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Antibody-directed liposomes (immunoliposomes) are
frequently used for targeted drug delivery. However,
delivery of large biotherapeutic molecules (i.e. peptides,
proteins, or nucleic acids) with immunoliposomes is of-
ten hampered by an inefficient cytosolic release of en-
trapped macromolecules after target cell binding and
subsequent endocytosis of immunoliposomes. To en-
hance cytosolic drug delivery from immunoliposomes
present inside endosomes, a pH-dependent fusogenic
peptide (diINF-7) resembling the NH2-terminal domain
of influenza virus hemagglutinin HA-2 subunit was
used. Functional characterization of this dimeric pep-
tide showed its ability to induce fusion between lipo-
some membranes and leakage of liposome-entrapped
compounds when exposed to low pH. In a second series
of experiments, diINF-7 peptides were encapsulated in
immunoliposomes to enhance the endosomal escape of
diphtheria toxin A chain (DTA), which inhibits protein
synthesis when delivered into the cytosol of target cells.
Immunoliposomes targeted to the internalizing epider-
mal growth factor receptor on the surface of ovarian
carcinoma cells (OVCAR-3) and containing encapsu-
lated DTA did not show any cytotoxicity toward
OVCAR-3 cells. Cytotoxicity was only observed when
diINF-7 peptides and DTA were co-encapsulated in the
immunoliposomes. Thus, diINF-7 peptides entrapped in-
side liposomes can greatly enhance cytosolic delivery of
liposomal macromolecules by pH-dependent destabili-
zation of endosomal membranes after cellular uptake of
liposomes.

To exert an optimal therapeutic effect, an administered drug
must safely reach not only its target cell but also the appropri-
ate location within that cell. Many biotherapeutic agents (e.g.
peptides, proteins, and nucleic acids) act at sites in the cytosol
or nucleus that are difficult to reach due to poor membrane
permeation characteristics. Therefore, these biotherapeutic
agents rely on drug carriers that allow cytosolic delivery of
these agents into diseased cells.

One attractive strategy to obtain cytosolic delivery is the
development of fusion-competent antibody-directed liposomes
(immunoliposomes) that, after receptor binding, can fuse with
the plasma-membrane of target cells or, after endocytosis of
liposomes, with the endosomal membranes. This membrane

fusion process should result in cytosolic access of liposome-
entrapped drug molecules. Such fusion-competent liposomes
can be obtained by disassembling enveloped viruses, isolating
their fusion-promoting components, and reassembling these
into vesicles to obtain so-called virosomes (1–4). Another, more
refined approach involves the use of synthetic peptides de-
signed to resemble the putative fusion peptide of viruses (5–8).
It is hypothesized that destabilization of endosomal mem-
branes is less damaging than plasma membrane destabiliza-
tion. The latter may result in cytotoxicity through eradication
of the electrochemical potential generated by the asymmetric
distribution of ions across the plasma membrane. Therefore,
drug delivery into the cytosol of target cells via endosomal
escape is the preferred route. It is expected that fusion and/or
membrane-destabilizing mechanisms that allow endosomal es-
cape of liposome-entrapped therapeutic macromolecules will
increase the therapeutic availability at the intracellular target
site and, consequently, the therapeutic efficacy of liposomal
drug formulations.

Many viral fusion peptides have been identified. Their mech-
anistic and structural role in the fusion process occurring be-
tween the envelopes of viruses and membranes of host cells has
been extensively studied, both with intact viral fusion proteins
and with synthetic analogs of the fusion protein domains. One
of the best characterized viral fusion peptides is the NH2-
terminal domain of influenza virus hemagglutinin subunit
HA-2 (9, 10). Recently, the membrane structure of the NH2-
terminal fusion domain of influenza virus hemagglutinin and
the low pH-induced conformational change has been resolved
by NMR (11). It was demonstrated that synthetic analogs of the
hemagglutinin fusion domain attached to a hydrophilic se-
quence inserted into liposomal bilayers in an “inverted V” con-
formation both at neutral (pH 7.4) and acidic pH (pH 5.0) with
residue 12 located at the bilayer surface. At pH 5.0, at which
the peptide is rendered fusogenic, the COOH-terminal side of
the V-shaped peptide undergoes a conformational change, re-
sulting in the formation of short 310-helix, that allows steeper
insertion of the fusion peptide into the bilayer. This steeper
insertion is thought to cause membrane destabilization.

Studies with synthetic peptides resembling the native se-
quence of the influenza virus NH2-terminal domain of the HA-2
subunit have clearly demonstrated that such peptides are able
to destabilize both model membranes (such as liposomes) and
natural membranes in a pH-dependent manner. Fusion pep-
tide-induced lipid mixing and aqueous content mixing between
liposomes have been demonstrated, indicating that the peptide
analogues have fusogenic capacities (12, 13). Influenza virus-
derived fusion peptides have been used to enhance the endoso-
mal escape of oligonucleotides (14, 15) and polycation-con-
densed DNA complexes (5, 16, 17) after cellular uptake.
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Surprisingly, despite the wealth of reports on the use of lipo-
somes to functionally characterize fusogenic peptides, only one
study reported on the utility of these peptides in enhancing
cytosolic delivery of liposome-entrapped drugs (18).

