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Adsorption of neutral polymers

on negatively charged liposomes.

A novel quantitative method to measure
the rate of polymer adsorption

on the liposomal surface

Abstract We studied the adsorption
of two neutral polymers [poly(vinyl
pyrrolidone) and poly(vinyl alcohol)
(PVA)] on negatively charged lipo-
somes composed of 25:2:3 (molar
ratio) soy lecithin/dicetyl phosphate/
cholesterol.The liposomes were pre-
pared in buffered solution at pH 7.4
and were mixed with the solution of
the polymers in the desired polymer/
lipid ratios. Adsorption was mea-
sured by determination of the equi-
librium bulk concentration of the
polymer. Protamine hydrochloride
was used to aggregate the liposomes
with polymers adsorbed on their
surface and to facilitate their sepa-
ration from the equilibrium bulk

solution. In the case of PVA,
quantitative adsorption measure-
ments with a specific reagent were
possible. Adsorption isotherms were
recorded at 25 + 0.2 °C. It was
concluded that adsorbed and non-
adsorbed PVA molecules are in
equilibrium even at low polymer/
lipide ratios. The results were
confirmed by dynamic laser light
scattering, X-ray diffraction and
thermal activity monitoring
experiments.
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Introduction

Liposomes are ideal drug carriers in the field of drug
delivery. systems, and many previous studies have
demonstrated the enhanced efficacy of encapsulated
drugs and the reduction of the side effects of drugs so
entrapped in this manner [1-6]. Conventional liposomes
which are not specifically modified to provide them with
a long circulating ability, however, are of limited use,
since they tend to be trapped by the mononuclear
phagocyting system (MPS). Many attempts have been
made to avoid the MPS trapping of liposomes and .to
achieve longer half-lives in the bloodstream by modifi-
cation of the liposomal surface. Successful results have
been obtained by the modification of liposomes with
poly(ethylene glycol) (PEG) derivatives [6-14]. These
molecules were covalently grafted onto the surface of the
liposomes and provided higher stability and a prolonged
duration of circulation time for the vesicles examined.

The PEG chains are believed to prevent or diminish the
adsorption of opsonizing proteins which direct the
liposomes to macrophages, as a result of their confor-
mational flexibility and water-binding ability [13, 14].

.Until recently only a few studies have dealt with other

polymers physically adsorbed on the surface of lipo-
somes.

Poly(vinyl alcohol) (PVA) and a PVA modified with a
hydrophobic moiety (PVA-R) were examined as a
coating material for liposomes to be loaded with an
anticancer drug, doxorubicin [15, 16]. Besides experi-
ments on animals (pharmacokinetic and distribution
studies) the authors performed dynamic laser light
scattering (DLS) measurements and determined the
coating amounts of the polymers. It was shown that
PVA-R binds to liposomes with higher affinity than
PVA does.

The kinetic (long-term) stability of dimyristoyl phos-
phatidyl choline liposomes was examined by Grohmann
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Fig. 2 Effect of treatment with a bath sonicator on the average vesicle
size and the size distribution (by dynamic light scattering)

et al. [17], who incorporated PVA and poly(vinyl
pyrrolidone) (PVP) derivatives into the bilayer mem-
brane of the vesicles. These experiments were carried out
at different pH values, and the enhancement of the
average vesicle diameter was checked by DLS after
certain time intervals for 3 months. It was concluded
that the rate of the diameter increase can be significantly
diminished by stabilizing the dispersions with PVP or
PVA and its co-vinyl acetal, propional or butyral
copolymers. In another approach differential scanning
calorimetry was used to examine the polymer-liposome
interactions [18].

Our primary aim was a detailed investigation of the
interactions of PVA and PVP and the liposomal bilayer
by DLS, X-ray diffraction (XRD) and thermal activity
monitoring (TAM). We introduced a novel method,

Ratio of Prot/phospholipid (w/w)

Fig. 3 Determination of the optimal protamine hydrochloride (Pror)/
phospholipide ratio as the minimum of A, in order to minimize the
disturbing effect of nonprecipitated liposomes and Prot in the
measurement of nonadsorbed poly(vinyl pyrrolidone) (PVP)

protamine hydrochloride (Prot)-induced vesicle aggre-
gation, for a quantitative evaluation of the adsorption
process.

Experimental

Materials

Soy lecithin containing about 85% w/w phospholipids was
produced by Lucas Mayer., Germany. Dicetyl phosphate and
cholesterol were purchased from Sigma, St. Louis, Mo., USA.
PVP K30, M,~40,000, and 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (Hepes) were products of Fluka Chemie,
Switzerland. Prot was obtained from F. Hoffmann-La Roche,
Switzerland. All other substances, PVA, M,=~72000, sodium
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chloride, iodine, potassium iodide, hexadecylpyridinium chloride
(HDPCI) and boric acid were purchased from Reanal, Budapest,
Hungary, and were of analytical grade purity.

Methods
Preparation of liposomes

It was necessary to determine the exact phospholipid ratio in the
soy lecithin used. This was performed according to the Rouser
assay [19]. Liposomes consisting of 25:2:3 (molar ratio) soy lecithin
phospholipid/dicetyl phosphate/cholesterol were ‘prepared by the
classic Bangham method [20] with some modifications (Fig. 1). The
lipids were dissolved in a mixture of 9:1 (v/v) chloroform/
methanol. A lipid: film was prepared on the wall of a round-
bottomed flask with a Rotadest 2118 vacuum evaporator. After the
removal of all traces of organic solvent the film was hydrated with a
buffer’ solution' (pH 7.4) containing 0.15 M sodium chloride,
0.01 M Hepes and 0.005 M sodium hydroxide. The desired average
vesicle diameter of 150 + S nm was achieved by sonicating the
dispersion with:a Realsonic RS-16F ultrasonic bath. The process
was checked by:DLS every 2 min during this step (Fig. 2).

Different amounts of polymer were added to the dispersions of
the liposomes at polymer/liposome ratios of 0.024-0.61 w/w. The
liposome dispersions obtained in this way were mixed by vortexing
them before they were incubated at 25 + 0.5 °C for 2 h.

Determination of the amounts of polymer adsorbed

This step was carried out according to the Prot aggregation method
described in Ref. [21]. Samples (200 pl) were taken from each
dispersion and an equal volume of Prot solution was added in order
to aggregate the vesicles. These aggregated systems were diluted
with the buffer solution in which the original liposomes were
prepared before they were centrifuged at 2000g for 20 min.

In the case of PVA the amount of nonadsorbed polymer was
determined from the supernatant with a specific reagent containing
boric acid, potassium iodide and iodine [22] which forms a green
compound with PVA. The optical density of this green colour was
measured spectrophotometrically at 670 nm.

This measurement is more complicated in the case of PVP: in the
absence of a specific chromophore-producing reagent we were
forced to measure in the UV. In order to circumvent this problem
we minimized the disturbing effect of unbound liposomes and Prot.
We added increasing amounts of Prot to dispersions containing
only liposomes and after centrifuging them we searched for the
absorbance minimum at 210 nm. Figure 3 reveals the optimal ratio
of Prot/phospholipide where PVP displays an absorbance maxi-
mum in 9:1 (v/v) ethanol:water. We added Prot in this Prot/
phospholipid ratio to the liposome-PVP systems to be examined.
This was followed by centrifugation, dilution of an aliquot of
the supernatant with 96% ethanol and measurement of the
concentration of nonadsorbed (equilibrium) PVP at 210 nm.

For the systems containing PVA these experiments were
performed with another separation method employing a Beckmann
TL 100 ultracentrifuge. In this case the vesicles were exposed to
100000g instead of Prot and centrifugation at 2000g.

We used a Kontron Uvikon 930 spectrophotometer for the
measurements. The adsorption was expressed via the adsorption
isotherms at 25 £ 0.2 °C by the following equation.

i 3 14 €o — Ce
POlYIRC ST 00 i

where npojymer is the amount of polymer in milligrams adsorbed on
lg hposome ¢o is the initial concentration of polymer (mxlllgrams
per 100 cm?), ¢, is the measured equilibrium concentration of
polymer (milligrams per 100 cm?), ¥ is the volume of sample (cubic

177.7 £ 1.34
159.0% 1:53
23.6 X 0.1

89 + 0.09

0.61

7.5 £ 0.04

172.5 £ 0.66
157.6 = 0.90
18.4 + 0.07

0.305

6.8 £ 0.0.03

1707 1.65
156.9 + 0.70
16.6 £ 0.16

0.122

1725k 2.56
155.0 +&51.25
18.4 £ 0.27
49 + 0.04

0.061

6.1 £ 0.07

1727 0.55
156.2 £ 1.89
18.6 = 0.06

0.041

1.8 + 0.01

168.6 + 0.90
151.9 + 0.72
14.5 + 0.08

0.025

5.1 1006

164.3 + 4.01
15527 196
10.2 + 0.24

0.0125
Thickness of the layer adsorbed + standard deviation (nm)

Average vesicle diameter + standard deviation (nm)

154.1 £ 0.85
150:1 £ 1.75

0
0

Table 1 The results of dynamic light scattering experiments for the particle diameter and the adsorbed layer thickness

Polymer/liposome (w/w) 0
Poly(vinyl alcohol)
Poly(vinyl pyrrolidone)
Poly(vinyl alcohol)
Poly(vinyl pyrrolidone)
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Table 2 Microcalorimetric data: total enthalpies, enthalpies of dilutions and adsorption enthalpies

Polymer/

AH,o, AHyg; of liposomes AHg; of poly > AHy; of poly(vinyl AH 45

liposome (w/w) (ml]) (with buffer) (mJ) (vinyl alcohol) alcohol) and (mJ)
(added to buffer) (mJ) liposomes (mJ)

0.04 2.16 4.88 0.56 5.44 -3.28
0.08 -0.78 343 -1.10 233 =3.11
0.12 -2.99 123 =2.77 -1.54 -1.45
0.16 -4.69 -1.94 -3.69 -5.63 0.95
0.20 . =6.16 -4.43 -4.66 -9.09 2.93
0.24 -17.32 -5.90 -5.00 -10.90 3.58
0.28 -8.46 -=7.70 ; -4.87 -12.57 4.11
0.32 -9.46 -9.45 -4.34 -13.79 4.33
0.36 -7.99 -9.73 -2.76 -12.49 4.50
0.40 -3.81 -4.70 -3.44 -8.14 4.33

centimetres) and m is the mass of the liposomes in the sample
(grams).

DLS measurements

The DLS experiments were carried out with SEMA Tech SEM-633
equipment at a measuring angle of 90° for 100 s. The samples to be
examined were diluted 15-fold with the buffer solution. The
existence of adsorption was concluded on the basis of increasing
average vesicle diameters (Table 1).

XRD studies

The aim of the XRD measurements was to detect the structural
changes brought about by polymer adsorption in the liposome
membrane. The samples were first dried in a heat box and then
exposed to water vapour at 60 °C for 12 h. They were measured in
both dry and water-vapour-exposed conditions over angles from 1°
to 8° (Philips PW1820 diffractometer Cu Kea, 40 kV, 35 mA). The
accuracy of the identity period (dp) was £0.01 nm.

Determination of surface charge density

We used a Miitek PCD 02 particle charge detector (PCD). The
original liposome dispersion and two diluted samples (3, 1.5 and
0.6% liposome, grams per 100 cm®) were titrated with 0.1 M
HDPCI. The endpoint of this process was indicated by a PCD
signal of 0 mV. HDPCI was used at the exact concentration and
with a high grade of purity. This process was performed in the
Teflon cell (10 ml) of the PCD instrument. The surface charge
density is calculated by

Z = VgyrgecHDP*/" |

where Z is the surface charge density (milliequivalents per gram),
Vg,a,ge is the volume (cubic decimetres) of 0.1 M HDPCI at zero
charge and m is the mass of the liposomes (grams).

Calorimetric measurements

The data were obtained with a thermometric thermal activity
monitor (TAM Type 2277) titration microcalorimeter. A portion of
the original liposome dispersion (0.333 ¢cm>) was diluted to 2.00 cm®
with the buffer solution, and the total enthalpies (Table 2) were
determined when 800 ul of 0.5% PVA was added in ten steps. The
PVA/liposome ratio (weight/weight) was set from 0.04 to 0.4. The
total duration of this measurement was 17 h (2 h for the baseline
and 1.5 h for each step).

