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Abstract-Small solid liposomes made from distearoylphosphatidyl choline and cholesterol (molar ratio 
2 : 1) showed significant stability in plasma, with a half-life of about 24 hr after intravenous injection 
in rats. The major cellular uptake of intact liposomes was found in the liver and spleen, peaking after 
2-4 hr in the liver and after 24 hr in the spleen. Isolation of parenchymal and non-parenchymal cells 
from rat livers at various intervals after injection of liposomes showed that both cell types adsorbed 
liposomal membranes and took up the liposomal contents. Our study has shown that most of the 
liposomal markers found in the liver shortly (< 40 min) after administration stemmed from the liposomes 
adsorbed to extracellular binding sites, and that uptake into the cells took place subsequently. In 
non-parenchymal cells, uptake was rapid and the intracellular level remained rather constant after 
40 min and for up to 4 hr. The uptake of liposomes by parenchymal cells was slower, it showed a 
lag-phase of approx. 1 hr and peaked at 2 hr, whereupon the radioactivity in parenchymal cells dropped. 
The contents of liposomes behaved in a manner similar to the membranes. It is concluded that, in 
addition to a rapid uptake of liposomes in non-parenchymal liver cells, there is a significant degree of 
association with parenchymal cells, provided that the liposomes administered are small 
(< 100 nm in diameter) and stable. 

A number of studies have dealt with the localization 
of liposomes after intravenous injection in experi- 
mental animals. Several factors have been examined 
and reviewed recently [l-3]. The most important 
factors with respect to the rate of elimination of 
liposomes from the blood stream as well as the site 
and the extent of uptake are: size [4-lo], charge 
[4,8,11-141, lipid composition [13-161 and dosage 
[9,10,12,14,17,18]. Liver and spleen have been 
shown repeatedly to be the main sites of liposomal 
uptake, whereas the uptake in lungs, intestines and 
heart is much less. 

In a few studies, the cellular or subcellular local- 
ization in liver has been investigated by electron 
microscopy [6,19-221, cell isolation [6,12,23-251 or 
after subcellular fractionation of liver homogenates 
[17,26,27]. The conclusion drawn from these reports 
is that the uptake of liposomes, especially of large 
liposomes, is most rapid in Kupffer cells and the 
extent of uptake somewhat less in endothelial cells. 
The uptake in hepatocytes recorded with the types 
of liposomes used until now was but limited. 

Unfortunately most of these studies have been 
carried out with liposomes of a very heterogeneous 
size distribution [17-271 and with liposomes known 
to be unstable in the presence of plasma proteins so 
that they showed release of entrapped marker mol- 
ecules and transfer of lipid marker molecules to 
lipoproteins [28,29]. Thus is was reported that the 
distribution of entrapped horseradish peroxidase 
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found in all major liver cell types was not different 
to that of the enzyme administered without encap- 
sulation [22]. 

Another study, using bovine serum albumin 
(BSA) as entrapped marker showed that its uptake 
in hepatocytes was less than the uptake of phospho- 
lipid marker, and the authors concluded that intact 
liposomes were not taken up in hepatocytes [6]. 
Others have reached‘the opposite conclusion from 
studies using liposomes of a different composition 
and size [20,25]. In uitro, liposomes are readily taken 
up in hepatocytes either freshly isolated or grown 
in culture [30,31]. Therefore it appeared to us that 
the cause of the divergent results were the differences 
in size and stability of liposomes in Go, together 
with the different accessibility of the major liver cell 
types due to liver’s architecture. 

The present report deals with liposomes made by 
a modified reverse phase evaporation method 
[31,33-351. This method yields liposomes of homo- 
geneous size distribution, as determined by freeze- 
fracture EM [32], with mean diameters ranging from 
40 to 80nm, depending on the lipid composition, 
and with an efficiency for entrapment of proteins 
ranging between 60 and 100%. With a lipid com- 
position of DSPC : CHOL (2 : 1 molar) giving stable 
liposomes [14,16,20,31,33,34] we show that 
entrapped material can be conveyed to hepatocytes 
even in quantities exceeding those found in non- 
parenchymal cells. 

