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ABSTRACT Efficient fusion of phospholipid vesicles with
monolayer cultures of eukaryotic cells was accomplished by at-
taching glycolipid-containing vesicles to the cell surface by using
a lectin displaying binding for both the cell surface and the gly-
colipid, followed by treatment with polyethylene glycol. Fusion
was inferred from the transfer of fluorescent lipid analog probes
embedded in the vesicle membrane over the entire cell surface
and of fluoresceinated proteins from the aqueous space of the
vesicle to the cytoplasm of the cell. Fluorescence recovery after
photobleaching showed that both the injected membrane and the
cytoplasmic markers were mobile. Two different lectin-glycolipid
combinations. [Ricinus communia agglutinin I-lactosylcerebroside
and concanavalin A-tetradecyl- (or hexadecyl-) maltobionamide]
were used to promote attachment of lipid vesicles before polyeth-
ylene glycol-induced fusion with BG-9 human fibroblasts, NIL
8M2 hamster cells, or L-929 mouse cells. In the absence of lectin
or polyethylene glycol, fusion was negligible. However, when both
the lectin and the glycol were used, a dramatic increase in the
transfer of both vesicle membrane and aqueous space markers
from the liposomes to the cells occurred.

The study of the dynamics of protein and nucleic acid structure
and function in living cells has been advanced by the devel-
opment of techniques for microinjecting exogeneous macro-
molecules into the cytoplasm of cells. The direct microinjection
of molecules from micropipettes is a well-established technique
(1-3); however, it requires skill and practice and the number
of cells that can be injected is limited. Erythrocyte-mediated
microinjection has been described by a number of groups (4-6),
but the size of the molecules that can be loaded into the eryth-
rocyte is restricted (for review, see ref. 7) and fusion results in
the simultaneous transfer of the lipids and proteins of the eryth-
rocyte into the recipient cell. Liposomes have also been used
to deliver macromolecules and supramolecular assemblies into
cells (8-10) and offer the advantage- that only the defined lipid
species from the liposomes are introduced into the recipient
cell. However, the efficiency of liposome-mediated transfer
into many cell types is low (11).

Recently, a highly efficient erythrocyte microinjection method
using lectin-mediated binding was introduced by Mercer et aL
(12). We have used this strategy to increase the efficiency of
liposome-mediated transfer. Thus, a lectin having affinity for
both target cell surface receptors and an appropriate glycolipid
included in the liposome bilayer was used to specifically bind
the liposomes to the cell surface. Subsequent addition of poly-
ethylene glycol brought about an efficient fusion of the bound
liposomes with the cells, leading to the high-efficiency transfer
of lipid analogs from the vesicle to the plasma membrane and

of encapsulated water-soluble compounds into the cytoplasm
of the cells.

MATERIALS AND METHODS

Chemicals. N-Stearoyldihydrolactocerebroside (LC), fluo-
rescein isothiocyanate, and maltose were obtained from Sigma.
Tetradecylamine was purchased from Aldrich. Carboxyfluores-
cein was obtained from Eastman Kodak and repurified as de-
scribed (13). Concanavalin A was obtained from Pharmacia.
Ricinus communis agglutinin, type I (RCA-I) was a product of
E.Y. Laboratories (San Mateo, CA). The initial supply of tet-
radecylmaltobionamide (TM) was a generous gift of I. J. Gold-
stein. Subsequently, TM and hexadecylmaltobionamide (HM)
were synthesized according to a published procedure (14). Poly-
ethylene glycols were obtained from Polysciences (Warrington,
PA) or from Union Carbide (New York).
The fluorescent lipid analogs-3,3'-dihexadecylindocarbo-

cyanine (dil-CI6{3}) and 3,3'-dioctadecylindocarbocyanine (diI-
C18{3}) were the generous gift of A. S. Waggoner. The source,
purity, and storage of the phospholipids used in this study have
been reported (11).

