
~~AR~ACOKI~ETICS OF LIPOSO~E-ENCAPSULATES 
ANTS-TUDOR DRUGS 

STUDIES WITH VI~~LAST~~E. ACT~~UMYCI~ D. CYTOSINE 
ARABINOSIDE, AND DAUNOMYCiN 

Runu L. JULIANO and DENNIS STAMP 

Research Institute. The Haspital for Sick Children. Toronto. Ontario MSG IXX, Canada 

Abstract We have investgated the effects of encaps~l~ti(?~l within tiposomes ~p~~~sptloli~id vesiclest 
on the plasma clearance kinetics snd twwe disposition of four antj-turnor drugs. namely *inhlastine. 
cytosine arabinosidc. actinomycin-rt and daunomyzin. In each vase. subsequent to intravenous adminis- 
tration. the liposome-encapsulated drugs were cleared from the plasma mwh more slowly than were 
the free drugs. For example. the major portion of daunomycin inject4 m free form had a plasma 
half-life of less than 5 min. while liposomc-eiicapsulated daun~m~cin had a plasma half-life in excess 
of 150 mm. Encaps~ilation also caused a marked alteration in the tissue d~spositi~~n of the injected 
drugs. Thus. encapsulati~1~ within liposomes resulted in a large mcrease in the total amotint of drug 
equivatents retained by the tissues at vartous times after injection. In the case of cytosinc arahinosidc, 
for example. the level of drug equivalents m the liver at 16 hr post injection was h&fold greater 
for liposume-encapsulated drug than for free drug. Enc~~ps~ia~iol~ also altored the rclat~vt ~ti~~rib~ri~ll 
of drues in the :is~es. with tissues rich in re~isu~~end~t~~~ij~~ c&s. such as liver and spleen, heirtp 
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the favored sites of uptake. 

A rational approach to cancer chemotherapy requires 
a clear understanding of the multiple pharmacodyna- 
mic factors which govern the amount of active anti- 
neoplastic agent reaching target sites within the 
tumor or sites within sensitive normal tissues [l]. 
Recently. attempts have been made to control the 
pharmacokinetics and disposition of drugs by means 
of “drug delivery systems” [2.3]. One approach to 
controlled drug delivery is the use of liposomes (phos- 
pholipid vesicles) as carriers for drugs [43 or enzymes 
[S]. It has been demonstrated that encapsulation 
within liposomes can dramatically alter the plasma 
clearance and tissue disposition of a variety of drugs 
[4.6-81. Moreover, the size and surface charge 
characteristics of the liposamal carrier are important 
detcrmin~nts of the fate of the encapsulated drug in 
2%x1 16.7, ‘3. to]. Recent reports that liposome encap- 
sulation enhances the anti-tumor action of actinomy- 
tin D [l I]. and that liposome-methotrerate is pro- 
tected against metabolic degradation [S], suggest that 
encapsulated drug formulations may have a role in 
cancer chemotherapy. However. before an intelligent 
approach toward the therapy of neoplasms using 
encapsulated drugs can be made. more detailed infor- 
mation on the pharmacology of these agents is necess- 
ary. Therefore. we have investigated the effects of lipo- 
some encapsulation on the pharmacodynamics of 
several clinically significant [I?] anti-tumor agents in- 
cluding vinblastine. daunomycin. actinomycin-1) and 
cytosine arahinoside. 

~~ff~~~~~~~~~ irtzif l~~~j~~~~~.~. All experiments were per- 
formed with adult male rats weighing 180 -3% g. Egg 
phosphatidyi choline (PC) was prepared as described 

[l?J. phosphatidyl serine (PS) and cholesterol were 
purchased from Applied Science Labs, and stearyl 
amine (SA) from K & K Laboratories. Tritium- 
lab&d actinomycin-1) (3 Ci!m-moie) and vinhlastine 
sulfate (5-~OC~~m-mole) were obtained from Amer- 
sham Searte. Tiitiated cytosine ar~~in~side (S-15 Ci! 
m-mole) was purchased from New England Nuclear. 
These radiochemicals were at least 05 per cent pure 
as indicated by paper or thin-layer chromatography 
according to their suppliers. Non-radioactive drugs 
were obtained from the following sources: vinblastine, 
Eli Lilly Co.: acrinomycin-r,, CalBiochem: cytosine 
arabinoside (cytosine il-rt-arahinoftIranoside). Upjohn 
Co.; and daunomycin, Poulcnc Ph~~rmaceuti~ls, 
Montreal. Other chemicals were of reagent grade and 
were used as purchased. Radiation counting supplies 
(Ljq~~~~~or~ Aquasoi and Protosol) were obtained 
from New England Nuclear. 