9 
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MATERIALSANDMETHODS 

Materials. Distearoyl-sn-phosphatidyl choline 
(DSPC) cholesterol (CHOL) and collagenase (type 
I) were obtained from Sigma, Missouri, U.S.A. 
Di(l-‘4C)stearoyl-sn-phosphatidyl-choline (14C- 
DSPC), specific activity 120 mCi/mmol, and sodium 
boro(3H)hydride, spec.act. 10-15 Ci/mmol, were 
obtained from The Radiochemical Centre, Amer- 
sham, England. Bovine serum albumin (BSA), crys- 
talline A-grade, and pronase (B-grade) were from 
~albiochem-Beh~ng Corporation, Switzerland. 
Tritium labelled BSA was prepared essentially as 
described in [36], though using (3H)NaBH4 instead 
of (3H)CHz0, and the specific activity obtained was 
l-5 mCi/mg BSA. 

Preparation of liposomes. DSPC : CHOL (2 : 1) 
liposomes were made according to a recent patent 
1351, as described in detail earlier [33,34]. 
(14C)DSPC was added to DSPC to give a specific 
activity of about 0.2mCi/mmol phospholipid, and 
(3H)BSA was added to unlabelled BSA to give 
0.3-1.5 mCi/mg BSA in 10 mg BSA/ml 

Reversed micelles were formed in di- 
butylether : cyclohexane 1 : 1 and then dispersed in 
10 mM Tris (pH 7.4). After removal of organic sol- 
vents by evaporation, phospholipid suspensions were 
centrifuged for 30min at 37,000g to remove the 
aggregated lipid and then passed through a Sephar- 
ose CL-6B column to remove the non-entrapped 
BSA. 

The typical entrapment yield was 60-80%, as 
determined by rocket immunoelectrophoresis after 
addition of 1% Triton X-100 to the suspension 1371. 
The typical mean diameter of liposomes was 70 nm, 
with more than 90% of the particles with diameters 
< 100 nm, as determined by freeze-fracture EM [31]. 
The size of the liposomes was also determined by 
dynamic light scattering 1341. Generally, the lipo- 
somes were concentrated by ultr~ltra~on on Ami- 
con XM-50 membranes to a phospholipid concen- 
tration of 11-21 pmol/ml, and then sterile filtered 
through a 0.2 pm Nuclepore membrane. The lipo- 
somes were stored in 10 mM Tris buffer, pH 7.4, for 
reasons of stability [34], and brought to isotonicity 
by addition of 3 M NaCl solution imme~ately prior 
to administration to animals. 

Tissue distribution. Male Wistar rats from the local 
stock colony at the Catholic University of Louvain, 
Belgium, weighing 230-270 g, with ad libitum access 
to food and water, were injected with DSPC : CHOL 
liposomes 50 ~01 phospholipi~kg body weight. At 
various intervals after injection, three animals were 
anaesthetized with ether and as much blood as pos- 
sible was drawn by heart puncture into heparinized 
syringes. The following organs/tissues were then 
sampled: cerebrum, cerebellum, thymus, lungs, 
heart, diaphragm, liver, kidneys, adrenals, stomach, 
small intestine and colon freed of their contents, and 
bone marrow from both femurs [31,33]. Tissue 
samples were homogenized in a motor driven Potter 
homogenizer and then sonicated for 1 min in a Bran- 
sonic B-12 sonifier. Total tissue radioactivity was 
determined after combustion in a Packard Model 
306 Oxidizer [33]. Rat serum albumin was deter- 
mined in plasmas and in supernatants from tissue 

homogenates by immunodiffusion [31,38]. True tis- 
sue uptake was determined after correction for 
plasma radioactivity present in tissue, as calculated 
from the serum albumin content. An insi~ificant 
amount of binding of liposomal markers to washed 
blood cells (< 1% of plasma values) was found for 
up to 24 hr. 