Bovine serum albumin was a product of Miles. It was labeled
with fluorescein as described (2).

Preparation of Liposomes. Unilamellar large liposomes
were prepared by the reverse phase evaporation method (15)
and had the following compositions: LC/phosphatidylglycerol
(PtdGro)/egg yolk phosphatidylcholine (PtdCho)/cholesterol
(Chol), 1:0.5:8.5:8 (these are termed LC vesicles); LC/PtdGro/
PtdCho, 1:0.5:8.5; TM (or HM)/PtdGro/PtdCho/Chol,
1. 5:0.5:4.5:3.5; TM (or HM)/PtdGro/PtdCho, 1.5:0.5:8. 0. The
glycolipids did not dissolve in diethyl ether. Therefore a diethyl
ether/chloroform (1:1) mixture was used (15). These liposomes
had a tendency to aggregate. To reduce this, the vesicles were
extruded through a 0.4-,um polycarbonate membrane imme-
diately after formation and dialyzed in Dulbecco's phosphate-
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FIG. 1. (a) Phase-contrast image of BG-9 cells after adsorption of LC vesicles labeled with dil-Cl6{3} at 0.25 mol %, as mediated by RCA-I (20
gg/ml) at 220C, but before addition of polyethylene glycol. (b) Fluorescence image corresponding to a. (c) Fluorescence image of BG-9 cells after
complete fusion protocol with dil-C16{3}-labeled vesicles as in a. (d) Typical kinetics of fluorescence recovery after photobleaching at 220C for BG-
9 cell. Fusion protocol as in c; dil-C16{3} is the fluorophore; l/e2 spot size of the focused laser beam is about 3.4 tum (x 25 objective used); and the
apparent D is 8.8 x 10-9 cm2/sec. (e) Fluorescence image of NIL-8M2 cells after fusion protocol with dil-C16{3}-labeled LC-vesicles as in a. (f)
Fluorescence image of L-929 cells after fusion protocol with LW-vesicles prepared with entrapped labeled albumin.

buffered saline (no Ca2" or Mg2') (PJ/NaCl) for 2 hr before sep-
aration of encapsulated from nonencapsulated material.

dii-C16{3} or dii-C18{3}, when added, were at a final mol %
of 0.25. Fluoresceinated albumin was added in P1/NaCl (100
mg/ml); encapsulated albumin was separated from nonencap-
sulated by gel filtration on Sepharose 2B using PJ/NaCl or by
flotation on Ficoll gradients (10).

Sonicated unilamellar vesicles of the same composition as the
above, including 0.25 mol % dil-CI6{3} or diI-C,8{3}, were pre-

pared as described (11) in PJ/NaCl at 10 ,umol/ml.
Cell Culture. Cells were as described (11, 16). Subconfluent

cultures were used, usually 24 hr after plating. Cell viability was
routinely 99% as determined by trypan blue exclusion.

Fusion Procedure. The cells were washed 5 times with Dul-
becco's phosphate-buffered saline containing Ca2" and Mg2+
(PJNaCVMg2+/Ca2+). Then, 1 ml of the saline was placed on
the cultures and RCA-I was added at 10 ,ug/ml. The cultures
were incubated at 220C (room temperature) for 5 min and then
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Table 1. Effect of temperature on fusion-efficiency of.-
different cell lines

Cells fused, %
BG-9* NIL-8M2

Temp, Labeled
0C diI-C18{3} albumin diI-Cl6{3}t diI-C,8{3}*
37 50 49 86 ND
22 32 33 43 45
0-4 13 9 32 35

Unilamellar liposomes of composition LC/PtdGro/PtdCho/Chol
(1:0.5:8.5:8) were fused by using RCA-I at 20 jig/ml and 45% (wt/wt)
4000-dalton polyethylene glycol. ND, not done.
* Large liposomes prepared by reverse phase evaporation method.
t Small liposomes prepared by sonication method and of identical com-
position to large.

