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Abstract

The hydrolysis of the bilayer forming phospholipids resulting first of all in lysophospholipids and fatty acids is one
limiting factor determining the shelf-life of liposomes. In several studies the influence of pH, buffer, lipid composition
and other parameters on the hydrolysis of phospholipids have been demonstrated, but the influence of drugs has not
yet been investigated systematically. In this study the influence of nucleoside analogues, especially 2%,2%-difluoro
2%-deoxycytidine (gemcitabine, dFdC) on the degradation of phospholipids was elucidated in more detail. It could be
demonstrated that the interaction of dFdC with phospholipid bilayers promotes the hydrolysis of phospholipids in a
concentration-dependent manner. Obviously two parts of the molecule, the amino group bound to the pyrimidine
moiety and the 2%,2%-difluoro-2%-deoxyribose, seem to be responsible for the forced phospholipid hydrolysis. The
dFdC-induced hydrolysis of phospholipids was influenced by pH, buffer, lipid composition and different anions.
Optimization of the above parameters resulted in prolonged shelf-life of dFdC liposome dispersions, which is an
important prerequisite for clinical practice. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gemcitabine (2%,2%-difluoro-2%-deoxycytidine,
dFdC), 1-b-D-arabinofuranosylcytosine (Ara-C)
and 5-fluorouridinedeoxyribose (FUdR) are cyto-
toxic nucleoside analogues used for anticancer
therapy of solid tumors and leukemia (Schwen-
dener et al., 1987; Heinemann et al., 1988, 1992;
Hertel et al., 1990; Abbruzzese et al., 1991; Chu et
al., 1993; Lund et al., 1993; Zhang et al., 1993;
Kaye, 1994). Due to their short plasma half-lives,
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the drugs have to be applied in high doses to
guarantee sufficient plasma levels for cytotoxic
efficacy over a sufficient time period. In order to
protect the nucleoside analogues from rapid
metabolic degradation and to enhance the effi-
ciency of nucleoside analogues in anticancer ther-
apy, there are efforts to entrap these drugs into
liposomes as drug delivery systems for sustained
release (Schwendener et al., 1987; Allen et al.,
1992; van Borssum Waalkes et al., 1993; Moog et
al., 1998a,b).

A long shelf-life of a liposomal formulation is a
prerequisite for a broad use in clinical practice
and is reduced by lipid hydrolysis. The products
of lipid hydrolysis during the storage of liposomes
are lysophospholipids, fatty acids and glyc-
erophosphate. They may lead to an increased
leakage of entrapped drugs (Inoue and Kitagawa,
1974; Grit and Crommelin, 1992), to an increase
in particle size due to aggregation (Petersen and
Chan, 1978) or a decrease (Zuidam et al., 1995)
and to a change of the tolerability of these formu-
lations. It has been demonstrated that a high
concentration of lysophospholipids enhances RES
depression and increases the acute toxicity of
liposomes in a dose dependent manner (Lutz et
al., 1995). In several studies the influence of buffer
and lipid composition, charge, particle size, pH
and ionic strength on the stability of liposomes in
terms of hydrolytic degradation of the phospho-
lipids has been demonstrated (Piraube et al., 1988;
Grit and Crommelin, 1992, 1993; Grit et al.,
1993a,b; Zuidam et al., 1995). Drugs might also
increase the hydrolysis rate of phospholipids.
Their influence, however, has not yet been investi-
gated systematically to our knowledge.

To develop liposomal formulations of cytotoxic
nucleoside analogues for anticancer therapy and
of oligonucleotides for gene therapy, which
should show long-term stability, we investigated
the influence of dFdC, Ara-C, FUdR and an
oligonucleotide on the stability of different lipids
and lipid compositions in extruded, small unil-
amellar vesicle (SUV) and multilamellar vesicle
(MLV) dispersions. The hydrolysis of lipids in
different buffer systems, at different pH and un-
der the influence of different drugs was assessed in
stress tests by aging the formulations artificially.

At a defined temperature above the phase transi-
tion temperatures of all tested lipids (60°C) lipid
hydrolysis was accelerated for several hours. On
the basis of these investigations optimal condi-
tions for a liposomal dFdC formulation could be
established.

