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nated by liposomal drug delivery. Fast
drug elimination and metabolism can be
retarded with liposomal formulations.

The incorporation of molecules into
the lipid membrane as shown schemati-
cally in Fig. 1 offers several advantages
over the encapsulation of small hydrophilic
molecules into the entrapped aqueous vol-
ume of a liposome. Firstly, the stability of
incorporation is higher, because diffusion
and leakage of lipophilic molecules into
the aqueous medium surrounding the lipo-
somes is negligible. Secondly, the rate of
incorporation during liposome formation
is virtually quantitative and procedures to
separate unincorporated molecules from
the liposomes are not necessary (ef Table
1), and thirdly, the drug-carrying lipo-

cles' (LUV, >200 nm), whereas the 'mul-
tilamellar vesicles' (MLV) are ofheterog-
enous size distribution (0.1 -7 2 J.U11) [1-
4]. For most of the biological applications,
homogeneous SUV's with average diam-
eters ranging from 20 to 250 nm are better
suited than heterogenous MLV prepara-
tions. Depending on the particular physi-
co-chemical properties, hydrophilic mol-
ecules (drugs, contrast agents, fluorescent
probes, proteins, nucleotides, etc.) can be
entrapped within the internal aqueous space
of a liposome, whereas lipophilic mole-
cules are incorporated into the phospholi-
pid membrane. Additionally, antibodies,
proteins, and haptens can be covalently
attached to the outer surface of the lipo-
somes either to enable specific binding to
defined targets or to serve as antigens for
immunization. Liposomes allow the
parenteral administration of insoluble or
poorly soluble drugs. Toxic side effects on
organs and cells can be reduced or elimi-
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Liposomes are spherical vesicles pre-
pared from natural or synthetic phosphol-
ipids and cholesterol. Their mean diame-
ters range from 0.02 to 2 J.U11depending on
the method of preparation, lipid composi-
tion, and concentration and the properties
of added molecules. Liposomes are com-
posed ofeither one (unilamellar liposomes)
or several (oligo- or multilamellar lipo-
somes) lipid bilayers surrounding internal
aqueous volumes. According to their mean
size, the liposomes are classified into ei-
ther 'small unilamellar vesicles', (SUV,
20-200 nm) and 'large unilamellar vesi-

Abstract. Biological and medical applications of liposomes as carriers for cytostatic
drugs, magnetic-resonance contrast agents, and fluorescent markers are presented. The
cytostatic effects of liposomal preparations of lipophilic derivatives of cytosine
arabinoside (ara-C), namely N4-oleyl-ara-C (NOAC) and N4-alkyl-ara-C are demon-
strated in the mouse Ll210 tumor model. Liposomal drugs were more effective by
factors of2-lO as compared to ara-C administered in aqueous preparations. Synergistic
effects o( the combination of ara-C and mitoxantrone could be shown, again with
significantly increased effects, when the drugs were administered in liposomes. A
practical detergent-dialysis method for the preparation of large volumes of sterile
liposomes for clinical use is presented. Clinical phase IIII studies of Iiposoma I NOAC
and mitoxantrone are currently in progress. Methods of preparation of immunolipo-
somes, i.e. the coupling of antibodies or antibody subunits to liposome membranes, are
discussed' and results of specific immunoliposome - cell binding are presented.
Possibilities of increasing the blood circulation times of liposomes by incorporation of
lipophilic derivatives ofpoly(ethylene glycol) into the liposome membranes are shown.
The successful application of liposomes as carriers of paramagnetic metal complexes
as contrast agents in magnetic-resonance imaging for liver and spleen is documented.
Finally, the concept of liposomes as carriers for fluorescent Europium chelates as
markers for time-resolved flow cytometric applications are presented.

1. General Properties of Liposomes
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2.1. Development of Liposomes with
Prolonged Blood Circulation

With synthetic phospholipids of high
liquid-crystal to solid-phase transition tem-
perature, of poly(ethylene glycol)-linked
lipids or of glycolipids [6][7], liposomes
can be made more resistant to degradation
in circulation and to fast absorption in the
organs of the MPS.

We have used the two lipophilic
poly(ethylene glycol) derivatives choles-
teryl-poly(ethylene glycol) 900 sebacat
(chol-PEG(900)) and poly(ethylene gly-
col) (5000)-phosphatidylethanolamide
(PEG(5000)-PE) [6][8] for the prepara-
tion of hydrophilic liposomes. As shown
in Fig. 2, the blood kinetics of such lipo-
somes can be influenced by the addition of
PEG derivatives. Chol-PEG(900) has lit-
tle effect upon prolongation of the circula-
tion of the liposomes, whereas with the
den vative of higher molecular weight high-
er and longer lasting levels of the J125_

labelled (cf Methods) liposomes were
found in the blood. The degree of ethylene
glycol polymerization influences the in-
teractions of the liposomes with blood
components. Short PEG chains (e.g. chol-
PEG(900)) provide no increased blood
stability of the Jiposomes. The eli mination
half-time (t1/2) from the circulation oflipo-
somes without chol-PEG(900) was 1.2 h
and that of liposomes containing 40 mol-
% of chol-PEG(900) 1.1 h. In contrast, a
blood elimination half-time of 3.4 h was
determined with the more hydrophilic PE-
PEG(5000) derivative.

