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Recognition of liposomes by cells: 
in vitro binding and endocytosis mediated by 

specific lipid headgroups and surface charge density 
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We investJpted the interaction of liposomes of different surface properties with two mammalian tell lines, CVI, mt 
African j~en  monkey kidney cell line, and J774, n murine macrophnge.Uke cell line. Cell surface binding mid 
endoeytmls of liposomes were quantified by fluorometry, using the iiposonte-encapsuiated pH.set~sitive fJnecesc~ 
dye, pyranine, and the lipid marker rbedamine.PE. The IJpecome uptake was dependent i'~th on tile s n e f ~  
properties of the lipesomes and on the cell line. Neptivety charsed pbospholJpids inc~perated into e88 Idmepi~ 
tJdylcholine (l~)/cholestscol (C) (2:1) Upocomes were recognized by the two cell lines to ~ extents 
depending on the lipid headlpmup and its dmrge density in the lipocome bUayer, lnctusion of 9% ~,bosphaJd34set'~ 
(PS), phosphatidyllllycerol (PG), or phosphatidic ~,.i3 (PA) promoted the uptake by CV1 cells more than 20-fold. 
Increasing the content of these negatively eharled lipids beyond 9% did not further enhance the uptake. In 
9% moncoisiopngikeide Gin, phesphatidyJ~uosltoJ (Pi), or p h o s p h a ~ u o l a m i n e  conjupted to p e ~ e t k ~ s e  
glycol) (PEG-PE) did not promote the uptake. Inclusion of 9% PS, PG, PA or PI in P C / C  ligecom~; did le t  
enhsnce the uptake by J774 cells, bat a drastic enhancement was observed when ittaensit~, concentrations of these 
anionic lipids were incorporated in the lipeseme bilnyer. At k~st 50% IS, I ~ ,  or P! was needed to reach t ~  level of 
uptake seen with CV! cells. The uptake of Upecomes ¢ontainiq ~ PS by J774 cells wgs inbibitsd by pely.oniom 
which are the competing Iillaads for ~'sveager receptors, bat the al~tke by ~ '1  was not ir~hibited. Di~qrcot 
mechanisms of lilmcome ul~dte by these two cell lines ore mllgeSted from tke different patterns of ap ta~  mid 
competition w~th rations pely-onione. The differences observed in the uptake rate of lilmcomes with d i l r m t  lipid 
compositions seemed to be primarily due to the differenees Jn the binding I~tween lil~sOmes and ¢¢.11 
components. The in v~e  interaction of various lipesomes with these cell lines, especially CYl c e ~  shows 
significant similarities to the in v i ~  clearance rates of the Ijposomes. 

Abbreviations: PC, egg phosphatidylcholine; C, cholesterol; PS. 
phosphatidylserine; PG, phosphatidylglycerol; Pl, phosphatidyl- 
inosilol; PA, phosphatidie acid; GMt, monosialoganglio~ide GMt; 
PE.G-PE, poly{elhylene 81ycol) conjugated to distearoylphos- 
phatidylethanolamine; RES, reticuloendothelial sDtem; HPTS, I~ra- 
nine (l-hydro~pyrene-3,6,8-trisulfonate); Rho-PE, rhodamine phos- 
phaddylethanolamine; PBS, phosphate-buffered saline containing 0.2 
g/l KCI, 8.0 g/I NaCI, 0.1 g/I CaCI 2, 0.1 g/I MgCI2; DMEM, 
Dulbecco's Modified Eagle's Medium containing 4.5 g/1 glucose, 
0,58 8/1 glutamine, 3,7 g/I NaHCO 3, 0.1 g/I CaCI2, 0.1 g/I MgCI2; 
Hopes, N.(2.hydroxyethyl)piperazine.N'.2-ethanesulfonic acid; 
Poly(1), poly(inosinic acid); Pob(C), pol~cytidylic acid). 

Introduction 

Liposomes have been suggested as efficient carriers 
for delivery of drugs or macromolecules into cells in 
culture [1,2] as well as to specific tissues in the body 
[3,4]. They can be used as a drug depot for controlled 
release [5] and for reducing the non-specific toxicity of 
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the drug [6-8]. Several liposome-encapsulated antimi- 
crobial and chemotherapeutic agents are currently un- 
der evaluation for use in humans against parasitic and 
funga! infections [9,10] and neoplastic diseases [11-14]. 
Liposomes can be naturally targeted to mononuclcar 
phagocytes [15,16], but also have been successfully tar- 
geted to specific cells by conjugation to appropriate 
ligands [17-21]. In spite of all the progress, it is still not 
possible to describe in detail how various cells respond 
to diff:rent types of liposomes, in terms of recognition 
of b'l~cific headgroups of pbospholipids and glyco- 
lipid.,,. 

Early in vivo studies, using PS or PG containing 
liposoraes, indicated that liposomes are cleared from 
the circulation primarily by the reticuloendotbelial sys- 
tem (RES), mainly due to the uptake by the resident 
macrophages of the liver and spleen [3,22-24]. This is a 
disadvantage when liposomes are used as a drug deliv- 
ery system to target cells other than liver and spleen 
macrophages, Recently, it has been reported that a 
drastic reduction of the liposome uptake by RES and 
consequent prolongation of liposome's blood circula- 
tion time can be obtained [25,26]. This has been ac- 
complished by replacing PS or PG by GMI or PI, and 
also m,.~r.e yece~tly by PEG-PE [27-29]. However, the 
exact n:olecular role of the headgroup of GMI, PI, or 
PEG-gE on the liposome surface in determining their 
behav'or/n vivo and in vitro is still not clear. Further 
advar.ces in the design of liposomes to avoid early 
ciea~ ance from the blood stream is likely to benefit 
from a detailed understanding of the mechanism by 
which various relevant cells recognize and take up 
liposomes. Progress in this area will also enhance our 
understanding of the removal of foreign particles in 
general. 

The primary mode by which liposomes are incorpo- 
rated into certain types of cells is known to be endocy- 
tosis via.the coated pit pathway [30]. The involvement 
of clathrin-coated vesicles in liposome endocytosis has 
been confirmed recently by microinjection of anti- 
clathrin antibody into cells [31]. Once endocytosed, 
liposomes come in contact with low pH compartments 
such as endosomes and lysosomes. However, the na- 
ture of the membrane component responsible for lipo- 
some binding and internalization is unknown at pre- 
sent. Our current approach for investigating the mech- 
anism of liposome uptake is to make specific changes 
in the lipid co, aposition of liposomes and document 
the conditions which promote or reduce their uptake 
by cells. Analytical tools for irc~estigating the mecha- 
nism for cellular incorporation of liposomes and their 
contents ha~,e been provided by the recent success in 
making liposomes containing colloidal gold [32] and the 
development of a fluorescence assay for monitoring 
liposome endocytosis [33-35]. The fluorescent probe 
HPTS has been used with (3/1 [34] and J774 [35] cell 

lines as a good liposomal aqueous content marker with 
pH-dependence which is useful for differentiating lipo- 
somes at neutral pH from the ones in low pH compart- 
ments. 

