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These results may be relevant to the application of liposomes as a drug carrier system to liver and spleen (macrophages).

Introduction

The ication of li as ial drug
delivery system has gamed wide mterest [1,2). Lipo-
somes appear to be a specially attractive carrier system
for the selective delwery of drugs to macrophages, e.g.,
in the of i Iul i such as
leishmaniasis [3), candidiasis [4] or listeriosis [5]. Lipo-
somes are also used as carriers of immunomodulators
such as muramyl dipeptide to lung and liver macro-

Hepes, 4-2 1
acid; PAC, perturbed angular correlation; PBS, phosphate-buffered
sz\lme, DMEM, Dulbm s modlﬁcalmn of FAgles medium; DSPC,
i MLV, multi-

lamellar vesicles.
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phages to render these cells cytotoxlc to tumor oells
[6,7). Finally, ki
as a carrier system for anti-tumor drugs such as
adriamycin [8).

It has become apparent that both the extent of
uptake and the rate of mtracellu]ar degradation of
li by ) are d for the rate at
which a 1 lated drug b
cither intra- or extracellularly and thus for the ther-
apeutic efficacy. Therefore we have undertaken efforts
to manipulate the extent of liposome uptake by macro-
phages and the rate of intracellular disruption of the
vesicles as a function of li 1 lipid position [9].

In the present study we demonstrate that incorpora-
tion of high proportions of cholesterol (up to 50 mol%)
into the bilayer of distearoylphosphatidyicholine/
phosphatidylserine liposomes not only affects the up-
take of liposomes by llver and spleen macmphages, bul
also results in a d d rate of intracellul
tion.
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Materials and Methods

Materials. Chol 1

and L-a-phosphatidylserine
were oblamed from Sigma. L-a-Distearoylphosphati-
dylcholine was from Avanti Polar Lipids. Pronase-E
was obtained from Merck; DNase type [, grade II from
Boehnnger Cholesteryl ['*Cloleate was purchased from

k and [*HJcholesteryl hexadecyl ether from
New England Nuclear. The trisodium salt of nitri-
lotriacetic acid was obtained from Aldrich Chemical
Co. and carrier-free '"'InCl, from Amersham.

Liposomes. Multilamellar vesicles (MLV) consisting
of di Iphosphatidylcholine and phosphatidy}
serine (molar ratio 9:1) or distearoylphosphatidyl—
choline, ch 1 and phosphatidylserine (molar ratio
4:5:1) were prepared as follows Lipids dissolved in
chloroform/ methanol were dried under reduced nitro-
gen d in cycloh and Iyophl-
lized. Trace of [*H]chol ylt decy! ether
and cholesteryl ['*Cloleate were added to the lipid
mixtures when required. The lipids were then mixed
with 1.5 ml 135 mM NaCl, 10 mM Hepes (pH 7.4)
(HN-buffer) and vortexed for ten 30-s periods at 62°C.
The veslcles formed were sized by extrusion through a
series of p b {Nuclep of 1.0,
038, 0.6 and 0.4 pm pore diameter, respectively, at
62°C.

Liposomes used for the PAC measurements were
prepared essentially as described above with the follow-
ing modifications. Liposomal lipids were hydrated in
9.6 ml of 1 mM nitriloacetic acid/Hepes (pH 7.4). After
extrusion the MLV were passed over a 10-ml Sephadex
G-25 column equilibrated with Hepes buffer to remove
untrapped nitrilotriacetic acid. For loading the lipo-
somes with ''In, approx. 7 ml of liposomal suspension
was mixed with 1.75 ml Tris-buffer (10 mM tris(hy-
droxymethyl)aminomethane, 145 mM NaCl (pH 7.6))
containing 1 mCi of 'InCl, and 24 pmol acetylace-
tone as an jonophore and incubated for 1 h at 50°C.
The solution was then passed over 10 ml Sephadex
G-25 spin columns as before to remove pped ''In
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10°C as described previously [12]. Fractionation of the
non-parenchymal cell fraction into an endothelial and a
Kupffer cell fraction was accomplished by centrifugal
clutriation as described before [13]. Samples of liver cell
suspensions and spleen werc mixed with water (total
volume 0.5 mi) and added to equal volumes of 1%
sodium dodecylsulfate. Blood samples were diluted with
water and incubated for 20 min with 0.4 ml 30% H,0,
to decolorize. Radioactivity was assayed with Plasmasol
{14] as a scintillation mixture.

