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Summary

If liposomes are to be used as drug carriers, the encapsulating agents must not leak during storage. We showed previously that
dispersion of liposomes (100% lecithin) in a collagen solution improves their chemical stability and decreases their permeability.
This protective effect of collagen was studied further in a series of experiments: firstly, we tested the stability of various liposomes
in the absence of collagen. When cholesterol or a-tocopherol was present in the bilayers of liposomes, both lipid peroxidation and
liposome permeability decreased. Peroxidation was responsible for 25% of the release of carboxyfluorescein, under our experimen-
tal conditions (20°C, liposomes suspended in 300 mOsm /kg buffer); the release of the remaining 75% was probably due to simple
passive diffusion of the molecules from the interior of the liposomes into the external media. Secondly, we examined the stability of
liposomes in the presence of collagen. In liposomes containing 10 mol% of a-tocopherol, peroxidation was inhibited and no
antioxidant effect of collagen was seen; however, permeability was decreased by 20% in presence of collagen. In liposomes
containing 30 mol% cholesterol, the antioxidant effect of collagen and its effect on permeability were similar to that in liposomes
consisting of 100% lecithin. Furthermore, we studied the effect of surface charge. In neutral and positively and negatively charged
liposomes, the antioxidant effect of collagen was similar; however, the stabilizing effect of collagen on permeability was completely
suppressed in positively charged vesicles but was 2-fold greater in negatively charged than in neutral liposomes. The antioxidant
effect of collagen thus led to only 20% decrease in liposome permeability, and 80% of the decrease was due to another mechanism,
which may involve the electrostatic forces between collagen and phospholipids. The interaction between collagen and liposomes
may thus involve the positive charges of this protein.

Introduction Treat et al., 1990) and fungal infections (Meunier
et al., 1988; Collette et al., 1989). Liposomes are

The use of liposomes as drug delivery systems biocompatible systems for carrying various drugs,

is the subject of world-wide pharmaceutical re- either in their internal aqueous space, in the lipid
search, particularly in relation to chemotherapy bilayers, or bound to the surface (Ostro, 1987).
for cancer (Lopez-Berestein and Fidler, 1989; But certain difficulties have been encountered, in

reproducibly preparing liposomes of defined size,
and in maintaining their stability with respect to
Correspondence to: M. Pajean, Coletica, 32 rue Saint Jean de retention of entrapped solute(s) and their proper-
Dieu, 69007 Lyon, France. ties in vivo. With the development of extrusion
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techniques to narrow size distribution (Olson et
al., 1979), liposomes of defined sizes can now be
prepared reproducibly; however, instability due
to both phospholipid oxidation and vesicle per-
meability remains a problem. Most of the phos-
pholipid liposomal dispersions used contain un-
saturated acyl chains as part of the molecular
structure, and these chains are vulnerable to ox-
idative degradation (lipid peroxidation). The au-
toxidation of lipids is accelerated by metal ions,
light (and other forms of radiation), some organic
molecules and high pH (Kunimoto et al., 1981;
Bose et al., 1989); however, autoxidation can be
inhibited by metal chelators (EDTA) and antioxi-
dants such as a-tocopherol and butylated
hydroxytoluene (Holmann, 1954). With respect to
liposome permeability several methods have been
used to limit leakage of drugs from liposomes,
including modification of membrane structure,
using different lipid components or composition
(Senior and Gregoriadis, 1984), and storage of
liposomes in a freeze-dried state in the presence
of cryoprotective agents (Ozer et al., 1988; Harri-
gan et al., 1990).

Although there is much evidence for an inter-
action between collagen and liposomes (Cohen
and Barenholz, 1984; Weiner et al., 1985; Mar-
tinez del Pozo et al., 1988, 1989), the effects of
collagen molecules on the stability of liposomes
have not been studied. We described previously a
dose-dependent decrease in both liposome per-
meability and lipid oxidation in the presence of
collagen (Pajean et al.,, 1991). A parallel study
with albumin and y-globulin showed that the
antioxidant effect of collagen cannot explain the
decrease in liposome permeability entirely, and
collagen molecules would appear to have an addi-
tional, specific stabilizing effect on vesicle perme-
ability. The aim of the present study was to
determine the effects on this property of collagen
as a function of the lipid composition (cholesterol,
a-tocopherol) and surface charge of liposomes.