The increased stability of such Iipo-
somes in circulation can for instance be

2. Application of Liposomes in Biology
and Medicine

behaviour, and other applications of Iipo-
somes, the reader is referred to reviews
and publications where these aspects are
dealt with [1-5][9-15].
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a) Results taken in part from [29]. Liposome preparation by capillary detergent dialysis [34].
b) Incorporation efficiency of the drugs was determined by UV spectroscopy or with

radiolabeled are-C derivatives. The initial drug concentration in the micelles was taken as
100%.

C) Hydrodynamic liposome diameters were measured by laser light scattering [62].
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Table J. Incorporation Characteristics of Cytostatic Drugs and Derivatives in Liposomes Prepared
by Detergent Dialysisa)

be targeted to the MPS, or disadvanta-
geous, when the sites of delivery are else-
where in the body. Thus, the development
of liposome preparations that reduce up-
take of the MPS and prolong blood circu-
lation of liposomal drugs are a major task
in liposome research.

On the cellular level, liposomes inter-
act with cell membranes by adsorption,
endocytose, membrane fusion, and lipid
exchange, or by a combination of these
mechanisms [9]. It is conceivable that
mechanisms of cancer-drug resistance may
be circumvented by liposomal drug deliv-
ery in a way (hat cellular drug uptake and
intracellular transport mechanisms can be
altered [10].

The main purpose of this publication is
to present the author's recent work in the
field of liposome applications in biology
and medicine. For more profound infor-
mations on liposome preparation meth-
ods, physicochemical properties, in vivo

- Cytostatic drugs (Ara-C, FUdR, 5-FU, •.)
- Vlrostatic drugs (AZT, ddC, ddI, •.)
- MRI Contrast agents (Gd-DTPA-SA, •.)
- Fluorescent molecules (BHPD, Eu-chelates, •.)
- Charge Jransfer complexes between
mitoxBntrone and phosphatidic acid

.•••.••• - Other derivatives (Proteins, Peptides, ••).•...•.•.•...•...•...•..-- .

.....•.•.•...............
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Fig. I. Schematic representation of the incorporation of lipophilic molecules into a liposome bilayer
membrane. Hydrophilic molecules are modified with long-chain fatty acids, alkyl chains, or they are
attached to phospholipids (e.g. phosphat idyl ethanolamine). Strong complex formation between
lipophilic acids (phosphatidic acid) and basic molecules (e.g. mitoxantrone) yield stable drug-
containing liposomes.

somes can be prepared by the detergent-
dialysis method which offers several ad-
vantages mainly for the preparation of
large quantities of sterile liposomes (see
2.3). A disadvantage encountered in the
use of lipophilic molecules is that chemi-
cal modifications of the origina11y hy-
drophilic drug are often necessary, e.g. the
modification of cytosine arabinoside (ara-
C) intoN4-0Ieyl- or N4-alkyl-cytosine ara-
binoside (NOAC, N4-hexadecyl-ara-C).

Many methods of liposome prepara-
tion and characterization are in use. To-
getherwith many applications in biochem-
istry and biology, they have been described
and discussed in several reviews [1-4].

Fate and behaviour of liposomes in
vivo are very complex, and mainly de-
pending on liposome size and population
homogeneity, lipid composition and site
of administration [5]. Two major events
can take place when liposomes are intro-
duced into a body compartment a) lipo-
somal contents may be released under the
influence of the biological environment
(e.g. interactions with serum proteins) and!
or b) liposomes can be transported to cer-
tain compartments where liposomes or
some or all of the liposomal drug may be
taken up by cells. The kinetic rates of a
determine the extent of drug uptake in b.
Thus, factors that control the physical sta-
bility of the liposomes in vivo are of para-
mount importance. Due to their particu-
late properties, 1iposomes and most of
other drug carriers are taken up by the cells
of the mononuclear phagocyte system
(MPS), i.e. mainly by liver, spleen, bone
marrow, and lymph nodes.

This property may either be advanta-
geous, when the molecule of interest is to
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Fig. 3. Synergistic effect of cytostatic drug combinations. Survival curves of the treatment of L 1210
leukemia in mice with single drugs and drug combinations either as free drugs or as liposomal drug
applications.