Perturbed angular correlation (PAC) spectroscopy. The
two y-quanta, emitted when '''In decays to "' Cd. show
an angular correlation which is deicemined by the tum-
bling rate of the ''In nucleus. When chelated
liposome-encapsulated ''In is released upon destruc-
tion of the liposcmes, the '"'In ion binds to macromole-
cules such as proteins and thus undergoes an increase in
tumbling rate which is detected by monitoring the
time-integrated angular perturbation factor Gy, (o0) [10].
Thus, a convenient parameter of in situ liposome integr-
ity is obtained. 0.6 mi of '"In-loaded liposomes (2
pmol lipid/100 g body weight) was injected into the tail
vein and at 1, 4 and 24 h after injection the rats were
killed. Blood samples were collected by cardiac punc-
ture. The liver was then perfused with 50 ml PBS via the
portal vein. Liver and spleen were removed and weighed.
Liposome integrity was determined by measurement of
the Gp(o0) via the PAC spectrometer [10). While the
sample holder of the PAC equipment could accomodate
the entire spleen, only portions of the liver could be
counted due to sample size and geometry limitations.
No statistical difference was observed between the vari-
ous liver portions.

In vitro uptake and degradation by cultured Kupffer
cells. 3.5-10° Kupffer cells were isolated according to
Dijksira et al. [15] and plated out in 1.7 mi DMEM
(Flow) containing 10 mM NaHCO;, 20 mM Hepes,
20% fetal calf serum (Gibeo), 100 IU/m! penicillin G
and .00 pg/ml streptomycin (Gist-Brocades, Delft) on
15- rm petri dishes (Greiner). 24 h after seeding, the

and acetylacetone. See for further details Refs. 10 and
11.

Animal experiments. Liposomes (2 pmol of total lipid
per 100 g body weight) were injected into the penis vein
of ether-anesthetized male Wistar rats, body weight
varying from 180 to 220 g. Liposome clearance from the
blood was d ined by blood ing from the tail

-

was replaced by medi 10% fetal

calf serum. 48 h after seeding, cells were used for
P 80 nmol of chol yl (" Cloleate-labeled
liposomes were incubated with the cells in serum-free
medium at 37°C in the presence of 10 mM NH,CI to
minimize liposomal degradation during uptake of the
vesicles by the cells by mlsmg the mlralysosomal pH.
After 1 h the medi the 1 was

vein. To determine the uptake of the li 1
tive labels the liver was perfused via the portal vein with
isotonic saline for 3 min at 10°C to remove the blood.
Liver and spleen were excised and homogenized in a
Potter-Elvehjem tube in water at 4°C and samples were
taken in triplicate for of r

Uptake by non-) parenchymal cells after i.v. :n]ecuon of
liposomes. Nun-pareuvivymal liver ceiis were isolated at

d and the cells were incubated for another 0.5 h
in fresh medium without liposomes in the presence of
NH,CL. After 1.5 h (indicated as zero-time) the medium
was replaced by an NH Cl-free medium. At times indi-
cated the cells were washed five times with cold PBS
and scraped from the culture dishes with a rubber
policeman in approx. 1 m! ice-cold water. Aliquots were
taken for determination of protein [16] and radioactivity
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content: 0.6 ml samples were extracted according to
Folch et al. [17] and the chloroform-soluble fraction was
chromatographed on 0.25 mm thin-layer plates (Merck,
60F254) with petroleumether (40/60)/diethyl ether/
formic acid (60:40:: 5, »v) as a solvent. Relevant
spots were scraped ‘com the plates, transferred to count-
ing vials and mixed with 0.5 ml water. Radioactivity
was determined in Hydrocount (Baker) in a LKB Wal-
lac Liquid scintillation counter.
Degradation of lip by b I fractions.
15 1 fracti were prepared from rat liver by
differential centrifugation as described by De Duve et
al. [18]. The fractions were sonicated for 15 min in a
bath somfler at ]0 C prior to the incubation with
of y1[**CJoleate-labeled
llposomes with lysosomal fractions were carried out at
37°C in 0.25 ml medium containing 50 mM sodium
acetate (pH 4.8), 25 nmol liposomal lipid and 50 pg of
lysosomal protein. The reaction was stopped by adding
4.5 ml chloroform/ methanol (1 : 2, v/v) and lipids were
extracted according to Bligh and Dyer [19]. The lipids
were d by thin-l phy and
analyzed for radioactivity as descnbed above.

