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ABSTRACT: We examined changes in membrane properties
upor acidification of dioleoylphosphatidylethanolamine/cho-
lesterylhemisuccinate liposomes and evaluated their potential
to deliver entrapped tracers in cultured macrophages. Mem-
brane permeability was determined by the release of entrapped
calcein or hydroxypyrene-1,3,6-trisulfonic acid (HPTS)-p-xy-
lene-bis-pyridinium bromide (DPX); membrane fusion, by mea-
suring the change in size of the liposomes and the dequenching
of octadecylrhodamine-B fluorescence; and change in lipid or-
ganization, by *'P nuclear magnetic resonance spectroscopy.
Measurement of cell-associated fluorescence and confocal mi-
croscopy examination were made on cells incubated with lipo-
somes loaded with HPTS or HPTS-DPX. The biophysical stud-
ies showed (i} a lipid reorganization from bilayer to hexagonal
phase progressing from pH 8.0 to 5.0, (ii) @ membrane perme-
abilization for pH <6.5, (iii) an increase in the mean diameter
of liposomes for pH <6.0, and (iv) a mixing of liposome mem-
branes for pH <5.7. The cellular studies showed (i) an uptake of
the liposomes that were brought from pH 7.5-7.0 to 6.5-6.0
and (i) a release of ~15% of the endocytosed marker associated
with its partial release from the vesicles {diffuse localization).
We conclude that the permeabilization and fusion of pH-sensi-
tive liposomes occur as a consequence of a progressive lipid re-
organization upon acidification. These changes may develop
intracellutarly after phagocytosis and allow for the release of
the liposome content in endosomes associated with a redistri-
bution in the cytosol.
Paper no. L8278 in Lipids 35, 213-223 (February 2000).

Delivery of macromolecules and other nonpermeant con-
stituents into the cytosol of target cells is essentiat for the de-
velopment of many new therapeutic approaches. Conventional
liposomes are often ineffective in this context since they tend
to bring their load to lysosomes (1). pH-sensitive liposomes
(2) may represent a significant improvement for intracellular
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drug unloading thanks to their progressive, acid-driven desta-
bilization along the endocytic pathway (3). These liposomes,
indeed, not only are susceptible to releasing their content in
acid vacnoles, such as late endosomes and lysosomes, but also
are capable of promoting the transfer of encapsulated tracers
to the cytosol (4). Accordingly, they have been assessed in a
series of studies for potential therapeutic applications, includ-
ing antitumor and antibacterial chemotherapy (5-6), and for
the delivery of proteins, oligonucleotides, or even DNA (7-9).

In the present study, we examined a typical type of pH-
sensitive liposomes made of dicleoylphosphatidylethan-
olamine and an anionic component, cholesterylhemisuccinate
(DOPE/CHEMS). The small cross-sectional area of the head-
group of phosphatidylethanolamine, relative to that of the
acyl chains, confers to this molecule a propensity to sponta-
neously form an inveried hexagonal phase Hy structure, a par-
ticular organization involved in membrane destabilization and
fusion (10). At alkaline or neutral pH, however, the nega-
tively charged CHEMS will reduce the intermolecular repul-
sions of phosphatidylethanolamine head groups and stabilize
the structure in a bilayer organization. Yet, upon acidification,
CHEMS will become less charged and will no longer hinder
the reorganization of phosphatidylethanolamine in an Hp
structure, ensuring the destabilization of the membrane strac-
ture (3). This mechanism has been documented concerning
the increase in membrane permeability (11-16) and fuso-
genicity (2,12,14,17) of liposomes, and to a'lesser extent, the
cellular delivery of the vesicles’ contents (1,4,18,19). Yet the
changes in polymorphic organization of the lipids (20) remain
largely undefined in this context. Moreover, most of these
studies have used different types and compositions of lipo-
somes, which make their conclusions difficult to generalize
becanse lipid composition critically determines the pH sensi-
tivity of acid-labile liposomes (4,11). In the present study, we
have therefore undertaken to characterize, in a more system-
atic fashion, the biophysical phenomena (including changes
in polymorphic organization) leading to an effective in vitro
release of membrane-impermeant probes from one type of li-
posomes of a fixed composition (DOPE/CHEMS, 7:3 molar
ratio), and have examined whether such release occurs in
cells. DOPE/CHEMS liposomes were systematically com-
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pared to vesicles made of dioleoylphosphatidylcholine and
CHEMS (DOPC/CHEMS), since phosphatidylcholine does
not spontaneously form an Hy structure and is therefore non-
fusogenic.