We also measured the dilution enthalpies of both liposomes and
PVA under the same conditions as mentioned earlier. Measure-
ments on PVP are not reported here because of the failure to
achieve reproducibility of the small heat effects.

Results and discussion
Preparation and’size control

Downsized liposomes were used for our further exper-
iments prepared according to the method shown in
Fig. 1. The size distribution resulting from the DLS
control revealed that the average liposome diameter
decreased to 150 + 5 nm. This relation shows that the
sample treated by sonication is monodisperse, while the
previous one is polydisperse containing large particles
(4.5-5.5 um) which are disaggregated by the bath
sonicator (Fig. 2).

Determination of particle charge density

A simple and quick method to determine the surface
charge of liposomes is as follows. Ionic polymers adsorb
on oppositely charged surfaces with high affinity. In the
case of negatively charged liposomes cationic polymers
also adsorb well, but they cause aggregation of the
dispersion by neutralizing the negative surface charges
[23].

The principle of our method is that negatively charged
liposomes are titrated with a cationic tenside (HDPCI)
which neutralizes their surface charges. The surface
charge of liposomes dispersed either in water or in buffer
is negative (about 200 and 600 mV) and decreases on
addition of HDPCI (Fig. 4a). A certain amount of
HDPCI (V3,,,.) causes a zero streaming potential and
further addition leads to liposomes with an opposite
charge. As a consequence the stability of the liposome
dispersion is lost, and the system coagulates. When such
experiments were carried out on liposome dispersions,
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Varge increased with the concentration. Plots of V3, ..
against liposome concentrations are illustrated in
Fig. 4b. From the slopes of the lines presented in this
figure the surface charge density (Z =tana) is obtained:
0.50 mEq/g for liposomes hydrated in water and

0.63 mEq/g in 0.01 M Hepes-NaOH buffer of pH 7.4.

Polymer adsorption

The absorbance values are shown as a function of the
Prot/liposome (weight/weight) ratio in Fig. 4. From

these data the optimal ratio (about 17% w/w) was

chosen at which minimal absorbance (A4, 0.05) was
obtained. This ratio provides the possibility to measure
PVP at 210 nm.

Adsorption isotherms of the polymers are seen in
Fig. 5. For PVA we compare two analytical methods.
Measurement of PVA adsorption with ultracentrifuga-
tion or Prot aggregation as a separating method yielded
very similar isotherms. PVA binds much better than
PVP to liposomes because its hydroxyl groups bond by
hydrogen bonds to the surface of the liposomes, which
are rich in hydroxyl and oxo groups.

Although PVP also has a hydrogen-bonding oxo
group in the pyrrolidone ring, the interaction with
liposomes is weaker. The adsorption isotherm of PVP
has already reached saturation at 50 mg/g.

DLS experiments

DLS measurements revealed that the adsorption of PVA
and PVP enlarged the average vesicle diameter. The
extent of this enlargement was 15-23 nm for PVA and
5-9 nm for PVP. Thus, the stronger adsorption of PVA

can also be proved by the thickness of the adsorption’

layer. PVA has a higher molecular mass than PVP
(72,000 relative to 40,000) and, therefore, PVA spreads
more extensively and is in a well-hydrated condition in
the adsorption layer. This causes the observed excellent
stability for the liposome dispersions (Fig. 6, Table 1).

TAM measurements

The heat production/absorption during titration of
liposomes with PVA is illustrated in Fig. 7. The first

<
<«

Fig. 4 a Titration of liposomes (3, 1.5, and 0.6 g liposome/100 cm?)
with hexadecylpyridinium cations in buffer or in water. V3 . was
calculated from the intersection points. b Correlation between
liposome concentration and the consumed volume of the titrating
agent (100 mM hexadecylpyridinium chloride, HDPCI). The slopes of
the regression lines (tanx) show the surface charge density in
milliequivalents per gram (three parallel measurements)

1203 Ultracentrifugation (PVA)
Protamine aggregation (PVA)

80 + '

40 4 \
Protamine aggregation (PVP)

n® polymer (mg/g of liposome)

0 0.1 0.2 03 04 05 06 07 08 0.9 1

C. of polymer (g/100 cm’)

Fig. 5 Isotherms of adsorption of poly(vinyl alcohol) (P¥4) and PVP
on liposomes. Comparison of Prot aggregation and ultracentrifuga-
tion as separating methods in the determination of nonadsorbed PVA
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Fig. 6 Average vesicle diameter as a function of the polymer/
liposome (weight/weight) (w/w) ratio (three parallel measurements)

; 1

=20

25
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Fig. 7 Titration microcalorimetric enthalpogram of PVA/liposome
0.04-0.4 (w/w) systems from which the AH,,, values were calculated
by integration of the areas under peaks
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Fig. 8 a AH,4s shows exothermic interaction up to c¢,=0.04 g/
100 cm”. The ¢, values were calculated from the adsorption isotherm
(Fig. 5, Prot aggregated system). b AH,4, per gram of liposome as a
function of the amount of PVA adsorbed per gram of liposome
(npva). ¢ Derived form of Fig. 8b. Calculation of the amount of
energy liberated by the adsorption of 1 g PVA
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Fig. 9 X-ray diffraction (XRD) diffractograms of PVA-liposomes
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Fig. 10 XRD diffractograms of PVP-liposomes
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Fig. 11a-d Schematic figure of
PVA-liposome. a Without PVA
and with b a small and ¢ a high
amount of PVA. d The sample
in c after swelling in water
vapour

a, Basic bilayer
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peak refleets an exothermic process and the others
represent endothermic effects. The enthalpy values
required to obtain the adsorption enthalpy are listed in
Table 2. This enthalpy is obtained from the relation

AHags = AHior — (AHgipva) + AHgil(liposomes))

where AH,4s is the adsorption enthalpy and AH,, is the
total enthalpy and AHy; is the dilution enthalpy- of the
components (PVA and liposomes).

The adsorption enthalpy is plotted against the equi-
librium concentration of PVA (Fig. 8a). The interaction
is exothermic up to a PVA concentration of 0.04 g/
100 cm® but is endothermic at higher concentration. An
analogous representation may be seen in Fig. 8b, where
the adsorption enthalpy is related to 1 g liposome

at PVA/liposome = 0.305 (w/w).

(AH,4s") as a function of the amount of PVA adsorbed.
This relation shows that in the initial stage of the
isotherm, up to an amount of 40 mg/g adsorbed,
exothermic effects are recorded. The differential adsorp-
tion enthalpy in Fig. 8¢ shows the adsorption enthalpy
related to the unit mass of PVA.

These data clearly demonstrate a strong exothermic
interaction between the liposome membranes and the
segments of the PVA molecules in the initial state of
the adsorption. The interaction may primarily involve
hydrogen bonding (see later). At higher PVA concen-
trations endothermic interactions occur, which indi-
cates that the polymer is incorporated between the
alkyl chains of the bilayer. This process decreases in
the structural order of the bilayers, the disorientation
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of the alkyl chains being controlled by entropy. It must
also be considered that there are cholesterol and dicetyl
phosphate molecules between -the lecithin phospholi-
pids and the hydroxyl groups of cholesterol might
favour the penetration of PVA chains into the lipid
layer. *

XRD results

The changes in the liposomal bilayer can also -be
detected by small-angle scattering (Figs. 9, 10). In the
PVA-liposome systems a lamellar distance (d) of
4.71 nm was found. After storage in saturated water
vapour a small degree of swelling was observed with
dp. =4.85 nm. These distances are almost the same as
those reported in Refs. [24, 25); where d; was reported
to be 4.80 nm for dipalmitoyl phosphatidyl choline
bilayers in the gel (Ly) phase. The layer thickness was
related to the structure of the hydrated lipid membrane
(Figs. 9, spectra a, 1la). At a ratio of 0.305 PVA/
liposome 4, in the dry condition was 3.94 nm (Fig. 9,
spectra b). This reveals that the adsorbed PVA com-
presses the bilayer by connectmg molecules in the
membrane (Fig. 11c). When this sample was exposed
to water vapour, two peaks appeared at dp =6.13 nm
and 3.57 nm, which are probably the (00I) and (002)
reflections of a highly expanded bilayer with a spacmg
of about 7 nm (Fig. 11d). The nonintegrality (dyq, is
not equal to 2dpg;) indicates a certain interstratification
of somewhat differently expanded interlayer spaces, i.e.
the distances from interlayer to interlayer of the

expanded phase are not exactly the same. The XRD"

records of PVP-liposomes reveal essentially the same
effects. In dry conditions PVP icompresses the bilayer,
while saturated water vapour expands the membrane
to dp=4.43 nm. This expansion is maintained after
further addition of PVP but another peak appears at

7.06 nm which i is characteristic of completely expandec
bilayers.

A comparison of the XRD results for the two neutral
polymers with liposomes suggests that, as already
proved in connection with adsorption isotherms, PVEF
binds more weakly on the surface of the bilayer
membrane than PVA at PVP/liposome (weight/weight]
ratios of 0.025 and 0.61. The expanded structure shows
dp =4.43 nm and 4.56 nm. The amount of the highly
expanded phase with dp —7.06 nm seems to be dxstmctly
smaller than for PVA.

Conclusions

The interaction of neutral polymers (PVA and PVP)
with the liposomal bilayer were examined. PVA is
adsorbed by liposomes more strongly than PVP as a
consequence of stronger hydrogen bonds. These inter-
actions were detected by several measuring techniques.
DLS demonstrated that the diameter of the liposomes
was higher after stabilization with PVA; thus, the
adsorption layer is thicker (10.2-23.6 nm) than in the
case of PVP (5.1-8.9 nm). Microcalorimetric: titration
measurements revealed exothermic interactions in the
initial stages of the adsorption of PVA. XRD cxamin-
ation of films of liposomal bilayers revealed swelling by
water vapour and the influence of stabilizing polymers
on the membrane structure. The results indicate that
PVA binding is stronger because it allows a lower extent
of expansion for the bilayer by water vapour.
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Interaction Between Liposomes and

Neutral Polymers: Effect of Adsorption
on Drug Release
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Department of Pharmaceutical Technology, University of Szeged,
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ABSTRACT

The processes of adsorption of two neutral polymers (poly(vinyl pyrrolidone), PVP
and poly(vinyl alcohol), PVA) were investigated on liposomes composed of soy
lecithin/dicetyl phosphate/cholesterol = 25:2:3 (molar ratio). The liposomes were
prepared in buffered solution at pH=7.4 and mixed with the solution of the
measured polymers in the desired polymer/lipid (w/w) ratios. Adsorption was
measured by determination of the equilibrium bulk concentration of the polymer. In
the case of PVA quantitative adsorption measurements with a specific reagent were
possible. Adsorption isotherms were recorded at 25 £ 1°C. It was concluded that
adsorbed and unadsorbed PVA molecules are in equilibrium even at low polymer/
lipid ratios. The results were confirmed by dynamic laser light scattering (DLS), and
thermal activity monitoring (TAM) experiments. Another group of the liposomes was
prepared in 60 mM ammonium sulphate (pH = 5.0) and we filled the vesicles with a
test dye, acridine orange (A0) using the pH-gradient (remote loading) method. The
AO release property of liposomes was tested with a special vertical diffusion cell
after we had made PVA adsorb on their surface in different PVA/lipid (w/w) ratios.

Key Words: Liposomes; Drug delivery; Poly(vinyl byrro[idone); Poly(vinyl alcohol);
Polymer adsorption
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INTRODUCTION

Considerable efforts have been made in pharmaceuti-
cal research to develop new drug delivery systems that
enhance the efficacy and safety of existing drugs and that
underlie optimized drug therapy. Liposomes find perhaps
the most extensive use as drug carriers, and many previous
studies have demonstrated the enhanced efficacy of
encapsulated drugs and the reduction of the side-effects
of drugs so entrapped in this manner (1-6). Conventional
liposomes which are not specifically modified to provide
them with a long circulating ability, however, are of
limited use, since they tend to be trapped by the mono-
nuclear phagocyting system (MPS). Many attempts have
been made to avoid the MPS-trapping of liposomes and to
achieve longer half-lives in the bloodstream by modifica-
tion of the liposomal surface. Successful resuits have been.
obtained by the modification of liposomes with poly-
(ethylene glycol) (PEG) derivatives (7-14). These mole-
cules were covalently grafted onto the surface of the
liposomes, and provided higher stability and a prolonged
duration of circulation time for the vesicles examined. The
PEG chains are believed to prevent or diminish the
adsorption of opsonizing proteins which direct the lipo-
somes to macrophages, as a result of their conformational
flexibility and water-binding ability (13,14). Until
recently only a few studies have dealt with other polymers
physically adsorbed on the surface of liposomes.