In this report, we have examined how various nega- 
tively charged liposomes are recognized by endocytic 
(or phagocytic) cells ill culture, primarily in the absence 
of serum. The reason for excluding serum was to 
investigate the direct interaction between cells and 
liposomes and characterize the ability of certain cells 
to differentiate different negatively charged liposomes. 
We chose CVI, art African green monkey kidney cell 
line, as sone of the well characterized cell lines for 
lipo~me-cell interaction [2,3¢,36,~7], and J7 "74. a 
murine macrophage-like cell line, possibly repres~.'nting 
mononuclear phagocytes in RES [35,38,39]. The nega- 
tively charged lipids used in these experiments include 
PS, PG, PA, PI, monosialoganglioside GM; and PEG- 
PE. The modulatory effect of these anionic lipids on 
the liposome uptake by the two cell lines was investi- 
gated, and compared with their clearance rates from 
blood which have been shown previously to differ dras- 
tically [26]. Our findings obtained by a quantitative 
analysis of binding and endocytosis with each cell line 
demonstrate that these cells have the capacity to distin- 
guish small differences in the lipid headgroup structure 
on the bilayer surface of the liposome. We conclude 
that the rate of liposome uptake is specifically con- 
trolled by the headgroup of the lipid rather than simply 
the net negative charge on the liposome surface. Fur- 
thermore, higher surface charge density also promotes 
uptake, but the concentration of these negatively 
charged lipids needed for high level of uptake is de- 
pendent on the cell type. Different mechanisms or 
different receptors for liposome uptake are suggested 
to exist in CVI and J774 cells. 

Materials a.-.,4 Metl~ods 

Tissue c#lture. CV1, an African green monkey kid- 
ney cell line, and J774, a murine macrophage-like cell 
line, were cultured in DME~I H21 media with 10% 
FBS (Fetal Bovine Serum) supplied by the UCSF cell 
culture facility. Both cell lines were maintained ia 
monolayer culture and plated at the density of 1 • 106 
cells per 60 mm petri dish 24 h before the experiments. 

Materi, ls. PS (from bovine brain), PG (trans esteri- 
fled from PC), PI (from bovim brain), PC (from egg 
yolk), and Rho-PE were purch.'.:ed from Avanti Polar 
Lipids (Pelham, AL), and cholesterol from Caibiocbem 
(San Diego, CA). HPTS (1-hydroxypyrene-3,6,8-tri- 
salfonate) was purchased from Molecular Probes 
(Eugene, OR). For competition experiments, poly(1), 
poly(C), dextran-sulfate (500000 mol. wt.), and fu- 
coidan were purchased from Sigma (St. Louis, MO). 



Preparation of iiposomes. Liposomes were made ac­
cording to the reverse phase evaporation method de­
scribed by Szoka and Papahadjopoulos [40]. They were 
subsequently extruded [41,42] under high pressure ar­
gon through polycarbonate membranes (Nuclepore, 
Pleasanton, CAl with a final pore size of 0.05 /Lm. 
HPTS was encapsulated in the liposomes at 35 mM 
concentration with 10 mM Hepes buffer, and the unen­
capsulated HPTS was removed by Sephadex G-75 gel 
filtration column. HPTS has been proven to be a good 
marker for endocytosis with the two cell lines [34,35], 
but in some cases Rho-PE was additionally introduced 
as a second marker for comparison of the uptake of 
liposomal lipids versus aqueous contents. The buffer 
had a final pH of 7.4, and an osmolality of 300 
mosmol/kg adjusted by NaC!. The concentration of 
phospholipid was assayed by the method of Bartlett 
[43]. 

Liposome-cell incubation. Cells were washed with 
fresh media without serum and kept in the same media 
for 1 h before incubating with liposomes. Liposomes 
were diluted with PBS to a concentration of 100 /LM of 
total phospholipid and 0.5 ml (total of 50 nmol of 
lipids) was added to each dish containing 1.5 ml of 
media. Unless otherwise indicated, the cells were incu­
bated with liposomes for 1 h at 37'C. The non-associ­
ated liposomes in solution were washed away at the 
end of the incubation by rinsing three times with 3 ml 
of cold PBS. For binding experiments, the cells were 
prepared the same way except that they were incu­
bated with liposomes at 4'C on ice instead of at 37'C 
for 1 h. Again, the cells were washed with cold PBS 
thereafter. Experiments were done either in duplicate 
or in triplicate, and the maximum deviation from the 
average value was 15% within each experiment. How­
ever, the variance between experiments was larger ( '" 
50%), which indicated that the absolute value of lipo­
some uptake varies depending on the preparation of 
the cells. In each experiment, however, the relative 
enhancement of uptake in comparison with PC/C lipo­
somes by changing the lipid composition was consis­
tently reproducible. 

Fluorescence microscopy. The washed cells were 
viewed in monolayer state under a Leitz fluorescence 
microscope, equipped with epifluorescence and a Nikon 
camera with an automatic exposure meter. The epi­
fluorescence was viewed with two excitation filter sets; 
the first set that allows excitation in the range 350-410 
nm and observation of emission with a long wave pass 
dichroic mirror and barrier filter at wavelength greater 
than 455 nm, and the second set that excites in the 
range 450-490 nm and allows observation of emission 
at wavelengths greater than 515 nm with a long wave 
pass dichroic mirror and barrier filter. The first set 
gives the view of total fluorescence by HPTS (the 
liposomes at both neutral and lower pHl, and the 
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second allows observation of liposomes mostly at neu­
tral pH [34,35]. 