2. Material and methods

2.1. Materials

Distearoylphosphatidylcholine (DSPC) and
dipalmitoylphosphatidylglycerol (DPPG) were
purchased from Sygena, Liestal (Switzerland).
Hydrogenated egg phosphatidylcholine (EPC-3)
was a kind gift of Lipoid, Ludwigshafen (Ger-
many). Lysophosphatidylcholine was prepared in
our group by hydrolysis of DPPC by Phospholi-
pase A2 (PLA2) from Naja mozambique mozam-
bique, which was purchased from Sigma,
Deisenhofen (Germany). Cholesterol (CHOL) and
5-fluorouridinedeoxyribose (FUdR) were ob-
tained from Fluka, Neu-Ulm (Germany). The hy-
drochloric salt of gemcitabine (dFdC) was a kind
gift of Eli Lilly, Indianapolis, (USA). The hydro-
chloric salt of 1-b-D-arabinofuranosylcytosine
(Ara-C) and cytosine were purchased from Sigma,
Deisenhofen (Germany). The oligonucleotide
GTACGTCACTCAGTCACG was synthesized
by Birsner & Grob Biotech GmbH, Denzlingen
(Germany). All other reagents were of analytical
grade.

2.2. Methods

2.2.1. Preparation of the liposome dispersions
The lipid composition consisted of EPC-3,

EPC-3/CHOL (60/40 molar ratio) or DSPC/
DPPG/CHOL (55/10/35 molar ratio). Total lipid
concentration was 80 mM. Liposomes were pre-
pared by the thin film method of Szoka and
Papahadjopoulos (1980). The lipids of each lipo-
some composition were dissolved in ethanol at
60–70°C in a round bottom flask. The solvent
was removed under vacuum by rotary evapora-
tion. The lipid film obtained was hydrated by
adding the respective buffer at 60°C. The lipo-
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somes were formed either by hand-shaking for 10
min or by hand-shaking and subsequent extrusion
through polycarbonate membranes of different
pore size (first 0.4 mm, followed by 0.1 mm, 11
cycles each) using Avestin LiposoFast, Ottawa
(Canada). Although no investigations of liposome
size and lamellarity have been performed, the
resulting liposomes are called multilamellar vesi-
cles (MLV) and small unilamellar vesicles (SUV),
respectively. To investigate the influence of cy-
tosine, dFdC, Ara-C and FUdR on the hydrolysis
of phospholipids each substance was added in
raising concentrations from 20 to 80 mM, the
oligonucleotide in raising concentrations from 3.3
to 13.3 mM and was compared with the hydroly-
sis in no drug containing dispersions. The pH
value of the dispersions was measured and ad-
justed, if necessary. For calorimetrical
studies liposomes made of DSPC (1 mg/ml) in 10
mM HEPES buffer containing 150 mM NaCl, pH
7.4 were prepared by extrusion as described
above.

2.2.2. Accelerated hydrolysis by aging
In our study the liposome dispersions were aged

artificially by incubation at 60°C in a constant
temperature water bath for 66 h in order to
accelerate phospholipid hydrolysis. For investiga-
tion of the pH with best phospholipid stability in
the presence of dFdC, the incubation time at 60°C
was 15 h.

2.2.3. Analytical methods

2.2.3.1. HPTLC. HPTLC plates consisted of sil-
icagel 60, 100×200 mm, obtained from Merck,
Darmstadt (Germany). For chromatography, the
HPTLC plates were prerun with the mobile phase
CHCl3/MeOH/triethylamine/water (30:35:34:8, v/
v) (Kötting et al., 1992). After incubation the
liposome dispersions were diluted with 2-propanol
to a final phospholipid concentration of 1 mM. In
order to remove the buffer salts, which were not
soluble in 2-propanol, the vials were centrifuged
for 5 min (centrifuge JH2, Beckman, Munich,
Germany) at 4000 rpm and 4°C. Calibration was
performed by applying standard solutions of
lysophosphatidylcholine in 2-propanol in the

range of 0.025–0.5 nmol/ml (corresponding to
0.375–7.5 nmol lyso-PC). Fifteen microlitres of
samples and calibration solutions, respectively,
were streaked automatically to the silicagel plates
with a Linomat IV (Camag, Berlin, Germany).
The samples were applied as lines of 5 mm length
at 10 mm from the lower edge of the plate. The
distance to the next sample was 5 mm. After
evaporation of the solvent the plates were devel-
oped in glass tanks with the mobile phase over a
distance of 8 cm.