Pr~pctrc~tio~~ of iip0s0r~s. Liposomes containing 
encapsulated anti-tumor drugs were prepared largely 
accordmg to methods previously described [6]. 
Brietly. lipids in organic solvents were evaporated 
under vacuum onto the wall of a glass tube. Lipophi- 
lit drugs such as actinoIn~cin-[~. vinhlastine and 
daunomycin were dissolved in ethanol and mixed 
with the lipid prior to evaporation. In order to form 
liposomes. physiologically iso-osmotic phosphate-buf- 
fered saline was added to the dried lipid film. and 
the mixture was dispersed by vortex agitation and 
sonication. Polar drugs such as cytosine arabinoside 
were incorporated into the liposames by adding them 
to the aqueous buffer. Sonic dispersion of the drug 
containing fiposomes was cnrried out in a bath-type 
instrument (Heat systems 125 Wi under a nitrogen at- 
mosphere and with continuous temperature controi; 
the usual temperature for preparation of liposomes 
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was 35 and the sonicatlon period ws typically 
about IX hr. As described previously [:14”], unsoni- 
catcd liposomes are large multilamellnr structures. 
while extensively sonicated liposomes consist primar- 
ily of small vesicles bound by a single bimolecular 
lipid nle~lbr~~r~e. 

Liposomes containing encapsulated anti-tumor 
drugs were separated from free drug by filtration on 
a Sephades G-50 column. The void volume fraction 
was found to contain all the lipid plus encapsulated 
drug while the free drug was retarded by the column. 
The encapsulatioi~ or trapping efficiency was csti- 
mated from the relative size of the void volume and 
retarded volume peaks. Drug containing liposomes 
were usually further processed by pressure ultralilt- 
ration in an Amicon cell using an XM-IOOA mem- 
brane l’ollowcd by centrifugation at lO.OW rev min fat 

10 min. The ~1ltr~~~ltratioii served to remove the last 
traces of free drug and to c~~licclltrate the ~mplc. 
while the cer~trifu~~tion removed most residusi. large 

mi~ltil~meil~r liposomes, leaving a preparation of 
mainly small liposomes containing entrapped anti- 

tumor drug. and devoid of free drug (see Flp. I). 
C’lsmotcr WIT/ ~~~.s~~).~;~Io~I srzrdirs. Anti-tumor drugs 

either in free or liposome-encapstllateti form were 
given to rats by tail vein injection. In the casts whcrc 
free drugs were uscci. 5 SOpg of the agent \vax in- 
jected per animal. while usually I 5 pg of cncupsn- 
lated drug was used (the total amount of drug plus 
lipid injected was kept at a low Icvel so as not to 

saturate the system responsible for liposomc clearance 
[S]. In most caseb the specific activity of the rr?jccted 
drug was in the range ol” 0.1 to 1 .O ItCi:lcg. For deter- 

mination of the elimination rate from the blood, 
plasma samples were taken at 2 min post injection 
and periodically thereafter. Plasma levels of iritium 
or Huorescence (for daunomycin) were determmed 
and expressed as the per cent of the initial Icvel. For 
dctermi~~atio~~ of tritium. lIK)-/iI plasma aliqunts were 
counted in Ayuasoi. Drug half-lives were estimated 
from semilog plots of the plasma clearnncc data by 

Fig. I. Sephadex chromatography of llposome-eliccipsu- 
iated daunumycin. Daunomycin was entrapped in lipo- 
sotnes composed of PC. SA and cholesterol. and free and 
encapsulated drug were separated on a Sephadex C;.SO 
column. The void volume peak which contained all the 
hprd (cross hatching) and the encapsulated daunomycin 
was concentrated by pressure ultrafiltration and rr-chro- 
marographed. Key: (* 4) encapsulated pius free dauno- 
mycin; and (A.-- A) re-chromatography of void ~olurnc 

peak after c(~I~c~~~lr~tlL)l~. 

extrapolation of linear segments of the clcarancc 
curves. 

