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Abstract--To demonstrate the possibili!~ of cell delive~ 5, of water insoluble products, 
L1210 cells were incubated with liposomes containing NocodazoIe ~ (NCL), an 
experimental drug totall~ insoluble in water. L@osomes of various lipid compositions 
readily incorporated AT;L, but only those Jbrmed from dipalmitoyl phosphatidylcholine, 
cholesterol and stear~,lamine ~molar ratio 4:3:1) had a clear affinity for L1210 cells, 
as ~hown by fluorescence studies. This affinity is mediated by the degree of both cell 
and liposome membrane fluidity. Cytoplasmic and inlranuclear location of these 
liposomes containing NCL or drug-free and subcellular changes induced by their 
presence were demonstrated @ ultrastructural studies. 

I N T R O D U C T I O N  

ThE LaCK of water solubility of certain drugs 
makes difficult the evaluation of their activity 
in experimental models and clinical trials. 
The purpose of this report is to show that this 
difficulty may be overcomed by the use of 
liposomes as drug carriers. Nocodazole '~ 
(NCL, NSC-238159) is a new experimental 
antineoplastic drug which is completely in- 
soluble in water. So far this property has 
precluded its clinical use [1, 2]. This paper 
provides a morphological demonstration of 
intracytoplasmic and intranuclear localization 
of liposomes containing Nocodazole '~ in 
L1210 cells, and demonstrates cellular alte- 
ration produced by these liposomes. 

M AT E RIALS A N D  M E T H O D S  

Liposomes were prepared by dissolving in 
chloroform NCL and the appropriate lipids 
detailed in Table 1. After complete evap- 
oration of the solvent under reduced pressure, 
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1 ml of 50 mM Tris pH 7.4 containing 0.15 M 
NaC1 was added per 10mg of dried lipids. 
Liposome preparation obtained after a 15 rain 
ultrasonication at 65 W in N 2 atmosphere 
with a Branson sonifier was centrifuged at 
3000y for 10 min and the pellet containing 
free NCL was discarded. NCL concentration 
in liposomes was measured by high pressure 
liquid chromatography (HPLC). Gel per- 
meation chromatography on Sepharose 4B [3] 
showed that all NCL present in the super- 
natant was incorporated into liposomes. In 
order to study the interactions between lipo- 
somes and L1210 cells, liposomes were labeled 
with trace amounts of 1 ¢C-dipalmitoyl 
phosphatidylcholine (DPPC) (Amersham, 
Radiochemical Centre, U.K., sp, act. 
120 mCi/mmole). 

L1210 leukemia was maintained in DBA/2 
mice by weekly i.p. transplantation of 105 
cells. For present experiments, cells were har- 
vested from the peritoneal cavity 6 days after 
transplantation and washed twice in RPMI  
1640 medium supplemented with 10°'o foetal 
calf serum (FCS). 

In a series of experiments, the affinity of 
liposomes of different compositions containing 
NCL for L1210 cells was studied. Typical 
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incubations contained in a total volume of 
10ml of R P M I  1640 supplemented with 10'Io 
FCS, 10 s L1210 cells and an amount of 
labeled liposomcs corresponding to 20 mg of lipid 
mixture. After a 2hr  incubation, cells were 
centrifuged at 200 g for 10 min and washed in 
fresh R P M I  1640 medium. The amount of 
14C-DPPC present in cell pellets was mea- 
sured by liquid scintillation counting. Cell- 
associated NCL was measured by HPLC. 

The degree of fluidity of liposomes and of 
L1210 plasma cell membrane was measured 
by the method of Shinitzky [4]. A tluorcscenl 
probe, 1,6-diphenyl 1, 3, 5-hexatrienc (1)PH) 
was incorporated into the lipid bilayer in a 
molar ratio of 1 to 1000 or into the plasma 
membrane by incubating 4 x  l0 s L1210 cells 
in the Tris buffer with 25x  10 9 mole of 
DPH perml at 37°C for 1 hr. The measured 
fluorescence polarization was directly related 
to the fuidi ty of the medium surrounding the 
probe. 