Resuits

The kinetics of the elimination of chol 1
taining and chol l-free di ylphosphatidylcho-
line/ phosphatidylserine lamellar li from

the blood is shown in Fig. 1. The cholmerol-comammg
liposomes are eliminated 3-fold less rapidly (T, ,2=10
min) than the cholesterol-free liposomes (7, , = 3 min).
This difference in clearance rate is reflected in the
uptake of the liposomes by the Lver (Table I). While, 15
min after injection, this organ contains almost 70% of
the cholesterol-free liposomes this value is reduced to
less than 40% for the cholesterol- ing i

%of injected dose
3
T

30 60

time(minutes)

Fig. 1. Effect of cholestcrol on the clearance of [*Hicholesteryl
hexadecyl ether-labeled liposomes from the blood. Rats were injected
with MLV consisting of DSPC/PS (molar ratic 9:1) or
DSPC /cholesterol /PS (molar ratio 4:5:1). Liposomes were injected
in a dose of 2 pmol of total lipid per 100 g body weight. At times
indicated blood samples were collected and assayed for radioactivity
(see Materials and Methods). Points represent means+S.D. of three
determinations. - o, DSPC/cholesterol/PS; o,
DSPC/PS.

Table 11 shows the results of such an experiment:
hol I-free and 1 FOVHR
with a *H/"C ratio of 2.0 were injected. In total liver
the isotopic ratio increased approx. 22-fold at 24 h after
injection in case of the cholesterol-free liposomes as
opposed to a 10-fo]d increase in case of the

Tnterestingly, the uptake by the spleen is not recluced by
the incorporation of cholesterol into the liposomal bi-
layer. On the contrary, the uptake of the cholesterol-
containing liposomes by the spieen is substantially in-
creased as compared to that of the cholesterol-free
liposomes.

To assess the intracellular degradation of the MLV
by liver and spleen we double-labeled the liposomes
with the degradable marker cholesteryl ['*Cloleate and
the non-degradable marker [*H]cholesteryl hexadecyl
ether. The latter remains tightly associated with the cells
after it has been taken up via liposomes. Cholesleryl
[**Cloleate, on the other hand, is susceptible to in-
tralysosomal esterase activity resulting in the liberation
of the labeled oleate. Most of the ["*Cloleate is readily
released by the cells [9] and, as a consequence, intracell-
ular degradation of the liposomes will result in an
increase of the *H/*C ratic.

Ii Also in the spleen the
rate of increase of the *H/™C ratio is substantially

TABLE 1
Effect of

liver and spleen

MLYV of the indicated lipid composition labeled with [*H]cholesteryl
hexadecyl ether were injected intravenously into rats. At times indi-
cated the amounts of radioactivity in blood, liver and spleen were
determined as described in Malenals and Methods. Points represent

on the uptake of i injected liposomes by

means £ S.E. of three iati Chol.,
Lip:»rome Time after % of injected dose
injection  piseq liver spleen
(min)
DSPC/PS 15 38+15 68045 8216
©:1) 30 11406 741225 107%11
DSPC/Chol./PS 15 30069 394443 170425
@:5:1) 30 120434 539:52 24516




TABLE I

Effect of cholesterol on the intracellular degradation of intri: enously
injected liposomes by liver and spleen

MLV of the indicated lipid composition. doubly labeled with
[*Hicholesteryl hexadecyl ether and cholesterol [*Cloleate were in-
jected intravenously into rats. *H/"C ratio of the liposome prepara-
tion: 2.0. At times indicated Kupffer cells were isolated and samples
of cell suspensions obtained from total liver, non-parenchymal cells,
Kupffer cells and spleen were processed for determination of radioac-
tivity as described in Materials and Methods. Abbreviations: NPC,
non-parenchymal cells; KC, Kupffer cells: Chol., cholesterol.

Liposome Time after *H/"C ratio
injection  jjver NPC KC  spleen
(h)
DSPC/PS 1 3 51 s7 171
©:1 4 69 176 230 154
24 458 1441 1822 694
DSPC/Chol./PS 1 24 32 32 29
@51 4 43 55 60 63
24 197 676 7901 641

higher when cholesterol-free liposomes are injected al-
though the final level at 24 h is roughly the same for
both types of liposomes. Table II also shows that for
both lip itions the i of the *H/“C
ratio is more pmnounced in the spleen than in the liver
suggesting that liposomal degradation in the former
proceeds at a higher rate. From previous studies [9,21]
we know, however, that the vaiues found for liver are an
underestimation of the true rate of hydrolysis because
part of the liberated oleate is efficiently reutilized by the
hepatocytes whereas in the spleen the free oleate is
readily rcleased into the circulation.

