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Abstract

A serious problem using liposomes for therapeutic purposes is the fast removal from blood circulation by components of
the reticuloendothelial system (RES) most likely after opsenization of the vesicles. This study was performed to quaatify the
reduction in macrophage uptake in vitro of sterically stabilized llpoxumc\ (PEG- hpowmes) prepared from hexadecylphos-
phocholine, cholesterol and poly(ethylene glycol,,,,) distearoylphosphoethanol (PEG 14 DSPE) for the first time. The
uptake was determined using HPC-liposomes of different defined size (125, 250 and 1000 nm} without and with sterical
stabilization by incorporating § mol% of PEG.,,, DSPE. HPTS was used as fluorescence marker allowirg the discrimination
between general uptake and the part of liposomes internalized into the low pH-compartment {Daleke, L.D.. Hong. K. and
Papahadjopoulos, D. (1990) Biochim. Biaphys. Acta 1024, 352-366). Liposomal uptake by 1774 mouse macrophage-like
cells was time-dependent. Both the uptake and intemalization were clearly reduced for PEG-liposomes compared to plain
liposomes. Sterical stabilization reduced the general uptake of liposomes in vitra by more than 50% and the internalization
by about 50-60%. PEG-liposomes additionally showed a delay in internalization into the macrophages during the first 6 h.
Size of used liposomes had only a minor influence on liposomal uptake but highest concentration of lipid was found for
large multilammelar vesicles (MLV). The fixed agucous layer thickness (FALT) was determined by zeta potential
measurements of plain and sterically stabilised HPC-liposomes {100 nm) in solutions of different inn concentrations. The
caleulation of the thickness was based on the linear correlation between In ¢ {zeta-potential) and « {Debye Hiickel-Parame-
ter). FALT was calculated and found to be for plain HPC-liposomes 0.83 +0.17 nm and for PEG-HPC-liposomes
3.57 £0.17 nm. Exchange of the HPC by an alkylphospholipid with different head group has no or only minor effect
(PEG-OPP-liposomes 3.44 + 0,31 nm). Thus the reduced uptake of HPC-LUVET correlates with an increased thickness of
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the fixed aqueous layer around these liposomes and could support the hypothesis that the thickness is an tmportant property
responsible for preventing opsonization and resulting finally in a reduced macrophage uptake.

Kevwords: Hexadecylphosphocholine: Macrophage: Phagocytosis: Sterical stabilization: Poly(ethylene glycol). Liposome: Mononuclear

phagaocytic system: Zeta potential: Large unilamellar vesicle

1. Introduction

The use of lipusomal preparations of anticancer
drugs offers several advantages in comparison to the
application of the free drug. Side effects are pre-
vented and targeting by conjugation of antibodies is
ensily possible. In contrast to classical cancerostatica,
which are encapsulated into vesicles prepared from
natural lipids, antineoplastic alkylphospholipids
(APL) are amphiphilic compounds with the ability to
form stable liposomes in combination with choles-
terol (CH) and a charged lipid (for example
dicetyiphosphate, DCP) by themselves [1,2].

The most serious problem in using liposomes is
that they are quickly removed from blood circulation
by components of the reticuloendothelial system
(RES). most likely after opsonization of the vesicles
[3-5].

Several attempts have been made to circumvent
this disadvantage. Besides variation of liposome com-
position [6-12), size [6.7], amount of cholesterol
[8.9], surface charge [10]. addition of phos-
phatidylserine [7] or gangliosides [10], best results
have been obtained using sterical stabilization by
incorporation of phosphoethanolamine derivatives of
polylethylene glycol). These PEG-liposomes (or
Stealth” liposomes) exhibited an enhanced time of
circulation in vasculature [11~14] (for review see
Refs. [15,16]) and subsequently an increase was found
in the drug targeted by liposomes to tumor tissue
[17.18].

