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SUMMARY 

All liposomes undergo autoxidation that is accelerated by elevated temperature, light, 
metal ions and some solutes. As a result, there is a dramatic, often abrupt, change in lipo- 
some permeability. Incorporation of a-~.ocopherol into liposomes prolongs the character- 
istic induction phase of  autoxidation. When liposome shelf-life is based on retention of 
trapped [14C]sucrose, a.tocopherol at 0.I tool% doubles the shelf-life of multilamellar 
liposomes containing no cholesterol that are stored in air and light at 22°C. Proportional 
increases in shelf-life result from increasing amounts of a-tocopherol. Incorporation 
of cholesterol further improves the shelf.life. A benefit of incorporation of a-tocopherol 
into liposomes is improved stability in plasma. When it is difficult to avoid exposure of 
liposomes to oxygen, as for example, when they are to be used as in vitro or in vivo drug 
carriers, incorporation of a.tocopherol may prov e prudent. 

INTRODUCTION 

Limitations on the use of liposomes as drug carriers have been discussed (Kimelberg 
and Mayhew, 1978; Papahadjopoulos, 1979). Among these are the difficulty of repro- 
ducibly preparing liposomes of defined size and stability of liposomes, particularly with 
respect to retention of the entrapped solute(s) and their in rive properties. With the 
development of extrusion techniques to narrow their size-frequency distribution (Olsen 
et al., 1979), liosomes of defined size can be prepared reproducibly. Liposome instabil- 
ity remains a problem. In this report attention is focused on oxidation in liposomes. 

The various mechanisms involved in phospholipid oxidation are well documented 
(Holman, 1954). For liposomes ~e  primary concern is autoxidation. Autoxidation 
of lipids is accelerated by metal ions, light (and other forms of radiation), some organic 
molecules and high pH, However, autoxidation can be inhibited by metal chelators 
and antioxidants (Holman, 1954). K o ~ g s  et al, (1979) have used a spectrophotometric 
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procedure which provides a measure of oxidation products for studying the sensitivity 
of small unRamellar (sonicated) and multilameUar liposomes to X-ray-stimulated per- 
oxidation They find that the primary determinant of liposome sensitivity is the struc. 
ture of the phosphol~pid acyl chains, and that wtocopherol is significantly superior 
to cysteamine and glutathione as protector,s against peroxidation. Using different pro- 
cedures Dobrestsov et al. (1977) have investigated the effect of FeSO4-induced peroxida. 
tion on bilayer fluidity in liposomes composed primarily of egg phosphatidylcholine. 
They clearly demonst~'ate that peroxidation increases the rigidity of the, liposome mem- 
branes. Such decreased bilayer fluidity is typically associated with a reduced permeability 
of the liposome to entrapped solutes. 

During preliminary studies of techniques to improve the shelf.fife of liposomes and 
establish their relative stability in plasma we observed that autoxidation of liposomes 
results in a rapid and dramatic increase in liposome permeability, contrary to expec- 
tations based on the accelerated peroxidation studies of Dobrestsov et al. (1977). This 
report describes the consequences of liposome autoxidation and results of incorporation 
wtocopherol and cholesterol to retard the process. 

METHODS AND MATERIALS 

Chemicals and supplies 
L~-Phosphatidylcholine ('PC), type V.E, L~.phosphatidic acid (PA), as the sodium 

salt, cholesterol (CH), analytical standard, D-a-tocopherol, (wT) type V, and stearyl- 
amine ~vere purchased from Sigma (St. Louis, Me.) and were confirmed pure or purified 
by thin-layer chromatography (Papahadjopoutos et al., 1973). [l 4C(U)]-Sucrose, 3.6-4.9 
~lCi/mmol, was from New England Nuclear (Boston, Mass.). Triton X-100, scintillation 
gradd, and PCS scintillation cocktail were from Amersham/Searle (Arlington Heights, 
1il.). All other reagents were analytical reagent, USP grade or better. The buffer in all 
studies was isotonic phosphate-buffered saline (PBS), pH 7.4, without Mg or Ca (Abra 
et al., 1980). To avoid bacterial growth penicillin (10 s units/liter) and streptomycin 
(0.1 g/liter) from the campus cell ,:ulture facility were added to all PBS solutions; to 
avoid catalysis of oxidation by trace metal ions, EDTA, 5 mM, was also included. 

