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Phospholipid composition of small unilamellar liposomes containing melphalan 
influences drug action in mice bearing PC6 tumours 

(Recriued 2s May 19s2: ucceprc’d 25 Ocroher. I ‘N I 

Studies with solid tumour bearing animals injected intra- 
venously with drug-containing liposomes suggest that 
uptake of drugs by the tumour occurs after their rclcaac 
into the circulation [1.2]. For instance. small liposomes 
were found to be m&e kfficient than large lipo;ome\ in 
mediating umake of “‘In-labelled bleomvcin 13.41 and 
““mTc [S]-by ‘a number of implanted turnours. p;esumahl\ 
because the former persist in the blood longer [3. h] and 
thus release their contents over prolonged period5 of time 
[7.8]. Release of drugs as a mode of their uptake b! 
tumours is also supported by the successful chemotherap! 
of ascites tumours with phase-specific drugs entrapped in 
vesicles from which they can leak out slowly [Y. 101. 

Recent in viuo work [7. 8. 1 I-141 indicates that solute 
release from circulating liposomes can be controlled b> 
adjusting their cholesterol content and/or phospholipid 
component. both of which determine the extent of 
phospholipid removal by high-density lipoproteins and 
ensuing leakiness of the bdayers. The scope of such control 
on solute release has been expanded further by the finding 
[8. 13. 141 of an inverse relationship between liposomal 
leakiness and half-life in the circulation. Elsewhere [15] we 
have shown that appropriate adjustments in the lipid com- 
position of liposomes containing phase-specific vincrlstine 
and melphalan can influence drug clearance rates from the 
blood of iniected mice. Here we examine the effect 01 
liposomal lipid composition on melphalan localization in 
the tissues of PC6 tumour bearing mice and chemothera- 
peutic activity. Melphalan was chosen because 01 the sen- 
sitivity of the PC6 tumour to it. 

Muterials and methods 

The sources and grades of egg L-a-phosphatidylcholine 
(PC). r.-n-dimyristo$ phosphatidvlchoiine (DMP6). sphin- 
gomvelin (SM). cholesterol, melphalan (Alkeran). “C- 
rabeiled melphalan ([“Cl melphalan) (labelled in the ethyl 
side chains. sp. act. 12.35 mCi/mmole. 98V pure h! 
radioautography) and Sepharose CL-6B have been 
described elsewhere [ 151. ““mTc04 was obtained from a 
?50-mCi molybdenum-technetium generator (Radio- 
chemical Centre. Amersham, U.K.). 

Prepration ~fliposome~. Small unilamellar PC. DMPC 
and SM liposomes (3G60 nm dia.) containing melphalan 
and its radiolabelled derivative were prepared 1151 from 
40 ktmoles phospholipid with and without cholesterol. For 
chemotherapy experiments liposomes were prepared from 
equimolar (31 flumoles) PC or SM and cholesterol in the 
presence of up to 8.5 mg melphalan and 0.1-0.2 LtCi [“Cl- 
melohalan dissolved in SO 1t1 Alkcran solvent ll51 which 
was’then diluted to 1.7 ml aith 0.1 M phosphate-b’uffercd 
saline (PBS) [lS]. When needed. the vol. of the final 
liposome suspensions containing 1.8-3.85 of the mcl- 
phalan used in 2 ml was reduced to about 1 ml by placing 
the preparation in dialysis tubing in contact with polyethkl- 
ene glycol6000 (British Drug Houses Chemicals Ltd. Poole. 
U.K.). Liposome5 were aubsequcntl) dialy5cd for at Icast 
3 hr before u5e. 

Animal e;oerimerlfs. Tumour-bearing animals were pre- 
pared by subcutaneous implantation of PC6 tumour frag- 
ments (approximately 1 mm’; from 2-3 g tumours of I-ou- 
tinely passaged BALB/c mice) into BALB.;‘c female mice 
weighing 25-27 g. After 3 weeks. \vhen according to prc- 

liminary experiments turnour\ acre capcctcd to \\cigh 2- 
3 g. mice were divided into group\ and inicctcd in the tail _ 
ve& \vith 0.2 ml lipoaomes (3-4 !tmolc\ phc)\pholipid) corn 
tainine I”Clmelnhalan (O.O7X~.O5 ctCi). At time interval\. 

il I . 