After development, the plates were dried at
180°C on a heating plate (Thermoplate S, Desaga,
Heidelberg, Germany) for 10 min. In order to
visualize the lipids by staining the HPTLC plate
was dipped for 15 s in a dye solution consisting of
cupric sulfate (10%, w/v) in phosphoric acid (8%
w/v) (Kötting et al., 1992) and dried on the
heating plate at 110°C for 2 min followed by 10
min at 180°C.

The amount of lysophosphatidylcholine formed
was quantified densitometrically at 660 nm (Per-
sonal Densitometer, Molecular Dynamics). The
analyses were carried out three times each. Limit
of detection was 0.225 nmol per sample, limit of
quantitation was 0.375 nmol as determined by the
method of Shah et al. (1992).

2.2.3.2. Differential scanning calorimetry. Calori-
metric data were obtained using MicroCal scan-
ninig calorimeter Type MC-2D (MicroCal Inc.,
USA-MA-Northampton). Cell volume was 1.12
ml (Skalko et al., 1996). The reference consisted
of HEPES buffer (10 mM isotonated with 150
mM NaCl), pH 7.4. Samples were scanned in the
temperature range 10–95°C at a heating rate of 1
K/min. At least five consecutive runs were per-
formed for each sample. The data were evaluated
using Origin Vers. 1.16 software (MicroCal Inc.,
USA-MA-Northampton).

3. Results and discussion

In the course of developing a liposomal dFdC
formulation we observed an unexpected fast
hydrolysis of phosphatidylcholine (PC) in the
presence of dFdC (data not shown). This
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phenomenon caused a dramatic shortening of the
shelf-life of the liposomes and needed to be inves-
tigated in more detail.

The hydrolysis of the first of the two fatty
acid ester bonds of phosphatidylcholine (PC)
yield in lyso-phosphatidylcholine (lyso-PC) and
fatty acid. For this study, it was important to be
able to quantify PC-hydrolysis at minimal
extent. Because the expected decrease in PC con-
tent due to hydrolysis is too small, we decided
not to quantify intact PC but the first hydrolysis
product lyso-PC. This study design bears the
risk to underestimate hydrolysis rates
because lyso-PC itself is an intermediate which
further degrades into glycerophosphocholine and
a second fatty acid. This second hydrolysis step,
however, is, at least in the beginning of the hy-
drolytic degradation of PC, of minor importance
only, thus resulting in an accumulation
of the intermediate degradation product lyso-
PC. As it was not intended to follow the hydroly-
sis beyond its initial phase, and to use it merely
for comparison purposes, the quantitation of lyso-
PC appeared satisfactory for the aims of this
study.

The hydrolysis rate of PC is dependent on the
temperature. An artificial aging of liposomes at
elevated temperatures leads to an accelerated
degradation of the phospholipids. This fact can be
used to make a prediction on the long-term stabil-
ity of PC by incubation of the respective formula-
tion at increased temperatures for a few hours
(Grit et al., 1993a).

3.1. Influence of dFdC on PC-hydrolysis

Extruded EPC-3/CHOL liposomes containing
dFdC in phosphate buffered solution (150 mM of
Na2HPO4/KH2PO4) at pH 7.3 were aged artifi-
cially at 60°C and lysoPC was determined. We
found that the formation of lysoPC was acceler-
ated by dFdC concentrations of 40 mM and
above and increased nearly linearly with
rising dFdC concentrations (Fig. 1). It was
therefore concluded that dFdC acts as a concen-
tration-dependent promoter for PC hydrolysis in
this case at least above dFdC concentrations of 40
mM.

3.2. Influence of liposome characteristics on dFdC
promoted hydrolysis of phospholipids

3.2.1. Influence of cholesterol
In EPC-3 liposomes without cholesterol lysoPC

reached the same concentration as was deter-
mined for EPC-3/CHOL liposomes (Fig. 1) at all
corresponding dFdC concentrations. Thus, the
dFdC-promoted hydrolysis of PC was not influ-
enced by cholesterol. This result correlates with
studies from other groups, that demonstrated that
cholesterol as a part of the liposome bilayer has
no effect on the hydrolysis rate of phospholipids
(Zuidam et al., 1995) of empty liposomes.

