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LIPOSOMES CONTAINING COLLOIDAL GOLD ARE A USEFUL PROBE OF LIPOSOME-CELL
INTERACTIONS
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A method is described for the preparation of liposomes containing colloidal gold as an electron-dense marker
to trace liposome-cell interactions. Since gold sols would precipitate at the high concentrations necessary for
loading a large proportion of liposomes, gold sols were formed within preformed liposomes which had
encapsulated gold chloride. The optimal conditions for encapsulating the marker were ascertained for
liposomes prepared by the method of reverse-phase evaporation. Gold sols formed rapidly at ambient
temperature and without organic solvent, and produced homogeneous populations of gold granules inside
liposomes. Most vesicles contained the marker, allowing us to determine unambiguously the intracellular fate
of liposomes and their contents. The in vitro experiments showed that gold-liposomes were internalized by
African green monkey kidney cells in a manner similar to receptor-mediated endocytosis of well-char-
acterized ligands. Preliminary in vivo studies also indicated that liposomes were endocytosed by Kupffer cells

via the coated vesicle pathway.

Liposomes are useful carriers for intracellular de-
livery of drugs and macromolecules [1] in vitro,
and are the subject of considerable interest as
carriers of chemotherapeutic agents in vivo [2,3].
Despite extensive analysis of liposome-cell interac-
tion, the mechanisms for cellular incorporation of
liposomes and their contents are still uncertain.
Radioactive compounds, fluorescent dyes, RNA
and DNA [4-9] have been encapsulated success-
fully in large liposomes and some of the encapsu-
lated material subsequently has been incorporated
into cells. At the ultrastructural level, it has been
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difficult to trace unambiguously the path of lipo-
some internalization for lack of a suitable marker.
Ferritin and horseradish peroxidase have been used
to follow liposome fate in vitro, [10-12]. However,
the endogenous peroxidase activity of many tis-
sues, as well as the natural occurrence of intracell-
ular ferritin, complicates the use of such markers.
Colloidal gold particles are an attractive histologi-
cal marker, owing to their high electron density,
uniform size and shape, and versatility [13-15].
However, colloidal gold is unsuitable for encapsu-
lation in liposomes, as it precipitates at the high
concentrations necessary to load a large fraction of
a liposome population. In this report, we describe
the preparation of liposomes containing gold gran-
ules and demonstrate the utility of gold-containing
liposomes as histochemical markers of liposome
uptake in cells.



For each preparation of gold-liposomes, gold
chloride/citrate solution was freshly prepared by
adding chloroauric acid (12.72 mM HAuCl, in
distilled water) to basic citrate solution (13.6 mM
trisodium citrate/3.33 mM K,CO,) immediately
before the preparation of the liposomes. The final
gold chloride/citrate solution consisted of 3.18
mM HAuCl,/25 mM K,CO,/102 mM tri-
sodium citrate, and pH was maintained at 6.0-6.2
to avoid premature nucleation of gold sols during
liposome preparation.

Gold chloride/citrate solution was encapsu-
lated in large phospholipid vesicles prepared by
the reverse-phase evaporation method [16]. Specifi-
cally, 10 pmol phospholipid was dissolved in 1 ml
of freshly water-washed diethyl ether. Gold chlo-
ride / citrate solution (0.5 ml) was added, and the
mixture was emulsified by sonication for 3 min at
25°C in a bath-type sonicator. Diethyl ether was
removed under reduced pressure at 30°C. The
resulting vesicles were extruded through poly-
carbonate membranes (Bio-Rad, Richmond, CA)
of 0.2 pm pore diameter [17] to ensure a narrow
distribution in sizes. Gold sols were formed by
incubating the liposome suspension at 37°C for
0.5-1 h.