Fluorimetric measurement of binding and endocytosis. 
Cells were dislodged by treatment with PBS buffer 
containing 3 mM EDTA (5 min at 20'C) and adjusted 
to the concentration of 1 . 106 cells in 1 ml of PBS 
buffer. For the binding and endocytosis measurements 
using HPTS containing liposomes, fluorescence excita­
tion spectra (A" 395-465 nm) were obtained at 510 
nm emission with SPEX Fluorolog2 fluorometer with 
continuous stirring at controlled (20'C) temperature. 
The fluorescence intensities at A" 403, 413, 450 nm 
were measured. The intensity at the isosbestic point 
413 nm is pH-independent and served as a good mea­
sure of total number of cell-associated HPTS contain­
ing liposomes regardless of their location along the 
endocytic pathway. The intensity at 403 and 450 nm 
relative to 413 are sensitive to the pH where the probe 
resides [44]. The intensity ratio 403/413 nm and 
450/413 nm were calculated to estimate the percent­
age of liposomes endocytosed according to the method 
in Straubinger et al. [34] and Daleke et al. [35]. For 
simultaneous monitoring of the liposomal lipid uptake 
(monitored by Rho-PE) and the liposomal aqueous 
contents uptake (monitored by HPTS), the procedure 
for liposome-cell incubation was the same. In this case, 
the liposomes contained 0.2 mol% of Rho-PE in the 
bilayer and 35 mM HPTS encapsulated inside. Under 
this condition the HPTS fluorescence intensity of the 
liposomal solution did not change when the liposomes 
were solubilized by adding detergent, thus the fluores­
cence resonance energy transfer from HPTS to rho­
damine was negligible. An additional excitation spec­
trum was measured at emission 590 nm and the fluo­
rescence intensity at 570 nm was recorded to monitor 
the accumulation of Rho-PE. For calibration purpose, 
the excitation spectra for the liposome suspensions 
alone were measured and the fluorescence intensity at 
413 nm and at 570 nm were taken to document the 
fluorescence due to HPTS and due to Rho-PE, respec­
tively, per nanomole of lipids. The fluorescence inten­
sity associated with 1· J06 cells at each peak was 
converted to comparable nanomoles of phospholipid 
that had a corresponding intensity of fluorescence in 
the liposome suspension. 

Results 

We compared initially the uptake <total ceil-associa­
tion which consists of binding plus endocytosis) of 
neutral liposomes composed of PC /C (2: I, mole ratio) 
with and without additional anionic phospholipid. 
Lipids carrying a net negative charge, PS, PG, PA, PI, 
G .. 

" 
and PEG-PE were included at a certain percent­

age of total phospholipid. 
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77re effect of  lipid head~roups on liposome uptake 
The two cell lines, CVI and J774, showed differ- 

ences in the pat tern  of  liposome uptake depending on 
the type of  negatively charged lipids incorporated.  Fig. 
l shows the total number  of  liposomcs associated with 
these cells (i.e., uptake) during 1 h incubation at 37°C 
(expressed as nanomoles of  lipid per  million cells). The 
uptake was monitored both by HPTS and by Rho-PE. 
CV1 ceils showed an intriguing sensitivity to the pres- 
ence of  ccrta:'r, anionic lipids; for liposomes containing 
9 mol% PS, PG, or  PA, there was more than 20-fold 
higher uptake compared  with the neutral  P C / C  lipo- 
somes. However, the negative charge imparted by the 
inclusion of  ei ther 9% PI, GMI, or  PEG-PE did not 
show any enhancement  of the uptake over P C / C .  

With J774 ceils, on the con t r a~ ,  inclusion of  any of 
the above negatively charged lipids at  a concentrat ion 
of  9 tool% showed no significant enhancement  of  the 
uptake over P C / C  liposomes. Among  the lipid coml~o- 
s;~tions sI)own in Fig. 1, only the liposomes composed of  
P S / C  (2 :1 )  were avidly taken up by J774 cells. The 
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Fig. 1. The headgroup of the negatively charged lipids incorporated 
into PC/C (2: I) lipo~mes determines the extent of enhancement in 
their uptake by CVI and .1774. The anionic pbospholipid added was 
one of the following: PS, PG, PA, PI, GMI, and PEG-PE. Their 
effect on the uptake by cells was monitored by both HPTS and 
Rho-PE in comparison with neutral PC/C liposomes. The lipid 
~.-omposition H contained only PS and cholesterol. The experiments 
were done in duplicate, and the maximum deviation from the mean 

was within 15% of the mean. 
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Fig. 2. The increa;,e of fluorescence associated with one million cells 
due to the accmnulation of HPTS (encapsulated inside the lipo- 
somes) and rbodamine (incorporated as Rbo-PE in the liposome 
bilaycr) as a function of incubation time• The fluorescence was 
converted to the comparable amount of liposomal lipids that con- 
tained tne same intensity of fluorescence. PS/PC/C (1 : 1 : 1) was 
used to show the time course of lil:osome Ul~La~.~ during 4 h of 
incubation in serum free media in CVI cells (A) and J774 celts (B). 
Total 50 nmol of lipids were ='lded to about 2. t06 cells in 60 mm 

pctri dish. 

effect of  increasing concentrat ion of  negatively charged 
lipids will be  discussed in next section. 

It is worth noting that  the overall pa t te rn  of  uptake 
repor ted by HPTS correlates with that  by Rho-PE,  
even though the absolute value,,; are not  the same. The 
difference in the two values can be due to the possibil- 
ity that  some fraction of  encapsulated HPTS leaks 
upon  interact ing with ceils, thus underest imat ing the 
uptake of  liposomes Also it can be partly due to the 
possible t ransfer  of  Rho-PE,  which leads to overesti- 
mation of the uptake• The  values of liposome uptake 
correlate well when anionic lipid was included at 9% of  
total phospholipid,  while Hlrl '~ seems to leak more 
from the liposomes with more negative charge.  How- 
ever, ei ther probe can he used to compare  the r~lative 
extent of uptake,  as will be discussed later. 

The amount  of  liposomes associated with ei ther  cell 
line increased ra thzr  slowly :is the incubation time was 
increased beyond 1 h, A typical kinetic curve of lipo- 
,.;ome uptake is shown in Fig. 2. The total amount  of 
liposomes ( P S / P C / C  1 : 1 : 1) associated with CV1 cells 
monitored by HPTS and  Rho-PE is plotted in Fig. 2A 
a,. a function of incubation time. The increase in cell- 
bound liposomes was rapid for the initial 30 min, and  
progressed slowly af terwards as the incubation time 
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Fig. 3. The effe(t of increased charge density on liposeme uptake by 
cells. Liposoine; of lipid composition x/PC/C (.r = PS, PG, PI, or 
GMI. as percent of total phospholipids) were used with increasing 
percentage (x). The amount of liposoinal HITS taken up by CVI 
cells (A) and J774 cells (n) after I h incubation at 37°C is inonimsed 
as a function ,)f x. The relative increase in the enhancement of 
uptake with increased negatively charge lipids over neutr;~i liposomes 
was consistent with standard deviation less than 15% in each cxperi - 

ment. 

increased *. Similar uptake kinetics were seen using 
Rho-PE ot HPTS, but the amount of uptake moni- 
tored by Rbo-PE was greater  than that monitored by 
HPTS accumulation in cells at all time points. How- 
ever, the Ctifference in the extent of uptake monitored 
by the two markers is consistent throughout the time 
points. Similar uptake kinetics were also observed with 
J774 cells as shown i:~ Fig. 2B. The kinetics of liposome 
binding az 4°C, when endoeytosis is negligible, was 
similar to those shown in Fig. 2. 