In this paper, the possibility to utilize co-encapsulation of
pH-dependent fusion peptides into liposomal drug formulations
as a means to obtain endosomal escape of liposome-entrapped
drug molecules and release of these molecules into the cytosol
of tumor cells was studied. For this purpose, a dimeric peptide
(diINF-7) resembling the NH2-terminal domain of influenza
virus hemagglutinin was synthesized. A previous study dem-
onstrated that the use of a dimer is preferred, since dimeriza-
tion resulted in a strongly increased destabilizing activity to-
ward liposomal bilayers and erythrocytes (10). First, the
membrane-destabilizing and fusogenic capacity of diINF-7 ei-
ther in free form or encapsulated in liposomes was demon-
strated by using liposomes as model membranes. Next, the
capacity of these peptides to induce endosomal escape of im-
munoliposome-entrapped bioactive molecules was demon-
strated by measuring cytosolic delivery of diphtheria toxin A
chain (DTA)1 as a model compound. Co-encapsulation of di-
INF-7 into DTA-containing immunoliposomes resulted in dras-
tically increased cytotoxicity toward ovarian carcinoma cells,
indicating that this peptide can be used to obtain cytosolic
delivery of liposome-entrapped drugs with poor membrane per-
meation capacities.

EXPERIMENTAL PROCEDURES

Materials—Cholesterol (CHOL), 2�,7�-[bis(carboxymethyl)amino]
methyl-fluorescein (calcein), N-succinimidyl-S-acetylthioacetate
(SATA), and sodium 3�-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate (XTT) were
obtained from Sigma. Egg phosphatidylcholine and 1,2-distearoyl-
glycero-3-phosphoethanolamine-N-[poly(ethylene glycol) 2000]
(PEG2000-DSPE) were from Avanti Polar Lipids (Birmingham, AL).
Maleimide-PEG2000-DSPE was obtained from Shearwater Polymers
(Huntsville, AL). 1-Hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-
phosphocholine (PyrPC) and 1,1�-dioctadecyl-3,3,3�,3�-tetramethylin-
dodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) were purchased
from Molecular Probes Europe BV (Leiden, The Netherlands).
Iso-octylphenoxypolyethoxyethanol (Triton X-100) was obtained from
BDH Laboratory Supplies (Poole, UK). Dithiothreitol was from Pierce.
Formaldehyde solution was obtained from Janssen Chimica (Geel, Bel-
gium). Murine mAb 425 of isotype IgG2a (EMD55900) (Merck) directed
against the human epidermal growth factor receptor (EGFR) was
kindly donated by Dr. G. A. van Dongen (Department of Otolaryngolo-
gy/Head and Neck Surgery, University Hospital Vrije Universiteit,
Amsterdam, The Netherlands). Irrelevant isotype-matched murine
mAb directed against the influenza virus HA (clone 12CA5) was kindly
donated by E. Boot (Immunology Division, Department of Infectious
Diseases and Immunology, Faculty of Veterinary Medicine, Utrecht
University, Utrecht, The Netherlands).

Cell Culture—The human ovarian carcinoma cell line NIH:OVCAR-3
originated from the laboratory of Dr. Hamilton (National Cancer Insti-
tute, Bethesda, MD) (19). OVCAR-3 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 3.7 g/liter sodium bicarbonate, 4.5
g/liter L-glucose and supplemented with L-glutamine (2 mM), HEPES
(10 mM), 10% (v/v) fetal calf serum, penicillin (100 IU/ml), streptomycin

(100 �g/ml), and amphotericin B (0.25 �g/ml) at 37 °C with 5% CO2 in
humidified air. All cell culture-related material was obtained from
Invitrogen.

Peptide Synthesis—The 24-amino acid peptide INF-7 was synthe-
sized by standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) solid phase
synthesis essentially as described by Plank et al. (20). Crude peptide
was precipitated by the dropwise addition of ether and collected by
centrifugation. The peptide was washed three times with ether and
subsequently dried under a stream of argon followed by high vacuum.
Subsequently, the peptide was dissolved in 1 ml of 20 mM ammonium
bicarbonate, pH 8.5, and freeze-dried. Lyophilized peptide was stored at
�20 °C. Purity and identity of the peptide were confirmed by high
pressure liquid chromatography (Waters 486; Millipore Corp.), amino
acid analysis, and fast atom bombardment mass spectrometry. The
presence of a cysteine residue at the carboxyl terminus resulted in
dimerization of the INF-7 peptide by disulfide bond formation.

