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Summary 

The concept of using liposomes as carriers for the delivery of drugs is well established, and the hposomal incorporation of 
various molecules, including peptides and proteins, has been described. In this study, propranolol (PPL) and atenolol (ATL) were 
used as model drugs to measure the encapsulation efficiency and release characteristics from multilamelIar (MLV) and small 
unilamellar (SW) liposomes. MLVs were prepared by hydration of thin lipid films and agitation using PPL and ATL solutions in 
phosphate-buffered saline (pH 7.4). Unilamellar liposomes were prepared by sonicating these MLVs. The non-encapsulated drug 
was separated either by ~ntrifugation (MLV) or by size exclusion chromatography (SUV). The encapsulation of ATL and PPL was 
higher in small unilameflar liposomes. The encapsulation of PPL was higher than ATL in multi- as well as in unilamellar liposomes. 
The rate of drug efflux from Iiposomes was determined in vitro at 37°C and pH 7.4. The maximum reiease of both ATL and PPL 
was found with DSPC MLVs and DMPC: CHOL: DCP SUVs. The liposomal encapsulation and release of drug molecules are 
governed by the lipophilicity of drug molecules, type of liposomes and lipid composition. 

Introduction 

The use of liposomes for the delivery of thera- 
peutic agents, such as enzymes, hormones and 
anti-cancer drugs, is well established. Various 
lipids have been used to prepare liposomes, and 
the method of preparation can be altered to 
control the liposome size distribution. Multi- 
lamellar liposomes (MLVs) are readily prepared 
by hydration of thin lipid films and subsequent 
agitation (Bangham et al., 1965). The size distri- 
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bution and entrapment of aqueous phase are 
governed by the hydration time, method of lipid 
dispersion, thickness of the lipid film, and the 
concentration and composition of the lipid phase 
(Olson et al., 1979). Sonication of MLVs pro- 
duces a more homogeneous population of small 
unilamellar vesicles (SUVs). Liposomes of inter- 
mediate size between MLVs and SUVs and en- 
trapping a high percentage of aqueous phase can 
be produced by the techniques of ether infusion 
(Deamer and Bangham, 19761 or reverse-phase 
evaporation (Szoka and Papahadjopoulos, 1978). 

Several investigators have studied the efflux of 
drugs from liposomes. Multil~ellar (Ahmed et 
al., 1980; Arrowsmith et al., 1983; Taylor et al., 
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1990) and unilamellar (Juliano and Stamp, 1979; 
Muranishi et al., 1980; Hermetter and Paltuf, 
1981) systems have been examined from two main 
points of interest. First, phospholipid bilayers may 
simulate some fundamental properties of biologi- 
cal membranes and constitute a model system to 
investigate passive drug transport. Second, there 
is the possible application of phospholipid vesi- 
cles as a drug delivery system. Until recently, 
both objectives faced the serious problem that a 
method for the preparation of a homogeneous 
and well-characterized population of unilamellar 
vesicles with a sufficiently large internal volume 
was not available. Yet, knowledge of these prop- 
erties is necessary for a quantitative approach to 
transport phenomena if water-soluble compounds 
are to be encapsulated and released. 

To investigate the in vivo behavior of lipo- 
somes it is necessary to study the in vitro release 
rate of an entrapped drug. The rate of release of 
a molecule from liposomes is governed by the 
material’s physico-chemical properties. Lipo- 
somes are freely permeable to water, but cations 
are released at a slower rate than anions 
(Bangham et al., 1965), whereas aqueous hydro- 
gen bonding may determine the efflux rate of 
non-electrolytes (Cohen, 1975). 