Radioactivity in plasma was counted immediately 
after sampling and after chromatography of lo@- 
200 fl plasma on 0.7 x 18 cm Sepharose CL-6B 
columns eluted with 140mM NaC1, 10mM Tris 
pH 7.4 [33]. 

Liver cell isolation. For these studies, male Wistar 
rats from the stock at Erasmus University, Rotter- 
dam, The Netherlands, weighing 250-34Og, were 
injected with DSPC : CHOL (2 : 1) liposomes con- 
taining BSA as above. Three minutes post injection, 
a blood sample of approx. 0.5 ml was taken from the 
retro-orbital sinus. The animals were anaesthetized 
with 60mg Nembutal/kg body weight intraperito- 
neally. The operation, sampling of blood at the 
beginning of the preperfusion, 8 min before the sam- 
pling of the caudate liver lobe and the start of the 
collagenase perfusion at time intervals referred to 
in figures and tables has been described in detail 
before 1391. 

Isolation of parenchymal (PC) and non-parenchy- 
ma1 cells by pronase digestion (NPC.1) and by dif- 
ferential centrifugation (NPC2) followed the pro- 
cedure outlined in [40]. Centrifugations at 5Og, 
however, were shortened to 30sec to increase the 
yield of NPC2 cells. 

Purity and integrity of the isolated cell fractions 
were determined by measuring the amounts of L 
and M2 type pyruvate kinase present in postmito- 
chondrial extracts of isolated cells [39,40] 

Radioactivity in cell fractions was determined after 
combustion of homogenates, as described before 
[33]. Protein concentration in homogenates was 
determined with BSA as the standard 1411. Uptake 
in non-parenchymal cells (NPCZ, method 2 1401) was 
corrected for the amount of parenchymal cell protein 
by pyruvate kinase measurements as described in 
[39,40]. 

RESULTS 

Elimination from plasma 

After the intravenous injection of this type of 
liposome in rats the elimination of both the phospho- 
lipid membrane and the entrapped labelled BSA was 
slow (half-life approx, 20 hr) following an initial 
phase of rapid dist~butio~tissue uptake. Column 
chromatography of plasma samples on Sepharose 
CL-6B (Fig. 1) showed these liposomes to be very 
stable in plasma, as we have shown before in mice 
[31] and in rats [31,33] and as others have shown 
in mice with sonicated vesicles (SUV) of similar lipid 
composition [4,14,16]. 

Figure 2 shows the plasma concentration of the 
two liposome markers as found (1) in intact lipo- 
somes, (2) in association with HDL particles or as 
free BSA, and (3) as low molecular weight metab- 
olites. In contrast to the massive transfer of 
(14C)DSPC to HDL particles found after the injec- 
tion of PC : PS (4 : 1) liposomes [33], the amounts 
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FRACTION NO. 

Fig. 1. Representative chromatographic separations of rat 
plasma on 18 x 0.7 cm Sepharose CLdB columns after i.v. 
injection of 50 ~01 phospholid of (14C)DSPC : CHOL, 
(3H)BSA liposomes. 100 fl of plasma applied to the column 
was eluted with 140 mM NaCl + 10 mM Tris-HCl pH 7.4. 
Fractions of 0.5 ml collected and used for determination 
of radioactivity. Intact liposomes eluted around fractions 
g-11. labeled HDL around fractions 12-16, intact BSA 
around fractions 13-l-17, and low molecular weight metab- 

olites of BSA after fraction 20. 

of phospholipid membrane marker transferred from 
DSPC : CHOL (2 : 1) liposomes were minimal (4- 
8%) and recognizable only as a tail on the liposome 
peak (cf. Fig. 1). More than 90% of (r4C)DSPC and 
2/3 of the (3H)BSA in plasma were recovered as 
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Fig. 2. Distribution of intact liposomes, “‘C-labeled HDL, 
and released BSA in plasma of rats given iv. injections of 
DSPC : CHOL (2 : l), BSA liposomes. Chromatographic 
separation carried out as stated in Fig. 1. Results are mean 

values + S.D. for 3 animals. 

intact liposomes for up to 24 hr, at which point 22% 
of the 14C label and 20% of the tritium dose still 
circulated in plasma as intact liposomes. The half- 
lives for the lipid label and the entrapped BSA were 
21 and 20 hr when assuming a monoexponential 
decay and taking into account all observations com- 
pared to that of 12 hr in mice [14,33]. The plasma 
concentration of liposomes was lower 20 min after 
injection than 2 hr after (not statistically significant). 
A similar lower level was seen 30 min after injection 
to mice [33] but we have no explanation for this 
observation. 