3.2.2. Influence of the type of liposomes
Hitherto our experiments were performed using

extruded liposomes with a diameter of approxi-
mately 100 nm. To assess whether the accelerated
degradation of PC was influenced by the size and
lamellarity of the liposome dispersion, the experi-
ments, which were performed for investigating the
influence of dFdC, were repeated with hand-
shaken EPC-3/CHOL-liposomes (MLVs) in phos-
phate buffer. Again the hydrolysis rate was
dependent on the dFdC concentration and was of
similar extent as compared to the extruded vesi-
cles (Fig. 2). Thus, in order to simplify the follow-
ing experiments, it was possible to use

Fig. 1. Influence of dFdC on the hydrolysis of PC at 60°C in
EPC liposomes with and without cholesterol in phosphate
buffer at pH 7.3. Values represent mean9SD (n=3).
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Fig. 2. Comparison of the hydrolysis of PC at 60°C in
extruded EPC-3/CHOL-SUVs and non-extruded EPC-3/
CHOL-MLVs with rising dFdC concentrations in phosphate
buffer pH 7.3. Values represent mean9SD (n=3).

Table 1
dFdC promoted hydrolysis of PC in EPC-3/CHOL or DSPC/
DPPG/CHOL liposomes, respectively, in phosphate buffered
dispersion: compared to EPC-3 the degradation of DSPC was
enhanced in all dispersionsa

lysoPC (%) indFdC (nM) lysoPC (%) in
DSPC/DPPG/CHOLEPC-3/CHOL
liposomesliposomes

0 2.390.22.390.7
3.090.82.090.420

3.390.640 4.590.4
5.390.54.290.560

5.490.380 6.990.6

a Again, the degradation of PC increased with increasing
dFdC concentrations. Values represent mean9SD (n=3).

the pH yielding the highest phospholipid stability
in the presence of dFdC, we investigated MLV
dispersions of EPC-3/CHOL (80 mM total lipid)
containing 40 mM dFdC and various pH values.
The buffer consisted of 150 mM phosphate in the
pH range between 6.1 and 7.8. In the phosphate
buffered dispersion a pH dependency could be
clearly demonstrated as it is shown in Fig. 3. The
lowest amount of lysoPC was determined at pH
of 7.3. Higher and lower pH values caused an
increase of dFdC promoted hydrolysis of PC to
lysoPC. In contrast, Grit et al. reported a pH

non-extruded liposomes for investigating the infl-
uence of pH and buffer species.

3.2.3. Influence of surface charge of liposomes
The different lipid compositions EPC-3/CHOL

or DSPC/DPPG/CHOL were used for preparing
liposome dispersions containing dFdC at increas-
ing concentrations. We could confirm the results
of Grit and Crommelin (1993), who demonstrated
that, in general, the hydrolysis rate of PG was
higher than the hydrolysis rate of PC under the
same conditions. Furthermore, in 150 mM phos-
phate buffer (pH 7.3) the hydrolysis rate of
DSPC/DPPG/CHOL slightly exceeded that of
EPC-3/CHOL, especially at high dFdC concentra-
tions (Table 1). This might be a fact of negative
surface charge on the DSPC/DPPG/CHOL lipo-
somes, which on the one hand influences the
stability of the phospholipids as described by Grit
and Crommelin (1993) and on the other hand
might lead to a higher association of dFdC with
the surface of the liposomes (see below).

3.3. Influence of the medium on dFdC promoted
hydrolysis of phospholipids

3.3.1. Influence of pH 6alue
As described in the literature, the hydrolysis of

phospholipids is increased by hydrogen as well as
hydroxyl ions (Grit et al., 1993a). In order to find

Fig. 3. pH-dependent lyso-transformation of EPC-3 liposomes
in phosphate buffered solution: the optimum pH is shifted
towards higher pH-values after addition of 40 mM dFdC.
Values represent mean9SD (n=3).
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Fig. 4. The hydrolysis of PC at 60°C in EPC-3/CHOL lipo-
somes is dependent on the buffer species (150 mM each).
Values represent mean9SD (n=3).