The tissue disposition of the admuustcrcd drug\ 
and their products were determined at 3 and Ih hr 

post mjection. The following tissues were taken: brain 
(cerebrum). spleen. kidney. heart (whole orpan). I~wI- 

and lung (two lobes each), rntcstine ~~i~l~~~~c~iurn~ anti 
skeletal muscle (thigh muscle). Samples wcrc dis- 
rupted with ii Polytron homogenizer (Kinrmatla 

Gmbh) in I -2 cm3 water. Afiquots (IO0 pl) were takw 

for radiation c~~~1~it~r1~ or deterrn~n~iti~~ii of fiuor- 
escencc and. after appropriate dilution. for prt)tcni 
assay via the Lowry Folin reaction [ 1.51. 

Radioactive samples (vinblastinc. actinomycin-1) 
and cytosine arabinoside) were digested overnight at 
60 with I cm-’ Protosol. then IOcm” tolucnc Liqui-: 

fuor Protosol (IO:1 : I ) was added and samples v.crc 
maintained at room temperature in tightly closed 
vials for ~ppr(~ximatcly 2 weeks to allow for decay 
of chemilumi~~~sce~ice. The samples wcrc counttd III 
a Packard liyuid scintillation counter with autom:ttic 
external standnrdization. 

Samples contaimnp daunom~cin were analysed h> 
the ~~uor(1metric technique 01 Wachur vt rrt. [ IO )_ 

Briefly. tissue hon~oEe!i~ites were extracted with acid 
ethanol. centrifuged, and the clear supernatant fiiid 

WBS saved for Ruotomctric assay. The asszty \v;ts pcr- 
formed using m Aminco Bowman spectre-phnt+, 
tluornnetcr, and calibrated using hnown quantities 01 
daunomycin dissolwd in acid ethanol. Samplcs u’crc 

excited at 370 nm and the emission was measured at 
560 nm. The lluorcscence spectra of samples wcrc 
(~ccasi~~l~ally m(~nitored to insure that they conformed 
to the spectrum of a daunomycin standard. 

I)trrir cc~rc~!~sis. Analysts of the tissue disposition of 
trltium-labelled anti-tumor drugs was performed in 

two ways. For evaluation of the relative distribution 

of drug, i.e. the tendency to accumulate in one organ 

or another. the following approach was wed. Result\ 
were initially expressed as “H dis. mm mp of trasuc 

protein; since in \ arious experiments rsthcr different 
amounts of isotope were used. the data Mere norma- 
lized by assigning a value of 100 per cent to the tissue 
with the hlghcst uptake (dis. min rn$ III :I particular 
cxpcriment, and calculating the rclatl\c accumulation 
in other tissues on ;I sc;tle of 0 100 per wnt on Illi\ 

basis. Calculated l~crcci~ta~cs \+erc then a\cragcd o\c’I 
the several cxpcrimcnts performed. 

For comparison of the total amount of drug retcn- 
tinn in tissues after administration ot‘ free or cncapsu- 

lated anti-tumor drugs. the following analysis W;IS 
used. Mrasurcd wl-ttes of tritiiim dis. ,min or Iluor- 
escrnce intensity wt’rc convcrtcd into jrg of drug 

cqui\alents based on the known specific activity 01 
fluorescence intensity of the compounds administered. 
Thus analysis does not discriminate between intact 
drug and its radioactive (or tluorcscent) brcakdo\n 

products. Results were calculated in terms of /(g 01 
drug equivalent per pram of tissue protem per my 

of tnjccted drug. 
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contribution appreciable (20 per cent of total) and Table 2. Effect of liposome composition on drug 
the data were corrected accordingly. encapsulation* 

RESULTS 

Formatiori urld stuhilify of’ liposome~tlru~ comple.Wc. 

The drugs used in this study differed widely in chemi- 
cal structure and physical properties. This is exempli- 
fied by their octanol-water partition coefficients seen 
in Table 1. Cytosine arabinoside is a highly polar 
drug and exhibits a strong preference for the aqueous 
phase, while the other three drugs partition mainly 

into the organic phase. In terms of the formation 01 

drugliposome complexes. it seems likely that cyto- 

sine arabinoside would be restricted to the internal 
aqueous compartment of the liposome. while the 
other drugs may also intercalate into the hydrocarbon 
region of the liposome membrane. 

