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Abstract

We investigated the molecular mechanisms by which pH-sensitive liposomes surpass the cytoplasmic and endosomal
membranes to deliver their aqueous contents into the cytoplasm. Various liposome formulations were evaluated for their
efficacy to mediate intracellular delivery of encapsulated material, including a novel sterically stabilized pH-sensitive
formulation ((DOPE:CHEMS:DSPE-PEG2000 (6:4:0.3)) that was previously developed in our laboratories. In an attempt to
fully characterize the nature of liposome^cell interactions different approaches based on a dual-labeling fluorescence assay
were used. Our results indicate that the efficacy of interaction of pH-sensitive liposomes, both plain and sterically stabilized,
with cells is strongly determined by the inclusion of DOPE in their composition, independently of the type of the amphiphilic
stabilizer used. In fact, DOPE-containing liposomes shown to be non-pH sensitive by biophysical assays, mediated
cytoplasmic delivery of their contents as efficiently as well known pH-sensitive formulations (e.g. DOPE:CHEMS).
However, among the different formulations studied, DOPE:CHEMS liposomes were those exhibiting the highest extent of
cell association. Moreover, our results with cells pretreated with metabolic inhibitors or lysosomotropic agents clearly
indicate that DOPE-containing liposomes are internalized essentially by endocytosis and that acidification of the endosomes
is not the only mechanism involved in the destabilization of the liposomes inside the cell. ß 2001 Elsevier Science B.V. All
rights reserved.

Keywords: Intracellular delivery; pH-sensitive liposome; Dioleoylphosphatidylethanolamine; Di¡erentiated THP-1 cell ; Flow cytometry;
Amphiphilic stabilizer

1. Introduction

Liposomes exhibiting pH sensitivity and composed

of phosphatidylethanolamine (PE) and protonatable
amphiphiles have been developed in an attempt to
promote the intracellular delivery of highly charged
water-soluble compounds [1^4]. A series of PE sta-
bilizers, including phospholipids, acylated amino
acids, fatty acids, cholesterol derivatives and dou-
ble-chain amphiphiles have been used in the prepa-
ration of PE-containing pH-sensitive liposomes [5].

0005-2736 / 01 / $ ^ see front matter ß 2001 Elsevier Science B.V. All rights reserved.
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Head group protonation of these compounds caused
by a pH decrease (like in the endosomes) results in
liposomal destabilization, because PE molecules re-
vert from a bilayer to an inverted hexagonal II phase
(non-bilayer phase). The type of stabilizer, as well as
its molar content with respect to PE, play a major
role in the ¢nal properties of the pH-sensitive lipo-
somes [6]. Such properties involve the extent of in-
ternalization, their fusogenic capacity, pH sensitivity
and stability in biological £uids. In this regard, cho-
lesteroyl hemisuccinate is considered to be a good
candidate since its cholesterol group confers higher
stability to the DOPE-containing vesicles as com-
pared to other commonly used amphiphilic stabil-
izers (e.g. oleic acid) [7]. Recently, the ability of
pH-sensitive liposomes to mediate the cytoplasmic
delivery of a large variety of molecules, including
antisense oligonucleotides, has been demonstrated
in various in vitro studies [8^14]. Nevertheless, real-
ization of this potential for in vivo purposes has been
hampered because, due to interaction with serum
proteins, this type of liposomes are either rapidly
removed from circulation or undergo destabilization,
thus losing their aqueous contents. In a previous
work we have reported that incorporation of poly-
(ethylene glycol) (2000)-distearoylphosphatidyletha-
nolamine into the membrane of DOPE:CHEMS
(6:4 molar ratio) liposomes confers steric stability
to these vesicles, thus resulting in prolonged circula-
tion times upon i.v. administration into rats [15].
However, this modi¢cation was shown to signi¢-
cantly decrease the pH dependent release of a
charged water-soluble £uorophore, calcein, from
liposomes suspended in either bu¡er or cell culture
medium whose pH was adjusted to acidic values.
Surprisingly, the e¤cacy of such liposomes to pro-
mote intracellular delivery of their aqueous contents
upon incubation with di¡erentiated THP-1 cells re-
mained unaltered, as demonstrated by a novel £ow
cytometry assay involving dual £uorescence labeling
of the liposomes [15]. This lack of correlation be-
tween data obtained from biophysical assays, gener-
ally used to assess pH sensitivity, and the e¤ciency
of the liposomes to interact with cells clearly suggests
that the mechanisms by which pH-sensitive lipo-
somes, both plain and sterically stabilized, mediate
intracellular delivery of their contents are not simply
dictated by the decrease of pH in the endosomal lu-

men. The knowledge of the molecular mechanisms
by which these liposomes surpass the cytoplasmic
and endosomal membranes to deliver their aqueous
contents into the cytoplasm is therefore of crucial
importance.

Aiming at clarifying the role of DOPE we inves-
tigated the e¡ect of the liposome composition
(namely the type of the amphiphilic stabilizer used)
as well as the e¡ect of pretreating di¡erentiated
THP-1 cells with di¡erent drugs that interfere with
the endocytotic pathway on the e¤cacy of intracel-
lular delivery.

2. Material and methods

2.1. Reagents

Egg phosphatidylcholine, dioleoylphosphatid-
ylethanolamine (DOPE), lissamine rhodamine
B-phosphatidylethanolamine (egg) (Rh-PE), phos-
phatidylserine (PS), phosphatidylglycerol (PG),
distearoylphosphatidylcholine (DSPC) and poly(eth-
ylene glycol) (2000)-distearoylphosphatidylethanol-
amine (DSPE-PEG) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Cholesteryl
hemisuccinate (CHEMS), calcein, MES, TES,
EDTA, phorbol 12-myristate 13-acetate, Triton X-
100, propidium iodide, ba¢lomycin A1, NaN3,
NaF, and NaCl were obtained from Sigma (St.
Louis, MO, USA). Antimycin A was obtained from
Calbiochem (La Jolla, CA, USA).

2.2. Liposomes

Chloroform solutions of lipids were placed into
glass tubes, and the solvent was evaporated under
a stream of argon. Residues of solvent were removed
in a vacuum oven at room temperature. Lipid ¢lms
(20 Wmol total lipid) were dissolved in 0.8 ml of
prewashed diethyl ether, and 0.26 ml of an 80 mM
calcein solution (in 10 mM TES bu¡er, pH 8.2, 1 mM
EDTA, adjusted to 300 mOsm by adding NaCl) was
added. Liposomes were prepared by reverse phase
evaporation [16] as described [17] and extruded 21
times through two polycarbonate ¢lters of 100 nm
pore diameter (Costar, Cambridge, MA, USA), using
a LiposoFast device (Avestin, Ottawa, Canada).
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Non-encapsulated calcein was removed by dialysis at
4³C against three changes of 4 l of TES-bu¡ered sa-
line (TBS, 140 mM NaCl, 10 mM TES, pH 7.4)
containing 0.1 mM EDTA. Lipid phosphate concen-
tration was measured according to Bartlett [18]. Mo-
lar ratios of lipids are given throughout the paper.

2.3. Physico-chemical characterization of liposomes

Encapsulation e¤ciency (EE, %) and drug loading
(DL, Wg of calcein/Wmol of phospholipid) of the lipo-
somes were determined as described previously [19].
j potential and size measurements of the di¡erent
liposomes were performed with a Coulter DELSA
440 instrument (Coulter Electronics, Hialeah, FL,
USA). The DELSA 440 is a laser-based multiple an-
gle particle electrophoresis analyzer that measures
the electrophoretic mobility and j potential distribu-
tion simultaneously with the hydrodynamic size of
the particles in suspension [20,21]. Samples were pre-
pared in 50 mM HEPES, 145 mM NaCl, pH 8.2
(¢nal phospholipid concentration of 1.2 mM) and
placed in the measuring cell, whose position was ad-
justed to cover a previously determined stationary
layer and an electric ¢eld of 3.0 mA was applied.
Data were recorded and the j potential calculated
for each scattering angle (8.6³, 17.1³, 25.6³ and
34.2³). For size measurements no current was applied
[22]. Data represent the mean þ S.D. obtained for the
di¡erent angles of two measurements.

