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Abstract

Vesicular phospholipid gels (VPG), i.e. highly concentrated liposomal dispersions, are suitable for entrapping substances such
as anticancer drugs with particular high encapsulation efficiencies (EE). We prepared different formulations of VPG with 30%
(w/w) lipid containing 5-fluorouracil (5-FU) by high pressure homogenization and analysed their EE and drug release. Using
mixtures of hydrogenated soy phosphatidylcholine and cholesterol with molar ratios ranging from 55/45 to 75/25, a decreasing
amount of cholesterol correlated with an increasing EE, which is probably due to a reduced amount of smaller vesicles and number
of lamellae. Using a 5-FU solution of pH 8.6 for VPG preparation, an EE of approximately 40% was found after redispersion of
the gel to a liposomal dispersion and separation of free drug from liposomal drug by size exclusion chromatography. The reduced
EE for preparations with lower pH values was attributed to a fast initial drug release due to the increased drug lipophilicity below
the K, value of 8. After redispersion of a VPG of pH 8.0, an initially faster release of about a third of the entrapped drug was
found during the first 20 min, followed by stable entrapment over many hours. The rapid initial release may be due to the portion
of liposomes smaller than 40 nm in diameter, determined by photon correlation spectroscopy. Cryo electron microscopic pictures
show a lentil-like shape of these small liposomes. The membrane defects on the edges are probably the reason for the very high
initial drug release rate. The half-life time of the release of 5-FU from intact FU-VPG at both pH 7.4 and 8.0 was found to be in the
order of 4-5 h and the kinetics are typical for matrix-controlled drug diffusion. The in vitro data of 5-FU loaded VPG suggest their
applicability as implants with controlled release properties or, after redispersion, as intravenously injected liposomal formulations.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Abbreviations:5-FU, 5-fluorouracil;, HSPC, hydrogenated soy . .
phosphatidylcholine; Chol, cholesterol; VPG, vesicular phos- For more than four decades the antineoplastic agent
pholipid gel; FU-VPG, 5-FU-containing vesicular phospholipid ~5-fluorouracil (5-FU) has been used in the therapy
gel; EE, encapsulation efficiency; DPPC, dipalmitoylphosphatidyl- - of different solid tumor types such as cancer of the
choline; PS, phosphatidylserine gastrointestinal tract (stomach, colon, rectum) and
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levels Peters et al., 1993; Holland et al., 1997

Moreover, the clinical use of 5-FU is limited by its
gastrointestinal toxicity (stomatitis) and myelotoxicity
(Fraile et al., 198D
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travenously after redispersion to injectable liposomal
formulation.

Several efforts have been made to reduce these2. Materials and methods

side effects by encapsulation of 5-FU in liposomes
(Mazumder, 1981; Ozer, 1992; Elorza et al., 1993;
Fresta et al., 1993 However, when using conven-
tional liposome preparation methods, the trapping
efficiency of a water-soluble compound such as 5-FU,
which is non-interacting with the bilayefM$ukada

et al., 1984 is low. This effect particularly applies
to small liposomes due to the small ratio of trapped
to external volume. For 5-FU the trapping efficiency
is reported to be only 2-6%, depending on the lipid
composition QOzer, 1992; Fresta et al., 1993An-

other problem is the more or less rapid leakage of

the low-molecular 5-FU out of the liposomes af-
ter removal of the non-entrapped materigbzér,
1992; Elorza et al., 1993; Fresta et al., 1p9&ich
limits the storage time of conventional liposomal
preparations.

Encapsulation efficiency (EE) as well as shelf-life
of liposomal formulations can be dramatically en-

2.1. Materials

Hydrogenated soy phosphatidylcholine (HSPC)
was a generous gift from Lipoid (Ludwigshafen, Ger-
many). Cholesterol was obtained from Caelo (Caesar
& Lorentz, Hilden, Germany), 5-FU from Fluka lab-
oratory chemicals (Fluka, Taufkirchen, Germany)
and Sepharose CL-4B from Pharmacia (Uppsala,
Sweden). All other materials and solvents were of
analytical grade.