~w efJect of surface charge density 
As sho~n above, neutral liposomes were taken up 

minimally by CV1 cells when c~.mpared with iiposomes 
containing 9% PS or PG. Increasing the density of 
these two negatively charged phospholipids beyond 9% 
diO not further increase uptake by CV1 cells (Fig. 3A). 
In contrast, J774 cells behaved ~;;ite differently from 

* Under the incubation condition whose no stirring is applied, the 
diffusion constant for the liposoine of 80 nin dianteter turns out to 
be very small (~ 10 -s cm2/s). We estimate that the average 
distance a liposome travels during I h is around 150/tin. There- 
fore, after the initial interaction between cells and tbe liposoines 
within 50 ~.m from the cell monolaye': is complete, the whole 
process becomes diffusion-liinited and th.*. uptake progresses slowly 
as the time increases. 
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CVI cells with respect to the increase of PS or PG 
co,~;.ent. PS or PG, if introduced as 9% of phospho- 
lipids, had little effect on the uptake by J77d, cells, but 
they induced e'Jhanced uptake as their concentration 
in the liposome bilayer was increased to more than 
30% (Fig. 3B). This enhancement by PS or PG was 
saturated around 50% concentration. 

PI, which showed only a minimal enhancement of 
uptake in both cell lines whe ,  incorporated at 9%, 
stgnificantly increased uptake in ~ concentration de- 
pendent manner at mole 9ercental;es between 9% and 
50% (Fig. 3A). It is notewortt'~y that Pl behaved the 
same as PS or PG in J774 cell.,, but it was distinct from 
PS and PG in CVI cells. 

GMI showed the same effect as PI at 9% concentra- 
tion in both cell lines in the sense that they did not 
induce any enhancement of liposome uptake. Thus we 
investigated whether GMI enhances the uptak~ as its 
concentration in liposome bilayer increases '.ike Pl 
does. Fig. 3 shows that GMj did not increase the 
uptake by either cell type even when 30% of PC was 
replaced by GMt in the bilayer. Unfortunately, the 
maximum concentration of GMI one can incorporate in 
the lipid bilayer is approx. 30%. Beyond that concen- 
tratiou, GMI is known to form micelles in equilibrium 
with the bilayer form [45]. Therefore we could not test 
whether it starts to be recogntzed in a similar fashion 
like PI if it is incorporated into liposome bilayer at 
more than 30% of PC. 

Binding versus endocytosis 
In view that the whole process of liposome associa- 

tion with ceils (uptake) is a two-step process involving 
binding and endocytosis, it is intportant to distinguish 
these two steps and assess which step controls the 
overall uptake. Table I compares the total amount of 
liposomes fexpressed as nanomoles of lipid) associated 
with a million cells after 1 h of incubation at 37°C to 
that after 1 h of incubation at 4°C. The first value is a 
measure of the total uptake, while the second is a 
measure of binding without any endocytosis. In gen- 
eral, the binding constant between ligand and receptor 
at 37°C is slightly smaller than that at 4°C. The differ- 
ence however is not significant, and it has been demon- 
strated previously in the case of liposomes containing 
10% PS with isolated rat Kupffer cells by measuring 
the binding at 37~C with the blocL~ge of endoeytosis 
using metabolic inhibitors [46]. For ~oth CV1 and J774 
cells, the higher extent of uptake of a certain type of 
liposome correlates with a correspondingly higher 
binding level at 4°C. PC iiposomes show minimal up- 
take during 1 h incubation and also the binding of PC 
liposomes is minimal. PS (and PG, not shown here) 
promoted increased binding of the liposomes to CV1 
cells and concomitantly higher uptake. "l~e presence of 
!0% GMt inhibited this promotion by PS very ineffec- 



BLE I 
• ~nt of liposome association with CVI and J774 cells at 37~C and at 4%" 

total amount of cell-associated lipo~mal lipids after 1 h incubation with ceils at 3"PC or 4°C was calculated from the cell-associated HPTS. 
er I h incubation ~t 37°C. generally more than 90% of HPTS was at pH lower than 7, and there was no acidification of HPTS after l h 
,barton at 4°C. The v.~lues are the means of two independent experiments each consisted of duplicates and the biggest standard deviallon was 
than 15% of the value. 

id composition Cell-a~ociated iiposomes (nmoles/10 r' cells) 

total low pH total low pH 

4°C 
CVI J774 

total total 

,'C (Ifi:5) 0.2 0.2 '~ 0.1 0.1 a 0.1 0.3 
/C/PS 110:5:1) 4.1 3.9 0.1 fi.I 4.3 0.3 
/C/PS (8:5:2) 3.1 2.8 - - - 
tC/PS (7 : 5 : 3 ) 3.5 3.2 0.1 - - 0.3 
/C/PS (5 : 5 : 5) 4. I 3.8 1.9 1.6 3.5 2.0 
/C/PS (0: 5 : 10) 3.2 2. I 2.0 1.8 1.9 2.0 
/C,/GMI (10:5: I) ILl - 0.1 0.1 0.1 
/C/P1110:5: I) 0.2 - 0.1 0.6 0.3 
/C/PEG-PE (10:5: I) 0.1 - 0.1 - 0.3 0.3 
/C/PS/GME (8:5:1 : I) 3.0 2.8 0.1 0.1 2.0 0.2 

he: numbers in these columns are the calculated fraction ot liposomes at low pH (internalized) among the total cell-assoclated liposomes. The 
aclion endocytosed was obtained by utilizing the pH dependence of HPTS excitation spectrum. 

