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ABSTRACT Human serum albumin (HSA) derivatized
with cis-aconitic anhydride was covalently coupled to lipo-
somes with a size of approximately 100 nm [polyaconitylated
HSA (Aco-HSA) liposomes]. Within 30 min after injection into
a rat, Aco-HSA liposomes were completely cleared from the
blood and almost exclusively taken up by the liver, whereas in
control liposomes 80% was still present in the blood at that
time. Endothelial cells were shown to account for almost
two-thirds of the hepatic uptake of the Aco-HSA liposomes, the
remainder being recovered mainly in the liver macrophages
(Kupffer cells). With fluorescently labeled liposomes it was
shown that the Aco-HSA liposomes target a vast majority
(>85%) of the cells in the endothelial cell population. Control
liposomes were not taken up to a significant extent by the
endothelial cells. Uptake of Aco-HSA liposomes by both
endothelial and Kupffer cells was inhibited by preinjection
with polyinosinic acid, indicating the involvement of scavenger
receptors in the uptake process. The uptake of Aco-HSA
liposomes by liver endothelial cells was dependent on liposome
size; with increasing liposome diameter endothelial cell up-
take decreased in favor of Kupffer cell uptake. We have
demonstrated that massive in vivo targeting of liposomes to a
defined cell population other than macrophages is possible.
Aco-HSA liposomes thus may represent an attractive drug
carrier system for treatment of various liver or liver endothe-
lium-associated disorders.

Over the past 10 years the number of reports on nonviral, often
lipid-based, gene and antisense oligonucleotide delivery sys-
tems have steadily increased (1, 2). The in vitro transfection
efficiencies of such systems are approaching that of viral
systems without sharing some of the drawbacks of the latter.
The ultimate goal for such systems is to apply them in vivo.
However, relatively few in vivo experiments, in which such
delivery systems are administered intravenously, have been
reported thus far (3, 4). A general aim is to manipulate the
functions of a specific cell population, e.g., tumor cells, and to
deliver the particular material preferentially or even exclu-
sively at the target site. Site-specific delivery still constitutes a
formidable task, as long as cells other than macrophages are
the target. Macrophages, mainly in liver and spleen, are the
principal site of uptake of systemically circulating particles
such as liposomes and nanoparticles, despite extensive efforts
to increase their systemic circulation time. So-called “long
circulating” liposomes have been developed by incorporating
surface-bound polyethylene glycol or other hydrophilic moi-
eties (5). Attempts to actively target liposomes to tumors thus
far have met with limited success. Significant tumor accumu-
lation of liposomes relative to surrounding tissue has been
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achieved. However, at best only minor proportions of the
injected dose actually concentrate in solid tumors, whereas the
major fraction invariably ends up in macrophages of liver and
spleen. This is due not only to the competitive phagocytic
potential of these cells but also to poor extravasation of a
particulate carrier. With respect to accessibility, the vascular
endothelium would seem to be an ideal target cell population
for drug carriers, and attempts to achieve such targeting,
preferably in an organ-specific way, have been described (6, 7).
In the present study we report on the massive targeting of an
i.v.-administered dose of liposomes to a single endothelial cell
population: the sinusoidal endothelial cells in the liver. Re-
cently, we showed that liposomes that were surface-modified
by covalent coupling of polyaconitylated human serum albu-
min (Aco-HSA) (8) display an intrinsic anti-HIV type-1 ac-
tivity (9). These polyanionized proteoliposomes were cleared
within 30 min from the general circulation after i.v. adminis-
tration to rats. It was shown that this rapid clearance was
mediated by the coupled protein and that the liposomes were
present almost exclusively in the liver. The polyanionic nature
of the Aco-HSA suggested the role of scavenger receptors on
sinusoidal cell types in this process. These receptors have been
implicated in the uptake from the blood of polyanionic mac-
romolecules like acetylated low-density lipoprotein, oxida-
tively modified low-density lipoprotein, and various modified
albumins (10, 11).

Therefore, we set out to determine which cell types in the
liver are responsible for the abundant uptake of Aco-HSA
liposomes, and we investigated the effects of the scavenger
receptor inhibitor polyinosinic acid as well as the size of the
liposomes on the tissue and intrahepatic distribution.