DTA Purification—DTA was produced essentially as described by
Oeltmann and Wiley (21) and Carroll et al. (22). In short, supernatant
of cultures of Corynebacterium diphtheriae containing high amounts of
diphtheria toxin (DT), which was kindly donated by Dr. Kersten (The
National Institute of Public Health and The Environment, Bilthoven,
The Netherlands) was dialyzed against two 1-liter changes of HEPES-
buffered salt solution (HBS; 5 mM HEPES, 150 mM NaCl, pH 7.4)
overnight at 4 °C using Slide-A-Lyzer dialysis cassettes (Pierce) with a
molecular weight cut-off of 10,000. Four milligrams of dialyzed DT was
nicked with trypsin (1 �g/ml in HBS) for 30 min at room temperature,
after which the trypsin was inactivated with soybean trypsin inhibitor
(5 �g/ml final concentration). DT was reduced and denatured in HBS
containing 8 M urea and 0.1 M dithiothreitol and applied to a 1.5 �
50-cm column of Sephacryl S-200 equilibrated in elution buffer (50 mM

Tris-HCl, 2 M urea, 10 mM dithiothreitol, and 1 mM EDTA, pH 7.5).
Fractions of 5 ml were collected and analyzed for the presence of DTA
by SDS-PAGE under reducing conditions. Fractions containing DTA
were pooled and dialyzed overnight at 4 °C against two 1-liter changes
of HBS containing 0.1 M 2,2�-dihydroxyethyl disulfide to reversibly
block the free sulfhydryl groups. The concentration of DTA was deter-
mined spectrometrically, versus appropriate blanks, using the extinc-
tion coefficient at 280 nm of 1.5 liters � g � � cm�1. The biological
activity of DTA to inhibit protein synthesis was determined with a
rabbit reticulocyte lysate in vitro translation system (Promega,
Madison, WI) (23).

Liposome Preparation and Characterization—Lipids used for all li-
posome preparations were dissolved in CHCl3/MeOH (2:1 (v/v) ratio)
and stored at �20 °C under a nitrogen atmosphere. Egg PC and CHOL
(30 �mol of lipid) dissolved in the organic solvent were mixed at a molar
ratio of 2:1 in a round bottom flask. When indicated, 0.1 mol % (relative
to PL) of the lipidic fluorescence probe DiD, 10 mol % PyrPC (relative to
PL), or varying amounts of PEG2000-DSPE were added to the lipid
mixture prior to solvent evaporation using a rotary evaporator device.
The formed lipid films were further dried under a stream of nitrogen for
at least 1 h to remove traces of organic solvent. Lipid films were
hydrated with 1-ml solutions of HBS, calcein (90 mM), diINF-7 (500
�g/ml in HBS), DTA (250 �g/ml in HBS), or combinations of the latter
two substances. Hydration of lipids was facilitated by shaking the
flasks in the presence of glass beads. The formed liposomes were sub-
sequently extruded through polycarbonate filters with pore sizes vary-
ing from 0.05 to 0.6 �m using a hand extruder from Avanti Polar Lipids.
Nonentrapped material was removed from liposomes by centrifugation
steps (two 45-min steps at 100,000 � g; 4 °C). Pelleted liposomes were
resuspended in 1 ml of HBS. The phospholipid concentration of lipo-
some formulations was determined by the colorimetric method of Fiske
and Subbarow (24). The amount of encapsulated protein (DTA and
diINF-7) was determined with the BCA protein assay reagent kit
(Pierce) after disruption of the liposomes with 0.5% (v/v) Triton X-100.

Immunoliposome Preparation—For targeting purposes, conjugates of
mAb 425-PEG2000-DSPE were transferred to liposomes essentially as
described by Ishida et al. (25). In short, 2.5 mg of mAb 425 was modified
with an 8-fold molar excess of SATA to randomly introduce thiol groups.
SATA-modified mAb 425 was deacetylated and allowed to react with
micelles containing PEG2000-DSPE and maleimide-PEG2000-DSPE at
a 4:1 molar ratio. One micromole of liposomes was incubated with
425-PEG-DSPE micelles corresponding to an amount of 30 �g of con-
jugated protein for 90 min at 40 °C to allow transfer of mAb 425-
PEG2000-DSPE to the liposomes. Purification of liposomes was per-
formed on a Sepharose CL-4B column (Amersham Biosciences). With
this technique, �70% of targeting ligands could be reproducibly trans-
ferred into preformed liposomes.

1 The abbreviations used are: DTA, diphtheria toxin A chain; CHOL,
cholesterol; calcein, 2�,7�-[bis(carboxymethyl)amino]methyl-fluorescein;
SATA, N-succinimidyl-S-acetylthioacetate; XTT, sodium 3�-[1-(phe-
nylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene sul-
fonic acid hydrate; PEG, poly(ethylene glycol) 2000; PEG2000-DSPE,
1,2-distearoyl-glycero-3-phosphoethanolamine-N-[poly(ethylene glycol)
2000]; PyrPC, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phos-
phocholine; DiD, 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbocya-
nine, 4-chlorobenzenesulfonate salt; Triton X-100, iso-octylphenoxy-
polyethoxyethanol; mAb, monoclonal antibody; EGFR, epidermal
growth factor receptor; DT, diphtheria toxin; HBS, HEPES-buffered
salt solution; PC, phosphatidylcholine; PL, phospholipid; Mes, 2-[N-
morpholino]ethanesulfonic acid]; EPC, egg-derived phosphatidylcho-
line; CLSM, confocal laser scanning microscopy.
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Flow Cytometry and Confocal Laser-scanning Microscopy Analysis—
OVCAR-3 cells grown to a confluent monolayer were detached from
culture flasks by incubating the cells for 5 min at 37 °C with trypsin/
EDTA solutions from Invitrogen. Detached OVCAR-3 cells (2 � 105

