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ABSTRACT

The effect of changes in lipid composition on the antitumor activity of
doxorubicin (DXR)-containing liposomes was studied in immunoglobulin
solid immunocytoma-bearing Lou/M Wsl rats. Rats bearing a tumor with
a diameter between 20 and 30 mm were treated i.v. with 2 mg/kg free
DXR or different DXR-containing liposome types for 5 consecutive days
followed by one injection more at day 11 after start of therapy. A similar
pattern of tumor regression was observed for free DXR and DXR en
trapped in -fluid" liposome types. However, DXR entrapped in "solid"

liposome types expressed an antitumor activity which was significantly
delayed; during the first 3 days after start of therapy solid DXR-
containing liposomes were less effective in inducing antitumor activity
than fluid DXR-containing liposomes.

In order to gain more insight into the mode of action of DXR-containing
liposomes, one of the solid liposome types (composed of distearoylphos-
phatidylcholine, dipalmitoylphosphatidylglycerol, and cholesterol (chol)]
was compared with one of the fluid liposome types (composed of egg
phosphatidylcholine, phosphatidylserine, and chol| with respect to distri
bution and integrity in vivo. Results obtained after i.v. administration of
(3H|inulin-labeled vesicles to tumor-bearing animals suggested that a

differential liposome uptake by the tumor was not relevant for the
explanation of the delayed antitumor effect. To monitor the structural
integrity of liposomes after i.v. injection, the liposomes were double
radiolabeled with | 'I l|inulin as a marker of the aqueous phase and
cholesteryl |'4C|oleate as a marker of the lipid phase. The bilayer

structure of both liposome types remained intact during their presence in
the blood compartment. Intact liposomes were taken up primarily by
liver and spleen with subsequent degradation of the liposome structure.
The degradation rate appeared to be dependent on the lipid composition
of the liposomal membranes; phosphatidylcholine/phosphatidylserine/
chol liposomes were degraded much faster than distearoylphosphatidyl-
choline/dipalmitoylphosphatidylglycerol/chol liposomes. The difference
in degradation rate was manifested more clearly in the spleen than in the
liver. In vitro investigations on uptake and processing of liposomes by
liver macrophages indicated that the difference in degradation rate be
tween liver and spleen was caused by intrahepatic reutilization of [I4CJ-

oleate liberated from the liposome structures.
Correlation of the relatively slow degradation of the solid liposomes

with the delayed antitumor activity exhibited by these liposomes in vivo
suggests that the antitumor activity exerted by DXR-containing liposomes
in vivo is dependent on the rate of degradation of the liposome structure
within mononuclear phagocytes of the reticuloendothelial system.

INTRODUCTION

DXR3 is a powerful chemotherapeutic agent used for the

treatment of a variety of human cancers. Its therapeutic value,
however, is strongly limited by a cumulative dose-dependent
cardiotoxicity (1). Liposome encapsulation of DXR for the
purpose of decreasing its cardiotoxicity with preservation of
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antitumor activity has been investigated in several laboratories
(2-7). Despite large differences in experimental conditions, the
broad picture emerging from these studies denotes that lipo
some encapsulation of DXR can increase the therapeutic index
by reducing cardiotoxicity with maintenance or in some cases
even improvement of antitumor activity.

Previously our research group reported on the therapeutic
efficacy and toxicity of DXR-containing liposomes in a trans-
plantable solid IgM immunocytoma tumor system in Lou/M
Wsl rats. It was found that cardiotoxicity and nephrotoxicity
were reduced while the antitumor activity was preserved after
encapsulation of DXR in stable, negatively charged liposomes
(2). The exact mechanism responsible for this increased thera
peutic index is still not fully understood. DXR-containing li
posomes may act as a depot system for sustained release of
entrapped DXR maintaining the level of drug at the tumor site
above a minimum cytotoxic level and avoiding simultaneously
highly cytotoxic drug concentrations in other drug-sensitive
tissues (e.g., the heart). It is well known that after i.v. injection
the majority of circulating liposomes binds to and is endocy-
tosed by the mononuclear phagocytes of the RES, in particular
those located in liver and spleen. Therefore, in addition to
sustained release of DXR from liposomes still present in the
circulation, sustained release of DXR from the RES should be
considered as a potential possibility. Also the possibility that
DXR is delivered by the liposomes directly into the tumor
should not be totally excluded. There is evidence that intact
liposomes are capable of penetrating solid tumors in vivo (8-
14). Considering the inability of especially larger liposomes to
pass through the vascular endothelium (15), the uptake of
liposomal DXR may depend strongly on the structure and
physiological condition of the tumor blood vessels (16-18).

In this paper we studied the effect of changes in lipid com
position of the liposomal bilayer on the antitumor activity of
DXR-containing liposomes in the IgM immunocytoma-bearing
Lou/M Wsl rat. For a rational approach to optimize the ther
apeutic benefits of liposomal DXR it is essential to gain more
insight into the mode of action of DXR-containing liposomes.
For that purpose different aspects concerning the mechanism
of antitumor activity of DXR-containing liposomes were inves
tigated in vitro and in vivo. The present results indicate that
uptake and processing of DXR-liposomes by mononuclear
phagocytes of the RES are important determinants for DXR-
liposome action in vivo.