MATERIALS AND METHODS

Materials. Phospholipids were from Avanti Polar Lipids.
Cholesterol, N-succinimidyl-S-acetylthioacetate, and cis-
aconitic anhydride were from Sigma. [*H]cholesteryl oleyl
ether was purchased from Amersham. Pronase (from Strepto-
myces griseus) and collagenase type A were from Boehringer
Mannheim. 1,1'dioctadecyl-3,3,3',3'-tetramethyl indocarbo-
cyanine perchlorate (Dil) was purchased from Molecular
Probes. All other chemicals were analytical grade or the best
grade available.

Liposome Preparation. Liposomes were prepared as fol-
lows. Lipids from stock solutions of egg phosphatidylcholine,
cholesterol, and maleimido-4-(p-phenylbutyryl)-phosphati-
dylethanolamine in chloroform/methanol (9:1) were mixed in
a molar ratio of 23:16:1, dried under reduced nitrogen pres-
sure, dissolved in cyclohexane, and lyophilized. A trace amount
of [*H]cholesteryl oleyl ether was added to each preparation as
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anondegradable marker. In some experiments 1 mol% Dil was
added to the lipid mixture as a fluorescent marker. The
liposomes then were hydrated in buffer [10 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (Hepes)/135
mM NaCl, pH 6.7] and sized by repeated extrusion (13 times)
through polycarbonate filters with a pore size of 50 nm
(Costar). In some experiments filters with a pore size of 100,
200, or 400 nm were used, as indicated. Preparation of HSA in
which an average of 53 of the 60 available € amino groups were
derivatized with cis-aconitic anhydride and coupling of the
protein to the liposomes have been described earlier in detail
(9). The Aco-HSA liposomes were characterized by determin-
ing protein (12) and phospholipid phosphorus content (13)
and by particle size analysis by dynamic light scattering using
a Nicomp model 370 submicron particle analyzer (NICOMP
particle sizing systems, Santa Barbara, CA). Unless stated
otherwise the liposomes used in the experiments had a mean
diameter of 74.0 = 1.9 nm for control liposomes (i.e., without
protein coupled) and 92.1 = 10.2 nm for Aco-HSA liposomes.
Aco-HSA liposomes contained 33.5 = 1.8 mg of protein per
mmol of total lipid. Control liposomes were prepared from the
same lipid mixture as used for the preparation of Aco-HSA
liposomes, but instead of coupling Aco-HSA, reactive male-
imido groups on the liposome surface were allowed to react
with cysteine (9).

Tissue Distribution Studies. For determination of tissue
distribution, 1 wmol (total lipid) per 100 g of body weight of
radiolabeled liposomes was injected into male Wag/Rij rats
(200-250 g) via the penile vein under pentobarbital anesthesia.
At the indicated time, a blood sample was taken, and tissues
were removed and processed for measurement of radioactivity
as described before (9). The total amount of radioactivity in
the serum was calculated using the equation: serum volume
(ml) = [0.0219 X body weight (g)] + 2.66 (14). When
appropriate, rats were injected 1 min before liposome injection
with 5 mg polyinosinic acid per 200 g of body weight.

Isolation of Liver Cells. Liver endothelial cells and Kupffer
cells were isolated after pronase perfusion of the organ,
followed by centrifugation and counterflow centrifugal elu-
triation as described (15). Liver parenchymal cells were iso-
lated after collagenase perfusion as described (16). The num-
bers of cells of the different fractions were determined mi-
croscopically. Liposome uptake by the different cell types was
determined by measurement of the cell associated radioactiv-
ity. In the case of parenchymal cell uptake of liposomes the
data were corrected for Kupffer cell contamination (maximal-
ly 2%) (17). Uptake of fluorescent (Dil) liposomes was
determined microscopically using an Olympus AX True Re-
search System Microscope model AX70 equipped with a
standard rhodamine emission and exitation combination. Up-
take of fluorescently labeled liposomes by endothelial and
Kupffer cells also was determined by flow cytometry per-
formed on an Epics-Elite flow cytometer (Coulter) equipped
with an argon laser operating at 15 mW and 488 nm. The filter
setting for measurement of Dil fluorescence was 525 band
pass. Measurements were performed on 10,000 events, and
forward scatter and side scatter were used to gate living cells.
Data were analyzed using standard ELITE software.