2.2. Methods

2.2.1. Preparation of VPG

2.2.1.1. Empty VPG. VPG consisted of Chol and
HSPC (different molar ratios 25/75 up to 45/55) with
a total lipid content of 30% (w/w) (up to approxi-
mately 500 mM total lipid in the case of maximum

hanced by entrapment of a drug such as 5-FU into Chol) or 40% (w/w) (up to approximately 665 mM

vesicular phospholipid gels (VPG)Bfandl and
Reszka, 1995; Brandl et al.,, 1997a, 19p7WPG

total lipid) in isotonic phosphate buffer (50 mM, ad-
justed to the desired pH) as described previously

are semisolid matrices of densely packed liposomes, (Brandl et al., 1990, 1993; Brandl and Reszka, 995
mainly small unilamellar vesicles, that are prepared In brief: HSPC and Chol were dissolved in chloro-
by high-pressure homogenizatiddréndl et al., 1990,  form/methanol (2:1 v/v). The solvent was removed
1993. Due to their high lipid content, which leads to under reduced pressure at “4D (rotatory evapora-

a considerably increased ratio of aqueous volume in- tor) resulting in a thin lipid film. Solvent traces were
side the vesicles in comparison with the surrounding completely removed by vacuum for 24h. The dry
aqueous volume, these formulations are suitable for lipid film was hydrated for 3h using an appropriate
entrapping water-soluble substances with a high EE up volume of isotonic phosphate buffer. The resulting

to over 50% Brandl et al., 1998 Therefore, there is
no need to remove the non-encapsulated dBrgr{d|
and Reszka, 1995; Brandl et al., 1997a, 1997the

semisolid lipid dispersion was homogenized 10 times
with high pressure (70MPa) in a discontinuously
working apparatus (APV Gaulin Micron Lab 40, APV,

constant ratio of encapsulated to free drug leads to anUnna, Germany). The resulting VPG was autoclaved

increased shelf-life of VPG compared to conventional
liposomal formulations as shown for VPG formula-
tions with the anticancer drugs gemcitabinédopg,
1998; Moog et al.,, 2002or vincristin (Guthlein,
2002).

In this study, we analysed the main in vitro char-

(121°C, 15 min) and stored until use at 4@ (Tardi,
1999.

2.2.1.2. Photon correlation spectroscopyFor size
determination, VPG were first redispersed and then
diluted with freshly filtrated PBS buffer (0.32m

acteristics, EE and 5-FU-release of different prepara- Minisart, Sartorius AG, Goéttingen, Germany) in or-
tions of VPG with 5-FU with regard to the desired der to reach a count rate of 250-350kHz, which
application, intratumorally as semisolid VPG or in- is recommended by the manufacturer of the PCS
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instrument (Nicomp submicron particle sizer model in a similar way to the empty VPG but by hydrating
380 ZLS, Nicomp Inst Corp., Santa Barbara, CA). the lipid film with a 5-FU containing buffer solution
All samples were placed in the machine for 5min (either 4.2 mg/ml 5-FU in PBS buffer adjusted to pH
prior to the start of the measurement to eliminate 7.4 or 12.4mg/ml 5-FU in PBS buffer adjusted to pH
temperature differences between the sample and the8.0 rsp. 8.6) for 3 h prior to homogenization.
instrument. Three cycles of 5min each were run
for data collection. The instrument parameters were 2.2 2. Redispersion of VPG
set as follows: automatic _cho_ice of chann_el width;  In a reaction vial six sterile glass beads (diameter
vesicle mode; number weighting; automatic change 1 mm) and 675 mg of the VPG were diluted with PBS
from Gaussian distribution mode to multimodal mode buffer (ratio of VPG/buffer 1:1.2 w/w). The VPG was
(so-called Nicomp distribution mode) if the value for - redispersed to a liposome dispersion using a ball mill
Chi-squared exceeded 3.00. (Retsch MM2, Haan, Germany) for 2 min at 2000 rpm
(Brandl and Reszka, 1995
2.2.1.3. Cryotransmission  electron  microscopy.
Copper grids (200 mesh, Science Services, Munich, 5 5 3 Encapsulation efficiency
Germany) were prepared according to a standard  ggparation of liposomal from free 5-FU was per-
method as described elsewheFeikami and Adachi,  tormed on a Sepharose CL-4B column.7@m x
1963. After pulling a drop of the sample on a grid, 19cm). For this purpose, the liposome dispersion
most of the liquid was removed with blotting paper \yas diluted with buffer to a concentration of 30 mM
leaving a thin film stretched over the wholes. The |isig at the maximum. Fifty microliters of this dis-
specimens were instantly shock-frozen by plunging persion were placed gently on top of the column.
into liquid ethane, cooled to 90K by liquid nitro- | ;hos0mally encapsulated 5-FU was separated from
gen in a temperature controlled freezing unit (Zeiss, non-entrapped (free) 5-FU by elution with buffer