Poly(viny! alcohol) (PVA) and a PVA modified with a
hydrophobic moiety (PVA-R), were examined as a coating
material for liposomes to be loaded with an anticancer
drug, doxorubicin by Takeuchi et al. (15). Besides the
animal experiments (pharmacokinetic and distribution
studies) they performed dynamic laser light scattering
(DLS) measurements and determined the coating amounts
of polymers. It was shown that PVA-R binds to liposomes
with higher affinity than does PVA. In a previous study the
change in the zeta potential afforded evidence of the
polymer layer on the liposome surface (16).

The kinetic (long-term) stability of dimyristoyl phos- .

phatidyl choline (DMPC) liposomes was examined by
Grohmann et al. who incorporated PVA and poly(vinyl
pyrrolidone)(PVP) derivatives into the bilayer membrane

of the vesicles (17). These experiments were carried out at .

different pH values, and the enhancement of the average
vesicle diameter was checked by DLS after certain time
intervals for 3 months. It was concluded that the rate of
diameter increase can be significantly diminished by
stabilizing the dispersions with PVP or PVA and its co-
vinyl acetal, propional or butyral copolymers. In another
approach differential scanning calorimetry was used to
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examine the polymer-liposome interactions (18). It is also
very noteworthy the work of de Rubalcava et al. (19) who
made a detailed examination on the interactions between
liposomes and hydoxypropylmethylcellulose.

The aim of this paper was the direct investigation of
the interactions of PVA and PVP and the liposomal
bilayer by quantitative analytic measurements of polymer
adsorption, among them the protamine (Prot)-induced
vesicle aggregaion, which method is a novel onc. The
results of DLS, and thermal activity monitoring (TAM)
provided additional information, and the test dye rclease
experiments indirectly proved the binding of PVA onto
the liposomal surface.

EXPERIMENTAL

Materials

Soy lecithin containing 'ca. 85 % (w/w) phospholipids
(PL) was produced by Lucas Mayer GmbH., Germany.
Dicetyl phosphate and cholesterol were purchased from
Sigma, St. Louis, MO, USA. The PVP K30 M, = 40000,
4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic  acid
(Hepes), tris (hydroximethyl) aminomethane (Tris), acri-
dine orange hydrochloride (AO) were products of Fluka
Chemie AG, Switzerland. Protamine hydrochloride (Prot)
was obtained from F, Hoffmann-La Roche Ltd, Switzer-
land. The xerogel of Sephadex G50f (fine) was produced
by Pharmacia AB, Sweden. All other substances: PVA
M, & 72000, sodium chloride, sodium hydroxyde, ammo-
nium sulphate, disodium hydrogenphosphate, potassinium
dihydrogenphosphate, iodine, potassinium iodide, and
boric acid, methanol, ethanol, chloroform, were purchased
from Reanal, Budapest/Hungary and were of analytical
grade purity. We used ultrapure distilled water provided by
a Milli-Q RG (France) water cleancr device.

Methods
Preparation of Liposomes

The exact phospholipid content in the soy lecithin we
used as basic material of the liposomes was determined
according to the Rouser assay (20). Liposomes consisting
of soy lecithin phospholipid/dicetyl phosphate/
cholesterol =25:2:3 (molar ratio) were prepared by the
classic Bangham method (21) with some modifications.
The lipids were dissolved in a mixture of chloroform/
methanol =9:1 (v/v). A lipid film was prepared on the
wall of a round-bottomed flask with a Rotadest 2118
vacuum evaporator. After the removal of all traces of
organic solvent the film was hydrated with a buffer
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solution (pH = 7.4) containing.0.15M sodium chloride,
0.0M Hepes and 0.005M sodium hydroxide or a
solution containing 0.06M ammonium sulphate
(pH =5.0). In both dispersions the desired average vesi-
cle diameter (approximately 150 nm) was achieved by
sonication with a Realsonic RS-16F ultrasonic bath. The
process was checked by DLS every 2 minutes during this
step. The phospholipid concentration ([PL]) of these
systems was 0.04 M.

Increasing amounts of polymer (PVA or PVP) were
added to liposomes prepared in the Hepes buffered
solution at polymer/liposome ratios of 0.024-0.61
(w/w). The “liposome™ expression is equal to the sum
of the amount of phospholipid in the soy lecithin, dicetyl
phosphate and cholesterol. Dispersions obtained in this
way were mixed by vortexing before they were incubated
at 25°C for 2 hours. At the other group of the liposomes
prepared in the solution of ammonium sulphate there was
AO entrapped into the vesicles first and in vitro drug
release examinations were carried out finally.

Determination of the Amounts of Polymer Adsorbed

The principle of these examinations is shown on
Figure 1. 200 ul samples were taken from each dispersion
and an equal volume of Prot solution was added in order
to aggregate the vesicles (22). These aggregated systems
were diluted with the buffer solution in which the original

liposomes were prepared before they were centrifuged at
2000 g for 20 minutes.

centrifugation
2000g
+ Protamine
Aggregated system

ultracentrifugation y
) 100000g determination
Liposome of PVA, PVP

dispersion to be '
examined /'y

Figure 1. Scheme for the measurement of PVA and PVP
concentrations in adsorption isotherm measurements.
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In the case of PVA the amount of unadsorbed polymer
was determined from the supernatant with a specific
reagent containing boric acid, potassium iodide and
iodine (23) which forms a green compound with PVA.

The optical density of this green color was measured

spectrophotometrically at 670 nm.

This measurement is more complicated in the case
of PVP: in the absence of a specific chromophore-
producing reagent we were forced to measure in the
UV. In order to circumvent this problem we minimized
the disturbing effect of unbound liposomes and Prot. We
added increasing amounts of Prot to dispersions contain-
ing only liposomes and after centrifuging them we
searched for the absorbance minimum at 210nm.
Figure 2 reveals the optimal ratio of Prot/phospholipid
at where PVP displays an absorbance maximum in
ethanol:water =9:1 (v/v). We added Prot in this Prot/
phospholipid ratio to the liposome-PVP systems to be
examined. This was followed by centrifugation, dilution
of an aliquot of the supernatant with 96 % ethanol and
measurement of the concentration of unadsorbed (equili-
brium) PVP at 210 nm.

For the systems containing PVA these experiments
were performed with another separation method employ-
ing a Beckmann TL 100 ultracentrifuge. In this case the
vesicles were exposed to 100000 g instead of Prot and
centrifugation at 2000 g.

We used a Kontron Uvikon 930 spectrophotometer for
the measurements. The adsorption was expressed via

. the adsorption isotherms at 25+ 1°C by the following

equation,

n <20 L : Co 3 Ce
polymer 100

m

where 7°pojymer = amount of polymer in mg adsorbed on
1 g of liposome, C,=initial concentration of polymer
(mg/100 ml), C,=measured equilibrium concentration
of polymer (mg/100 ml), ¥ = volume of sample (ml), and
m =mass of liposomes in the sample (g).

DLS Measurements

The DLS experiments were carried out with SEMA
Tech SEM-633 equipment at a measuring angle of 90°
for 100 seconds. Samples to be examined were diluted
15-fold with the buffer solution having the appropriate
Co PVA or Cy PVP concentrations. We also considered
the change of the relative viscosity during these measure-
ments. The existence of adsorption was concluded on the
basis of increasing average vesicle diameters.
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i
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Absorbance

03T

02/

0.1 T

Amin (A=210nm)

optimal ratio

0.3 0.4. 0.5 0.6

Prot/PL (w/w)

Figure 2. Determination of the optimal ratio Prot/PL (to yield the minimum interfering absorbance, A4,,;,) n order to minimize the
disturbing effect of nonprecipitated liposomes and protein in the measurement of unadsorbed PVP.

Calorimetric Measurements

These data were obtained with a Thermometric Ther-
mal Activity Monitor (TAM Type 2277) titration micro-
calorimeter. 0.33 ml of the original liposome dispersion
were diluted to 2.00 ml with the buffer solution, and the
total enthalpies (Table 1) were determined when 800 ul of
0.5% PVA were added in 10 steps. The PVA/liposome
ratio (w/w) was set from 0.04 to 0.4. The total duration
of this measurement was 17 hours (2 hours for the
baseline and 1.5 hours for each step).

We also measured the dilution enthalpies of both
liposomes and PVA under the same conditions as
mentioned above. Measurements on PVP are not reported

here because of the failure to achieve reproducibility of
the small heat effects.

Remote Loading of AO, Determination of the
Entrapment Efficiency (E %)

The choice of acridine orange as drug modeling test
dye can be explained by several reasons. First of all it can
easily be detected spectrophotometrically because of its
high molar extinction coefficient. The weak basic prop-
erty (pK,=9.25) and the hydrophobic character of the
base (24) form are important factors which promote the

Table 1.  Summary of TAM Results

Polymer/ ZAH; (ml/g)

liposome  C, of PVA AH,,, of PVA and At
(w/w) (g/100ml) (mlJ/g) liposomes (mJ/g)
0.04 0.013 2.16 5.44 —3.28
0.08 +#0.025 -0.78 2:33 -3.11
0.12 0.035 -2.99 —1.54 —1.45
0.16 0.0465 —4.69 -5.63 0.95
0.20 0.0565 —6.16 -9.09 2.93
0.24 0.0655 -7.32 -10.90 3.58
0.28 0.0768 —8.46 -12.57 4,11
0.32 0.0828 -9.46 -13.79 4,33
0.36 0.0905 -7.99 —12.49 4.50
0.40 0.0975 -3.81 -8.14 433

AH,4, shows exothermic interaction up to approximately C, pya=
0.04 g/lOOcm’. The C, values were calculated from the adsorption

isotherm (Figure 5, protamine aggregated system). The standard devia-
tion of AH, 4 was £2.1-6.5%; n=3.

loading of AO to the internal space of liposomes. Several
antineoplastic agents having similar chemical structure
can be transported through lipid membranes by this
method (24-28).

The pH of liposome dispersion hydrated in the 0.06 M
ammonium sulphate was set from 5.0 to 7.4 with 0.1 M




Liposome and Polymer Interaction

sodium hydroxyde and after it had been divided into three
equal volumes, three buffer solutions with pH 7.4 (Hepes-
sodium hydroxide, Tris-hydrochloric acid, and phosphate
buffer) were added so that the intra- and extraliposomal
spaces remain isoosmotic. This fact was achieved by

addition of sodium chloride. The [PL] was cca. 0.027M =~

and the concentration of the appropriate buffer was
0.01 M in each dispersions at the end of this step. AO
was added to the details (2 ml) of these dispersions so that
the molar ratio of AO/PL change between 0.02-0.30 and
[AO] (C)) be in the range of 0.30—4.50 mM. Due to the
pH-gradient (ApH=~2.4) set up between the intra- and
extraliposomal areas and the incubation of the samples at
60°C for 1 hour AO can be concentrated into the intra-
liposomal aqueous phase (Figure 3).

The entrapment efficiency (E%) of AO was deter-
mined in a similar manner as it was described before, for
the quantitative measurement of the polymer adsorption.
200 ul volumes were taken from the samples and equal
volume of Prot solution was mixed with them so that we
set the Prot/PL (w/w ratio) to approx. 0.3. The aggre-
gated liposomes were centrifuged at 2000g for 20
minutes and the concentration of the non-entrapped AO
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(C,) was measured from the supernatant spectrophoto-
metrically at 492 nm. Based on these measurements:

E% = (1 — C,/C,) - 100.

Since liposomes may undesirablely aggregate during
loading (25) it is also necessary to check the average

vesicle size by DLS simultaneously with the E%
examinations.