Materials and Methods

Egg-yolk lecithin (> 90% phosphate) was ob-
tained from Merck (Nogent-sur-Marne, France),

and Nonidet P40, 5(6)-carboxyfluorescein (CF;
approx. 99% pure by high-performance liquid
chromatography: Ref. C-7153), stearylamine (ap-
prox. 90% pure: Ref. S$-6755), L-a-phosphatidic
acid (approx. 98% pure: Ref. P-9511), cholesterol
(Ref. CH-K), and p-a-tocopherol (98-99.5% pure:
Ref. T-3634) were purchased from Sigma (La
Verpillére, France). Purified bovine type I colla-
gen, with telopeptides removed chemically
(Atelocollagen), was a gift from Coletica (France).

Collagen characterization

Atelocollagen was characterized by high-angle
X-ray diffraction, amino acid composition, sodium
dodecyl sulfate-polyacrylamide gel electrophore-
sis and rotary shadowing, as described previously
(Ricard-Blum et al., 1985).

Preparation and characterization of liposomes

All lipids were conserved in solid form. As
egg-yolk lecithins peroxidize with time, two
batches of lecithin were used. The required
amount of egg lecithin, with stearylamine, phos-
phatidic acid, cholesterol or a-tocopherol if re-
quired, was weighed into a flat-bottom flask and
dissolved in a small volume of chloroform : meth-
anol (9:1) solution. The solvent was removed
under nitrogen, and the dried film was suspended
in Tris-HCI buffer (10 mM) containing S mM CF,
pH 7.4. The subsequent phospholipid concentra-
tion was about 4% (assayed by the method of
Marshall-Stewart, 1980). Multilamellar liposomes
were formed by mixing the suspension with a
magnetic stirrer, followed by homogenization with
an Ultra Turrax until a homogeneous suspension
was obtained.

Liposomes can be separated from free CF by
the mini-column centrifugation technique (Fry et
al., 1978). Excess fluid was first removed from the
Sephadex G-50 beads by centrifugation, and a
mixture of liposomal entrapped and free CF was
applied to the column bed. Centrifugation was
repeated to force the liposomal material through
the column into a test tube, while free CF was
retained quantitatively in the Sephadex. Numer-
ous samples can be processed simultaneously
within minutes with no dilution of the liposomal
preparation (lipid concentration, 3—4%).



Liposomes were characterized by electron mi-
Croscopy using negative staining, as described
previously (Pajean et al., 1991).

Leakage characterization

Purified liposomes were diluted in Tris-HCl
buffer, 150 mM NaCl (300 mOsm /kg) or the
same buffer containing purified type I collagen to
obtain a final lipid concentration of 0.4%. These
solutions were kept at 20°C, and release of CF
from liposomes was recorded continuously for 1
week.

Lipid peroxidation

Peroxidation studies was studied in parallel
with leakage characterization on the same lipo-
some suspension using identical experimental
conditions of storage, buffer, temperature and
lipid concentration. The extent of lipid peroxida-
tion was estimated by the 2-thiobarbituric acid
method (Buege and Aust, 1978) and expressed as
equivalents of malondialdehyde MDA per mg egg
lecithin. A standard curve was drawn using te-
traethoxypropane, a precursor of malondialde-
hyde.

We verified that CF molecules did not inter-
fere with the thiobarbituric acid-malondialdehyde
complex.

Results and Discussion

Egg-yolk lecithin contains an appreciable
amount of unsaturated phospholipids (approx.
35% oleic acid and 20% linoleic acid), which may
undergo oxidation. In the presence of collagen,
dose-dependent decreases in both liposome per-
meability and lipid peroxidation were observed.
The antioxidant effect of collagen cannot, how-
ever, explain entirely its stabilizing potential on
liposome permeability, and, collagen molecules
appear to have an additional, specific stabilizing
effect (Pajean et al., 1991).