MATERIALS AND METHODS

Liposome prepararion. Large unilamellar vesicles (LUV) were
used thronghout all experiments, but large multilamellar vesicles
(MLV) were also included for *'P nuclear magnetic resonance
(NMR) studies. Both DOPE/CHEMS and DOPC/CHEMS lipo-
somes were made at a phospholipid/CHEMS molar ratio of 7:3.
Depending on the experiments and on the sensitivity of the
method used, the volume of buffer varied between [ and 5 mL,
and the concentration of lipids, between 1 and 50 mg/mL. MLV
were obtained by hydration of the dry lipid films for 1 h under
nitrogen at 37°C in a 40 mM glycine-NaOH solution adjusted to
pH 11 and containing the fluorescent probes (see below). They
were thereafter submitted to five successive cycles of freezing
(at —80°C) and thawing (at 37°C). LUV were obtained by ex-~
truding the resulting suspension 10 times through two super-
posed polycarbonate filters (pore size, 100 nm; Nucleopore
Costar Corporation, Badhoevedorp, The Netherlands) under a
nitrogen pressure of 17 bars, in a 10-ml. Thermobarrel Extruder
(Lipex Biomembranes, Vancouver, Canada) (21,22). The actual
phospholipid concentration of each preparation was determined
by phosphorus assay, as decribed previously (22), and adjusted
to the desired value by dilution in the appropriate buffer just prior
to each experiment. (All concentrations of liposomes are ex-
pressed by reference to their total lipid concentration, based on
phospholipid determination and on a molar ratic of phospho-
Lipid/CHEMS of 7:3. In preliminary experiments, we checked
that the phospholipid/cholesterol molar ratio was effectively very
clese to 7:3 after the hydration and extrusion procedures.) Lipo-
somes were stored under nitrogen at 4°C uontil the beginning of
the experiment, to minimize the risk of extensive lipid hydroly~
sis and oxidation (23), and were used within 24 h. The lack of
chemical hydrolysis of phosphatidylethanolamine in our experi-
mental conditions was checked by preparing DOPE/CHEMS li-
posomes with a trace amount of phosphatidylethanolamine 1-
palmitoyl-2-(1-'4C)-lincleoyl {100 pCi/mmol of DOPE), and
letting them age at 4°C for 24 h. Samples were then analyzed
by thin-layer chromatography using CHCL,/CH,0H/NH,
(25%)/H,0 24:16:2:1 (by vol) as mobile phase. The radicactiv-
ity associated with free fatty acid and lysophosphatidylethan-
olamine was then measured and found to be less than 2% of the
total amount of radioactivity recovered, whereas approximately
94% co-migrated with phosphatidylethanolamine.

Studies on liposomes. (i} Permeability studies. The release
of calcein [entrapped at a self-quenching concentration
(18,22,243] and of HPTS [hydroxypyrene-1,3,6-trisulfonic
acid (25)] coentrapped with and quenched by DPX (p-xylene-
bis-pyridinium bromide (11)] from the liposomes was fol-
lowed by the increase of fluorescence upon dilution following
their leakage from the vesicles. Calcein was prepared in 6 N
NaOH and purified by chromatography using a Sephadex®
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LH-20 column, as described previously (22). The final solu-
tion had a concentration of 74 mM calcein, a pH of 11, and an
osmolarity of 448 mOsm/kg {measured by the freezing point
technique; model 3C2, Advanced Cryomatic Osmometer, Ad-
vanced Instruments, Needham Heights, MA). HPTS and DPX
were dissolved in a 40 mM glycine-NaOH mixture adjusted to
pH 11 (393 mOsm/kg) at a concentration of 31.8 and 35 mM,
respectively (4,11). In preliminary experiments, we checked
that DPX effectively quenched the fluorescence of HPTS for
this concentration ratio. These solutions were then used for
hiydration of the lipid films as described above. After liposome
preparation at a lipid concentration of 30 mM, the unencapsu-
lated dye was removed by minicolumn centrifugation (22).
Before each experiment, liposomes were adjusted to a total
lipid concentration of 7.14 pM and 2,16 uM for calcein- and
HPTS-release studies, respectively, using isoosmotic phos-
phate buffers of pH ranging from 8.0 to 5.0. Calcein fluores-
cence was measured at room temperature on a PerkinElmer
2000 Fluorescence Spectrophotometer [PerkinElmer, Bea-
consfield, United Kingdom; A_, , 490 nm; A, 516 nm (22)];
the inner effect was checked and found to be negligible, The
fluorescence of free calcein in solution was found to be time-
and pH-dependent, and our measurements were therefore sys-
tematically corrected for by appropriate factors. These factors
were calculated by measuring the fluorescence of calcein so-
[utions at all the pH values investigated as a function of the
time and by comparing these values to that a calcein solution
incubated for the same period of time and at pH 7.5. Fluores-
cence of HPTS was recorded at room temperature, using a A
of 520 nm and A_,, of 390 and 450 nm (25), using a LS-30 Flu-
orescence Spectrophotometer (PerkinElmer). The percentage
of dye release at any given time was defined as the ratio be-
tween the fluorescence measured at that time and that ob-
served at the same time after disruption of the liposomes by
exposure to 0.1% Triton X-100 in the same buffer. For each
pH- and time-condition tested, the fluorescence values
recorded were corrected for the influence of Triton X-100 by
comparing the fluorescence value measared for a calcein solu-
tion in the absence of Triton to that measured in the presence
of the detergent. A leakage efficiency factor, defined as the
ratio between the percentage of marker released at a given pH
to that measured at pH 7.5, was then vsed to assess the lability
of the liposomes upon pH change.