Low molecular weight forms of the phospholipid 
marker did not appear, while the amount of (3H)BSA 
metabolites increased to 11% at 24 hr post injection. 

Plasma from rats used for the liver cell isolation 
studies contained similar proportions of intact lipo- 
somes, labelled HDL, free BSA and low molecular 
weight metabolites of BSA. The total amount of 
radioactivity in plasma was, however, somewhat 
higher in these studies 20 min after injection and in 
those from the in-duo stability studies [33]. Taking 
all data into account, the difference seems to have 
been due to a low recovery of radioactivity in the 
plasma from 2 of the 3 rats killed 20 min after injec- 
tion for the analysis of plasma and tissue distribution 
of liposome labels. 

Net tissue uptake of liposome markers 

The correction of tissue uptake data for the con- 
tribution of radioactivity due to contaminating blood 
was based upon the content of rat albumin in tissues 
and in plasma. Since we have found no binding of 
liposomes to blood cells, this type of correction takes 
into full account the liposomes circulating freely in 
the vascular bed. It does not include liposome 
markers adsorbed to tissue cells and such material 
will therefore be accounted for as the net tissue 
uptake. The relative contribution of binding vs intra- 
cellular uptake will be discussed later. 

The correction for the amount of blood present 
in a tissue is carried out individually and will always 
yield proper values, even with wide variations in the 
bleeding procedure. However, liver is an exception, 
since albumin is synthesized in this organ and some 
intracellular albumin and immunoreactive albumin 
precursors will inevitably be codetermined with the 
plasma albumin. Studies on the albumin content in 
liver homogenates from buffer perfused livers have 
shown the equivalent of 5 * 1~1 plasma/g liver after 
perfusion, i.e. intracellular RSA, vs 57 2 17 ~1 
plasma/g liver under standard conditions. Under the 
conditions in this study, with a moderate liver uptake 
and high plasma concentrations of liposomes, this 
overcorrection for the plasma content will be 1% of 
the net liver uptake at the most. 

Table 1 shows the relative organ uptake of the 
liposome markers at 2 hr. Only liver, spleen, heart, 
kidneys and intestines showed any appreciable 
uptake in relation to their relative contribution to 
the body weight. In thymus, stomach and colon we 
found no net uptake at all. Compared to data pub- 
lished for tissue distributions, not corrected for blood 
contents [14], our results show a fair correlation only 
to liver, spleen and kidneys, the organs with the 
highest amounts of uptake per gram tissue, and 
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Table 1. Relative uptake of DSPC : CHOL, BSA liposome 
markers in various tissues of rats 

Tissue* 14C 3H 

Cerebrum 
Cerebellum 
Heart 
Lungs 
Diaphragm 
Liver 
Spleen 
Adrenals 
Kidneys 
Small intestine 

0.05 f 0.03 
0.17 -+ 0.12 
0.41 f 0.27 
1.02 f 0.77 
1.93t 

11.07 ? 3.77 
30.89 * 7.44 
2.16 f 1.44 
0.37 + 0.10 
0.64t 

0.08 t 0.01 
0.31 t 0.24 
0.41 
0.95 f 0.22 
1.94t 
5.20 2 2.32 

18.94 2 7.42 
1.24 + 0.85 
0.41 * 0.23 
0.15t 

* Other tissues, i.e. thymus, stomach, colon, or the con- 
tents of stomach and intestines showed no net uptake after 
correction for the plasma content. 

t 2 animals only. 
Accumulation ratios = (dmp/g tissue recovered) : 

(dmp/g body weight) determined 2 hr after i.v. injection 
of (14C)DSPC : CHOL, (‘H)BSA liposomes. Mean 
values * SD. for 3 animals. 

relatively modest correction. Thus the main cause 
of the indicated liposomal contents in the other 
organs was blood contamination [14]. 

