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Abstract—7To demonstraie the possibility of cell delivery of water insoluble products,
L1210 cells were incubated with liposomes containing Nocodazole™ (NCL), an
experimental drug totally insoluble in water. Liposomes of vartous lipid compositions
readily incorporated NCL, but only those formed from dipalmitoyl phosphatidylcholine,
cholesterol and stearylamine (molar ratio 4:3:1) had a clear affinity for L1210 cells,
as shown by fluorescence studies. This affinity is mediated by the degree of both cell
and liposome membrane fluidity. Cytoplasmic and intranuclear location of these
leposomes  containing NCL or drug-free and subcellular changes induced by their

presence were demonstrated by ultrastructural studies.

INTRODUCTION

THE rLack 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.

MATERIALS AND METHODS

Liposomes were prepared by dissolving in
chloroform NCL and the appropriate lipids
detalled in Table 1. After complete evap-
oration of the solvent under reduced pressure,
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1 ml of 50mM Tris pH 7.4 containing 0.15 M
NaCl was added per 10mg of dried lipids.
Liposome preparation obtained after a 15 min
ultrasonication at 65 W in N, atmosphere
with a Branson sonifier was centrifuged at
3000 g 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 !*C-dipalmitoyl
phosphatidylcholine  (DPPC)  (Amersham,
Radiochemical Centre, U.K., sp, act
120 mCi/mmole).

L1210 leukemia was maintained in DBA/2
mice by weekly ip. transplantation of 107
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 109 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 RPMI 1640 supplemented with 109

FCS, 10% L1210 cells and an amount of

labeled liposomes corresponding to 20 mg of lipid
mixture. After a 2hr incubation, cells were
centrifuged at 200 g for 10 min and washed in

fresh RPMI 1640 medium. The amount of

1*C-DPPC present in cell pellets was mea-
sured by liquid scintillation counting. Cell-
associated NCL was measured by HPL.C.

The degree of fluidity of liposomes and of

L1210 plasma cell membrane was measured
by the method of Shinitzky [4]. A fluorcscent
probe, 1.6-diphenyl 1, 3, 5-hexatrienc (DPH)
was Incorporated into the lipid bilayer in a
molar ratio of 1 to 1000 or into the plasma
membrane by incubating 4 x10° L1210 cells

in the Tris buffer with 25%x 1077 mole of

DPH perml at 37°C for 1hr. The measured
fluorescence polarization was directly related
to the fluidity of the medium surrounding the
probe.

The experiments were performed using an
Elscint microviscosimeter model MV |, (Elscint
Ltd, Haifa, Isracl). The apparatus gives the
degree of fluorescence polarization (P) {ollow-
ing the equation:

pP= (I,/’/_[L)/([,/’+]L)

where /,; and [, 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 59%,. The temperature of the
samples was controlled to within 0.5°C.

The adsorption of liposomes on L1210 cell
surface was investigated by fluorescence stu-
dies. In these experiments, {luorescent lipo-
somes were formed by adding before soni-
cation 5mM 6-carboxyfluorescein to the buf-
fer containing the appropriate lipids and
stearylamine. Cells and liposomes were in-
cubated for 1hr at 37°C in Hank’s balanced
salt solution.

For clectron microscopic studies, tissue pre-
paration techniques were adapted in order to
obtain an optimal lipid preservation [5]. Cells
were fixed for 2hr in 2.5Y%, glutaraldehyde
buftered with 0.1 M cacodylate and after rins-
ing by cacodylate-buffer (0.1 M) postfixed
“overnight” in the same buffer containing 2°,
OsQy,. The highest ethanol concentration of
solvent used for dechydration and embedding
did not exceed 70%, [3]. Samples were embed-
ded in Epon [6], ultrathin scctions 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 the 4 types of lipo-
somes tested, regardless of their charge, lipid
composition or the degree of membranc
{luidity.

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

Table V. Affinity of liposomes of different compositions for L1210 cells

Lipid composistion Molar
of liposomes ratio

preparations (pg/ml)

R,

Radioactivity Nocodazole *

Nocodazole ™ (NCL)/ recovered in recovered in
concentration cell pellets cell pellets

in liposome (", of total (", of total

radioactivity) Nocodazole)