The degree of disorder of the lipid bilayer 
determines the permeability of liposomes. Phos- 
pholipids in the liquid crystalline state are more 
permeable to entrapped material than when they 
are in the gel state. Thus, loss of entrapped 
material is temperature dependent, generally be- 
ing greatest around the phospholipid phase tran- 
sition temperature CT,) (Papahadjopoulos et al., 
1973). At T, rapid efflux of material has been 
attributed to passage through regions of high 
bilayer disorder, where gel and liquid crystalline 
states temporarily coexist. The incorporation of 
cholesterol into liposomal bilayers decreases the 
rotational freedom of the phospholipid hydrocar- 
bon chains. At 50 mol% cholesterol the phase 
transition is lost, the efflux rate of cations is 
decreased, and the release rate exhibits little 
temperature dependence (De Gier et al., 1968). 
At temperatures below the T, of the phospho- 
lipids incorporation of cholesterol into liposomes 
decreases the release rate of hydrophilic materi- 

als (Ganapathi et al., 1980; Senior and Gregori- 
adis 19821, while producing a much smaller effect 
on the loss of lipophilic materials (Ganapathi and 
Krishnan, 1984). The ability of @-blockers to in- 
teract with liposomal bilayers has been previously 
studied (Sasaki et al., 1984; Betageri and Rogers 
1987; Zachowski and Durand 1988; Rogers et al., 
1986, 1990; Betageri et al., 1990). The encapsula- 
tion of propranolol, a lipophilic drug, and 
atenolol, a hydrophilic drug, was measured in 
liposomes of various lipid composition. In addi- 
tion, release characteristics from multilamellar 
and unilamellar liposomes were studied. 

Materials and Methods 

Materials 
Dimyristoyl-t_-cw-phosphatidylcholine (DMPC) 

dipalmitoyl-L-a-phosphatidylcholine (DPPC), and 
distearoyl-L-ff-phosphatidylcholine (DSPC) were 
obtained from Avanti Polar Lipids, Bi~ingham, 
AL. Cholesterol (CHOL), dice@ phosphate 
(DCP), propranolol (PPL) and atenolol (ATL) 
were purchased from Sigma Chemical Co., St. 
Louis, MO. Glass triple-distilled water was used 
in the preparation of all aqueous solutions. All 
other chemicals and solvents were reagent grade. 

Methods 
Preparation of liposomes AI1 liposome prepa- 

rations had a total lipid concentration of 10 
mg/ml. The concentrations of PPL and ATL 
were 1 and 10 mg/ml, respectively. 

The required amount of phospholipid, with 
dicetyl phosphate and/or cholesterol if required, 
was weighed into a 50 ml round bottom flask and 
dissolved in a small volume of chloroform. Chlo- 
roform was slowly removed under reduced pres- 
sure using a rotary evaporator at 40°C to deposit 
a thin film of dry lipid on the inner wall of the 
flask. Aqueous phase (5 ml of either PPL or ATL 
in phosphate-buffered saline (PBS), pH 7.4) was 
added at room temperature for DMPC and at a 
temperature of 5°C above the T, for DPPC and 
DSPC (i.e., DPPC at 46°C; DSPC at 60°C). The 
flask was agitated on a vortex mixer until all of 
the lipid was dispersed to produce MLVs. Small 
unilamellar vesicles (SUVs) were produced from 
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MLVs by sonication for 5 min using probe sonica- 
tion (Heat systems, Ultrasonic Inc.). This process 
turned samples into clear solutions. 

Particle size analysis Light scattering mea- 
surements were performed with a Coulter submi- 
cron particle size analyzer (Model N4MD). The 
liposome preparations were diluted 1:20 with 
filtered PBS (pH 7.4). The instrument settings 
used were as follows: temperature, 20°C; viscos- 
ity, 0.01 P; refractive index, 1.333; scattering an- 
gle, 90”; run time, 300 s; range, O-3000 nm. 

Determination of drug encapsulation efficiency 
in MLV 5-ml samples of MLV were centrifuged 
at 143 000 x g and 37°C for 30 min in a tempera- 
ture pre-equilibrated head (Beckman L3-50 ultra- 
centrifuge). The concentrations of free ATL and 
PPL were determined from the UV absorbance 
of the supernatant at 273 and 290 nm, respec- 
tively (Beckman DU-65 spectrophotometer). A 
knowledge of the total drug content in the prepa- 
ration allowed the amount of drug associated 
with the liposomes to be calculated by mass bal- 
ance. Encapsulation was expressed as mol of drug 
per mol of lipid. 