(ii) Mixing of the liposome membranes: studies with oc-
tadecylrhodamine B (RI8). Mixing of the liposome mem-
branes was followed by measuring the fluorescence increase
of R18, a lipid-soluble probe, upon dilution in the membrane
occurring by fusion between labeled and unlabeled liposomes
(26,27). Labeled liposomes were obtained by incorporating
R181n the dry lipid film at a concentration of 5.7% of the total
lipids. Labeled and unlabeled liposomes, prepared at 2 mM,
were mixed at a ratio of 1:4 and diluted to a final concentra-
tion of 5 uM by addition of appropriate buffers at the time of
the experiment (40 mM cacodylate buffers from pH 7.4 to 5.0
and 40 mM acetate buffer for pH 4.5). Fluorescence was

recorded at room temperature (A, 560 nm; A, 590 nm; the
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inner filter effect was checked and found to be negligible) on
an LS-30 PerkinElmer fluorimeter. The percentage of fusion
was calculated by comparing the fluorescence values ob-
served afier liposome mixing to that measured for 25 uM &i-
posomes labeled by 1.16% of R18 (i.e., an identical total
amount of marker diluted five times in membranes).

(iii) Size studies, The apparent size of the liposomes di-
luted to 50 pM in 40 mM cacodylate buffers of pH ranging
from 8.0 to 5.0 was measured by quasi-elastic light scattering
spectroscopy (28) using a Coulter Nano-sizer N4 MD parti-
cle Analyzer (Coulter Electronics Inc., Luton, England) at an
angle of 90°, using both unimodal and size distribution analy-
s1s modes to determine the mean diameter and the full size
distribution profile of each preparation, respectively.

(iv) Polvmorphic behavior of the lipids as determined by
3p NMR. The phase behavior of liposomes was determined
as a function of pH and temperature. Classically, three types
of phases can be distinguished on the basis of their *'P NMR
signals. The so-called bilayer signal is characterized by a high-
field maximum and a low-field shoulder; the inverted hexago-
nal phase, by an'inverse symmetry and a twofold reduced
width; and the isotropic signal, by a sharp symmetric signal.
In practice, MLV give a bilayer signal due to their organiza-
tion in concentric bilayers, where rapid motion of phospho-
lipid molecules along their long axis results in axial symmetry
and partially averages the chemical shift anistropy (29). LUV
give an isotropic signal, because the *'P atoms are submitted
to rapid isotropic motion owing to the rapid tumbling of the
vesicles (30). As stated in the introduction, phosphatidyl-
ethanolamine has a propensity to organize itself in hexagonal
phase (especially upon warming), in which the molecules pro-
ject radially from the center of a cylinder of very small radius.
The rapid rotation of the cylinders causes further averaging of
chemical shift anistropy, explaining the reversed shape and the
reduced width of the spectrum by comparison with the bilayer
spectrum (29). To compare the appearance of this hexagonal
phase starting from an isotropic or a bilayer phase, we per-
formed NMR studies on both LUV and MLV. Liposome sus-
pensions prepared at an initial lipid concentration of 75 mM
were diluted in the appropriate buffers (Na carbonate from pH
10.0 to 9.2; Tris-HCI from pH 9.0 to 7.0; citric acid-NaOH
from pH 6.2 to 5.2; and Na citrate-HCI from pH 5.0-3.0) and
mixed with 0.2 mL D,O (for locking on the denterium signal)
in 10 mm RMN tubes (final lipid concentration, 12.5 mM).
The actual pH value of each suspension was measured with a
minielectrode and a 691 Metrohm pH meter (Herisau, Switzer-
land), at both 30 and 70°C. All spectra were obtained at 101.3
MHz with a WM 230 Bruker instrument. Typical Fourier
transform conditions were as follows: spectral width 20 kHz;
8 K data acquisition points; flip angle 60° (17 us); 1 s repeti-
tion time. Five thousand free induction decays (FID) were ac-
cumulated with broad-band proton powergated decoupling. A
line broadening of 50 Hz was applied to the FID before
Fourier transformation. Measurements were done as a func-
tion of temperature in the range 30-70°C in the increasing or
decreasing mode. After each change of temperature, the sam-
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ple was allowed to equilibrate during 30 min before accumu-
lation. The lipid phase proportions were calculated as de-
scribed earlier (31).

Studies on cultured cells. (i) Cell culture and incubation
with liposomes. I774 macrophages, a continaous reticulosar-
coma cell line of murine origin (32), were grown as monolay-
ers in 5% CO,/95% air, at 37°C in an RPMI (Rosewell Park
Memorial Institute) 1640 medium supplemented with 10%
(vol/vol} fetal calf serum, 1.45% {wt/vol) NaHCQO;, and an-
tibiotics (streptomycin 50 pg/mi., penicillin 50 IU/mL). Con-
fluent cells were suspended by incubation with trypsin
(0.53%)EDTA (0.2%) in phosphate-buffered saline (PBS; 8
g/L. NaCl, 0.2 g/L. KCI, 1.15 g/L Na,[IPO,, 0.2 g/L. KH,PO,;
pH 7.4), centrifuged, and plated in six-well plates for 3 d in
RPMI medium supplemented with fetal calf serum, NaHCQ,,
and antibiotics, as decribed above. At the time of the experi-
ment, the cells were washed three times with PBS and reincu-
bated during 15 min with 2 mL PBS containing liposomes (90
uM total lipid concentration) loaded with HPTS or HPTS-
DPX. In preliminary experiments, the total fluorescence of the
liposome preparations was determined after disruption by ex-
posure to Triton X-100 ((.1%) and corrected for Triton X-100
influence as described above. These studies showed that the
amount of HPTS or HPTS/DPX entrapped in DOPC/CHEMS
was slightly larger than that entrapped in DOPE/CHEMS 1i-
posomes (30% in excess). After 15 min of uptake at 37°C, the
cells were washed 10 times with ice-cold PBS and returned in
growih medium at 37°C for different chase times.