The chemical properties of the lipids themselves 

might also be expected to influence the formation of 

drug-liposome complexes. This is illustrated in Table 
2, where one can see that the presence of cholesterol 
and of positively charged (stearyl amine) lipid pro- 
mote the efficient incorporation of either actinomy- 
tin-r, or cytosine arabinoside into liposomes. With 
this in mind, further experiments were conducted with 
positively charged, cholesterol-containing vesicles. 
with a molar ratio of 20:10:2 (PCkholesterolFSA). 

The ability of liposomes to trap or encapsulate 
several types of anti-tumor drugs is seen in Table 3. 

Table I. Octane-water partition coetticients for anti- 
tumor drugs* 

Drug 
Partition coeflicients 

(N = 3. 4) 

Cytosine arabinoside 0.0012 + 0.0002 
Daunomycin 4.6 f 0.9 
Actinomycin-1) 90.8 + 0.9 
Vinblastine sulfate 92.5 * 2.0 

* Partition coeficients were determined as follows A 
100-p& ahquot of drug was added to 2 ml octanol plus 
2ml of isotonic phosphate buffer (pH 7.2). The samples 
were thoroughly mixed and the phases separated by centre- 
fugation. Aliquots (100 ~1) were removed from the upper 
and lower phases and analyzed for radioactivity or fluor- 
escence (daunomycin). The partition coefficient was taken 
as the ratio of the amount of drug in the upper (octanol) 
phase over the amount of drug in the lower (buffer) phase. 
Drug recoveries were greater than 90 per cent. 

*The fraction of encapsulated cytosine arabinoslde (0.5 
to I.2 per cent) is consistent with simple entrapment of 
the drug in the aqueous compartment of the liposomes. 
If we assume an average diameter of 300 A for liposomes. 
a molecular weight of 800 for phosphatldyl choline and 
a trapped volume of I.0 &ltrnole of phospholipid fl71, . L1 
then the amount of phospholipid used in the studies shown 
in Table 3 (4 mn) would entrap _ 5 rd. The actual amount 
of entrapped cytosine arabinhslde iepresents 1&20~1 of 
a total of 2.0cm3 of suspendmg buffer. Since we know 
that at least a portion of our hposome preparation consists 
of particles larger than 300 A. we would expect that 4 mg 
phosphatidyl choline could entrap somewhat more than 
5~1, and thus the calculated and observed encapsulation 
efficiencies are not different by more than a factor of two 
or three. 

Liposome 
Per cent of 

Drug PC SA PS Chol incorporation 

Cytosine 
arabmoside + 0.19 

+ + 0.50 
+ + 0.35 
+ + + 1.30 
+ + 0.09 
+ + + 0.80 

Actinomycin-r> + 15.3 
+ + 19.3 
+ + 34.0 
+ + + so.5 
+ + It.6 
+ + + 20.0 

* Liposomes were prepared from PC (4 mg) with the 
addition of either SA or PS (0.4 mg) and of cholesterol 
(0.5 mg). A trracer dose of either [3H]cytosine arabinoside 
or [3H]actinomycin-o was included during liposome prep- 
aration. Free and liposome-encapsulated drugs were separ- 
ated as described in Methods and the per cent of the input 
dose present as liposome-encapsulated material was calcu- 
lated. 

The trapping efficiency of the very polar drug cytosine 
arabinoside is low, and is probably related to the frac- 
tion of the total aqueous phase enclosed during lipo- 
some formation [ 14].* Nonetheless. substantial 
amounts of this drug can be encapsulated because 
of its high solubility in water. Non-polar drugs such 
as actinomycin-o are entrapped in liposomes with 
high efficiency. Although the percentage of entrapped 
drug declines with increasing input doses, a very sub- 
stantial amount of actinomycin-u as well as of vinb- 
lastine and daunomycin can be entrapped. 

