylphos- 
phatidate, and the use of cholesterol to further 
separate the headgroups, which we believe to be 
largely acid-anions [27], during vesicle formation. 
It should be noted that vesicles are approximately 
the same size when they are made in 0.25 M 
sucrose, 0.15 M KCI or 0.3 M mannitol [25]. 

The vesicle sizes and polydispersity were de- 
termined by several methods which gave ap- 
proximately the same results. We were able to 
verify the manufactures size and standard devia- 
tion of polystyrene spheres by both electron mi- 
croscopy and photon correlation spectroscopy. 
This gives us confidence in the use of photon 
correlation spectroscopy as a more reliable method 
for the determination of vesicle size than electron 
microscopy for the measurement of vesicle radii 
where the vesicles (two molecules thick) must first 
be stained with uranyl acetate which concentrates 
on the surface. We reason that polystyrene spheres 
are less susceptible to distortion in electron mi- 
croscopy and the fact that vesicles are found to be 
slightly smaller in electron micrographs is taken as 
evidence that the photon correlation spectroscopy 
results are more reliable. The measurement of 
vesicle size by entrapment of B-12 with its accom- 
panying assumptions about the area occupied by a 
phospholipid molecule is useful in that it validates 
the size range of the vesicles. Its estimate is slightly 
larger than that of photon correlation spec- 
troscopy. Photon correlation spectroscopy was 
shown in these studies to yield mean radii, mea- 
sure approximate polydispersity and compare rela- 
tive amounts of vesicles in fractions (Fig. 1) in a 
few minutes for each sample. 

Parente and Lentz [10] have prepared LUV's in 
the 80-100 nm diameter size range by using oc- 
tylglucoside dialysis. Their preparation is made 
from many synthetic lipids, all with saturated 
chains. Their results have demonstrated clearly the 
difficulties associated with removing trace impuri- 
ties from detergent dialysed sample. In the present 

method the principal contaminants expected to be 
introduced would be in the original solvent. The 
lipid was found by TLC to be unhydrolysed after 
preparation for vesicle formation; this includes 
acid-washing. 

The attempt to enhance the size of the LUV's 
and maintain uniformity was based on a combina- 
tion of principles derived from two theoretical 
views on the hydrocarbon domain [26] and the 
headgroup domain [27] of lipid bilayers. In general 
it was reasoned that a large vesicle would be 
derived from a more planar array of phospholi- 
pids. Such an array would be maximized by bal- 
ancing the average attractive and repulsive interac- 
tions between neighboring headgroups. Attractive 
interactions are considered to be acid-anion dimer 
interactions (acidic H-bonding) [27] which average 
on a rapid timescale over the entire bilayer and 
repulsive interactions are due to adjacent anions. 
In this view, the pK values of phosphatidic acid in 
the bilayer may not be predicted from pK values 
measured in the absence of a bilayer. The pK of 
such a group as phosphate in the bilayer results 
not only from the functional group's measured pK 
values but also from the forces that hold adjacent 
groups in close proximity allowing acid-anion for- 
mation. Thus a membrane lipid containing two 
negative charges would display pK values includ- 
ing those of both acid-anions [27]. 

A significant difference between the present 
work and that of Hauser [22-25] is the use of 150 
mM KCI and of dioleoylphosphatidic acid, which 
has a single cis double bond in each chain. It is 
presumed that pi-pi interactions [26] maintain at 
least the double bond of the secondary ester nearly 
perpendicular to the plane of the bilayer. This 
statement is consistent witht he data of Seelig and 
Waespe-Sarceic [31] who determined the orienta- 
tion of the double bond of oleic acid in phos- 
phatidylcholine by deuterium quadrupole coupling 
and infrared dichroism to be nearly normal to the 
plane of the bilayer. The unsaturated phospholipid 
is expected to thin the bilayer and spread the 
headgroups as compared to a saturated chain lipid. 
The cis double bond of the secondary ester chain, 
which is closer to the headgroup plane than the cis 
double bond in the primary ester chain, is ex- 
pected to perturb the primary ester chain between 
its ester group and the double bond. This would 
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orient the cis double bond on the primary ester 
chain so that it is significantly more parallel to the 
plane of the bilayer, thereby thinning it. 

The separation of the headgroups provides, in 
this view, a favorable balance of attractive and 
repulsive forces for planar formation because less 
hydrogen bonding (on the average) occurs. The 
addition of cholesterol was reasoned to even fur- 
ther spread the headgroups and reduce the H- 
bonding during the pH adjustment. A limiting 
value of 40 tool% cholesterol was found at which 
point the vesicle reached a size of 600 nm diame- 
ter. 