2.4. pH sensitivity of liposomes

Calcein was encapsulated in liposomes at a con-
centration of 80 mM, at which concentration its £uo-
rescence is self-quenched [23]. Leakage of calcein
from the liposomes and its dilution in the bu¡er re-
sults in an increase of £uorescence. One microliter of
calcein-loaded liposomes (¢nal phospholipid concen-
tration between 5 and 6 WM) was added to 2 ml of
MES-bu¡ered saline (140 mM NaCl, 10 mM MES)
at various pH values, in a £uorometer cuvette at
37³C under constant stirring. Following a 10 min
incubation calcein £uorescence was measured at
Vex = 490 and Vem = 520 nm, before and after the ad-
dition of 20 Wl of 10% (v/v) Triton X-100, using an
LS-5B £uorometer (Perkin-Elmer, Mountain View,
CA, USA) operated with a Softways (Morena Val-

ley, CA, USA) computer program. Fluorescence in-
tensities obtained at acidic pH values were corrected
for the slight e¡ect of pH on calcein £uorescence. To
calibrate the £uorescence scale, 100% leakage was
achieved by the addition of Triton X-100 (¢nal con-
centration 0.1%). The percentage of calcein leakage
was calculated according to formula 1: %
leakage = ((IpH3I0)/(I1003I0))U100, where I0 is the
£uorescence at neutral pH, IpH is the corrected in-
tensity at acidic pH before the addition of Triton X-
100, and I100 is the totally dequenched calcein £uo-
rescence at neutral pH. Leakage induced by the
acidic pH of the cell culture medium was measured
as previously described [15]. Liposomes were added
to the medium at a ¢nal concentration of 100 WM
phospholipid and incubated for 1 h at 37³C at pH
7.4 or 5.5. The intensity of calcein £uorescence was
measured right after the addition of liposomes to the
medium (time 0, I0) and again after a 1 h incubation
(IpH), by taking a 0.10 ml aliquot and diluting it in
1.9 ml of MES-bu¡ered saline, pH 7.4. Leakage of
calcein was expressed by formula 1.

2.5. Cells

Monocytic human THP-1 cells were cultured in
RPMI 1640 medium (Irvine Scienti¢c, Santa Ana,
CA, USA) supplemented with 10% FBS and main-
tained as described [24]. They were di¡erentiated to
macrophage-like cells upon incubation with 160 nM
phorbol 12-myristate 13-acetate in 24-well culture
plates (106 cells per well). Five or 6 days after di¡er-
entiation, the culture medium was replaced with
fresh medium. Liposomes encapsulating 80 mM cal-
cein and containing 1 mol% Rh-PE in their mem-
brane were added to the cells at a ¢nal phospholipid
concentration of 100 WM. Cells were incubated with
liposomes for various times at 37³C and then washed
twice with phosphate-bu¡ered saline (PBS) without
calcium or magnesium ions (Irvine Scienti¢c).

2.6. Assessment of liposome^cell interactions

For £ow cytometric analysis the cells were de-
tached from plastic by adding 0.5 ml of dissociation
bu¡er (Gibco, BRL, Gaithersburg, MD, USA) and
mixed with 0.5 ml of PBS containing divalent cati-
ons, 2% FBS and 1 mg/ml propidium iodide, the
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latter being used to assess cell viability. Rhodamine
and calcein £uorescence was detected with a Becton
Dickinson FACStar Plus £ow cytometer, controlled
by a Hewlett-Packard computer with Lysis II soft-
ware (Becton Dickinson, San Jose, CA, USA) [15].
Samples were analyzed for lissamine rhodamine us-
ing excitation at 528 nm and emission at 575 nm, and
for calcein using excitation at 488 nm and emission
at 520 nm with a 0.1 neutral density ¢lter. Ten thou-
sand events were recorded for each sample. Forward
scatter and propidium iodide £uorescence signals
were used to gate the cell subset of interest and elim-
inate debris, dead cells, and cell aggregates. Mean
rhodamine £uorescence values re£ect the binding
and uptake of liposomes, whereas the mean calcein
£uorescence re£ects the intracellular dequenching of
the dye. The calculated ratio of calcein to rhodamine
£uorescence was taken to measure the amount of
aqueous marker released intracellularly per cell-asso-
ciated liposome. The initial calcein to rhodamine
£uorescence ratio of liposomes bound to the cells,
in the absence of endocytosis, was obtained by incu-
bating the liposomes with the cells at 4³C [25].

For image analysis, THP-1 cells were di¡erentiated
in Lab-Tek Chambered Coverglasses for Tissue Cul-
ture, obtained from Nunc (Naperville, IL, USA).
Cells were washed with cold RPMI medium without
phenol red, containing 20 mM HEPES bu¡er, pH
7.4. Liposomes were added to cells at a ¢nal phos-
pholipid concentration of 200 WM and incubated for
1 h at 4³C. After prebinding, cells were washed with
cold medium and the initial calcein and rhodamine
£uorescence images were recorded using a Photon
Technology International (PTI) ratio imaging sys-
tem. To evaluate the kinetics of calcein dequenching,
medium at 37³C was added to the chambers and cells
were incubated at this temperature for various times.
After incubation, cells were washed with cold me-
dium, and the calcein and rhodamine £uorescence
images were recorded. Cells were observed in a Ni-
kon Diaphot epi£uorescence microscope (Melville,
NY, USA) using a 100U objective and ¢lters for
FITC/TXRD obtained from Molecular Probes (Eu-
gene, OR, USA). Averages of 16 snapshots were tak-
en to reduce background. Ratio images were pro-
duced using PTI software. To evaluate the degree
of calcein dequenching per cell, histograms of calcein
to rhodamine ratio for each cell were determined

using a square of 100U100 pixels, representing the
approximate area of one cell at the magni¢cation
used. Average histograms for each liposome compo-
sition and time points were then calculated using
Excel software. Medians for each average histogram
were calculated from cumulative curves and used to
follow calcein dequenching under di¡erent experi-
mental conditions. To calculate the growth of the
area occupied by dequenched calcein, the highest ra-
tio in the control experiment (incubation at 4³C) was
taken as a cuto¡. The sum of the pixels with ratios
higher than the cuto¡ ratio was taken to estimate the
dequenched area at various time points.

For £uorimetric measurements, 5U106 cells were
di¡erentiated in 5 ml of medium in six-well culture
plates. Cells were incubated with liposomes (¢nal
phospholipid concentration of 150 WM) for di¡erent
times at 37³C, and then washed as described above.
Following their incubation with 2 ml of dissociation
bu¡er for 10 min at 37³C, cells were detached from
plastic with disposable scrapers (Costar) and trans-
ferred into disposable £uorimetric cuvettes (Hughes
pHughes, Tonedale, New Zealand). Fluorescence
measurements were performed in a SPEX Fluorolog
2 £uorometer (SPEX Industries, Edison, NJ, USA).
Calcein £uorescence was read at excitation and emis-
sion wavelengths of 490 and 520 nm respectively,
using 0.5 mm excitation and 1.0 mm emission slits,
whereas rhodamine £uorescence was read at excita-
tion and emission wavelengths of 568 and 600 nm
respectively, using 0.5 mm excitation and 1.5 mm
emission slits. The sample chamber was adjusted to
the front face con¢guration (to prevent light scatter-
ing contributions to the £uorescence) and equipped
with a magnetic stirrer. The temperature was main-
tained at 20³C with a thermostatic circulator.