Tris. In all cases the hydrolysis in liposome dis-
persions, containing in addition 50 mM NaCl,
exceeded the hydrolysis rate in non-NaCl contain-
ing formulations (Table 2).

3.3.3. Influence of anions
In order to adjust iso-osmolarity in solutions

for parenteral applications, mainly NaCl is used.
However, the hydrolysis rate of PC in all studied
buffers was much lower than in buffers supple-
mented with 50 mM NaCl (Table 2). The effect of
ionic strength by addition of NaCl in non-drug
containing liposome dispersions has recently been
investigated. In these studies no clear correlation
between ionic strength and hydrolysis rate could
be observed Grit et al. (1993a). Thus, the fact that
NaCl supplementation could influence the phos-
pholipid hydrolysis in the presence of dFdC was
unexpected. In order to examine the influence of
NaCl in more detail, the effects of other halogen
anions and sulfate anion were investigated and
compared with chloride. Fig. 5 shows the hydroly-
sis of EPC-3, which was strongly dependent on
the kind of anion supplemented at least at dFdC
concentrations of 40 mM and above. In the ab-
sence of dFdC the different anions did not show
any significant influence of EPC-3 hydrolysis.
With increasing dFdC concentrations the different

optimum of 6.5 for empty liposome dispersions
(containing no dFdC) (Grit et al., 1993a). They
demonstrated, that the hydrolysis of phospho-
lipids is not dependent on the bulk pH, but on the
pH at the membrane surface (Grit and Crom-
melin, 1993). A possible explanation for the dif-
ference of hydrolysis rates between empty and
dFdC containing liposomes is that an interaction
of dFdC with the membrane surface might change
the surface pH to more acidic values. It can be
discussed that dFdC, which shows a pKa value of
3.6 in water, works as a local surface associated
buffer.

3.3.2. Influence of buffer composition
A linear relationship could be demonstrated

between the hydrolysis of PC and the buffer con-
centration Grit et al. (1993a). In order to investi-
gate whether dFdC-promoted hydrolysis rate
varies with varying buffers at fixed pH of 7.3,
dFdC-containing liposomes were aged artificially
in 150 mM HEPES, MOPS and Tris buffer, re-
spectively. Compared to the phosphate buffered
dispersion, the stability of PC against hydrolysis
was reduced in all of the investigated buffers (Fig.
4). This effect was most obvious for Tris. No clear
influence of buffers could be observed up to a
dFdC concentration of 40 mM. At dFdC concen-
trations between 60 and 80 mM the stability
ranking was phosphate\HEPES\MOPS\

Fig. 5. Hydrolysis of PC in EPC-3/CHOL liposomes, phos-
phate buffered solution, containing different anions (50mM
each in 100 mM phosphate buffer). Values represent mean9
SD (n=3).



R. Moog et al. / International Journal of Pharmaceutics 206 (2000) 43–53 49

T
ab

le
2

C
om

pa
ri

so
n

of
th

e
hy

dr
ol

ys
is

of
P

C
in

di
ff

er
en

t
bu

ff
er

s
w

it
h

or
w

it
ho

ut
N

aC
l

su
pp

le
m

en
te

d:
bu

ff
er

sp
ec

ie
s

in
flu

en
ce

d
th

e
de

gr
ad

at
io

n
of

E
P

C
-3

in
th

e
pr

es
en

ce
of

dF
dC

(s
ee

F
ig

.
4)

a

ly
so

P
C

(%
)

in
M

S
bu

ff
er

ly
so

P
C

(%
)

in
T

ri
s

bu
ff

er
ly

so
P

C
(%

)
n

H
E

P
E

S
bu

ff
er

ly
so

P
C

(%
)

in
ph

os
ph

at
e

bu
ff

er
D

fd
C

(m
M

)

15
0

m
M

10
0

m
M

w
it

h
N

aC
l

10
0

m
M

w
it

h
N

aC
l

15
0

m
M

10
0

m
M

w
it

h
N

aC
l

(5
0

10
0

m
M

w
it

h
N

aC
l

15
0

m
M

15
0

m
M

m
M

)
(5

0
m

M
)

(5
0

m
M

)
(5

0
m

M
)

2.
3
9

0.
6

2.
1
9

0.
6

0
1.