Oberkochen, Germany). After removal of the re- 5nq guantified as described below. EE was calcu-
maining ethane, the specimens were transferred t0|ated by:

the microscope using a cryo holder (Oxford, Abing-
don, UK). The transmission electron microscope was EE(%) = iy x 100
a Leo 912 Omega (Zeiss, Oberkochen, Germany), = e Clip + Cfree
equipped with a cryo stage. Thus, examinations
could be carried out at low temperatures of approxi- Where ciip is the concentration of liposomally en-
mately 100 K. Zero-loss filtered images £ = 0eV) trapped 5-FU, andee is the concentration of free
were taken by a SSCCD camera, under low-dose 9-FU.
conditions, i.e. using the minimal dose focusing
device. 2.2.4. Determination of 5-FU

Concentrations of 5-FU were determined by HPLC.
2.2.1.4. Loading techniques.There were two possi- When necessary, the samples were diluted with HPLC
bilities for loading 5-FU into the VPG. Using ttpas- eluent and the 5-FU amount was quantified by a
sive loading techniquéVlassing et al., 1998 known modified method described elsewher®e( Nozal
amounts of empty VPG containing 40% total lipid et al., 1994 The HPLC consisted of a SunFlow 100
were transferred into 2 ml reaction vials under sterile solvent delivery pump (SunChrom GmbH, Friedrichs-
conditions. Appropriate volumes of 5-FU stock solu- dorf; Germany), a Basic-Marathon Plus autosampler
tion (4.2mg/ml 5-FU in PBS buffer adjusted to pH (Spark Holland B.V., Emmen, The Netherlands) with
7.4) were added and the components were mixed thor-a 50ul loop, a PU 4110 UV/VIS-detector (Uni-
oughly by using sterile plastic spatulas. The resulting cam Chromatography, Cambridge, UK) operating at
VPG had a total lipid amount of 30% (w/w) and the 265nm and the chromatography data handling sys-
mixtures were incubated at 8C for several hoursto  tem Unicam 4880 Version 1 including an PU 6030
facilitate the diffusion of the 5-FU into the liposomes. DCU data interface. Chromatography was carried
To achievedirect entrapmenthe FU-VPG is prepared  out on a Sum Waters Spherisofb ODS2 analytical
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column (5um, 250 mmx 4.6 mm i.d.; ThermoHy- and released liposomal and free 5-FU was quantified
persil, Ceshire, UK) using a suitable precolumn. The by HPLC.
mobile phase consisted of 50 mM phosphate buffer
pH 7.4/MeOH (98/2 v/v) and was run with 1 ml/min.
The buffer was filtrated through Opan cellulose
acetate filters (Sartorius AG, Goettingen, Germany)
and then mixed with the MeOH. Subsequently, the 3.1. Preparation of VPG
mobile phase was degassed by ultrasonication under
reduced pressure for 10 min before chromatography Different formulations of FU-VPG were prepared
was carried out at room temperature. Results were cal- by varying the pH of the 5-FU stock solution and the
culated from linear regression of an external standard molar lipid ratio of the lipid phase consisting of HSPC
of 5-FU. and Chol. Drug loading into VPG can be performed
by either direct entrapmentor the passive loading
2.2.5. Release of 5-FU from redispersed VPG technique(seeSection 2. VPG production bydirect
The release of 5-FU from liposomes after redis- entrapments performed by high pressure homogenis-
persion of VPG was determined via analysis of the ing a lipid film with a drug containing buffer solution.
trapping efficiency at several time points after redis- To ensure sterility for parenteral application, either
persion. The VPG was redispersed as described inintratumoral as semisolid VPG or intravenous as re-
Section 2.2.2and the liposomal dispersion was kept dispersed VPG, autoclaving at standard conditions
at room temperature. After certain points in time, an (121°C, 15 min) after preparation is possible for VPG