2.7. E¡ect of drugs on liposome^cell interactions

In some experiments, before the addition of lipo-
somes, di¡erentiated THP-1 cells were incubated for
30 min at 37³C, in the absence of serum, with either
(i) a mixture of antimycin A (1 Wg/ml), NaF (10 mM)
and NaN3 (0.1%) to inhibit endocytosis [15,25],
(ii) chloroquine (100 WM) to reduce acidi¢cation of
endocytotic vacuoles [26,27], or (iii) ba¢lomycin A1

(200 nM) to speci¢cally prevent acidi¢cation of the
endosomes and lysosomes [27^30]. Cells were further
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incubated for di¡erent times at 37³C with the di¡er-
ent liposome formulations in the presence of the var-
ious drugs. The viability of the cells treated in the
presence of these agents was evaluated and compared
to that of untreated control cells.

3. Results

3.1. Physico-chemical characterization of the di¡erent
liposome formulations

The physico-chemical properties of the lipids are
crucial in the formation and ¢nal features of lipo-
somes [17]. Table 1 illustrates the results obtained
for the encapsulation parameters, size and charge
of some of the formulations tested.

As can be observed, no signi¢cant di¡erences in
the encapsulation e¤ciency, drug loading or size of
the liposomes were observed independently of their
composition, suggesting that these properties are es-
sentially determined by the mode of liposome prep-
aration. In fact, the reverse phase evaporation (REV)
method followed by extrusion has been described as
leading to the formation of unilamellar vesicles
(LUVs) exhibiting an homogeneous size distribution,
whose mean size depends mainly on the pore diam-
eter of polycarbonate membranes used for extrusion.

The low values of encapsulation e¤ciency can be
justi¢ed by the low available aqueous space of lipo-
somes within this size range ( þ 100 nm) when pre-
pared by the REV method [31,32]. As determined by
j potential measurements, DOPE:CHEMS lipo-
somes exhibited a net negative charge which is con-

ferred by the amphiphilic stabilizer (CHEMS). How-
ever, incorporation of DSPE-PEG conjugates into
the membrane of these vesicles masked their negative
surface charge, the liposomes thus becoming neu-
trally charged and therefore sterically stabilized.

3.2. In£uence of the lipid composition on the
pH sensitivity of liposomes

In a previous work we reported that incorporation
of DSPE-PEG into DOPE:CHEMS liposomes
strongly reduces the ability of these vesicles to desta-
bilize under acidic conditions [15]. This e¡ect was
attributed to the stabilizer e¡ect of PEG. It should
be noted that the pH sensitivity of the referred lipo-

Table 1
E¡ect of lipid composition on the physico-chemical properties of liposomesa

Lipid composition (molar ratio) EE (%) DL (Wg/Wmol) Diameter (nm) j potential (mV)

DOPE:CHEMS (6:4) 2.2 þ 0.1 27.36 þ 1.24 121 þ 8 331.66 þ 1.62
DOPE:CHEMS:DSPE-PEG (6:4:0.3) 2.7 þ 0.2 30.5 þ 2.26 135 þ 12 0.575 þ 2.7
DSPC:CHEMS:DSPE-PEG (6:4:0.3) 3.0 þ 0.14 33.9 þ 1.58 129 þ 6 n.d.
PC:CHEMS (6:4) 4.45 þ 0.6 55.35 þ 7.46 130 þ 3 n.d.
DOPE:PS (6:4) 2.8 þ 0.2 34.83 þ 2.48 134 þ 6 329.66 þ 2.02
DOPE:PG (6:4) 2.9 þ 0.2 32.5 þ 3.43 125 þ 4 n.d.
aLiposomes were prepared by the REV method and extruded 21 times through two polycarbonate ¢lters of 100 nm pore diameter.
Non-encapsulated calcein was removed by dialysis at 4³C against three changes of 4 l of TES-bu¡ered saline. Encapsulation e¤ciency
(EE, %) and drug loading (DL, Wg of calcein/Wmol of phospholipid) of the obtained liposomes were determined as described previ-
ously. j potential and size measurements of the di¡erent liposomes were performed with a Coulter DELSA 440 instrument as de-
scribed in Section 2. The data indicate the mean þ S.D. and are representative of two independent experiments. n.d., not determined.

Fig. 1. pH sensitivity of DOPE-containing liposomes. Calcein-
encapsulated liposomes (¢nal lipid concentration of 5^6 WM)
were incubated for 10 min at 37³C in MES-bu¡ered saline at
di¡erent pH values. The £uorescence intensity of calcein was
measured before and after the addition of Triton X-100 (¢nal
concentration of 0.1%). Leakage of calcein was calculated as
described in Section 2. The results shown are from one repre-
sentative experiment.
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somes was evaluated using a simple biophysical as-
say. As described in Section 2, this assay consists of
incubating the liposomes in a cuvette containing
bu¡er solutions whose pH was adjusted at di¡erent
values, the extent of leakage of the liposomes being
evaluated in terms of percentage of released calcein.
Surprisingly, no correlation could be established be-
tween these data and those obtained upon incubation
of the liposomes with cells. In fact, DOPE:CHEMS:
DSPE-PEG liposomes were as e¡ective as plain
DOPE:CHEMS liposomes in promoting the intracel-
lular release of their aqueous contents. These intrigu-
ing results prompted us to extend these studies to
other DOPE-containing liposome formulations, but
using di¡erent amphiphilic stabilizers. Fig. 1 illus-
trates the extent of calcein leakage from the di¡erent
liposomes tested. As can be observed, DOPE:
CHEMS liposomes exhibited a signi¢cant pH sensi-
tivity since almost 60% of their aqueous contents is
released at pH 5.5. As previously reported, incorpo-
ration of 5 mol% of DSPE-PEG strongly decreased
the extent of leakage of calcein as a function of pH.
As expected, replacement of CHEMS with PC, PG
or PS completely abolished the pH sensitivity of the
DOPE-containing liposomes. Similarly, DSPC:
CHEMS:DSPE-PEG liposomes were completely in-
sensitive to the pH of the milieu.

3.3. Interaction of liposomes with cells

Although the replacement of CHEMS by the other
amphiphilic stabilizers decreased the in vitro pH sen-
sitivity of the DOPE-containing liposomes, we exam-
ined whether this would a¡ect their ability to deliver
encapsulated molecules to di¡erentiated THP-1 cells.
The cellular uptake of liposomes was followed by
including Rh-PE in the lipid phase and measuring
cell-associated rhodamine £uorescence. As previously
reported, the presence of Rh-PE did not a¡ect the
pH sensitivity of DOPE:CHEMS liposomes in bu¡er
[15]. The release of the aqueous contents of lipo-
somes inside the cells was monitored by encapsu-
lating calcein at self-quenching concentrations and
measuring the £uorescence dequenching as the £uo-
rophore was diluted [1,2]. This £uorescence value
reports both the quenched encapsulated calcein into
liposomes bound to, or internalized by cells and the
dequenched dye released inside the cells. To control

for the contribution of bound or internalized lipo-
somes to the total calcein £uorescence, the calcein
to rhodamine £uorescence ratio was calculated.
This ratio provides a measure of the intracellular
£uorescence dequenching of calcein per liposome,
particularly when it is compared with that of cell-
bound but not internalized liposomes obtained in
control experiments performed at 4³C. Therefore,
this calcein/rhodamine ratio represents a useful tool
to estimate the global e¤cacy of liposome^cell inter-
actions.