MATERIALS AND METHODS

Animals. LOU/M Wsl rats, originally obtained from Dr. H. Bazin
(Catholic University of Louvain, Louvain, Belgium), were bred at the
National Institute of Public Health and Environmental Hygiene, Bil-
thoven, The Netherlands. Male rats, 200-300 g and 10-18 weeks of
age, were used. In some experiments (see below) male Wistar rats (175-
200 g) were used. Animals were maintained according to accredited
procedures in our facility.

Tumor Model. Lou/M Wsl rats were inoculated s.c. on the left flank
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with IO4 IgM immunocytoma cells in 0.5 ml of plain RPMI 1640

(Grand Island Biological Co., Europe B.V., Hoofddorp, The Nether
lands). The inoculated animals developed a palpable tumor after 17 to
21 days, which grew to a diameter of 25 to 35 mm within 6 to 8 days.
At this time, the tumor has metastasized to the regional lymph nodes
and micrometastases in the liver can be detected (19). Details on the
tumor model are described elsewhere (20).

Lipids and Preparation of Liposomes. DXR (Adriablastine) was sup
plied by Lab. Roger Bellon (Neuilly sur Seine, Paris, France). Egg PC
type V-E, bovine brain PS, DSPC, DPPC, DPPG, DCP, chol, and TA
type HI were obtained from Sigma Chemical Co. (St. Louis, MO) and
used without additional purification.

Chloroform/methanol (1/1, v/v) containing DXR, lipids, and in
some cases also TA, was evaporated to dryness on a rotary vaporizer
under reduced pressure at 40-45Â°C.The lipid-drug film was evacuated

for at least 2 h. Subsequently, glass beads and the hydration medium
(145 HIM NaCl-10 mM Tris-HCl, pH 4) were added. Nitrogen was
passed through the hydration buffer for about 15 min. The film was
hydrated by hand shaking at 45Â°Cfor fluid liposome types, at 55Â°Cfor
DPPC/DPPG/chol and at 70Â°Cfor DSPC/DPPG/chol vesicles and

left after complete dispersion in a refrigerator for 1 night. At this stage
of preparation 1 ml of the dispersion contained about 40 nmol of
phospholipid and 2.5 mg of doxorubicin.

The liposomes, mainly multilamellar vesicles, were sized by extrusion
sequentially through polycarbonate membrane filters with pore diame
ters of 0.6 and 0.2 ^m (Uni-pore; Bio-Rad, Richmond, CA) under
nitrogen pressures up to 0.8 MPa in the case of fluid liposome types.
Vesicles prepared from solid phase lipids were extruded at 70Â°Conly

through filters with 0.6-fim pores; it was not possible to pass these
liposomes through 0.2-nm pores at pressures as high as 0.8 MPa and
temperatures of 60-70"C. Free (non-liposome-associated) DXR was
removed by dialysis at 4Â°Cagainst a solution consisting of 145 mM

NaCl and 10 mM Tris-HCl (pH 4). The dialysis membranes (M, 10,000
cutoff, 3.2-cm2 exchange area; Diachema, RÃ¼schlikon,Zurich, Switzer

land) were soaked with distilled water for at least 15 min and rinsed
extensively before use. In some cases, a recently developed method (21)
involving application of the cation exchange resin Dowex 50W-X4
(Serva, Heidelberg, Federal Republic of Germany) was used to separate
free from liposome-bound DXR. In that case the dispersion was mixed
with Dowex (sodium form) and left for 5 min (minimally l g Dowex/
ml dispersion). The cation exchange resin was separated from the
liposome-containing supernatant by filtration through 8.0-ÃÃmmem
brane filters (Uni-pore). After both separation techniques less than 10%
of the total amount of DXR present was in the free form.

The free/liposome-associated DXR ratio in the final liposome dis
persion was determined by separating free DXR from liposome-bound
DXR by gel filtration (Sephadex G-50 fine; Pharmacia, Uppsala, Swe
den). After destruction of the liposomes by addition of Triton X-100
and subsequent heating, DXR was assayed spectrophotometrically at
480 nm. Lipid phosphorus was determined according to the procedure
of Fiske and SubbaRow (22).

Various characteristics of the liposome types used in this study are
presented in Table 1. Liposome dispersions were stored at 4Â°Cunder

nitrogen and used within 3 weeks after preparation. During this period
the DXR leakage rate was very low (<10% free DXR). Only in a few
PC/PS/chol (10/5/4) preparations (type B) was there significant drug

Table 1 Characteristics of DXR-containing liposome dispersions
(multilamellar vesicles)

Values are means of two separate liposome preparations.

LiposomecompositionA.

PC/PS/chol
B. PC/PS/chol
C. PC/PS/chol/TA
D. PC/DCP/chol
E. DSPC/DPPG/chol
F. DPPC/DPPG/cholMolar

ratio10:1:4

10:5:4
10:5:4:4
10:5:4
10:1:10
10:1:10Mean

diameter
(Mm)(PI)Â°0.30

(3)
0.27 (3-4)
0.24 (3-4)
0.22 (5-6)
0.82 (4-5)
0.73 (3-4)f

po
tential
(mV)-11-24

ND
-24
-12
-12Fluidity(fluid/solid)

(lvalue)*Fluid

(0.242)
Fluid (ND)
Fluid (ND)
Fluid (ND)
Solid (0.404)
Solid (0.398)

* PI, polydispersity index (see "Materials and Methods"); ND, not determined.
* Degree of fluorescence polarization of diphenylhexatriene at 25"C.

leakage (>10%). In such cases, the free drug was removed from the
liposome dispersion again prior to injection. No significant chemical
decomposition of DXR was observed (23).