~ly in CV1 cells; the liposomes with lipid composi- 
n P S / G M t / P C / C  1 : 1 : 8 : 5  were as much taken up 
PS containing liposomes with no GM~. It is also 

nvn in Table I that  higher  content  of  PS (and also 
;, and  Pi) imaeased  the levels of  cell associated 
0somes by 5774 c:.lls both at 4°C and 37°C. Lipo- 
nes with low tx3ntet,~ of PS bound less and  the total 
el of cell as'~ociated liposomes was less, and  lipo- 
nes with b;z;h content  of PS bound more and  conse- 
ent!y higher  was the level of uptake by J774 cells. 
The ,~raction of liposomes at  low pH (internalized) 
er ! h incubation was calculated from the pH-de-  
ndent excitation spectrum of  HPTS and  is shown in 
, column next to the total number  of cell-association 
Table I. Almost 90% of  the cell-associated lipo- 

~es  (uptake) af ter  1 h incubation at 37°C were 
own to be already endocytosed into the compart-  
:nts with p H  lower than 7. This was also visually 
nfirmed h~; fluorescence microscopy using two filter 
Is. Fig. 4 ~hows two sets of cells af ter  incubation with 
; l ipesomes at 37°C ~'A, B, C) and 4°C (D, E, F). 
Fter ineu;~arion at 37"C, the H I T S  fluorescence pat-  
ms in (P.) and  (C) are markedly different from each 
her. The differences represent  the liposomes at low 
t already endoeytosed, which are the large bright 
traeellular spots seen only in (B). However, ineuba- 
)n at  4°C results in the pat tern  of  HPTS fluorescence 
(E) almost identical to that  in (F), indicating that  no 

~nificant acidification of  cell associated liposome con- 
nts has occurred.  The only difference between (E) 
td (F) is the absolute fluorescent intensity, because 
¢ filter in (F) transmits less light than that  in (E). 

Thus,  most of HPTS fluorescence in (E) or  (F) is due  
to binding, and  the total amount  o f  HPTS in the 
liposomes associated with cells at  4°C is a good indica- 
tor  of the initial binding. " 

The effect o f  v~rious additives in incubation med ium 
All the experiments repor ted above were  done in 

the absence of  serum in the incubation medium. We 
investigated whether  the presence of  serum proteins in 
the incubation medium changes  the pa t te rn  o f  iipo- 
some uptake,  as there have been many studies impli- 
cating the possibility of  adsorpt ion of  serum proteins 
onto the liposomes mediat ing the uptake of  l iposomes 
both in vitro and in vivo [47,48]. Yet, .the rel:ttlve 
amount  of  liposome uptake mediated by opsoni~ing 
serum proteins in comparison with the port ion which 
does not involve serum opsonization is not  known. 
Also, the specific components  that  opsonize liposomes 
of a certain lipid composition have not yet been identi- 
fied. 

Addit ion of  10% serum in the media made  no 
difference in the pa t te rn  of  uptake of l iposomes con- 
taining 9% of  various negatively charged lipids ei ther  
by CVI or  by 3774. The same was true with liposomes 
bearing higher  percentages  of  negative charges  in the 
case of  CVi  cells. However, the extent of  liposome 
uptake by J774 cells was in general  higher  in the 
absence of  serum. This is more obvious with liposomes 
containing a high content  of negatively charged lipids, 
as is shown in Fig. 5. The uptake moni tored by Rho-PE 
shows that  50% PS was enough to induce a high 
uptake in the absence of  serum, but  100% PS was 



Fig. 4. Phase contrast and f l u o r ~  ~ ~ J774 cells which have taken up lipoemnres containing HPTS (PS/PC/C = ! :  I :  l )  after I h 
iocubazion at 3"P'C (A, B, C) and at 4°C tD, E, F). A and Do the phase contrast v,ew of the cells~ B and F_., total fluot'asceo:.; L"om the )i~0osomos 
associated with cells regardless of th,:ir local pH (excitation 350-410 nm; emission .- 455 no): C and F. f l ~ n c e  contributed mostly by the 
liposomes residing in neutral pH environment (excitation 450-490 no; emission > 515 no). The difference in the fluorescence pattern in B and 
C reveals the liposomes in the low |,H compartment, which corresbond to the liposomcs already cndocyttxsed. Theru is no apparent: difference 

betwee,,t E and F except ,,t~: total fluorescence intensity. The filter set in C (o.~ F) transmits less ligh! than the fiP~,r in B (or D). 
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% PS c o n t e n t  
Fig. 5. The effect of serum on the uptake of PS containing lipos~lles 
in .)?74 cells. The uptake of liposomcs with increasing concep;ratien 
of PS content were monitored both by Rho-PE (o) in al~.nce and 
(e) in presence of 10% serum and by HPTS (D)  in absen:e and (O)  

in presence of serum. 

needed to reach a comparable level in the presence of 
serum. The results in Fig. 5 also show that a significant 
amount of HPTS leaks out of the liposomes with high 
negative charge contents during their interaction with 
3774 cells in the presence of serum. 

We also studied the involvement of divalent cations 
in liposome binding to the cell surface. It has been 
reported previously that the interaction of PS contain- 
ing liposomes with Kupffer cells requires the presence 
of calcium [49]. The effect of calcium on the initial 
binding stage in our case could not be addressed due 
to the technical dift;culty in maintaining the cell mono- 
layer in presence of EDTA. Instead, the dissociation of 
prebound PS liposomes ( P S / P C / C  1 : 1:!) was mea- 
sured by treating the cells for l0  rain at room tempera- 
ture with PBS containing 3 mM EDTA after washing 
free liposomes from the cell monolayer. This prone- 
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dure did not dissociate the majority of liposomes which 
were associated with cells after 1 h incubation at 37°C, 
since most of the cell-associated liposomes at 37°C 
were inside the cells within endosomes and lysosomes 
as already discussed earlier. However, more than 90% 
of the cell-associated PS liposomes after the incubation 
at 4°C were dissociablc by this EDTA treatment as 
cells were dislodged from the plastic dish. Yet, it is not 
clear whether the depletion of divalent cations induces 
the dissociation of bound liposomes directly or there 
ate other cellular changes which cause the loss of 
binding. Also, 50% of the bound PS liposomes were 
removed by 10 minute trypsin treatment (50 p.g/ml) at 
room temperature. This indicates that divalent cations 
and cell surface proteins may play a role in the binding 
of iiposomes to the cell surface. 