Determination of drug encapsulation efficiency 
in SW 5-ml samples of SUVs were added to a 
Sepharose-4B column and eluted using PBS, pH 
7.4. This procedure separates free drug from lipo- 
somes based on size exclusion. The drug concen- 
tration and encapsulation efficiency were deter- 
mined as explained above. 

Measurement of release of drug from liposomes 
l-ml samples of either MLVs or SUVs were 
placed inside a dialysis membrane and trans- 
ferred to a 100 ml graduated cylinder containing 
50 ml PBS. The assembly was stirred on a mag- 
netic stirrer in a temperature controlled room at 
37°C. 3-ml samples were withdrawn at fixed time 
intervals and replaced with equal volumes of PBS. 
Samples were analyzed for ATL and PPL concen- 
tration by measuring absorbance at 273 and 290 
nm, respectively. 

Results and Discussion 

Encapsulation of ATL and PPL in liposomes 
The data in Tables 1 and 2 show the depen- 

dence of liposomal encapsulation on the compo- 

TABLE 1 

Encapsulation of ate&o1 in multilamellar and unilamellar lipo- 
somes 

Lipid composition MLV WV 
(mol drug/m01 lipid) 

DMPC 0.04 0.89 
DPPC 0.08 0.83 
DSPC 0.10 0.75 
DMPC: CHOL (1: 1 mol ratio) 0.15 0.63 
DMPC : CHOL : DCP 

(7 : 2 : 1 mol ratio) 0.19 0.70 

DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoyl- 
phosphatidylcholine; DSPC, distearoylphosphatidylcholine; 
CHOL, cholesterol; DCP, dice@ phosphate. 

sition of the lipid bilayers and the size of the 
liposomes. The low encapsulation of ATL in 
MLVs is possibly due to its hydrophilic character. 
In this case, encapsulation is completely depen- 
dent upon the volume of aqueous phase encapsu- 
lated during liposome formation. An increase in 
chain length of fatty acid and inclusion of choles- 
terol resulted in an increase in the encapsulation 
efficiency. This could be explained by the in- 
crease in the mean diameter of these liposomes 
and greater encapsulation of the aqueous phase 
as shown in Table 3. Similar results have been 
reported in the literature (Taylor et al., 1990). 
The relative increase in the encapsulation of ATL 
in DMPC: CHOL: DCP liposomes (MLVs) may 
be due to an electrostatic interaction between the 
negatively charged liposomes and positively 
charged atenolol at pH 7.4. However, this effect 
was not observed in SUVs. It may be due to 

TABLE 2 

Encapsulation of propranolol in multilamellar and unilamellar 
liposomes 

Lipid composition MLV WV 
(mol dru/mol lipid) 

DMPC 0.86 1.52 
DPPC 0.74 1.33 
DSPC 0.94 1.23 
DMPC : CHOL (1: 1 mol ratio) 0.44 1.67 
DMPC : CHOL : DCP 

(7 : 2 : 1 mol ratio) 0.99 1.84 
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TABLE 3 

Phase transition temperature (T,) and mean particle size of 
liposomes of various lipid compositions 

Lipid composition T, (“0 a Particle size 

120 

1 

MLV WV 

DMPC 23 788 + 28 30f5 

DPPC 41 1370 + 37 32+6 

DSPC 58 1670441 35+6 

DMPC : CHOL 

(1: 1 mot ratio) 820 f 29 31+6 

DMPC : CHOL : DCP 

(7 : 2 : 1 mot ratio) < 23 795 f 28 30*5 

a From Chapman et al. (1967). 

saturation of binding sites on liposome surface 
and also due to change in radius of curvature. 