Thawed plasma from various donors was obtained from Moffitt Hospital Blood Bank, 
pooled and stored frozen (20 ml/a~npule) until the day of use when it was thawed and 
filtered (no. 2 f'dter) prior to use. Dialysis tubing, 24 ~, average pore radius from VWR, 
was processed by boiling for 1 h in 1% sodium carbonate followed by distilled water 
rinsing; they were stored at 4°(? in 0.02% sodium azide until used. 

Preparation of iiposomes of defined size 
The size range for multilameUar liposomes was controlled by using the extrusion 

procedures developed in this laboratory (Olsen et al. 1979). MiUipore (Bedford, Mass.) 
25 mm stirred ultrafiltration cells fitted with Nucleopore (Pleasanton, CaliL) polycar- 
bonate membranes ~0.8 lain pore size) were used for all extrusions. Briefly, an organic 
solution of PA was obtained by extraction of 2 mg/ml PA (Na salt) in 0.5 N HCI with 
3 volumes of chloroform/methanol (10/1), followed by two extractions with 2 volumes 
of chloroform/methanol (9/1); combining these extracts resulted in essentially complete 
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recovery of PA. Aliquots of PC, CH, o~.T, SA (each in chloroform) and the above PA 
solution, in the desired molar ratios, were combined in a round bottom flask and dried 
under vacuum. Subsequently, an aliquot (66- I00  gl for each mol of lipid) of 5 mM 
[t4C]sucrose in PBS was added to the flask which was gently shaken at 37°C for 
approximately 2 h. These mechanically dispersed liposomes were then extruded twice 
at constant flow (approximately 10 ml/min). Untrapped sucrose was removed by dialysis 
for 12-24 h at 4°C against 500 vols. PBS, which was changed 3 times. 

Measurement of liposome stability and oxidation 
The stability in buffer of each liposome system was measured based on the percentage 

of the original trapped [14C]sucrose remaining entrapped at any time. For studies of 
duration -'g48 h the liposome suspension, lO mg/ml of pho~pholipid, was placed in a 
dialysis tube along with I ml PBS, sealed, and then suspended in 500 vols. of stirred 
PBS at constant temperature (22 or 37°C) in the presence o~" absence of both light and 
02 (air). Aliquots of the total 14C remaining in the dialysis tube were then measured 
periodically. For studies of >48 h duration aliquots (1-2  ml) of the liposome suspension 
were placed along with an equal volume of buffer in l Oml ampules which were sealed 
under nitrogen or Ar, and subsequently placed in a water bath at 22 or 37°C. Ampules 
were removed at various times, their contents were transferred to dialysis tubing, and the 
sample was dialyzed for 12 h at 4°C at which time an aliquot was measured for total 
14C remaining. 

Oxidation of liposome components was ~leas~tred using the thiobarbituric acid (TBA) 
test as described by Sinnhuber et al. (1958). Limitations of this and other assays of lipid 
peroxidation were discussed by Gray (1978). In brief, the procedure involved reaction of 
TBA with malonaldehyde and other peroxidation products under acid conditions to 
form TBA chromagen, the relative yield of which was quantified by the solution's absor- 
bance at 530 nm. Since the phospholipid concentrations were identical in all liposome 
systems, a fixed aliquot was used for the TBA test in all cases. The degree of peroxidation 
was assumed to be proportional to the resulting absorbance at 530 nm, since all other 
factors were held constant. 