cells) were incubated with DiD-labeled liposomes in a final volume of
300 �l of culture medium for 1 h at 37 °C. Thereafter, cells were washed
with immunofluorescence buffer (1% bovine serum albumin in phos-
phate-buffered saline, pH 7.4) by two centrifugation steps (5 min at
750 � g) and resuspended into 500 �l of immunofluorescence buffer
before being analyzed by flow cytometry with a FACSCalibur flow
cytometer (Becton & Dickinson, Mountain View, CA). For confocal
laser-scanning microscopy analysis, cells that were incubated with li-
posomes were washed three times with 1 ml of phosphate-buffered
saline before fixation with 2% (v/v) of formaldehyde in phosphate-
buffered saline for 20 min at room temperature. After fixation, cells that
were adhered to chamber slides were washed twice with phosphate-
buffered saline and overlaid with cover slides that were sealed with nail
polish. Cells were analyzed on a Leica TCS-SP confocal laser-scanning
microscope equipped with a 488-nm argon, 568-nm krypton, and
647-nm HeNe laser.

CD Measurements—CD measurements were performed with a dual-
beam DSM 1000 CD spectrophotometer (On-Line Instrument Systems,
Bogart, GA). The subtractive double-grating monochromator was
equipped with a fixed disk, holographic gratings (2400 lines/mm, blaze
wavelength 230 nm), and 1.24-mm slits. Cuvettes with a path length of
1 mm were used, and the peptide concentration was 100 �g/ml. CD
spectra were recorded from 250 to 200 nm at 25 °C. Each measurement
was the average of six repeated scans (step resolution 1 nm, 1 s each
step) from which the corresponding background spectrum was sub-
tracted. Quantitative prediction of the helical content was accomplished
by fitting CD data with the Hennessey-Johnson algorithm (26), by the
program CDNN in “simple spectra” configuration (27), using a protein
data base with known secondary structure as the basis set.

Liposome Turbidity Assay—Liposomes composed of EPC and CHOL
(molar ratio of 2:1) and with increasing amounts of PEG2000-DSPE (0,
2.5, 5, and 10 mol %) were added to a cuvette at a concentration of 300
or 1000 �M in a final volume of 1.5 ml of HBS. Immediately after the
addition of diINF-7 (lipid/peptide molar ratio of 50), peptide-induced
aggregation of liposomes at the indicated pH values was determined by
measuring the increase in optical density of the liposome dispersion
with a spectrophotometer at 500 nm over a period of 8–12 min at room
temperature.

Liposome Leakage Assay—A serial dilution (1:5) of free or liposome-
encapsulated diINF-7 peptide was prepared in a 96-well microtiter
plate by transferring 20 �l of the initial peptide solution (50 �g/ml for
free peptide and 0.3 �g/ml for liposome-entrapped peptide) from one
well to the next well containing 80 �l of HBS. Calcein-containing
liposomes were added to each well at a final concentration of 40 �M.
After a 60-min incubation at room temperature, samples were analyzed
for fluorescence with an LS50B fluorimeter (PerkinElmer Life Sciences)
set at an excitation wavelength of 488 nm and an emission wavelength
of 520 nm. Calcein leakage was expressed relative to the difference in
the fluorescence of calcein liposomes incubated in the absence of di-
INF-7 peptide (0% leakage) and the fluorescence of calcein liposomes
that had been disrupted with 0.5% (v/v) Triton X-100 (100% leakage).
The effect of Triton X-100 on calcein fluorescence intensity was negli-
gible at the tested concentration (28, 29).

Lipid Mixing Assay—diINF-7-induced lipid mixing was monitored
with the pyrene excimer assay developed by Galla and Hartmann (30).
Liposomes (5 �M) labeled with 10 mol % PyrPC (Molecular Probes, Inc.,
Eugene, OR) were mixed in a total volume of 1.4 ml of HBS with a
20-fold molar excess of nonlabeled donor liposomes in a cuvette kept at
37 °C. diINF-7 peptide was added at the amounts indicated, and after a
2-min equilibration period, the pH of the medium in the cuvette was
lowered to 5.2 by adding one-twentieth volume of fusion buffer (0.1 M

Mes, 0.1 M acetic acid, pH 4.1). Fusion was continuously monitored at
37 °C by measuring the decrease in PyrPC excimer fluorescence with an
LS50B fluorimeter set at an excitation wavelength of 345 nm and an
emission wavelength of 480 nm while the cuvette contents were contin-
uously stirred. The decrease of fluorescence was expressed relative to
the difference in the initial fluorescence and the excimer fluorescence at
infinite dilution, which was obtained by disrupting the liposomes with
0.5% (v/v) Triton X-100 (final concentration).

Aqueous Contents Mixing Assay—The occurrence of diINF-7-induced
intermixing of liposome-entrapped solutes was determined with a flu-
orescent assay based on quenching of calcein with bivalent metal ions
(31). Unilamellar liposomes of 150 nm in size containing calcein (0.8
mM) and CuSO4 (1 mM) in HBS were admixed at a concentration of 50

�M with a 5-fold molar excess of liposomes containing 20 mM EDTA in
a stirred cuvette kept at a temperature of 37 °C. diINF-7 was added at
a concentration of 5 �g/ml. The pH of the buffer was lowered to 5.2 by
adding one-twentieth volume of fusion buffer. Aqueous contents mixing
and/or leakage were continuously monitored at 37 °C by measuring the
increase in calcein fluorescence with a fluorimeter set at an excitation
wavelength of 488 nm and an emission wavelength of 520 nm. To be
able to determine the contribution of both leakage and aqueous content
mixing to the total increase in calcein fluorescence, one-twentieth vol-
ume of 1 mM CuSO4 was added to the external medium during the
fusion process.