In Vitro Drug (Test Dye) Release Measurements

With the knowledge of the experimental results (£ %,
average vesicle size) related to the remote loading proce-
dure we made an AO loading with an optimized sample
again. The non-entrapped AO was removed by passing the
liposome dispersion through a Sephadex G50 gel column
which was preequlibrated with 0.01 M Tris-HCI — 0.58 %
sodium chloride solution. The loss of liposomes was
estimated from the eluted, free of extraliposomal AO
dispersions by the Rouser assay. Samples prepared in
this way were mixed with PVA in the PVA/liposome =
0.05 and 0.30 w/w ratio and the amounts of the released
test dye was measured using vertical diffusion cells

Intraliposomal area [ AARASAANAAAA | Extraliposomal area
pH =5.0 AANAAAA pH= 7.4
60 mM (NH),S0, ~ ®s "A’A""MW”‘ 10 mM TRIS-HCI
QLA M

L (NH,):SO4 +:‘H10 =

2NH+20H"| + SO+ 2H;0"

2A0+2H;0+2HCl =

&R e L 5
QUUNIIN (000N 2AOH™+2CT+2H,0

“ 1l QIR B
[240H"+ S0+ 21,0 @A Aananngy ™+ MNHsH2HI0 ===
INH,+2H,0 2NH+20H"
AN
[ m VA )
. : Liposome membrane at
Qulckzgcitgmg " T— 60 °C (liquid crystalline phase)
rZS °C (gel phase)
AOH"
SO> NARARN, FSI
AOH* A
NN

AAAAR —> Removal of the non-entrapped

AO by gel permeation

Figure 3. Mechanism of the remote loading process. The uncharged form of the weak base passes through the membrane and its

sulphate salt forms in the intraliposomal space.
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top plate sampling port
donor area |

membrane

receptor phase

helix mixer — |
temperated water jacket —
stirring magnet

=

Figure 4. Vertical diffusion cell (Hanson Research Company,
USA).

replace
tube

(Figure 4) (Hanson Research Co., USA). The samples

(donor area) were separated from the receptor phase by a

dialysis membrane with the average pore diameter of
2.4nm. 800 ul of samples were taken from the receptor
phases (4.50ml and termostated at 37°C) with an auto-
matic sampling device at 0.5, 1.5, 3.5, 7.5, 15.5, 20.5,
24.5, 28.5, and 32.5 hour of samping times. The amounts
of the released test dye can be calculated after the spectro-
photometric measurements at 492 nm.
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RESULTS AND DISCUSSION
Polymer Adsorption

Figure 2 depicts absorbance values as a function of the
Prot/liposome (w/w) ratio. From these data the optimal
ratio (*®17% w/w) was chosen at which minimal
absorbance (4,,,, <0.05) was obtained. This ratio
provides the possibility to measure PVP at 210 nm.

Adsorption isotherms of the polymers are seen in
Figure 5. For PVA we compare two analytical methods.
Measurement of PVA adsorption with ultracentrifugation
or Prot aggregation as separating method yielded very
similar isotherms. PVA binds much better than PVP to
liposomes because its hydroxyl groups bound by hydro-
gen bonds to the surface of the liposomes which are rich
in hydroxyl and oxo groups. Although PVP also has H-
bonding oxo group in the pyrrolidone ring, the interac-
tion with liposomes is weaker. The adsorption isotherm
of PVP has already reached saturation at 50 mg/g.

DLS Experiments

DLS measurements revealed that the adsorption of
PVA and PVP enlarged the average vesicle diameter. The

120 1

100

(mg/g)

N polymer

S
o
1

20 1

Protamine aggregated (PVA)

B Ultracentrifuged (PVA)

"~ - Protamine aggregated (PVP)

T T T

0 0.1 0.2 0.3

T T T T

0.4 0.5 0.6 0.7 0.8

Cc polymer (g/lOO ml)

Figure 5. Isotherms of adsorption of PVA and PVP on liposomes. Comparison of Prot aggregation and ultracentrifugation as
separating methods in the determination of unabsorbed PVA; n =3 (three parallel measurements).
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extent of this enlargement was 15-23 nm for PVA and 5-
9nm for PVP. Thus, the stronger adsorption of PVA can
also be proven by the thickness of the adsorption layer.

PVA has a higher molecular mass than PVP (72000 .

relative to 40000) and, therefore, PVA spreads more
extensively and is in a well-hydrated condition in the
adsorption layer. This causes the observed excellent
stability for the liposome dispersions (Figure 6).

Calorimetric Measurements

Figure 7 illustrates the heat production/absorption
during titration of liposomes with PVA. The first peak
reflects an exothermic process and the others endother-
mic effects. In Table 1 are listed the enthalpy values

required to obtain the adsorption enthalpy. This enthalpy
is obtained from the relation:

AH, 4 = AH = (AH giypva) + AHigiposomes))

where AH,4; is the adsorption enthalpy, AH,,, the total
enthalpy, and AH,; are the dilution enthalpies of the
components (PVA and liposomes).

The interaction is exothermic up to a PVA conentra-
tion of 0.04 g/100 ml but endothermic at higher concen-
tration. An analogous representation may be seen in
Figure 8, where the adsorption enthalpy is related to
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1 g of liposome (AH;) as a function of the amount of
PVA adsorbed. This relation shows that in the initial
stage of the isotherm, up to an adsorbed amount of
40 mg/g, exothermic effects are recorded. The differen-
tial adsorption enthalpy in Figure 9 shows the adsorption

- . enthalpy related to the unit mass of PVA.

These data clearly demonstrate a strong exothermic
interaction between the liposome membranes and the
segments of the PVA molecules in the initial state of the
adsorption. The interaction may primarily involve H-bond-
ing. At higher PVA concentrations endothermic interac-
tions occur which indicates that the polymer is incorporated
between the alkyl chains of the bilayer. This process
decreases in the structural order of the bilayers, the disor-
ientation of the alky! chains being controlled by entropy. It
must also be considered that there are cholesterol and
dicetyl phosphate molecules between the lecithin phospho-
lipids and the hydroxyl groups of cholesterol might favor
the penetration of PVA chains into the lipid layer.

Entrapment of AO and Test Dye Release
Experiments

The results obtained from the experiments made on
the remote loading process with three buffers having
different quality can be seen in the Table 2. It is obvious

180k

average vesicle diameter (nm)

A PVA

! 1

0 0.2

0.4 0.6 0.8

polymer/liposome (w/w)

Figure 6. Avergae vesicle diameter as a function of the polymer/liposome (w/w) ratio; n=3.
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Figure 7. Titration microcalorimetric enthalpogram of PVA/liposome 0.04-0.4 (W/w) systems from which the AH,,, values were
calculated by integration of the areas .of the respective peaks.
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Figure8. AH_; perg of liposome as a function of the amount of PVA adsorbed per g liposome (mpya)- The n,,, values are given by
C, values of Table 1.
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Figure 9. Derivative form of Figure 8. Calculation of the amount of energy liberated by the adsorption of 1 g PVA.

that the best performance was given by the systems
buffered with Tris-HCl. Among them the -sample
AO/PL=0.1 (molar ratio) was found to be the most
suitable for the test dye release examinations. The biggest
rate of entrapment efficiency (47.8 %) with the smallest
increasement of the liposome diameter (195.2 nm) was
observed at this sample. The phenomena of vesicle
enlargement is probably explained with the neutralizing
effect of AO cations on the negatively charged phospho-
lipids packed in the liposomal membrane. The negative
surface charge of vesicles which maintains the stability of
the real colloid system is neutralized after the addition of
a certain amount of AO. This interaction is followed by
aggregation.

It might be connection between the quality of the
buffers used and the entrapment efficiency too. Anions in
the buffer systems may form ionic pairs with AO cations
inhibiting the formation and the transport of the AO base
into the liposomes. Hepes molecules with acidic char-
acter may form salt with AO cations in the extraliposo-
mal area while Tris having a basic property does not
prevent them from participating in the membrane trans-
port mechanism. Between these two extremes, the phos-
phate buffered system in which the hydrogen- and
dihydrogenphosphate anions inhibit the AO transport
into liposomes to a lesser extent than Hepes anions,

due to the absence of apolar interactions and the smaller
molecular size.

Table 2.  Entrapment Efficiency (E %) and Average Vesicle Diameter (d) Results of the Remote Loading Process of AO into Liposomes

Tris-HCI buffer

Phosphate buffer

Hepes-NaOH buffer

AO/PL

(mol/mol) E%=%sd d (nm)=sd E%=xsd d (nm)=sd E%=*xsd d (nm)=%sd
0 : 0 150.8+15.0 153.1£15.6 0 153.9+15.9
0.02 36.61+3.11 160.2£17.7 2551 %3:12 162.7+16.2 13.024:2.13 1624+ 17.1
0.05 50.00+4.22 164.6+18.9 38.72+4.21 178.4£25.5 39.21£3.11 174,94+ 24.6
0.10 47.86+£4.61 195,24 27.1 42.93+3.68 314.3+£30.3 3331375 241.1+£32.8
0.15 51.10+£4.82 296.8+25.8 46.02+5.01 594.1+40.8 30.53+4.73 326.0+£30.9
0.20 50.80£3.73 364.2+36.3 48.35+4.12 1588.1+£51.6 33.62+4.36 658.8+45.6
0.25 46.54+3.92 643.41+42.9 43.12£3.56 2220.0+52.5 20:915:12 1304.9+48.6
0.30 4545+4.31 1011.94+63.0 42,71£4.26 2256.01+96.6 26.921+4.03 1905.1£90.0

The data of the optimal system used for AO release experiments are shown by italicized fonts, n=3.
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The preparation of the optimal, AO/PL =0.1 molar,
sample was followed by the measurement of the entrap-
ment efficiency (82.7 %) and the average vesicle diameter
(193.4nm). After the non-entrapped fraction of AO had
been removed by passing through the liposome disper-
sion in a Sephadex G50 gel coloumn we estimated the
liposome concentration by the means of [PL]. This value
decreased to 12mM. We can calculate the releasable
mass of AO (m,,) from the knowledge of the mass of AO
added to liposomes at the remote loading step (m°), the
concentration of liposomes before ([PL,]) and after [PL,]
the gel permeation, the volumes of the dispersions
applicated to the top of the gel coloumn (V) and

eluted (7)) and the actual entrapment efficiency (E %)
with the following formula:

Myey = m° . E% - VI/VO g [PLy]/[PLx]

After the addition of PVA to the eluted samples in 0.05
and 0.30 PVA/liposome (w/w ratio), the releasable mass
of AO entrapped in liposomes was 449.33 ug in the
Hanson cell’s donor phase (2 ml). The final result of test
dye release is shown in Figure 10. Dispersions free of
PVA retained AO according to the literature data (29)
releasing 3.57 % of the original entrapped amount. For the
samples containig PVA we can obviously prove the AO
retaining effect of PVA adsorbed on the surface of lipo-
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somes. The extent of AO release decreased to 1.22 % for
the sample containing PVA in 0.05 PVA/liposome w/w
ratio. This value does not diminish significantly at six
times higher, 0.30 PVA/liposome w/w ratio, where
1.09 % of AO release was detected. In order to explain
this effect we should mostly look at the results achieved at
the DLS experiments. Since on the surface of liposomes
thicker polymer layers do not form at high PVA /liposome
ratios directly propotionally, compared to the adsorbed
polymer layer thicknesses measured at small PVA/
liposome ratios. These layers retain AO similarly even
when higher polymer amounts are added to the system.