First experiments demanstrated that it is possible
1o prepare sterically stabilized HPC-liposomes with-
out any problems by incorporation of up to 10%
poly(ethylene glycal} derivatives of phosphatidylser-
ine [19]. Indirect evidence was found for a reduced
interaction with mouse peritoneal macrophages or
permanent cell lines comparing the NO- and TNF-re-
lease from cclls coincubated with PEG-liposomes or
with plain lipasomes [19.20] in vitro. Additional car-
bon ink assay in vivo indicated an inhibition of
iminune system response [20].

A great number of data are already available for
changed biodistribution in vivo [15,16.21]. Several
experiments have been carried out to investigate the
influence of different factors on macrophage uptake
in vitro [6-8.22,23]. On the other hand, only few
results have been given for a direct comparison of
PEG- and plain liposome uptake quantified in vitro.
[24].

This study was performed to quantify in vitro the
macrophage uptake of sterically stabilized liposomes
prepared from alkylphosphocholines for the first time.

Several rcasons for the reduction of macrophage
uptake are now under discussion. 1 is most likely that
either the sterical barrier of hydrophilic chains di-
rectly or induction of a fixed aqueous layer at the
liposomal surface indirectly prevents the apsonization
of the vesicles.

The fixed aqueous layer thickness can be deter-
mined by zeta-potential measurements. First results
using doxorubicine encapsulating liposomes prepared
from DMPC demonstrated a clear difference in the
thickness of this layer for plain- and PEG-liposomes
depending on the concentration «f the PEG-lipid [25].

FALT was determined for APL for the first time
and allows the comparison of the biological property
uptake and the physical property thickness of the
fixed aqueous layer.

2. Materials and methods
2.1. Materials

Na-salt of N-(O-methylpoly(ethylene glycol))-
1.2-distearayl-sa-glycero-3-phosphoethanolamine
{PEG 0" DSPE). with about 45 repetitive ethoxy-
units was purchased from Sygena LTD. Liestal,
Switzerland. HPC and OPP was a gift from Dr.
Hilgard (ASTA Medica, Frankfurt, Germany) and
was stored in a desiccator at room temperature.
Dicetylphosphate (DCP). cholesterol (CH) and cal-
cein was purchased from Serva (Heidelberg, Ger-
tallized from acetone prior to
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use. All other chemicals were commercial products of
reagent grade.

2.2. Preparation and characterization of liposomes

Vesicles were prepared from APL. CH and DCP in
a molar ratio of 1:1:0.2 {lipid /CH/DCP) by the lipid
layer method as reported recently [1.20). For the
preparation of PEG-liposomes additional PEG-lipid
(10 mol%) was added as indicated in the tables and
figures. The lipid film was hydrated with phosphate-
buffered saline solution (PBS. pH 7.4) for MLV
preparation.

LUVET were prepared by the extrusicn technique
according to MacDonald et al. [26]. Liposomes for
uptake experiments were obtained by repeated extru-
sion (19 times) of 10 mM MLV-suspensions (30 mM
HPTS)) through polycarbon membranes of 100 nm
pore size using a LiposoFx. . Basic system { Avestin,
Ottawa, Canada). Liposomes for FALT determina-
tions were produced from MLV in lactate butter {10
mM. pH 4) by a single extrusion through filter with
decreasing pore sizes and finally five times through
filter of 100 nm pore size at 50°C using the Ex-
truder” (LIPEX. Vancouver. Cunada).

HPTS liposomes were separated from HPTS by
centrifugation at 19500 X g (MLV) or by chromatog-
raphy on Sephadex G75.

The lipid content and liposomal composition of the
preparations were checked by high performance
thin-layer chromatography (Automated Multiple De-
velopment System and Linomat [V: CAMAG, Mut-
tenz, Switzerland).

Vesicle size determination was pertormed by dy-
namic light scattering measurement at an angle of 90
with a Conlter Counter N4 MD mode! and the Accu-
Comp" System (Coulter Electronics. Hialeah, USA).
Mean particle size wus calculated by SDP analysis.
Size distribution (based on solid sphere weight re-
sults) is given as polydispersity index (P} — varying
from O (entirely monodisperse) to t (completely
polydisperse suspension).