Because the in vivo use of liposomes is a principal interest of this laboratory, the effect 
of addition of a-T on liposome stability in plasma was also evaluated. The procedures 
were identical to those described above for studies in buffer with the exception that equal 
volumes of plasma, rather than buffer, were mixed with the liposomes at the beginning 
of each study. 

Accelerated stabilities 
The effects on liposomes of peroxidation potentiation by FeSO4 was evaluated using 

the procedures of Dobretsov et al. (1977). Cxidation and sucrose leakage were followed 
for up to 24 h after addition of FeSO4. 

RESULTS 

Leakage of liposomes following autoxidation 
When liposomes are prepared and stored in buffer in the presence of air there is an 



104 

autoxidation induction period during which no signifi(:ant leakage is detected, followed 
by rapid leakage over an approximately 10-h period. Typical results are shown in Fig. 
1 for multilamellar liposomes composed of PC/PA (4/I) and various amounts of choles- 
terol. Control liposomes treated and processed similarly, but N2-purged and maintained 
in a N2 atmosphere, show no significant leakage. The reproducibility of the induction 
period duration between studies for liposomes o f  the same composition and size was 
poor, yet duplicate studies carried out at the same time showed reproducible (range: 
-42 h for the composition PC/PA 4/1) induction periods. Increasing amounts of CH 
consistently increased the duration of the induction period, but not the duration of the 
leakage phase. Increasing the fraction of PA consistently decreased the duration of the 
induction period. Decreasing incuT~ation temperature from 37 to 22°C generally increased 
the duration of both the induction period and the leakage phase. Careful exclusion of 
light during incubation consistently gave a 2-10-fold increase in the induction period 
duration, but not the leakage phase. 

Those liposomes most sensitive to autoxidation, PC/PA (4/1) without CH or ~-T, 
showed no significant leakage (<5%) for up to 6 months when stored at 4°C in the 
absence oflight and oxygen. 
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Fig. 1. Per cent [t4CJsucrose remaining encapsulated is plotted vs time for multilamellar ltposomes 
without a-T incubated at 37°C in buffer (PBS) while exposed to light and in an air atmosphere. The 
composition is PC/PA/CH in the following molar ratios: 8/2/0(o), 8/2/2(A), 8/2/4(n), and 8/2/8(.).  
l~eparalLion of liposomes was initiated 24 h prior to the t = 0 value. Control liposomes incubated 
at 37°C in light, but in the absence of 02,  beginning at preparation, show no leakage over the same 
time period; conUol liposomes incubated at 4°C in dark, but in the presence of air, also show no 
leakage. Each point is the mean from duplicate studies. 
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Fig. 2. Per cent [14C]sucrose remaining encapsulated is plotted vs time for multilamellar liposomes 
composed of PC/PA/CH/a-T: 8/2/0/x. The liposomes are incubated in an air atmos',phere at 22°(] 
in buffer (PBS) while exposed to light; x = 0 (4); 0.01 (v); 0.1 (o) and 1.0 (e). Control liposomes 
incubated at 22°(] in dark, but not in light, in the absence of  02 beginning at preparation show no 
leakage over the same time period. Each point is the mean from duplicate studies. Lipo~mes in Figs. 
1 and 2 were prepared at different times; the lipids used were different batches. 
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Fig. 3. Th~ absorbance at 530 nm, the endpoint for the TBA peroxidation test, is plotted vs time 
for the s~me liposomes and conditions as in Fig. 2. The composition is PC/PA/CH/a-T: 8/2/0/x, 
where x = 0 (4); 0.01 (v); 0.1 (o) and 1.0 (e). Each point is the mean from duplicate studies. 
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Fi$. 4 .  Per cent leakage after 5 and 2 4  h for liposomes incubated in plasma at 37°(] as a function of 
a-T (Z) and C H  (X) .  Liposomes were exposed to light in equilibrium with air. The composition is 
PCIPA[CHIa-T in t h e  mola r  r a t io  8/21X/Z. 