Mean particle size was measured by dynamic light scattering (Na-
nosizer; Coulter Electronics, Ltd., Luton, United Kingdom). This ap
paratus provides a mean diameter in combination with a polydispersity
index ranging from O(monodisperse) to 9 (extremely polydisperse). As
an example for orientation, a gold sol approaching a normal size
distribution with a mean diameter of about 50 nm and a coefficient of
variation of about 15% has a polydispersity index of 3.

The electrophoretic mobility of liposomes was determined by mi-
croelectrophoresis (Rank Brothers Mark II, Bottisham, United King
dom). .("potentials were calculated from averaged mobilities of at least

20 particles in both directions (variation coefficient, <10%).
Steady-state fluorescence polarization (P) measurements were per

formed as described in Ref. 24 in an Elscint MV-la apparatus (Elscint
Ltd., Haifa, Israel) using l,6-diphenyl-l,3,5-hexatriene as a fluorescent
probe. The P value provides information about the structural order of
the liposomal membranes.

Preparation of Radiolabeled Liposomes. The procedure for the prep
aration of radiolabeled DXR-containing liposomes was nearly identical
to the method described above for the nonradioactive liposomes. In
experiments in which the association of liposomes with tumor tissue
was studied, liposomes were radiolabeled by adding [3H]inuIin (specific

activity, 1.3 Ci/mmol; Radii Â»chemicalCentre, Amersham, United King
dom) to the hydration medium (145 HIMNaCl-10 mM Tris-HCl-1 mM
inulin, pH 4). The specific radioactivity in the final vesicle preparation
amounted to 0.42 /iCi/^mol lipid for PC/PS/chol liposomes (type A)
and 0.46 fjCi/fimol lipid for DSPC/DPPG/chol liposomes (type E).
An internal volume of 1.7 nl/timol lipid for the former and 3.1 \i\j
/Â¿mollipid for the latter liposomes was calculated. Before use, the
radiolabeled dispersion was mixed with a nonradiolabeled dispersion
for the i.v. administration of 2 mg DXR/kg body weight. In experiments
in which the in vivo integrity of liposomes was studied, both the enclosed
water phase and the lipid bilayer of the liposomes were radiolabeled.
In addition to [!l I(inulin as marker of the water phase, the liposomes
also contained cholesteryl-l-['4C]oleate (56.7 mCi/mmol; Radiochem-

ical Centre), which was added to the initial chloroform/methanol
mixture as a marker of the lipid phase. Two batches of double radiola
beled PC/PS/chol liposomes were used; the specific radioactivity for
cholesteryl-l-[14C]oleate in the final vesicle preparation was 0.19 /Â¿Ci/

finu il lipid in batch 1 and 0.21 tiC\/nmo\ lipid in batch 2. The specific
radioactivity for [3H]inulin was 0.96 ^C'i/^mol lipid (batch 1) and 0.92

MCi//imol lipid (batch 2). For DSPC/DPPG/chol liposomes the specific
activity for cholesteryl-l-['4C]oleate was 0.08 nC\/pmo\ lipid and for
[3H]inulin it was 0.42 p.Ci/nmo\ lipid. Free DXR and free [3H]inulin

were simultaneously removed from the liposome suspension by gel
filtration on a Sephadex G-100 column (internal diameter, 1.1 cm;
length, 26 cm). An internal volume of 1.1 /jl//<mol lipid (batch 1) and
1.3 n\/nmo\ lipid (batch 2) for PC/PS/chol liposomes and 2.3 jil/Minol
lipid for DSPC/DPPG/chol liposomes was calculated. Before use in in
vivo experiments, the radiolabeled dispersion was mixed with a nonra
diolabeled dispersion for the i.v. administration of 2 mg DXR/kg body
weight.

Evaluation of Antitumor Activity. Groups of 10 tumor-bearing ani
mals each were formed at random. Treatment was started approxi
mately 17 days after tumor cell inoculation (-day 0) when the tumor

had reached a diameter of 20 mm or more. The dose per injection was
2 mg DXR/kg body weight. Injections were performed i.v. (tail vein)
on 5 consecutive days (days 0-4) followed by one more injection on
day 11. Tumor size was measured with vernier calipers and expressed
as a mean value of 3 perpendicular measurements.

Determination of Leakage of DXR-containing Liposomes in Serum.
DXR-containing liposomes were diluted at a 1:1 ratio with serum
obtained from male Lou/M rats and additionally incubated at 37Â°C.

Leakage of liposomal DXR content was determined by separating
liposomes from released DXR by gel filtration on a Sephadex G-50
column. The free DXR/liposome-associated DXR ratio was measured
as described in "Lipids and Preparation of Liposomes."