2.3. Determination of cellular uptake

These experiments were done accal
ot gl 221

et ul. [22). Theretore, 1 - 10° J744 mouse macrophage
like cells were seated in a 6-well plate {Costar). The
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cells were incubated after adkerence with HPTS lipo-
somes diluted in RPMI medium without feal calf
serum to a tinal concentration of 160 uM for the
indicated times at 36°C.

Control cells were incubated with the same lipo-
some-mediz solution at 4°C for 30 min to determine
binding under conditions excluding phagocytosis.
Fluorescence measurements of marker in low pH
compartment of macrophages were done after cain-
cubation of cells with a solution of HPTS in medium
(100 mM) for at least 24 h.

2.3 1. Fluorescence measurements

After incubation the cells were harvested by scrap-
ing off and counted. Fluorescence of HPTS of cell
suspensions were determined using a FARRAD spec-
trofluorometer MK1 (FARRAD Oprical, New York,
USA). Excitation wavelength used was 413 and 430
nm and cmission wavelength was S10 nm.

Difterentiation between general uptake and phago-
cytosed marker was done using the following equa-
tion

M= (R = Rep)/ R~ R

where a: amount of HPTS in liposomes associated
with cells. given in percent, R,.: fluorescence ratio
(450:415 nm) in cells after HPTS uptake. R, ,: fluo-
rescence ratic (450:415 nm) after liposome associa-
tion at #°C. R, fluorescence ratio (450:415 nm)
found for liposomal HPTS in the experiment.

Absolute quantification of HPTS was done using a
standard curve, based on fluorescence at excitation
wavclength 415 nm.

The amount of associated /internalized HPC was
caleulated from the HPTS-amount after determination
of the lipid content of each liposomul preparation and
was finally normalized to the uptake of {0 cells.

All experiments were done in duplicate and the
results represent the mean of at least 4 separate
experiments. Statistic evaluation was done using Stu-
dent’s t-test.

2.4. FALT determination

Falt determination was based on measurement of
the electrophoretic mohility of liposomes in sample
solutions prepared by appropriate dilution with iso-
tonic solution of 10 mM lactate buffer (pH 4) with
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various concentrations of NaCl and sucrose (for de-
tails see tables und figures) as reported recently [25].
Zeta potential of these suspensions (calculated by
applying the Smoluchowski equation) were deter-
mined using the electrophoretic light scattering appa-
ratus ELS 800 {Otsuka Electronics, Osaka. Japan) at
25°C.

The In zeta potential ¢ (V) was plotted versus
Debye Hiickel parameter (k). « represents 3.3/C.
where C is the concentration of electrolytes in the
solution. The slope of the obtained plots indicates the
thickness of the fixed aqueous layer in nm.

3. Results
3.1, Celllar uptake

The uptake of alkylphosphocholine lipvsomes witl:
regard to size, time and sterical stabilization was
determined. Liposomes were prepared from MLV
(size > 1000 nm, polydispersity index about 0.65) by
repeated extrusion through polycarbonate filter with
pore size of {00 nm (LUVET 100) or 400 nm
(LUVET 400) and obtained with diametrs of about
120 + 10 nm (P1 0.06} and about 250 % 15 nm (PI
0.28) respectively (Table 1).

Starting with a 30 mM solution the amount of
encapsulated hydrophilic fluorescence marker HPTS
varicd and was found 1o be between 37.5 (PEG-
LUVET 100} and 157.8 pmol/nmol HPC (PEG-
MLV).

The cei'ular uptake was determined based on HFTS
encapsulated in the HPC liposomes. The content was

estimated using 415 nm excitation wave length and a
standard curve in the appropriate concentration range.
The total amount of liposomes assaciated with cells
(indicated as uptake and including cell membrane
bound vesicles and liposomes already internalized)
was determined in a similar way after harvesting the
cells. The concentration of HPTS was obtained from
the standard curve, normalized to 1 million cells and
the amount of HPC calculated based on thc amount
of encapsulated HPTS.

Determinations were carried out at various time
points of up to 18 h during which the uptake of
liposomes increased with time (Figs. 1 and 3A). Most
liposomal HPC was associated with macrophages
coincubated with MLV. The lowest amount of HPC
was found at cells treated with small liposomes (Fig.
1). The difference in HPC-uptake with regard to size
was significantly different between macrophages co-
incubated with MLV and cells incubated with the
smaller vesicles ufter 6 and 18 h (P < 0.03).