200 nmol of the liposome preparation was added and incubation
was continued for 30 min. The cells were washed 3 times with
PJNaCl and 1 ml of a polyethylene glycol solution at 45% (wt/
wt) was added for 1 min. Next, 2 ml of PJNaCl was added and
mixed gently by swirling the dish, and incubation was continued
for 10 min. Then the cells were washed 6 times with PJNaCV
Mg2+/Ca2 , put on ice, and examined by fluorescence mi-
croscopy. After the fusion protocol, short-term cell viability was
determined on treated cells by placing tissue culture medium/
fetal calf serum on the cells and determining trypan blue ex-
clusion at 0 time and after 4 and 24 hr.

Fluorescence Quantitation of Cell-Associated Lipid. Fluori-
metric quantitation of the fluorescent probe associated with the
cells was as described (11). The quantitation was done on cells
that were removed from the substrate by trypsinization and
washed once with PJNaCl.

Fluorescence Microscopy and Studies of Fluorescence Re-
covery After Photobleaching. Fluorescence microscopy (11, 16)
was used to evaluate the fusion efficiency, which is defined as
the percentage of cells in the culture into which either flu-
orescent membrane or aqueous markers had been transferred.
The criterion for fusion was that the lipid probes gave a uniform
staining pattern that was distinct from the punctate pattern and
any background fluorescence, and the transfer of water-soluble
macromolecules to the cytoplasm had to be uniform and the
probe excluded from the nucleus. Cells were photographed
with Ektachrome 400 film; for weaker images, the film was push
processed to an effective speed of 800 ASA.

RESULTS
Evidence for transfer
The phase contrast and fluorescence images of a BG-9 cell in-
cubated with RCA-I and dil-CI6{3}-containing LC-vesicles are
shown in Fig. 1 a and b, respectively. The fluorescence is punc-

te-due to aggregation of fluorescent vesicles on the cell sur-

face, and no diffuse fluorescence can be detected. After poly-
ethylene glycol treatment and washing, however, the staining
pattern is composed of both a uniform stain that we attribute
to probe introduced from liposomes that have fused with the
cell and some punctate areas due to liposomes that, although
attached, have not fused. This occurs in the BG-9 cells (Fig. ic),
NIL-8M2 cells (Fig. le), and other cell types examined. Per-
inuclear intracellular staining can be observed (thick arrow, Fig.
le after longer incubations. Following polyethylene glycol
treatment, if a cell such as shown in Fig. ic, is photobleached,
recovery is rapid (Fig. ld) with a diffusion constant (D) that
reflects the mobility of the dyes in cell surface membranes (11,
17). In a typical experiment, D was 8.5 ± 2.3 X 10-9 cm2/sec
(mean ± SEM for five measurements). In general, fractional
recovery ranged from 40% to 90%, depending on the combi-
nation of vesicle, lectin, and cell type, and provided an estimate
of the amount of fused lipid relative to the total that had been
absorbed. The lack of complete recovery is consistent with the
images (Fig. 1 c, e, and f), which show a varying amount of
punctate fluorescence coexisting with a more uniform staining
pattern.

Transfer of water-soluble macromolecular markers en-

trapped in the aqueous space of the liposome to the target cell
also occurs, as seen by the entry of fluoresceinisothiocyanate-
labeled albumin into L-929 cells after the same fusion protocol
(Fig. if). This photograph shows a cell (upper corner) that has
the expected image for intracellular staining, including nuclear
exclusion, and another cell (central) that has a combination of
bright vesicle aggregates on a diffuse background of presumed
cytoplasmic staining. Interestingly, this fluorescence also re-

covered substantially (unpublished results). The estimates of
fusion efficiency were nearly the same when, in parallel ex-