Cytotoxicity Assay—OVCAR-3 cells were plated in 96-well cell cul-
ture plates at 5 � 103 cells/well and cultured for 24 h. Culture medium
was removed by decanting the plates, and cells were overlaid with 100
�l of fresh culture medium. To the first well of each column 100 �l of
liposome formulation was added at a final lipid concentration of 1 mM

(corresponding to 0.5 �g/ml of DTA). 2-Fold serial dilutions of liposome
formulations were prepared by transferring 100 �l of the first well in a
column to the next and so forth. After a 1-h incubation at 37 °C,
liposomes were removed from the cells by decanting the plates, and cells
were washed with 100 �l/well of fresh culture medium and overlaid
with 100 �l of fresh culture medium before incubation was continued.
Forty-eight hours after the addition of liposome formulations, cell via-
bility was assessed with the colorimetric XTT assay as previously
described (32).

RESULTS

Primary and Secondary Structure of diINF-7—The primary
amino acid sequence of diINF-7 is presented in Table I. Com-
pared with the native sequence of the NH2-terminal domain of
the influenza virus HA-2 subunit, diINF-7 differs in only two
amino acids; glycine at position 4 and alanine at position 7 have
been substituted by glutamic acid residues. These substitu-
tions favor the pH dependence of the fusogenic activity of the
peptide. Since fusogenic activity is thought to be directly cor-
related with �-helix formation of the peptide (6, 33–35), the
secondary structure of diINF-7 was determined by circular
dichroism spectropolarimetry at both pH 7.4 and pH 5.2 in the
presence or absence of detergent-solubilized phospholipids.
Since Subbarao et al. (36) showed that interpretation of CD
spectra below 222 nm in the presence of phospholipid vesicles is
ambiguous due to liposome scattering, we used mixed micelles
of phospholipids and detergent to determine the effect of a
hydrophobic environment on the helical content of the peptide.
The CD spectrum (Fig. 1) of the free peptide at pH 5.2 shows
minima at 208 and 222 nm, typical of a highly �-helical struc-
ture; in contrast, at neutral pH, the diINF-7 peptide is primar-
ily randomly coiled (Fig. 1A and Table II). Interestingly, the
presence of detergent-solubilized phospholipids can also induce
�-helix formation of diINF-7 (Fig. 1B and Table II).

Liposome Characterization—In this study, neutral liposomes
(EPC/CHOL molar ratio 2:1) with and without incorporated
PEG2000-DSPE were used as model membranes to test the
membrane-destabilizing capacity of diINF-7 and targeted drug
carriers to deliver DTA into the cytosol of tumor cells. Lipo-
somes were prepared by hydrating lipid films of 30 �mol of
total lipid with 1 ml of the appropriate buffer, after which the
formed liposomes were sized by extrusion (37). The lipid com-

TABLE I
Amino acid sequences of fusion peptides

INF HA-2, amino-terminal sequence of Influenza virus X-31 (H3N2)
hemagglutinin subunit HA-2; diINF-7, peptide analogue resembling Inf
HA-2 dimerized at the COOH terminus by disulfide bond formation
between COOH-terminal cysteine residues. Differences in amino acid
sequence of diINF-7 compared with the native Inf HA-2 sequence are
highlighted in boldface type.

Peptide Sequence

Inf HA-2 GLF GAI AGFI ENGW EGMI DGWYG--- - -

diINF-7 GLF EAI EGFI ENGW EGMI DGWYGC
GLF EAI EGFI ENGW EGMI DGWYGC
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position, phospholipid concentration, entrapped contents, and
liposome size of the batches of liposomes used throughout this
study are given in Table III.

diINF-7 Peptide-induced Aggregation of Liposomes—di-
INF-7 peptide-induced aggregation of liposomes as a function
of pH and the presence of PEG molecules on the surface of
liposomes was monitored by measuring the changes in turbid-
ity of liposome dispersions at 500 nm (Fig. 2). The results show
that liposome aggregation increased with decreasing pH. No
aggregation of liposomes was observed at pH 8.4. The presence of
PEG molecules (Mr 2000) exposed on the surface of liposomes
(2.5, 5, and 10 mol % relative to total lipid) fully inhibited diINF-
7-induced liposome aggregation at low pH.