The stability of liposomes containing anti-tumor 
drugs was evaluated by measuring the efflux rates of 

Table 3. Efliciency of drug incorporation into liposomes* 

Drug 
Amount Per cent Incorporation 

MP) incorporation (pg;mg PC) 

Actinomycin-r) 1 .o 
50.0 

500.0 
Cytosine 

arabinoside 2.0 
200.0 

2 X lOA 
Daunomycin 400.0 

1000.0 
Vinblastine 25.0 

66.0 O.lh 
71.0 8.8 
28.0 35.0 

0.60 0.003 
1.15 0.57 
0.52 26.5 

30.0 30.0 
73.0 5x.0 
11.0 I .4 

* Various doses of drug were incorporated into lipo- 
somes composed of PC. SA and cholesterol (X:2:4 by 
weight). Usually 4mg PC was used per preparation. In 
the cases of actinomycin-1,. vinblastine and daunomycin. 
the drug was dissolved in ethanol and added to the lipid 
mixture prior to evaporation. In the case of cytosme ara- 
binoside the drug was added in 2 cm3 of buffered saline 
to the dried lipid film. The per cent of incorporation was 
measured by separation of free and liposome-bound drug 
on a Sephadex G-50 column as described in Methods. 
Results are the means of duplicate determinations. 
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Cytosme 
arahinoslde 4.i) * 0.i 1.1 +os 5.11 + I .o 

D~unomycil~ 0.93 * 0.0 O.?? + (t.04 it 21 -YI 0.01 ._ 
Actinorn~~cit~ D 
Vinhlastik 

0.71 * 0.15 0.87 i (107 l.Oh i (1.46 

sulfatt 0.35 * 0.01 0.32 + 0.07 0 70 i O.Ol 

* Drugs ( 150 k(g) wcrc cncapsulatcd in mc~nt~lamell;t~ 
liposomes cnmposed of PC. SA and cholcaxol Efflux 01 
drugs from the liposomes mto buffer solutions at 25 was 
measured by the dialysis bag technique as dcscrlhcd else- 

where [_18]. The efflux rates were determined by measure- 
ment of radioactivity or tluorcsccncc (daunomyc~n) The 
addition of serum up to 50 per cent had no cfl’cct on the 

efflux rates. 

entrapped drugs. As seen in Table 4, loss of the three 
non-polar drugs from the liposomes was extremei!: 
slow GSS than 1 per cent,hr) while the &flu\ of cyto- 
sine arabinoside was somewhat more rapid 14 .S per 
cent:hr). These results suggest that. with the possihlc 
exception of cytosinc arabinoside. the drugs tcstcd 
form a tight association v,ith the llposomc carrw and 
that their disposition irr riro should bc strongIt in- 
tluenced by the disposition of the carrier. It is intcrcst- 
ing to note that the efIIuv rate of the hg’drophilic drug 
methotrexate from positively char& liposomcs ~*a4 
less than 1 per cent,hr [X]. The diffcrencc txtwccn 
this value and that observed for cytosinc ;~r;thino~tde 
in the present study may be due to the fact that di- 
anions such as methotrexatr XC itkcl~ to pcrmcate 
lipid m~rnbrallcs mow slowly than u1~~11~gcd ywcirs 

such as cytosine ar&innslde [ 191. 

Fig. 2. Plasma clearance kinetica for free and i~posnme- 
encapsulated drugs. Rats were injected via the tail \e~tl 
with free or encapsulated drug. At 2 mm post m/cctton, 
and at times thereafter. blood samples were obtained by 
retro-orbital puncture and the radtoactixlty or lluorosccnce 
in the plasma was analyzed. Open circles, encap~ulatcd 

drug: and closed circles. free drug. 
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Table 5. Tissue accumulation of drug equivalents at 3 hr post ln.jection* 

Actinomycin D Cytosinc arahlnoside 

TlSSlN2 
A B c D 

(free) (encapsulated) B A (free) (encapsulated) D C 

Liver 
Spleen 
Lung 
Ktdncy 
Intestine 
Muscle 
Heart 

* Units = (~lg drug equivalents) g tissue protein mg Injected drug). 
The leg values of drug equl\alents were calculated from the known specific actl\ltics 

of the InJected drugs and the measured dis. min in the tissues. The results represent 
total accumulatmn and do not discriminate between parent drug wd radiolaheled 
degradation products. The data represent the means of two to three nnlmal? for each 

set of determinations. 
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from the rat blood stream (Fig. 2). or from the dog 
bloodstream 1231. when given in free form. In the 
case of cytosine arabinoside. about half the material 
present initially was rapidly cleared while the 
remainder was cleared with a T,, of approximately 
2 hr. This situation seems to resemble the results 
observed in mice where a bi-phasic but relatively 
rapid clearance was observed [24]. In the present 
study we have not evaluated what proportion of the 
radioactivity found in the plasma with either the fret 
or encapsulated drugs reprcscnts the parent corn-- 
pounds as opposed to metabolitcs [X5], 