This is supported by the observations on the non-
parenchymal cell fraction and purified Kupffer cells in
Table II. In these cells which are responsible for the
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intrahepatic degradation of intravenously injected MLV
{13}, the isotopic ratio for cholesterol-free liposomes
increases even 70- to 90-fold in 24 h. The isolated cell
fractions were obtained by pronase perfusion of the
liver at low temperature (10°C) to slow down the
llular d d of the lip during the
isolation procedure [12]. The difference in susceptibility
towards intracellular degradation between the two lipo-
some prepalations also becomes apparent when the
isotopic ratios for the Kupffer cell fractions are com-
pared. The more resistant cholesterol-containing lipo-
somes preduce a 40-fold increase in isotopic ratio in
contrast to a 90-fold increase for the cholesterol-free
liposomes.

The findings described in the preceding paragraphs
are fully compatible with the assessment of structural
integrity of the liposomes by means of y-ray perturbed
angular correlation spectroscepy techniques (Fig. 2).
Measurements of the degree of liposome integrity in
liver and spleen at various time points after injection of
""[n-labeled MLV also show that the cholestercl-con-
taining liposomes are degraded more slowly than the
cholesterol-free liposomes in both organs. This dif-
ference was most pronounced at the 1 h time point.
Thereafter the rates of '''In release for both lipid com-
positions converged. reflecting a similar degree of lipo-
somal integrity after 24 h.

The in vivo results described in the foregoing on the
rates of uptake and intracellular egradation of iv.
injected cholesterol-containing liposomes were con-
firmed in vitro with cultured Kupffer cells. For four
separate macrophage preparations we found that
cholesterol-containing liposomes, labeled with choles-
teryl ['*Cloleate. are taken up to a much lower extent
(5.5 £ 1.7 nmol lipid,/mg protein) than cholesterol-frec
liposomes (12.0 + 0.4 nmol lipid/mg protein) by
Kupffer cells in maintenance culture after 1 h incuba-

intr
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Fig. 2. Effect of cholesterol on the structural integrity of ''! In-labeled liposomes after uptake by liver and spleen as measured by perturbed angular

correlation spectroscopy. '''In-labeled MLV with or without cholesterol were inj
angular perturbation factor Gaa(o0) was measured in liver and spleen s described in Materials and Methcds. B
®. DSPC/PS.

ted intravenously and 2t times indicated the time-integrated
&, DSPC /cholesterol /PS:
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by cultured Kupffer cells. Kupffer cells in

of
maintenance culture were incubated with cholesteryl {**Cloleate-labeled MLV of the indicated lipid composition. After 1, 2 and 4 h the cells were

washed. the lipids were extracted by thin-layer chromatography and analyzed for radioactivity. See for details Materials and Methods. X -
¥l oleate; ® 3 o

tion in serum-free medi NH,C, a I;
agent which inhibits lysosomal enzyme acuvuy 20], was

X,
0, oleate; O

o, triacylgiycerol.

another 30 min in the presence of NH,Cl to allow
hpmome -containing endosomes to fuse with primary

present in the medium to prevent d ion of the
liposomal label during the uptake period.

In Fig. 3 the effect of cholesterol on the inracellular
degradation of MLV by cultured Kupffer cells is shown.
Cholesteryl ['*Cloleate-labeled iiposomes (with and
without cholesterol) were incubated for 1 h with the
cells in the presence of NH,CI so as to allow uptake
with minimal d dati After the lip were

1 . After 1.5 h (indicated as zero—nme) the
NH,CI ini was  sut d by an
NH,Cl-free medium and the extent of intracellular
degradation was delermmed at different time points.
Again, the chol )| ing Ii are more
resistant to lysosomal esterase acuvny than the
cholesterol-free MLV. At the same time efficient incor-
ion of liberated [“Cloleate into cellular phos-

removed from the medium the cells were incubated for

100
g 8ol
2
2 s
=l
;-]
8w
2
£ 20}
S
¥
- 0 1L L
0 30 €0 20

incubation time {min)
Fig. 4. Effect of on the ion of
["C]olcalblabeled liposomes at pH 4.8 by lysosomal fractions pre-
pared irom rat liver. MLV of the indicated lipid composition labeled
with cholesteryl |['Cloleate were incubated at pH 4.8 with sonicated
rat liver lysosomal fractions. At times indicated the reaction was
stopped by adding chioroform/methanol, the lipids were cXImCIed‘

pholipids is observed, while there is only marginal fatty
acid incorporation into triacylglycerols.

Finally, the difference in susceptibility to lysosomal
degradation of the two liposome preparations was also
demonstrated in a cell-free system by incubating
cholesteryl ['“CJoleate-labeled liposomes at pH 4.8 with
lysosomal fractions isolated from rat liver homogenates
(Flg 4), also under these condltlons cholesterol-contain-
ing 1 are less i to | 1 esty
activity than the cholesterol-free vesicles.