Lipid Mixing Assay—The capacity of diINF-7 to induce mem-
brane fusion between liposomes was determined with the py-
rene excimer lipid-mixing assay (30). “Donor” liposomes, con-
taining 10 mol % of PyrPC were admixed with nonlabeled
“acceptor” liposomes. Upon intermixing of membrane lipids

between donor and acceptor liposomes, the PyrPC label will be
diluted over a larger membrane area, resulting in a decrease in
excimer formation and thus a decrease in PyrPC fluorescence.
Fig. 3 shows that the extent of lipid mixing increased with
increasing concentrations of diINF-7. Lipid mixing was pH-de-
pendent. No lipid mixing was observed at pH 7.4. In an acidic
environment, the rate and extent of lipid mixing increased with
increasing diINF-7 concentration (Fig. 3A) and decreasing pH
(Fig. 3B). Furthermore, the degree of lipid mixing depended on
the size of acceptor and donor liposomes (Fig. 3C). Small lipo-
somes with an average size of 70 nm showed the highest degree
of lipid mixing (75%), whereas the extent of lipid mixing be-
tween liposomes with an average size of �700 nm was only
22%. Furthermore, the extent of lipid mixing was negatively
correlated with the amount of PEG2000 exposed on the surface
of liposomes (Fig. 3D).

diINF-7-mediated Membrane Destabilization Results in
Leaky Membrane Fusion—A fluorescent assay based on the

TABLE III
Characterization of liposome preparations used throughout this study

Liposome composition (molar ratio) Lipid
concentration Entrapped contents Average size

(polydispersity)

mM PL nm

EPC/CHOL (2:1) 8.2 90 (0.110)
EPC/CHOL (2:1) 8.8 150 (0.101)
EPC/CHOL (2:1) 7.6 270 (0.326)
EPC/CHOL (2:1) 7.1 748 (0.555)
EPC/CHOL (2:1) 6.2 diINF-7 (12 �g/�mol PL) 194 (0.397)
EPC/CHOL (2:1) 10.3 DTA (0.5 �g/�mol PL) 152 (0.123)
EPC/CHOL (2:1) 7.7 DTA/diINF-7 (12 �g total protein/�mol PL) 193 (0.405)
EPC/CHOL (2:1) 8.0 Calcein (90 mM) 130 (0.096)
EPC/CHOL (2:1) 6.8 Calcein (90 mM)/diINF-7 (10 �g/�mol PL) 188 (0.368)
EPC/CHOL/PEG2000-DSPE (1.95:1:0.05) 6.2 127 (0.091)
EPC/CHOL/PEG2000-DSPE (1.9:1:0.1) 7.1 128 (0.084)
EPC/CHOL/PEG2000-DSPE (1.8:1:0.2) 7.4 127 (0.021)

FIG. 1. Secondary structure of diINF-7 peptides as a function of pH and presence of mixed micelles of phospholipids and
detergent. CD spectra of diINF-7 at pH 5.2 and 7.4 in the absence (A) and presence (B) of phospholipid micelles against appropriate blanks at
25 °C are shown. In all cases, the concentration of diINF-7 peptide was 18.6 �M. Mixed micelles consisted of 1 mM indicated phospholipids and 40
mM octyl glucoside (OG). As judged from the ellipticity at 222 nm, � helicity of diINF-7 peptides increased with decreasing pH and in the presence
of detergent or mixed micelles.

TABLE II
Molar absorbance difference at 222 nm (��222) and helical content of diINF-7 in the absence or presence of mixed micelles

and at different pH values

Mixed micelles pH ��222 Helical content

M
�1cm�1 %

7.4 �0.675 15
5.2 �2.751 31

EPC/OG (1 mM/40 mM) 7.4 �2.538 29
EPC/OG (1 mM/40 mM) 5.2 �4.686 53
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method of Kendall and MacDonald (31) to monitor vesicle fu-
sion and lysis was performed to determine whether diINF-7-
induced lipid mixing is accompanied by intermixing of aqueous
contents between liposomes and/or leakage of liposome-en-
trapped materials. Calcein-Cu2� complexes, which are nonfluo-
rescent, were entrapped in one set of liposomes and admixed
with a 5-fold excess of a second set of liposomes containing
entrapped EDTA. When EDTA comes in contact with Cu2�-
calcein complexes, either due to aqueous contents mixing be-
tween liposomes or due to leakage of both compounds to the

external medium, EDTA will chelate the Cu2� ions, thereby
liberating the highly fluorescent calcein. The results of diINF-
7-induced aqueous contents mixing between EDTA-containing
liposomes and Cu2�-calcein-containing liposomes are pre-
sented in Fig. 4. An increase in calcein fluorescence was ob-
served directly after lowering the pH of the external medium to
5.2. To be able to discriminate which part of the observed
increase in calcein fluorescence was caused by leakage of en-
trapped calcein and EDTA and which part was caused by
intermixing of aqueous contents, an excess of Cu2� ions was

FIG. 2. diINF-7 peptide-induced aggregation of liposomes as a function of pH and liposome composition. A, aggregation of liposomes
(300 �M) when exposed to diINF-7 peptides dissolved in the aqueous dispersion (lipid/peptide molar ratio 50) at pH 5.2 (Œ), 7.4 (● ), and 8.4 (�).
B, effect of PEG2000 exposed to the surface of liposomes on diINF-7 induced aggregation of liposomes at pH 5.2. Liposomes contained 0 mol % (● ),
2.5 mol% (�), 5 mol% (�), and 10 mol% (Œ) of PEG2000-DSPE relative to the total amount of lipid. Concentrations of liposomes and peptide were
the same as in A.