Tissue tiisposifior~ of ,frrc rtrd cwctrpsulrrtrd tlruys. 
Figure 3 illustrates the relative accumulation of -‘H 
after the injection of free or encapsulated ‘H anti- 
tumor drugs. Our results agree qualitatively with prc- 
vious reports [4. 7. X] in that the facored sites of 
accumulation for encapsulated drug seemed to be tis- 
sues rich in reticuloendothelial cells such as liver. 
spleen and lung. However. earlier reports on liposomc 
uptake by tissues 13. 51 suggested that the liver :md 

spleen were overwhelmingly the preferred uptake sites 
while we found considerable accumulation in other 
tissues as well. These earlier studies used multilamel- 
lar liposomes and expressed their results as per cent 
injected dose per organ. In current studies we have 
expressed the level of accumulation in the tissues in 
terms of dis.,min mg of tissue protein: thus our data 
are independent of organ size. In addition. in a pre- 
vious study. we have shown that unilamellar lipo- 
somes have a broader tissue distribution than do 
large multilamellar liposomes [9]. These consider- 
ations may explain the differences between earlier 
studies and current observations. 

While in the cases of vinblastlne and actinomy- 
tin-1,. marked differences in tissue distribution were 
observed (Fig. 3) depending on whether the drug was 
given in free or encapsulated form. in the case of CJ to- 

sine arabinoside the lixer is the only tissue whers a 
significant difference was seen in the relative accumLl- 
lation of free and encapsulated drug. At present no 
explanation can be @en for the observation that 
cytosinc arabinoslde in encapsulated form is more 
widely distributed in the viscera than are actinomycin- 
11 and vinblastine. Present results on the distribution 
of free drug are consistent with previously published 
work. Thus the favored sites of uptake of free actino- 

mvcin-11 include spleen. intestine and kidney 
[XI. 27j, while fakored sites for free vinblastine III- 

elude spleen. intestine and lung [2X]. 

In addition to alteration of the relative disposition 

of drug. hposome encapsulation has the ctTcct of 

enhancing the total amount of drug accumulated by 
various tissues. Thus in Table 5 it can be seen that 
at 3 hr post injection. the total amounts of actinomy- 
tin-1) or cytosine arabinoside drug equivalents in the 

various tissues were from 2- to X-fold higher when the 

drug was given in encapsulated form than was the 
case for free drug. Once qain. as in Fig. 7. the pre- 

ferred sites of uptake were clearly reticulocndothelia- 
rich organs such as liver and spleen. In the case of 
cytosine arabinoslde ;I substantially higher accumu- 

lation of encapsulated drug was seen in other organs 

as well. Preliminary experiments with daunomycin in- 

dicated that liposome encapsulation also enhanced 
the accumulatton of this drug in various tissues by 

about a pactor of ten. These observations are consis- 

tent with previous studies on the tlssuc retention of 
free versus encapsulated EDTA and actinomycin-1) 

[ 7. 261. 
Differences in the levels of drug equivalents XCLI- 

mutated in the tissues were ekcn more pronounced 

at long intervals after injection than at earlier points. 
Thus in Table 6 it can be seen that the accumulation 

of encapsulated cytosinc arabinoside equivalents in 

Table 6. Tissue accumulation of drug equicalents at I6 hr 
post injectIon* 

Cytoslne arahlnoslde 

Tissue 
A B 

(free) (encapsulated) HA 

Liver 2.3 15x.0 6X.7 

Spleen 4.4 172.0 27.7 
Lung 7.6 3x.0 IS.5 
K Idney ? 9 57.0 19.0 
Intestine 2.5 55.0 22.0 
Muscle 2.6 50.0 I’).? 
Heart 2Y 62.0 21.3 
Brain 3.7 62.0 16.X 