Although the predicted success of this protocol 
is encouraging with regard to the practical appli- 
cations of the theories, their general usefulness will 
have to await developments. 

Acknowledgement 

We are grateful to Dr. M. Green for useful 
criticisms and suggestions throughout the course 
of this work and during the preparation of the 
manuscript. We are indebted to Dr. J. Morris for 
help with the electron microscopy and Dr. R. 
Birke for advice and vitamin B-12 during the 
entrapped volume experiments. This research was 
conducted under the auspices of the National 
Foundation for Cancer Research. 

References 

1 Chapman, D. (1958) J. Chem. Soc. 152, 784-789 
2 Bangham, A.D. (1968) Prog. Biophys. Mol. Biol. 18, 29-95; 

Bangham, A.D., Standish, M.M. and Watkins, J.C. (1965) J. 
Mol. Biol. 13, 238-252 

3 Huang, C.H. (1969) Biochemistry 8, 344-351 
4 Chrzeszcyck, A., Wishnia, A. and Springer, C.S., Jr. (1977) 

Biochim. Biophys. Acta 470, 161-169; 
Huang, C. and Mason, J.T. (1978) Proc. Natl. Acad. Sci. 
USA 75, 308-310 

5 Batzri, S. and Korn, E.D. (1973) Biochim. Biophys. Acta 
298, 1015-1019 

6 Barenholz, Y., Amselem, S. and Lichtenberg, D. (1979) 
FEBS Lett. 99, 210-214 

7 Saunders, L., Perrin, J. and Gammack, D. (1962) J. Pharm. 
Pharmacol. 14, 567-572 

8 Papahadjopolous, D. and Miller, N. (1967) Biochim. Bio- 
phys. Acta 135, 624-638 

9 Deamer, D. and Bangham, A.D. (1976) Biochim. Biophys. 
Acta 443, 629-634 

10 Parente, R.A. and Lentz, B.R. (1984) Biochemistry 23, 
2353-2362 

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

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

13 Petri, W.A., Jr., Estep, T.N., Pal, R., Thompson, T.E., 
Biltonen, R.L. and Wagner, R.R. (1980) Biochemistry 19, 
3088-3091 

14 Enoch, H.G. and Strittmater, P. (1979) Proc. Natl. Acad. 
Sci., USA 76, 145-149 

15 Penefsky, H.S., Pullman, M.E., Datta, A. and Racker, E. 
(1960) J. Biol. Chem. 235, 3330-3336 

16 Kaback, H.R. (1968) J. Biol. Chem. 243, 2711-2716 
17 Goll, J., Carlson, F.D., Barenholz, Y., Litman, B.J. and 

Thompson, T.E. (1982) Biophys. J. 38, 7-13 
18 Pownall, H.J., Massey, J.B., Kusseron, S.K. and Gotto, 

A.M., Jr. (1978) Biochemistry 17, 1183-1188 
19 Sut, S.T., Day, E.P. and Ho, J.J. (1978) Proc. Natl. Acad. 

Sci. USA 75, 4325-4328 
20 Chen, F.C., Chrzeszcyck, A. and Chu, B. (1977) J. Chem. 

Phys. 66, 2237-2245 
21 Cummins, H.Z. and Pike, E.R. (eds.) (1973) Photon Corre- 

lation and Light Beating Spectroscopy, Plenum Press, New 
York 

22 Hauser, H. and Gains, N. (1982) Proc. Natl. Acad. Sci. 
USA 79, 1683-1687 

23 Hauser, H., Gains, N. and Muller, M. (1983) Biochemistry 
22, 4775-4781 

24 Gains, N. and Hauser, H. (1983) Biochim. Biophys. Acta 
731, 31-39 

25 Schurtenburger, P. and Hauser, H. (1984) Biochim. Bio- 
phys. Acta 778, 470-480 

26 Haines, T.H. (1979) J. Theor. Biol. 80, 307-323; 
Haines, T.H. (1982) Biophys. J. 37, 147-148 

27 Haines, T.H. (1983) Proc. Natl. Acad. Sci. USA 80, 160-164 
28 Hwang, J.S. and Cummins, H.Z. (1982) J. Chem. Phys. 77, 

616-621 
29 Pike, E.R. and Commins, H.Z. (eds.) (1977) Photon Corre- 

lation Spectroscopy and Velocimetry, Plenum Press, New 
York) 

30 Ames, B.N. and Dubin, D.T. (1960) J. Biol. Chem. 235, 
769-775 

31 Seelig, J. and Waespe-Sarcevic, N. (1978) Biochemistry 17, 
3310-3315 