The unentrapped gold granules, either free or
associated with the liposome surface, were re-
moved by passing liposome-gold sol suspension
through a Sephacryl S-1000 (Pharmacia, Piscata-
way, NJ) column (1 ¢m X 10 cm) which was pre-
equilibrated with buffer (5 mM Hepes/100 mM
NaCl (pH 7.0)). To avoid loss of liposomes by
adsorption to the Sephacryl gel, the column was
presaturated with liposomes prepared as described
above, except that column buffer was encapsulated
instead of gold chloride/citrate. The liposomes
containing gold granules moved down the column
as a red band, while the free gold remained at the
top of the column as a brown-black band. The red
liposome band was collected in a clear polystyrene
tube and then stored at 4°C under argon until use.
We used a short DEAE-cellulose column (1 X4
cm) as an alternative method to separate the gold-
liposomes from free or adherent gold sols. Since
gold sols carry a net negative charge in water, they
bind strongly to DEAE-cellulose. The DEAE-cel-
lulose column was pretreated with buffer-loaded
liposoimes as described above to avoid the binding
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of anionic phospholipid to DEAE-cellulose. The
recovery of liposomes from each column was high;
greater than 70% of the phospholipid was re-
covered from the columns. Phospholipid was
quantified using the procedure of Bartlett [18].
Gold sols were quantified by measuring ab-
sorbance at 525 nm after gold liposomes had been
dissolved in 1% Triton X-100.

To obtain an overview of gold liposomes, the
vesicle suspension was stained with 2% ammonium
molybdate for 30 s on a newly glow-discharged
carbon-coated grid. For thin-section electron mi-
croscopy, the liposomes were fixed with 1.5%
glutaldehyde (in 0.1 M sodium cacodylate, 1%
sucrose, pH 7.4) for 1.5-2 h at room temperature,
then postfixed sequentially with 1% osmium
tetroxide (in 5% sucrose/0.1 M veronal acetate
(pH 7.4), 4°C, 1 h), 1% tannic acid (in 0.05 M
sodium cacodylate (pH 7.0), 25°C, 1 h, in the
dark) and then stained with 0.5% uranylacetate (in
0.1 M veronal acetate (pH 6.0), 37°C, 1 h). Fig.
1A, B clearly shows that gold sols are uniform size
(approx. 15 nm diameter) and shape, and en-
trapped inside the liposomes. Routinely, 80-90%
of the liposomes produced contained gold par-
ticles. However, less than 10% of liposomes con-
tained gold when liposomes were prepared in the
presence of monodispersed gold colloid [19].

Several lines of evidence suggest that the gold
granules are entrapped within the liposomes rather
than adsorbed to the outer liposomes surface. First,
the column chromatography was effective in re-
moving free gold; no gold colloid was detected in
the liposome fraction after the column separation
when mixing preformed gold colloid with lipo-
somes. Second, gold liposomes are stable in buffer
containing 0.1 M NaCl which floculates free gold
sols. Third, when preformed liposomes were mixed
with gold chloride/citrate solution used for en-
capsulation, gold sols that remained with liposome
fractions after column chromatography were clus-
tered and not entrapped inside the liposomes (see
Fig. 1C). Fourth, column chromatography does
not result in a significant loss of gold-containing
liposomes, but does retain free gold colloid read-
ily.

African green monkey kidney (AGMK) cells
avidly bind liposomes containing negatively-
charged phospholipids [20], and some liposome-
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Fig. 1. (A) Thin-section electron micrograph of lipo-
somes composed of phosphatidylserine/
phosphatidylcholine / cholesterol / phosphatidylinositol
(1:2:1:0.3). Arrows indicate that some of the lipo-
somes contain several gold particles per cross-section.
% 37500. (B) Negative-stained electron micrograph of
gold-liposomes composed of phosphatidylserine/
phosphatidylcholine /cholesterol (1:2:1). For a pre-
paration containing 3 mM phospholipids and initial
gold chloride concentration as indicated in the text, the
gold-liposomes after column chromatography gave an
absorbance value of 1.2 at 525 nm in 1 cm cuvette at
25°C. x52500. (C) Preformed liposomes (same lipid
composition as in (B) mixed with gold chloride /citrate
solution and incubated at 37°C as in (B) and subse-
quently separated on column. Arrows indicate that clus-
tered gold sols that remained with liposomes after col-
umn chromatography are not entrapped inside the lipo-
somes. X 36 800.



entrapped materials gain access to the cytoplasm.
Gold liposomes were used in AGMK cells to
examine cellular uptake of liposomes. Thin-section
electron microscopy with gold liposomes [21] sug-
gests that liposomes bind to the cell surface, are
endocytosed in coated pits, and proceed intracel-
luarly according to the well-defined coated-vesicle
pathway described for many ligands which un-
dergo receptor-mediated endocytosis [22,23]. The
preliminary results of hepatic uptake of liposomes
in intact rats show that gold-liposomes were iden-
tified in coated vesicles, uncoated vesicles and the
large endosomal vacuole of Kupffer cells during 2
min circulation of injected gold liposomes.