3. Results and discussion

aliquot was diluted and the EE was determined by
column chromatography (s&ection 2.2.3

2.2.6. Release of 5-FU from non-redispersed VPG
The release of 5-FU from semisolid VPG was ex-
amined using custom-made flow through cellargi,
1999. The cells consisted of a combined aluminum
block with a lower and an upper half. The lower half
was right-angled reamed (height 5 mm, width 5mm,
length 50 mm) to obtain a constant contact surface
between the elution medium and the VPG during the
whole experiment. The upper half (length 50 mm)
was half-round reamed (radius 2.5mm) to achieve
a laminar flow of the elution medium over the gel.
FU-VPG was centrifuged at 1500 g for 60 min
(Biofuge pico, Heraeus, Osterode, Germany ) to re-
move air bubbles issuing from preparation and filled
into the lower half which had a carrying capacity of
1g of preparation. The two halves were locked wa-
tertight and the system was allowed to equilibrate in
a water bath at 37C for 30 min. Isotonic PBS buffer
pH 7.4 was used as elution medium flowing over the
VPG with a flow rate of 10 ml/h according to the or-
der of magnitude of intraperitoneal and cerebral fluid
flow (Cutler et al., 1973; Diem and Lentner, 1977;
Hierholzer and Schmidt, 1991During the release
test, the buffer solution and the flow through cells
were kept constant at 3T. Fractions were collected,

(Tardi et al., 200} But this method can only be per-
formed when the particular drug is heat-stable, which
is indeed the case for 5-FU (data not shown). However,
for every desired drug concentration a separate VPG
has to be produced. This problem can be overcome
by the passive loading technique, which has the addi-
tional advantage of allowing to load less heat-stable
drugs Massing et al., 1998 A disadvantage of this
method compared to direct entrapment is the reduc-
tion of the 5-FU concentration of the stock solution
by a dilution factor of about 4 in the final VPG.

5-FU was shown elsewhere not to adsorb to
DPPC/PS bilayersHresta et al., 1993This could be
confirmed by own studies, also for liposomes from
HSPC and Chol mixtures (data not shown). Conse-
qguently, in the VPG a maximum 5-FU concentration
corresponding to the drug solubility in the buffer can
be entrapped and a high 5-FU dose requires a high
VPG volume. In fact the solubility of 5-FU ,
8 and 13) in water can be increased significantly
by increasing the pHRudy and Senkowski, 197.3
However, taking the stability optimum of the phos-
phatidylcholine of around pH 6.5G(it et al., 1993
into consideration the solubility of 5-FU at pH values
suitable for VPG is quite low. For all these reasons
the “passive loading techniqi@s used for VPG for-
mulations of the anticancer drugs gemcitabil®¢g,
1998; Moog et al., 2002and vincristin Guthlein,
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Table 1
PCS analysis of redispersed VPG 30% HSPC/Chol 7525 8)
1st peak 2nd peak 3rd peak Parameter
Diameter Amount Diameter Amount Diameter Amount Fit error Residual Datakj
(nm) (%) (nm) (%) (nm) (%)
115 96 481 4 - - 1.16 41.0 2472
33 55 127 44 680 0.63 12.3 5357
33 65 132 35 - - 0.76 0.0 1477