Incorporation of 10 mol% a-tocopherol into lipo-
somes

a-Tocopherol (vitamin E) is known to be a
potent anti-oxidant, protecting biological
molecules and tissues from the toxicity of oxygen

211

(Machlin, 1980). It has been assumed that the
stabilizing effect of tocopherols is mediated via
two main molecular mechanisms: (i) reaction with
lipid peroxide radicals and quenching of singlet
molecular oxygen (Fukuzawa et al., 1985); and (ii)
ordering (i.e., restricting molecular mobility) the
lipid bilayer. Erin et al. (1985) and Urano et al.
(1990) demonstrated the existence of a hydrogen
bond between the hydroxyl group of a-tocopherol
and a carbonyl group of a fatty acid ester in the
phospholipids of the liposome bilayer.

When we incorporated a-tocopherol into bi-
layers (Fig. 1A), the peroxidation of phospho-
lipids was inhibited almost entirely. The perme-
ability of the liposomes was reduced by 25%
when a-tocopherol was incorporated into bilayers
(Fig. 1B): 80% of CF was released from lipo-
somes with 10 mol% a-tocopherol within 300 h,
whereas 100% of the CF was released from lipo-
somes consisting of 100% lecithin only 100 h after
the beginning of the experiment.

These results suggest that peroxidation was
responsible for 25% of the CF release under our
experimental conditions (20°C, liposomes sus-
pended in 300 mOsm /kg buffer). The release of
the remainder was probably due to simple passive
diffusion of CF from the interior of liposomes to
the outside. Hunt and Tsang (1981) characterized
the autoxidation process of phospholipids by an
induction period of unpredictable duration fol-
lowed by a rapid, autocatalytic oxidation phase,
which in turn is followed by an increasing degree
of liposome permeability. They observed that ad-
dition of 0.1 mol% a-tocopherol doubled the
induction period, and the release of test molecules
(sucrose) from the liposomes was entirely sup-
pressed.

The antioxidant effect of collagen (0.8%) was
completely suppressed (Fig. 1A) in liposomes
containing a-tocopherol, since peroxidation was
inhibited. The decreased permeability of lipo-
somes containing 10 mol% tocopherol, was main-
tened in the presence of collagen: the permeabil-
ity of 100% lecithin liposomes decreased by 38%
and that of liposomes containing tocopherol by
30% (Fig. 1B).

At 20°C, the antioxidant effect of collagen was
thus responsible for 20% of the decrease in per-
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Fig. 1. Effect of a-tocopherol (incorporated at 10 mol% into
liposomal membranes) on liposome peroxidation (A) and per-
meability (B) in the presence and absence of collagen. Lipid
and protein concentrations were 0.4 and 0.8%, respectively.
Each point is the mean (£ SE) of three determinations. Lipo-
some consisting of 100% lecithin (lot 1) (O); liposome consist-
ing of 100% lecithin (lot 1)+ collagen (M); liposome with 10
mol% tocopherol (0); liposome with 10 mol% tocopherol +
collagen (®); CF, 5(6)-carboxyfluorescein; MDA, malondialde-
hyde.

meability of liposomes, and the other 80% must
be due to another effect of collagen.

Incorporation of 30 mol% cholesterol into lipo-
somes

Cholesterol is an important component of
mammalian membranes, and its incorporation

into liposome bilayers can cause major changes in
their properties. Cholesterol does not itself form
bilayer structures, but it can be incorporated into
phospholipid membranes at very high concentra-
tions (up to 1:1 or even 2:1 molar ratios of
cholesterol to phospholipid). As it is amphipathic,
cholesterol is inserted into the membrane with its
hydroxyl group oriented towards the aqueous sur-
face and the aliphatic chain aligned parallel to
the acyl chains in the centre of the bilayer
(Ladbrooke et al., 1968; New, 1990).

Liposome stability was significantly enhanced
when cholesterol was incorporated into bilayers:
oxidation of phospholipids was reduced by 20%
(Fig. 2A); the rate of release of CF from lipo-
somes with cholesterol was 52% less than from
100% lecithin liposomes at 53 h and 14% less at
98 h after the beginning of experiment (Fig. 2B).
These results corroborate those of Nakazawa et
al. (1990) and Hernandez-Caselles et al. (1990).