The experiments were pertbrmed using an 
Elscint microviscosimeter model MV~;, (Elscint 
I~td, Haifa, Isracl). The apparatus gives the 
degree of tluoresccnce polarization (P) tbllow- 
ing the equation: 

P = 0 / 7  - I1  ) 

where II/ and I l are the fluorescence intensities 
polarized parallelly and perpendicularly to 
the direction of polarization of the excitation 
beam. The apparatus gives P with an accuracy 
better than 5°i~. The temperature of the 
samples was controlled to within 0.5°C. 

The adsorption of liposomes on L1210 cell 
surface was investigated by tluoresccnce stu- 
dies. In these experiments, tluorescent lipo- 
somes were formed by adding before soni- 
cation 5 m M  6-carboxyfluorescein to the buf- 
t~r containing the appropriate lipids and 
stearylamine. Cells and liposomes were in- 
cubated for 1 hr at 37°C in Hank's balanced 
salt solution. 

For electron microscopic studies, tissue pre- 
paration techniques were adapted in order to 
obtain an optimal lipid preservation [5 I. Cells 
were tixed for 2hr  in 2.5~0 glutaraldehyde 
butt'ered with 0.1 M cacodylate and after rins- 
ing by cacodylate-buffer (0 .1M) postfixed 
"overnight" in the same buffer containing 2°,, 
OsO 4. The highest ethanol concentration of 
solvent used for dehydration and embedding 
did not exceed 70q, [5]. Samples were embed- 
dcd in Epon [6], ultrathin sections were 
contrasted with lead citrate [7] and examined 
at 40 or 60kV under Philips 200 and 301 
electron microscopes. 

RESULTS 

As shown in Table 1, comparable amounts 
of NCL were found in thc 4 types of lipo- 
somes tested, regardless of their charge, lipid 
composition or the degree of membrane 
fluidity. 

In contrast, the percentage of liposomcs 
recovered in cell pellets after centrifugation 
was related to the composition of the lipid 
vesicles. Particularly, for the positively char- 
ged liposomes, the attlnity tor L1210 cells was 

Table 1. AJfinity oj liposomes oj diJ/erent composilions jbr L1210 cells 

Lipid composistion 
of liposomes 

Molar  
ratio 

Radioactivity Nocodazole t~ 
Nocodazolc " (NCL)/  recovered in recovered in 

concentrat ion cell pellets cell pellets 
in liposome ("{, o1" total ('!i, of total 

preparations (#g/ml) radioactivity) Nocodazole ) 

Egg phosphatidylcholine 
Egg phosphatidylcholine 

stearylamine 
Egg phosphatidylcholine 
, cholesterol stearylamine 
Dipalmitoyl phosphatidylcholine 

cholesterol stearylamine 

41.8 0.39 0.6 

7:1 43.3 0.66 

4:3:1 58.4 1.08 1.3 

4:3:1 44.6 5.08 21.0 

1.1210 cells ~10 v cells/ml) were. incubated at 37°C in 8ml  R P M I  1640 medium supplemented with 10'!i, tbctal calf" 
serum. Incubat ions ucve initiated by tile addit ion of 2 ml of liposome preparat ion containing perml  10rag of lipid 
mixture, 60#Ci  of ~*C-1)PPC (120mCi/mmoh' .)  and thc NCI,  concentrat ion indicated above, measured by high 
pertbrmacc liquid chromatography.  After 2 br of incubation,  cell suspensions were cooled in ice, centrifuged at 200 y t[}r 
10 rain and washed one time with 10ml ice cold medium. Radioactivity and Nocodazole" concentration were 
measured in cell pellets. In control experiments where liposomes were incubated without  cells, the radioactivity 
recovered in pellets was less than 10";, of values obtained in presence of cells. The  data  arc the mean o[" duplicate 
experiments. 
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b'i~. 2. L1210 cells hwubaled ~,#/z JTuore~cen! /~os~m~es.' /ipo~o~tze,~ (a) made c f  
di/mlmitO,//d~.~/dm6dyldzo/ine d~o/e.stero~steao,/amb?e (4: 3: 1) are acL~orbed .~ cell 
,su(fizce~ ~,lu'rea.s lipo,some,s G~ ) made o j C~g yolk /d~.~Idzatidvlcholim, chole,sler~L steao'lamine 