Distribution in various organs was studied at vari- 
ous intervals after the intravenous administration of 
liposomes. Figure 3 gives the data for liver, spleen, 
kidneys, intestines and plasma recorded 20 min after 
injection and for up to 24 hr. As mentioned before, 
the recovery of plasma radioactivity 20 min after 
injection might have been erroneously low in two 
animals. The liver showed the most rapid uptake of 
liposome markers, containing 20% of the (‘“C) dose 
and 13% of the (3H) dose already at 20 min. Maxi- 
mum amounts were found after 2 hr, somewhat later 
than the time reported for the uptake of multila- 
mellar liposomes [ll-13,15,17]. 

The spleen showed a steady uptake of liposomal 
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Fig. 3. Tissue distribution of liposome markers in rats in 
percent of the administered dose of L(‘4C)DSPC : CHOL 
(2 : l), (%I)BSA liposomes. Empty columns = (i4C)DSPC 
derived label; hatched columns = (‘H)BSA derived label. 
Bars indicate S.D. exceeding 0.2% of total dose. Total 
plasma volume calculated as 42 @/g body weight. Mean 
values for 3 animals. L = liver, S = spleen, K = kidneys, 

I = intestines, P = plasma. 

markers containing 14.4 * 2.0% of (‘*C) and 9.5 2 
1.3% of (3H) at 24 hr. This was somewhat unexpec- 
ted, since a high uptake by the spleen is normally 
seen with MLV and LUV, and it is more pronounced 
after charged liposomes than after neutral vesicles 
[S, 8,15,17]. None of these studies were carried out 
with stable liposomes circulating in plasma for a long 
period of time, so that the maximum of uptake was 
found shortly after injection. With unilamellar ves- 
icles of the same size, and the lipid composition of 
the present study, a less pronounced but slowly 
increasing uptake was observed in the mouse spleen 
[14,421 

The amounts of liposome markers found in kid- 
neys and in intestines were low throughout the 24 hr 
and probably represented the uptake of liposome 
degradation products rather than the uptake of intact 
liposomes [31, 331. 

We did not collect urine or breath samples from 
these animals but studies in mice [31] have shown 
that 3H from BSA is eliminated mainly via the urine 
while 14C from DSPC was rapidly eliminated as 14C02 
via the lungs (45% within 12 hr). 

Uptake in various liver cell fractions after injections 
in vivo 

The procedure used to isolate parenchymal (PC) 
and non-parenchymal (NPC) cells from rat liver 
yielded a PC fraction containing 100% hepatocytes 
[37,38], whereas the NPC fractions isolated by dif- 
ferential centrifugation consisted of a mixture of 
cells, predominantly endothelial cells (EC) with less 
Kupffer cells (KC) [37,43]. NPCi cells prepared by 
the pronase method were free from hepatocytes and 
contained EC and KC in a ratio of 47 : 53. NPCz 
prepared by differential centrifugation contained less 
than 4% parenchymal cell protein plus EC and KC 
cells in a ratio of 7 : 1 [45]. 

Figure 4 shows the uptake of liposomal markers 
after intravenous injection of DSPC : CHOL, BSA 
liposomes in liver, in parenchymal and in non- 
parenchymal cells. The liver association was calcu- 
lated on the basis of uptake in the caudate lobe 
measured immediately before the start of the col- 
lagenase perfusion but after 8 min of preperfusion 
with Cazf-free Hank’s balanced salt solution and on 
the basis of a relative liver weight of 3.7% [40]. The 
uptake in non-parenchymal cells is given for NPG 
cells after correction for the PC cell contamination, 
as described earlier [40]. 