CONCLUSIONS

The interaction of neutral polymers (PVA and PVP)
with the liposomal bilayer were examined. PVA is
adsorbed by liposomes more strongly than PVP as a
consequence of stronger H-bonds. These interactions
were detected by several measuring techniques. DLS
demonstrated that the diameter of the liposomes was
higher after stabilization with PVA; thus the adsorption
layer is thicker (10.2-23.6 nm) than in case of PVP (5.1-
8.9nm). Microcalorimetric titration measurements
revealed exothermic interactions in the initial stages of
the adsorption of PVA. From test dye loading experi-

AO released (%)

Figure 10. Efflux of acridine orange from liposomes.
0.30. (w/w): —A—; n=3.
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Without PVA: ... #..., PVA/liposome = 0.05 (w/w): —-M-, PVA/liposome =
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ments we have concluded that AO can be entrapped into

liposomes most effectively using media buffered with
Tris-HC}, and the.optimal AQ/PL ratio was 0.1. The test
dye release experiments were also convincing about the
liposomal membrane stabilizing effect of PVA.
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Liposzémak és neutralis polimerek kélcsonhatasanak
vizsgalata; a stabilizalas hatasa a hatéanyag-leadasra
DEKANY Gyérgy, CSOKA Iidiké, EROS Istvan
SZTE Gydégyszertechnolégiai Intézet, 6720 Szeged Eétvos u. 6

Bevezetés

A liposzémak kitliné gyogyszerhordozokként
hasznilhatok fel programozott hatéanyag-leaddsi
rendszerek készitéséhez. Eddig tobb olyan tanulmany
késziilt ezen rendszerekrdl, amelyek azt bizonyitjik,
hogy a liposzomdkba zirt farmakonokkal folytatott
gylégyszeres teripia nagyobb hatékonysdg mellett
kevesebb ill. kisebb mértékii mellékhatassal jar'S, A
gybgydszatban haszndlt liposzomédkat tartalmazé
készitmények egyik legintenzivebben kutatott
képviseléi a rdkellenes szereket tartalmazd
rendszerek, amelyeket altalaban injekci6/infizié
formajaban juttatnak a szervezetbe. A konvencionalis
liposzomdk ilyen célra csak  korldtozottan
hasznilhatok fel, mert ezeket a mononukledris
fagocitdlé rendszer igen rovid id6 alatt eltdvolitja a
vérkeringésbol. A hosszabb keringési id6 elérésére
mar t6bb prébalkozis is tortént a liposzomafelszin
tulajdonsagainak véltoztatisaval. Sikeresnek * bizo-
nyultak a poli(etilén-glikol)(PEG)-szadrmazékokkal
folytatott feltiletmodositisok,*'* mely sordn ezen
polimereket kovalens kotéssel kapcsoltdk a
liposzomak felszinéhez. Ez nagyobb stabilitist és
hosszabb keringési id6t biztositott a vizsgilt
vezikuldknak. A jelenség oka feltételezhetben az,
hogy a PEG-molekuldk - flexibilitisukndl és
vizmegkdto képességiiknél fogva- megakadalyozzik
az opszonizald proteinck (a fagocitozist elbsegitd
anyagok) kotodését, amelyek a makrofagokat igy a
liposzémakhoz vezetik™'. 1Ilyen technolégidval
készitik a Doxil® (Eurépiban Caelyx®) és a
DaunoXome®  készitményeket doxorubicin  és
daunorubicin hatéanyagokkal .

Ezen eredményeken kivill csak kevés olyan
polimerrél tudunk, amelyek a fent Ileirtakhoz
hasonléan kovalens kotéssel kapcsolédnak, vagy
egyszerien  fizikai  adszorpciéval  kotddnek
liposzomaék felszinéhez. A poli (vinil-alkohol) (PVA)
és a PVA-R (alkillinccal kapcsolt PVA) stabilizalé
hatasit Takeuchi’” és mtsai. tanulmédnyoztak
doxorubicinnel  taltott liposzémakon. A
farmakokinetikai vizsgalatok mellett  dinamikus
lézerfényszoras (DLS)-méréseket is végeztek a
liposzéma 4tméré tanulmanyozisira, valamint a
mintik ultracentrifugildsa utin a feliiliszok analizise
alapjdin meghatiroztdik a feliileten megkotott

polimerek mennyiségét is. Megallapitottdk, hogy a
PVA-R sokkal nagyobb affinitassal kotodik a
liposzomakhoz mint 2 PVA, annak koszonhetden,
hogy az ,R” alkillincok a liposzomamembran
hidroféb régiojaban foglalnak helyet. Takeuchi és
mtsai. egy régebbi munkédjukban az elektrokinetikai
potencial viltozasat haszniltak fel a
polimeradszorpcié nyomonkévetésére', Dimirisztoil-
foszfatidilkolin-liposzomak  kinetikai  stabilitdsat
vizsgaltdk Grohmann és mtsai., PVA- €s poli(vinil-
pirrolidon)(PVP)-szirmazékokat beépitve a vezikulak
membranjaba'’. Kisérleteiket kiilonbozd fiziologias
pH értékek mellett végezték és az atlagos vezikula-
atmér6t bizonyos idokozonként 3 honapon at mérték
DLS segitségével. Megillapitottdk, hogy a novekedés
mértéke (stabilitds cstkkenése fuzid, aggregacid
kovetkeztében) jelentdsen csokkenthetd PVP-vel,
PVA-val ill. ezek ko-vinil-acetl, propiondl, butirél
kopolimereinek segitségével. Termoanalitikai
médszereket alkalmazva szintén vizsgéltak a polimer-
liposzéma kélcsénhatasokat'®,

Ezen kozlemény célja, az elobb emlitett
tanulmanyok eredményeinek ismeretében, a PVA és a

PVP  liposzomdkon tortén6  adszorpcidjanak
kvantitativ  vizsgdlata az aldbbi moddszerek
felhasznaldsaval:

1. Az adszorbedlt polimer mennyiségének
meghatdrozisa protaminaggregdcioval és
ultracentrifugilds segitségével

2. A vezikula dtméréjének meghatirozasa dinamikus
lézerfényszorassal (DLS)

3. Titraciés mikrokalorimetrias vizsgilat a
polimer/liposzdma kolcs6nhatas hoeffektusinak
jellemzésére

4. Rontgendiffrakcios mérés a polimerek
adszorpciGja okozta szerkezetvaltozas vizsgalatira a
liposzémamembranban (XRD)

S. A liposzomék narancsakridinnel tdrténo toltése
utani in vitro hatéanyag-leadds vizsgélata.
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Kisérleti rész
Anyagok

Liposzémdink fo alkotdja szojalecitin volt,
amely a német Lucas Mayer GmbH. gyartménya.
A dicetil-foszfat és a koleszterin a Sigma termékei.
(St. Louis MO. USA) A PVP K30 relativ
moltdmege (M,) = 40000, a 4-(2-hidroximetil)
piperazinil-1- etin-szulfonsav (a tovabbiakban
Hepes), a narancs-akridin-hidroklorid (NA), a Tris
(hydroximetil) aminometin (Tris) a Fluka Chemie
AG. (Svidjc) termékei. A protamin-hidrokloridot
(prot) az F. Hoffmann-La Roche Ltd, (Svijc)
gyartotta. A gélszliréshez hasznilt Sephadex GS0f
xerogélt a Pharmacia AB-tdl (Svédoszidg) szereztiik
be. A PVA M, = 72000, nétrium-klorid, dinitrium-
hidrogénfoszfit, kalium-dihidrogénfoszfat, bérsav,
ammoénium-szulfat, kalium-jodid, hexadecil-
piridinium-klorid, metanol, etanol, kloroform a
Reanal termékei (Budapest), és analitikai tisztasaggal
rendelkeznek.

Modszerek
1. Liposzémakészités

A szdjalecitin foszfolipid (PL) tartalmédnak
meghatdrozasidt a helyes liposzoma-dsszetétel
megvilasztasa érdekében a Rouser-féle foszfolipid-
analitika' szerint végeztik el. Ez 8511.2 %-nak
adddott. A fennmarad6é kb. 15 %-nyi anyaghinyad
foleg glikolipidek, szterolok, tokoferolok és
szénhidratok elegyéb6l 4lI*°. A liposzémik a
Bangham-mddszer?' szerint késziiltek és osszetételik
lecitin-foszfolipid / dicetil-foszfat / koleszterin =
25:2:3 (molardny) wvolt. A lipideket eldszér
feloldottuk kloroform/metanol = 9:1 elegyében, majd
lipidfilmet készitettiink egy gomblombik falira ugy,
hogy a szerves oldészert Rotadest 2118 tipusu
vakuumbepirlo  késziilékkel eltdvolitottuk. A
képzddott  lipidfilmet  hidratdltuk, a  célnak
megfelelden, vagy pH = 7.4 -es kdzeggel, melynek
sszetétele: 0.15 M nétrium-klorid, 0.01 M Hepes,
0.005 M natrium hidroxid (Hepes-puffer), vagy pH
= 5.0-6s kozeggel, mely 60 mM-os amménium-
szulfat volt, vagy desztillalt vizzel (pH =~ 7). Az igy
nyert diszperziok foszfolipid-koncentricidja kb. 40
mM (3 % w/v) volt. A kivint vezikuladtmérét
(150£10.2 nm) ultrahangfiirdés  kezeléssel
(szonikalas) értiikk el. A szonikilds minden 2.
percében DLS-el ellenériztilk a részecskeméretet és
végil 14 perc utin a 5. abranak (Id. eredményeknél)

megfeleld eloszlast kaptuk A Hepes pufferben (pH =
7.4) késziilt liposzomak egy részéhez kiilonbozo
mennyiségd polimert adtunk polimer/liposzoma
0.024-0.61 (w/w) ardnyban, majd Vortex-késziilékkel
torténd keverés utan 2 6rat 25 °C-on alini hagytuk.
Maisik résziikh6z polimert nem adtunk, és ezeket
haszndltuk a mikrokalorimetridas és a felileti-
toltésslriiség-mérésekhez. A 60 mM-os ammonium-
szulfat-oldatban diszpergilt liposzomakba késGbb
narancsakridint zartunk és tovabbi koztes preparativ
eljdrasok utan in vitro hatéanyag-leadast vizsgaltunk.
A desztillalt vizzel hidratalt liposzomakat csak a
feluleti toltéssiirliség meghatdrozasahoz hasznaltuk.

2. A liposzomak feliileti toltéssiiriiségének
meghatarozasa

A fent leirt médon készitett, Hepes puffer és
desztillalt viz diszperzids kozegii negativ feliileti
toltési liposzomak feliileti toltéssiliriiségét Z (mekv/g)
Mitek PCD 02 (PCD) aramldskinetikai
potencidlmérével hatdroztuk meg. Az  eredeti
diszperzidkat (3 %, [PL] ~ 40 mM) és azok ket
higitdsat 1.5 % és 0.6 % (W/v) a késziilék 10 cm’-es
teflon mérocelldjaban 100 mM-os, kristalyositassal
tisztitott  hexadecil-piridinium-klorid (HDPCI)
oldattal titraltuk, és egyidejiileg az dramlaskinetikai
potencidlt is mértiik. A folyamat végpontjat a PCD
0 mV potencial értékkel jelezte.

3. A liposzomakon adszorbealédott polimer
mennyiségének meghatarozasa

Ezt az analitikai feladatot a protamin-
aggregaciés médszerrel? oldottuk meg (1. dbra). Az
ismert polimer/liposzéma (wiw) ardnyd
diszperziékbol 200 pl-es mintdkat vettiink, majd
egyenlé  térfogati  protamin-hidroklorid-oldatot
(prot/PL = 0.3 w/w) adtunk hozzd a liposzémak
aggregdltatisa céljabol. Az aggregdlt rendszereket
Hepes-pufferrel higitottuk és 2-3 perc llas utin 2000
g-vel 20 percig centrifugdltuk. A nem adszorbealt
polimerek  egyensilyi koncentracitit (C.) a
feliiliszobol hatdroztuk meg. A PVA-t  egy
specifikus reagens segitségével (Gsszetétele: borsav
1.20 /100 cm’, kalium-jodid 0.150 g/100 cm’, jod
0.076 g/100 cm®) mértitk spektrofotometrissan, 670
nm hullimhosszndl®  Kontron Uvikon 930-as
spektrofotométerrel.