periments, membrane probes, diI-C16{3} or diI-CI8{3}, or a ves-
icle aqueous-contents probe, labeled albumin, were used (see
Tables 1, 2, and 3).
We found that, only in the presence of lectin, did vesicles

appreciably bind to the cells and to the substrate and, only in
the presence of both lectin and polyethylene glycol, did sub-
stantial fusion occur. Before fusion, the lactosyl (LC)-liposomes
could be removed by competition with lactose and the malto-
bionamide liposomes could be removed by competition with a-

methylmannoside but, after adding polyethylene glycol, the
remaining punctate fluorescence could not be removed by in-
cubation with the haptenic sugars. To substantiate the obser-
vation on binding, we found that, at an initial lipid concentration
of 200 nmol/ml and an RCA-I concentration of 10 ,ug/ml,
2.5-3.0 nmol of lipid per 106 cells were associated with BG-9
cells in the presence of lectin, and 0.8-1.0 nmol per 106 cells
were associated in the absence of lectin, as determined by
measuring cell-associated fluorescence of dil-CI6{3} after the
cells had been detached from the substrate by trypsinization.

Table 2. Effect of RCA-I concentration on fusion efficiency of different cell lines: Parallel experiments

Cells fused, %

RCA-I, BG-9 NIL-8M2 L-929
pg/ml diI-C,8{3} Labeled albumin dil-C16{3} diI-C,8{3} diI-C,8{3} Labeled albumin

20 53 52 71 74 80-90 70
10 39 44 54 42 80 74
2 41 37 9 0 80 82
1 ND 33 ND ND 50 41
0.2 ND 20 ND ND 0 19
0 0 ND 0 0 ND 3

Liposomes of composition LC/PtdGro/PtdCho/Chol (1:0.5:8.5:8) were fused by using 45% (wt/wt) 4000-dalton polyethylene
glycol at 22°C. Parallel single experiments were carried out with the vesicle membrane and the aqueous marker. ND, not done.
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Table 3. Effect of RCA-I concentration on fusion efficiency of different cell lines: Aggregate data

Cells fused, % ± SEM
BG-9 NIL-8M2 L-929

RCA-I, dil-CI8{3} Labeled diI-C18{3} Labeled diI-C81{3} Labeled
jg/ml or diI-C16{3} albumin or dil-C16{3} albumin or dil-C16{3} albumin

20 50 ± 3 (12) 52 ± 2 (2) 53 ± 9 (3) 54 (1) 74 ± 6 (2) 70 (1)
10 51 ± 7 (5) 44 ± 5 (4) 48 ± 6 (2) ND 69 ± 4 (4) 69 ± 2 (3)
Liposomes of composition LC/PtdGro/PtdCho/Chol (1:0.5:8.5:8) were fused by using 45% (wt/wt) 4000-dalton polyethylene

glycol at 22TC. Data are mean (±SEM) of the number of experiments given in parentheses. ND, not done.

We also found that, after polyethylene glycol treatment and the
subsequent washes, the lectin-treated cells retained 0.5-1.0
nmol of lipid per 106 cells and, in the absence of lectin, only
0.1-0.2 nmol of lipid per 106 cells remained cell associated;
however, this measurement does not distinguish between as-
sociated label (which remains with the vesicle) and that which
is actually transferred to the plasma membrane.
Factors affecting transfer

Incubation Temperature. The fusion procedure showed a
pronounced temperature dependence (Table 1). At 40C punc-
tate binding was predominant, and at 37C some internalization
of vesicles (or probes or both) occurred. Optimization was per-
formed at room temperature for convenience and to delay in-
ternalization of the lipid label.

Lectin Concentration. The degree of fusion depended on the
lectin concentration at constant liposome concentration and
composition (Tables 2 and 3). Fusion efficiency (percentage of
cells fused) did not decrease much as the RCA-I concentration
decreased from 20 to 10-2 Ag/ml but then dropped off sharply.