X)-,(1 blood sample\ \vcrc taken lrom the tail and ns~~ycd 
for “C [ 151. In other experiments Gmilar turnour-hearlne 
BALB,‘c mice were divided into group,. injected v.lth 
liposomes a5 carlicr and killed by ccr\ ical dislocation at 1 
and 24 hr. “C radioacti\ it! ~a5 then measured in blood 
plasma and tissues (\cc Table 1). To a\~\\ ,md correct tor 
blood-associated radioactivit! in the tlssue5 animal\ were 
injected intra\,cnouslq 5 min heforc death \\ith (1. I ml 
“““‘Tc-labelled mouse crythrocytes prepared a\ folio\\ \. One 
millilitrc of t\vice sashed packed frc\h cells v.ere mixed 
with 200 ;cg’l of SnCI:. 2H:O in 0. 15 ml PBS ,md incuhatcd 
at 18’ for 5 min. Suhscqucntlv. 500 !rCi of”““‘T~0~ 111 II.5 ml 
0.9? NaCl was added and aiter 5 min incubation the cells 
were \vashed 4 time5 \Jith PBS. dllutcd \sith 11.9’; NaC‘I 
to 2 x 1O’cprn’ml and u\cd immcdiatcl!. A\ each mouse 
was killed. 100 !(I of hlood ~a5 retained tar the a\sa! 01 “C‘ 
and SO yl for the assay ot “““‘Tc. l~i\aucs were removed. 
weighed. counted for “““‘Tc to estimate blood pre\cnt. hom- 
ogenized togcthcr with water to a Iin, vol. of 1 ml (li\cr) 
or 2 ml (all other ti\suca) using an MSE homogenizer and 
duplicate 0.4.ml aliquot\ transferred to vials cont,lininp 
2.4 ml of KCS tlssuc \oluhiliPcr. Sample\ \\crc allo\\cd to 
digest overnight at 1X’. L’nreacted NCS \\;I\ partially nctl- 
tralized by the addition of 70 ~tl 01 @aclal acetic acid ,md. 
subsequently. 17 ml of~intillant (7.(lh g PPO and S8.24 mg 
POPOP in I litre toluenr) \\a5 added to each vial. The 
content5 wcrc stored at 1s’ for 5 days toI- complctc tlcca! 
of ‘%I, Tc and chemilumincsccnce and “c‘ radioactl\ it! \\;I\ 
measured [l-i]. Result\ \vcrc then corrcctcd for ‘-C radio- 

acticity contributrd b! blood. Bccau\c [“C]melphalan 
(lahellcd in the ethyl sldc chalm) i\ not met~~holi~cci (I! [‘,l’o 
hut onl!. hvdrolyzcd to the mono- ;~nd dih! drox_!cth! I 
inactive der&ti\es [ Ih]. no attempts \\crc made to dl\tln- 
guish betaeen parent dru, 0 and an\ radioactl\c mctabollc 
products that might be t‘ormcd 

In chemothcrap> experiments. 3 \\eck\ alter Inoculation 
of BALB;c female mice \\cighing l&20 fi wtth PC‘CI tumour 
fragments. mice nith tumours \vcishing 2-.2 g rccci\cd a 
sin@ intravenous mjcction ol 0.7 ml ol mclphalan in the 
free form or cntrappcd in hposomc~ compo\cd ofcqulmolar 
PC or SM and cholc5tcrol (WC Iahlc 21 .Animal\ were 
killed 8 days after trcatmt’nt ,md tumour wt \\a\ tahcn a\ 

a mcasurc of chcmothcrap~utic activlt!. In other cy;perl- 
ments. similarl! treated mice \\erc olwr\cti tar tumour 
regression and killed when tumour wt\ appro,lchcd 5 g atter 
rcgrcssion failed to occur or upon 1-cg1-01\ th tollo\\ ~np p‘irtial 
regression. In control cxpcriment\ mice rcccl\cd .‘cmpty” 
liposomes alone or mixed \\ith the Ircc drug. 