Sterical stabilization of HPC liposomes resulted in
a clear reduction in liposomal uptake for linnsomes
of all sizes by at least 47% (MLV) after 18 h of
incubation (Fig. 2A und Fig. 3A). We already found
differences for shorter incubation times but they were
not significant (P > 0.05) For example, the compari-
son of plain and sterically stabilized liposomes is
given for the 2 h incubation period in Fig. 2B. A
complete data set for LUVET 100 is plotted in Fig.
3A.

The internalization of liposomal HPC into the low
pH compartment was estimated at the pH-dependent
excitation wavelength 450 nm. The changes of the
fluorescence ratio 450:415 allow the calculation of

Pl

HPTS (pmol /nmol HPC)

0,062 + 00nw
0.050 + 0137
0.265 = 008

Table 1

Characterization of liposomes used for detesmination of macrophage uptake
Liposomes Size (nm)

LUVET 100 10.3

PEG-LUVET 100 10.2

LUVET 400 It4

PEG-LUVET 400 17.5

MLV 19173 £ 16418
PEG-MLY 1257.2 4 10308

1.287 + 0.085
0,653 £ 0,302
(LOY6 + 1345

4i.2+221
375+ 10.6
B4.3 & IRE
K34 £330
t19.7 £579
IS7T8 4224

Liposomes were prepared as deseribed in Section 2. Size wis determined by photon correlition spectroscopy usin
. Data represent the mean ¢ S.D. tor four difterent liposomal prepar

sizer at an angle of 9

a Coulter M- particle
ns. Diameler and size distribution were

based on wnimodal results, Content of HPTS was determined by fluorescenice spectroscopy at $10 i emission and 43 nm excitation

wavelengths, Concentration of HPC was abtaduend by HPTLC.
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Fig. I, The amount of HPC (mean+S.D., » ¥ caleulated oy
1ol celular uptake by J774 colis (abour 5 H1Y cellsd atter
coincubation with indicated HPTS-liposomes (130 2N Tor (il
ferent times as described in Section 2 are given. Concentration ot
HPTS was determined based on a standard curse by thaoreseenee
measuremients (Fy: 513 nmy/ £ A4S ). Significam dif-
ferent to 100 nm LUVET.

the percentage of internalized liposomes. Therctore,
control experiments were carried out. The fluores-
cence ratio for HPTS in liposomes only associated
with the cell membrane was obtained after incubation
of cells with HPTS-liposomes at 4°C. The fluores-
cence ratio for HPTS in the low pH compuartment
after pinocytosis was estimated after macrophage
coincubation with molecular HPTS solutions.

The results of internalization are similar to the data
already found for the totul uptake. The amount of
liposomes found within the macrophages were also
directly dependent on the size of vesicles. PEG-lipo-
somes were internalized much lower than plain lipo-
somes of the same size. The sterically stabilization
seems to hinders the internalization of these vesicles
into the cells in contrast w the binding of liposomes
which was not delayed. Only after longer incubation
times the effect of sterical stabilization was over-
come. Here the amount of internalized HPC increased
from control level to 75% (LUVET 100). 72%
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(LUVET 400) and 485 (MLV} of that caleulated for
total uptake (Fig. 3A.B).

3.2, Zeir-potential measurements

The thickness of the aqueous tayer around lipo-
somes wis caleulated for 3 selected liposimal prepa-
rations to invest

e the influence of the sterical
stabilization (comparison of plain HPC-LUVET and
PEG-HPC-LUVET) and to compare the influence of
the lipid used as the main “braX™ “or liposomal
preparation {comparison between PEG-HPC-LUVET
and PEG-OPP-LUVET). The liposomes tor thess ex-
periments were of a average diameter of 106.8 + 3.8,
1274 + 1.4 and 113.1 £ 1.7 om for HPC-LLUVET,
PEG-HPC-LUVET und PEG-OPP-LUVET respec-
tively with a polydispersity index lower than 0.08.
The zeta-potentials estimated for these liposomes in
isotonic factate butter with sucrose and sodium chlo-
ride in concentrations between 5 and 100 mM are
given in Table 2. The pH of the bufter was fixed mt 4

A

HPC (nmol/miion cell;

W Plan iposomes
3 PEG-ipascmes

@

HPC (nmolimilion cells)
.