In Vivo Studies with Radiolabeled Liposomes. In experiments in
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which the association of liposomes with tumor tissue was studied,
tumor-bearing Lou/M rats were given injections in the tail vein of
I )\R liposomes single radiolabeled with [3H]inulin and prepared as

described above (2 mg DXR/kg body weight). For control purposes,
free | "IIÂ¡imilinwas also injected at a label dose similar to that used for
the injection of liposomes (about IO1dpm/rat). In experiments in which

the in vivo integrity of liposomes was studied, Lou/M rats (bearing no
tumor) were given injections in the tail vein of double radiolabeled
DXR-containing liposomes prepared as described above (2 mg DXR/
kg body weight). The injected lipid doses are indicated in the text. At
l h after injection, blood samples were drawn from the retroorbital
plexus into heparinized tubes under light ether anesthesia. For deter
mination of tissue-associated radioactivities, the rats were anesthetized
with ether at various times postinjection. For removal of the blood,
livers were perfused via the portal vein with isotonic saline. Tumors,
livers, and spleens were excised, weighed, and stored at -20Â°Cprior to

further analysis. After thawing, the tissues were homogenized in a
Potter-Elvehjem tube in water using a motor-driven Potter homoge-
nizer. Samples were taken in triplicate from each homogenate for
measurement of radioactivity. Radiolabeled samples of liposomes,
plasma, or tissues (0.5 ml) were mixed with 0.5 ml of hydrogen peroxide
and decolorized for l h at 60Â°C.Radioactivity was assayed with Plas-

masol (Packard Instruments, Belgium) as a scintillation mixture and
counted in a I KM(Rack Beta II) liquid scintillation counter in preset
'I I/' V channels using an external standard ratio method for quenching
correction and correction for the contribution of I4C in the 3H channel.

Total radioactivity in blood and tissues was calculated and converted
to percentage of administered dose. Blood volume was taken as 6.5 ml/
100 g body weight.

Uptake and Metabolism of Liposomal Cholesteryl-l-|l4C]oleate in
Liver and Spleen in Vivo. Wistar rats (175-200 g) were given injections
in the femoral vein of empty PC/PS/chol liposomes which were single
labeled with cholesteryl-l-[14C]oleate (4.2 x 10s dpm/Mmol lipid). To

determine the uptake of the liposomal radioactive label, livers and
spleens were excised and processed as described above. In addition,
aliquots of the homogenates were extracted with chloroform/methanol
according to the method of Bligh and Dyer (25) and the lipids were
separated by thin-layer chromatography on a 0.5-mm layer of Silica
Gel 60 F254(Merck) with petroleum ether (40/60)/diethyl ether/formic
acid (60/40/1.5) as a solvent system. Relevant spots were scraped from
the plates and mixed with 0.5 ml water. Radioactivity was measured in
5 ml Hydroluma (Lumac, The Netherlands) as a scintillation mixture.

Uptake and Metabolism of Liposomal Cholesteryl-l-['4C]oleate in in
FVfro-cultured Kupffer Cells. Cholesteryl-l-[14C]oleate-labeled PC/PS/

chol liposomes (devoid of DXR) were incubated with Kupffer cells
cultured in vitro. In order to obtain Kupffer cells in vitro, nonparenchy-
mal liver cells were isolated by in situ perfusion of livers of female
Wistar rats with 0.2% Pronase for 3-4 min and subsequent incubation
of the liver tissue with the enzyme solution for an additional 60 min at
37Â°Cto digest the parenchyma! cells. After removal of cell debris and

erythrocytes by Metrizamide-R gradient centrifugation, Kupffer and
endothelial cells were separated by elutriation centrifugation. Details
of this procedure are extensively described in Ref. 26. The isolated
Kupffer cells were kept in maintenance culture in Dulbecco's modified
Eagle's medium (Flow Laboratories, United Kingdom) with L-gluta-

mine containing 20 HIM4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid and 10 mM NaHCOj, pH 7.4. The medium was supplemented
with penicillin (60 Â¿tg/ml),streptomycin (100 /Â¿g/ml),and heat-inacti
vated fetal calf serum (20% v/v). Cells (14.5 x IO6) in 10.5 ml culture

medium were seeded on plastic Petri dishes (8.5 cm in diameter) and
incubated at 37"C. After 1 day the medium was refreshed. Incubation

experiments were started after 2 days of maintenance culture. During
the incubation experiments of liposomes with the cells the incubation
medium consisted of culture medium from which the antibiotics and
fetal calf serum were omitted. After removal of the culture medium the
cells were preincubated for 20 min in incubation medium before addi
tion of liposomes. Per IO'1Kupffer cells 200 nmol liposomal lipid were

added. Ammonium chloride (10 mM), when added, was already present
during the preincubation period. After incubation, the cells were washed
6 times with cold phosphate-buffered saline and the cells were scraped

Table 2 Change in tumor size during the first 3 days after start of therapy
The liposome dispersions were tested repeatedly in various different in vivo

experiments. Free DXR and DXR-liposomes were administered i.v. at days 0, 1,
and 2 at a dose of 2 mg/kg.

Tumor size at day 3 (% of
tumor size at day 0)

TreatmentgroupNon-treatedFree

DXRA.
PC/PS/chol(10/1/4)B.
PC/PS/chol(10/5/4)C.
PC/PS/chol/TA (10/5/4/4)D.
PC/DCP/chol(10/5/4)E.
DSPC/DPPG/chol(10/1/10)F.