As illustrated in Fig. 2, no signi¢cant di¡erences in
the e¤cacy of intracellular delivery mediated by the
di¡erent DOPE-containing liposome formulations
were observed upon their incubation with THP-1
cells for 30 min. This incubation time was selected
since it is considered to be physiologically more ap-
propriate to evaluate the pH sensitivity of the lipo-
somes inside the cell, thus preventing their degrada-
tion in the lysosomes [33]. The calcein/rhodamine
£uorescence ratio determined for DOPE:CHEMS
liposomes was essentially identical to that observed
for DOPE:CHEMS:DSPE-PEG and DOPE:PS and
only slightly larger than that for DOPE:PG and
DOPE:PC formulations. In contrast, the intracellu-
lar delivery mediated by DSPC:CHEMS:DSPE-

Fig. 2. E¤cacy of intracellular delivery mediated by di¡erent
liposome formulations. Calcein-encapsulated liposomes (¢nal
lipid concentration of 100 WM) were incubated with di¡erenti-
ated THP-1 cells in RPMI medium supplemented with 10%
FBS for 30 min at 37³C. Cells were washed twice with PBS
and detached from plastic with enzyme-free cell dissociation
bu¡er. They were then transferred into polypropylene tubes for
£ow cytometry and mixed with an equal volume of PBS, con-
taining 2% FBS and 1 Wg/ml propidium iodide. Flow cytometric
analysis was performed as described in Section 2. The data rep-
resent the mean þ S.D. obtained from duplicates of three inde-
pendent experiments.
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PEG was shown to be a very ine¤cient process. It
seems therefore that the absence of pH sensitivity
exhibited by some of the DOPE-containing lipo-
somes (as assessed by the calcein release assay)
does not a¡ect their ability to deliver their aqueous
contents into the cell cytoplasm.

In an attempt to better understand these unex-
pected ¢ndings, we analyzed separately the £uores-
cence intensities of both rhodamine and calcein as a
function of time (up to 60 min). As illustrated in Fig.
3A, the mean £uorescence intensity of rhodamine
(re£ecting the extent of binding and cellular uptake)
upon incubation of THP-1 cells with DOPE:
CHEMS liposomes was signi¢cantly larger than
that observed for DOPE:CHEMS:DSPE-PEG or
DOPE:PS liposomes, independently of the incuba-
tion time. In addition, the extent of binding and in-
ternalization of DOPE:CHEMS liposomes increased
continuously and linearly with time, while no signi¢-
cant increase was observed for the other formula-
tions.

As expected, sterically stabilized pH-sensitive lipo-
somes exhibited the lowest levels of rhodamine £uo-
rescence, clearly indicating that this type of lipo-
somes can avoid uptake by macrophage-like cells
such as di¡erentiated THP-1 cells. Although
DOPE:PS liposomes are not sterically stabilized,
they were internalized by these cells to a much lower
extent compared to DOPE:CHEMS liposomes, this
being particularly evident at the longer incubation
times.

Fig. 3B shows that the extent of calcein release
from the liposomes (re£ecting the extent of intracel-
lular delivery of their aqueous contents) upon their
incubation with di¡erentiated THP-1 cells followed
essentially the same pattern as that described for
rhodamine £uorescence. In fact, the highest levels
of calcein £uorescence were observed when the cells
were incubated with DOPE:CHEMS liposomes.
However, in contrast to what was described for the
rhodamine experiment, no signi¢cant di¡erence
among the formulations tested was observed for the
kinetics of intracellular delivery of calcein.

The similarity of calcein to rhodamine £uorescence
ratio observed for the di¡erent formulations at any
incubation time (data not shown; Fig. 2 illustrates
the results for a 30 min incubation) clearly suggests
that the e¤cacy of intracellular delivery of calcein

mediated by liposomes is essentially determined by
the extent of their uptake by THP-1 cells.

3.4. E¡ect of inhibitors of the endocytotic pathway on
the e¤cacy of intracellular delivery mediated by
liposomes

In order to better de¢ne the mechanisms involved
in the internalization and intracellular tra¤cking of
the di¡erent DOPE-containing liposomes, we eval-
uated the e¤cacy of intracellular delivery mediated
by the liposomes upon treatment of THP-1 cells with
drugs that interfere with the endocytotic pathway.
These include (i) ba¢lomycin A1, a speci¢c inhibitor

Fig. 3. Kinetics of uptake (A) and intracellular delivery (B) of
calcein-containing liposomes labeled with Rh-PE. Liposomes (¢-
nal lipid concentration of 100 WM) were incubated with di¡er-
entiated THP-1 cells in RPMI medium supplemented with 10%
FBS at 37³C for di¡erent periods. Cells were analyzed by £ow
cytometry as described in the legend to Fig. 2. The data repre-
sent the mean þ S.D. obtained from duplicates of three inde-
pendent experiments.
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of both the endosomal and lysosomal ATPase pro-
ton pump, that prevents acidi¢cation of the endocy-
totic pathway [27^30]; (ii) chloroquine, a weak base
that by sequestering protons prevents non-speci¢c
acidi¢cation of the endocytotic vacuoles [26,27];
and (iii) a mixture of antimycin A, sodium azide
and sodium £uoride, which, being potent metabolic
inhibitors, lead to a strong inhibition of both recep-
tor and non-receptor mediated endocytosis [15,25].
Fig. 4 shows the intracellular delivery e¤cacy of
the di¡erent liposomes tested following their incuba-
tion with the cells for 30 min. These results are ex-
pressed in terms of percentage of calcein/rhodamine
£uorescence ratio with respect to the controls, i.e.
cells that have not been pretreated with the drugs.

As can be observed, the speci¢c inhibition of the
endosomal and lysosomal acidi¢cation by ba¢lomy-
cin A1 resulted in approx. 50% inhibition of the in-
tracellular delivery e¤cacy for all the formulations
tested. However, the increase in the endosomal/lyso-
somal pH due to the presence of chloroquine in the
medium resulted in a much more signi¢cant reduc-
tion of the calcein to rhodamine £uorescence ratio.

Finally, it is interesting to note that the inhibition
of the endocytotic pathway by the mixture of drugs
composed of antimycin A, sodium azide and sodium
£uoride resulted in approx. 90% reduction of the
cytoplasmic release of calcein, independently of the
liposome formulation tested. This clearly shows that
the endocytotic pathway plays a major role in the
process of internalization.

It should be noted that the presence of the di¡er-
ent drugs did not a¡ect the extent of liposome^cell
association expressed in terms of rhodamine £uores-
cence (data not shown). Therefore, the e¡ect of the
drugs re£ects only the reduction in the levels of cal-
cein £uorescence (Fig. 4). For the particular case of
the cells treated with inhibitors of endocytosis, this
indicates that although cellular internalization is
hampered the liposomes are able to bind to the cells
to the same extent. On the other hand, the similarity
of the calcein/rhodamine £uorescence ratios deter-
mined either in the presence of those agents or under
conditions where endocytosis is blocked (incubation
at 4³C) suggests that liposome^cell binding does not
lead to leakage of calcein due to liposome destabili-
zation (data not shown).

3.5. Quanti¢cation of liposome^cell interactions by
image analysis

The capacity of the di¡erent types of liposomes to
mediate the intracellular delivery of calcein was also
con¢rmed by the direct observation of the cells using
£uorescence microscopy. Following incubation of
THP-1 cells with the liposomes for di¡erent periods
an intense and di¡use £uorescence in the cytoplasm
was observed for any of the formulations tested. This
was attributed to an increase in calcein £uorescence
due to its release from the endosomes and conse-
quent dilution into the cell cytoplasm. It should be
noted, however, that for the formulations DOPE:
CHEMS:DSPE-PEG, DOPE:PG, DOPE:PS and
DOPE:PC, the levels of £uorescence intensity were
lower than those observed for DOPE:CHEMS lipo-
somes. This was attributed to the lower extent of
internalization observed for those formulations, as
assessed by following rhodamine £uorescence (data
not shown).