FIG. 3. Effect of diINF-7 peptide concentration, buffer pH, liposome size, and surface-exposed PEG molecules on the extent of
diINF-7-induced lipid mixing. Donor liposomes (EPC/CHOL/PyrPC, molar ratio 1.8:1:0.2) were admixed with a 20-fold molar excess of acceptor
liposomes (EPC/CHOL, molar ratio 2:1) at a final lipid concentration of 105 �M. diINF-7 peptides were added to the liposome dispersion at the
indicated concentration. At the time point indicated with a black arrow, the external medium was acidified to pH 5.2 (unless mentioned otherwise),
and lipid mixing was continuously monitored as measured by a decrease of PyrPC excimer fluorescence. The decrease of PyrPC excimer
fluorescence was expressed relative to the initial fluorescence and the excimer fluorescence at infinite dilution (i.e. after vesicle solubilization with
detergent). A, extent of lipid mixing as a function of diINF-7 peptide concentration: 0 (a), 1, (b), 10 (c), and 20 (d) �g/ml diINF-7. B, influence of
pH on degree of lipid mixing induced by diINF-7 (10 �g/ml): pH 7.4 (a), 6.5 (b), 5.2 (c), 5.0 (d), and 4.6 (e). C, influence of liposome size on the degree
of lipid mixing induced by diINF-7 (10 �g/ml). Curves show lipid mixing between liposomes of 90 nm (a), 270 nm (b), and 750 nm (c) in size. D, effect
of surface-exposed PEG molecules on the degree of diINF-7-induced lipid mixing between 100-nm liposomes. Peptide concentration was 10 �g/ml.
The relative amount of PEG2000 molecules grafted on the surface of liposomes was 10 mol % (a), 5 mol % (b), 2.5 mol % (c), and 0 mol % (d). Each
curve represents the average of three individual measurements.
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added to the external medium. This resulted in an instantane-
ous decrease in calcein fluorescence, followed by a slow decline
in calcein fluorescence. This biphasic decrease of calcein upon
the addition of Cu2� ions to the external medium may be
explained by instantaneous quenching of calcein located out-
side liposomes, whereas quenching of free calcein located inside
lipidic vesicles occurred at a slower rate, since this requires
passage of Cu2� ions over the diINF-7 peptide-destabilized
liposome membranes. No increase in calcein fluorescence could
be observed in the absence of diINF-7 peptides.

Effect of Liposome Encapsulation on the Membrane Destabi-
lizing Capacity of diINF-7—Previous studies with synthetic
analogues of influenza virus fusion peptides have demon-
strated that peptide-induced membrane destabilization is ac-
companied by leakage of liposome-entrapped materials when
peptides were added in free form to the liposomes (17, 20, 38,
39). Here, we tested the capacity of diINF-7 to induce leakage
of calcein from liposomes under two different conditions: 1) by
adding diINF-7 peptide free in solution to a dispersion of cal-
cein-containing liposomes or 2) by adding liposome-entrapped
diINF-7 to calcein-containing liposomes. Fig. 5A presents the
results of calcein leakage from liposomes composed of EPC and
CHOL (molar ratio 2:1) after 1 h of incubation at room temper-
ature in the presence of increasing diINF-7 peptide concentra-
tions. Calcein leakage occurred both at pH 5.2 and pH 7.4.
However, at pH 7.4, 30-fold higher concentrations of diINF-7
were needed to obtain the same level of calcein leakage. di-
INF-7 also induced leakage of calcein from liposomes at pH 5.2
when encapsulated in liposomes other than the calcein-lipo-
somes although less efficiently than free diINF-7 (Fig. 5B).

Effect of Liposome-encapsulated diINF-7 on Cytosolic DTA
Delivery—An important finding in this study is that diINF-7
induced leakage of calcein from liposomes upon exposure to low
pH when these peptides were encapsulated in liposomes other
than the calcein-containing liposomes. This finding implies
that diINF-7 peptides may be able to destabilize not only the
carrier liposomes in which these peptides are entrapped but
also the endosomal membranes when these fusion peptide-
bearing liposomes are endocytosed by target cells. To evaluate
the endosomolytic activity of diINF-7, we co-encapsulated DTA
in diINF-7-containing liposomes. DTA/diINF-7 liposomes were
targeted to the internalizing human EGFR by conjugating mAb

425 to the liposome surface. These immunoliposomes were
incubated with ovarian carcinoma cells (OVCAR-3) expressing
the EGFR on their cell surface. Binding of DTA/diINF-7 lipo-
somes labeled with the fluorescent probe DiD is illustrated in
Fig. 6A, which shows that the immunoliposomes are able to
bind to OVCAR-3 cells. Cell binding could be partially blocked
by adding free mAb 425 at a concentration of 500 �g/ml. Lipo-
somes lacking surface-grafted antibodies showed only low lev-
els of cell binding, and liposomes bearing an isotype-matched
irrelevant antibody (mAb 12CA5 directed against influenza
virus HA) grafted on their surface showed moderate binding.
Confocal laser-scanning microscopy experiments show that li-
posomes targeted to the EGFR on OVCAR-3 cells are efficiently
internalized (Fig. 6B).

