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Abstract

The influence of different combinations of saturated and unsaturated phosphatidylcholines (PCs) as well as
addition of «-tocopherol on lipid peroxidation and particle size change was analyzed. Because unsaturated egg PC
was susceptible to peroxidation, partially hydrogenated egg PC or hydrogenated egg PC (H-PC) was frequently used
instead of egg PC. The efficacy of another alternative with combinations of saturated and unsaturated PCs was
investigated. Oxidation can be inhibited by adding «-tocopherol in the lipid formulation or by using different
combinations of H-PC and PC. Adding «-tocopherol was shown to cause physical instability of liposomes, and
increase the possibility of aggregation. Increasing the H-PC content in the liposome formulation will effectively reduce
the peroxidation. The stability of liposome was dependent on both «-tocopherol and H-PC to PC ratio. Encapsulat-
ing hemoglobin in the liposome would promote the lipid peroxidation. © 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Research into artificial oxygen-carrying blood
substitutes has been ongoing for many years
(Chang, 1993; Brandl and Gregoriadis, 1994).
Liposome-encapsulated hemoglobin (LEH) has
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been shown to be a promising approach as an
oxygen-carrying red cell substitute, and also has
been shown to be beneficial in the treatment of
hemorrhagic shock (Hunt et al., 1985; Rollwagen
et al., 1996). The success of the use of liposomes
as drug carriers or oxygen-carrying blood substi-
tutes depends on their stability in blood stream
following intravenous infusion. In our earlier
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study, 10-20% of encapsulated hemoglobin in
LEH would be released when it was subjected
into a defined flow field (Chung et al., 1997). It
suggested that hemoglobin may be released to
blood stream and possibly promote free radical
reaction through Fenton or other reactions
(John, 1986; Winterbourn, 1995). The attack of
free radical from blood stream or suspension
media, in this study, to the membrane of lipo-
somes may possibly reduce the circulating time
of liposome or LEH in the circulation system.
In the other hand, physical and/or chemical in-
stability of certain aqueous liposome dispersions
during storage causes difficulties in their formu-
lation as pharmaceutically acceptable products.
Therefore, as a part of pharmaceutical formula-
tion studies, assessment and manipulation of
chemical and physical stability of liposome are
important issues.

Liposomes can be formulated by many alter-
native preparation techniques and using differ-
ent formulations. Conventional liposomes made
from natural lecithin are prone to physical and
chemical deterioration, such as aggregation and
peroxidation. To reduce the oxidative interac-
tions between hemoglobin and membrane lipid
of LEH, SOD/catalase, cholesterol and/or an-
tioxidants, were usually added to the
hemoglobin suspensions (Zheng et al., 1994).
The antioxidant, a-tocopherol (vitamin E), was
frequently incorporated into the liposome to in-
hibit the oxidation of lipid (Hunt and Tsang,
1981; Konings, 1984). Hydrogenated PC or par-
tially hydrogenated PC instead of unsaturated
egg PC in liposome preparation has been
widely used to reduce lipid peroxidation
(Farmer and Gaber, 1987; New, 1990).

Since the cost of hydrogenated PC is much
higher than that of egg PC, it may be valuable
to reduce the cost in producing LEH by reduc-
ing the quantities of hydrogenated PC in form-
ing LEH with same oxygen carrying capacity.
To evaluate this issue, in this study, we investi-
gated the effect of the unsaturated/saturated PC
ratio on the stability of liposomes or LEH and
the influence of adding «-tocopherol on the size
change of liposomes.

2. Materials and methods
2.1. Materials

Egg yolk PC (Type X-E, 60% phosphatidyl-
choline), hydrogenated egg yolk PC (Type I-EH,
highly purified egg lecithin hydrogenated in the
presence of a platinum catalyst, 99% phos-
phatidylcholine), cholesterol, «-tocopherol, pro-
tamine and phosphate buffer saline were
purchased from Sigma (St. Louis, MO). Chloro-
form, methanol, n-butanol and other chemicals
used in the experiments and analysis were reagent
grade (Wako, Japan).