Nishikawa et al. [38] suggested, from the cross com- 
petition between modified LDL and negatively charged 
liposome, that the receptor for negatively charged lipo- 
somes on macrophages may be the scavenger receptor 
[50]. We investigated the involvement of this receptor 
in the uptake of PS containing liposomes by ,1774 and 
CVI cells via the addition of increasing concentrations 
of poly(i) and poly(C) in the media during incubation. 
Poly(l), as well as dextran sulfate and fucoida,, are 
known to compete for the binding site of the scavenger 
receptor with oxidized or chemically modified LDL, 
whereas POly(C) competes ineffectively [51]. Fig. 6 
shows that poly(I) reduced the extent of PS liposome 
uptake by .I774 cells in a concentration dependent 
manner. At  500/zg/mi concentration, it inhibited more 
than 90% of liposome uptake. Poly(C) also inhibited 
the uptake, but not as well as poly(l). Both dextran 
sulfate and fucoidan had the similar effect as poly(l) at 
s~=~:ilar concentrations. On the contrary, none of poly(l), 
poly(C), dextran sulfate, and fucoidan, added to the 

,00~--o o 
1 " ~  ---- poly.I (JT/4) 

0 100 2oo 30o 40o  500 

pg / ml 
Fig. 6. The effect of negatively charged compounds on the uptake of 
PS containing lipo~omes. The uptake of ~S/PC/C (1:1:1) lipo- 
somes by CV| and .1774 cells in the presence of different concentra- 
tlc:ms of poly(I) and po|~C) was expressed as percent of the uptake in 
absence of the compounds. The curve (o) shows that these poly-an- 
ions have no effect on the liposom¢ uptake by CVI c¢lb. contrary to 

the case of.1774 cells (n. • ). 

media at concentrations as high as 5 mg/ml, showed 
any effect on the liposome uptake by CV1 cells. These 
competition experiments p;ovide only indirect evidence 
and do not prove tbc involvement of scavenger recep- 
tor in the liposome uptake. However, the result in Fig. 
6 demonstrates that the mechanism of PS liposome 
uptake by these two cell lines is not the same. 

Discussion 

The interaction of liposomes with cultured cells in 
vitro is complex, it involves surface binding, internal- 
ization and possible release of liposomal contents. Our 
investigation focuses on the first two processes. Studies 
on the fate of aqueous contents after internalization 
into endocytic compartments and the release into the 
cytoplasm have been reported and most rece,l~gy by 
Brown and Silvius [36] and Chu et al. [52]. An under- 
standing of the cellular parameters involved in the 
above mentioned processes is critical for designing 
liposomes which possess specific requirements as a 
carrier system for drugs or macromolecules. The cellu- 
lar components involved at each step in the processing 
of liposomes are not yet known. Here, we have at- 
tempted to identify some of the parameters that con- 
trol the early events in liposome-cell interac:!on ~r/ 
analyzing the uptake of different types of liposomes 
with s~tematically varied surface properties. Relatively 
s h o ~ :  incubation time, 1 h, was used for this reason, 
contraw to that of longer than 4 h in most of other 
experiments [38,53]. 

Generally liposomes containing negatively charged 
phospholipids exhibited increased binding and endocy- 
tosis over neutral liposomes. However, some of our 
data demonstrate that the negative charge is not a sole 
determinant for the extent of this increase in binding 
and endocytosis. The uptake depends on the specific 
hcadgroup of the anionic phospholipid (Fig. 1). PS, 
PG, and PA possess distinct properties when compared 
with GMI, PI and PEG-PE. No dramatic difference has 
been observed among PS PG, and PA in terms of 
enhancement of liposome uptake, and they all behaved 
sim'larly in both cell lines in our study. It has not been 
carefully investigated whether these phospholipids be- 
have differently in the liposome-cell interaction, al- 
though there has been a report by Schroit et al. [54] 
which showed that PA liposomes are less taken up by 
macrophages than PS or PG. The inclusion of any of 
these three anionic lipids into the neutral PC/C lipo- 
somes makes a drastic difference in their uptake by 
CVI cells. Based on the average diameter of about 80 
nm of liposomes extruded through final pore size 0.05 
/~m, 1 nanomole of lipid taken up per 106 cells is 
comparable to approx. 7500 liposomes per ceil. Ac- 
cording to this calculation, about 1300 liposomes com- 
posed of neutral PC/C liposomes were taken up by 



one CVI cell during 1 h incubation, while 30000 lipo­
somes containing 9% PS were taken up per cell for the 
same period of incubation. 

Earlier in vitro studies reported that negatively 
charged liposomes containing PS or PG are taken up 
better and deliver drugs or DNA more efficiently than 
neutral liposomes [37,55-57). Also, the in L'ivo clear­
ance rate of negatively charged liposomes from the 
blood circulation is known to be faster than that of 
neutral liposomes [58-60). These studies had con­
cluded, on the basis of the behaviors of liposomes 
containing PS, PG or PA, that simply the negative 
surface charge of liposomes is the important factor in 
determining the uptake rate. This notion can not be 
generalized to all the negatively charged lipids, on the 
basis of the newer evidence. Thus, the recent in vivo 
studies [25,26) have demonstrated that several nega­
tively charged lipids, such as GM ., PI and PEG-PE, 
when incorporated as 9% of PC/C liposomes, produce 
a drastic decrease in the rate of RES uptake compared 
to similar liposomes composed of 9% PS or PG. This 
was also seen in our present study with CVI cells; none 
of GM ., PI, and PEG-PE showed any enhancement of 
the uptake as did PS, PG, or PA, even if introduced at 
the same mol% (Fig. O. Recently, Allen et al. [53) 
showed a reduction in the uptake of neutral liposomes 
in bone-marrow macrophages when GM • or PEG-PE 
was incorporated in the liposomes. Additionally, GM • 

and PI have been shown to suppress the complement­
mediated enhancement of liposome uptake in peri­
toneal macrophages [61). The mechanism of how G M ., 

PI, and PEG-PE work on the liposome surface has not 
been determined, but will be discussed below. How­
ever, the recognition of PS by cell surface is strong and 
is not inhibited by the presence of GM ., as shown here 
in Table I and also by Allen et al. [53). The biological 
significance as well as the mechanism for this speci­
ficity in recognizing certain negatively charged groups 
and not others is not known at present, although some 
studies suggest that the presence of PS on the surface 
of cells or liposomes triggers a strong recognition by 
macrophages and imply its possible involvement in the 
clearance of senescent red blood cells [62-64). 

The main focus of this report was to compare rela­
tive values of liposome uptake with varying lipid com­
position. Therefore it was critical to show that the 
HPTS method used in this study for monitoring the 
liposome uptake was not influencing the result by 
differential leakage from a certain composition of Iipo­
somes compared to others. To ensure the pattern of 
uptake obtained by monitoring HPTS, Rho-PE was 
additionally introduced as lipid marker of Iiposome 
along with HPTS. Rho-PE, which has its fluorescent 
reporter moiety on the headgroup of PE, has its limita­
tion due to the possibilities that it may transfer from 
the Iiposome membrane to cell membrane upon bind-
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ing, and may be cleaved off by phospholipase activity. 
Therefore, Rho-PE may not be a reliable single marker, 
but is useful in conjunction with an encapsulated aque­
ous marker, such as HPTS. The concentration of the 
Rho-PE selected here (0.2 mol% of phospholipid) was 
chosen to minimize any interference with the lipo­
some-cell interactions due to the presence of rho­
damine on the liposome surface. Up to I mol% Rho-PE 
in the liposome membrane was shown to alter only 
minimally the in vivo blood circulation time of GM • 

containing Iiposomes in mice compared with the same 
type of liposomes containing no Rho-PE (unpublished 
results). The double labeling study adopted here 
strengthens the reliability of the fluorescence method 
for the quantitative analysis of Iiposome uptake. It 
eliminates the possibility that Iiposomes with less nega­
tive charge density have low extent of uptake because 
HPTS leaks preferentially in those liposomes. In fact, 
Fig. 5 shows that HPTS leaks more out of the lipo­
somes with high PS content and the enhancement of 
uptake by increasing PS content is under-reported by 
HPTS. The leakage mediated by serum has been re­
ported to increase when more negative charged lipids 
are included [65). 