Statistical Evaluation. Statistical significance of differences
was evaluated by a two-tailed unpaired Student’s ¢ test.

RESULTS

The organ distribution of Aco-HSA liposomes and control
liposomes 30 min after injection into rats is shown in Fig. 1. At
30 min after injection, the Aco-HSA liposomes were com-
pletely cleared from the blood circulation, as opposed to only
20% of the control liposomes. The rapid clearance of Aco-
HSA liposomes was almost entirely accounted for by uptake
into the liver, the spleen being the only other organ in which
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FiG. 1. Tissue distribution of control liposomes (empty bars) and
Aco-HSA liposomes (filled bars) 30 min after intravenous injection.
[*H]cholesteryl oleyl ether-labeled liposomes (1 pmol of total lipid/
100 g body weight) were injected into anesthetized rats. Tissue
distribution was determined as described in Materials and Methods.
Data are presented as means = SD of 3-5 rats.

a small, but significant, amount of liposomal label was found.
The small fraction of the control liposomes, cleared from the
circulation after 30 min, equally distributed between liver and
spleen. Injection of polyinosinic acid, 1 min before injection
with liposomes, reduced the liver uptake of Aco-HSA lipo-
somes to 24% of the value obtained in untreated rats (Fig. 2).
Enzymatic digestion of the liver and the subsequent separation
and isolation of liver endothelial cells and Kupffer cells showed
that the endothelial cells and, to a lesser extent, Kupffer cells
accounted for 90% of the total hepatic uptake of Aco-HSA
liposomes (Fig. 3). This uptake represents only Aco-HSA
liposomes internalized by the cells, because ectoproteins,
including membrane receptors, are destroyed after pronase
treatment (18). The uptake of Aco-HSA liposomes by liver
parenchymal cells, which constitute by far the largest cell
population in the liver, was only small. On a per-cell basis the
uptake by hepatocytes was only 5% of that by the endothelial
cells. Preinjection with polyinosinic acid substantially reduced
the uptake of Aco-HSA liposomes by endothelial and Kupffer
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Fic. 2. The effect of polyinosinic acid on tissue distribution of
Aco-HSA liposomes 30 min after intravenous injection. [*H]cho-
lesteryl oleyl ether-labeled liposomes (1 pmol of total lipid/100 g body
weight) were injected into anesthetized rats, which were untreated
(filled bars) or treated with 5 mg polyinosinic acid 1 min before
injection with liposomes (hatched bars). Tissue distribution was de-
termined as described in Materials and Methods. Data are presented as
means * SD of 3-4 rats.
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Fic. 3. Intrahepatic distribution of Aco-HSA liposomes 30 min
after intravenous injection. [3H]cholesteryl oleyl ether-labeled lipo-
somes (1 pumol of total lipid/100 g body weight) were injected into
anesthetized rats, which were untreated (filled bars) or treated with 5
mg polyinosinic acid 1 min before injection with liposomes (hatched
bars). Intrahepatic distribution was determined as described in Mate-
rials and Methods. Data are presented as means * SD of 1-4 rats. EC,
endothelial cells; KC, Kupffer cells; PC, parenchymal cells.

cells to 21% and 34% of the control values, respectively (P <
0.01). Also the small uptake by parenchymal cells was reduced
to 43% of the control value. Because of the small amount of
control liposomes taken up by the liver 30 min after injection
(only ~5% of injected dose), we isolated liver endothelial and
Kupffer cells from rats injected with control liposomes at 3 hr
after injection. At that time 24.8 = 6.5% of the injected dose
was recovered in the liver, primarily present in the nonparen-
chymal cells. Within this population only Kupffer cells con-
tributed significantly to the uptake of control liposomes (2.9 =
0.5 nmol of total lipid per 1-10° cells), whereas endothelial cells
were virtually devoid of liposomal label (0.06 nmol of total
lipid per 106 cells). Because endothelial cells are not normally
phagocytic and therefore are not likely to internalize large
particles, we determined the effect of liposomal size on the
uptake of Aco-HSA liposomes by these cells (Table 1). In-
crease of liposome size resulted in a decrease in uptake of the
anionized liposomes by endothelial cells. Uptake by endothe-
lial cells of liposomes extruded through filters with a pore size
of 400 nm was reduced by about 65% as compared with 50-nm
extruded liposomes. Kupffer cell uptake of liposomes gradu-
ally increased with size. Liposomes extruded through filters
with a pore size of 400 nm are taken up more than 5-fold more
efficiently by these cells than liposomes extruded through
50-nm pore size filters.

