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Dioctadecyldimethylammonium chloride (DODAC) unilamellar liposomes with a mean external diameter of
0.5 pm and sharp gel-to-liquid-crystalline phase transition temperatures (7,) were obtained by chloroform
vaporization and compared with small sonicated DODAC vesicles. Sucrose, impermeant through large
DODAC liposomes and sonicated vesicles, was used for internal volume determinations. The internal
volumes for large DODAC liposomes and sonicated DODAC vesicles were 9.0 + 1.3 and 0.13 + 0.2 1 /mol,
respectively. Ideal osmometer behaviour, towards KCl (0—50 mM) and sucrose, was observed only for large
DODAC liposomes. Sonicated DODAC vesicles were osmotically non-responsive towards sucrose and
flocculated upon addition of KCl. At temperatures near the T, a steep increase in the initial shrinkage rate
and a minimum for the total extent of shrinkage were observed for large DODAC liposomes. Large DODAC
liposomes are proposed as an adequate synthetic membrane model.

Introduction

Much of our present knowledge of membrane
properties has been obtained with models pre-
pared with phospholipids [1]. A variety of bilayer
structures, formed by dialkyldimethylammonium
halides [2] and other synthetic amphiphiles [3-7],
have recently been used to mimic membrane prop-
erties, since they furnish unique opportunities to
investigate structure-function relationships.

Closed-vesicle systems constitute one of the
most explored models of membranes. While several
methods for the preparation of phospholipid
vesicles [8—11] or liposomes [12,13] have been de-
scribed, synthetic amphiphile vesicles have been
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obtained mainly by sonication [7]. This latter
method yields small unilamellar vesicles with a
mean external diameter of approx. 300 A [14,15]
and a corresponding small internal aqueous com-
partment. Thus incorporation of water-soluble
substrates and permeability studies in synthetic
amphiphile systems have been restricted.

In this report we describe the preparation and
characterization of large DODAC liposomes that:
(a) possess a mean external diameter of 0.5 pm;
(b) entrap sizeable amounts of sucrose; (c) have a
sharp gel to liquid-crystalline phase transition;
and (d) exhibit ideal osmometer behaviour over a
range of conditions. In addition, we compare the
properties of sonicated DODAC vesicles with those
of large DODAC liposomes and conclude that this
latter system constitutes a model that is more
adequate for the investigation of transport proper-
ties in membranes.



Materials and Methods

The purification and analysis of dioctade-
cyldimethylammonium chloride (DODAC) (ob-
tained from Herga Induastrias Quimicas do Brasil)
have been described [16]. Sephadex G-25 (fine)
was obtained from Sigma (St. Louis, MO) and
['*Clsucrose from Schwarz-Mann (Orangeburg,
NY, spec. act. 480 mCi/mmol). All other reagents
were analytical grade. Deionized water, doubly
distilled in glass, was used throughout. DODAC
concentration was determined by chloride micro-
titration [17].

Preparation of small DODAC vesicles. Small
DODAC vesicles were prepared by sonication (10
min, 50°C) of 60 mg DODAC in 10 ml water
using the microprobe of a Cell Disrupter Virsonic
Model 150 operated at a nominal output of 90 W.
The dispersion was centrifuged (50 min, 10000 X g,
22°C) in order to eliminate residual Ti.

Preparation of large DODAC liposomes. The
vaporization method of Deamer and Bangham [10]
was adapted for DODAC after experimenting with
several solvent combinations, temperatures and
DODAC concentrations. 1.0 ml DODAC (0.02 M)
in CHCl, was injected (0.2 ml/min) into 4.0 ml of
water maintained at 70.0 + 0.5°C. The experimen-
tal arrangement for injection was that described
by Deamer and Bangham [10]. Aliquots (1.0 ml) of
the DODAC dispersion were filtered through a
Sephadex G-25 column (1.8 X 14.0 cm) previously
saturated with DODAC. DODAC recoveries were
higher than 90% in all cases. The CHCIl, contents
[18] of the chloride-containing fractions eluting at
the void volume (V,) were less than 0.5 mol%
(CHCl,/DODACQ).

Electron microscopy. Aliquots of DODAC dis-
persed by chloroform vaporization and filtered on
Sephadex G-25 were mixed with equal volumes of
ammonium molybdate (1%). After drying, the
sample was examined in a Zeiss EM-9 S2 Electron
Microscope operated at 60 kV. Mean external
diameter were calculated from histograms ob-
tained from several electron micrographs.