Effect of ¢x-tocopherol on Iiposome stability in buffer 
Addition of 0.1-9.1 mol% a-T to liposomes composed of PC/PA (4/1) followed by 

storage in sealed ampules under air at 22°(] in constant laboratory light dramatically 
ktcreased the duration of the induction phase (Fig. 2). Liposomes composed of 9.1 tool% 
c.T showed no significant leakage even after 120 days under these suboptimal conditions. 

The time course of measurable peroxidation products, based on the TBA test, was 
also favorably shifted by incorporation of a-T (Fig. 3). An induction and oxidation phase 
were evident for 0.0 and 0.1 mol% a-T, but the rapid oxidation phase was not apparent 
when either 1.0 or 9.1 tool% a-T were used. There was an apparent trend of increased 
oxidation with increasing ¢~-T content during the early phase of the studies (e.g. 6 days 
in Fig. 3), consbtent with the effect of ~-T on oxidation of other lipids. 

Effect of a-tocopheeol on iiposome stability in plasma 
Plasma destabilizes liposomes; the magnitude of this effect is diminished by addition 
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Fig. 5. A: Per cent leakage after 5 h of liposomes incubated in plasma as a function of CH (e) or 
a-T (o) content at 37°{2. Liposomes were exposed to light and in equilibrium with air. The lJposome 
composition is PC/PA/CH (e) in the molar ratio 8/2/X or PC/PA/a-T in the molar ratio 8/2/Z. The 
additional leakage after 24 h averaged at approximately 5%. B: Per cent leakage after 5 (4) and 24 (m) 
h from lJposomes as a function of PAL (PC + PA) content. The conditions were the same as in A. These 
liposomes contained no CH or a-T. 

of CH (Hunt and Tsang, 1979; Allen and Cleland, 1980). The amount of plasma-induced 
leakage of sucrose from the various liposomes after 5 and 24 h of incubation in plasma 
equilibrated with air (37°(]) is shown in Fig. 4. Incorporation of 0.1 reel% CH does not 
improve stability, whereas incorporation of 0.1 mol% a-T does improve stability. Incor- 
poration of 10 or 20 reel% of either CH or a-T into PC/PA liposomes results in essentially 
identical, improvements in stability. However, the beneficial effect of 1 reel% a-T is 
masked when the CH content of the liposom-.s exceeds 10 mol%. 

DISCUSSION 

The liposome is inherently a stable system. In the absence of oxygen and free radicals 
the ,only chemical reactions which result in a change in liposome properties are those of 
acid/base-catalyzed ester hydrolysis and acid-catalyzed hydration of double bonds. 
Because the sites of these reactions are within the lipid bilayer, their rates are necessarily 
reduced relative to similar processes in aque.ous solution. Since the lipid bilayer structure 
of lJLposomes is a minimum energy configuration, liposome suspensions would be ex- 
pect,od to be quite stable under optimum pH conditions. When stability considerations 
focus on retention of a trapped drug, the inherent permeability of the selected liposome 
composition is one basis for determining shelf-life. For the multilamellar liposomes 
composed primarily of PC which are described in this report, there is no detectable 
degradation of chemical components and less than 5% leakage of trapped sucrose after 
6 months at pH 7.4 and 22°{2 in the absence (~f oxygen and light. 

In the presence of even trace amounts of oxygen the integrity of the liposome can be 
'short lived'. We have demonstrated that w:hen no effort is made to exclude oxygen or 
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light during or after liposome preparation, autoxidation of the lipids can result in 
complete loss of trapped solute within 48 h of preparation (Fig. 1). The autoxidation 
process for liposomes, or for other lipids (Holman, 1954), is characterized by an induc- 
tion period of unpredictable duration followed by a rapid, autocatalytic oxidation phase 
which in turn is followed closely by an increasing degree of liposome permeability. Lipid 
oxidation is detectable prior to loss of trapped solute (Figs. 2 and 3), but detection of 
peroxictation products (using the TBA test) does not correlate well with the onset of 
permeability changes because leakage of solute is a terminal event, whereas the measured 
peroxidation reaction products are kinetic intermediates. To monitor the shelf-life of lipo- 
somes it may be necessary to measure both products of peroxidation and the degree of 
retention of a trapped solute. 