Initially, total liver uptake increases with time for 
up to 2 hr, whereupon a decrease in liver radioac- 
tivity can be observed which accounts both for the 
liposomal lipid and for the protein content. In iso- 
lated non-parenchymal cells the uptake is relatively 
rapid and amounts, already at 40 min, to 66% of the 
maximum measured at 2 hr. Thereupon the uptake 
by non-parenchymal cells remains fairly constant. In 
contrast, the uptake by parenchymal cells is slower 
and shows an initial lag phase lasting for about 
30 min. A maximum of uptake is noted at 2 hr, at 
which time about 24% of the total lipid and 6% of 
the 3H-albumin are present in parenchymal cells, 
followed by a rapid decrease. The combined pres- 
ence of parenchymal and non-parenchymal cells thus 
explains the total liver behaviour. 



Stable solid liposomes in the liver of rats 3393 

BSA-FREE 

LPN LPN LPN 1 P N LPN 

20 ’ 40’ 2H 4H 2H 

Fig. 4. Uptake of liposomal markers in liver and in isolated parenchymal and non-parenchymal cell 
fractions after i.v. injection of DSPC : CHOL, BSA liposomes. Mean values for 2 rats withessentially 
similar uptake. Maximal deviations of uptake from mean values given were 2.9% for both 14C and ‘H 
for total liver uptake. Uptake in liver calculated from a relative liver weight of 3.7%. Parenchymal and 
non-parenchymal cells were supposed to represent 91.9% and 8.1% of total liver protein. Non-entrapped 
BSA was given in a dose of 75 ng/kg body weight, corresponding to the amount given in the entrapped 

form. 

With the pronase method, which has been used 
earlier [20], parenchymal cells are destroyed and the 
subsequently isolated non-parenchymal cells may 
contain PC derived particles. Table 2 compares the 
radioactivity of the liposomal membrane (‘“C) and 
the albumin content (3H) of two types of non- 
parenchymal cells separated from a common PC 
source by centrifugation only (NPC$ or by pronase 
incubation (NPCr). In pronase-treated cells, the 
uptake of both liposomal markers in NPC was quite 

Table 2. Uptake of liposomes in liver and in isolated liver 
cell fractions 

Liver (after 8 
min. perfusion) 

PC 
NPCl (pronase 

incubation) 
NPC2 (centrifu- 

gation only) 

20 min 120 min 

14C 3H ‘4C 3H 

4.1 3.2 35.7 17.8 

0.7 0.3 23.8 5.8 

2.2 0.3 34.6 10.3 

1.8 1.0 6.1 3.0 

Calculated total uptake of liposomal markers in %-dose 
in rat liver and in isolated liver cell fractions after intra- 
venous administration of L(DSPC : CHOL, 2 : l), BSA 
liposomes containing (W)DSPC and (3H)BSA at a dose 
of 50~01 phospholipid per kg body weight. NPCr cells 
were prepared by pronase treatment. NPCz cells were 
obtained by differential centrifugation and the uptake 
therein corrected for the presence of parenchymal protein. 
Total uptakes were calculated as stated in the legend to 
Fig. 4. 

similar to that of cells obtained by differential cen- 
trifugation when the cells were isolated 20 min after 
intravenous injection. At that time, the uptake in 
parenchymal cells was quite low. However, 2 hr after 
injection, the pronase-treated cells contained 3-5 
times more radioactivity per mg cell protein than the 
cells isolated by differential centrifugation, the dif- 
ference being most pronounced for the phospholipid 
marker. Thus, total recoveries calculated on the basis 
of NPCr cells at 2 and 4 hr exceeded the total amount 
in liver, calculated from the uptake in the caudate 
lobe. 