Fig. 2. Blood clearance of PEG-modified liposomes. The incorporation of lipophilic PEG derivatives
into the Iiposome membranes increases their blood circulation time. With PE-PEG(5000)-liposomes
the circulation half-time is increased to 3.4 h vs. 1.1-1.2 h of unmodified Iiposomes or liposomes
containing the less effective chol-PEG(900) derivative.
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Synergistic effects between cytostatic
drugs have been demonstrated in vivo with
different conventional and liposomal drug
combinations [23-27]. We investigated
the cytotoxic effect of the combination
therapy of ara-C and mitoxantrone in the
LI210 mouse leukemia model. In Fig. 3
the synergism of the lipophilic ara-C de-
rivative N4-0Ieyl-cytosine arabinoside
(NOAC) and mitoxantrone, both incorpo-
rated into liposomes is shown. Female
BOFI mice inoculated intraperitoneally
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ministered at higher doses and with im-
proved effects in a liposomal preparation
[20].

The lipophilic muramyltripeptide-
phosphatidyl ethanolarnide (MTP-PE), a
macrophage-activating agent, is presently
being studied as liposome preparation in
patients with advanced cancer [21].

Liposomes loaded with In III complex-
es or other radiolabels can successfully be
used for the diagnostic imaging of human
primary and metastatic cancer [22].

2.2. Liposomes as Carriers for
Pharmacologically Active Compounds

In the search of new approaches for the
chemotherapy of malignant diseases the
following strategies are being pursued: a)
Exploration of new combinations with
different dosing and therapy regimens with
existing drugs [16]. b) Search for new
drugs with new pharmacological proper-
ties, and c) the improvement of the effec-
tiveness of existing drugs using methods
to alter drug disposition, kinetics and dose-
response relationships with the aim to
achieve a higher therapeutic index [11].
Such improvements may be accomplished
by chemical modifications of the active
drugs and with the development of drug
delivery systems. An optimal drug deliv-
ery system must be capable to selectively
localize the targets in an organism where
disease resides and to release the drugs at
suitable rates while producing the mini-
mum of untoward side effects. Among a
variety of possible drug delivery systems,
liposomes offer several advantages: a)
Flexibility in formulation of their compo-
sition and size and b) the opportunity to
use drugs of known pharmacological prop-
erties.

These advantages may, however, also
evoke disadvantages. Since the possibili-
ties ofliposome preparation and composi-
tion are almost infinite and each formula-
tion involves different clinical pharma-
cology trials, it is necessary to perform
time consuming preclinical toxicological
and pharmacological studies.

The application of liposome prepara-
tions on humans is most advanced in the
field of cancer chemotherapy. Phase IIII
studies have been reported with liposomal
doxorubicin [17][18] and a water-insolu-
ble quinazolone drug [19].

Other clinical applications ofliposome
preparations comprise the treatment of
systemic mycosal infections which are
common in leukemia and AIDS. The anti-
fungal drug amphotericin B can be ad-

exploited for the development of lipo-
some preparations containing cytostatic
drugs or contrast agents for the vascular
system (see 4). Blume and Cevc [8] pre-
pared liposomes with the saturated phos-
pholipid distearoyl phosphatidy1choline
(OSPC) and 10 mol-% of the OSPEPEG
(5000) derivative. The blood elimination
half-time of these very stable liposomes
was 8.4 h. These results demonstrate that
liposomes of variable kinetic properties
can be prepared. Accordi ng to their partic-
ular compositions, their in vivo behaviour
can be tailored according to the desired
application, i.e. long lasting bloodcircula-
tion or fast absorption in the organs of the
MPS.
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with L1210 leukemia cells were treated by
the intravenous route either with the single
drugs dissolved in buffer (ara-C, mitox-
antrone), or with the single-drugs in lipo-
somes (NOAC, mitoxantrone-phosphatid-
ic acid complex, [28]), and finally with the
combination of both liposomal drugs. The
liposomal drugs were in all cases more
effective, compared to the single-drug ther-
apy and especially as combination of
NOAC and mitoxantrone where all treat-
ed animals survived 60 days [29][30].

In another experiment summarized in
Table 2, we could demonstrate the superi-
or cytostatic action ofliposomallipophilic
derivatives of ara-C in comparison to the
free drug. Total doses of the liposomal
ara-C derivatives which were 2-4 times
below those of free ara-C were more effec-
tive against the LI210 leukemia. The length
of the alkyl chain has a marked influence
on the cytostatic action of the derivative.
Chain lengths of less than 14 C-atoms
showed no effect. This effect of side-chain

length was shown before with N4_acyl
derivatives of ara-C [31].

At the University Hospital in ZUrich,
we are presently conducting phase I/II
studies with liposomal mitoxantrone
[28][32] [33] for the treatment of advanced
breast cancer and indolent non-Hodgkin
lymphomas. In another study, patients suf-
fering from refractive, acute myeloid leuke-
mia (AML) are treated with a combination
of liposomal NOAC and mitoxantrone
liposomes.

Table 2. Antitumor Effect ofN4-Acyl- and N4-Alkyl Derivatives of ara-C in Liposomal Preparations:
L12JO Murine Leukemia Model a)

Fig. 4. Schematic drawing of the capillary dialysis instrument for liposome preparation. F, in-line
filter; Rp R2, micellelliposome reservoirs; Y, valves; PMiL' micelle/liposome pump; PD' dialysis buffer
pump; dialyzer 1-3, capillary dialysis cartridges. Adapted from [34][35].