Aiming at con¢rming the results obtained by £ow
cytometry, we have performed parallel experiments
to those described above, regarding the e¡ect of the

Fig. 4. E¡ect of inhibitors of the endocytotic pathway on the
e¤cacy of intracellular delivery of di¡erent liposome formula-
tions. Di¡erentiated THP-1 cells were incubated for 30 min at
37³C in RPMI medium containing HEPES bu¡er (20 mM)
without serum, with either (i) a mixture of antimycin, NaF and
NaN3, (ii) chloroquine or (iii) ba¢lomycin A1. Cells were fur-
ther incubated for 30 min at 37³C with the di¡erent liposome
formulations in the presence of the various drugs. Cells were
analyzed by £ow cytometry as described in the legend to Fig.
2. The data represent the mean þ S.D. obtained from duplicates
of three independent experiments.
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di¡erent drugs on liposome^cell interactions, utiliz-
ing £uorescence microscopy and image analysis.

Fig. 5 illustrates the results obtained from a rep-
resentative experiment on the interaction of DOPE:
CHEMS liposomes with THP-1 cells in the presence
or absence of inhibitors of endocytosis. These are
digital images of calcein and rhodamine £uorescence
as well as its ratio, acquired following liposome^cell

incubation for 30 min at 37³C. Incubation of the
liposomes with the cells resulted in an intense and
di¡use calcein £uorescence in the cytoplasm (green
to red in the color scale), reaching saturation in same
cases (purple color) (Fig. 5A). In contrast, the levels
of rhodamine £uorescence, corresponding to the
presence of the liposome membrane in the endocy-
totic vacuoles, were only barely detectable (Fig. 5B).

Fig. 5. Fluorescence micrographs of di¡erentiated THP-1 cells incubated with calcein-loaded DOPE:CHEMS liposomes labeled with
Rh-PE for 30 min at 37³C. The liposomes were added to cells (¢nal phospholipid concentration of 200 WM) in the absence or pres-
ence of inhibitors of endocytosis composed of a mixture of antimycin A (1 Wg/ml), NaF (10 mM) and NaN3 (0.1%) to inhibit endocy-
tosis, as described in Section 2. After incubation, cells were washed with cold medium, and the calcein and rhodamine £uorescence
images were recorded. (A,B,C) Digitalized images obtained for calcein, rhodamine and calcein/rhodamine ratio, respectively. (AP,BP,CP)
Images obtained from parallel experiments performed in the presence of inhibitors of endocytosis.
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Fig. 5C illustrates the levels of color intensity result-
ing from the ratio of calcein to rhodamine £uores-
cence. The larger £uorescence intensity of calcein as
compared to rhodamine leads to an orange-red color
pattern in the cell cytoplasm, whereas regions corre-
sponding to identical calcein and rhodamine £uores-
cence (background) are shown in green. Upon treat-
ment of the cells with inhibitors of endocytosis the
levels of calcein £uorescence intensity in the cyto-
plasm were drastically reduced, and only traces of
punctate £uorescence were observed at the cell pe-
riphery (which are attributed to liposome aggregates
containing calcein at self-quenching concentrations)
(Fig. 5AP). The presence of such aggregates is also
detectable by following rhodamine £uorescence (Fig.
5BP). The low £uorescence intensity of calcein ob-
served under these conditions resulted in a low color
intensity for the ratio of calcein and rhodamine im-
ages (Fig. 5CP), which di¡ers slightly from the back-
ground.

Since it was possible to obtain a ratio of images
with image analysis software, re£ecting the global
e¤cacy of liposome^cell interaction (similar to
what was obtained with £ow cytometry), we devel-
oped a novel methodology to quantitate this e¤cacy.
Brie£y, this approach consisted of determining cu-
mulative distribution curves based on average histo-
grams of 16 cells as described in Section 2. The me-
dian (I50) determined from cumulative curves
constitutes a numerical parameter that facilitates
the precise comparison of the e¤cacy of intracellular
calcein delivery mediated by di¡erent liposome for-
mulations under di¡erent experimental conditions.
Fig. 6 illustrates the cumulative distribution curves
of calcein/rhodamine ratio £uorescence intensities
obtained when DOPE:CHEMS liposomes were incu-
bated with THP-1 cells for 30 min in the absence or
presence of ba¢lomycin A1 or inhibitors of endocy-
tosis. From those curves the value of the medians
(I50), corresponding to a cumulative frequency of
50% (i.e. 50% of the pixels exhibit an intensity equal
to or lower than that value), were determined and
are presented in Table 2.

The cumulative curve obtained for DOPE:
CHEMS liposome formulations in the absence of
any treatment (control) was signi¢cantly shifted to
high values of the ratio calcein/rhodamine, re£ecting
the higher £uorescence intensity of calcein as com-

pared to rhodamine. The inhibitory e¡ect of pretreat-
ing the cells with ba¢lomycin A1 on the intracellular
delivery of calcein was evident, since the respective
cumulative curve was markedly shifted to lower val-
ues of ratio intensities. This shift was even more
pronounced when liposomes were incubated with
THP-1 cells that were pretreated with inhibitors of
endocytosis. In addition, it should be noted that for
the cases of treated cells, narrow distributions of ra-
tio intensities were observed, suggesting that calcein
and rhodamine £uorescence was restricted to punc-
tates either inside the cell (corresponding to intracel-
lular vacuoles) or to liposome aggregates at the cell
surface.

The I50 values presented in Table 2 are numerical
parameters that re£ect the di¡erences in the pro¢les
of cumulative curves referred to above, and therefore
represent e¤cacy indexes of the intracellular delivery
observed under di¡erent experimental conditions. As
can be observed, that e¤cacy was signi¢cantly de-

Table 2
Medians (I50) of cumulative distribution curves of calcein/rhod-
amine ratio £uorescence intensities

Experimental condition Median (I50)

Control 2.47
Ba¢lomycin A1 0.97
Inhibitors of endocytosis 0.8

Fig. 6. Cumulative distribution curves of calcein/rhodamine ra-
tio £uorescence intensities. DOPE:CHEMS liposomes (¢nal
phospholipid concentration of 200 WM) were incubated with
THP-1 cells for 30 min at 37³C in the absence or presence of
ba¢lomycin A1 or inhibitors of endocytosis. The curves are
based on average histograms of 16 cells obtained from di¡erent
experiments, as described in Section 2. The mode of calculation
of the median (I50) is illustrated for the case of untreated cells
(Control).
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creased upon inhibition of endosome acidi¢cation or
blockage of cellular internalization. Overall, these
data are in close agreement with those obtained
from £ow cytometry studies presented in the pre-
vious section, thus reinforcing the validity and im-
portance of this methodology to assess liposome^cell
interactions.

3.6. Spectro£uorimetric studies

We also examined the mechanisms of liposome^
cell interactions by spectro£uorimetry measurements.
This technique is particularly simple and less cum-
bersome than £ow cytometry and image analysis.
Fig. 7 shows typical results obtained for the ratios
of calcein/rhodamine £uorescence intensity when dif-
ferent liposome formulations were incubated with
di¡erentiated THP-1 cells for 30 min at 37³C. As
illustrated, no di¡erences were observed between
the e¤cacies of intracellular delivery mediated by
the di¡erent formulations tested. In these experi-
ments we used approaches and methodologies that
di¡er signi¢cantly from those described above, since
spectro£uorimetric measurements re£ect the overall
cell suspension. Nevertheless, these results were strik-
ingly similar to those observed when £ow cytometry
was used, the calcein/rhodamine values being identi-
cal, thus leading to the same conclusions. These ex-

periments thus demonstrate that spectro£uorimetry
constitutes not only a useful tool for this type of
studies, but that it may also be used to validate re-
sults obtained from other approaches.