Ladbrooke et al. (1968) showed that when
bilayers are in a fluid crystal state at a tempera-
ture above the phase-transition temperature of
phospholipids, the presence of the rigid steroid
nucleus of cholesterol alongside the carbons of
the phospholipid chain has the effect of reducing
the freedom of motion of these carbons. Further-
more, cholesterol is known to form a weak com-
plex with phospholipids in the bilayer phase via
H-bonding with the carbonyl oxygen of neigh-
bouring phospholipids (Liu and Huang, 1989).
The limited freedom of acyl chains causes the
membranes to condense, with a reduction in area,
closer packing and decreased fluidity (Takahashi
et al., 1988). In our experiment, these changes in
fluidity were paralleled by changes in the perme-
ability of the membrane, and incorporation of
cholesterol at 20°C into fluid crystal bilayers
(membranes made from egg lecithin have a tran-
sition temperature of —15 to —7°C) decreased
liposome permeability.

As oxidation of the fatty acids of phospholipids
1s accelerated by the propagation of free radicals
(hydroxyl and superoxide radicals) in bilayers, the
rigidification of membranes due to incorporation
of cholesterol into liposome bilayers could lead to
decreased propagation of free radicals and so
diminish the peroxidation level. Contradictory re-
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Fig. 2. Effect of cholesterol (incorporated at 30 mol% into
liposomal membranes) on liposome peroxidation (A) and per-
meability (B) in the presence and absence of collagen. Lipid
and protein concentrations were 0.4 and 0.8%, respectively.
Each point is the mean (£ SE) of three determinations. Lipo-
some consisting of 100% lecithin (lot 1) (D); liposome consist-
ing of 100% lecithin (lot 1)+ collagen (M); liposome with 30
mol% cholesterol (0); liposome with 30 mol% cholesterol +
collagen (®); CF, 5(6)-carboxyfluorescein; MDA, malondialde-
hyde.

sults have been reported from studies of liposome
bilayers in the fluid liquid crystal state. Kunimoto
et al. (1981) found no significant effect of choles-
terol on the sensitivity of liposomes to peroxida-
tion induced by ferrous ion and ascorbate.
Nakazawa et al. (1990) found significant enhance-
ment of lipid peroxidation induced by °°Co

gamma irradiation when cholesterol at 1-10

mol% was incorporated into bilayers. Montfoort
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et al. (1987) reported a concentration-dependent
reduction effect of cholesterol in inhibiting perox-
idation; low cholesterol : lecithin ratios were more
effective: the greatest inhibition was found at a
molar ratio of 0.25 and virtually no effect was
found at molar ratios near 1.0.

Collagen had similar antioxidant properties
whether cholesterol was incorporated into bilay-
ers or not (Fig. 2A). The stabilizing effect of
collagen on the permeability of liposomes en-
hanced that of cholesterol (Fig. 2B). The mecha-
nism by which collagen stabilizes liposomes, other
than antioxidant activity, is thus conserved,
whether the bilayers are in a fluid crystal or solid
state.

Incorporation of charged lipids into liposomes

Two charged lipids were incorporated into bi-
layers: phosphatidic acid charges the membrane
negatively and stearylamine positively. After neu-
tral and charged liposomes had been purified by
chromatography, they encapsulated 20.5% (neu-
tral), 24.1% (negatively charged) and 64.7%
(positively charged) of the total CF used to make
the liposomes. As demonstrated previously be-
fore (Yatvin and Lelkes, 1982), the presence of
charged lipids in the bilayers caused adjacent
lamellae to repel each other and so to increase
the encapsulation efficiency of the liposomes. The
increased encapsulation of CF by positively
charged liposomes was probably due to the nega-
tive charges of CF at pH 7.4, the electrostatic
interaction between drug and membrane result-
ing in tight binding to the liposome, increasing
the concentration of encapsulated CF.

The rate of release of CF from liposomes with
stearylamine was 22% less than that from lipo-
somes consisting of 100% lecithin (electrostatic
interaction between membranes and CF, leading
to reduce the CF leakage) (Fig. 3B), but 8% more
CF was released from liposomes with phospha-
tidic acid (electrostatic repulsion) (Fig. 4B).