The targeting of drugs, toxins, pep-
tides, and proteins to a specific site is
subject of many approaches. In cancer
therapy, cytotoxic antibodies, antibody-
toxin conjugates, and antibody-drug con-
jugates are used to obtain increased tu-
morcell specific cytotoxicity [36-42].
However, the use of heterologous anti-
bodies elicits an immune reaction and the
production of human-ant i-mouse antibod-
ies (HAMA). Presently, the production of
human monoclonal antibodies is still not
easy to achieve because of the limited
possibilities of immunizing humans. Fur-
thermore, methods for the production of
stable cell lines that efficiently secrete

3. Immunoliposomes

2.3. Preparation of Liposomes for
Clinical Applications

The use of liposome preparations for
clinical trials requires that large volumes
of stable and sterile Iiposomes, are made
available. For the preparation of the
NOAC- and mitoxantrone-liposomes we
have developed a convenient method of
preparation which is based on the removal
of detergent from mixed lipid/drug/deter-
gent micelles by fast dialysis through cap-
illary dialyzers [34][35]. The setup of the
dialysis instrument is shown in Fig. 4. The
sterile micelle solution is pumped through
an in-line filter (F) into the system. Driven
by pump PM/L the micelles/liposomes (MI
L) circulate in a closed circuit from the
reservoirs (R1,R2) to the serially connected
capillary dialyzers (dialyzers 1-3). In a
counter current flow, the dialysis buffer is
drawn with pump PD alongside the capil-
laries, whereby the detergent is effectively
removed from the micelle solution. Dur-
ing dialysis, the micelles are transformed
into homogeneous bilayer liposomes. The
extensive dialysis guarantees the quanti-
tative detergent removal. Depending on
the lipid concentration and duration of
dialysis, the amount of residual detergent
can be reduced to less than 0.2% of the
initial amount [34]. An example of lipo-
some preparation for clinical application
is given in the experimental section.
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Fragmentation of an Antibody into Subunits

Fig. S. Antibody fragmentation into subunits. With biochemical or molecular biological methods
small subunits of an antibody can be obtained (adapted from [44]). These subunits can e.g. be used
for the preparation of immunoliposomes (cf Fig. 6).

human monoclonal antibodies have to be
developed. Because of the limited possi-
bilities of immunizing humans, it is pres-
ently not achievable to prepare human
monoclonal antibodies. To circumvent
these problems, chimeric human-mouse
antibodies are being produced with mo-
lecular-biological methods [43]. Attempts
are made to reduce the antibody molecules
to the size of the so-called 'minimal reac-
tive unit'(mru) which is the smallest pos-
sible peptide that recognizes and binds to
specific cellular antigens [44]. Such mru's
may have significant advantages over the
original antibody molecules whereby prep-
aration methods of such units and their
linkage to toxins, cytostatic drugs, radio-
nuclides, and macromolecular carriers such
as liposomes have to be developed. The
possibilities of fragmentation of an IgG
antibody molecule into smaller subunits,
namely F(abh-, Fab-, and Fv-fragments,
single chain VH and minimal reactive units,
are schematically shown in Fig. 5.

y
IgG Antibody:
- Murine
- Chimeric
- Human (modified)

F(ab)z Fragment

SingleVH
Chain

Fab Fragment Fv

m
Minimal reactive Unit (mru)

Immunoliposomes

Fig. 6. Liposome - immunoliposome - target cell binding. Drug-containing liposomes are modified
with target cell-specific antibodies or subunits to immunoliposomes which can bind via specific
interactions to target cells (e.g. tumor cells).
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etriaminepentaacetic acid (DTPA) have
to be formed [49]. We have prepared lipo-
somes containing a lipophilic derivative
ofDTPA, namely DTPA-stearate, forthe
complexation with Gd3+, Fe3+, and Mn2+
as paramagnetic ions. As shown in Fig. 8,
Gd3+-DTPA-stearate liposomes are dis-
tributed at very high concentrations in the
liver. MR imaging of the liver was per-
formed with rats and dogs, and strong
contrast enhancement persisted 1-5 h af-
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contrast agents for the imagi ng ofli ver and
spleen [12]. In MRI, paramagnetic com-
plexes were encapsulated into liposomes
also with the intension to improve contrast
in the abdominal organs. Paramagnetic
ions (Gd3+, Fe3+, Mn2+) have the property
to enhance the spin-lattice relaxation of
protons which increases the contrast of the
tissue where these ions are located [48].
Because of the toxicity of these ions, sta-
ble complexes with ligands like diethylen-