* Units = (~cg drug equivalents) (p tl,sue protein mg in- 
lected drug). Results represent the mean of two to three 
animals for each set of dctcrmlnations. 
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varmus tissues was many-fold higher than the ac- 
cumulation of free drug. In fact. a comparison of 
Tables 5 and 6 indicates that very little loss of encap- 
sulated cytosine arabinoside occurred between 3 and 
I6 hr post injection. especially in the case of the liver. 
It IS interesting to note that despite the relaticely 
rapid efflus of cytosine arabinoside from liposomes 
(Table 2). encapsulation still has a marked effect on 
the retention of this drug in the tissues. Apparently 
bIologica removal processes such as renal clearance. 
and metabolic degradation of free drug may bc more 
rapid events than drug efflux from the liposomes 
accumulated in the tissues. It should be remarked 
that. if the efflux rate in the tissues is the same as 
that ;,I rifro (namqly, -_ 5 per centihr. Table 4). then 
even at 16 hr post ulJection, the liposomes will retain 
_ 44 per cent of their original burden of cytosine ara- 
binoside in encapsulated form. 

Ideally one would like to be able to deliver potent 
anti-neoplastic drugs primarily to tumor cells. with 
little uptake by sensitive normal cells. With this goal 
in mind. attempts have been made to promote specific 
liposome cell attachment irl vim [29. 301. However. 
there have been no reports thus far of successful “tar- 
geting” of liposomes to tumor cells irl Cro 1311. 
Nonetheless it seems probable that one may be able 
to exploit the intrinsic properties of liposomes in 
order to enhance the efficacy of anti-tumor drugs. 
Some of the properties of liposome-encapsulated 
drugs and approaches to their exploitation in therapy 
are discussed below. 

Encapsulation of a drug within liposomes alters the 
relationship of the drug to cell membrane barriers. 
This seens to offer some interes.Lng possibilities for 
the therapy of certain drug-resistant neoplasms. Fre- 
quently tumor cells become resistant to drugs by 
altering their membrane permeability barriers [32]. 
While drugs usually enter cells via passive or carrier- 
mediated diffusion. liposomes enter either by fusion 
or endocytosis [33]. Exploiting these differences in 
the route of uptake, Poste and Papahadjopoulos [34] 
were able to overcome the permeability barrier of 
actinomycin-u-resistant tumor cell mutants and 
obtain effective cell killing by encapsulation of actino- 
mycin-1) within liposomcs. It stems likely that this 
approach may be generalized in connection with 
many types of tumors where resistance is due to per- 
meability changes. 

Many anti-tumor agents have rather short biologi- 
cal half-lives due to rapid metabolic inactivation, 
rapid excretion or both [l]. As described in this paper 
(Fig. 2. Tables 5 and 6) and elsewhere [4.8.9.26] 
liposnme encapsulation prolongs the plasma lifetime 
and increases the tissue retention of several anti- 
tumor drugs. This may be due to reduced renal clear- 
ance [9] and to reduced metabolic degradation 18.97. 
as well as to the promotion of drug entry into cells. 
as described above. These effects may be especially 
important in enhancing the etficacy of drugs which 
act during the S-phase of the cell cycle. It seems clear 
that, for rapidly growing tumors. optimal therapeutic 
effects are obtained with S-phase specific drugs when 
there is continuous exposure of the tumor cells to 

the drug for a period of greater than two generation 
times 1357. Admmistration of S-phase specific drugs 
(such as cytosine arabinoside) 11~ liposome-encapsu- 
lated form may allow the cstabhshment of therapeuti- 
cally elTective tissue levels for long periods without 
the necessity of continuous drug infusion. A potential 
problem with this approach. however. is the question 
of whether liposome-encapsulated cytosine arabino- 
side would be ellicicntly anabolized to form cytosine 
arabinoside triphosphate [2.5]. the active form of this 
drug. Recent results on the elticacy of liposome cyto- 
sine arabinoside against the LIZ10 mouse leukemia 
1361 would indicate that at least some of the cncapsu- 
lated drug can be anabolized and so kill the tumor. 

Liposomc cncapsulatlon not only cnhanccs the 
total amount of drug accumulated in the tissue. but 
also alters the relative distribution of drug between 
different tissues (Fig. 3). Thus in most instances. lipo- 
some encapsulation results in enhanced accumulation 
in reticuloendothelial cell-rich tissues such as liver 
and spleen. and also in reduced accumulation in the 
gut. kidney and cardiac and skeletal muscles. These 
consequences of liposome encapsulation may offer 
some therapeutic advantages in cases where the utility 
of a drug is limited by its toxicity to the gastrointes- 
tinal tract. or by ncphorotouicity or cardio-toxicity. 