We observed a decrease in peroxidation rela-
tive to that of liposomes consisting of 100%
lecithin of 46% for negatively charged and 60%
for positively charged liposomes (Figs 3A and
4A). Kunimoto et al. (1981) reported that lipid

“oxidation occurred independently of the charge
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of liposomes when peroxidation was brought
about by sonication, but when peroxidation of the
liposomal membrane was induced by exogenous
ferrous ion and ascorbate, neutral and negatively
charged liposomes were sensitive to peroxidation,
whereas positively charged liposomes were not.
They considered that the different sensitivities of
these liposomes depend either on electrostatic

mg MDA/mg lipid (x10-4)
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Fig. 3. Effect of positively charged phospholipids (incorpo-
rated at 20 mol% into liposomal membranes) on liposome
peroxidation (A) and permeability (B) in the presence and
absence of collagen. Lipid and protein concentrations were
0.4 and 0.8%, respectively. Each point is the mean (+ SE) of
three determinations. Liposome consisting of 100% lecithin
(lot 2) (D); liposome consisting of 100% lecithin (lot 2)+
collagen (M); liposome with 20 mol% stearylamine (O); lipo-
some with 20 mol% stearylamine + collagen (®); CF, 5(6)-
carboxyfluorescein; MDA, malondialdehyde.
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Fig. 4. Effect of negatively charged phospholipids (incorpo-
rated at 20 mol% into liposomal membranes) on liposome
peroxidation (A) and permeability (B) in the presence and
absence of collagen. Lipid and protein concentrations were
0.4 and 0.8%, respectively. Each point is the mean (4 SE) of
three determinations. Liposome consisting of 100% lecithin
(lot 2) (O); liposome consisting of 100% lecithin (lot 2)+
collagen (®); liposome with 20 mol% phosphatidic acid (0);
liposome with 20 mol% phosphatidic acid + collagen (e); CF,
5(6)-carboxyfluorescein; MDA, malondialdehyde.

binding or on differential accessibility of ferrous
ions to the membrane surface.

The antioxidant effect of collagen was similar
in liposomes containing 100% lecithin and 20
mol% stearylamine (Fig. 3A) but was reduced by
43% in negatively charged liposomes (Fig. 4A).
The stabilizing effect of collagen on permeability,



however was completely suppressed in positively
charged liposomes (Fig. 3B), but was 2-fold
greater in negatively charged than in liposomes
100% lecithin (Fig. 4B).

In these experiments with charged liposomes,
we could dissociate the antioxidant properties of
collagen from its effect on permeability: its stabi-
lizing effect is independent of its nonspecific
(Pajean et al.,, 1991) antioxidant property and
involves the electrostatic forces between collagen
and phospholipid. Cohen and Barenholz (1984)
demonstrated an interaction involving hydrogen
bonding between the hydroxyproline and/or hy-
droxylysine residues of collagen like tail acetyl-
cholinesterase and the interface region of the
sphingolipid molecule. Martinez del Pozo et al.
(1988) observed an interaction (simple surface
binding) at pH 2.8 between the triple helix of
type I collagen and phosphatidylcholine lipo-
somes, resulting in relative immobilization of the
phospholipid molecules around the protein and a
consequent decrease in their fluidity. Martinez
del Pozo et al. (1989) also demonstrated the
involvement of the positive charges of the lysine
residues of collagen (organized in fibrils) in pro-
tein-lipid (dimyristoylphosphatidylcholine) inter-
actions at neutral pH. They found a greater pro-
tein-lipid interaction in dimyristoylphosphatidyl-
glycerol liposomes (negatively charged) than in
dimyristoylphosphatidylcholine (neutral).

In our experiments, the positive charges of
collagen were involved in the protein-liposome
interaction. When the bilayers were negatively
charged, electrostatic interaction between colla-
gen and liposomes led to a decrease in liposome
permeability; when they were positively charged,
electrostatic repulsion between proteins and lipo-
somes led to an increase in permeability.

In conclusion, we found an improvement in
the stability of liposomes (both peroxidation and
permeability) in vitro when a-tocopherol and
cholesterol were incorporated into bilayers. Type
I collagen behaves like a peripheral protein in its
interaction with phosphatidylcholine vesicles; it
modified the environment of phospholipids, lead-
ing to a decrease in liposome permeability. In
negatively charged liposomes, it decreased per-
meability, even further.
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Although the interaction of collagen with spe-
cific cellular receptors could occur through an-
other mechanism, our results show that collagen
interacts with phospholipid vesicles in the ab-
sence of any other component.
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