4. Discussion

In the present work, we carried out studies aiming
at clarifying the mechanisms by which pH-sensitive
liposomes interact with cells and mediate the intra-
cellular delivery of their aqueous contents. We have
demonstrated that the pH sensitivity of DOPE-con-
taining liposomes in bu¡er is mainly determined by
the type of the amphiphilic stabilizer used. In con-
trast to what we have observed for DOPE:CHEMS
liposomes, liposomes composed of DOPE:PG,
DOPE:PS, or DOPE:PC did not exhibit any pH
sensitivity, even when incubated under very acidic
conditions. As previously reported [15], an increase
in liposomal stability under these conditions can also
be obtained upon incorporation of 5 mol% DSPE-
PEG into DOPE:CHEMS liposomes. However, this
lack of pH sensitivity does not appear to a¡ect the
capacity of the di¡erent liposomal formulations to
mediate cytoplasmic delivery of their aqueous con-
tents following their internalization.

These ¢ndings suggest that the processes underly-
ing the intracellular e¤cacy of the di¡erent DOPE-
containing liposomes involve more complex mecha-
nisms than the mere decrease of the endosomal pH.
On the other hand, the combination of the present
results with those previously reported [15] indicates
that the presence of DOPE is the crucial factor de-
termining the ability of such liposomes to undergo
destabilization upon acidi¢cation of the endosomes.
In fact, in those studies non-pH-sensitive liposomes
composed of DSPC:CHEMS:DSPE-PEG were the
only ones where a correlation between a lack of
pH sensitivity in bu¡er and inability to mediate in-
tracellular delivery was observed.

In this context, it is interesting to note that studies
performed by Vidal and Hoekstra [34] on fusion be-
tween endocytotic vesicles isolated from reticulocytes
and liposomes with di¡erent compositions showed
that the presence of PE when compared with other
phospholipids, namely PC, is crucial to the fusion
process.

Fig. 7. E¤cacy of liposomes in mediating intracellular delivery
of encapsulated material as evaluated by spectro£uorimetry.
DOPE-containing liposomes (¢nal phospholipid concentration
of 150 WM) were incubated with 5U106 di¡erentiated THP-1
cells for 30 min at 37³C in RPMI 1640 supplemented with 10%
FBS. Cells were washed twice with PBS and detached with 2
ml of dissociation bu¡er and transferred to disposable £uori-
metric cuvettes. Fluorescence measurements were performed as
described in Section 2. The data represent the mean þ S.D. ob-
tained from duplicates of three independent experiments.
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This speci¢c e¡ect of PE or DOPE to promote
liposome^endosome interactions can be explained
by the low hydration of its polar head group as
compared to the signi¢cant repulsive forces associ-
ated with the hydration layer of PC or DSPC polar
head groups [35]. Therefore, the presence of DOPE
enhances the hydrophobicity of the liposomal mem-
brane, thus facilitating energetically favorable inter-
actions between lipid bilayers. Furthermore, DOPE
tends to assume a hexagonal inverted phase (HII)
leading to the formation of non-lamellar structures
[8]. This may constitute a key element to trigger en-
dosomal destabilization, thus leading to cytoplasmic
delivery of their contents. This proposal partially ex-
plains our observations on the striking similarity of
the e¤cacy of intracellular delivery mediated by all
DOPE-containing formulations.

Vidal and Hoekstra [34] have also demonstrated
that treatment of endocytotic vesicles with trypsin
strongly reduced their interaction with PE-containing
liposomes, thus providing evidence that endosome-
associated proteins play a major role in this process.
Based on these ¢ndings, these authors suggest that
such proteins may not only be involved in the pro-
cess of membrane fusion, but also promote liposome
aggregation which favors their destabilization. As-
suming that this hypothesis can be extended to lipo-
some^endosome interactions at the lumenal surface
of endocytotic vesicles, it could justify the disparity
of results between the biophysical studies (in bu¡er)
and those involving cultured cells, in terms of acid-
i¢cation-induced destabilization. Similar conclusions
were obtained in lipid mixing studies involving pH-
sensitive liposomes and human erythrocyte ghosts,
where a decrease in the extent of lipid mixing was
observed by cleaving the sialic acid residues of the
glycocalyx [36].

It should be noted that despite the similarity of the
e¤cacy of intracellular delivery, evaluated in terms
of calcein release, observed among the di¡erent lipo-
somes tested, such ¢ndings cannot be extrapolated
directly to other types of encapsulated molecules,
particularly to those with high molecular weights
[3]. In addition, we recently reported that the ability
to mediate intracellular delivery of molecules with
relatively high molecular weight (e.g. antisense oligo-
nucleotides) is signi¢cantly higher for liposomes
composed of DOPE:CHEMS as compared with oth-

er DOPE-containing liposomes [14]. Formulations
that were shown not to be pH-sensitive in bu¡er
(DOPE:PG, DOPE:PS and DOPE:PC) were those
that have proven to be less e¤cient in releasing large
molecules upon their destabilization triggered by
acidi¢cation of the endosomal lumen and/or by in-
teractions with the endosomal membrane.

Our results indicate that DOPE:CHEMS lipo-
somes were internalized more extensively than either
sterically (DOPE:CHEMS:DSPE-PEG) and non-
sterically stabilized liposomes (e.g. DOPE:PS). As
referred to above, our ¢ndings can be explained by
the fact that sterically stabilized pH-sensitive lipo-
somes can escape the capture by macrophage-like
cells. However, such an explanation does not hold
for the observations regarding DOPE:PS liposomes.
In this context, it should be noted that liposomes
with a net negative charge are internalized more ex-
tensively than uncharged liposomes [37]. On the oth-
er hand, it is known that pH-sensitive liposomes are
internalized by a non-speci¢c process and more e¤-
ciently than conventional liposomes (lacking DOPE).
This has been attributed to the low degree of hydra-
tion of the DOPE polar head group and to the re-
sulting increased a¤nity to the cell membrane [3,5].
Based on these considerations and since all tested
formulations were negatively charged (exhibiting
similar values for the j potential) and contained
the same amount of DOPE, it remains to be clari¢ed
why DOPE:CHEMS liposomes exhibit higher a¤n-
ity to THP-1 cells as compared to DOPE:PS lipo-
somes. A possible explanation is that the polar head
groups of DOPE molecules become more exposed in
CHEMS-containing liposomes (due to the formation
of less densely packed bilayers) favoring the interac-
tion with the lipids of the cell membrane. In fact,
CHEMS does not present a bulky head group and
thus may facilitate the approach of DOPE to the cell
membrane.

Despite these di¡erences, our results also suggest
that liposome composition does not a¡ect signi¢-
cantly the kinetics of intracellular delivery. In fact,
following an initial stage of liposome^cell incubation,
the extent of cytoplasmic delivery of calcein per cell-
associated liposome is already signi¢cant for all the
formulations and tends to increase at a similar rate
with incubation time. It should be noted, however,
that for incubation times longer than 30 min, calcein
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release may also result from liposome degradation
inside lysosomes.