The encapsulation efficiencies of ATL were 
higher in SUVs compared to MLVs. The maxi- 
mum encapsulation of ATL was observed with 
SUVs prepared using DMPC. Higher encapsula- 
tion efficiency in SUVs can be explained by 
greater surface area of lipid bilayer structure. 
Since both ATL and PPL interact and distribute 
into lipid bilayers, the increased surface area with 
reduced particle size provides a greater extent of 
interaction of ATL and PPL with the bilayer. 
Relative to ATL, encapsulation of PPL was con- 
siderable in MLVs. This is probably the result of 
the much greater lipophilicity of PPL. Encapsula- 
tion of PPL was much lower in MLVs prepared 
with DMPC: CHOL. This may be due to a com- 
petitive incorporation of PPL and CHOL be- 
tween DMPC molecules during the formation of 
liposomes. As with ATL, encapsulation efficien- 
cies of PPL were greater in SUVs than in MLVs. 
Again, this could be due to the greater surface 
area of the lipid bilayer structure of SUVs. En- 
capsulation of PPL was maximum in MLVs and 
SUVs prepared with DMPC : CHOL : DCP. This 
implied a significant electrostatic interaction be- 
tween PPL and DCP. Similar results have been 
reported for propranolol (Schlieper and Steiver, 
1983; Kubo et al., 1986). These data indicate the 
importance of molecular structure, lipophilicity 
and charge of drug molecules with respect to 
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Fig. 1. Release of atenolol from multilamellar (m) DMPC, 

(+ 1 DPPC, (0) DSPC, to) DMPC : CHOL, (w) 

DMPC:CHOL: DCP liposomes at 37°C and pH 7.4. Each 

point is the mean of duplicate preparations. 

their encapsulation in liposomes. The drug 
molecule may also influence liposome formation 
by an ability to bind water molecules and form 
liquid crystal structures in aqueous solutions (At- 
tiga et al., 1979). 
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Fig. 2. Release of propranolol from multilamellar (8) DMPC, 

(+I DPPC, (0) DSPC, (01 DMPC:CHOL, (m) 
DMPC: CHOL: DCP liposomes at 37°C and pH 7.4. Each 

point is the mean of duplicate preparations. 
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Release of ATL and PPL from MLVs 
The release profiles of ATL and PPL from 

MLVs are shown in Figs 1 and 2, respectively. 
The release of PPL was more dependent upon 
the liposome composition than that of ATL. Af- 
ter 24 h, only 20% PPL was released from 
DMPC : CHOL (1: 1 mol ratio) liposomes and 
45% from those of DMPC : CHOL : DCP (7 : 2 : 1 
mol ratio). The release rates of ATL and PPL 
decreased with increase in T, of liposomes pre- 
pared from single phospholipid. Cholesterol in 
bilayers above the phospholipid T, modulates 
membrane fluidity by restricting the movement of 
the relatively mobile hydrocarbon chains. This 
reduces the liposome bilayer permeability. Simi- 
lar results due to the effect of PPL on the T, of 
PC liposomes have been reported (Kursch et al., 
1983). The maximum release (90%) of PPL and 
ATL (100%) was found with DSPC liposomes. 
Maximum release was achieved in 2 h for ATL 
and in 6 h for PPL. In general, the release of 
ATL was greater than that of PPL. This is due to 
the hydrophilic character of ATL which is a ma- 
jor determinant for leakage. However, the release 
of PPL is controlled by liposome structure due to 
the lipophilic property of this drug. 

Release of ATL and PPL from SWs 
The release of ATL is shown in Fig. 3. In 

contrast to MLVs, the release of ATL was slower 
in SUVs prepared with DSPC. Increases in fatty 
acid chain length of DSPC and the gel state of 
DSPC liposomes are the factors responsible for 
reduced leakage. Release of ATL is greater from 
DPPC than from DMPC liposomes. This is due 
to the increased permeability of DPPC liposomes 
near the T,. The inclusion of CHOL and/or DCP 
resulted in greater release of ATL from SUVs. A 
phase of rapid release has previously been de- 
scribed for release of hydrophilic drugs from 
charged liposomes (Alper et al., 1981). Hence, 
this effect may be the result of an inherent prop- 
erty of the liposome bilayer structure or may 
reflect loss of surface-associated material. 