DPPC/DPPG/chol(10/l/10)Experiment

1145
Â±20Â°89

Â±787
Â±590
Â±489
Â±385

Â±8112
Â±9*102

Â±10*Experiment2130

Â±688
Â±889
Â±692

Â±8104

Â±7*108

Â±10*Experiment3155

Â±1287
Â±888
Â±997Â±8C

" Mean Â±SD of 10 animals. Data higher than 100% indicate tumor growth;

data lower than 100% indicate tumor regression.
*'cStatistical significance (Student's t test, 2-sided) was determined against the

fluid liposome type A investigated in the same experiment in which the solid
liposome type was investigated: P < 0.001 (b); P < 0.05 (e).

from the dishes in ice-cold distilled water. Aliquots were taken for
determination of protein content [according to the method of Lowry et
al. (27)] and radioactivity measurements. The remaining volume was
lyophilized and the lipids were extracted according to the method of
Folch et al. (28). Both the chloroform and the aqueous methanol phases
were sampled for radioactivity determination. The lipids were separated
by thin-layer chromatography and analyzed for radioactivity as de
scribed above.

RESULTS

Characterization of Liposomes. Several characteristics (com
position, particle size, surface charge, and fluidity) of different
DXR-liposome types (A-F) are presented in Table 1. A 5-fold
increase in PS content of liposomes A yielded a higher negative
f potential (type B). The increase in negative f potential was
not linearly related to the extent of PS enrichment. A similar f
potential was induced by a same molar amount of DCP (type
D). TA was incorporated in liposomes C because it was found
that this compound had a stabilizing effect on PS-enriched
bilayers with respect to DXR latency during storage.3 It was

not possible to extrude the liposome types E and F through
polycarbonate membrane filters with 0.2-fitn pores which ex
plains their relatively large particle size. The high degree of
polarization (P value) obtained for liposomes E and F demon
strates their solid nature.

Antitumor Activity. The antitumor activity of free DXR and
the various DXR-liposome types is presented in Table 2 and
Fig. 1. Table 2 shows that during the first 3 days after start of
therapy "solid" DXR-liposomes (types E and F) were less

effective in inducing antitumor activity in comparison with
"fluid" DXR-liposomes (types A-D). A representative selection

of the antitumor data obtained is presented in Fig. 1. Free DXR
and DXR entrapped in fluid liposomes (represented by type A)
induced a similar pattern of tumor regression. During the initial
time period after start of therapy, DXR entrapped in the solid
liposome type E (DSPC/DPPG/chol, 10/1/10) did not induce
tumor regression but only tumor growth retardation. However,
after the initial period of 3 days, the tumor showed regression
similar to the regression induced by fluid liposomes and free
DXR. Apparently, the antitumor activity of the solid liposomes
was delayed significantly. Separate experiments have shown
that increasing the mean diameter of liposomes A (from 0.3 to

1 Unpublished data.
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non-treated

o1-
03 7 10 U 17 21
days Ã¶fterstart of therapy

il died

Fig. 1. Antitumor activity of free DXR and DXR entrapped in different
liposome types in solid IgM immunocytoma-bearing Lou/M Wsl rats. DXR (2
mg/kg body weight) was injected i.v. daily for 5 days (day 0-4) followed by one
additional injection at day 11 after start of therapy. Results obtained during the
first 21 days after start of treatment are shown. Treatment groups consisted of
10 animals. The characteristics of the liposome types are described in Table 1.

0.6 urn) did not significantly alter its tumor regression profile.3

Therefore, the delayed antitumor activity exhibited by solid
liposomes was probably based on their lipid composition rather
than on their larger particle size.

Detection of Radiolabeled Liposomes in Tumor Tissue. Radio-
labeled DXR-liposomes A (further referred to as PC/PS/chol
liposomes) and E (further referred to as DSPC/DPPG/chol
liposomes) were injected i.v. into tumor-bearing rats. [3H]Inulin

was used as a marker of the encapsulated aqueous phase since
it has proved to be a reliable liposome marker for uptake of
intact liposomes (29-31). It is metabolically inert and has a
very long retention time within cells once internalized with the
help of liposomes (32). In free form (e.g., after leakage) it is
rapidly cleared from the circulation by the kidneys and not
taken up by tissue cells to any significant amount. After injec
tion of free [3H]inulin into tumor-bearing Lou/M rats, we have

found that after 10 min 12.1 Â±0.9%, after 30 min 4.8 Â±0.4%,
and after 4 h 0.5 Â±0.2% of the injected dose (about IO7 dpm/

rat) was still present in the circulation (data expressed as mean
Â±SD of three rats). After 4 h, the uptake of free label by tissues
was very low, liver not measurable, spleen 0.1 Â±0.0, kidneys
0.5 Â±0.1, heart 0.1 Â±0.0, lungs 0.1 Â±0.0, tumor 0.4 Â±0.1.

Results of the liposome experiments are presented in Table
3. As it was found (as will be described further on in this paper;
see Table 7) that 4 h after injection practically all PC/PS/chol
liposomes were cleared from the circulation but that DSPC/
DPPG/chol liposomes were still present in the blood in a
considerable amount, the association of the latter liposomes
with tumor tissue was also studied 24 h after injection. Based

Table 3 Detection of radiolabeled DXR-liposomes in tumor tissue
DXR-containing liposomes radiolabeled with [3H]inulin were administered i.v.

to rats bearing a solid IgM immunocytoma (2 mg DXR/kg body weight, 170
fimol lipid/kg body weight). As a control, free [3H]inulin was also injected at a

label dose similar to that used for injection of liposomes.