(4: 3:1  ) are mndomlF dgm-ibulecl anti .~lww m, ~J./i~il F ./i,, L1210 cdl.~. 
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l"i.~. 3. (a) 1,1210 ~'~//i imul)alcJ.ji, l h r  ~tilh /i/~<~.~,m~'~ (m,J~,',) ~<mtm~filt.~ .\~<~rl~l:_,~l<' ((i{)Izg/mL). /.i/rid 
drop/et,~ [L )  ~mc/ ~'acuo[~,~ ( V )  are ~'~'tt t~ O~lolda.~m. "The ~:dc,.ad~.~ /n~quel~t!)~ cotdaJp~ mull i lmm,l lal ~'<'~i~l~'~ ~hm'lm l ,  

~t/ celA ~ ~,( / i , ,~.  "l)~.n' ~m' ~, ~<~cu~de.~ ~, ,~dtd~mHh~r ~,~'.~icA'~. 1.ipid dn~/dH, (1.) are pn~'~d, t~d i~ /,~,'~'* 
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l"~(,. 4. L I210 cell~ incubah, d in tke pre.~ence of lipo:omes cot~tainhzg .~:):eodazole ~. (a) Tke tkree multilame/lar 
lipid ve,licler ( I 'Ll ,  V1)2. VL3) ,~u~ge,sl lke uptake ~:/" lipo,wme,~ hr lke celA. V." vacuole, m." mitoctzotldrion wilkou! 
anl mo~pkological a/tera/ion, u and arrow: um'lamellar lipid ve.sicle ( x 11,800). Insert: detail :J" lhe cell su(j~ce 
~ko.'ing an dol~ga/ed h'pid ve.Jc/e (1) wkick ,~eem~ lo be taka) up by lke cell. Anotker lipid vesicle tVL) is associa/ed 
Io an im, a..imltion of tke plasma membrane I x  24,800). (b ) De/ads :ff two cells ,~kowi~g :m important cell sur/?.'e 
ac/i~@ a~td cell vacuoliza/iom Tke pla,mm membra~te rkows hwagination tP). Tke cells conlain lipid droplets (L) 
a~d mul/ilame/la~ s/ructure~ {F).~ometimes eta:rapped in a vacuole ~ V). ,'V)a'leus (,~-) and mi/oehondrion (m) are 

:ma/tered { x 19,!-50). 
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l"t~. .3. L1210 ~el/~ in:ubo/ed ~,illt dr .~  /~ee ttposmtl~ lal  .~l~dli/am~.l/a~ ~ttuclme~ I1"~ ,.~'wm ,,, /he .~..l, . V) 

~'hich rezaztts iL~ normal mor]~ho/o~ical.li, alur¢~. P'2." lhL ~atm ~t~uctut ~,~ ~,~,.,( conlacl ~ ttucteu.t ~.a tb~ cvmblasm: 
m: milo~homhi.n ( x  22,000). (h) (;em'r . /  ~'ie~' U / h e  p<ll~f ,~ho~'i.:~, m:dt i la . l . l lm /ipo~.me~ ~mJ~J~') l ipid d~./d<,/~ 
(L )  and ~,acuoles (V) itt /he (l/opl<t,~m. 7h,' morphologi~al :hatz~c~ ¢~, [c.~.~ t t .m~,r.~ Ikat~ ill ~ell, i:~c:d><t/:d wi lh  

/ipo,some.s cotttahtit~ .VCI. .  F:  mul t i lamel lm ~lru:lu~e.~ ~btti/m 1. mullilumel/a~ /ipo~.t.e~ ( × 33-10). 
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correlated with the degree of fluidity of the 
lipid bilayer and that of the cell plasma- 
membrane (Fig. 1). The affinity of liposomes 
made of DPPC, cholesterol and stearylamine 
(molar ratio 4:3:1 ) for L1210 cells was further 
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Fig. 1. Relation between the degree of liposome jluidity and 
their uptake by L1210 cells. AP @rs to the difference of 

.fluidity between liposome bilayer and L1210 cell plasma 
membrane. (O): neutral liposomes, ( 0  ): positive liposomes 
DPPC: dipalmitoylphoaphatidylcholine; EPC: egg yolk phos- 

phatidylcholine: Chol: cholesterol: SA: stearvlamine. 

confirmed by fluorescence studies showing the 
aggregation of these lipid vesicles on the cell 
surface (Fig. 2) whereas liposomes of other 
lipid composition had no affinity for L1210 
cells. 