The conditions described here have been used
successfully in making liposomes with several dif-
ferent compositions. With this newly developed
gold-liposome preparation, we are presently con-
ducting a detailed study of some important param-
eters of endocytosis, such as liposome size, lipid
composition, and existence of a liposome receptor
in cell membranes, in order to find out whether
the same internalization mechanism applies to
various types of liposomes and various cells.

This work was supported by grants from the
National Institutes of Health to D.P. (GM 26369
and CA 25526) and to D.F. (HD 10445).

References

1 Papahadjopoulos, D. (1979) Annu. Rep. Med. Chem. 14,
250-260

2 Alving, C.R,, Steck, E.A., Chapman, W.L. Jr., Waits, V.B,,
Hendricks, L.D., Swartz, G.M. and Hanson, W.L. (1978)
Proc. Natl. Acad. Sci. U.S.A. 75, 2959-2963

323

3 Mauk, M.R,, Gamble, R.C. and Baldeschwieler, J.D. (1980)
Proc. Natl. Acad. Sci. U.S.A. 77, 4430-4434
4 Pagano, R.E. and Weinstein, J. (1978) Annu. Rev. Biophys.
Bioeng. 7, 435-468
5 Poste, G. (1980) in Liposomes in Biological Systems
(Gregoriadis, G. and Allison, A., eds.), pp. 101-151, Wiley,
New York
6 Huang, L., Ozato, K. and Pagano, R.E. (1978) Membrane
Biochem. 1, 1-25
Szoka, F., Jr., Jacobson, K., Derzko, Z. and Papahadjopou-
los, D. (1980) Biochim. Biophys. Acta 600, 1-18
8 Wilson, T., Papahadjopoulos, D. and Taber, R. (1979) Cell
17, 77-84
9 Fraley, R., Subramani, S., Berg, P. and Papahadjopoulos,
D. (1980) J. Biol. Chem. 255, 10431-10435
10 Magee, W.E., Goff, C.W., Schoknecht, J., Smith, M.D. and
Cherian, K. (1974) J. Cell Biol. 63, 492-504
11 Weissman, G., Cohen, C. and Hoffstein, S. (1977) Biochim.
Biophys. Acta 498, 375-385
12 Wu, P, Tin, G.W. and Baldeschwieler, J.D. (1981) Proc.
Natl. Acad. Sci. U.S.A. 78, 2033-2037
13 Faulk, W.P. and Taylor, G.M. (1971) Immunochemistry 8,
1081-1083
14 Geoghegan, W.D. and Ackerman, G.A. (1977) J. Histochem.
Cytochem. 25, 1187-1200
15 Handley, D.A., Arbeeny, C.M., Witte, L.D. and Chien, S.
(1981) Proc. Natl. Acad. Sci. U.S.A.78, 368-371
16 Szoka, F. Jr. and Papahadjopoulos, D. (1978) Proc. Natl.
Acad. Sci. U.S.A. 75, 145-149
17 Olson, F., Hunt, C., Szoka, F., Vail, W. and Papahadjopou-
los, D. (1979) Biochim. Biophys. Acta 557, 9-23
18 Bartlett, G.R. (1959) J. Biol. Chem. 234, 466—468
19 Frens, G. (1973) Nature (Phys. Sci.) 241, 20-22
20 Fraley, R., Straubinger, R.M,, Rule, G., Springer, E.L. and
Papahadjopoulos, D. (1981) Biochemistry 20, 69786987
Straubinger, R.M., Hong, K., Friend, D.S. and Papahadjo-
poulos, D. (1983) Cell 31, 1069-1079
22 Friend, D.S. and Farquhar, M.G. (1967) J. Cell Biol. 35,
357-376
23 Goldstein, J.L., Anderson, R.G.W. and Brown. M.S. (1979)
Nature (Lond.) 279, 679-685

~

2

—