Stroma free haemoglobin (SFHb) was extracted
from human packed erythrocytes by the two-stage
aqueous two-phase system and subsequently was
desalted and dialyzed by ultrafiltration (Kan and
Lee, 1994; Lee and Kan, 1995). The high purity of
SFHb was obtained. Oxidation of Hb during
storage at 4°C was suppressed.

2.2. Preparation of blank liposomes and LEH

Different liposome compositions were evalu-
ated according their physical and chemical stabil-
ity. The compositions used were (in mole ratio):
total phospholipid:cholesterol (CHOL) (1:1),
where the phospholipids were the combinations of
different ratios of egg phosphatidylcholine (PC)
and hydrogenated egg phosphatidylcholine (H-
PC), e.g. PC:H-PC=10:0, 9:1, 8:2, 7:3, 5:5,
1:1.25. In some cases, x-tocopherol was added at
the mole ratio of total phospholipid:CHOL:«-to-
copherol = 1:1:0.1. The liposomes were obtained
by mechanical disruption of lamellar phases by
sonication, followed by extrusion through poly-
carbonate membranes of 0.2 um pore size. Phos-
pholipid, CHOL and/or «-tocopherol were
dissolved in chloroform/ethanol (1% v/v). The
organic solvent of the lipid solution was removed
with a rotary vacuum evaporator (EYELA N-
INW, Tokyo, Japan), then further purged with
nitrogen. The lipids were dispersed in PBS by
sonication or by vortexing, and multilamellar
liposomes (MLV) was formed. To encapsulate Hb
in phospholipid, Hb solution (10 g/dl) of was used
instead of PBS. The MLV was further sonicated
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(150 W, Probe Ultrasonic Processor GES0T,
Cole—Parmer, IL) at 4°C for 30 min or extruded
through polycarbonate membranes (Nucleopore,
CA) of 0.2 um pore size to reduce the vesicle size.
The mixture was then centrifuged (20000 x g at
4°C) for 15 min to sediment undispersed lipid and
MLVs. Untrapped hemoglobin (supernatant) was
discarded after protamine was added to the solu-
tion followed by ultra-centrifugation (20000 x g
at 4°C for 30 min). The LEH or liposome sedi-
ment was re-suspended by adding heparin solu-
tion to the desired concentration. Hematocrit of
LEH was approximate to 40%. In all experiments
in this study, except specially mentioned, lipo-
somes were formulated with egg PC and H-PC
only, without adding a-tocopherol or encapsulat-
ing any biologically active materials. LEH meant
liposome-encapsulated ~ hemoglobin  without
adding antioxidants.

The physical stability was checked at 4°C, by
determining the changes in vesicle size over a
maximum of 21 days.

2.3. Measurement of lipid peroxidation

The degree of lipid peroxidation in liposomes
was measured by the reaction between the accu-
mulation of secondary lipid peroxidation products
with 2-thiobarbituric acid (TBARS). 3 ml of 1%
phosphoric acid containing 5 x 10 ~* M ethylene-
diaminetetraacetic acid (EDTA) and 1 ml of a
0.5% TBA solution were added to 1 ml of the
suspension of liposomes, and the mixture then
was incubated at 100°C for 45 min. The samples
were then cooled with subsequent addition of 4 ml
of n-butanol, vigorously stirred, and centrifuged
at 1500 x g for 15 min. The absorption spectrum
in the region from 515 to 550 nm was recorded in
the upper butanol phase. Optical density was
determined at 532 nm, with the absorbance at 515
and 550 nm used as the background value. Con-
centrations of TBARS were presented as ab-
sorbance or as malonyldialdehyde (MDA) molar
concentration, assuming the molar complex ex-
tinction coefficient of the MDA-TBA complex to
be equal 1.56 x 10°/M per cm (Panasenko et al.,
1995).

2.4. Incubation of liposomes with hypochlorite

The process of peroxidation were accelerated by
adding 1 uM NaClO, with 1.5 mM Fe?>* in the
phosphate buffer, pH 7.4 (PBS) (Panasenko et al.,
1995). The intermediate product of peroxidation,
MDA (malonyldialdehyde), was measure by spec-
trophotometer at wave length 512 nm (Uchiyama
and Michara, 1978).