2001 was not suitable for preparing a VPG formu-
lation with 5-FU. But with 5-FU being sufficiently

ing of fluid lipid mixtures Brandl et al., 1997a; Brandl|
et al., 1998, liposomes from HSPC and Chol show a

heat-stable we could overcome these problems by lentil-like shape below a critical diameter of approxi-

applyingdirect entrapmentitilising the total aqueous
volume for dissolving 5-FU.

3.2. Size distribution

The vesicle size distribution of redispersed VPG

from HSPC/Chol was examined by PCS and cryo elec-
tron microscopy. Inhomogeneous sizes distributions

were calculated for all preparations when the multi-

modal analysis was used, indicating at least two size

populations (se&able 1. In addition, some very large
liposomes of up to 1000 nm could be fitted. To avoid

mately 40 nm. Obviously, the membrane curvature is
limited for this rigid lipid mixture and the membranes
then form edges. These defects may substantially in-
crease the drug release rate deriving from the portion
of these small liposomes.

3.3. Encapsulation efficiency (EE)

3.3.1. Influence of the lipid composition

VPG with different molar ratios of HSPC/Chol of
55/45, 65/35 and 75/25 were prepared disect en-
trapmentwith a 5-FU stock solution of pH 7.4. A

microembolism in the capillaries, it is therefore nec- decrease of the Chol amount from 45 to 25 mol% re-
essary to remove these before the liposomal disper-sulted in a dramatic increase in EE from 8% to ap-
sion is used for intravascular application. After filtra- proximately 18% (se&able 2. A possible difference
tion through 800 nm pores, a loss of lipid of about 2% in liposomal drug association due to varying drug ad-
of the total lipid was found to be negligible. The to- sorption to the membranes was excluded by binding
tal EE decreased only from 33 to 31% suggesting the studies (data not shown). No membrane interaction of
usefulness of this procedure. 5-FU was found, which was comparable to results us-

Additional information on liposome size and shape ing other membraned-(esta et al., 1993 Therefore,
after redispersion of the VPG was obtained by cryo the increase in EE upon increasing the HSPC content
EM pictures (se€ig. 1a and h The broad size distri-  must be due to an increasing amount of larger lipo-
bution confirms the PCS measurements. Furthermore,somes and/or a decrease in liposome lamellarity. How-
in contrast to earlier findings of the normal spherical ever, both characteristics of the redispersed VPG are
shape of the liposomes redispersed from VPG consist- hardly to quantify by PCS or cryo EM.

Table 2a Table 2b
Encapsulation efficiency of FU-VPG 30% pH 7.4 depending on Encapsulation efficiency of FU-VPG 30% (HSPC/Chol 75/25)
the cholesterol contenk (= 3) depending on the pH of the 5-FU containing stock solutioga=(3)

Molar ratio of HSPC/Chol EE (%) EE (%)

55/45 8.0+ 24 pH 7.4 18.5+ 2.5
65/35 104+ 1.5 pH 8.0 33.3+ 0.3
75125 18.5+ 2.5 pH 8.6 39.6+ 0.9




128 N. Kaiser et al./International Journal of Pharmaceutics 256 (2003) 123-131

(seeTable 2B. pH-dependent adsorption of 5-FU to
the membrane can be excluded from binding stud-
ies (see above). Therefore, the different results are
obviously influenced by the procedure of EE determi-
nation. After redispersing the VPG and separating the
liposomal from the free drug, the first time point of
measurement was approximately 8 min. During this
time different amounts of 5-FU, depending on the pH,
leak out. At lower pH, due to higher protonation and
lipophilicity of 5-FU, its release is faster pretending
a lower EE. The high EE values found for a high
pH of 8.6 were comparable to VPG formulations of
other cytostatics such as the hydrophilic gemcitabine
(dFdC) with approximately 33%Moog, 1999. For
vincristin, which probably adsorbs to the membranes,
the EE was found to be approximately 56&iithlein,
2002.