Cells. Different cell lines showed somewhat different sus-
ceptibility to transfer of the markers (see Tables 2 and 3).
Twenty-four hours after subculture, L-929 cells were more ef-
ficiently fused with vesicles at a given lectin concentration than
were BG-9 or NIL-8M2 cells. Cells approaching confluence,
in general, were not as sensitive to the fusion protocol but mild
trypsinization (0.001% for 1 min at 22°C) increased their ability
to fuse with liposomes.

Polyethylene Glycol Size and Concentration. Independent
of the cell line, 1500- to 4000-dalton polyethylene glycol so-
lutions (45% wt/wt) were the most effective (Table 4) and so
were routinely used in the fusion experiments. Both 6000- and
20,000-dalton solutions became increasingly viscous and were
therefore difficult to dilute and wash away from cultures. Con-

Table 4. Effect of molecular weight of polyethylene glycol on
fusion efficiency of different cell lines: Parallel experiments

Cells fused, %
BG-9 L-929

Labeled Labeled
Mr X 10-3 albumin diI-C16{3} albumin

20 ND ND 48
6 36 40 61
4 42 67 66
3.4 56 60 68
1.5 59 ND 74
0.6 17 25 33
0.4 10 8 0

Unilamellar liposomes of composition LC/PtdGro/PtdCho/Chol
(1:0.5:8.5:8) prepared by the reverse phase evaporation method were
fusedby using RCA-I at 10 pg/ml and45% (wt/wt) polyethylene glycol
at 22°C. ND, not done.

centrations ranging from 37.5% to 50% (wt/wt) were similar in
inducing fusion with vesicles (data not shown); however, 50%
polyethylene glycol detached a substantial number of cells from
substrate, and 30% was only about one-third as efficient in pro-

ducing fusion.
Other Lectin-Glycolipid Combinations. When using con-

canavalin A or maltobionamide vesicles, a combination of punc-
tate and diffuse fluorescence was observed on individual cells.
Mild treatment of the cells with trypsin (0.001%) before the
fusion protocol decreased the punctate component and in-
creased the percentage of cells fused (data not shown). This
combination appears to be more complex, as evidenced by the
need for trypsinization, and further optimization is needed.

Other Considerations. In several parallel experiments, fu-
sion efficiency did not depend on whether the lipid had been
prepared by reverse phase evaporation or sonication (see Table
1), nor was any pronounced effect of lipid composition ob-
served. The presence or absence of Ca2" or Mg2" did not affect
fusion efficiency. To avoid liposomal aggregation and loading
the cells with divalent cations during the transfer process, PJ
NaCl was used in the preparation of liposomes. Polyethylene
glycol was diluted within 1 min after addition to minimize cel-
lular toxicity. In general, arranging the ratio of glycolipid to lec-
tins to give visible aggregation of vesicles appeared to correlate
with efficient fusion.

Cell Viability. The percentage of cells excluding trypan blue
was studied in BG-9 cells immediately after the experiment and
at 4 and 24 hr (Table 5). More than 90% of the cells excluded
trypan blue 4 hr after fusion, and the cell morphology appeared
normal. However, after 24 hr, only 40-50% of the cells ex-

cluded the dye. RCA-I showed only minimal toxicity on the cells
after 24 hr (see Table 5). The lack of long-term viability may be
due to the particular lectin-glycolipid combination used or to
the large amount of lipid fused into the plasma membrane. To
avoid this problem, other lectin-glycolipid combinations and
lower concentrations of vesicles could be used to introduce
molecules into the cell.