4. Liposomes as Carriers for Contrast
Agents

For the improvement of diagnostic ac-
curacy in computed tomography (CT) and
in magnetic-resonance imaging (MRI), li-
posomal contrast agents are being investi-
gated. In CT, multilamellar liposomes have
been used as carriers for IJ25 labeled X-ray

3.1. Preparation and Application of
I mmunoliposomes

Immunoliposomes are obtained by the
linkage of antigen specific molecules to
their surface. In Fig. 6, a schematic view
of the coupling of antibodies, fragments,
and smaller molecules (el Fig. 5) to drug-
carrying liposomes is given. The covalent
linkage of such molecules to the surface of
liposomes can be effected by various meth-
ods. A variety of bifunctional reagents are
available which offer multiple coupling
possibilities [45] [46]. We have investi-
gated the coupling of antibodies to lipo-
somes using N-succinimidyl-S-acetylth-
ioacetate (SATA) and N-succinimidyl-3-
(2-pyridyldithio)propionate (SPDP) as bi-
functional linkers.

In Fig. 7, scanning electron micro-
graphs from in vitro incubations of lipo-
somes (a) and immunoliposomes (b) with
EL4 T-cell lymphoma cells are shown.
Few liposomes and liposome aggregates
are unspecifically adsorbed to the cell
surface (a), whereas the antibody mediat-
ed binding of the immunoliposomes is
demonstrated in (b) where a high number
of single liposomes bound to the cell sur-
face and the protruding microvilli can be
recognized [47].



Fig. 7. Scannin{?-electron-microscope pictures of unspecific liposome - cell binding and specific
antibody-mediated bindin{? ofimmunoliposomes to the surface of an EtA lymphoma cell. Liposomes
and immunoliposomes (arrows) are adsorbed (a) or bound (b) to the surface and to microvilli of the
cell. Bar, 111m. Modified from [47].
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ter application of the liposomal prepara-
tion [50][51]. As shown in Fig. 8, the
initially high blood concentration of the
liposomal Gd3+-chelate is decreasing, as
liver accumulation is increasing. In MR!,
contrast agents for the vascular system are
needed, and attempts are being made to
increase the blood circulation times of
paramagnetic ion chelates by attachment
to macromolecules and particulate carri-
ers [52][53]. The modification of chelate-
carrying liposomes with PEG derivatives
as described above (cf 2.1) may allow the
use of such preparations for the imaging of
the vascular system.

5. Fluorescent Liposomes and Their
Use in Cytofluorometry and Immuno-
fluorescence

In biological research, fluorescent li-
posomes are used for many purposes [13-
15]. Similar to drugs and contrast agents,
fluorescent molecules can either be en-
capsulated in the trapped aqueous volume
or incorporated into the lipid membrane of
a liposome. The binding of liposomes and
immunoliposomes to target cells can be
monitored by flow cytometry and/or fluo-
rescence microscopy . We demonstrated
specific liposome binding to tumor cells
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using the highly lipophilic perylene dye
N,N' -bis(l-hexylheptyl)-3,4:9, IO-peryl-
enebis(dicarboximide) (BHPD) [47].

In flow cytometry (FCM), ways are
being sought after to increase the sensitiv-
ity of the detection methods. The specific
fluorescence of a labeled molecule is often
overlaid and disturbed by the short lived
autofluorescence of the cell. Most of the
fluorescent probes presently used in FCM
have very short fluorescence emission life-
times in the ns range.

Chelate complexes of Eu display unu-
sual fluorescent properties like a Stoke's
shift of 250-350 nm as compared to 28 nm
for fluorescein and very long fluorescence
lifetimes in the order of 0.1-1 millisecond
[54]. Such Eu3+-chelates have found var-
ious applications in fluoroimmunoassays
[55][56]. In collaboration with the Insti-
tute of Biomedical Engineering of the
ETH-Ztirich (Prof. M. Anliker), we are
developing a method which allows the use
of time-resolved fluorescence (TR-FCM)
in flow cytometry [57][58]. To achieve a
signal to noise ratio which is high enough
for the detection of a low number of anti-
bodies bound to a cell ca. 500 Eu3+-chelates
per antibody are necessary [58]. For this
purpose, we are developing liposomes
which can carry high numbers (>500-106)

of either a H20-soluble Eu3+ complex or a
lipophilic derivative of this complex. The
concept of specific binding of Eu3+.la-
beled immunoliposomes to target cells is
shown in Fig. 9. A biotinylated anti-CD8
antibody is noncovalently linked via avi-
din to biotinylated liposomes containing
entrapped chelate complexes ofEu3+ with
4,7 -bis( chlorosulfophenyl)-I, 10-phenan-
throline-2,9-dicarboxylic acid (Eu3+-BCP-
DA) and BHPD as short-lived fluores-
cence marker [47] [54]. These immunoli-
posomes contain sufficient Eu molecules
to allow the detection of target molecules
on autofluorescentcells [57]. For the meas-
urement of time-resolved fluorescence, a
conventional cytometer was modified en-
abling the time delayed detection of the
Eu3+-fluorescence after the extinction of
short lived autofluorescence [58]. With
both methods, conventional FCM using
the liposomal BHPD fluorescence and TR-
FCM of the liposomal Eu3+-chelates, we
could demonstrate as preliminary results
specific liposome binding via the CD8
antigen on human lymphocytes.