Liposometype"Free

[3H]Inulin

PC/PS/chol (10/1/4)
DSPC/DPPG/chol (10/1/10)Time

after
injection

(h)4

4
424Tumor-associated

radioactivity (%
of injected 3H

dose)0.4
Â±0.1*

0.8 Â±0.2
0.9 Â±0.2
0.6 Â±0.1

* Characteristics of the liposome types are described in Table 1.
* Mean Â±SD of three animals.

Table 4 Integrity of PC/PS/chol liposomes in liver and spleen in vivo
PC/PS/chol (10/1/4) DXR-liposomes radiolabeled with [3H)inulin as a marker

of the aqueous phase and cholesteryl-l-[uC]oleate as marker of the lipid phase

were injected i.v. into rats (1 mg DXR/kg body weight; 46 f/niol lipid/kg body
weight). At times indicated liver and spleen were excised, homogenized in water,
and processed for measurement of radioactivity as described in "Materials and
Methods." Data are given as the mean Â±SD of three animals.

TissueLiver

Spleen1

h10.9

Â±0.9
25.2 Â±1.0Ratio

3H/UC4h19.2

Â±0.6
65.7 Â±11.224

h77.7

Â±7.5
134.7 Â±36.1Initial

3H/UC ratio

of the liposome
preparation4.5

Â±0.1 (n = 3)

on [3H)inulin recovery, only a very low percentage of the in

jected amount of liposomes was found to be present in tumor
tissue. No substantial difference in tumor-associated amounts
of label between PC/PS/chol liposomes and DSPC/DPPG/
chol liposomes was observed.

In Vivo Integrity. Preliminary leakage experiments at 37Â°C

performed in the presence of 50% male Lou/M rat serum
showed that PC/PS/chol liposomes were somewhat leaky
whereas DSPC/DPPG/chol liposomes were not; during a 60-
min incubation the former liposomes released 20% of the initial
amount of liposome-bound DXR and the latter liposomes only
<5% (mean of duplicate incubations).

Experiments using double radiolabeled liposomes were con
ducted to monitor the structural integrity of liposomes after i.v.
administration. In addition to [3H]inulin as a marker of the
internal aqueous phase cholesteryl-l-[14C]oleate was incorpo

rated as marker of the lipid phase. In contrast to cholesterol,
cholesteryl-l-[14C]oleate does not interact with lipoproteins

(33). Furthermore, this compound is susceptible to lysosomal
esterase activity resulting in the liberation of the labeled oleate
from the cholesterol moiety. Consequently, because [3H]inulin

remains metabolically inert in the cells, intracellular degrada
tion of the liposomes will result in an increase in the 3H/14C
ratio if release of [MC]oleate from the cells occurs.

Table 4 presents the results of an experiment in which double
radiolabeled PC/PS/chol liposomes were injected i.v. into rats.
In the liver the 3H/14C ratio increased approximately 18-fold at

24 h after injection indicating extensive intrahepatic degrada
tion of the liposomes and release of 14Clabel. In the spleen the
increase of the 3H/14C ratio was even more pronounced (ap
proximately 30-fold) suggesting a higher rate of liposomal
degradation as compared to the liver. However, the rate of
intrahepatic degradation may be underestimated since it is
possible that liberated oleate can be incorporated into hepato-
e>tes whereas such a reutilization may not occur in the spleen.
To investigate the possibility of reutilization, uptake and me
tabolism of liposomal cholesteryl-l-['4C]oleate in liver and

spleen was studied in more detail using empty PC/PS/chol
liposomes single labeled with cholesteryl-l-[14C]oleate. Table 5

shows the results. Analysis of labeled lipids revealed that both
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Table 5 Uptake and metabolism ofliposomal cholesteryl-1-["C/oleate in liver

and spleen in vivo
Cholesteryl-l-['4C]oleate-labeled PC/PS/chol (10/1/4) liposomes (containing

no DXR) were injected i.v. into rats (10 Â¿imollipid/kg body weight). At the times
indicated liver and spleen were excised and homogenized in water. Total amount
of organ-associated radioactivity was estimated ("apparent uptake") and lipids
were extracted and separated by thin-layer chromatography as described in
"Materials and Methods." Data are expressed as the mean of duplicate determi

nations that agree to within 10%.

TissueLiverSpleenTime

after
injection

(h)14241424Apparent

uptake
(nmol total

lipid/gtissue)93.640.57.3216.629.311.8%

of total lipid labelinPL"25424388178FFA7322254TG454238254CO201076624

* PL, phospholipids; FFA, free fatty acids; TG, triglycÃ©rides;CO, cholester-

yloleate.

Table 6 Metabolism ofliposomal cholesteryl-l-p'CJoleate in cultured

Kupffer cells
Kupffer cells in maintenance culture were incubated with cholesteryl-l-['4C]-

oleate-labeled PC/PS/chol (10/1/4) liposomes (containing no DXR) at 37'C in

the presence or absence of IO min NH4C1. Vesicle lipid (200 nmol) was added to
IO6 Kupffer cells. At the times indicated total cell-associated radioactivity was
estimated ("apparent uptake") and lipids were extracted and separated by thin-
layer chromatography as described in "Materials and Methods." Data are ex

pressed as the mean of duplicate determinations that agree to within 10%.