Ez a mérés bonyolultabb a PVP esetén. Mivel
kromoférképzé vegyiilet hianyaban kénytelenek
vagyunk - az UV-tartomanyban mérni,
minimalni kell a protaminaggregacié soran meg nem
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| centrifugalas
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aggregalt rendszer
g Itr trifugdlas
N 100000 PVA, PVP
vizsgdlando meghatdrozds
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diszperzié Sy 4

1. abra A polimerek adszorpcids egyensulyi
koncentracidinak mérése polimer/liposzéma =
0.024-0.61 (w/w) rendszerekben.

kotott liposzomak és protamin zavard hatdsat. A
modszer lényege, hogy egy kiilon kisérletben novekvo
mennyiségl protamint adtunk a csak liposzomakat
tartalmazo diszperziokhoz és miutan lecentrifugaltuk

azokat, kerestik a legkisebb abszorbancija
feliiliszoval  rendelkezd mintat. A  kapott

abszorbanciaminimum mutatja a protamin/foszfolipid
optimalis aranyat azon a hulldimhosszon, amelyen a
PVP kvantitativan meghatdrozhat6 (210 nm) etanol :
viz = 9:1 elegyben (2. abra). Ezen kisérlet alapjin
protamint adtunk a mérendd liposzoma-PVP
rendszerekhez az Ani, alapjan meghatarozott prot/PL
ardnyban, (0.17 w/w) és miutan lecentrifugaltuk
azokat, a feluluszok adott térfogatit 96 %-os
alkohollal 10-szeresére higitva mértiik 210 nm-en.

A protaminnal torténé aggregaciés modszer
ellendrzése érdekében a PVA-t tartalmazé
rendszereknél referenciaként elvégeztiik ugyanezeket
a kisérleteket ultracentrifugalassal is, Beckmann TL
100 ultracentrifuga segitségével. Ebben az esetben a
2000 g + protamin helyett 100000 g-t alkalmaztunk a
szeparaldshoz és centrifugdlas utin meghatéroztuk az
egyensulyi koncentraciét. Az adszorpcié mértékét
adszorpci6s izotermakkal adtuk meg 25+1 °C-on.
Eredményeinket az alabbi egyenlettel szamitottuk:

nspolimcr ==V (Co - Cc)/IOOm

ahol:

N’poiimer = @z adszorbedlt polimer mennyisége 1
g liposzéman,

Co = a polimer kezdeti koncentricidja az
dsszeméréskor (mg/100 cm’),

C. = a polimer egyensulyi koncentracidja
(mg/100 cm’),

V = a minta térfogata (cm’),

m = a liposzémak témege a mintdban (g).

09
0.8
0.7 +
06 ¥
0.5 +
04 +
93+
02+
0.1 |
0 ! } f " }
0 0.1 \ 0.2 03 04 0.5 0.6
prot/PL (w/w)

O

Aain (A=210nm)

Abszorbancia

optimdlis arany

2. dbra Az optimalis prot/PL arany keresése a C, pyp,
értékek meghatarozasahoz.

4. Dinamikus lézerfényszoras-mérések (DLS)

Dinamikus lézerfényszérds - méréseinket
SEMA Tech SEM-633  tipusu  késziilékkel
végeztik 90 °-os mérési szog és 100 masodperces
mérési idétartam mellett. A vizsgalandé mintakat kb.
15-sz6rosre  higitottuk mindig az adott mintanak
Hepes-pufferrel. A
novekedésével  jard
figyelembe vettiik.

polimerkoncentracio
relativviszkozitas-valtozast

5. Rontgendiffrakcios mérések (XRD)

XRD méréseink célja a liposzoma-polimer-
rendszerek esetében az, hogy megfigyeljik azokat a
szerkezetvaltozasokat, amelyeket a  polimerek
okoznak az eredeti liposzomamembranon. A
vizsgidlatokhoz ({iveglapra cseppentett mintdinkat
el0szor szaritészekrényben 80 °C-on beszaritottuk,
majd az ezt kovetd mérések utan telitett vizgbzben
taroltuk 60 °C-on 12 6rat. Az igy kezelt mintdkat
ismét  megmértik  1-8  fokos  mérésszog-
intervallumban Philips PW1820 diffraktométerrel
(Cu Ka sugarzasnal, A = 1.54 nm, 40 kV, 35 mA). A
dy lamellatavolsdg értékeket a Bragg-egyenlettel
szamitottuk + 0.05 nm pontossaggal.

6. A PVA-adszorpcié hoeffektusanak mérése

A polimer/liposzéma kélcsdnhatasokat
Thermometric Thermal Activity Monitor (TAM Type
2277) titraciés mikrokaloriméterrel mértiikk. A Hepes
puffer oldattal hidratdlt 2.00 cm’ liposzéma-
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diszperzidohoz a mérdcelldban 800 pl 0.5 %-os PVA-t
adagoltunk 10  Iépésben. Az  adszorpcid
kovetkeztében felszabaduld/elnyelodd hot (AH«)
mértiik. A PVA/liposzéma (w/w) ardny 0.04-t6l 0.4-
ig valtozott a mérés folyaman. A teljes mérési id6 17
orat vett igénybe. Megmértiik a higulasbol szarmazd
entalpiavéltozasokat is mind liposzomakra és PVA-ra
a fent leirt paraméterek mellett.

7. A tesztanyag (NA) liposzomakba zarasa aktiv
toltéssel”™, a bezarasi hatékonysag (E%)
meghatarozasa.

A narancsakridint tesztanyagként elsésorban
nagy moldris extinkciés koefficiense, ill. az ezzel
Osszefiiggésben lévé konnyld spektrofotometrids
detektalhatésaga miatt valasztottuk. A valasztasnal
szempont volt még gyenge bazicitasa, valamint a
bazisforma hidrofob jellege is, mely lehetové teszi az
aktiv liposzomatoltést™.

A 60 mM-os ammoénium-szulfat-oldattal
hidratalt liposzomadiszperziok - amelyekben a
foszfolipid koncentracié ([PL]) ~ 40 mM- pH-jét 5.0-
16l 7.4-re allitottuk 100 mM-os natrium-hidroxid-
oldattal, majd ezt a tdrzsdiszperziét harom egyenld
térfogatd részre osztottuk és ezekhez kiilonbozod
mindségli pufferoldatokat (Hepes-NaOH, Tris-HCI,
KH,;POs Na,HPO,) adtunk ugy, hogy kozben az
intra- és extraliposzomadlis terek izoozmotikusak
legyenek. Ezt szamitott mennyiségli néatrium-klorid
hozzdadasaval értiik el. Az igy keletkezett
diszperziokban a [PL] =~ 27 mM, a puffer
koncentracidja pedig 10 mM lett az extraliposzomalis
terekben.

Ezt kovetéen a diszperziok 2 cm’-es
részleteihez NA-torzsoldatot adagoltunk ugy, hogy a
NA/PL moélarany 0.02-0.30 kozott véltozzon, a [NA]
pedig 0.30-4.50 mM (C,) kozott legyen. A fent leirt
modon létesitett pH-gradiens (ApH =~ 2.4), valamint a
mintdk 1 6ras, 60 °C-os inkubaldsdnak hatisara a
NA, mely egy gyenge bazis (pK, = 9.25)°, az
intraliposzomélis térbe koncentralhaté (3. abra). A
mivelet szobahdmérsékletre torténd jeges (gyors)
hiitéssel végzadik.

A NA bezirasi hatékonysagit (E%) az
adszorbealt polimer mennyiségének méréséhez
hasonlé6 modon hataroztuk meg. Az egyes mintakbél
200 pl-es térfogatokat vettiink ki, majd egyenld
térfogati protamin-hidroklorid-oldatot ~ adtunk
hozzijuk, annak megfelelden, hogy a prot/PL = 0.3
(w/w) legyen. Az aggregélt liposzomakat 2000 g-vel
20 percig centrifugdltuk, majd a feliiluszébol
meghatéroztuk a be nem zart NA koncentraci6jat

(Cy) 492 nm-en. A mérések alapjan:
E% = (1‘ Cz/C|) - 100.

Mivel az aktiv toltéses procedira alatt a
liposzomék aggregalodhatnak®, az E% mérése
mellett sziikség van a diszperzidkat alkotd vezikulak
atlagos atmérdjének ellendrzésére is DLS-méréssel.

[ v
QN D
QSR e

e INA + 2H,O + 21 K] =
;‘:‘,i"i%&ﬁ’o TR QNN W) INAKT + 20H +IHQ =
]l QUL vy INAN 420+ 21,0

Intraliposzomalis tér,
pH=5.0
(60mM (NH«»SO4)

[Extraliposzomalis tér, pH=7.4
(10mM TRIS-HCI).

1l - el im0
INAHC +SO”| [ @A Nl INKL' + 2041
2NE§+2"10 +21,0 m m\

Gyors hikés (jeges Knﬁ)
kh. 20°C-ra.

H

3. abra: Az aktiv toltés mechanizmusa. A gyenge bazis
protonalatlan forméja atjut a membréanon, és az
intraliposzomalis térben szulfatsdja képzodik.

—

Lipostdmamembrin 607 C-on

NAH'+O
A be nem zirt tesztanyag
eltavolitisa gébawessel

8. In vitro hatdanyag (tesztanyag)-leadds-vizsgalat

Az  aktiv  toltésre  vonatkozé  kisérleti
eredmények (E%, atlagos vezikulaatméro)
ismeretében egy 0j mintdval ismét aktiv toltést
végeztiink, majd ezutan a be nem zart tesztanyagot
gélsziréssel eltavolitottuk (Sephadex GSO0f gélagy,
10 mM-os Tris-HCI - 0.58 % NaCl oldattal
kiegyenlitve). Mivel a gélszilirés soran bekdvetkezo
liposzomaveszteség elére nem szamithato, az igy
nyert, extraliposzomalis kozegében NA-mentesnek
tekinthetd, gélsziiréssel elualt diszperzi6 liposzoma-

zardelem mintavételi csé

donor fizis |

membrin

receptor fazs

helix keverdelem

— tor-
termosztilt vizkdpeny ;;zz::r
keverdmignes utdnpotlo

cs0

4. abra: Hanson®-féle vertikalis diffuzios cella
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tartalmat [PL] formdjiban a Rouser-féle foszfolipid-
analitika segitségével hatdroztuk meg, Az igy
eldkészitett mintdhoz PV A/liposzéma = 0.05 és 0.30
(w/w) ardnyban PVA-t adtunk. A leadott tesztanyag
mennyiségét a Hanson®-féle vertikalis diffizios cellds
(4. abra) késziilékkel hataroztuk meg. A 800 pl-es
mintdkat egy automata mintavevd vette a receptor-
fazisbol (4.5 cm’, 37 °C-on termosztélt) 0.5, 1.5, 3.5,
7.5, 15.5, 20.5, 24.5, 28.5, 32.5 6rds mintavételi
idopontoknal, majd 492 nm-en egyenként megmértiik
azok abszorbancidjat. A mérési adatokbdl a leadott
tesztanyag mennyisége szamithato .

A mérési eredmények értékelése
1. A részecskeméret és a feliileti toltés jellemzése

A liposzomak  méretének  csokkentését
ultrahangos kezeléssel vizsgaltuk. Az 5. abran
bemutatott részecskeméret-eloszlasi fiiggvény azt
mutatja, hogy a szonikalds hatasiara az atlagos
liposzomameéret 150+£10.2 nm-re (tsd) csékken. Az
eloszlasi fliggvénybdl kitlinik, hogy a szonikaldssal
késziilt minta kozel monodiszperz, mig az el6z6
minta polidiszperz és 4500-5500 nm
mérettartomanyban tartalmaz olyan nagy méretii

részecskéket, amelyek a szonikdlds hatdsara
dezaggregalodnak.
06
o szonikdlds utdn: 150+10.2 nm
@ 04
4 szonikalds eldtt: 296+31 nm
S 03 -
5
°\° 02 +
0.1 t
0 "
10 100 1000 10000

log d (nm)

5. dbra: A szonikalds hatéasa a liposzomak
részecskeméret-eloszlasara

A kationos polimerek jol megkétddnek a
negativ toltésii liposzomak feliiletén, de ugyanakkor
aggregaljdk is a rendszert a negativ felilleti toltés
semlegesitésével, amely a diszperzi6 stabilitasaért
felelt. A feliileti toltés meghatdrozasara alkalmas
késziilékben a negativ tSltési liposzomékat a
késziilék aramlaskinetikai potencialt mérd teflon-
cellijaban ismert toménységl (és nagy tisztasagih)
kationos tenziddel titraljuk, amely semlegesiti a
liposzoma negativ toltéseit. A 6a abran lathatjuk,
hogy a desztillalt vizben, ill. pufferben diszpergélt

liposzéma toltése negativ (200-600 mV), amely a

kationos tenzid adagoldsa kovetkeztében csokken.
Adott mennyiségli (Vues) HDPCL adagolasaval
elérjik a zérus  potencidlt ill. tovabbi tenzid-
adagolassal attoltjiikk a liposzomak feliiletét. A tenzid
adagoldsa kovetkeztében a liposzomadiszperzid
stabilitdsa megsziinik, a rendszer koagulal. A V° s
értékekbdl az alabbi egyenlet szerint szamithatjuk ki
a liposzomadk feliileti toltéssiriségét:

Z = Vs Crpp'/m

ahol : Z = a toltéssiiriség (mekv/g),

Vs = a 100 mM-os HDPCI fogyasa (cm’) 0
mV potencidlnal,

m = a liposzomak tomege a mérocellaban (g).