LUVET 100
Liposomal Preparation

LUVET 400 MLy

2. Compatison of phiin and sterically stabilized HPC-lipo-
somes (PEG-lipusomes) for wial uptake after 8 7 (A) or 21 (B)
of cuincubation of J774 cells with 100 uM liposom
the concentration of HPC (mean+S.D.
deseribead in Seetion 2 based on fluo
HPTS (F . 13 0m/ Frg: 415 n,
plain liposomes

Given are
=3 cdleulated ax
nce measurements of
Significamty different to
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contral [543 2 4 d 8

05 2 4 ] 18
{ncubation time (hours)

Fig. 3. Total uptake (A} and internalization (B) of HPC- (plain
LUVET) and sterically stabilized HPC-liposomes (PEG-LUVET).
hoth extruded through 100 om pore size, were foliowed for 18 h.
J774 ceils were coincubated with 100 uM of liposomes, After
indicated times the concentration of the marker HPTS was deter-
mined by fluorescence measurements (Fiy: 513 nm/ Fy: 415
nm, A and Fgy 513 nm/ Fyy: 450 am. B). Given are the
concentration of HPC {mcan+8.D., #2 3) caleulated as de-
scribed in Section 2. * Significanily ditlerent 1 plain liposomes,

to obtain similar conditions compared to previous
measurements using liposomes made from dimyris-
toyl phesphocholine liposomes with and without dox-

Table 2
Dependence of zeta potential on electrolyte concentration

25

-3,54

\

504

In (-zeta potential)

5,5

)

6.0 \

T T T T y
0.0 0.2 04 06 08 10 12 14

kappa (1/nm)

Fig. 4. Electrophoretic mohility of liposomes were measured in
isotonic solution of 10 mM lactate buffer (pH 4) with varions
concentrations of NaCl and sucrose (for details see Section 2 and
‘Table 2). Natural logarithm of the absolute value of zeta potential
¢ (V) was ploted versus Debye Hiickel parameter (x). x
represents 3.3yC. where C is the concentration in mol of elec-
wrolytes in the solution. ¥ plain HPC-liposome HPC/CH/DCP
(10:10:2 molar ratio); #, PEG-HPC-LUVET,
HPC/CH/DCP /PEG5, DSPE  (10:10:2:1 molar ratio): *,
PEG-OPP-LUVET, OPP/CH/DCP/PEG,,,DSPE (10:10:2:1
molar ratio).

orubicin [25]. The absolute value of ihe potential
decreased with increasing concentration of salt. The
decrease was at its smallest with plain liposomes.

NuCl and Plain HPC-LUVET PEG-HPC-LUVET PEG-OPP-LUVET
lactate (mM)

5.6 —31L82+ 173 - 1540 + 0.51 —13.16 £ 0.35
10.6 — 33864 1.60 —2098 + 1.62 - 10,66 +1.27
15.6 -4094 + 639 — 166 £ 2.32 - 9671055
20.6 96 + 2,18 —iL08 £ 1.02 — 678 £0.33
50.6 394+ 1.39 ~ 419 £052 ~ 251+ 1.5
100.6 =099 + 1.04 nd

Zeta potential measurentent were done with lipusomes composed of APL/CH/DCP (101

10:

2:1 molar ratio). dihsted in isotonic lactate butfer

:2) or APL/CH/DCP /PEG,,,, DSPE

means + $.D. (n 2 3).

ining ditferent ¢

of NaCl and sucrose. Results are expressed as
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Table 3
Thickress of the fixed aqueous layer around APL-liposomes

Liposomal preparation  Thickness (nm) A ° R

Plain HPC-LUVET * 0.8340.17 0.922
PEG-HPC-LUVET * 3571017 0.996
PEG-OPP-LUVET " IHE0N 0.988

PEG-DMPC-LUVET* 3.2 2980

FALT results were estimated from Fig. 4.