Discussion

The experiments described in this paper demonstrate
that the cholesterol content of liposomes has a pro-
nounced influence on the rate of uptake and intracellu-
lar degradation by liver and spleen (macrophages). Our
results show that incorporation of 50 mol% cholesterol
in DSPC/PS lip results in a d of the
clearance rate after iv. injection. Similar results have
been published by Patel et al. with reverse-phase
evaporation vesicles labeled with [¥Clinulin [22]. The
effecl of the cholesterol is likely to be related to a

separated by thin-layer chromatography and analyzed by
ity. See for further experimental details Materials and Methods.
o o, DSPC/PS; ® @, L'SPC /cholesterol/PS.

i ptibility of the lipid interface to per-
turbation or penetration, either by serum proteins, which
may act to opsonize the liposomes [23-25], or by cell



surface proteins serving to establish the initial contact
between liposome and cell [26]. In this particular case,
where we used DSPC with a transition temperature well
above body temperature and brain PS with a
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results are compatitle with the data publisned by John-
son [29]. She found that release of **Na from cultured
peritoncal macrophages after uptake by means of

temperature of approx. 10°C, the cholesterol probably
acted to abolish or diminish the phase boundaries be-
tween solid DSPC and fluid PS domains. Such phase
daries have been suggested to serve as sites where
proteins may easily penetrate a lipid bilayer [27]. How-
ever, as we observed similar effects of cholesterol with
egg phosphatidylcholine/PS i both with re-
spect to cellular uptake and lysosomal dsgradation (re-
sults not shown), cholesterol may, alternatively, act to
tighten the packing of the lower melting phospholipids
in a fluid bilayer [28], thus solidifying the liposomal
membrane and restraining in this way the penetration
of serum or cell surface protems or lysosomal phos-
holi The p of opsonizing
proteins in the in vivo uptake of liposomes by tissue
) has been di: d recently by Moghimi
and Patel {25]. They suggested that liver and spleen
macrophages may require different opsonizing factors
which may aid to explain the differential effect of
cholesterol incorporation on liver and spleen uptake,
respectively, as observed also by us.

On the other hand, our in vitro experiments with
cultured Kupffer cells show lhat in the absence of
serum p are also taken
up to a lesser extent than the chol free li

hol ol-free li is much more pronounc’d
than in the case of choles

Penetration of lysosomal llpolyuc enzymes inta the
liposomal bilayer is impeded in the case of the more
rigid cholesterol-containing vesicles.

The relative rates of cholesteryl ester hydrolysis of
the liposomes are paralleled by the relative rates at
which a liposome-encapsulated solute is released, at
least during the first hours after uptake. as was demon-
strated by the PACS experiments (Fig. 2). At 24 h after
injection, however, the '''In release from both types of
liposomes has reached the same high level in liver as
well as in spleen. These results are compatible with the
increase in isotopic ratios in Kupffer cells presented in
Table Il which also indicate virtually complete
cholesteryl ester degradation after 24 h for both types of
liposomes.

Finally, the experiments with cultured Kupffer cells
and lysosomal fractions from rat IIVEI' confirmed the in
vivo results: chol ol-

are de-
graded more slowly than cholesterol- free liposomes. Ap-
parently. the liposomal cholesteryl ester is more accessi-
ble to lysosomal esterase activity in case of the
cholesterol-free liposomes.

In conclusnon incorporation of 50 mol% cholesterol

As we pointed out earlier [26] this may be caused by
hampered penetratlon of cell-surface proteins into the
lip | bilayer leading to a

decreased rate of phagocytosis.
Patel and co-workers could not exclude in their sludy
{22] that the mpnd clearance of ["*CJinulin

in i h )3 id. y' boli L L Y ine
liposomes resul(s in a decreased upuk., of the vesicles
by liver but not by spleen macrophages and an increased
intracellular stability. These results may be relevant to
the application of liposomes as drug carrier system to
the liver (macrophages). Manipulating the liposomal

in chol might be ibed (at least
in part) to Ieakage of the label from the vesicles into the
bl il by rapid ion by the kidneys.
In our study we used [’H]cholesteryl hexadecyl! ether,
which remains tightly associated with the liposomes and
is therefore a more reliable measure of the in vivo fate
of i.v. injected liposomes.

The isotopic ratio we used as a parameter of lipo-
some degradauon mdlcaled thal. both in Ilvcr and

spleen, ck are

lipid ition influences the intracellular degrada-
tion of liposomal lipids and thereby the therapeutic
availability of liposomc-encapsulated drugs [21.30].
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much more slowly than gholeslerol-l'ree liposomes. For
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