{(ii) Fluorescence assay. The cells were detached by
trypsinization, pelleted by centrifugation, washed twice with
ice-cold PBS, and gently resuspended in PBS. Viability and
membrane integrity were checked by measuring the release
of the cytosolic enzyme lactate dehydrogenase. HPTS fluo-
rescence was recorded at a A, of 520 nm upon excitation at
363, 390, 450, or 488 nm and the signal expressed by refer-
ence to the protein cell content (33). The wavelengths of 390
and 450 nm correspond to the maximum in the excitation
spectrum of HPTS at acidic and neutral pH, respectively (25),
whereas those at 363 and 488 nm were the A_, _ used for con-
focal microscopy studies (see below). The 450/390 fluores-
cence ratio of HPTS was then used to evaluate the pH at
which the probe was exposed in cells, based on calibration
curves constructed by preparing the probe in phosphate
buffers of known pH (between 5 and 8).

(iii) Confocal microscopy. Cells were treaied as described
above, except that they were cultivated in Lab-Tek Permanox
culture chambers (Nunc, Roskilde, Denmark) allowing for the
observation of living cells at high magnification under an in-
verted microscope. Images were recorded during incubation
at 37°C using a Bio-Rad MRC 1024-UV laser scanning con-
focal microscope (Hernel Hempstead, United Kingdom) oper-
ated under control of the Lasersharp 2,10 software. Conditions
of imaging were: filters E2 and UBHS, 63x oil-immersion ob-
jective, zoom 3, PMT?2 (photomultiplier) and PMT3, iris = 3.0,
gain = 1300-1500, black level = (), laser power (.3-3%. The
first channel (PMT2) was set to collect the fluorescence signal
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emitted upon excitation at 488 nm, and this signal was treated
to appear in green on the screen and micrographs. The second
channel (PMT3) was set to read the fluorescence emitted upon
excitation at 363 nm and this signal appears in red on the
screen and micrographs. Although the excitation wavelengths,
which were imposed by the equipment, are not optimal, they
nevertheless allowed for a clear-cut analysis of the pH differ-
ences in HPTS eavironment. The pH at which the fluorescence
signals recorded upon excitation at 363 and 488 nm are equal
was determined to be ~7.153, setting therefore the value for
shifting the appearance of the tracer from green to red.

Materials. DOPE and DOPC were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL), and radiolabeled phos-
phatidylethanolamine (specific radioactivity = 54 mCi/mmot),
from Amersham International plc (Amersham, United King-
dom). Calcein and CHEMS were purchased from Sigma
Chemical Co (St. Louis, MO). HPTS, DPX, and R18 came
from Molecular Probes Inc. (Eugene, OR). Cell culture media
and fetal calf serum were obtained from Gibco-Biocult (Peis-
ley, Scotland). Other products were of analytical grade and ob-
tained from E. Merck (Darmstadt, Germany).

RESULTS

Studies with liposomes. (i} Permeability studies. Figure 1A shows
the release of calcein from LUV as a function of the time of incu-
bation in butfers of different pH. DOPE/CHEMS liposomes re-
leased a large proportion (~ 60%) of calcein almost instanta-
neously when exposed to pH 5.0, with no further release after this
first burst, The effect was highly dependent on pH since less than
10% release was observed at pH 7.5. DOPE/CHEMS liposomes
exposed to pH 5.5 showed an intermediate behavior. In contrast,
DOPC/CHEMS liposomes released a much lower proportion of
calcein at pH 5.0, and this release proceeded slowly over the first
10 min of cbservation (Fig. 1B). Figure 1C shows the compara-
tive release of calcein at 5 min over pH values from 8.0 to 5.0.
The data confirm that acidity exerts a marked influence on cal-
cein-release from DOPE/CHEMS liposomes, with a significant
effect already observed at pH 6.0 (P < 0.05 by #test). In contrast,
DOPC/CHEMS liposomes appear considerably less sensitive to
the decrease of pH. In paralle! experiments, we measured the re-
lease of another marker (HPTS/DPX) from DOPE/CHEMS lipo-
somes (Fig. 1C} with essentially similar results. HPTS/DPX did
not significantly leak out from DOPC/CHEMS liposomes under
the same conditions (data not shown).