Besides the crucial role attributed to DOPE in
promoting cytoplasmic delivery as illustrated by
our results, it is possible that the high e¤cacy ob-
served for sterically stabilized pH-sensitive liposomes
(DOPE:CHEMS:DSPE-PEG) is due to the presence
of poly(ethylene glycol). In fact, several studies have
shown that PEG behaves as a dehydrating agent that
could facilitate the close approach between mem-
branes, thus promoting fusion [38]. Nevertheless,
such a putative synergistic e¡ect of PEG on fusion
strongly depends on the presence of a fusogenic com-
pound in the liposomal membrane (e.g. DOPE),
since DSPC:CHEMS:DSPE-PEG liposomes were
particularly ine¤cient in promoting intracellular de-
livery.

The results obtained from studies involving the use
of agents that interfere with the endocytotic pathway
also contributed to a better understanding of the
mechanisms underlying liposome^cell interactions.
The drastic reduction of the e¤cacy of intracellular
delivery observed for all the formulations tested
when their internalization was inhibited upon cell
treatment with a mixture of drugs (antimycin A, so-
dium £uoride and sodium azide) indicates that such
liposomes utilize the endocytotic pathway (either
mediated by clathrin or non-clathrin coated vesicles)
to promote the intracellular release of their contents.
On the other hand, the strong inhibition observed for
the calcein/rhodamine £uorescence ratio when the
cells were treated with lysosomotropic agents clearly
demonstrates that acidi¢cation of the endocytic
vesicles is crucial to the intracellular delivery medi-
ated by the liposomes. According to the studies of
Yoshimori et al. [29], treatment of cells with ba¢lo-
mycin A1 or chloroquine at the concentrations used
in the present work resulted in an identical increase
of the pH to values close to 6.3 in both endosomes
and lysosomes. Such increase in the pH seems there-
fore to be su¤cient to prevent liposome destabiliza-
tion and/or to reduce the potential e¡ect of the endo-
somal membrane-associated proteins.

For any of the formulations tested the inhibitory
e¡ect of chloroquine was more pronounced than that
observed for ba¢lomycin A1. Since both drugs lead
to an identical increase in pH, the di¡erences ob-

served should be attributed to mechanisms other
than preventing acidi¢cation. Chloroquine is a
weak base that sequesters protons being impermeable
to organelle membranes when in its protonated form.
Nevertheless, a lack of speci¢city has been recog-
nized to this drug since its e¡ect is not only restricted
to endosomes and lysosomes, as opposed to ba¢lo-
mycin A1. Chloroquine was also shown to exhibit the
capacity to a¡ect other cellular functions, namely
those related to the internalization processes [27].
Therefore, the results obtained for the e¡ect of ba¢-
lomycin A1 are considered as being more reliable to
describe the importance of the acidi¢cation of the
endocytotic pathway in the process of intracellular
delivery mediated by liposomes.

Aiming at further clarifying the molecular mecha-
nisms by which DOPE-containing liposomes over-
come the endosomal membrane, we have performed
experiments to monitor lipid mixing between lipo-
some and endosome membranes in intact cells. For
this purpose, liposomes labeled with Rh-PE at a self-
quenching concentration (5 mol%) were incubated
with the cells and the extent of membrane fusion
was measured as a function of time. Independently
of the technique used (spectro£uorimetry, £ow cyto-
metry or £uorescence microscopy) no su¤cient sen-
sitivity was achieved to allow such evaluations. In
this context, recent studies have shown that the per-
meabilization and fusion of this particular formula-
tion of pH-sensitive liposomes occur as a result of
progressive lipid reorganization upon acidi¢cation
[39]. These ¢ndings are in close agreement with those
from other previous studies that reported aggrega-
tion of DOPE:CHEMS liposomes as well as occur-
rence of lipid mixing induced by acidi¢cation of the
milieu [40]. Nevertheless, it should be noted that
these results were obtained from membrane fusion
studies that were performed using only unlabeled
liposomes as target membranes, which are too simple
and therefore far from mimicking cellular mem-
branes. It is possible that by performing lipid mixing
studies using other sensitive assays, including reso-
nance energy transfer assays (e.g. NBD-PE/Rh-PE),
the ability of DOPE-containing liposomes to fuse
with the endosome membranes in intact cells can
be demonstrated. On the other hand, it is also pos-
sible that destabilization of endosomal membranes
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mediated by pH-sensitive liposomes does not involve
lipid mixing but rather pore formation, whose eval-
uation would require another type of assays.

Using a novel £uorescence assay involving the la-
beling of both the membrane and aqueous compart-
ment of liposomes, we were able to fully characterize
the extent of their interaction with cells from bind-
ing, internalization to intracellular delivery. In addi-
tion, the use of di¡erent but complementary tech-
niques (which in some cases were optimized for this
purpose) allowed us to gain insights into the role of
DOPE in the process of endosomal destabilization as
well as into the mechanisms by which DOPE-con-
taining liposomes interact with cells and deliver their
contents.

References

[1] R.M. Straubinger, N. Du«zgu«nes, D. Papahadjopoulos, pH-
sensitive liposomes mediate cytoplasmic delivery of encapsu-
lated macromolecules, FEBS Lett. 179 (1985) 148^154.

[2] J. Connor, L. Huang, E¤cient cytoplasmic delivery of a
£uorescent dye by pH-sensitive immunoliposomes, J. Cell
Biol. 101 (1985) 582^589.

[3] C.J. Chu, J. Dijkstra, M.Z. Lai, K. Hong, F.C. Szoka Jr.,
E¤ciency of cytoplasmic delivery by pH-sensitive liposomes
to cells in culture, Pharm. Res. 7 (1990) 824^834.

[4] N. Du«zgu«nes, R.M. Straubinger, P.A. Baldwin, D. Papahad-
jopoulos, pH-sensitive liposomes: introduction of foreign
substances into cells, in: J. Wilschut, D. Hoekstra (Eds.),
Membrane Fusion, Marcel Dekker, New York, 1991, pp.
713^730.

[5] D. Collins, pH-sensitive liposomes as tools for cytoplasmic
delivery, in: J.R. Philippot, F. Schuber (Eds.), Liposomes as
Tools in Basic Research and Industry, Vol. 13, CRS Press,
1995, pp. 201^214.

[6] C.-J. Chu, F.C. Szoka Jr., pH-sensitive liposomes, J. Lipo-
some Res. 4 (1994) 361^395.

[7] M.Z. Lai, N. Du«zgu«nes, F.C. Szoka Jr., E¡ect of replace-
ment of the hydroxyl group of cholesterol and tocopherol on
the thermotropic behavior of phospholipid membranes, Bio-
chemistry 24 (1985) 1646^1653.

[8] V.P. Torchilin, F. Zhou, L. Huang, pH-sensitive liposomes,
J. Liposome Res. 3 (1993) 201^255.

[9] P. Briscoe, I. Caniggia, A. Graves, B. Benson, L. Huang,
A.K. Transwell, B.A. Freeman, Delivery of superoxide dis-
mutase to pulmonary epithelium via pH-sensitive liposomes,
Am. J. Physiol. 268 (1995) 374^378.

[10] M.C. De Oliveira, E. Fattal, C. Ropert, C. Malvy, P. Cou-
vreur, Delivery of antisense oligonucleotides by means of

pH-sensitive liposomes, J. Control. Release 48 (1997) 179^
184.

[11] M.C. De Oliveira, E. Fattal, P. Couvreur, P. Lesieur, C.
Bourgaux, M. Ollivon, C. Dubernet, pH-sensitive liposomes
as carrier for oligonucleotides: a physico-chemical study of
the interaction between DOPE and a 15-mer oligonucleotide
in quasi-anhydrous samples, Biochim. Biophys. Acta 1372
(1998) 301^310.

[12] B. Lubrich, D. van Calker, R. Peschka-Su«ss, Inhibition of
inositol uptake in astrocytes by antisense oligonucleotides
delivered by pH-sensitive liposomes, Eur. J. Biochem. 267
(2000) 2432^2438.