Apparent uptake
(nmol total

Incubation lipid/mg pro-
time (min) tein)

% of total lipid label in

PL" FFA TG CO

10306060

(+NR,CI)12.112.513.218.811426313151212156183635282
" PL, phospholipids; FFA, free fatty acids; TG, triglycÃ©rides;CO, cholester-

y(oleate.

label into the triglycÃ©ridefraction, the bulk of incorporation
taking place into the phospholipid fraction.

Table 6 also provides evidence that the [I4C]oleate was liber

ated from the cholesterol moiety by a lysosomal esterase, since
incubation of the liposomes in the presence of ammonium
chloride, which is known to raise the intralysosomal pH (34),
resulted in a substantial inhibition of the degradation of lipo-
somal cholesteryl-l-[14C]oleate.

Using the double radiolabeling procedure, the in vivo integrity
of the fluid PC/PS/chol liposomes was investigated in compar
ison with that of the solid DSPC/DPPG/chol liposomes (Table
7). DSPC/DPPG/chol liposomes were eliminated from the
blood less rapidly than PC/PS/chol liposomes. The 2-fold
higher lipid dose injected in the case of DSPC/DPPG/chol
liposomes was not the reason for the observed slower elimina
tion. Additional experiments with equal lipid doses of both
liposome types excluded interfering RES saturation effects
(results not shown). The 3H/I4C ratio found l h after injection

equalled that of the liposomal preparation before injection
indicating that the bilayer structure of both liposome types
remained intact during their presence in the blood compart
ment. Overall radioactive label disposition was consistent with
localization predominantly in liver and spleen. The 3H/'4C

ratios measured in liver and spleen homogenates 4 h after
injection denote that once within liver and spleen PC/PS/chol
liposomes were degraded much faster than DSPC/DPPG/chol
liposomes. In the spleen the 3H/I4C ratio increased to a much

higher extent for PC/PS/chol liposomes than for DSPC/
DPPG/chol liposomes. In the liver the 3H/I4C ratio also in

creased in case of the fluid liposome type, whereas for the solid
liposome type the ratio did not increase at all. A similar result
was obtained for DPPC/DPPG/chol liposomes (type F in Table
1, data not shown).

in liver and spleen liposomal cholesteryl-l-['4C]oleate was ef

fectively degraded. However, in liver, efficient incorporation of
the liberated [l4C]oleate was observed into both phospholipids

and triglycÃ©rideswhereas in the spleen oleate incorporation
occurred into phospholipids only. Presumably the hepatocytes
were responsible for the appearance of oleate in the hepatic
triglycÃ©ridefraction, a process which occurs only to a limited
extent in macrophages as is shown in Table 6 for isolated
Kupffer cells in monolayer culture. After uptake by the Kupffer
cells of empty PC/PS/chol liposomes labeled with cholesteryl-
l-[14C]oleate, there was only marginal incorporation of the I4C

DISCUSSION

The delayed antitumor effect observed during treatment with
solid liposomes (Table 2) was regarded as a useful phenomenon
for the study of the path along which DXR-liposomes exert
antitumor activity. The most pronounced effect was observed
for DSPC/DPPG/chol liposomes (Fig. 1). Therefore, this li
posome type was selected for further investigations. In order to
investigate the possibility that fluid liposomes accumulated into
the tumor to a higher extent than solid liposomes, radiolabeled
DXR-liposomes were injected i.v. into tumor-bearing rats. For

Table 7 In vivo integrity of DXR-containing liposomes
DXR-containing liposomes, double radiolabeled with [3H]inulin as marker of the aqueous phase and cholesteryl-l-[14C]oleate as marker of the lipid phase, were

administered i.v. to rats (2 mg DXR/kg body weight; PC/PS/chol liposomes, 75 jimol lipid/kg body weight; DSPC/DPPG/chol liposomes, 159 Â¿imollipid/kg body
weight). For experimental details, see "Materials and Methods." The results are expressed as the mean Â±SD of four animals.

Tissue radioactivity (% of in
jected3H-dose)Liposome

type"PC/PS/chol(10/1/4)BloodLiverSpleenDSPC/DPPG/chol(10/1/10)BloodLiverSpleen1h46.7

Â±8.7NDCND61.0

Â±4.9NDND4h0.3

Â±0.143.0
Â±6.538.0
Â±6.531.7

Â±1.919.1
Â±1.345.5
Â±3.03H/'"C

ratio1

h5.0

Â±0.1NDND5.4

Â±0.1NDND4

h7.9

Â±0.653.3
Â±14.25.7

Â±0.14.8
Â±0.46.9
Â±0.4Initial

3H/14C ratio

of the liposome
preparation5.1

Â±0.1 (n =3)5.3Â±0.1(n

= 3)

" Characteristics of the liposome types are described in Table 1.
* â€”,not quantifiable because of too low amounts of radioactivity measured.
c ND, not determined.
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this study [3H]inulin was selected as a liposome marker since it

has proved to be a reliable marker for the uptake of intact
liposomes (29-31). In view of the very low and similar recov
eries of pHJinulin for PC/PS/chol and DSPC/DPPG/chol
liposomes in tumor tissue (Table 3), a differential liposome
uptake by the tumor does not seem to be relevant for the
explanation of the delayed antitumor effect expressed by
DSPC/DPPG/chol liposomes.