{ii) Liposome membranes mixing studies. Figure 2A shows
the fluorescence of R18 upon mixing of labeled and unlabeled
LUV made of DOPE/CHEMS at different pH values. Lipo-
somes exposed to pH 5.0 quickly (<5 min) showed a marked
signal increase which amounted to approximately 10 times
that recorded for the same liposomes exposed to pH 7.4. Lipo-
somes exposed to pH 5.4 showed an intermediate behavior.
{More time seems to be needed to reach a plateau value at pH
5 than at pH 5.4; because no measurement was possible for
time periods shorter than 30 s, we assume that the dequench-
ing proceeds very quickly during these first 30 s, and more
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FIG. 1. Release of fluorescent tracers from large unilammelar vesicles
{LUV) upon acidification. (A} Percentage of calcein released from dioleoyl
phosphatidylethanolamine/cholesterylhemisuccinate (DOPE/CHEMS) or
{B) dioleoylphosphatidylcholine/CHEMS (DOPC/CHEMS) fiposomes after
dilution and incubation at 37°C in isoosmotic phosphate buffers (closed
symbols, pH 5.0; grey symbols, pH 5.5; open symbals, pH 7.5). Data
shown are the mean values of three independent measurements in single
finosome preparations. (C) Leakage efficiency factor (see Materials and
Methods section) of DOPE/CHEMS (closed circles) and DOPC/CHEMS
(open squares) liposomes loaded with calcein ——) or with hydroxy-
pyrene;1,3,6-trisulfonic acid—p-xylene-bis-pyridinium bromide (HPTS-
DPX) (----; DOPE/CHEMS only) 5 min after dilution in isoosmotic
buffers of different pH. Results are the means = SD of three indepen-
dent measures on a single preparation of liposomes.
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FIG. 2. Octadecylrhodamine B fluorescence dequenching in mixtures
of labeled and unlabeled LUV upon acidification. (A} fluorescence
recorded for DOPE/CHEMS liposomes after dilution and incubation of
the mixed liposome population in 46 mM buffers (closed circles, pH
5.0; grey circles, pH 5.4; open circles, pH 7.4). Fach curve is the mean
of three independent determinations in single liposame preparatians.
(B} fluarescence recorded 5 min after dilution in 40 mM buffers for
DOPE/CHEMS liposomes (closed circles} and DOPC/CHEMS liposomes
{open squares). The right ardinate shows the percentage of fusion. Re-
sults are the mean = SD of three independent measures an a single
preparation of liposomes. For abbreviations see Figure 1.

slowly thereafter; thus time-dependence of the increase can
only be assessed at pH 5.0.) These experiments were then re-
peated over a whole range of pH values, and DOPE/CHEMS
liposomes were compared to DOPC/CHEMS liposomes. Fig-
ure 2B shows that the increase of the signal became signifi-
cant at pH < 5.4. DOPC/CHEMS liposomes did not show sig-
aificant fluorescence increase throughout the whole range of
pH values. The data of Figure 2 were also used to calculate the
percentage of liposome fusion and this is shown on the right
ordinate. Finally, similar experiments were also run in phos-
phate buffers (as used in permeability studies) to rule out any
influence of the buffer system used. No difference were found
when comparing data at the same pH with the phosphate and
cacodylate buffer systems,

(iif) Liposome size studies. Unimodal analysis of the parti-
cle size showed that the mean diameter of DOPE/CHEMS
LUV increased from 120 nm at pH 7.5 to 250 nm at pH 5.0,
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FIG. 3. Size distribution analysis of DOPE/CHEMS LUV determined by
light-scattering spectroscopy 5 min after dilution and incubation at 37°C
in buffers of different pH. For samples exposed to (C) pH 5.0, one read-
ing was made after acidification {diagram in solid line (a)] and cne ad-
ditional reading was made after titration back to pH 7.5 [diagram in dot-
ted line (b)]. For abbreviations see Figure 1.

whereas the mean diameter of DOPC/CHEMS liposomes re-
mained nearly constant at 100 nm in the same range of pH.
The size distribution analysis of the DOPE/CHEMS liposomes
illustrated in Figure 3 showed a narrowly distributed popula-
tion at pH 7.5, but a progressive and marked shift toward
large-diameter vesicles at acid pH. Titration back to pH 7.5 of
liposomes exposed to pH 5.0 did not reverse this effect, and
liposomes still presented a larger diameter (mean = 295 nm).
(iv) Polymorphism studies. The polymorphic behavior of
DOPE/CHEMS LUV was studied upon temperature and pH
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variations using *'P NMR spectroscopy. Figure 4 (left panel)
shows the spectra obtained at three different pH values at 30
and 70°C. Quantitative analysis of these spectra and of those
obtained at other pH values is shown in the right panel of Fig-
ure 4. In alkaline medium and at 30°C, the spectrum was sym-
metric, with a half-height width of 3 ppm, and it can be con-
sidered as that of an isotropic-like phase. A decrease of pH
caused the appearance of a spectrum characteristic of a hexag-
onal phase, showing a low-field peak and a high-field shoul-
der with a chemical shift anisotropy (Ac) reduced by a factor
of two compared to the A of a “bilayer” spectrum (10,29).
Warming of the liposomes to 70°C caused a narrowing of the
isotropic signal in alkaline medium and increased the propor-
tion of hexagonal phase at intermediate pH values, but had no
significant effect on the spectrum shapes of hexagonal phase
at low pH values. By using the spectra obtained at 30°C for
pH 3.7 and 9.3 as references for hexagonal and isotropic
phases, respectively, the quantitative analysis showed that the

F. VAN BAMBEKE ET AL

lipidic phase reorganization occurring upon acidification
started, at 30°C, from a pH close to 8.0 but became prominent
at pH ~ 5.6. Below this value, most of the lipids appeared to
be organized in hexagonal phase. At 70°C, the spectra at pH 4
and 9.3 were taken as references for hexagonal and isotropic
phases. The curves were very similar but slightly (approxi-
mately (.4 pH units) displaced to less acidic values.