600

400 + ®

200 +

=200

Feliileti tdltés (mV)

-400
-600

800 &

-1000 +

100mM HDPCI (cm’)

—e— :pufferolt 3% Vo = 1.93840.038 cm’
—u— :pufferolt 1.5% Ve = 1.02340.049 cm’
-4~ pufferolt 0.6% Ve = 0.454+0.036 cm’
—X-- :deszt. viz3% Vg = 1.56440.046 cm’
--0-- :deszt. viz 1.5% Vg = 0.75840.031 cm’
--®-- :deszt. viz 0.6% Vg = 0.273+0.026 cm’

6a abra: Killonbdzo koncentracidja (0.6-3%) liposzomak
titralasa HDP* kationokkal. A pontos VO értékeket a
regresszios egyenesek egyenleteivel szamitottuk ki.
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s

liposzoéma-
diszperziokkal = végezziik, aranyosan novekvo
Vooues 6rtékeket kapunk. Ha ezeket a  zérus
potencidlhoz  tartoz6 =~ HDPCL-fogyasértékeket
abrazoljuk a liposzomakoncentracié fiiggvényében,
akkor a 6b 4brat kapjuk. Az abran szerepld
egyenesek meredekségébdl tga=Z, a liposzoma

N

¢ deszt vizben W pufferben
R™~=0.9983

"

05

Voisiés 100mM HDPCI (cnf)

0 0,5 1 1,5 2 25 3
a liposzomik koncentracidja (g/100 cnt)

6b abra: Linedris korrelacio a liposzomak koncentracioja
¢és a HDPCI fogyasa kozott. A regresszios egyenesek
meredekségei (tga) adjdk a ,,Z” értékeket mekv/g-ban .

feliileti toltéssiirisége szamithaté. Ez Z = 0.50
mekv/g a desztillalt vizes és Z = 0.64 mekv/g a
pufferolt rendszerekre. Figyelembe véve a mintdkban
1évd liposzomdkat alkotdé molekuldk szamat 352.13
mekv/mol és 450.73 mekv/mol értékeket kapunk. Ez
megfelel 0.453 elektrontoltés/molekulanak.

2. A polimer/liposzéma kdélcsonhatasok jellemzése

Kovetkezd feladatunk az, hogy a negativ
toltésii liposzomak feliiletén a semleges PVA és PVP
polimerek =~ adszorpcidjait  meghatdrozzuk. Az
adszorbedlt polimer mennyiségének kiszamitasahoz
ismerni kell az adszorpcié kovetkeztében jelentkezd
koncentraciovéltozds értékét. Ezt az analitikai
feladatot a kisérleti részben bemutatott modszerekkel
oldottuk meg. A 2. abran lathatjuk azt az
Osszefliggést, amely a A = 210 nm -nél
meghatdrozott abszorbancidt mutatja a protamin-
koncentracié fliggvényében. A mérési adatok alapjan
kivélasztottuk azon minimalis abszorbancia értékhez
tartoz6 protamin/liposzéma aranyt (0.17 w/w) amely
a liposzdmakat kicsapja gy, hogy a rendszerben Apmin
< 0.05. Ez lehetové teszi a PVP meghatarozasat A =
210 nm-nél. A 7. éabran lathatjuk polimerek
adszorpcidés izotermdit a kiilonbézd analitikai
modszereket Osszehasonlitva. Megallapithatd, hogy a
PVA adszorpcidja ugy az ultracentrifugalas, mint a
protaminaggregacié elvdlaszt6 modszerként valo
alkalmazidsa esetén kozel azonos izoterma

adatokat eredményez, és jelentdés mennyiségli polimer
kotodik meg a membran feliilletén. A PVA sokkal
jobban koétddik liposzomakhoz, mint a PVP, mivel a
PVA-molekuldk  hidroxilcsoportjai  jol  kapcso-
lodhatnak a liposzomak feliiletéhez, tekintettel annak
hidrofil jellegére és a szerkezetében 1évdé OH-
csoportokra, amelyek H-hidkotéseket alakithatnak ki.
A PVP-vel valé adszorpcios kolcsonhatas mértéke
gyengébb, az izoterma mar 50 mg/g értéknél telitési
tartomanyt mutat.

140

120 A
Protaminaggregécio (PVA)

100 4
=
B g
5 e Ultracentrifugalas (PVA)
P

40 | \

Protaminaggregacid (PVP)

0 0,2 0,4 0,6 0,8
3
Ce pohmer (g/lOO cm )

7. abra: A PVA és a PVP adszorpcids izotermai.
A protami aggregacios €s az ultracentrifugas
madszer dsszehasonlitdsa.

Fényszorasmérésekkel
egyensulyban is megvizsgaltuk a PVA-val és
PVP-vel stabilizalt liposzoémadiszperziokat.
Megallapitottuk, hogy a polimerek adszorpcidja
noveli a liposzOmak atmérgjét. Az atméréndvekedés
mértéke PVA-val tortént stabilizdlds esetén 15-23
nm, mig PVP esetében 5-9 nm. Tehat az erdsebb
PVA-liposzéma  kolcsonhatas az  adszorpcios
rétegvastagsagbdl is adodik. Ez a kiilonbség a
semleges polimerek molekulatomegével is
magyarazhaté. Mivel a PVA M, = 72000 és a PVP
M, = 40000, ezért a nagyobb méltémeglii PVA az
adszorpcids rétegben nagyobb Kkiterjedési és jol
hidratalt allapotban van (8. abra).

A mikrokalorimetrids vizsgalatokat titracios
lizemmodban  végeztik (TAM), melynek sordn
a liposzomakhoz adagoltuk allandé keverés kozben
a PVA-t. A 9. abran lathatjuk azt az entalpogramot,
amelyen a hofejlodési ill. hoelnyelési  (exoterm
¢s endoterm) effektusok lathatok. Az dbran az
els6  csics  exoterm a  tobbi  ndvekvo
mértékben  endoterm  hoeffektusokat mutat.
Ennek és a kovetkezd kisérleteknek az eredményei a
1. tablazatban  talalhatok, ahol a  brutto
entalpiavaltozasok  mellett megadtuk a korrek-
ciokhoz sziikséges  higitasi  entalpidkat is a
liposzomakra ill. a PVA-ra vonatkozéan.

a polimeradszorpcios
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8. abra: Az atlagos vezikulaatmérd valtozasa a
polimer/liposzéma arany fliggvényében

Ezen korrekciok utin az
vonatkozo entalpiavaltozas AH(mJ):

adszorpciodra

AHaus= AH o - (AHgipvay + AHuiigriposzomax))

ahol: AHx = brutt6 (mért) entalpia,
AHg = a komponensek higitasi entalpiai (PVA
és liposzomak).

A AH.s értékek az egyensilyi PVA-
koncentraci6 fliggvényében a 10a dbrdn talalhatok.
Az abrabol kitiinik, hogy a korrekcidk utin a
kolcsonhatds 0.04 g/100 ml PVA-koncentracidig
exoterm, majd tovdbb ndvelve a koncentriciot
endoterm hdeffektusokat kapunk. Méréseink hibéja
+2.1 - 6.5 % volt (n=3). A 10b abrdn a AH
értékeket 1 g liposzoméara vonatkoztattuk az
adszorbealt PVA mennyiségének fliggvényében. Az
abrabol tehat megdllapithato, hogy az izoterma
kezdeti szakaszan (40mg/g adszorbealt mennyiségig)
exoterm hoeffektusok regisztralhatok. A 10c abran
a differencidlis adszorpciés entalpia fuggvénye
lathatd, amely az egységnyi témegi PVA
adszorpcidjakor létrejovo entalpiavaltozast mutatja.
Ezek az adatok egyértelmiien azt mutatjak, hogy az
adszorpcid kezdeti tartomanyaban erds exoterm
kolcsonhatassal szamolhatunk a liposzomamembran
¢és a polimer molekuldk szegmensei kozott. Ezek a
kolcsonhatasok  elsésorban  hidrogénhid-kétések
lehetnek. Nagyobb PVA-koncentracioknal endoterm
kolcsonhatasok vannak, amelyek arra utalnak, hogy a
polimer beépiil a liposzomalis kettdsréteg membran-
alkillincai koz¢ is, amelyek rendezettsége csokken.
Ugy tinik tehat, hogy az alkillancok dezorientaciéja
entropiaszabalyzott folyamat.

Dipalmitoil-foszfatidil-kolin (DPPC)- liposzé-
mak szerkezetvéltozasait tanulmanyoztik kisszogi
rontgen- €s neutronszérdas (SAXS ¢és SANS)-
vizsgilatokkal Bota és mtsai’*® az eldatmenet

-emlitett

homérséklettartomanyaban (Lg-Pg). Polimerek és
liposzomak kolcsonhatdsdt igazold hasonld mérések
azonban eddig még nem ismertek.
A liposzémamembranok
bekovetkezd valtozasokat
kovethetjik a kisszogi

szerkezetében
rontgendiffrakcioval is
reflexiok tartomanyaban.

Kovetkez6 dolgozatunkban méar a  kisszogl
rontgenszérds  (SAXS) detektalasara alkalmas
Kratky-kameraval ~ torténé6  méréseinkrdl is

beszamolhatunk. A diffrakcios felvételeket diffrakto-
méterrel, 1-8 fok szogtartomanyban készitettiik,
ezek a 11. és 12. dbran lathatok. A 11. dbrdn a PVA
-liposzoma rendszereket mutatjuk, amelyeknél az
alapréteg lamellatavolsaga (dy) 4.71 nm ¢és
ezt a  réteget  vizgdzzel  telitve minimaélis
duzzadast, 4.85 nm -t kapunk. Ez a tavolsag
lényegében a hidratalt lipidmembran szerkezetének
felel meg (,,a” szekcid) és egyezik az irodalomban
dipalmitoil-foszfatidil-kolinbél ~ képzett
liposzomamembranok lamellatavolsagaval (d, = 4.80

idd (6rak)

9. abra: A liposzéma/PVA 0.04-0.4 (w/w) rendszerek
entalpogramja, amelybdl a AH,,, értékeket szamitottuk a
cstcsok alatti terilletek integralasaval.

AHg, AHg ZAH,,

PVA/ (mJ) (mJ) PVA (mJ)
liposzé- AH,, liposz6- (pufferbe PVA+ Al

ma (mJ) mak adagolva) liposzé- (mJ)
(wiw) (pufferrel mak

titr.)
0.04 2.16 4.88 0.56 5.44 -3.28
0.08 .78 343 -1.10 233 Lz
0.12 2.9 1.23 27 -1.54 -1.45
0.16 -4.69 -1 -3.69 -5.63 0.95
0.20 6.16 -4.43 -4.66 -9.09 2.93
0.24 -7.32 -5.90 -5.00 -10.90 3.58
0.28 -8.46 7.70 -4.87 -12.57 4.11
0.32 -9.46 -9.45 -4.34 -13.79 433
0.36 -1.99 9.7 -2.76 -12.49 4.50
0.40 3.81 -4.70 -3.44 -8.14 4.33

| .tablazat: a TAM-eredményck dsszefoglalasa.
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nm)**. Tovabbi kisérleteinkben a  PVA-t
adszorbedltattuk 0.305 PVA/ liposzoma (w/w)
aranyban a liposzomak feliiletén. Az eredményeket
bemutatd rétegfelvétel az abra ,,b” szekcigjaban
taldlhat6. A szaritott rétegtavolsag 3.94 nm ami arra
utal, hogy az adszorbedlt polimer témoriti a
membranszerkezetet, 6sszekétve a membranban [évo
molekuldkat. Ezt bizonyitja az is, hogy vizgdzzel
telitve ugyanezt a réteget tovabbra is kapunk
egy3.57 nm-es (tdmdritett, rogzitett) szerkezetet ill. a

4+
33
2 +
14

AHags(mJ)
o
1

14
24
34

o
8
o
-

-5
Ce pva (&/100 cm’)
10a abra: A AH, értékek exoterm koélcsénhatast

jeleznek 0.04 g/100 cm’ -ig. C, pya adatokat az
adszorpcios izotermabol szamoltuk ki (7. 4bra).

n’ pva (Mg/g)

10b dbra: AH,, értékek dbrazolasa az 1 g liposzémara
adszorbedlt PVA-mennyiségének fliggvényében.