Ultrastructural studies were performed to 
demonstrate the intracellular localization of 
liposomes either containing NCL or drug-free. 
Electron micrographs of incubations contain- 
ing liposomes and L1210 cells showed small 
unilamellar vesicles (SUV) and large nmlti- 
lamellar vesicles (MLV) in the extracellular 
space {Figs. 3a, 4a, 5b). Some were in close 
contact with plasma membranes {Figs. 3a, 
4a). The presence of membrane invaginations 
suggests liposome endocytosis {Figs. 3a, 4a, 
4b). Moreover, numerous intracytoplasmic 
liposomes were tbund after incubation of 
L1210 cells and lipid vesicles containing or 
not NCL {Figs. 3a, 4a, 4b, 5b). The number 
of intracellular MLV was 4-fold higher when 
liposomes contained NCL as compared to 
drug-free vesicles, the respective liposome to 
cell ratio being 0.80 and 0.24, whereas the 
number of unilamelar liposomes was compara- 

ble. The presence of intracellular liposomes 
did not change the morphology of subcellular 
organelles such as mitochondria, or endoplas- 
mic reticulum or Golgi apparatus, but caused 
the formation of large cytoplasmic vacuoles 
measuring 0.5 to 2#m in diameter {Figs. 4a, 
4b). Morphometric estimation [8] of these 
vacuoles showed that they occupy 11 °.' o of cell 
volume in cells incubated with NCL- 
containing liposomes (Figs. 3b, 4a, 4b) as 
compared to only 7°,"o in cells incubated with 
NCL-free liposomes. The structure of the 
nuclei was unchanged but in several 
cells, liposomes with or without NCL 
were also found in the nucleus (Fig. 5a). In 
some incidences (Fig. 5a), liposomes were 
found in close contact to the cytoplasm and 
to the nucleus, suggesting their passage from 
the former to the latter. The structure of the 
nuclei was not altered by the presence of 
liposomes. Lipid droplets, occupying 3.4% of 
the cell volume in non-treated L1210 cells 
(Fig. 3b), are more abundant  in cells in- 
cubated with liposomes (with or without 
NCL), corresponding to about 10°~) of the 
intracellular volume (Figs. 3a, 5b). 

DISCUSSION 

Many investigators have explored the use of 
liposomes as antineoplastic drug carriers [9, 
10]. It has been suggested that these vesicles 
could be more specifically directed towards 
the neoplastic cells and thereby decrease the 
toxicity of anticancerous chemotherapy and 
modify the pharmacokinetics of a drug. 
Another rationale for using liposome contain- 
ing agents is to overcome drug resistance due 
to lack of cell penetration of the free product. 
So far, however, these theoretical advantages 
have not improved substantially the efficiency 
of antineoplastic agents in vivo or even in vitro, 
at least for water soluble drugs. 

The present study demonstrates that lipo- 
somes could be used as carriers tbr substances 
totally insoluble in water. Such lipophilic 
drugs are easy to incorporate into inuhilamel- 
lar liposomes of various compositions [11, 12]. 
The selection of the proper type of liposomes 
that would readily penetrate into the target 
cell remains empirical. In the system used in 
this study, however, the cell liposome penet- 
ration correlated with the degree of fluidity of 
their membrane at least for positively charged 
liposomes. Clearly, only rigid liposomes me- 
diate a significative incorporation into L1210 
cells. In most studies, the cell-liposome in- 
teraction has been assessed by measuring the 
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cell-associated radioact ivi ty after incubat ion 
with labeled liposomes. This approach  does 
not allow discrimination between the adsor- 
ption on the cell surface and intracel lular  
localization of liposomes. Our  work brings 
morphological  evidence that  liposomes con- 
taining water  insoluble drugs penet ra te  into 
murine  leukemic cells and produce  vacuoliz- 
ation of  their cytoplasm but  no other  sub- 
cellular lesions. Cellular changes such as in- 

crease of  lipid droplets and tbrmation of va- 
cuoles are also produced  by drug flee w~sicles, 
but  are quant i ta t ively  less abundant .  The  
pathogcnesis and pathological  significance of 
these lesions remain  to be elucidated. Also the 
fate of  NCI~ after its cell pcnctra t ion nnlst be 
investigated. So far only the first step showing 
the penet ra t ion  of" water  insoluble drug in- 
corpora ted  into murin leukemic cells has been 
demonstra ted.  
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