The release of PPL from SUVs is depicted in 
Fig. 4. The release of PPL is slower in SUVs 
compared to MLVs except for DMPC: CHOL: 
DCP liposomes. As with MLVs, the slowest re- 

120 1 

< 
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0 4 0 12 16 20 24 
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Fig. 3. Release of atenolol from unilamellar (8) DMPC, (+I 
DPPC, (P) DSPC, (0) DMPC : CHOL, (m) 
DMPC:CHOL:DCP liposomes at 37°C and pH 7.4. Each 

point is the mean of duplicate preparations. 

lease (< 10% after 24 h) of PPL was found with 
DMPC : CHOL liposomes. The maximum release 
was observed with DMPC : CHOL: DCP lipo- 
somes. Since SUVs are made of a single bilayer, a 
major portion of the PPL is associated with the 
surface of the liposome. A phase of rapid release 
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Fig. 4. Release of propranolol from unilamellar (8) DMPC, 
(+I DPPC, (0) DSPC, (0) DMPC:CHOL, (m) 
DMPC: CHOL: DCP liposomes at 37°C and pH 74. Each 

point is the mean of duplicate preparations. 
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for hydrophobic drugs from charged liposomes 
has previously been described (Juliano and Stamp, 
1978). Loss of PPL from the liposomal surface 
explains the greater release from DMPC : 
CHOL : DCP liposomes. 

This study has indicated that the physico- 
chemical properties of drug molecules, the lipid 
composition of liposomes, liposomal size and 
number of bilayers influence the encapsulation of 
drug molecules. The encapsulation of a hy- 
drophilic drug depends on the encapsulation vol- 
ume of the aqueous phase, whereas encapsula- 
tion of a lipophilic drug depends on the lipid 
composition. The size of the liposomes affects 
encapsulation of both hydrophilic and lipophilic 
compounds. The rate of drug release can be 
altered by changing the lipid composition, size, 
and number of bilayers of the liposomes. 

Acknowledgements 

The technical assistance of A. Gupta and N. 
Punwani is greatly appreciated. 

References 

Ahmed, M., Burton, J.S., Hadgraft, J. and Kellaway, I.W., 

Partitioning and efflux of phenothiazines from liposomes. 

Biochem. Pharmacol., 29 (1980) 2361-2365. 
Alpar, O.H., Bamford, J.B. and Walters, V., The in vitro 

incorporation and release of hydroxocobalamin by lipo- 

somes. Int. J. Pharm., 7 (1981) 349-351. 
Arrowsmith, M., Hadgraft, J. and Kellaway, I.W., The in vitro 

release of steroids from liposomes. ht. .I. Pharm., 14 
(1983) 209-221. 

Attiga, S.A., Eley, D.D. and Hey, M.J., A nuclear magnetic 

relaxation study of bound water in solutions of disodium 

cromoglyate. J. Pharm. Pharmacol., 31 (1979) 387-391. 
Bangham, A.D., Standish, M.M. and Watkins, J.C., Diffusion 

of univalent ions across the lamellae of swollen phospho- 

lipids. J. Mol. Biof., 13 (1965) 238-252. 
Betageri, G.V. and Rogers, J.A., Thermodynamics of parti- 

tioning of P-blockers in the n-octanol-buffer and liposome 
systems. Znr. J. Pharm., 36 (1987) 165-173. 

Betageri, G.V., Theriault, Y. and Rogers, J.A., NMR study of 

the interaction of Beta-Blockers with sonicated dimyris- 

toylphosphatidylcholine liposomes in the presence of 
praseodymium cation. Membr. Biochem., 8 (1990) 197-206. 

Chapman, D., Williams, R.M. and Ladbrooke, B.D., Physical 

studies of phospholipids VI. Thermotropic and lyotropic 

mesomorphism of some 1,2-diacylphosphatidylcholine 

(lecithins). Chem. Phys. Lipids, 1 (1967) 445-475. 

Cohen, B.E., Permeability of liposomes to non-electrolytes, J. 

Membr. Biol., 20 (1975) 205-234. 
Deamer, D. and Bangham, A.D., Large volume liposomes by 

an ether vaporization method. Biochim. Biophys. Acta, 443 
(1976) 629-634. 

De Gier, J., Mandersloot, J.G. and Van Deenen, L.L.M., 

Lipid composition and permeability of liposomes. Biochim. 
Biophys. Acta, 150 (1968) 666-675. 

Ganapathi, R., Krishnan, A., Woodinsky, I., Zubord, C.G. 

and Lesko, L.J., Effect of cholesterol content on antitumor 

activity and toxicity of liposome-encapsulated l-p-~- 

arabinosylcytosine in vivo. Cancer Res., 40 (1980) 630-633. 