Similar studies were performed on MLV to better evidence
the phase transitions. As shown in Figure 5 (left panel), these
liposomes displayed a typical bilayer spectrum at 30°C and
alkaline pH, with a high-field peak and a low-field shoulder.
In contrast, the mixture was clearly organized in hexagonal
phase at acidic pH. The phase transformation upon acidifica-
tion was progressive and accompanied by the appearance of a
low proportion of isotropic-type phase detected by a small
peak at O ppm at pH 7.8. After warming to 70°C, the isotropic
signal became detectable at pH 8.7 and was predominant at
pH 7.8. After recooling to 30°C, the spectrum observed at pH

30°C 70°C
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3.7 40 80 I
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— 20
O\O |
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EIG. 4. 1P nuclear magnetic resonance (NMR) spectroscopy of DOPE/CHEMS LUV. Lefi panel: typical spectra obtained at three different pH val-
ues at two temperatures, Right panel: phase behavior of the vesicles over the whole range of pH values investigated at both temperatures. Quanti-
tative assignment to hexagonal (closed squares) or isotropic (open triangles) phases was made for data obtained at 30°C, by reference to the spectra
obtained at pH 3.7 (hexagonal phase) or 9.3 (isciropic phase), respectively, and for data obtained at 70°C, by reference to the spectra obtained at
pH 4.0 (hexagonal phase) or 9.3 (isotrapic phase), as described in Reference 31. Data shown are the mean of successive determinations obtained

with SD ~5%. For abbreviations see Figure 1.
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7.3 showed a prominent symmetrical and narrow signal with
a half-height width (Av, ,,) of 4 ppm. We then quantified these
changes using the spectra at pH 8.7 and 30°C, at pH 7.3 and
30°C after recooling (30°C final), and at pH 3.7 and 30°C as
reference to a bilayer phase, an isotropic phase, and an hexag-
onal phase, respectively. The results, presented in Figure 5
(right panel) show that 50% of the phospholipids adopt a
hexagonal phase organization at a pH close to nentraiity, This
transformation from bilayer to hexagonal phase involved a
passage through isotropic structures, the proportion of which
drastically increased after one cycle of heating and cooling.
Studies with cultured cells. (i) Fate of entrapped HPTS.
Figure 6 (upper panel) shows the accumulation and cellular
fate of HPTS encapsulated in DOPE/CHEMS and
DOPC/CHEMS LUY, in J774 macrophages during a first ex-
posure to the vesicles for a 15-min period (uptake) followed
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by a 45-min washout (chase; total incubation time: 60 min).
Panel A shows that HPTS, whether detected by excitation at
450 or 390 nm, rapidly accumulates in cells exposed to
DOPE/CHEMS liposomes. During the chase period, the sig-
nal obtained by excitation at 450 i declined while that ob-
tained by excitation at 390 nm remained stable with a trend
toward an increase. HPTS encapsulated in DOPC/CHEMS 1i-
posomes was accumulated to a considerably lesser extent, but
its fate during the chase was qualitatively similar to that of
HPTS encapsulated in DOPE/CHEMS liposomes. To get
more insight on the intracellular fate of HPTS, we present in
the panel B the ratio of the signals recorded upon excitation
at 450 and 390 nm. This shows that a steady and significant
shift of pH occurs in the environment of the probe, both with
DOPE/CHEMS and DOPC/CHEMS liposomes from early
uptake {(pH 7.0-7.5) to late chase phase (pH 6.0-6.5); some
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FIG. 5. >'P NMR spectroscopy of DOPE/CHEMS large multilameilar vesicles (MLV). Left panel: typical specira obtained at four diferent pH values
at three temperatures. Right panel: phase behavior of the vesicles over the whole range of pH values investigated at the three temperatures. Quan-
titative assignment to hexagonal (closed squares), bilayer (grey circles), or isotropic (open triangles) phases was made by reference to the spectra
obtained at 30°C and pH 3.7 (hexagonal phase), pH 8.7 (bilayer phase), or 30°C final and pH 7.3 (isotropic phase), respectively, as described in
Reference 31. Data shown are the mean of successive determinations obtained with SD ~5%. For abbreviations see Figures 1 and 4.
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30 min 60 min

DOPE/
CHEMS

DOPC/
CHEMS

FIG. 6. Accumulation and distribution of fluorescence in 774
macrephages during incubation in the presence of HPTS-containing
LUV (uptake) and subsequent transfer to liposome-free madium (chase).
Circles, DOPE/CHEMS vesicles; squares, DOPC/CHEMS vesicles. (A}
Readlings obtained with suspensions of living cells upon excitation at
450 nm (open symbols) or 390 nm (closed symbols); (B), ratio of the
recordings made upon excitation at these two wavelengths. Results are
the mean of three independent expeariments (£5D) (these ratios were
used to calculate the mean pH to which HPTS is exposed, and the cor-
responding values are shown on the right ordinate). Bottom panel: con-
focal microscopy of cells treated as indicated in the upper panels. Cells
were illuminated at 488 nm (green look-up tatle) and 363 nm (red look-
up table). The yellow color results from the colecalization of green and
red signals. Bar = 10 pm. For abbreviations see Figure 1.

delay, however, was noted for DOPC/CHEMS liposomes (to
make the link with the confocal microscopy studies, all mea-
surements were also made at 488 and 363 nm, with essentially
similar results}. The confocal microscopic studies analysis (il-
lustrated in the lower panel of Fig. 6) first confirmed that the
accumulation of HPTS in cells exposed to DOPE/CHEMS li-
posomes was considerably larger than that of the same probe

Lipids, Vol. 35, no. 2 (2000)

F. VAN BAMBEKE £T AL

chase

Fluorescence/myg prot.