Dobretsov et al. (1977) observed an increase in liposome membrane rigidity following 
.~eSO, s-stimulated peroxidation. We have successfully reproduced the results of Dobret- 
~v et al. Increased membrane rigidity implies decreased solute permeability. We, how. 
ever, observe an increase in liposome permeability under conditions of autoxidation. 
Although these two sets of results appear contradictory, they may, nevertheless, be con- 
sistent with the known complexity of lipid oxidation reactions (Holman, 1954). 
Autoxidation proceeds via a number of parallel reaction pathways each involving a series 
of reactions; it seems reasonable that FeSO4-stimulated peroxidation may proceed 
primarily by one of these pathways and does not result in the same decomposition 
products as does autoxidation. Thus, accelerated stability studies using FeSO4-stimulated 
peroxidation, and possibly other means, may give invalid estimates of liposome sensitivity 
to autoxidation. 

Results reported here show that a-T successfully retards autoxidation of liposomes 
similar to its ability to protect against radiation-induced oxidative damage (Konings, 
1979). The primary effect of a-T is to prolong the autoxidation induction period, where 
induction period is defined ag the time separating preparation of liposomes and the con- 
finned leakage of trapped so}ute or rapid rise in oxidation products (Figs. 2 and 3). a-T 
does not prevent ~pid oxidation (Fig. 3). In fact, as was expected, addition of increasing 
amounts of o~-T to liposomes results in increasing evidence of oxidation at early times. The 
lack of reproducibility in the induction period between studies, as opposed to within 
studies where results were reproducible, is to be expected for the experimental conditions 
used. The list of conditions and agents which accelerate autoxidation or retard it is long 
(Holman, 1954); and o:dy when all variables are carefully controlled and limited does one 
observe reproducible i~,duction periods. Under the adverse conditions of this study (22 
and 37°C in the presence of light), addition of 0.1 reel% a-T roughly doubles the 
induction time relative to liposomes containing no a-T; further increases in the induction 
period by factors of from 5 to 20 are obtained when the sample is stored (37°C) in the 
absence of fight. Addition of CH to liposomes enhances the effect of a-T (Fig. 1), even 
though CH itself is subject to peroxidation (Suwa et al., 1977), presumably as a result 
of the decrease in membrane fluidity. 

Use of a-T to retard auto ddation has the unexpected but beneficial effect of improving 
liposome stability in plasma ~. in the absence of plasma, peroxidation, or other liposome 

! Liposome stability in plasma depends on composition (Hunt and Tsang, 1979). The PC/PA ratios 
used for these studies were selected because of the 'relative' sensitivity of the resulting fiposomes 
to the destabilizing effects of plasma. 
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destabilizing processes, incorporation of a-T into liposomes at levels above 2 mol% can 
reduce solute permeability (Diplock et al., 1977) when the liposome lipids contain 
a relatively high proportion of arachidonyl residues. Such decreased permeability is 
presum~;d to be similar to that produced by incorporation of CH into the lipid bilayers. 
Ot~r observation that incorporation t)f 10 or 20 mol% of either a=T or CH results in a 
similar decrease in the plasma-induced liposome leakage is consistent with the above 
repert. However, the mechanism by which a-T, at levels of 0.1 mol%, decreases plasma- 
induced liposome leakage is unknown; we have no evidence that tlds stabilizing effect 
of a-T is a result of its acting as an antioxidant. 

Because of the demonstrated antioxidant effect of a-T in liposomes, all liposome 
preparations in this laboratory, whether intended for in vitro or in vivo use, now incor- 
porate at least 0.1 mol% a-T, added either at the time of preparation or after the final 
lipid purification phase. As a consequence, there has been a significant decrease in the 
variance of data from all studies. 
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