However, a high pH for achieving maximum EE is
not suitable for longer storage of the VPG. Phospho-
lipids show a maximum stability against hydrolysis at
pH 6.5 Gritetal., 1993. Therefore, a somewhat lower
pH of 8.0 with an EE of approximately 33% should be
used as a compromise between trapping and stability.

3.4. Release of 5-FU from redispersed VPG

Knowledge about drug release from redispersed
VPG is important for estimating the suitable time
interval between VPG redispersion and application.
By redispersing 1 part semisolid VPG (approximately
30% wi/w lipid), showing an initial EE of 35% (ap-
proximately 25% v/v), with 1.2 parts of buffer, the
external aqueous compartment (approximately 45%
v/v) is diluted and the EE should end up at an equi-
librium value of approximately 13%kig. 2 shows
that from the VPG pH 8, a fast release of 5-FU oc-
curs within the first 20 min after redispersing, which
Fig. 1. Electron micrographs of redispersed VPG 30% HSPC/Chol may be due to the portion of defective |iposomesl as
75/25 pH 8.0 after cryofixation. (a) Lentil-like liposomes below discussed above. Thereafter, the permeation through

a critical diameter of approximately 40 nm (indicated by arrows) the rigid b fthe | i is sl
free and entrapped in other vesicles. Bar represents 100 nm. (b) € rgid membranes o e larger fiposomes IS siower

Oligolamellar and multivesicular vesicles beside lentil-like struc-  r€sulting in an EE of approximately 25%, which is
tures forming a chain. Bar represents 200 nm. after 2 h far from theoretical equilibrium distribution

due to low protonation, i.e. high hydrophilicity. In
accordance with these considerations redispersion
3.3.2. Influence of the pH value of VPG pH 7.4 resulted in a relatively constant EE
When the pH of the 5-FU stock solution was of around 13% (equilibrium). This substantiates the
changed, the preparations of VPG from HSPC/Chol very fast release of the lipophilic drug below th€ p
75/25 mol/mol exhibited significant changes in EE value, as discussed above.
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for the time period of 0-12 h: = 0.99957 for pH 7.4, = 0.99910 for VPG pH 8.0.
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3.5. Release of 5-FU from non-redispersed VPG

The release of 5-FU was measured in triplicate
from VPG 30% (molar ratio of HSPC/Chol 75/25)
with different concentrations of 5-FU: pH 7.4 with
4.2mg/ml and pH 8.0 with 12.4mg/ml. 5-FU was
completely released from VPG pH 7.4 within 37h
and almost released from VPG pH 8.0 within 100 h
(96% release in 100 h). The half-life time was found
to be 4.5h for VPG pH 7.4 and 5.5 h for VPG pH 8.0.
As illustrated inFig. 3, the release of 5-FU could be
described as matrix-controlled diffusion kinetics of
up to 12 h (square-root-of-time lawdiguchi, 1960);

r = 0.99957 for VPG pH 7.4r = 0.99910 for VPG
pH 8.0).

4, Conclusion

The presented in vitro data of 5-FU in VPGs pre-
pared from HSPC/Chol show a highly reproducible

drug release and suggest an applicability of these

therapeutic systems (i) as implants in or around solid
tumours with controlled release properties or (i) after
redispersion, as intravenously injectable liposomal
formulations with prolonged drug release. A pH of
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