Fluorescence microscopy of liver endothelial and Kupffer
cells, which were isolated 30 min after injecting a rat with
fluorescently labeled Aco-HSA(Dil) liposomes, demonstrated
that in both cell populations in the liver more than 80% of the
cells contributed to the uptake of these liposomes (Fig. 4).
These results were confirmed by flow cytometry, as is shown
for endothelial cells in Fig. 5. This figure clearly indicates that
the vast majority of the cells produced a fluorescence signal
that is more than 1,000-fold increased over the autofluores-
cence signal of the control cells.

DISCUSSION

In various animal species and humans, liposomes are generally
cleared rapidly by the cells of the mononuclear phagocyte
system, especially macrophages in the spleen and Kupffer cells
in the liver (19, 20). When liposomes are small enough to be
able to pass the fenestrae in the endothelial cell lining, they

Proc. Natl. Acad. Sci. USA 94 (1997) 11683

Table 1. Effect of the size of Aco-HSA liposomes on the uptake
by liver endothelial cells and Kupffer cells 30 min after
intravenous injection

Uptake, pmol total lipid/1-10° cells

Pore
size, nm* Endothelial cells Kupffer cells
50 2.8 +0.5% 33+ 0.5t
100 1.9 £0.1 7.4+ 0.0
200 1.0 0.1 157+ 19
400 1.0 £ 0.1 17.6 £ 2.2

[*H]cholesteryloleyl-ether labeled liposomes (1 wmol of total lipid/
100 g body weight), extruded through filters with the indicated pore
size, were injected into anesthetized rats. Intrahepatic distribution was
determined as described in Materials and Methods. Data are presented
as means * half the difference between the two values of two rats or
Tas means = SD of three rats.

*Actual average diameters after extrusion through filters with the
indicated pore size were 92.1 nm (50 nm), 153.5 nm (100 nm), 263.2
nm (200 nm), and 590.7 nm (400 nm).

also will have access to the hepatocytes and be taken up by
these cells (19). To the best of our knowledge no reports in the
literature have described significant uptake of liposomes of any
composition by endothelial cells in vivo. We and others have
repeatedly found and reported the actual lack of involvement
of liver endothelial cells in clearance of liposomes from the
blood (21).

Coupling of Aco-HSA to liposomes leads to a 17-fold
increase in liver uptake, as compared with control liposomes,
whereas spleen uptake is not affected. Within the liver,
Aco-HSA liposomes are mainly taken up by the sinusoidal
endothelial and the Kupffer cells. Expressed per number of
cells the uptake of Aco-HSA liposomes by endothelial cells is
of the same order of magnitude as that by Kupffer cells.
Because rat liver contains three times as many endothelial cells
as Kupffer cells however, our data show that the endothelial
cell population accounts for a considerably larger fraction of
the hepatic uptake of Aco-HSA liposomes than the Kupffer
cells. From the uptake per cell and published data on liver cell
numbers (194-10° nonparenchymal and 450-10° parenchymal
cells per 100 g body weight) (22), it can be calculated that liver
endothelial cells contribute to an extent of 64.3% to the total
liver uptake of Aco-HSA liposomes and Kupffer cells 25.3%.
The remaining 10.4% is accounted for by binding to or uptake
in parenchymal cells. Confirming earlier observations from
our laboratory, control liposomes are virtually taken up only
by the Kupffer cells (80%) and, to a small extent, by hepato-
cytes, whereas the sinusoidal endothelial cells do not signifi-
cantly contribute.