In summary. encapsulation of anti-tumor drugs 
within liposomes markedly alters the pharmacodyna- 
mic characteristics of these drugs. Encapsulation 
results in prolonged plasma lifetimes. in enhanced 
levels of drug accumulation in the tissues. and in 
altered patterns of tissue disposition for several clinl- 
tally significant untl-tumor agents. 

I. 

2. 

3 

i 

5. 

6. 

7. 

x. 

Y 

IO. 

I I. 

I?. 
13. 

I4 
15 

E. Frci). p. 650. Lea & Febiger. Philadelphia (1974). 
F. E. Yates. H. Benson. K. Buckles. J. Llrquhart and 

Actu i35, 6:4’( 1967). 
A. I). Hangham. 4. Rev Rioch~w~ 41. 753 (lU72) 
0 H. Lowry. Ic J Rosenbrouph. A 1. Farr and R. 
J. Randall. ./. h/o/. (‘/w,,I 193. 765 ( I ‘)5 I I 



Liposome-encapsulated anti-tumor drugs 27 

16. 

Il. 

IX. 

19. 

20. 

71. 

22. 

7. 

73. 

25. 

26. 

N. R. Bachur. A. L. Moore, .I. G. Bernstein and A. 
LIU. Ctr~c~c~r C/,r,n~or/,r,r. Rep. 54, XY ( 1970). 

D. Papahadjopouloa. S. Nir and S. Ohki. Bi~~cllinl. hio- 
p&j,\. Acrtr 266, 561 (lY73. 
D. Papahadjopoulos. Hiocl~irn. hrop/l\~s. .4cfr1 21 1, 467 
( 1970) 
J. Steen. in .2fo1 <‘trl<‘,lt (~1 MoI~~lc.r .4cros\ C‘cll Mem- 
~~CUIC~S. p. YO. Academic Press. New York (1967) 
D. W. Ycsalr. E. Schwartrhnch. D. Shuck. E. P. Deklne 
and M. -z Ashcll. (‘(uIc.c,). Rc\. 32, I I77 (lY72) 

H. F. Hchden. J. R. Hadfield and C. T. Beer. CCUICC~ 
Res. 30. I417 (lY71)). 
W. A. Crcascy. A. I. Scott. C C. WeI. J. Kutchen and 
A. Schwnrt7, Ctl)~(,cr Rcs 35, I I I6 (lY75). 
K. Uchida and W. Krcls. Bioc~lic~rn. Pl~~rnr~rc~ 18. I I I5 
(lY6Y). 
T. C‘ Thou. D J. Hutchinson. F. A. Schold and F. 
S. Philips. C‘~r~~cur Rc.\. 35. 725 (lY75). 
Y F. Rahman. W. E. Kisleleski. E. M. Buess and E. 
A <‘cm>. E1rr .I (‘tlllC.<‘l. 1 I. xx.? (IY75). 

27. 

2x. 

19. 

30. 

31. 

3-1. 

13. 

34. 

35. 

36. 

H. A. Schwartz. J. E. Sodergren and R Y. Ambayc. 
Cu!lcc,r Rrs. 28, I92 (I 968). 
R. J. Owellen and D. W. Donnigan. J. r&. C/ICUI. 

15. x94 (1972). 
R. L. Juliano and D. Stamp. R;uturr,. Load. 261. 235 
(1976). 
G. Gregoriadls and D. Neerunjun. Bioclrc,rn hropily.\. 
Rcs. Cotnmur~. 6% S37 (lY7.5). 
D. A. Tyrcll. T. D. Heath. C. M. Coltq and H. E. 
Ryan. Biochim hioph~~ .4cfu 457. 25Y (1976). 
R. L. Juliano and V. Lmg. Biorh~m. hiopll?:\. 4cttr 455. 
I52 (1976). 
C. Poste and D. Papahadjopoulos. Proc. ~roftr. .Accd 

SC;. U.S.A. 73, I603 (1976). 

C. Poste and D. Papadhadjopoulos. .vtrrrrr~,. bit/. 267, 
699 (1976). 
E. Frei. in Cur~c~r Mcdicrr~c, (Ed. J. F. Holland and 
E. Frei). p. 717. Lea & Fehigcr. Philadelphia (lY74). 
E. Mayhcw. D. PapahadJopoulos. Y. M. Rustum and 
C. Dave. Cu!xc,r Rcs. 36. 4406 (I 976). 