6. Experimental

Materials. Soy phosphatidylcholine (SPC,
Epikuron 200) was from L. Meyer, Hamburg,
FRG, egg phosphatidyl choline and phosphatidic
acid were from Lipid Products, S. Nutfield, U.K.
Cholesterol (recrystallized from MeOH), choles-
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teryl-poly(ethylene glycol) 900 sebacat (chol-
PEG(900), stearylamine, and thioglycerol were
from FJ uka. Sodium cholate, DL-a-tocopherol,
org. solvents and buffer salts were from Merck,
Darmstadt, FRG. The ara-C derivatives were
synthesized as described in [29]. The fluorescent
probe BHPD was synthesized by Demmig and
Langhals [591.Mitoxantronedihydrochloride was
from Lederle Arzneimittel GmbH, Wolfrats-
hausen, FRG. All other reagents used were of
anal. grade and from Fluka or Merck. The radio-
activesalts NaII25,Gd153C13,Fe59C13,and Mn54CI2
were obtained from Amersham Int., Amersham,
U.K.

Methods. Liposomes containing the ara-C
derivatives N4-0Ieyl-ara-C and the N4-alkyl-ara-
C compounds (cf Table 2) were prepared in vol.
of20-50 ml by detergent dialysis as described in
[29]. Briefly, the org. (CHCI/MeOH, I: lv/v)
lipid/drug/detergent mixtures (egg- or soy phos-
phatidylcholine, cholesterol, lipophilic drug,
charged lipid (phosphatidic acid or stearylamine),
DL-a-tocopherol were dried by rotatory evapora-
tion (Biichi rotavapor 011) and solubilized with
20-50 ml of phosphate buffered saline (PBS, pH
7.4). The micellar sol. were dialyzed against 10-
20 I PBS during 15-20 h in a Lipoprep GD-l
instrument (Diachema, Munich, FRG). After di-
alysis the liposomes were removed from the
instrument and fi Itered through 0.45 llffi steri Ie
filters (Van Leer Medical, frigny, France).
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a dynamic laser-light-scattering instrument (Ni-
comp 200, Sta Barbara CA, USA) 1621.For these
measurements, the liposomes were diluted 1:20
(v/v) with filtered (0.2 llffi) PB.

In vivo Cytotoxicity ill the LJ2/0 Murille
Leukemia Model. The evaluation of the cytostatic
activity of liposomal drug preparations was per-
formed according to the protocols of the National
Cancer Institute [63], with minor modifications.
Ll210 cells (I· I05) from donor ascites were in-
jected i.p. or i.v. into female BDFt mice (Tier-
farm, CH-Fiillinsdorf). Drug treatment was done
2 and 6 d after tumor cell implantation (cf Table
2 and Fig. 3). Increase of lifespan was evaluated
by calculation of the mean survival time in days

Liposome Characterization. The mean diam-
eters and population homogeneities of all Iipo-
some preparations were routinely detemlined with

Fig. 8. Pharmacokinetics ofGd-DTPA-stearate liposomes as MRI contrast agent. The Iiposomes are
accumulated in the liver tissue yielding high liver contrast over 1-5 h after injection.

Fig. 9. Concept of the use of immunoliposomes as carriers for Eu chelates for the time-re.l'oh·ed
detection offluorescence on target cells

ing pore size (0.1-0.03 J.U11) according to the
method described by Hope et al. [60]. To increase
the entrapment of Eu3+-BCPDA (2-4 mM), or
generally of small hydrophilic molecules, into
the Iiposomes, the ML V's were frozen and thawed
in 3-4 cycles in liquid N2 and H20 of 40° [61].
Then, they were repetitively extruded with a
Lipex Extruder™ (Lipex Biomembranes Inc.,
Vancouver, Canada). Unencapsulated chelate was
removed by dialysis against PB or by column
chromatography on a BioGel P6-DG column
(BioRad, Richmond. CA, USA) [57].

ulrge Volume Liposome Preparation for
Clinical Trials. The cancer drug mitoxantrone
(Novantrone®) forms a strong complex with neg-
atively charged lipids [28]. The drug can be
bound to liposomes containing phosphatidic acid
by the formation of a 1:2 molar complex (cf Fig.
1). Homogeneous and stable Iiposomes can be
prepared by detergent dialysis in spite of the fact
that mitoxantrone is a small H20-soluble mole-
cule. The preparation of 3 I of mitoxantrone
Jiposomes with a drug concentration of 0.1 mg/
ml is given below.