Physical stability of liposomes was monitored
by measuring the size change. The process of
aggregation and/or fusion of liposomes was ana-
lyzed by photon correlation spectroscopy using a
Coulter Model N4 Plus sub micro particle ana-
lyzer (Hialeah, FL).

3. Results and discussion

Egg PC is a mixture of molecular species of PC
differing in fatty acyl chains, and it includes a
considerable amount of unsaturated fatty acids,
such as arachidonic (C20:4) and decasohexanoic
(C22:6) acids (Grit et al., 1993). These
phopholipids with unsaturated acyl chains are
subject to oxidation, which may affect the perme-
ability of the bilayers and the in vivo performance
of the liposomes (Smolen and Shohet, 1974; Kon-
ings, 1984). These acids are more sensitive to
oxidative degradation than more saturated forms.
Partially hydrogenated egg PC decreases sensitiv-
ity to oxidation (Lang et al., 1990). Many investi-
gators used saturated (hydrogenated) PC as the
major components of liposomes to reduce the
possibility of peroxidation. Here, we show the
effect of different combinations of saturated and
unsaturated PC in the liposome formulation on
particle size change and the inhibition capability
during the process of peroxidation.

In the first series of experiments, the accumula-
tion of lipid peroxidation products, reacting with
2-thiobarbituric acid (TBARS), was measured in
liposomes prepared from different combinations
with of PC, H-PC, and/or «-tocopherol. It can be
seen in Fig. 1 that TBARS accumulated in the
course of storage at 4°C, whereas in presence of
o-tocopherol lipid peroxidation products were vir-
tually non-significant. This indicates that peroxi-
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dation of liposome was effectively inhibited by the
addition of «-tocopherol into the formulation. As
shown in Fig. 1, without «-tocopherol, the degree
of peroxidation quickly increases during the shelf
life, even in a short shelf time, as measured by the
TBA method. When «-tocopherol is added, no
significant peroxidation occurs within the first two
weeks, regardless of the ratio of H-PC was added.
The different lipid compositions do not cause
significant variation in the inhibition capability of
lipid oxidation for «-tocopherol, probably be-
cause «-tocopherol could scavenge free radicals
created between the liposomes, thus prohibiting
further peroxidation of lipids.

In addition «-tocopherol to the liposome for-
mulation will increase the aggregation of lipo-
somes significantly, as shown in Fig. 2. Due to the
viscous properties of x-tocopherol, liposomes in-
corporated with it are easily coagulated, with even
a small amount of added «-tocopherol. In addi-
tion to chemical composition and surface proper-
ties, the physical stability of liposome-based
formulations, measured as changes in the particle
size and distribution, as well as retention of the
encapsulated biological active materials, might
also be affected by the addition of «-tocopherol.
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Fig. 1. Peroxidation of liposomes during shelf-life. Total lipid:
8 mg/ml. 9:1 indicates ratio of egg PC:hydrogenated egg PC.
(Data are the average of duplicate experiments, mean + S.D.)
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Fig. 2. Mean particle size change during shelf-life. 1:2.5 indi-
cates ratio of egg PC:hydrogenated egg PC. (Data are the
average of duplicate experiments, mean + S.D.)

Particle size is the most important characteristic
of liposomes, affecting the drug delivery efficiency
and the destiny of liposomes. Therefore, in some
cases, a-tocopherol was not used to inhibit the
peroxidation in order to avoid liposome
aggregation.

Fig. 2 also shows that the particle sizes of
liposome made from PC or PC/H-PC 1:2.5 are
almost the same. Hydrogenated PC causes little
change in the liposome size compared to the
changes made by conventional egg lecithin. How-
ever, they show different abilities in inhibiting
lipid peroxidation. To test the inhibition ability of
different formulations, 1 M NaClO, with 1.5
mM Fe?* was added to the PBS to accelerate the
peroxidation of liposomes. The accumulation of
lipid peroxidation products reacting with 2-thio-
barbituric acid was measured in suspensions of
liposomes prepared from different ratios of H-PC
incubated with hypochlorite. The degree of perox-
idation was corresponding to the MDA concen-
tration measured. Oxidative decomposition of the
lipids can be retarded by the addition of H-PC.
Increasing the H-PC content in the liposome for-
mulation will reduce the possibility of peroxida-
tion of the liposomes (Fig. 3). Fig. 3 also shows