The comparison between binding at 4°C and total 
cell-association (uptake) at 37°C (Table I) shows the 
importance of the binding step in liposome uptake. It 
is clearly demonstrated that PS and PG are readily 
recognized by the cell surface, thus leading to strong 
binding and consequently high total uptake. On the 
contrary, GM ., PI and PEG-PE do not significantly 
increase the binding of liposomes to cells, despite the 
fact that these lipids impart to the liposomes a net 
negative charge. Under the incubation condition used 
here, the binding at the cell membrane surface appears 
to be the step that governs the overall rate of liposome 
uptake, since the total number of liposomes associated 
with cells at 37°C for 1 h of interaction is directly 
proportional to the number of liposomes bound for the 
same duration of interaction at 4°C. At the end of 1 h 
incubation at 37°C, only a small fraction of total cell­
associated liposomes were found to be at the cell 
surface, suggesting that the rate of endocytosis follow­
ing the stable binding is much faster than the rate of 
binding. Our preliminary data showed an endocytic 
rate constant of '" 0.07/min, which corresponds to 
approx. 70% of bound liposomes internalized in 10 min 
[661. If more Iiposomes were bound to the cells, they 
would be endocytosed quickly to show an apparently 
higher extent of total uptake. Thus, the number of 
liposomes that can bind to the cells may be controlling 
the overall uptake. More quantitative analysis of the 
kinetic rate constant of liposome binding and subse­
quent endocytosis is under progress to confirm this 
model. 

Calculation of zeta potential has shown that Iipo-
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somes with 10% GMt are significantly different from 
liposomes containing 10% PS or PG, but those with 
10% PI are not [67,68]. Although this type of physical 
measurement can not distinguish 10% PS containing 
liposomes from 10% P1 containing liposomes, CVI 
ceils have the ability to recognize the different surface 
property of these ~,o q, pes of liposomes and bind 
differently, as is show~ in Table l. This suggests the 
possibility of recognition of these specific headgroups 
on the liposome surface by specific components at the 
cell membrane. The obserJation that 10% PS is still 
recognized by CV! cells in the presence of 10% GM~ in 
the same liposome bilayer (Table 1) adds further cre- 
dence to that possibility. We hypothesize from the 
comparison of the chemical structures of these nega- 
tively charged phospholipids that the common feature 
which this putative membrane component may recog- 
nize and bind to, is the negatively charged phosphate 
group * at the lipid/water interface. PA has this phos- 
phate group exposed and has a high affinity for the 
binding site on/he cell surface. In the case of PC, the 
charge of phospha*e is neutralized by a positive charge 
of choline group an0. is not recognized by this mem- 
brane protein. The presence of serine and glycerol 
group, in the case of PS and PG, respectively, has 
limited modulatory effect on this high-affinity binding, 
thus PS and PG are as equally well recognized by cells 
as PA. On the contrary, inositol ring of PI and bulky 
poly(ethylene glycol) of PEG-PE strongly reduce the 
binding constant between the phosphate and the mem- 
brane binding site. Yet, we can postulate that ever. 
though the binding constant of this binding site for 
ahosphate in PI is weakened, the binding of PI con- 
taining liposome can be enhanced by incorporating 
more Pi as explained by the multi-ligand effect. In the 
case of Gut, the negative charge on the carboxyl of 
sialic acid is either not recognized by this membrane 
component, or it is not accessible for direct interaction. 
The idea of shieldt "1 charge in P! and Gut has been 
proposed earlier [26]. PEG-PE in particular might act 
as a strong steric hindrance barrier due to the bulky 
PEG group inhibiting the accessibility of the phosphat.e 
charge by the putatb'e cell surface components. 

The enhancement of liposome uptake by the nega- 
tively charged lipids was shown to be modulated by the 
2-dimensional concentration of them in the liposome 
bilayer. Higher PI density in the liposome bilayer is 
needed for these liposomes to be recognized by CVI 
cells. The same is true with J774 cells. This increased 

* Incorl~)ralion of cholesterol sullate or cholesterol hemisuccinate 
into tile bilaycr also enhances the liposome uptake by macrophages 
in ritro (Dr. F. Szoka, per.v.mal communication). Thus. the speci- 
ficity for the negative charge that the cell recognizes may be quite 
broad and not just for phosphale. 

uptake of PI-containing liposomes with PI has been 
also seen in the in vit:o clearance rate [69]. However, 
the extent of the increase in the uptake in response to 
increased PS or PG differs between the two cell lines. 
The level of uptake of PC/C liposomes is the same 
with CV1 and J774 cells. CVI cells require only 9 
tool% PS or PG to achieve the maximum liposome 
uptake, while J774 cells need up to 50 tool% PS or PG 
to reach a high uptake level (Fig. 3). 