Clearance ratcs oi [ “Clmclphalan from the blood of 
BALB.‘c tumour-bearing mice injcctcd with the free or 
liposome-entrapped drug \+erc nearly idenrical (results not 
shown) to those already oh5cr\cd [ 151 in \imllar cspcri- 
men& with normal T.O. mice: thcrc ~a5 a \cr! draped 
clearance ofmelphalan injcctcd in the Iree form and. again. 
ndministratlon of the drug in lipo\ome\ rcduccd the drus 
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activity) of the PC6 tumour in [“C]melphalan or metabolitc 
radioactivity after injection of mice with the free or 
entrapped drug: radioactivity value< as seen in the tumours 
of mice injected with free melphalan (1 .gc/c of the injected 
dose/g tissue at 4 hr). increased only modestly (up to 2.6 
fold) by administering the drug in cholesterol-rich PC 
(4.75%), DMPC (3.3?) and SM (3. IV) liposome\ (Table 
1). In contrast. differences in drug uptake xere much 
greater in the liver and spleen. which are knonn [ 17. IX] 
to endocy,tose lipowmes. At 4 hr there was a f+20-fold 
radioactwrty increase (to 2.X-Y.6c;) in the 11\er and a C 
l&fold increase (to 0.7-3.h’;) in the spleen over the values 
obtained with the free drug (Table 1). With both t&w\. 
uptake was greatest with cholesterol-rich PC lipoaomes. 
presumably because: (a) these liposomes arc less leaky to 
melphalan than cholesterol-free of cholesterol-poor PC 
liposomes [lj] and. therefore. lose less drug cn route to 
the tissues; and (b) arc taken by the liver and spleen to a 
greater extent than similar DMPC and Shl lipowmes [Xl, 
The decline in drug levels in the li\;er after 24 hr could the 
attributed to biliary excretion [ 191. 

The effect of such liposome-induced changes in the clear- 
ance and tissue distribution of melphalan on it5 chemo- 
therapeutic activity u as investigated (Table 7). Tumour \\t 
8 days after a single intravenous injection of melphalan. 
free or entrapped in cholesterol-rich PC and SM liposomes. 
decreased in all treated mice (5.6 -g in untreated animals) 
with increasing amounts of adnxmstered drug. Ho\lexer. 
whereas treatment with as httle as 1.5 mg melphalan.kg 
body wt given in SM hposomes reduced the tumour wt to 
0.04 g. such a reduction could not be achieved with free 
melphalan or with melphalan given in PC liposomes e\cn 
when 11.8-12.0 mg of the drug!kg body wt wa5 used. Pro- 
motion of drug effectiveness by SM liposomea is also 
reflected in PC6 tumour bearing mice treated with Ki- 
2.6 mg per/kg body wt of free oriipo~omc-entrapped mel- 

phalan and then observed for tumour r-egression: total 
regression and 100c; burl i\ors were achieved onI\ \\ith 
melphalan (all doses) entrapped m SM liposomcs (Tahlc 
3 and legend). We \vere unable to establish the I II;,: (and 
derive the therapeutic indes) for melphalan entrapped in 
either of the lipo$omal preparations and wcn \tith twice 
the highest doses of Table 3 all tested mice survived. Still 
higher do5es would have nece\aitated Injection volumes 
that could not be tolcratcd b! the animals. Other\ [X1 
have also failed to obscrw toxicity in PC’6 tumour hearing 
mice injected intravenousI> with small liposomes containing 
a lipophilic alkylating apent. even at the highest dew 

The mclphalan-contarning PC and SM cholesterol-rich 
liposomes tested for chcmothcrapeutic acti\It! were &own 
for their widely different rates of melphalan release in the 
presence of blood [I_‘] and \,esicle clearance from the clr- 
culation [8. 13. 141. Both a slwcr drt~,g.rclcaw fr-om. and 
the long half-life (I6 hr in mice 181) of SLI liposomes ma\ 
have been lnstrumcntal In their pronounced chemothcr:;- 
peutic activity (‘l‘ables 2 and 3). In conitmction with this 
it is of interest that free melphalan given hy the intraperi- 
toneal route to PC6 tumour bearing mice can be curative 
at the low dose of 0. I mg’kg (Dr T-. A. Connor\. pcrwnal 
communication) but. apparently. not \\hcn given 1ntr+ 
venousI! at a much higher dose (Table 3). II 15 probable 
that gradual entry of the drug from the pcritoncal cavit! 
into the periphery lead\ to It5 sustained prescncc In the 
circulation whereas intracenouslk giccn drug is removed 
very rapidly (less than SC; of the C~OVZ rccovercd in the 
blobd after 1 hr [15]). It also seems that. under the prewnt 
conditions. increa5ed levels of drug in the tumour a\ wcn 
\vith PC and SM liposome\ (Table I ) are not nece\saril! 
linked with good chemotherapeutic performance for both 
preparations. It may be that in the case of SM liposornc\ 
tumour drug lc\el5 are mnlntamed m an (~ril:(x lorm for 
extended periods of time a5 a result of the prolongcd 