20 g of soy phosphatidylcholine (SPC,
Epikuron 200). 2 g of cholesterol, 0.355 g of
mitoxantrone dihydrochloride, 0.95 g of phos-
phatidic acid, and 0.12 g ofDL-a-tocopherol plus
20.6 g of sodium cholate as detergent are dis-
solved in 500 ml of CH2CI/MeOH (I: 1 v/v).
After filtration and exhaustive removal of the
org. solvents by rotatory evaporation (3-4 h,
40°), the lipid/drug/detergent mixture is dissolved
in 500 ml of sterile phosphate buffer (PB, 67 mM,
pH 7.4). After sterile filtration (0.2 llffi), the
micelle soln. is pumped into the dialysis instru-
ment (cf Fig. 4) which is set up with two capillary
dialysis cartridges (Baxter-Travenol, Type ST-
25). After dialysis of20 I ofPB. the mitoxantrone
liposomes are collected and diluted to 3000 ml
with sterile PB. Thioglycerol (0.5 g) is added as
an antioxidant and the liposomes are filled under
sterile conditions and nitrogen purging into 100
ml ampoules. The liposomes have mean diame-
ters of 60-80 nm and can be stored up to 12
months at 4-7°. The cap. dialysis method can be
used for the preparation of liposome vols. ofO.l-
10 I.The upscaling of the capillary dialysis meth-
od for the preparation of larger batches should be
feasible.

Filter Extrusion. The liposomes containing
Eu3+-chelates were prepared by extrusion of
multi lamellar liposomes through Nucleopore®
(Sterico AG, Dietlikon) membranes of decreas-
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of the treated (T) animals as compared to that of
the control (C) animals, expressed as TIC in %.
The animals were observed daily until death or
60d.

Pharmacokinetics and Organ Distribution of
1/25• or Cd/53-Labelled Liposomes. Radioactive-
ly labeled liposomes were used for the kinetic
experiments with the PEG-modified liposomes
(c.f. Fig. 2) and with the MRI contrast agent
liposomes «(f Fig. 8). The PEG-liposomes con-
tained SPC, cholesterol, DL-a-tocopherol and the
corresponding PEG deri vati ves (10:2:0.0 I :04 mol
parts) and were prepared in vols. of 5-10 ml by
dialysis as described above. 1125labeled SPC was
obtained by the photoreaction with 3-(trifluor-
ometh y1)-3-(m- [1125] iodophen yI)diaziri ne (TID)
as described by Brunner and Semenza [64]. The
1125_SPCwas added in trace amounts to the lipid
mixtures and liposomes (5-1 0 ml) were prepared
by sodium-cholate dialysis (see above).

The Iiposomes containing the paramagnetic
chelates Gd3+-, Fe3+-, and Mn2+-DTPA-stearate
were composed of SPC, cholesterol, DL-a-toco-
pherol, DTPA-stearate (10:2:0.0 I:2-6 mol parts).
The liposomes were prepared by cap. dialysis
using a small dialyzer cartridge (Baxter- Traven-
01, ST-12) allowing the preparation of batches of
50-200 ml. Traces of Gd153C13, Fe59C13, and
Mn54Clo were added during complex formation
to the DTPA-stearate Iiposomes as desribed be-
fore 150][51].

The pharmacokinetic parameters and organ
distribution data were obtained as follows: male
or female rats (ZUR:SIV, Institut fUr Zuchthy-
giene, University of ZUrich) of 160-240 g b. wt.
were used. Liposomes (0.5-1.5 ml) containing 30
/.1M of the metal chelate were injected i. v. into the
tail vein or the exposed jugular vein. Three ani-
mals per time point were used and killed after 0.5,
I, 2, 4, 24, 72, and 192 h. Blood and the main
organs were removed and the concentration of the
radioactively labeled chelates determined in a
gamma counter (Packard Auto-gamma 5000).
Pharmacokinetic parameters were calculated as
described in [50]151]. The distribution of Gd3+-
OTPASA in liposomes in blood and liver are
shown in Fig. 8.

Immulloliposomes. Antibody Modification
and Liposome Coupling. The detai led methods of
antibody modi fication and coupling to liposomes
are given in [47]. Summarized, the IgG mono-
clonal antibodies (anti-B8-24.3, anti-IB 16-6)
were modified with the bifunctional coupling
reagents SPDP (Pharmacia) and SATA. SATA
was synthesized according to Duncan et al. [65 J.
Optimal coupling conditions ( molar ratios of
SATA: antibody, incubation time, temperature,
pH) were determined. The modified antibodies
were linked to liposomes of the usual-composi-
tion (SPC, cholesterol, DL-a-tocopherol). Addi-
tionally, the liposomes contained NOAC as cyto-
static drug and a lipophilic maleimide derivative
( N-(3-malei midopropiony I)-JV2-palmi toyl-L-
lysine methyl ester, (MP-PL» to which the SAT A
modified antibodies could be attached via a thio-
ether linkage. To be able to determine liposome
- cell binding by flow cytometry the lipophilic
fluorescent marker BHPD was incorporated into
the liposome membranes.