Since this discrepancy between NPC preparations 
appeared only when the uptake of liposomal markers 
into hepatocytes became significant, we suggest that 
the high uptake in NPCr is due to in-vitro uptake of 
liposomes set free from broken hepatocytes during 
the 1 hr of treatment of the mixed cell population 
with pronase. Such phagocytic activity has been 
observed as an accumulation of the cell debris in 
Kupffer cell lysosomes [43] and unpublished obser- 
vations indicate that in-vitro uptake of liposomes by 
non-parenchymal cells occurs readily. For particles 
that are not destroyed by pronase, such redistribu- 
tion leads to an overestimation of the NPCr 
contribution. 

In a recent study on the uptake of positively 
charged liposomes of different sizes in hepatocytes 
and non-hepatocytes isolated from collagenase per- 
fused mice livers by a Percoll gradient centrifugation, 
both hepatocytes and Kupffer cells were largely 
undamaged and took up liposomes [25]. The small 
liposomes were taken up to a lesser extent in Kupffer 
cells and accumulated in hepatocytes instead, as seen 
from the specific uptake per cell. Unfortunately the 
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total uptake in each fraction was not reported, but 
a rough estimate from the relative contribution of 
each cell fraction [43] showed that the total mass of 
hepatocytes took up as much liposome entrapped 
material as did the total mass of non-hepatocytes 
PI. 

We have compared the cell specific uptake of 
DSPC : CHOL (2 : l), BSA liposomes of different 
sizes (Table 3). For some unknown reason one lipo- 
some batch of this type had a larger mean diameter 
and, when we used it for cell isolation experiments, 
the uptake into parenchymal cells was significantly 
smaller while that in non-parenchymal cells was 
higher than found in Fig. 4. By ultracentrifugation 
[47] at 40,000 rpm in a Beckman SW 65 rotor for 1,2 
and 4 hr we could reduce the mean size of these 
liposomes to 75 2 3, 71 & 2, and 66 * 1 nm (a, 
dynamic light scattering), but the recoveries of the 
liposomes were only 3.5 f 1, 19 & 1, and 6 * 0.5%. 

The uptake of liposomes centrifuged for 1 hr was 
higher in hepatocytes than in non-parenchymal cells, 
while the opposite was true of the original (larger) 
liposomes. 

Because of the loss of liposomes during centrifu- 
gation, we injected only 20mmole of phospholipid 
per kg body weight to these animals. However, this 
should have increased the relative uptake in non- 
parenchymal cells while leaving the relative uptake 
in parenchymal cells unchanged, as observed in par- 
allel studies [31]. 

We have measured the uptake in both parenchy- 
ma1 and non-parenchymal cells isolated from the 
same livers. Believing that the uptake in cells isolated 
as the NPC2 fraction represented the in viuo uptake 
in non-parenchymal cells, we found that the sum of 
PC and NPCz uptake did not fully account for the 
calculated liver uptake. The difference of a few per 
cent of the injected dose is probably due to detach- 
ment of adsorbed liposomes by collagenase during 
the initial perfusion, which has been shown in parallel 
studies [31]. Table 3 gives an example from some of 
our studies. 

In comparing the liver uptake determined without 
perfusion but with correction for plasma 
content (Fig. 3) with the uptake obtained after per- 
fusion of the liver (Fig. 4) it became evident that 
part of the liposomes found in the liver shortly 
(20min) after injection could be removed by pre- 
perfusion with a Ca’+-free Hank’s balanced salt sol- 
ution. This portion probably corresponded to the 
quantity of liposomes loosely adsorbed to liver cells 
P71. 

GENERAL DISCUSSION 

Targeting of liposomes to the liver is not difficult, 
since liposomes seem to have a natural affinity for 
this organ, as shown in a number of studies [l- 
3,5-21,25,31,33,42]. Liposomes also accumulate 
in the spleen, another organ with a high phagocytotic 
activity [5,8-10, 14,15, 18,31,33,42]. The RES 
involvement is seen more clearly from studies show- 
ing that all types of liposomes are taken up, to 
various degrees, in Kupffer cells, but that only cer- 
tain types of liposomes are capable of any significant 
uptake by parenchymal cells [6,19,22,24,25]. Two 
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conditions are prerequisite for the transport of 
entrapped material to hepatocytes. First, the lipo- 
somes have to be small enough to pass the fenestrae 
of the endothelial lining and, second, they have to 
be stable in plasma. 