Ganapathi, R. and Krishnan, A., Effect of cholesterol content 

of liposomes on the encapsulation, efflux and toxicity of 

adriamycin. Biochem. Pharmacol., 33 (1984) 698-700. 
Hermetter, A. and Paltauf, F., Permeability properties of 

unilamellar vesicles containing choline plasmalogens and 

comparison with other choline glycerophospholipid species. 

Chem. Phys. Lipids, 29 (1981) 225-233. 
Juliano, R.L. and Stamp, D., Pharmacokinetics of liposome 

encapsulated antitumor drugs. Biochem. Pharmncol., 27 
.(1978) 21-27. 

Juliano, R.L. and Stamp, D., Interactions of drugs with lipid 

membranes. Biochim. Biophys. Acta, 586 (1979) 137-145. 
Kubo, M., Gardner, M.F. and Hostetler, K.Y., Binding of 

propranolol and gentamicin to small unilamellar phospho- 

lipid vesicles. Contribution of ionic and hydrophobic forces. 

Biochem. Pharmacol., 35 (1986) 3761-3765. 
Kursch, B., Lullmann, H. and Mohr, K., Influence of various 

cationic amphiphilic drugs on the phase transition temper- 

ature of phosphatidylcholine liposomes. Biochem. Pharma- 
col., 32 (1983) 2589-2594. 

Muranushi, N., Nakajima, Y., Hinugawa, M., Muranishi, A. 

and Sezaki, H., Mechanism for the inducement of the 

intestinal absorption of poorly absorbed drugs by mixed 

micelles. II. Effect of the incorporation of various lipids on 

the permeability of liposomal membranes. ht. J. Pharm., 4 
(1980) 281-290. 

Olson, F., Hunt, C.A., Szoka, F.C., Vail, W.J., and Papahad- 

jopoulos, D., Preparation of liposomes of defined size 

distribution by extrusion through polycarbonate mem- 

branes. Biochim. Biophys. Acta, 557 (1979) 9-23. 
Papahadjopoulos, D., Jacobson, K., Nir, S. and Isac, T., Phase 

transitions in phospholipid vesicles: fluorescence polariza- 

tion and permeability measurements concerning the effect 

of temperature and cholesterol. Biochim. Biophys. Acta, 
311 (1973) 330-348. 

Rogers, J.A., Cheng, S. and Betageri, G.V., Association and 
partitioning of propranolol in model and biological mem- 

branes. B&hem. Pharmacol., 35 (1986) 2259-2261. 
Rogers, J.A., Betageri, G.V. and Choi, Y.W., Solubilization of 

liposomes by weak electrolyte drug. I: Propranolol. Pharm. 
Res., 7 (1990) 957-961. 



241 

Sasaki, Y., Morita, T. and Takeyama, S., Effects of diltiazem 
on the physicochemical properties of rat erythrocyte and 
liposome membrane: Comparison with pentoxifylline and 
propranolol. Jap. J. Pharmacol., 34 (1984) 417-427. 

Schlieper, P. and Steiner, R., The effect of different surface 
chemical groups on drug binding to liposomes. Chem. 
Whys. Lipids, 34 (1983) 81-92. 

Senior, J. and Gregoriadis, G., Stability of small unilamellar 
liposomes in serum and clearance from the circulation: the 
effect of the phospholipid and cholesterol components. 
Life Sci., 30 (1982) 2123-2136. 

Szoka, F.C. and Papahadjopoulos, D., Procedure for prepara- 
tion of liposomes with large internal aqueous space and 
high capture by reverse-phase evaporation. Proc. Natl. 
Acad. Sci. USA, 75 (1978) 4194-4198. 

Taylor, K.M.G., Taylor, G., Kellaway, I.W. and Stevens, J., 
Drug entrapment and release from multilamellar and re- 
verse-phase evaporation liposomes. Int. J. Pharm., 58 
(1990) 49-55. 

Zachowski, A. and Durand, P., Biphasic nature of the binding 
of cationic amphopaths with artificial and biological mem- 
branes. Biochim. Biophys. Acta, 937 (1988) 411-416. 