Y.-Y. Huang et al. / International Journal of Pharmaceutics 172 (1998) 161-167 165

the kinetics of MDA accumulation in the sus-
pension of liposomes after addition of 1 uM
NaClO, with 1.5 mM Fe?*. When a-tocopherol
(total lipid (PC:H-PC =10:0): CHOL: «-toco-
pherol = 1:1:0.1) was added to the formulation
of liposome, no significant change in the varia-
tion of MDA concentration was found even
when accelerated oxidation with 1 4M NaClO,
with 1.5 mM Fe?* in the PBS (data not
shown). Since hypochlorite induces chain reac-
tions of lipid peroxidation, the process can be
inhibited by free radical scavengers or may be
retarded by the hydrogenated phosphatidyl-
choline. If we use the parameter of unsaturated
PC to the total lipids ratio vs the degree of
peroxidation, sigmoid behavior can be observed,
as shown in Fig. 4. This indicates that there is a
threshold of H-PC content to provide the capa-
bility to inhibit the lipid peroxidation. Only
when the ratio of unsaturated PC to the total
lipids is less than 0.8, can it significantly reduce
the degree of peroxidation.

Fig. 5 shows the difference of lipid peroxida-
tion between LEH and blank liposome under
the accelerated by 1 yM NaClO, with 1.5 mM
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Fig. 3. Peroxidation of liposomes under the 1 xM NaClO,
with 1.5 mM Fe?* in the PBS. 7:3 indicates ratio of egg
PC:hydrogenated egg PC. Total lipid: 8 mg/ml. (Data are the
average of three consecutive experiments, mean =+ S.D.)
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Fig. 4. Relationship of unsaturated PC/total lipid with the
degree of peroxidation between the first 30 min in the 1 uM
NaClO, with 1.5 mM Fe?* in the PBS. (Data are the average
of three consecutive experiments, mean =+ S.D.)

Fe?* in the PBS. Oxidation of LEH was higher
than that of blank liposomes. There are several
possible reasons for the higher oxidation of
LEH, including the autoxidation of Hb and the
complex lipid-heme interaction. Or hemoglobin
in LEH might be released through the lipid bi-
layer to the outer suspension media and possibly
promoted free radical reaction through Fenton
or other reactions (John, 1986; Winterbourn,
1995), especially when it was subjected into a
defined flow field (Chung et al., 1997). The re-
sulting ferrous ions might also have the possibil-
ity to penetrate into the liposome and increase
the lipid peroxidation. Furthermore, it often re-
sulted in the oxidation of functional Hb to non-
functional met-Hb. Oxidation of Hb to met-Hb
may have been inhibited by using partially hy-
drogenated PC instead of natural unsaturated
egg PC. For LEH to have a long shelf life, it is
important to maintain low levels of met-Hb in
the formulation (Deshpande and Beissinger,
1993). The mechanism of Hb or met-Hb on the
lipid peroxidation or the effect of antioxidative
enzyme on the met-Hb formation and lipid per-
oxidation should be clarified further.
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Fig. 5. Difference of peroxidation between LEH and blank
liposome under the 1 uM NaClO, with 1.5 mM Fe?* in the
PBS. (n =4) (Data are the average of four consecutive experi-
ments, mean + S.D.)

4. Conclusion

Natural unsaturated PCs are susceptible to per-
oxidation. Although a-tocopherol is a good an-
tioxidant, it may increase the possibility of
liposome aggregation and/or fusion. Replacement
of unsaturated PC with saturated PC instead of
adding o-tocopherol would provide inhibition of
peroxidation. Increasing the H-PC content in the
liposome formulation will effectively reduce the
peroxidation. The stability of liposome was de-
pendent on both «-tocopherol and H-PC to PC
ratio. Encapsulating hemoglobin in the liposome
would promote the lipid peroxidation.
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