Table 3. Tumour regression in PC6 tumoul ’ bearing BALB;c mice injected 1~1th frw or 
hposome entrapped melphalan’ 

Melphalan 
preparation 

Dose 
(mglkg bode wt) 

?> mean change 
in body wt Tumour regression 

Control (PBS) 
Free drug 

PC.C(l.1) 

SM.C(l:l) 

0.5 
1.0 
1.4 
1.9 
1 .o 
1.2 
1.4 
2.0 
1 .o 
1.6 
1.9 
2.6 

+16 No rceression 
+I6 Partial. then repro\\ th 
+12 Partial. then w&o\\ th 

+-8 Parrlal. then regrowth 
-1 Partial. thsn regrowth 
+7 Partiai. then regrowth 
-1 Partial. then regrowth 
-3 Partial. then regrowth 
-3 Partial. then reeron-th 
-j Total regressi&+ 

~ IO Total rrgrc5sion 
-13 Total reere:sGon 

-Y Total renression 

x BALB/c mice bearing PC6 tumours as in the legend to Table 2 were di\idcd 21 da\3 after 
inoculation with the tumour into 13 groups. One group of X nxce served a\ control (PBS- 
treated) and the remainder 12 groups (S mice in each) were given a 5ingle intra\enoua injectIon 
(0.2ml) of comparable doses of melphalan in its free form (4 groups) or entrapped in 
cholesterol-rich PC (4 groups) or Shl (3 groups) liposomes. All animals \\ere weighed on the 
day of treatment (day 1) and on day 8 and wt differences aerc recorded as I; (see table). 
When tumour regressron failed to occur or tumour regrowth occurred after partial regrc\sion. 
mice were killed when tumour Lvts approached 5 g. In supplementary similar experiment\ 
there was no regression in mice (4 in each group) treated with “cmptv” (PBS-loaded) 
cholesterol-rich PC or SM liposomes and tumour regressIon wa5 partial follo\\rd b! regrowth 
when mice (4 in each group) were treated with “empty” cholesterol-rich PC or S&l lipwomcs 
mixed with melphalan (1.0 mgjkg body wt). Each liposomc-treated mouse recel\ed 320 !cmole\ 
phospholipid/kg body wt. Numbers in parenthese5 denote phospholipld : cholesterol (C) molar 
ratios. 

-:- Mice with total tumour regression survived over 30 days. 



presence of the drug m the circulation (151 and. thcrcforc. 
it\ continuous entr! tnto the tumour. E\aluation oi data 
becomes even more complex when one consider\ that the 

kinetics of drug tnetaholism hy the tumour will prohahl! 
differ according to the druy‘~ rate 01 entr! Into the‘ cclla 
\vhich. in turn. could he influenced hv the rate ol the drug‘s 
leakage from Ilpowmes and associ:~tion ix ith plasma pro- 
teins [ 151. 

Tlhc thcrapcutic efficacy of liposomnl drug\ tn tumour- 
hearin? animal5 has ~arird [c). IO. 7&?h] sxortilng to the 
type 01 lipoaomes. the dru, 0 and the tumour model uwd 
Our lindinpa suggest that t‘urthrr lvork \\lth altcrnatiw 
I~powmal compostttons and szea which provide for a v,idcr 
hpcctrum of rat0 of drug leah~~gc and w\iclc clcarancc in 
selected tumour models should imprw e our undcr\tanding 
of lipowmal drug mode of action III esperlmcntal cancer 
chemcrthet-ap! and help to c\tablish condition5 for it\ 

optimtzation. Unfortunately. S.51 liposome\. \+hlch \\c‘rc 
50 effective under the present condition\. induct. a\ \uch. 
\plecn and liver cnlargemcnt in chronicallv tt-cared mice 

1771. It \vould therefore he ot interest to WC‘ whcthcr 
cholc\tcrol-rich di\tcaro!l phosphatid~lcholillc lipowme\ 

\tith a half-life of 20 hr in mice [ 141 ars as ellectl\c. 
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