Table 5. Viability of BG-9 cells after fusion protocol
Viability, % + SEM

Cell treatment 0 hr 4 hr 24 hr

None 95 95 + 5 (2) 100 ± 1 (2)
RCA-I (2 pg/ml)

alone 89 92 83
Fusion protocol* 94 ± 2 (3) 91 ± 3 (3) 44 ± 3 (3)

Liposomes of composition LC/PtdGro/PtdCho/Chol (1:0.5:8.5:8)
prepared by the reverse phase evaporation method and containing 0.25
mol % diI-C16{3}. Fusion was with 45% (wt/wt) 4000-dalton polyeth-
ylene glycol. Data are mean (±SEM) of the number of experiments
given in parentheses.
* Fusion efficiency was similar to that given in Table 2 for RCA-I at
2 pzg/ml.
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DISCUSSION
The use of liposomes to bypass the permeability barrier of cells
and organelles by a fusion mechanism has been proposed by a
number of investigators (8, 18, 19). However, for many cell
types, surface adsorption, endocytosis, and lipid exchange ap-
pear to be the predominant modes of liposome-cell interaction
(for review, see ref. 8) and fusion appears to be a minor pathway
(11). As a result, it has been difficult to use liposomes for in-
troducing large quantities of molecules into cells. The protocol
described here overcomes this limitation by promoting more
efficient transfer of liposomal membrane as well as of aqueous
space markers from the vesicle to the target cell. Our data sug-
gest that the transfer event is a fusion process in which the vesi-
cle membrane is introduced into the plasma membrane and the
aqueous contents are emptied into the cytoplasm. The effi-
ciency of this system depends on both the presence of the ap-
propriate glycolipid, containing the liposome-lectin combina-
tion, and subsequent treatment of the cell-liposome complex
with polyethylene glycol. In the absence or at suboptimal con-
centrations of any one of the components, the fusion efficiency
was dramatically reduced.
A working model to describe the lectin-mediated polyeth-

ylene glycol-induced liposome cell fusion system is that first the
lectin attaches the liposomes to the cell surface glycoproteins
and glycolipids. It has been shown that appropriate lectins me-
diate the aggregation of various glycolipid- or glycoprotein-con-
taining liposomes (20-23). Lectins have also previously been
shown to enhance the association of glycoprotein-containing
liposomes to erythrocytes (22) and of glycoproteins to eukar-
yotic cells (24, 25). It appears that polyethylene glycol treatment
somehow creates exposed areas of plasma membrane lipids by
segregation of membrane proteins and then perturbs the bi-
layer structure to allow closely opposed bilayers to fuse (26).
Lectins enhance the fusion process either by promoting vesicle
binding or by assisting in aggregation of membrane glycopro-
teins (or both), thereby exposing additional regions where li-
posomes can become closely apposed to the plasma membrane
(27). Lectins could also destabilize the opposed bilayers and
render them more susceptible to fusion (28).

Although we have used lectins and glycolipids, other chem-
ical bridging techniques, such as antigen-antibody, avidin-biotin,
and ligand-endogenous receptor, may also be capable of pro-
viding the necessary geometrical relationship between the li-
posome and the plasma membrane that leads to fusion in the
presence of polyethylene glycol. It is also conceivable that cen-
trifugal or electrical fields could be used to drive the vesicles
onto the cell's surface, thus forming this critical relationship
physically. In addition, other treatments [e.g., pH (29), other
polyalcohols (10), or polymers] may be effective in other cell
lines in promoting vesicle uptake or membrane fusion.

Regardless of the mechanism involved, this system brings
about an efficient fusion of liposomes with eukaryotic cells. We
have found that, with fluoresceinated albumin, 106-107 mole-
cules can be introduced per cell (unpublished observation),
which is in the range of that found with the erythrocyte mi-
croinjection technique (7). The principle advantage of this sys-
tem over the erythrocyte-mediated microinjection method is
that it can deliver larger macromolecules, such as mRNA (9) and
DNA (10), in a well-defined lipid carrier (30). Each new cell
system will, however, involve some degree of additional optim-
ization regarding selection and concentration of the appropriate
lectin and glycolipid so as to maximize fusion efficiency and cell

viability. The system described here complements direct mi-
croinjection for introducing exogenous molecules into cells.
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