[13] J.A. Reddy, P.S. Low, Enhanced folate receptor mediated
gene therapy using a novel pH-sensitive lipid formulation,
J. Control. Release 64 (2000) 27^37.

[14] N. Du«zgu«nes, S. Simo¬es, V. Slepushkin, E. Pretzer, J.J. Ros-
si, E. DeClercq, V.P. Antao, M.L. Collins, M.C. Pedroso de
Lima, Enhanced inhibition of HIV-1 replication in macro-
phages by antisense oligonucleotides, ribozymes and acyclic
nucleoside analogs delivered in pH-sensitive liposomes, Nu-
cleotides, Nucleosides Nucleic Acids (2001) in press.

[15] V.A. Slepushkin, S. Simo¬es, P. Dazin, M.S. Newman, L.S.
Guo, M.C. Pedroso de Lima, N. Du«zgu«nes, Sterically stabi-
lized pH-sensitive liposomes: intracellular delivery of aque-
ous contents and prolonged circulation in vivo, J. Biol.
Chem. 272 (1997) 2382^2388.

[16] F.C. Szoka Jr., D. Papahadjopoulos, Procedure for prepara-
tion of liposomes with large internal aqueous space and high
capture by reverse-phase evaporation, Proc. Natl. Acad. Sci.
USA 75 (1978) 4194^4198.

[17] R.R.C. New, Characterization of liposomes, in: R.R.C. New
(Ed.), Liposomes: a Practical Approach, Oxford University
Press, Oxford, 1990, pp. 105^161.

[18] G.R. Bartlett, Phosphorus assay in column chromatography,
J. Biol. Chem. 254 (1959) 466^468.

[19] M.E.M. Cruz, M.M. Gaspar, F. Lopes, J.S. Jorge, R. Perez-
Soler, Liposomal L-asparaginase: in vitro evaluation, Int. J.
Pharm. 96 (1993) 67^77.

[20] G.S. Har¢eld, R.C. Bunker, Measuring zeta potential and
electrophoretic mobility by laser doppler velocimetry, Filtra-
tion Separation Nov./Dec. (1988) 412^415.

[21] M.C. Woodle, L.R. Collins, E. Sponsler, N. Kossovsky, D.
Papahadjopoulos, F.J. Martin, Sterically stabilized lipo-
somes reduction in electrophoretic mobility but not electro-
static surface potential, Biophys. J. 61 (1992) 902^910.

[22] C. Lourenc°o, M. Teixeira, S. Simo¬es, R. Gaspar, Steric sta-
bilization of nanoparticles: size and surface properties, Int.
J. Pharm. 138 (1996) 1^12.

[23] S. Ohkuma, B. Poole, Fluorescence probe measurement of
the intralysosomal pH in living cells and the perturbation by
various agents, Proc. Natl. Acad. Sci. USA 75 (1978) 3327^
3331.

[24] K. Konopka, E. Pretzer, B. Plowman, N. Du«zgu«nes, Long-
term noncytopathic productive infection of the human

BBAMEM 78154 1-10-01 Cyaan Magenta Geel Zwart

S. Simo¬es et al. / Biochimica et Biophysica Acta 1515 (2001) 23^3736



monocytic leukemia cell line THP-1 by human immunode¢-
ciency virus type 1 (HIV-1), Virology 193 (1993) 877^887.

[25] K.-D. Lee, S. Nir, D. Papahadjopoulos, Quantitative analy-
sis of liposome-cell interactions in vitro: rate constants of
binding and endocytosis with suspension and adherent J774
cells and human monocytes, Biochemistry 32 (1993) 889^
899.

[26] V. Budker, V. Gurevich, J.E. Hagstrom, F. Bortzov, J.A.
Wol¡, pH-sensitive cationic liposomes: a new synthetic vi-
rus-like vector, Nat. Biotechnol. 14 (1996) 760^764.

[27] D.D. Pless, R.B. Wellner, In vitro fusion of endocytic
vesicles : e¡ects of reagents that alter endosomal pH,
J. Cell. Biochem. 62 (1996) 27^39.

[28] T. Umata, Y. Moriyama, M. Futai, E. Mekada, The cyto-
toxic action of diphtheria toxin and its degradation in intact
vero cells are inhibited by ba¢lomycin A1, a speci¢c inhib-
itor of vacuolar-type H�-ATPase, J. Biol. Chem. 265 (1990)
21940^21945.

[29] T. Yoshimori, A. Yamamoto, Y. Moriyama, M. Futai, Y.
Tashiro, Ba¢lomycin A1, a speci¢c inhibitor of vacuolar-type
H�-ATPase, inhibits acidi¢cation and protein degradation in
lysosomes of cultured cells, J. Biol. Chem. 266 (1991) 17707^
17712.

[30] L. Cattani, P. Goldoni, C.M. Pastoris, L. Sinibaldi, N. Orsi,
Ba¢lomycin A1 and intracellular multiplication of Legionella
pneumophila, Antimicrob. Agents Chemother. 41 (1997) 212^
214.

[31] H. Talsma, Preparation, Characterization and Stabilization
of Liposomes, Ph.D. Thesis, Faculty of Pharmacy, Utrecht,
1991.

[32] D. Lasic, Liposomes: from Physics to Therapeutics, Elsevier
Science, Amsterdam, 1993.

[33] T. Yoshimura, M. Shono, K. Imai, K. Hong, Kinetic anal-
ysis of endocytosis and intracellular fate of liposomes in
single macrophages, J. Biochem. 117 (1995) 34^41.

[34] M. Vidal, D. Hoekstra, In vitro fusion of reticulocyte endo-
cytic vesicles with liposomes, J. Biol. Chem. 270 (1995)
17823^17829.

[35] N. Du«zgu«nes, J. Wilschut, D. Papahadjopoulos, Control of
membrane fusion by divalent cations, phospholipid head-
groups and proteins, in: F. Conti, W.E. Blomberg, J. de
Gier, F. Pocchiari (Eds.), Physical Methods on Biological
Membranes and Their Model Systems, Plenum, New York,
1988, pp. 193^218.

[36] M. Greidziak, A.A. Bogdanov, V.P. Torchilin, J. Lasch,
Destabilization of pH-sensitive liposomes in the presence of
human erythrocyte ghosts, J. Control. Release 20 (1992)
219^230.

[37] D.L. Daleke, K. Hong, D. Papahadjopoulos, Endocytosis of
liposomes by macrophages: binding, acidi¢cation and leak-
age of liposomes monitored by a new £uorescence assay,
Biochim. Biophys. Acta 1024 (1990) 352^366.

[38] J.R. Ramalho-Santos, R. Negra¬o, M.C. Pedroso de Lima,
Role of hydrophobic interactions in the fusion activity of
in£uenza and Sendai viruses towards model membranes,
Biosci. Rep. 14 (1994) 15^24.

[39] F.V. Bambeke, A. Kerkhois, A. Schanck, C. Remache, E.
Sonveaux, P.M. Tulkens, M.-P. Mingeot-Leclercq, Biophys-
ical studies and intracellular destabilization of pH-sensitive
liposomes, Lipids 37 (2000) 213^223.

[40] H. Ellens, J. Bentz, F.C. Szoka Jr., H�- and Ca2�-induced
fusion and destabilization of liposomes, Biochemistry 24
(1985) 3099^3106.

BBAMEM 78154 1-10-01 Cyaan Magenta Geel Zwart

S. Simo¬es et al. / Biochimica et Biophysica Acta 1515 (2001) 23^37 37


	On the mechanisms of internalization and intracellular delivery mediated by pH-sensitive liposomes
	Recommended Citation

	PII: S0005-2736(01)00389-3