Determination of apparent internal volume (V).
Aliquots of DODAC dispersion, prepared in water
containing ['*C]sucrose, were filtered through a
Sephadex G-25 column. The ['*C]sucrose en-
trapped/free ratio (R) was expressed as R =
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cpm(V,)/cpm(V;) where cmp(V,) is the total ra-
dioactivity eluting in the void volume (V,), and
cpm(V)), the total radioactivity eluting in the inter-
nal volume (V). The apparent internal volume (V')
was expressed as V = R/[DODAC], where
[DODAC] is the concentration of the DODAC
dispersion applied to the filtration column. The
extent of sucrose adsorption to preformed DODAC
vesicles or liposomes was determined as follows.
Small DODAC vesicles (or large DODAC lipo-
somes) were prepared in water as described. To
these preparations was added ['“C]sucrose, and
the dispersions were filtered through a Sephadex
G-25 column. The extent of sucrose adsorption per
mol DODAC was expressed as an apparent volume
(V,) (see above).
The true internal volume (V;,) was defined as

Determination of osmotic properties. DODAC
dispersions were added to aqueous solutions of
KCl or sucrose (or aqueous solutions of KCl or
sucrose were added to DODAC dispersions) and
the time-dependent scatter-derived absorbance
changes were registered in a Cary-14 Spectropho-
tometer at either 400 or 280 nm. The time lag
between mixing and the start of the register was
usually less than 6 s. The initial shrinking rate
(v%) was defined [19] as:

v%=—-——-100 (1)

where AA /At represents the initial slope of the
curve absorbance vs. time and A4, the initial ab-
sorbance. The reciprocal of the total absorbance
change (1/4 A) was taken to be:

1 1
TG4 @

where A, is the final measured absorbance. The
extent of shrinkage (§) was defined as:

S=(1/4g—1/4;)-Ay-100 3)

Mean values for these parameters were obtained
from at least two independent experiments and
errors are expressed as mean square deviations.
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Phase transition determinations. The changes of
absorbance as a function of temperature were
obtained in a Cary-14 Spectrophotometer equipped
with a thermostatically controlled cell compart-
ment (Haake E-12 Circulating Bath). Heating or
cooling rates were generally 2 K/min. Tempera-
tures were measured inside the cuvette with a
copper-constantin thermocouple connected to a
millivoltimeter. The response of this measuring
system is linear between 0 and 100°C with a
relative error of less than 0.01%.

Results
Physical characterization

DODAC dispersions, obtained by chloroform
vaporization, eluted at the void volume of a Sep-
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hadex G-25 filtration column. The apparent ab-
sorptivity (400 nm) of the chloride-containing
fractions was 300 M~ '-cm ™.

These latter fractions examined by electron mi-
croscopy with both negative and positive staining,
exhibited closed vesicular structures (Fig. 1) with a
mean external diameter of 0.51 um (range 0.2-1.0
pm, Fig. 1C). Thus, the chloroform vaporization-
Sephadex filtration preparation procedure yielded
large DODAC liposomes which will thereafter be
referred to as such.

DODAC liposomes exhibited a gel-to-liquid-
crystalline phase transition temperature range nar-
rower than sonicated vesicles, no pretransition
being observed in either system (Fig. 2). The mid-
points of the phase transition (7}) for DODAC
liposomes were 38.6°C (heating) and 34.8°C (cool-

Fig. 1. Electron micrographs of large DODAC liposomes positively stained
with 2% ammonium molybdate, 6630 X (A); 24225 X (B). The distribution of
liposome sizes can be seen in (C).
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Fig. 2. Absorbance of 4.96 mM DODAC as a function of
temperature. Arrows indicate the direction of temperature vari-
ation. (A) Large DODAC liposomes. (B) Sonicated DODAC
vesicles.

ing). For the sonicated DODAC vesicles, the ¢,
values were 37.5°C (heating) and 34.4°C (cooling).

Functional characterization

Sucrose impermeability, entrappment and adsorp-
tion. The apparent internal volume (V) of soni-
cated DODAC vesicles, estimated using
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Fig. 3. Time-dependent absorbance changes after addition of:

(A) 0.05 M KCI ( ) or 0.10 M sucrose (- - - - - - ) to large
DODAC liposomes and (B) 0.05 M KCl ( ) or sucrose
(-=---- ) to sonicated DODAC vesicles.
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Fig. 4. Tests of osmometer behaviour towards KCl for large
DODAC liposomes (O) and sonicated DODAC vesicles (®).
The reciprocal of the total absorbance change (1/24) was
plotted against the reciprocal of the concentration gradient of
KCl (1/AC) and the initial shrinking rate (v%), against the
concentration gradient of KCl (AC). These parameters were
calculated from the registered time-dependent absorbance
changes obtained as follows: (A) and (B) 0.1 ml sonicated
DODAC (4.96 mM) vesicles or large DODAC (4.96 mM)
liposomes (prepared in water) were added to KCl solution (0.9
ml); (C) and (D) 0.2 ml large DODAC liposomes (3 mM)
(prepared in water) were added to 0.8 ml KCl solutions. The
insert in (D) contains an amplified plot of v% against AC for
the lowest range of [KCI].