5
9

0.
1

2.
2
9

0.
2

2.
3
9

0.
4

3.
0
9

0.
4

2.
3
9

0.
7

3.
5
9

0.
5

2.
0
9

0.
6

7.
3
9

1.
0

3.
3
9

0.
4

2.
7
9

0.
4

2.
3
9

0.
3

3.
6
9

0.
6

20
3.

0
9

0.
9

2.
0
9

0.
5

9.
7
9

0.
5

5.
5
9

0.
8

3.
3
9

0.
2

10
.9
9

1.
4

5.
6
9

0.
8

3.
3
9

0.
8

4.
8
9

0.
6

3.
0
9

0.
5

40 60
6.

3
9

0.
9

8.
4
9

0.
7

13
.9
9

1.
3

7.
3
9

0.
4

4.
2
9

0.
8

11
.6
9

1.
3

5.
0
9

0.
8

14
.9
9

1.
4

7.
7
9

0.
7

18
.8
9

1.
2

11
.3
9

0.
2

17
.3
9

0.
8

5.
4
9

0.
9

15
.4
9

1.
4

80
12

.5
9

1.
0

6.
5
9

0.
6

a
G

en
er

al
ly

th
e

de
gr

ad
at

io
n

of
E

P
C

-3
in

50
m

M
N

aC
l

co
nt

ai
ni

ng
bu

ff
er

s
ex

ce
ed

ed
th

at
in

no
n-

N
aC

l
co

nt
ai

ni
ng

bu
ff

er
s.

V
al

ue
s

re
pr

es
en

t
m

ea
n
9

SD
(n

=
3)

.



R. Moog et al. / International Journal of Pharmaceutics 206 (2000) 43–5350

influences of the various anions became more and
more apparent. A rising hydrolysis rate could be
observed from the very small and ‘hard’ fluoride
to the very big and ‘soft’ iodide. The influence of
sulfate was in between that of fluoride and chlo-
ride. These results indicate that the degradation of
PC correlates with the ‘lipophilicity’ of the supple-
mented anions. The softer or more ‘lipophilic’ an
anion was, the more the hydrolysis was enhanced.

3.3.4. Calorimetrical studies
In order to investigate the interaction of dFdC

and the phospholipids more detailed, DSC mea-
surements were performed. Differential scanning
calorimetry (DSC) is a sensitive and accurate
method for determining the interaction between
lipid bilayers and drug molecules (Skalko et al.,
1996) The influence of dFdC on the liposome
membrane was studied by comparing the chain-
melting phase transition of empty DSPC lipo-
somes with 40 mM dFdC-containing DSPC
liposome dispersion in terms of transition temper-
ature, enthalpy and half width of the peak

The main transition peak of pure DSPC was
detected at 54.4990.08°C and the phase transi-
tion enthalpy being 44.790.69 KJ/mol. The addi-
tion of 40 mM dFdC did not cause any change in
phase transition temperature (54.4290.07°C) and
the phase transition enthalpy slightly decreased to
40.991.93 KJ/mol. However, dFdC enlarged the
half width of the peak evidently from 0.7390.003
K (pure DSPC) to 1.4090.029 K. As the half
width of the peak is a measure for the cooperativ-
ity of transition the widening of the peak clearly
indicates an interaction between the lipid bilayer
and the drug molecule.

3.4. Mechanism of deacylation in the presence of
dFdC

3.4.1. Systematic elimination of dFdC molecular
sites

Although interaction between dFdC and the
phospholipids could be demonstrated by DSC,
the detailed mechanism of the promotion of phos-
pholipid hydrolysis by dFdC could not be ex-
plained so far. We suggest that three sites in the
molecular structure of dFdC might be involved in

the hydrolysis process: (1) the ribose moiety; (2)
substitution of 2%-position of ribose moiety with
two fluorine atoms; and (3) the basic amino-group
at the pyrimidine moiety. We investigated the
influence of each of these sites by its systematic
elimination (Fig. 6). For this, the influence of
cytosine, Ara-C and FUdR, which are molecules
of similar pyrimidine structure to dFdC, but miss-
ing either at least one of the three sites, were
investigated in terms of their PC hydrolysis pro-
motion. Cytosine is lacking the ribose moiety,
FUdR is lacking the amino moiety at C-4 of the
pyrimidine ring, and Ara-C is a cytidine analogue
like dFdC, but the 2%,2%-difluoro2%-deoxyribose is
replaced by arabinose. Phosphate buffered EPC-
3/CHOL liposome dispersions at pH 7.3, contain-
ing these three drugs in rising concentrations were
aged and the formation of lysoPC was compared
with the formation of lysoPC in dFdC containing
formulations.