Liposomal composition: APL/CH/DCP (10:10:2)
APL/CH/DCP/PEG ., DSPE (10:10:2:1),

¥ DMPC/CH/DMPG /PEG 0, DMG (10:10:6:5:4 molar ratio):

data taken from Ref. [25].

° Churacieristics for lincar regression, based on ¥ = A + BX,

(nz5)

Deviations from the exponential slope were found at
a very low salt concentration. but the plot of In{-zeta}
against the Debye-Hiickel parameter « fits best to a
linear function (Fig. 4). Here x represents 3.3 v,
where ¢ gives the concentration of electrolytes in-
cluding NaCl and the dissociated amount of lactate in
the buffer system (for details see [25]). The slope of
these plots indicates the thickness of the fixed layer
in nm. The results are given in Table 3. Both steri-
cally stabilized liposome preparation have a similar
thickness of the aqueous layer of about 3.5 nm. The
thickness of this layer was clearly reduced for plain
liposomes and calculated to be only about one fourth
of the former.

4. Discussion

The main problem to obtain a high efficiency of
liposomal drugs on targets different from the RES is
the rapid clearance from the blood circulation. The
method mostly used to circumvent uptake by
macrophages as the main components of the RES is
the sterical stabilization by poly(ethylene glycol)
derivatives of PE incorporated into the liposomal
membrane [11-16].

In a previous study we could demonstrate that it is
possible to prepare liposomes of a defined size with
and without stericul stabilization using aikylphospho-
cholines as liposomal and active cancerostatic lipid
within one vesicle preparation [1.20].

First experiments gave indirect evidence for a
reduced interaction of these PEG-HPC-LUVET with
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phagoeytic cells [20). The activation of macrophages
1> release cytotoxic mediators like NO or TNF in
viuo induced by APL-liposomes [19.27] was de-
creased to the level of control cells if PEG-liposomes
were used for activation. Additional data demon-
strated that the uptake of particles like carbon ink
was not attected in vivo by the application of PEG-
liposomes prior to ink injection in contrast to classi-
cal liposomes where a dramatic change of particle
clearance was induced {20).

To continue investigations of sterically stabilized
liposomes prepared from alkylphospholipids, the
study was directed at two aims. First. we wanted to
quantify the uptake of PEG-HPC-liposomes by
macrophages in vitro. In a direct way this should
prove whether sterical stabilization works with
alkylphosphocholine liposomes in the same way as it
was found for liposomes made from natural lipids.
Secondly, we wanted to characterize the liposomes
with regard o thickness of the fixed aqueous layer
around the outer membrane which is made responsi-
ble for the variation in immune response.

Different methods have been used for the determi-
nation of cellular liposomal uptake mostly based on
measurements of encapsulated fluorescent [22,23,28—
30] or radioactive marker [6.8]. But uptake of lipo-
somes is a process consisting of association of lipo-
somes to the cellular membrane and transport of
liposomes into the intracellular compartment by en-
docytasis. It is possible to differentiate between both
liposomal quantities in a classicat way by doing two
separate experiments, one for general uptake and the
other for conditions necessary for binding without
endocytosis.

Another possibility for the characterization of
macrophage uptake allows the encapsulation of the
fluorophore HPTS [22,31]. The amount of marker is
determincd in this simple and suitable assay using the
pH independent excitation wavelength 415 nm for
total uptake. The part of internalized liposomes was
obtuined from fluorescence at excitation wavelength
450 nm, at which fluorescence is strongly dependent
on pH. Both data sets were obtained for the same cell
population and are highly comparable. Therefore we
selected this assay for our experiments.

Until now sterically stabilized liposomes only pre-
pared from natural lipids with a classical glycerol
backhone structure were characterized with regard to
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immune response in vivo [32—35) On the other hand.
only a few studies in vitro have been reported quanti-
fying the macrophage uptake of PEG-liposomes
[6.24.36].