['“C]sucrose as a water-soluble marker, was 0.33 £
0.20 1/mol (n = 4). Vesicles containing
['4Clsucrose did not leak this marker when in-
cubated up to 24 h in water at room temperature.
The extent of external sucrose adsorption (see
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Fig. 5. Osmometer behaviour of large DODAC liposomes
towards sucrose. Large DODAC liposomes (0.1 ml, 2.1 mM)
were added to 0.9 ml sucrose solutions and time-dependent
absorbance changes registered for calculations of 1/4 4 (total
absorbance change) or v% (initial shrinking rate).
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Fig. 6. Effect of temperature on the total extent of shrinkage
and on the initial shrinking rate for large DODAC liposomes.
A suspension of large DODAC liposomes (0.2 ml, 4.96 mM)
was added to a solution of KCl (0.8 ml, 30.4 mM).

Materials and Methods) corresponded to a volume
(V) of 0.20 + 0.08 1/mol (n = 6). This latter value
did not change when the unlabelled vesicles were
incubated with externally added marker up to 24
h.

For large DODAC liposomes, an apparent in-
ternal volume of 9.66 + 1.30 1/mol (n=3) was
determined. Equilibrium dialysis and filtration on
Sephadex G-25 columns demonstrated (not
shown), that no leak-out of entrapped ['*CJsucrose
or leak-in of added ['*C]sucrose occurred over a
period of 48 h. The extent of marker adsorption
was 0.64 + 0.30 1/mol (n = 14).

Osmotic properties

The time-dependent absorbance changes of
DODAC sonicated vesicles (Fig. 3A) or DODAC
liposomes (Fig. 3B) were registered for various
osmotic gradients generated with KCl or sucrose.
When KCI (0-50 mM) was the impermeant solute,
linear dependences of v% as a function of KCl
concentration gradient or of 1/A 4 on the recipro-
cal of the KCl concentration gradient were ob-
tained only for the large DODAC liposomes (Fig.
4). No changes in absorbance with time were

detected for sonicated DODAC vesicles upon
establishing osmotic gradients with sucrose. For
DODAC liposomes, linear functions relating v%
and AC or 1/4A4 and 1/AC were obtained with
sucrose osmotic gradients (Fig. 5).

The effect of temperature on the osmometric
behaviour of large DODAC liposomes was char-
acterized by a steep increase in the initial shrin-
kage rate and a minimum for the total extent of
shrinkage near the 7, (33-37°C) (Fig. 6).

Discussion

In this section, we show that DODAC lipo-
somes, in contrast to small sonicated DODAC
vesicles, are suitable as models for permeability
and transport studies through bilayers composed
of synthetic amphiphiles.

A fundamental property of a closed membrane
model is to act as a barrier towards some subs-
tances entrapped in its internal aqueous compart-
ment. Sucrose was shown here to be a suitable
impermeant marker for internal volume de-
terminations [20}. The apparent internal volume of
DODAC liposomes (9.7 + 1.3 1/mol), obtained
from sucrose entrappment and adsorption data,
was comparable to that of large unilamellar vesicles
prepared by diethyl ether vaporization of phos-
pholipids [10].

The internal volume of DODAC liposomes can
also be calculated from the mean diameter mea-
sured by electron microscopy. The mean area per
DODAC monomer in the bilayer is approx. 40 A?
{21] and the number of monomers in the inner and
outer monolayer of DODAC liposomes can be
considered equal. Assuming that DODAC lipo-
somes (0.5 um mean external diameter) are un-
ilamellar, one calculates an internal volume of 10
1/mol, a value that is in very good agreement with
that obtained experimentally by measuring sucrose
entrapment.

The absence of typical multilamellar structures
in electron microscopy (see, for example, Ref. 2),
the similarity of the preparation method with that
of large unilamellar phospholipidic vesicles [10]
and the close agreement between the calculated
and measured internal volumes indicate strongly
that DODAC liposomes are unilamellar.

An identical calculation can be made for



DODAC sonicated vesicles. Taking a mean radius
of 150 A [14), an area per monomer of 40 A2 [21]
and a 2:1 ratio of monomers in the outer and
inner monolayer, one calculates an internal volume
of 0.15 1/mol for these vesicles. From our sucrose
data, subtracting the volume corresponding to ad-
sorption (V,) from the apparent internal volume
(V'), one obtains an upper limit of 0.13 1/mol for
the internal volume (¥;,) of sonicated DODAC
vesicles. This value is comparable to the calculated
internal volume and identical to that measured by
Papahadjopoulus and co-workers [20] for soni-
cated phosphatidylserine vesicles.