Binding experiments ofliposomes and target
cell specific immunoliposomes were made as
follows: target cells (1.5.106 EL4 or B I6 melano-
ma cells) suspended in PB were mixed with
liposomes (1-130 nM, corresponding to 0.02-

2.5.106 liposomes/cell) in a vol. of 0.4 ml. After
incubation during 60 min at 4° and several wash-
ing cycles, the cell-bound Iiposomal BHPD fluo-
rescence intensity was measured on an Epics
Profile Fluoro Cytometer (Coulter Corp.) at470-
nm excitation and 530-nm emission wavelength.

For the scanning electron microscopy exper-
iments (cf. Fig. 7 a,b) the binding of the lipo-
somes to EL4 cells was performed as described
above. After incubation, the cells were fixed with
2% glutaraldehyde and seeded on glass cover-
slips precoated with poIY-L-lysine (Sigma, Mr

60000). The dehydrated and dried samples were
coated with gold (10 nm) and examined in a SEM
505 (Philips).

7. Concluding Remarks

In this review of the author's recent
work, it is demonstrated that liposomes
can be used as very versatile macromo-
lecular carriers for a large diversity of
hydrophilic or lipophilic molecules. The
use of liposomes as drug carriers for in
vivo applications offers several advantag-
es over other carrier systems. Liposomes
can be prepared with natural, untoxic, and
degradable lipids, and the liposome mem-
brane can be composed according to par-
ticular requirements. Size and homogene-
ity which contribute to the in vivo proper-
ties ofliposomes can also be influenced by
the use of appropriate preparation meth-
ods and by selection of the lipid composi-
tion. Compared to other carrier systems
like albumins, dextrans, antibodies, nano-
capsules, etc., liposomes offer the advan-
tage that significantly higher numbers of
small molecules can be loaded into one
vesicle. Generally, an antibody can carry
10-50 small molecules without impair-
ment of its specific binding activity. The
loading capacity of albumins and dextrans
varies between 100 to a few thousands of
molecules, whereas liposomes can be load-
ed with very high numbers of small mole-
cules. For example, a I mMsolution ofara-
C entrapped in 1 ml of Iiposome suspen-
sion with an entrapment efficiency of 1%
yields 6.1015 trapped ara-C molecules per
liposome. The entrapment of high num-
bers of small hydrophilic molecules into
the inner aqueous space of a liposome has
the disadvantage that these molecules leak
through the lipid bilayer and that, there-
fore, stable preparations are not obtained.

Lipophilic molecules like, e.g. the ara-
C derivatives N4-01eyl-ara-C and N4-hex-
adecyl-ara-C can be incoporated at num-
bers of 104_105 molecules per liposome,
depending on the drug properties, and on
size and concentration of the liposomes.
Here, the incorporation efficiency is virtu-
ally quantitative and liposome prepara-
tions of high stability are obtained.

With the possibility to vary these pa-
rameters, optimized liposomal prepara-
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tions can be obtained which meet the re-
quirements of their intended application.
Liposomes loaded with an antitumor drug
can either be made to stay in circulation,
when a circulating leukemia cell is the
target, or the liposomes are composed and
prepared in such a fashion that they accu-
mulate in the liver, when a liver tumor or
tumor metastases have to be treated. The
natural distribution and elimination kinet-
ics of liposomes can further be altered by
the attachment of cell-specific antibodies
or antibody subunits to the liposome sur-
face. With the concept of cell-specific
immunoliposome binding, higher uptake
of cytostatic drug molecules in the tumor
cell and less unwanted toxic effects on
healthy cells are expected. The circum-
vention of multidrug resistance of tumor
cells by their treatment with liposomal
cytostatic drugs may be possible. Uptake
mechanisms and intracellular drug distri-
bution of drugs delivered by liposomes to
resistant cells are presently under investi-
gation [10].

The clinical utility of liposomal drug
preparations depends on the availability
of large batch preparation methods. Most
of the presently used methods allow only
the preparation of small batch volumes for
laboratory use. Methods which allow the
preparation oflarger liposome batches are
under development. The filter extrusion
and detergent-dialysis methods can read-
ily be enlarged in scale, The detergent-
dialysis instrument described in this pub-
lication allows the preparation of interme-
diate batches of 0.1-1 0 1of liposomes. It
can easily be set up and operated in a
sterile facility, e.g. in a hospital pharmacy.
The utilization of this method could allow
the performance of important clinical tri-
als with liposomal drug preparations.

The lyophilization ofliposomes would
greatly encourage the use of clinical lipo-
some applications. The method is under
investigation, and lyophilizedMLV'scon-
taining muramyltripeptides are in use [21],
The future developments in this field may
contribute to new approaches of the use of
known drugs, of insoluble lipophilic mol-
ecules as intravenous application forms,
of more effective and less toxic prepara-
tions, of new vaccination methods and of
general aspects of drug-membrane Inter-
actions.
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