Instead, we hypothesized that during the first 3 days after
start of treatment less DXR was released in vivo from the solid
liposome types than from the other fluid liposome types. In
vitro leakage experiments performed in the presence of serum
showed that PC/PS/chol liposomes were somewhat leaky
whereas DSPC/DPPG/chol liposomes were stable with respect
to DXR leakage. The slightly different serum latencies between
both liposome types suggest that only a small fraction of bound
DXR was released from the liposomes in the bloodstream.
Considering that the in vivo antitumor activity of the fluid PC/
PS/chol liposomes equals that of free DXR at decreasing dos
age levels (2), the role of DXR leakage from the liposomes
within the bloodstream in the therapeutic availability of lipo-
somal DXR seems to be only a minor one. We reasoned that
in addition to a release of DXR from circulating liposomes a
redistribution of DXR might occur after disposition of the
liposomes within their main sites of uptake, i.e., cells belonging
to the RES, and subsequent degradation of the liposome struc
ture.

The use of double radiolabeled liposomes provides valuable
information on liposomal integrity. Intact liposomes were taken
up primarily by liver and spleen with subsequent degradation
of the liposome structure (Tables 4 and 7). The observed slower
clearance of DSPC/DPPG/chol liposomes (Table 7) is most
probably a result of a combined effect of high cholesterol
content and the presence of solid phase lipids (31). Considering
the relatively large mean particle size of the liposome types
under investigation, which prevents liposome passage through
fenestrations in the endothelial lining of the liver sinusoids, the
liver uptake will be restricted almost exclusively to the Kupffer
cells (15, 26). Liposome uptake in liver and spleen occurs
predominantly by way of endocytosis (34, 35) although espe
cially in the case of the solid liposomes adsorption to the cell
surface without internalization cannot be totally excluded (36).
After internalization the liposomes end up in the lysosomal
system (34, 35). The increase in 3H/14C ratio (Table 4) obtained

with the fluid liposomes in both liver and spleen represents
intralysosomal degradation of the liposome structure. As com
pared to the liver, the ratio found in the spleen 4 h after injection
was much higher, suggesting a more active degradation process
in the spleen. In the liver, however, after enzymatic liberation
reutilization of the [l4C]oleate label by metabolic lipid synthetic

pathways must be taken into account. From Tables 5 and 6 it
can be concluded that in the liver presumably the hepatocytes
were responsible for the reutilization of liberated oleate. Effi
cient reutilization of the [l4C]oleate by the hepatocytes can

easily lead to an underestimation of the rate of intrahepatic
degradation of the liposomes.

The ratios presented in Table 7 further demonstrate that the
degradation rate is dependent on the composition of the lipo
somal membrane. The degradation process within the lysoso
mal apparatus appears to be more rapid for PC/PS/chol lipo
somes than for DSPC/DPPG/chol liposomes. Intrahepatic reu
tilization of liberated ['"CJoleate can explain the observation

that the difference in degradation rate between both liposome
types under investigation was manifested more clearly in the

spleen than in the liver. In addition, it must be noted that for
PC/PS/chol liposomes the ratios listed in Table 4 were found
to increase faster as compared to the ratios presented in Table
7. We assume that besides biological variation between subse
quent experiments differences in injected lipid doses may ac
count for that. The results strongly suggest that the effect of
composition on degradation rate is related to differences in
fluidity characteristics of both liposome types. On the basis of
14Clabel release from spleen cells it can be estimated that 4 h

after i.v. injection the fluid liposomes were degraded for more
than 90% whereas the solid liposomes were degraded for only
20-25%. Taking also into account the high stability of the solid
liposomes against DXR leakage as observed in the in vitro
leakage experiments performed in the presence of serum, it
appears that both before uptake (while still circulating in the
blood) and after uptake by liver and spleen macrophages DXR
was released from the solid liposomes in a much lower rate in
comparison with the fluid liposomes. Correlation of the rela
tively slow degradation of the solid liposomes with the delayed
antitumor activity exhibited by these liposomes in vivo (Table
2; Fig. 1) suggests that the antitumor activity exerted by DXR-
containing liposomes in vivo is dependent on the rate of deg
radation of the liposome structure within RES mononuclear
phagocytes. Liposome degradation within mononuclear phago
cytes seems to be the rate-limiting step in the expression of
antitumor activity.

Assuming that the liberation of DXR from the liposome
structure is coupled to degradation of liposomes by lysosomal
enzymes, the effect of lipid composition on degradation kinetics
may provide an important tool in controlling the in vivo rate of
DXR release from the depot organs liver and spleen. When
optimization of the therapeutic merits of liposomes is consid
ered, the design of liposomes by varying fluidity characteristics
may be an important objective. Ideally, it seems possible to
construct DXR-liposomes with such macrophage-mediated
controlled release properties that after i.v. administration blood
levels are developed which are just above or equal to the
threshold concentration needed for antitumor activity. A max
imal reduction in cardiotoxicity would then be achieved, since
it is reported that many DXR side effects (including cardiotox
icity) are strongly dependent on the maximum concentration in
the blood (37).

In conclusion, in light of the /// vivo finding that solid lipo
somes exhibit a delayed antitumor activity, our data suggest
that the therapeutic availability of liposomal DXR is controlled
by the structural in vivo integrity of the liposome bilayers. The
rate and extent of the intralysosomal degradation of liposomes
and subsequent release of encapsulated contents may be major
factors affecting therapy by modulating the availability of the
encapsulated drug.
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