The high endothelial cell uptake of Aco-HSA liposomes
probably is related to the abundant presence of scavenger
receptors on this cell type, which have been demonstrated to
be responsible for the uptake of a large variety of polyanionic
macromolecules, including negatively charged albumins (11).
Involvement of macrophage scavenger receptors also has been
suggested in the uptake of liposomes that were negatively
charged by conjugation with polyacrylic acid (23). To verify the
involvement of these scavenger receptors in the uptake of
Aco-HSA liposomes, rats were preinjected with polyinosinic
acid, a well known inhibitor of scavenger receptor mediated
uptake. The efficient inhibition of the uptake of Aco-HSA
liposomes by endothelial and Kupffer cells caused by polyi-
nosinic acid indicates that scavenger receptors are involved in
the uptake of these liposomes. Different types of scavenger
receptors have been identified (24) up to now, several of which
on the different liver cell types, including endothelial cells (10,
25). We have no indication that the Aco-HSA liposomes also
interact to a significant extent with extrahepatic vascular
endothelium: liver and spleen account for >90% of the
liposomes cleared from the blood. It remains to be clarified
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F1G6. 4. Visualization of the uptake of Aco-HSA liposomes by liver endothelial and Kupffer cells 30 min after intravenous injection. Dil-labeled
liposomes (1 wmol of total lipid/100 g body weight) were injected into anesthetized rats. Endothelial (4 and B) cells and Kupffer (C and D) cells
were isolated and the liposomes were visualized as described in Materials and Methods. A and C phase contrast. B and D fluorescence of the same

field. (Original magnification X400.)

which scavenger receptor type on the endothelial and Kupffer
cells is responsible for Aco-HSA liposome uptake, but it is
likely to be one that is not present on extrahepatic vascular
endothelial cells.

The ability of Kupffer cells to take up large particles is well
established. In none of our previous studies we ever observed,
however, significant participation of the liver endothelial cells

Control

Flquescence (525 nm)

Fic. 5. Representative flow cytometer plots of liver endothelial
cells 30 min after intravenous injection of buffer [10 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (Hepes)/135 mM
NaCl, pH 6.7] (control) or Dil-labeled Aco-HSA liposomes. Dil-
labeled liposomes (1 umol of total lipid/100 g body weight) or buffer
were injected into anesthetized rats. Endothelial cells were isolated
and subjected to flow cytometry as described in Materials and Methods.
Fluorescence at 525 nm is depicted on a log scale.

in liposome elimination from the blood. Other studies have
shown the ability of endothelial cells to endocytose large
particles, such as polystyrene particles coated with transferrin
(26). Increasing the size of Aco-HSA liposomes led to a
decrease in uptake by liver endothelial cells whereas Kupffer
cell uptake was increased. Consequently, the smaller (<100
nm) Aco-HSA liposomes are most efficiently taken up by the
hepatic endothelial cells.

Polyanionic ligands, including polyanionized albumins, gen-
erally are considered appropriate ligands for scavenger recep-
tors (11, 24). This, together with the inhibitory action of
polyinosinic acid on liposome uptake by the endothelial cells,
leads us to believe that our Aco-HSA liposomes interact with
the hepatic endothelial cells through a scavenger receptor. It
is clear, however, that the receptor also displays conforma-
tional requirements of the negative charge cluster. We ob-
served that intravenously administered liposomes containing
up to 100% of the negatively charged phospholipid phospha-
tidylserine do not interact at all with the endothelial cells (27).
Our study also tells us that, in addition to the requirement of
a polyanionic structure, the receptor has requirements with
respect to ligand size; with increasing liposome size the binding
to the endothelial cells rapidly diminished. This may be related
to the positioning of the receptor in coated pits, which would
set limits to the size of particles that can be bound (28).

In conclusion, we have shown that small Aco-HSA lipo-
somes can be targeted with high efficiency to liver endothelial
cells. This targeting is not fully specific, because Kupffer cells
and to some extent hepatocytes also participate in the clear-
ance process. We have shown massive delivery of a very
substantial proportion of an i.v.-administered dose of lipo-



Pharmacology: Kamps et al.

somes to a well defined population of cells other than mac-
rophages (or hepatocytes). This opens up attractive possibil-
ities to modulating the function of this cell type with liposome-
encapsulated agents, like antisense oligonucleotides, or
plasmid DNA. The sinusoidal endothelial cells produce a
variety of cytokines and lipid mediators crucial in the ho-
meostasis of liver functions but also are involved in various
liver-associated disorders (29, 30).

Because it has been reported that both sinusoidal endothe-
lial and Kupffer cells are susceptible to infection with HIV
type 1 (31, 32), Aco-HSA liposomes also may act as a highly
specific drug carrier system of anti-HI'V type 1 drugs to these
cells (30, 33).
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