The normal liposomes used in our study fulfilled 
both criteria, since > 90% of the vesicles had diam- 
eters smaller than the typical size of the endothelial 
fenestrae, viz. 100 nm, and they remained intact and 
circulated with a half-life approaching one day (for 
those not taken up during the initial distribution/ 
capture phase). 

Although these liposomes were very stable in 
plasma, they did not seem to convey the entrapped 
BSA into the cells in the same proportion as the 
phospholipid membrane marker. This was observed 
with the uptake both in total liver and in the isolated 
cell fractions, where hepatocytes, in particular, 
showed a low capture ratio for BSA. This could have 
been due to a higher catabolism of BSA than that 
of the lipid marker, or it could have been caused by 
leakage of BSA from liposomes during their inter- 
action with the cell membranes. The latter phenom- 
enon has been described for isolated hepatocytes 
interacting with 6-carboxyfluorescein containing 
liposomes [44] 

The fact that the relative uptake of BSAwas 
diminishing with time could be explained by both 
hypotheses. The capacity to degrade albumin is, 
however, present in both parenchymal and non- 
parenchymal cells with similar activities expressed 
per cell [46]. Furthermore, the absorption-induced 
leakage explanation is strengthened by the obser- 
vation that the uptake ratio is closer to 1 in the 
pre-perfusion and collagenase perfusion effluents, 
the liver lobe and in nonperfused livers, including 
adsorbed intact liposomes (Table 3, Figs. 3 and 4), 
than in the perfused liver or subsequently isolated 
cells. 

Therefore, a cellular difference in albumin degra- 
dation cannot explain the observed difference in 
efficiency to deliver 3H-albumin to parenchymal and 
non-parenchymal cells. 

The uptake of the small unilamellar liposomes 
shows a clear-cut lag phase (approx. 30min) while 
no such lag phase is observed with the non- 
parenchymal cells. Our data thus confirm the 
observed lag period for the uptake of liposomes by 
hepatocytes found by electron microscopy after 
injection of liposomes of heterogeneous size distri- 
bution [20-221. A slower uptake in hepatocytes than 
in Kupffer cells was also observed with 
DPPC : CHOL : stearylamine (3.3 : 2.3 : 1) lipo- 
somes of approx. 80nm mean diameter [25]. Our 
data also show that the size and stability of liposomes 
are important determinants for a high capture of 
both the liposomal phospholipids and the entrapped 
molecules, since we had a higher uptake of BSA 
with our 70 nm diameter vesicles than with the 
112 nm vesicles. 

Non-parenchymal liver cells are exposed directly 
to blood and can therefore interact with the lipo- 
somes immediately after injection. In order to reach 
the hepatocytes, however, the liposomes have to 
pass through the fenestrae in the endothelial cell 
linine. and since the size of the 1iDosomes is close 

to that of the fenestrae, the time needed to reach 
equilibrium between the blood sinusoid and the 
space of Disse may delay the interaction with hepa- 
tocytes. No such lag phase was observed when the 
liposomes employed in this study were incubated in 
uitro with cultured hepatocytes [31] or with freshly 
isolated hepatocytes (unpublished data). 

It is also possible that liposomes are initially taken 
up by non-parenchymal cells and subsequently trans- 
ported to parenchymal cells, as suggested earlier 
[6,23]. However, such a mechanism does not explain 
why liposomes of a size < 100 nm are able to trans- 
port significant amounts of entrapped protein to the 
parenchymal cells (as shown here) while bigger 
liposomes in general are not [23-25,311. Therefore 
we conclude that, in view of the liver architecture, 
the liposomes needed to transport significant 
amounts of entrapped protein to parenchymal cells 
must be < 100 nm in diameter. The use of such small 
liposomes for the transport of metabolic effecters to 
cells exerting important liver functions, such as glu- 
cose synthesis and drug detoxification, may open the 
possibility of modulating these important processes. 
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