0 15 30 45 60
Time (min)
8 min 15 min 30 min 60 min

FIG 7. Accumulation and distribution of fluorescence in [774
macrophages incubated in the presence of DOPE/CHEMS LUV contain-
ing HPTS together with DPX. The protocol and the experimental condi-
tions were similar to those of Figure 6. Upper panel: readings cbtaired

with cell suspensions {open symbols, A, 450 nm; closed symhbols, &

390 nm). Lowey panel: confocal microscopy observations. Bar = 10 pm.
For abbreviations see Figure 1.

entrapped in DOPC/CHEMS vesicles. With both types of 1i-
posomes, the tracer initially appeared as tiny dots located at
the periphery of the cell (set to a green color). With
DOPE/CHEMS liposomes, these structures became progres-
sively enlarged and more centrally located in a perinuclear
fashion, while also gradually emitting a larger proportion of
the signal in the red channel, the yellow color resulting from
the colocalization of green and red signals. Some of these
structures were already visible at 5 min, After 45 min chase,
most of the tracer was detected as large red/yellow patches,
often with a diffuse appearance. With DOPC/CHEMS lipo-
somes, the tracer still displayed a peripheral appearance after
30 min of incubation. It eventualiy, but slowly, became asso-
ciated with larger structures, some of which appeared as
red/yellow dots. Yet it was never present in a diffuse fashion.

{ii} Release of HPTS. Figure 7 (upper panel) shows that
suspensions of cells incubated with DOPE/CHEMS LUV
loaded with HPTS and DPX display almost no signal when
excited at 450 nm. At the end of the uptake period, however,
they showed a minor signal when excited at 390 nm, the value
of which increased throughout the chase period. In confocal
microscopy (lower panel), only a few red structures were seen
at the end of the uptake period. During the chase, increasingly
larger yellow/red patches, with a diffuse appearance, were ob-
served, sometimes surrounded by tiny green spots. No signal
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was detected when macrophages were incubated with
DOPC/CHEMS liposomes loaded by HPTS and DPX (resulis
not shown).

DISCUSSION

pH-sensitive liposomes have been developed for the purpose
of enhancing the cytosolic delivery of drugs and other en-
trapped solutes through destabilization in the acid milieu of the
endosomal/phagosomal apparatus (2-4). We selected DOPE/
CHEMS liposomes since vesicles of this composition show a
greater stability than liposomes made of DOPE and oleic acid
(34), and also because CHEMS induces destabilization through
transition to inverted hexagonal (Hy)) phase (20) in a physio-
logical pH range [7 to 5 (35)]. DOPC/CHEMS liposomes were
used as controls since these vesicles cannot undergo reorgani-
zation to Hyp phase, which is considered essential for membrane
destabilization and fusion (10). As structural modifications
could be the initiating factor of the destabilization of pH-sensi-
tive liposomes upon acidification, we have focused our atten-
tion on the changes in lipid organization as well as their rela-
tion with membrane permeabilization and fusion.

A first observation in this respect is that change in poly-
morphic organization of the lipids occurs over a wide pH
range and that the hexagonal-phase proportion increases from
pH 8.0 down to ~6.0. At this pH value, it affects a large pro-
portion of the lipids and probably reaches a eritical threshold
to cause alterations of other membrane properties. This
threshold cannot, however, be more quantitatively defined in
LUV. The broad component seen in the *'P NMR spectra at
acid pH, which is typical of a hexagonal phase (10}, may in-
deed include a symmetrical broader component associated
with fused liposomes of a still sufficiently small size {see
below) to undergo motional averaging of AG (30). The role of
structures giving rise to an isotropic signal in the process of
phase transition is further substantiated by the *'P NMR stud-
ies made on MLV. The highly mobife structures responsible
for the isotropic signal may also be involved in membrane fu-
sion (36). However, a quantitative relationship between the
propoertion of these structures in the membrane and the fusion
process cannot be established since MLV are too heteroge-
neous in size to be used in fusion assays. In addition, LUV,
which were therefore used for fusion studies, reorganize in
hexagonal phase at a lower pH than MLYV. The endothermic
character of the transition clearly appears for .UV, since it
occurs at a higher pH at 70 than at 30°C. This effect of tem-
perature is particularly dramatic for MLV, since a rise from
30 to 70°C increases the percentage of isotropic-type struc-
tures from ~10 to ~40%, and cooling down to 30°C causes a
complete transformation of the spectrum in a narrow symmet-
rical signal. It therefore appears that heating and cooling in-
duce the formation of isotropic-type structures in an irre-
versible manner. The nature of this structural change is diffi-
cult to interpret on the basis of 31p NMR results alone and
further investigations, out of the main scope of this paper, are
probably needed to independently determine the influences of
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the temperature and the duration of the cycle on membrane
behavior. Whatever the exact nature of these changes, the
main conclusion is that both LUV and MLV undergo changes
in lipid organization upon acidification susceptible to alter
critical membrane properties such as permeability and fusion
capacity.