In our experiments we were interested in using an
optimal liposome preparation with regard to minimal
macrophage uptake. It was demonstrated in an exten-
sive study on liposomal uptake in vitro that the
amount of PEG-lipid should be between 5-10 mol%
[6]. Theoretical estimation based on calculation of the
protective square radius of PEG lipid resulted in 1000
molecules necessary for the complete protection by u
polymer of molecular weight 2000 Da [37.38]. This
corresponds to 4.7 mol%. Therefore we prepared
liposomes containing 4.3 mol% PEGyy,, DSPE bascd
on complete malar liposomal compounds (or 10 mol%
related to HPC).

The data obtained in our study demonstrated that it
is possible already in vitro to characterize the influ-
ence of liposomal composition on interaction with
macrophages. This is in a good agreement with data
obtained in comparable studies using liposomes pre-
pared from egg-PC [6.24.36].

The preparation of liposomes using alkylphospho-
cholines with their simple mono chain structure as
main liposomal “brick’ is possible without any prob-
lem. if an equimolar amount of cholesterol is used
[1.20]. We found no interference of HPC 10 proper-
ties of sterical stabilization. All the liposomes investi-
gated were significantly higher bound to macrophages
than the slerically stabilized ones. The liposomes
were taken up by 1774 macrophages in a time depen-
dent manner.

Another important factor influencing the cellular
uptake is the vesicular size. Although there is a
generalisation that smaller liposomes were 1aken up
much slower from the blood circulation [21.39] the
uptake in vitro was lound to be negatively correlated
to size [6.40]. In our study uplake was found 1o be
positively correlated to vesicular size irrespective of
whether the liposomes were sterically stabilized or
not. The highest amount of HPC was determined for
coincubation with MLV with a mean diameter larger
then 1 pm, whereas the uptake of smaller liposomes
was nearly similar.

Taking into account that the transport of vesicles
into the cell takes about 3 min [38]. the internalizu-
tion was clearly inhibited up o 6 h for the PEG

liposomes compared to plain liposomes. Further. no
difference was found comparing the ratio between
total uptake and internalization of liposomal prepara-
tions with and without sterical stabilization after 18 h
of coculture. This indicates that sterical stabilization
is mainly influencing the binding process to the
cellular surface and only to a lesser degree the trans-
port into the cell [10]. This agrees with the finding
that J774 cclls have higher binding sites and higher
binding constanis for PS/PC/CH liposomes than
that for PC /CH liposomes, but the rate constants for
endocytosis was similar for both liposome prepara-
tions [29].

The mechanism(s) of sterical stabilization for pre-
vention of cellular uptake has not yet been com-
pletely understood. A marking by the incorporation
of serumn complements like proteins into the liposo-
mal membrane (opsonization) seems to be an essen-
tial process for the recognition of such particles by
macrophages [3-5.22.39]. If this opsonization is
missing. the liposomal uptake by macrophages is
inhibited.

It was demonstrated that the incorporation of pro-
teins into the bilayer or on the liposomal membrane
is dramatically reduced after sterical stabilization [40],
There are two different explanations for this phe-
nomenon. First, the high hydrophilic polyethylene
chain could form a dense conformational cloud over
the outer liposomal surface resulting in a physical
sterical barrier which inhibits the interactions of lipo-
somal components with molecules in the solution or
prevents the incorporation of prateins [37]. Secondly,
the hydrophilic chain results in a formation or in-
crease of a fixed aqueous layer around the outer
liposomal surface, which should complicate the op-
sonization by proteins from serum.

In our understanding there is no real discrepancy
between both explanations. It is likely that the hy-
drophilic chain of the PEG lipids form a steric barrier
but with a very dynamic character [37). This should
allow the incorporation of water molecules between
the polyethylene chains and thus the forming of the
fixed aqueous layer just around the liposomal bilayer.
Both could explain the prevention of charge to charge
interaction between liposomal membrane and pro-
teins.

Qur results demonstrate that even sterically stabi-
lized liposomes made from unusual lipids show simi-
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lar protection for macrophage uptake. which could be
further enhanced by the careful selection of liposomal
size.
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