Sonicated DODAC vesicles are osmotically
non-responsive towards sucrose concentration
gradients. Osmotic inactivity of small phospholi-
pid vesicles has been described [23] specially for
vesicles of external diameters smaller than 400 A
[24]. Absence of osmotic response for small soni-
cated vesicles has been associated with a rigid-
sphere behaviour derived from the high radius of
curvature of these structures [24,25). Osmotic
non-response in small sonicated vesicles can also
be rationalized in terms of the organization of
water in the internal aqueous compartment. Tak-
ing 0.13 1/mol as the internal volume and a 2:1
ratio for the number of monomers in the outer and
inner monolayer, a simple calculation shows that
there are only approx. 22 water molecules per
DODAC monomer in the internal aqueous com-
partment of sonicated DODAC vesicles. This latter
value is comparable to the number of water mole-
cules undergoing slow exchange with bulk water in
phosphatidylserine (Na*) bilayers [26]. Thus, the
osmotic non-responsiveness could be related not
only to the rigid structure of the bilayer but also to
the nature of the tightly bound water existing in
the small compartment. In other restricted en-
vironments such as that of inverted micelles there

is firm experimental evidence for motion-restricted-

water under a variety of conditions [27].

A large part of this work has dealt with per-
meability of DODAC liposomes and sonicated
vesicles towards water. Osmotic properties of some
phospholipidic systems have been characterized
extensively [28,29] and the demonstration of ideal
osmometer behaviour of phosphatidylcholine lipo-
somes was based on the verification that this latter
system follows Boyle-Van’t Hoff’s law for solutes
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such as glucose, manitol and salts [28]. In the
present work, we have taken advantage of the
linear relationship between the final liposome
volume after shrinkage and the reciprocal of the
final absorbance [19,28,29] to obtain some of the
osmometric parameters. Our criteria for osmomet-
ric behaviour was also Boyle-Van’t Hoff’s law,
which predicts a linear relationship between 1/A 4
and 1/AC and also between v% and AC. DODAC
liposomes display the expected linear relationships
between 0 and 50 mM KClI (Fig. 6). Above this
salt concentration, the liposome preparation was
seen to flocculate readily. Correspondingly, the
linearity of the osmometric parameters with the
concentration, or the reciprocal of the concentra-
tion, is not maintained. For sonicated vesicles,
ideal osmometric behaviour was not observed un-
der any set of conditions. In fact, visible aggrega-
tion and/or flocculation were noticed at most of
the concentration gradients used here. The pub-
lished osmometric behaviour of sonicated DODAC
dispersions [14,30] is probably due to aggregation
phenomena. The fact that sucrose gradients do not
elicit an osmotic response with sonicated vesicles
(vide supra) further establishes the difficulty of
expecting ideal osmometric behaviour in the soni-
cated DODAC system. The marked difference of
behaviour towards salts between the DODAC
liposomes and the sonicated vesicles may have
several explanations. One should notice, however,
that intervesicular interactions are more probable
in sonicated vesicles since the total exposed area is
larger than that in large liposomes. Moreover, for
equal amphiphile concentrations, the encounter
probability is larger for the smaller particles. In
view of the lack of data concerning surface poten-
tial of these systems, it is premature to offer
definitive rationalizations that might account for
the observed difference.

The pronounced hysteresis obtained for the
phase transition temperature curves (Fig. 3) was
expected, since the molar volume of surfactant in
the liquid crystalline phase is greater than that in
the gel phase and a domain of liquid crystalline
phase will be under compression, whereas a do-
main of gel will be under tension [31]. McDonald
et al. [32] have indeed shown that hysteresis is
more likely to occur for charged lipids and that
aqueous dispersions of phosphatidylserine do not
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have superimposable heating and cooling curves.
It is also well established that if the sharpness of
the transition increases, so does the co-operativity
[31,33]. Accordingly, the phase transition of large
DODAC liposomes was more cooperative than
that of sonicated DODAC vesicles (Fig. 2).

Phospholipid liposomes are permeable to water
even below the T, being osmotically-sensitive
structures both above and below the T, [31]. In the
vicinity of the T, a markedly reduced change in
absorbance after an osmotic shock may occur due
to increased permeability to water or to solute
[34-38]. Large DODAC liposomes, in particular,
behaved near the 7, as dimyristoylphosphati-
dylcholine liposomes [19], attaining a minimum
for their total extent of shrinking and abruptly
increasing the initial shrinking rate (Fig. 6). In-
creased permeability near the T, to water and KCl
is probably due to the formation of statistical
pores between the gel and liquid-crystalline do-
mains.

In conclusion, the two miost interesting features
of this work are: (i) the introduction of a confident
criteria for stability of synthetic amphiphile vesicles
towards salt, i.e., the determination of salt con-
centration ranges in which osmometric behaviour
occurs; and (ii) the perspective of employing meth-
ods available for phospholipids to obtain new
surfactant systems in which functional properties
of membranes can be systematically checked.
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