Even though our data do not offer a conclusive 
model for liposome-cell interaction, they do suggest a 
few modes of interaction that can explain the different 
pattern of uptake by CVI and 3774 cells. A simplest 
explanation for the cell specificity is that CVi and 3774 
cells have different binding sites (or receptors) for the 
negatively charged liposomes. CVI cells have mem- 
brane components that have a high binding constant 
for PS, PG, or PA, thus avidly bind liposomes which 
contain low concentration of these lipids. J774 cells do 
not have the capacity to detect a low concentration of 
these negatively charged lipids, but have the membrane 
components that bind highly negatively charged lipo- 
somes. The hypothesis that different cells have differ- 
ent liposomc-binding sites is supported by the competi- 
tion experiment with various poly-anions. Fig. 6 
demonstrates that CVI cells take up liposomes by 
binding sites which are not inhibited by the poly-anions 
that compete for scavenger receptors; CVI cells pos- 
sess a mechanisr.~ for liposome uptake that is not 
through the scavenger receptor. Further experiments 
are needed to prove the direct involvement of scav- 
enger receptors in the liposome uptake by J774 cells. 
On the other hand, if we assume that the liposome-bi- 
nding sites are the same in these two cell lines, the cell 
surface density of the binding sites in CVI may be 
higher than that in J774 cells. In this case, a multi-ligand 
effect can explain the difference in the threshold charge 
density for high uptake. The binding of a liposome may 
require several negatively charged lipids and clustering 
of one or several types of membrane binding compo- 
nents. This would account for the observation that the 
uptake by J774 cells can be increased by higher density 
of negatively charged liplds in the tiposomes. Since the 
liposome uptake is through endocytosis, a complex 
process which requires cytoplasmic components [31] as 
well as the binding sites, the machinery involved after 
the binding may bc also critical. Our preliminary re- 
sults with J774 cells indicate that a significant percent- 
age of liposomes are taken up through smooth pits [70] 
contrary to the case of CVl cells which take np lipo- 
somcs exclusively through coated pits [30], and suggest 
the possibility of a different route of liposome uptake 
in J774 cells versus CVI cells. Obviously, the liposome 
uptake is more complicated than a pure electrostatic 
interaction between the liposome surface and the cell 
membrane surface. In summary, the specificity of the 



binding observed here is not only dependent on the 
lipid compositior of the liposomes but also on :he cell 
type, as ~hown especially by the comparison between 
CVI and J774 using liposomes of the same lipid com- 
position and by the competition with poly(i) and 
poly(C). 

Like other ligands that are taken up by cells, the 
uptake of liposomes can also be assumt:d to fall into 
either one of two categories: nonspecific [71] or recep- 
tor-mediated endocytosis [72,73]. The fact that the 
liposome binding is lipid headgrou~-specific and cell 
type dependent indicates that the liposome-cell inter- 
action shows considerable specificity that may bc de- 
.scribed as receptor-mediated. Using the term "recep- 
tor-mediated' requires the existence of cell surface 
proteins that bind a s~ecific chemical structure (ligand) 
on the liposome surface and mediate cndosome forma- 
tion which contains the ligand-receptor complex G'e- 
ceptosome) [74,75]. The latter mechanism has been 
docmnented for many ligands including the LDL re- 
ceptor-mediated ,ptake of LDL par:icles [50]. The 
binding of anionic liposomes to the cell surface is 
trypsin sensitive to a large extent, suggesting the in- 
volvement of ceil surface proteins. Neutral PC lipo- 
somes have been shown earlier to bind to trypsin 
sensitive membrane proteins in fibroblast cell line [76]. 
We are presently attempting to identify the putative 
cell surface binding site for the negatively charged 
liposome. 

The discussion in the above sections was based on 
the in citro observation where no serum was present 
during the interaction of liposomes with cells. When 
serum is added to the incubation medium, proteins 
may be adsorbed to the liposome surface [47,48,77] and 
change the mechanism of uptake as well as the rate of 
uptake. Opsonization by leg or components of com- 
plement system induces higher liposome uptake medi- 
ated by Fe-receptors [78] or complement-receptors 
[79,80] in maerophages. There may exist other opsonins 
that play more importan~ roles than the dire:: interac- 
tion between liposomes and macrophages in rico, and 
recently organ-specific serum opsonins for liver and 
spleen macrophages have been described [77]. There 
are studies which indicate that the binding of certain 
serum components can be dependent on the lipid 
composition of liposomes. A recent report showed an 
enhancement of complement activatinn by I!posomcs 
containing more negative charge given by PS, PG, PA, 
or PI [81]. Also Wassef .:tal. showed an intriguing 
suppressive effect of PI and GMI on the complement 
mediated enhancement of liposom¢ uptake [61]. Both 
results resemble the behavior of these liposomes in 
rico, and may explain the difference in the in t'il'o 
uptake rate if liposomes are opsonized in the blood 
and taken up through complement receptors of 
macrophages. However, more studies are needed in 
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order to systematically investigate the b: rit,o role of 
these different mechanisms of serum mediated lipo- 
some uptake in relation to the direct interaction be- 
tween cells and liposomes reported here. The differ- 
ences observed in the uptake rates of liposomes by 
macrophagc-like cells in the presence or absence of 
serum (Fig. 5) indicate a possible invoivcment of .serum 
proteins. However, no difference was observed in CVl 
cells using the same lipid composition, and this again 
supports the specificity in the cell type in the lipo- 
some-cell interaction. CVI cells can clearly distinguish 
the presence of 9% negatively charged lipidr, in the 
liposome bilayer in the presence of .serum and take 
them up at the same rate as in the absence of .serum. 

We have reported here some striking similarities 
between the specificities of the uptake of liposomes by 
cells in citro (Fig. L Table I) and their blood clearance 
rates by RES #~ cit'o [25,26]. Liposomes that are either 
neutral or carry a negative charge contributed by either 
PI or GMI are not recognized avidly by cells in vitro, 
and show a much diminished uptake by the RES cells 
bl rico. On the contrary, as already discussed above, 
when liposomes contain either PS or PG (and also PA), 
they are taken up avidly by the cells in citro and also 
removed rapidly from the blood circulation. We inves- 
tigated the parametcr~ involved in the direct interac- 
tion between cells and iiposomes, although it is possi- 
ble that the direct interaction may not be the sole 
determining factor in the in rico clearance of lipo- 
somes. CVI cell line mimicked the in cico behavior 
better than maerophagc-like cell line J774, a result 
which defies our initial expectation. It is not clear 
whether it is due to some other complicating factors in 
t'ico or due to the possibility that J774 cell line may not 
represent the cells of the mononuclear phagocytic sys- 
tem (RES) which is responsible for the in vivo clear- 
once. Numerous studies utilized macrophages in pri- 
mary culture as well as several macrophage cell lines to 
mimic the RES uptake of liposomes, but non© was in 
perfect agreement with the rate of liposome clearance 
in f i fo .  For example, a recent paper by Allen et al. [53] 
showed that the uptake of PC liposomes by bone 
marrow macrophages was more than 4-fold reduced 
,~,hen 10% Gut or PEG-PE was incorporated,but the 
increase in the uptake by incorporating PS was merely 
2-fold. Therefore it should be pointed out that the 
results of the in t'itro experiments cannot be applied 
directly to explain the events in cico. Indeed, it is 
obvious that b~ ciro there are many complicating fac- 
tors sm:il as the blood dynamics and the interaction 
with a variety of cell types in addition to the opsoniza- 
tion of liposomes by serum proteins. However, we 
believe that a better understanding of the liposome-cell 
interactions in vitro based on the information pre- 
sented in this report will provide us with important 
clues to the behavior of liposomes in cico. 
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