Egg phosphatidylcholine —
lige phosphatidylcholine—

stearylamine 7:1
Egg phosphatidylcholine-

cholesterol—stearylamine 4:3:1
Dipalmitoyl phosphatidylcholine—

cholesterol--stearylamine 4:3:1

418 0.39 0.6
43.3 0.66

8.4 1.08 1.3
44.6 5.08 21.0

1.1210 cells (107 cells/ml) were incubated at 37°C in 8 ml RPMI 1640 medium supplemented with 10%, foctal calf
serum. Incubations were initiated by the addition of 2ml of liposome preparation containing perml 10mg of hipid
mixture, 60 xCi of "*C-DPPC (120 mCi/mmole) and the NCL concentration indicated above, measured by high
performace liquid chromatography. After 2 hr of incubation, cell suspensions were cooled in ice, centrituged at 200 g for
10 min 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 10V, of values obtained in presence of cells. The data arc the mean of duplicate

experiments.
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Frg. 2. L1210 cells wncubated with  fluorescent  [iposomes:  liposomes (a) made of

dipalmitoylphosphaiidylcholine —cholesterol—stearylamine (4: 3. 1) are adsorbed on cell

surfaces whereas liposomes (b) made of egg yolk phosphatidylcholine—cholesterol- stearvlamine
(4: 3: 1) are randomly distributed and show no affimity for L1210 cells.
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Fig. 3. @) L12V0 colls incubated Jor VW with liposomes (arows) containing Nocodazole ™ (60 pg/ml). Lipid

droplets \LY and vacuoles (V) are seen i cvtoplasm. The vacuoles frequently contain mullilamellar vesicles similar 1o

the lipid vesicles present in the extracellular space { x 5260). (5) L2100 colls incubated without Uiposomes. "The aspect

of cells is wniform. There are no vacuoles or multtlamellar vesicles. Lipid droplets (L) are present. but m loweer
amoant than incells Dncubaled w00t Tiposomes (< 3930).
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Fig. 4 L1210 cells incubated in the presence of liposomes containing Nocodazole™. (a) The three multilamellar
lipid wesicles (VL1, VL2, VL3) suggest the upiake of liposomes by lhe cells. V: vacuole, m: mitochondrion without
any morphological alteration, u and arrow: unilamellar lipid vesicle (x 11,800). Insert: detail of the cell surface
showcing an elongated lipid vesicle (1) which seems to be taken up by the cell. Another lipid vesicle \VL) is associated
lo an invagination of the plasma membrane (X 24,800). (b) Details of feo cells showing an important cell surface
activily and cell vacuolization. The plasma membrane shows invagination \P). The cells contain lipid droplets (L)
and multilamellar structures \F) sometimes entrapped in a vacuole \V). Nucleus (N) and milochondrion (m) are
unaltered (X 19.4350).
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Fig. 5. L1210 cells incubated with drug free liposomes. (a) Multilamellar structures \I7) present in the nucleus (')
which relains its novmal movphological features. I'y: the same structure i close contact {o nuclens and the evtoplasm:
m: milochondrion ( x 22,000). (b) Geneval view of the pellei showing multilamellay liposomes \arrowe) lipid dvoplets
(L) and vacuoles (V) in the cytoplasm. The morphological changes are less numerous than in cells mewbated with
liposomes containing NCL. I': multilamellar structures similar to multifamellar liposomes { x 3340).



Intracellular Penetration of Liposomes in L1210 Cells 1415

corrclated 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 1.1210 cells was further

*
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Fig. 1. Relation between the degree of liposome fluidity and
their uptake by L1210 cells. AP refers to the difference of
Jluidity  between liposome bilayer and L1210 cell plasma
membrane. (Q): neutral liposomes, (@): positive liposomes
DPPC: dipalmitoylphosphatidylcholine; EPC: egg yolk phos-
phatidvicholine: Chol: cholesterol: SA: stearylamine.

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 multi-
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 found 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 um in diameter (Figs. 4a,
4b). Morphometric estimation [8] of these
vacuoles showed that they occupy 119, of cell
volume in cells incubated with NCL-
containing liposomes (Figs. 3b, 4a, 4b) as
compared to only 7%, 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 109, 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 for substances
totally insoluble in water. Such lipophilic
drugs are easy to incorporate into multilamel-
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 radioactivity after incubation
with labeled liposomes. This approach does
not allow discrimination between the adsor-
ption on the cell surface and intracellular
localization of liposomes. Our work brings
morphological evidence that liposomes con-
taining water insoluble drugs penetrate into
murine leukemic cells and produce vacuoliz-
ation of their cytoplasm but no other sub-
cellular lesions. Cellular changes such as in-

F. Frihling et al.

crease of lipid droplets and formation of va-
cuoles are also produced by drug frec vesicles,
but are quantitatively less abundant. The
pathogenesis and pathological significance of
these lesions remain to be elucidated. Also the
fate of NCL after its cell penetration must be
investigated. So far only the first step showing
the penctration of water insoluble drug in-
corporated into murin leukemic cells has been
demonstrated.
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