A second observation in this study is that DOPE/CHEMS
liposomes require more membrane structure reorganization
for fusion than for permeabilization, since there is a differ-
ence of approximately 0.5 pH units between the onset of each
phenomenon (see data on calcein release on the one side and
light-scattering spectroscopy and R18 dequenching on the
other side). Our data therefore support and extend those ob-
tained by Collins ef al. (17), who also reported that leakage
occurs at 4 less acidic pH than membrane fusion. Quite sur-
prisingly, we found that a 100% leakage or fusion could not
be achieved, at least in the range of pH investigated, suggest-
ing that a part of the liposome population is resistant to acidi-
fication or that membrane perturbations are not sufficient to
cause the complete release of the entrapped probe or the fu-
sion of all the vesicles. Incomplete release of a tracer en-
trapped in DOPE/CHEMS liposomes containing higher pro-
portions of CHEMS was also noted by other investigators
(11). In the present study, the kinetic data unambiguously
show that a platean has been reached. It has been proposed
(11) that destabilization of pH-sensitive liposomes is primar-
ily mediated by bilayer contact, The degree of permeabiliza-
tiom may therefore be directly related to the lipid concentra-
tion. However, in these studies, the authors (11) did not
specifically consider whether the aggregation process is fol-
lowed by fusion of the liposomes. The mixing of lipid com-
ponents we detected is actually highly suggestive of a true fu-
sion process rather than a simple aggregation, since the in-
crease in LUV size was moderate (only 2-3 times the
diameter of control liposomes) and irreversible, and since
R18 fluorescence increased very rapidly upon liposome mix-
ing. The present data are therefore very similar to those we
reported earlier for negatively charged liposomes incubated
with typical fusogenic agents like melittin or (B-diethyl-
aminoethylether)hexestrol {these agents cause a two to five
times increase in liposome diameter and an immediate de-
quenching of R18 fluorescence). They are also in sharp con-
trast with what we found for aggregating agents like spermine
and gentamicin, which induce an at least 10-fold increase in
liposome diameter associated with a slow increase of R18 flu-
orescence (26,37). Aliogether, the biophysical studies dis-
cussed so far strongly suggest that DOPE/CHEMS liposomes
of the composition we selected may become destabilized and
release their contents when pH falls from >7 to approximately
6. This range corresponds to that encountered along the endo-
cytic pathway (38). The results of the cellular studies with
HPTS-entrapped liposomes (in which the tracer is used to
quantify the liposome uptake and to estimate:the pH at which
it becomes exposed) concur with this consideration. By as-
sunting a rapid equilibration of protons through the liposome
membrane (25}, it clearly appears that HPTS entrapped in
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DOPE/CHEMS or DOPC/CHEMS vesicles travels through
compartments whose pH decreases progressively from 7.4 to
~6. It must, however, be stressed that the pH values obtained
by the examination of cell suspensions (Fig. 6, upper panel)
represent an average value for a material that, as evidenced
by confocal microscopy (Fig. 6, lower panel), is spread
among vacuoles whose pH values range from neutrality to a
low wvalue. Our studies also show that cells handle
DOPE/CHEMS and POPC/CHEMS liposomes very differ-
ently. First, the fluorescence signal recorded in cells was
markedly lower for DOPC/CHEMS liposcmes than for
DOPE/CHEMS liposomes. This cannot be atiributed to a dif-
ference in the amount of probe entrapped (see Materials and
Methods section) and must therefore be ascribed to a low en-
docytic rate of DOPC/CHEMS liposomes, as already ob-
served in P388D 1 macrophages (4). This clearly points to the
importance of liposome composition for uptake, beyond a
simple variation in charge (39). Second, the confocal mi-
croscopy studies show that HPTS entrapped . in
DOPC/CHEMS liposomes remains for about 30 min in the
periphery of the cell and at neutral pH before being trans-
ferred to vesicles of lower pH. Because our calibration stud-
ies indicate that the shift from the green to the red signal
should occur around pH 7.15, the data therefore suggest that
DOPC/CHEMS liposomes remain associated with the cell
surface, or with invaginations of the plasma membrane, for
quite a time before being transferred to early endosomes and
other acidic vacuoles. In contrast, HPTS entrapped in
DOPE/CHEMS liposomes appears to move more quickly into
the cell where it progressively shows a diffuse appearance in
parallel with a marked shift from green to yellow and red.
Again, taking into account the pH at which this shift is ob-
served (~7.15), we interpret these images as indicating a rapid
internalization into early endosomes followed by a partial re-
lease of the tracer in the cytosol, the pH of which appears to
be precisely around this value in J774 macrophages (40). An
effective release of the content of DOPE/CHEMS liposomes
into the cytosol also is largely evidenced by the results of the
experiments using vesicles containing both HPTS and its
quenching agent DPX. Comparing the values of the fluores-
cence signal obtained with these liposomes (Fig. 7) to that ob-
tained with vesicles without the quenching agent (Fig. 6), we
suggest that approximately [5% of the HPTS has been made
free within 45 min after endocytosis, a figure close to that
found by Chu er al. (4) for DOPE/CHEMS (3:2) liposomes.
This value may, however, be underestimated, since a signifi-
cant increase in HPTS fluorescence will be only observed
upon high dilution of the dye/quencher mixture (41).

In conclusion, our data confirm the potential usefulness of
DOPE/CHEMS liposomes as pH-sensitive vehicles for the in-
tracytosolic delivery of an entrapped tracer. This delivery
seems to occur without grossly affecting cell viability, sug-
gesting interesting applications for therapeutics. Our biologi-
cal observations are supported by biophysical data pointing
to fruitful strategies for further improving the design and con-
struction of this type of liposomes.
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