The extent of the hydrolysis of PC was depen-
dent on the structure of the present nucleoside
analogue. dFdC as well as Ara-C induced the
deacylation of phospholipids in a dose-dependent
manner above concentrations of 40 mM (Fig. 7).
For both drugs, the concentration of lysoPC in-
creased with increasing drug concentration, re-
spectively. The formation of lysoPC was faster
with dFdC than with Ara-C. The other analogue
FUdR and cytosine showed no effect on the
hydrolysis of PC.

These results confirmed our hypothesis that all
three moieties of the dFdC molecule are necessary
for the promoted PC hydrolysis. As FUdR did
not enhance the hydrolysis of PC, an amino-moi-
ety at C4 of the cytosine group seemed to be
necessary. However, this structure did not much
influence the hydrolysis of PC alone. Secondly, a
ribose moiety carrying thirdly strongly electron-
withdrawing substituents was of absolute need.
The two electron-withdrawing fluorine atoms at
2%-position are responsible for the low pKa value
of dFdC, which is 3.6. The pKa of Ara-C is higher
(pKa=4.5), because the hydroxyl group at 2%-po-
sition is less electron-withdrawing compared to
the fluorine atoms of dFdC. Thus, the lower pKa

value leads to a higher polarity of dFdC com-
pared to the polarity of Ara-C. This might be the
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Fig. 6. Three sites of the molecular structure of dFdC might be responsible for the forced lipid hydrolysis. Their systematic
elimination leads to structures of Cytosine, Ara-C and FUdR, which have been investigated in terms of their influence on
phospholipid hydrolysis.

reason, why dFdC induced the hydrolysis of PC
to a higher extent than Ara-C. Again the hydroly-
sis of phosphatidylcholine in phosphate buffer
without NaCl was lower than in phosphate
buffered dispersion (data not shown).

3.4.2. Influence of oligonucleotides
Not only single nucleoside analogues are of

interest for liposomal encapsulation. For gene
therapy purposes, oligonucleotides, which also
contain cytidine moieties, are entrapped in lipo-
somes. To this end, we investigated the influence
of oligonucleotides on the hydrolysis of PC.

As shown in Fig. 7, the degradation of EPC-3
was not enhanced in the presence of the oligonu-
cleotide GTACGTCACTCAGTCACG. Possibly
the arrangement of the oligonucleotide molecules
prevent the interaction of the cytidine moiety with
the membrane surface.

Fig. 7. Dependency of PC hydrolysis (in EPC-3/CHOL) lipo-
somes at 60°C on the molecular structure of the added cy-
tosine, nucleoside analogue or oligonucleotide, repectively, at
pH 7.3. Values represent mean9SD (n=3).
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For transfection in gene therapy, often a differ-
ent lipid composition, namely positively charged
liposomes are used. As this experiment was per-
formed with neutral liposomes, further investiga-
tions on the interactions between oligonucleotides
or plasmids and cationic lipids are necessary to
assess whether the hydrolysis of phospholipids
might be a determining factor for the shelf-life of
positively charged liposomal DNA formulations.

4. Conclusion

The hydrolysis of phospholipids is one of the
most determining factors for the long term stabil-
ity of liposome dispersions. We could demon-
strate that nucleoside analogues, depending on
their molecule structure, obviously are able to
interact with the phospholipid bilayer, and that
they can promote the hydrolysis of phospholipids.
We could further show that the dFdC-promoted
hydrolysis depends on pH, buffer composition
and presence of salts. By careful choice of these
parameters we were able to minimize the hydroly-
sis of the phospholipids to an extent that develop-
ment of nucleoside analogue containing liposomes
for pharmaceutical purposes appears feasible.
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