~ w
o o
ok

T

10 +

o
<+

100 1

dAHadsVdn® pva (J/g)
s
o
s
-3
o
b3
o

n’ pva (mg/g)

10c 4bra: A 10b abra derivalt formaja. Ez az 6ssszefiiggés
lehetdséget ad az 1 g PVA adszorpcidjakor felszabadulo
energia kiszamitasara.

J6 duzzadas kovetkeztében egy 6.13 nm-es €les csics
szintén jelentkezik. Ez azt jelenti, hogy a PVA-val
stabilizdlt membranszerkezetben Iényegében két
kiilonbozé fazis van jelen, az egyik a PVA altal
rogzitett 6sszekapcsolt membran, a masik fazis pedig
egy, a viz hatdsara kiterjedt membran réteg. A 12.
abrdan bemutatott PVP-liposzoma strukturakra
vonatkozd XRD-felvételek, lényegében ugyanezt az
effektust mutatjdk. A PVP szintén szaraz dllapotban
Osszetomoriti a  kétrétegi =~ membrant,  majd
vizgdzzel valo telités hatasara ez a membran a PVP-

6.13 nm b,
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\/,\ 3.94 nm sziraz
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11. abra: A PVA-liposzoma rendszerek rontgen-
diffraktogramjai (XRD). A ,,b” részben jol lathato a
két fazis elkiloniilése vizgoz hatasara.
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12. abra: A PVP-t tartalmazo rendszerek diffraktogramjai.
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vel egyiitt kiterjed 4.43 nm-re. A tovabbi PVP-
adagolds ezt a kiterjedtséget megtartja, de ujabb
csucs jelentkezik 7.06 nm-nél, ami a teljesen kiterjedt
membranra jellemz6. A két semleges polimer-
liposzbma kolcsonhatast Osszevetve az XRD-
felvételekbol kitinik, hogy a PVP — az adszorpci6s
izotermaknal mar bizonyitott médon — gyengébben
kotodik a kettGsrétegli membranfeliilethez, mivel a
0.025 ill 0.61 aranyoknal is jelentkezik a 4.43 nm ill.
4.56 nm-es kiterjedt allapot. Ez az érték minddssze
csak 3.57 nm a PVA esetén, annak erdsebb kotodése
miatt.

3. A hatdanyag bezarésa és leadasanak vizsgalata

A harom kiilénbozd pufferrel végzett aktiv-
toltés-vizsgalatok eredményei a 13., 14. abrakon

60
47.86% _ _

50 + : r

40 + £ 5 i
< 30 WE

20 1 ---#-- foszfat puffer

10 A ~—O— HEPES-NaOH

p v —&— TRIS-HCI

0 0.05 0.1 0.15 0.2 0.25 0.3
NA/PL (molVmol)

13. dbra: A narancs akridin bezarasi hatékonysaganak
valtozasa a NA/PL (mol/mol) ardny ndvekedésének
fliggvényében.

talalhatok. Az eredményekbdl egyértelmiien kitlinik,
hogy a legoptimalisabb teljesitményt a Tris-HCl-al
pufferolt rendszerek nyujtottdk. Ezek koziil is a

NA/PL = 0.1 molaranyd Osszetételt taldltuk a
legmegfelelobbnek a tovabbi, hatdanyag-leadas-
vizsgalatokhoz.  Ennél a minténal kelléen nagy

bezardsi hatékonysdg mellett (47.86%) a legkisebb
mértékii részecskeméret-novekedést (195.2 nm-re)
tapasztaltuk. 3

A részecskeméret-novekedést valdsziniileg az
okozza, hogy a narancs-akridiniumionok pozitiv
toltésiiknél fogva attoltik a negativ feliileti tdltéssel
rendelkez0 liposzomédkat. A negativ toltés, mely a
valédi  kolloid rendszer stabilitdsit fenntartja
semlegesitédik, €s az ezt kovetd aggregacié igy
részecskeméret-novekedést eredményez. A pufferek
mindségének hatisa a bezirasi hatékonysagra pedig
azzal lehet Osszefliggésben, hogy a
pufferrendszerekben 1évé anionok milyen affinitdssal
alkotnak ionpdrt a narancs-akridiniumionokkal,
gatolva igy a membrantranszportot. A Hepes-

molekuldk savas karakteriiknél fogva sot képezhetnek
a bazikus NA-ionokkal az extraliposzomalis térben, a
Tris viszont szintén bazisként visclkedve nem tartja
vissza azokat. Ezen két szélsOség kozott helyezkedik
el a foszfat- pufferes rendszer, amelyben a hidrogén-
¢s dihidrogénfoszfat- anionok kisebb méretitk ¢s

2500

---¢-- foszfat puffer L
2000 T | o HEPES-NaOH )
,E\1500 1. | —&— TRIS-HCI
=
<1000 | 95.2 nm ;
500 -
0+ 5 =

0 0.05 0.1 0.15 0.2 0.25 0.3

NA/PL (moVmol)

14. dbra: Az atlagos vezikula atmérd novekedése a
NA/PL (mol/mol) fliggvényében.

kevesebb
kevésbé

a szervetlen tulajdonsagukbol adodo
apolaris  kolcsonhatds  kovetkeztében
akadalyozzak a NA liposzomakba jutasat.
A 13., 14. abrak alapjan kivalasztott
optimdlis NA/PL mdlardnyd 0j minta elkészitése
utdn ismét bezarasi hatékonysagot mértiink, amely
ezuttal igen jonak, 82.7%-nak adddott, ¢s az atlagos
vezikula- atmérd sem lett nagyobb, mint 193.4 nm. A
be nem zirt NA eltavolitdsdt szolgald gélszlirés utani
PL- analitika segitségével megallapitottuk, hogy a
liposzémdk koncentracidja foszfolipidekre nézve kb.
12 mM az eluatumban. A NA eredctileg bemért
tomegének (m°), a liposzomadiszperzio gélsziirés
elétti ([PLy]) és utani ([PLy]) koncentricidinak.
valamint az aktudlis E%-nak ¢és a géloszlopra felvitt
(Vo) és eludlt (V,) térfogatoknak ismeretében a
leadhato tesztanyag témege (M) szamithatd:

Me =m’ E% - Vi/Vo- [PLy)/[PLy]

A PVA 005 és 0.30 PVA/liposzoma
(w/w) aranyd hozzaadasa okozta higuldst is
beszamitva a Hanson®-féle cella 2 cm'-ecs donor
fazisdban  449.33 pug  leadhatdé NA  volt
liposzomaba zart éllapotban. A hatéanyagleadds-
vizsgdlat végsd eredménye a 1S5. dbrin lathato.
A PVA-mentes diszperziok az irodalmi adatoknak
megfelelden  tartottdk vissza a tesztanyagot’,
30 ora utan 3.57 %-at leadva az eredeti
mennyiségnek. A PVA-t tartalmazé mintdknal
viszont  egyértelmiien kimutathaté az adszor-
bealodd PVA NA-t visszatartd hatasa.
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15. abra: A narancsakridin kidramldsa a vizsgalt
liposzémakbol.
Az eddigi vizsgalatok eredményeit

meger6sitik a PVA/liposzoma 0.05 és 0.30 (w/w)
Osszetételi mintdkra kapott adatok. A kisebb, 0.05
tdmegaranynal tapasztalt NA-leadds mértéke (1.22
%) nem csokkent le jelentdsen a joval nagyobb, 0.30
tomegaranynal sem, ahol a NA-leadds mértéke 1.09
%. Ezen adatokra leginkabb a DLS-eredményeknél
célszer(l itt magyardzatot keresniink, ugyanis nagy
PVA/liposzoma aranynal sem adszorbedlodik
ardnyosan vastagabb polimerréteg a vezikuldk
felszinére, mint kicsinél. A hatéanyag leadasanél ezen
rétegek egyformdn tartjak vissza a NA-t a
PVA/liposzéma tomegaranytol fliggetleniil.

A cikk szerzo6i koszonettel tartoznak a SZTE
TTK Kolloidkémiai Tanszéke munkatirsainak és az
MTA Szegedi Bioldgiai Kézpont Biokémiai Intézetében
Torok Zsoltnak segitdkészségiikért, valamint a miiszerek
hasznalataért. Ezt a munkat az OTKA is tamogatta,
(Project No. T-026579).

Osszefoglalis
Neutralis  polimerek (PVA é PVP)
kolcsonhatasat tanulmanyoztuk liposzoémas

membranokon és megallapitottuk az adszorpcits
izotermakbdl, hogy az erdsebb hidrogénhid-
kblcsonhatdsok miatt a PVA nagyobb mértékben
adszorbedlédik, mint a PVP. A polimer-membréan
kOlcsonhatast tébb parhuzamos méréstechnikaval
kovettiik és ezek kozil a fényszorasmérés meggybzott
benniinket arrél, hogy a PVA-val valé stabilizalds
soran a liposzomdk atméréje nagyobb, tehat az
adszorpcids réteg vastagabb, mint a PVP-vel valo
kolcsonhatas esetén. A titraciés mikrokalorimetrids
mérésekkel bizonyitottuk, hogy az adszorpcids
izoterma  kezdeti szakaszin exotermek a
kolcsonhatasok. A liposzomakbol készitett filmek
XRD-vizsgélataibol kitlinik, hogy a vizgdz hatdsara
torténd  duzzasztassal  igazolni  tudjuk a

membranszerkezetben jelen lévo stabilizalo polimer
szerkezetet befolyasold hatdsat. Ezek szerint a PVA
erésebben kotddve a membranhoz, a vizgbzzel valo
duzzasztds hatdsara kisebb kiterjedést enged meg a
kettOsréteg ~membrannak, mint a PVP. Az
aktiv-toltés-vizsgalatoknal — megaéllapitottuk, hogy
tesztanyagunk (NA) a Tris-HCl-al pufferolt kozeg
segitségével zarhat6 liposzémakba a leghatékonyabb
modon. A hatoéanyag-leadas-vizsgilatok, szintén
alatdmasztottak a polimerek stabilizal6 hatasat.

Interaction between liposomes and neutral
polymers; effect of stabilizing on drug release.
Gy. Dékany, I. Csoka, I. Erés

Interactions of neutral polymers (PVA and
PVP) with liposomal membranes were investigated,
and based on the adsorption isotherms we have found
out that PVA adsorbs in higher rate than PVP due to
the stronger H-bridge bonds. The polymer-membrane
interactions were detected by several measuring
techniques and among them the dynamic laser light
scattering convinced us that in case of stabilizing
liposomes with PVA the average diameter of
liposomes is larger, thus the layer adsorbed is thicker
than when they are interacted with PVP. Titration
microcalorimetric measurements were only made on
the systems containing PVA proving the existence of
exothermic interactions at the beginning of the
adsorption process. XRD studies on films made of
liposomes and swollen by exposure to water vapour
proved the structure-modifying effect of the polymer
present in the membrane. PVA allows smaller
expansion to the membrane bilayer than PVP via
swelling with water vapour. From remote loading
experiments we have concluded that our test
compound, acridine orange (marked as NA in the
text) can be entrapped in liposomes most effectively
in media buffered with Tris-HCI. The optimal NA/PL
ratio was found to be 0.1. Drug release experiments
also confirmed the stabilizing effect of the polymer.
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