Cytotoxicity of native DT, free DTA, and liposomal DTA
formulations toward OVCAR-3 cells is shown in Fig. 7. DTA in
free form was not toxic to OVCAR-3 cells in the concentration
range tested, whereas the nicked DT showed concentration-de-
pendent cytotoxicity toward OVCAR-3 cells (Fig. 7A). Impor-
tantly, the cytotoxicity of diINF-7/DTA-containing immunoli-
posomes (DTA-425-FIL) was even higher compared with native
DT, indicating that the amount of toxin molecules delivered by
immunoliposomes via EGFR-mediated endocytosis and subse-
quent endosomal escape is higher than the amount of toxin
delivered via the native HB-EGF receptor (Fig. 7, B and C).
DTA-immunoliposome formulations devoid of diINF-7 (DTA-
425-IL) did not show cytotoxicity. Cytotoxicity was not due to
diINF-7-induced endosomal membrane disruption, since im-
munoliposomes bearing diINF-7 but no DTA (425-FIL) did not
show toxicity toward OVCAR-3 cells (Fig. 7C). diINF-7/DTA-
liposomes that were nontargeted or targeted with an irrelevant
monoclonal antibody did not show cytotoxicity (Fig. 7B). Inhi-
bition of acidification of endosomes by adding 20 mM NH4Cl to
the culture medium 30 min prior to adding the diINF-7/DTA
immunoliposomes resulted in loss of cytotoxicity of this DTA
formulation (Fig. 7B). The addition of 20 mM NH4Cl to the
culture medium had no effect on cell viability (results not
shown). In conclusion, the results show that cytosolic delivery
of DTA into OVCAR-3 cells requires both receptor-mediated
endocytosis of DTA/diINF-7 immunoliposomes and subsequent
low pH-induced activation of the endosomolytic activity of
diINF-7.

FIG. 4. diINF-7-induced aqueous
contents mixing and leakage of lipo-
somes. Liposomes (50 �M of total lipid)
containing 1 mM CuSO4 and 0.8 mM cal-
cein were admixed with a 5-fold excess of
liposomes containing 20 mM EDTA. Fluo-
rescence of calcein was continuously mon-
itored with an LS50B fluorescent spectro-
photometer set at excitation wavelength
of 488 nm and an emission wavelength of
520 nm. At the indicated time points, the
pH of the external medium was lowered
from 7.4 to 5.2, and one-twentieth volume
of 1 mM CuSO4 was added to the external
medium. Black curve, calcein fluorescence
pattern obtained in the presence of 5
�g/ml diINF-7. Gray curve, calcein fluo-
rescence pattern obtained in the absence
of diINF-7 peptide. Results of a typical
experiment are shown.
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FIG. 6. Flow cytometry (A) and confocal laser scanning microscopy (CLSM; B) analysis of cellular uptake of diINF-7/DTA-
containing immunoliposomes by OVCAR-3 cells. Cells (2 � 105) were incubated with DiD-labeled liposomes (EPC/CHOL/DiD, 2:1:0.002) or
immunoliposomes (500 �M) for 1 h at 37 °C. Liposomes contained 0.5 �g/�mol PL of DTA and 12 �g/�mol PL of diINF-7. After unbound liposomes
were washed away, cells were analyzed for associated DiD fluorescence by flow cytometry. A, cell-associated DiD fluorescence of OVCAR-3 cells
incubated without liposomes (a), with 425-IL (b), with 425-IL in the presence of free mAb 425 (500 �g/ml) (c), liposomes without surface-conjugated
antibodies (d), and immunoliposomes bearing isotype-matched irrelevant mAb 12CA5 (e). B, light contrast (A) and CLSM (B) pictures taken from
OVCAR-3 cells incubated for 60 min with 425-IL with encapsulated DTA and diINF-7.

FIG. 5. Effect of liposome-encapsulated diINF-7 peptide compared with free diINF-7 peptide on the extent of calcein leakage from
liposomes at pH 5.2 and pH 7.4. Shown is leakage of calcein from liposomes composed of EPC and CHOL (molar ratio 2:1) and approximately
130 nm in size induced by diINF-7 peptides free in solution (A) and diINF-7 peptides encapsulated in liposomes other than the liposomes containing
the calcein (B). Leakage of calcein from liposomes was measured both at pH 7.4 and pH 5.2 after 1-h incubation at room temperature. Leakage of
calcein is expressed relative to the difference between leakage of calcein from liposomes after disruption with detergent (100% value) and leakage
of calcein from liposomes in the absence of peptides (0% value). Each data point represents the average of three individual measurements.
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DISCUSSION

In the work presented here, a dimerized synthetic fusion
peptide (diINF-7) resembling the NH2-terminal domain of in-
fluenza virus hemagglutinin subunit HA-2 was used for the
purpose of enhancing cytosolic delivery of immunoliposome-
encapsulated macromolecules after cellular uptake of immuno-
liposomes by receptor-mediated endocytosis. Structural char-
acterization of diINF-7 showed that the dimeric peptide adopts
an �-helix when exposed to low pH and when exposed to mixed
micelles of detergent and phospholipids. The pH-dependent

membrane destabilizing capacity of diINF-7 was demonstrated
by the induction of leakage of calcein from liposomes. An im-
portant finding for the application of diINF-7 as an endosomo-
lytic agent in liposomal drug delivery is that, although less
effective than free diINF-7 peptide, liposome-encapsulated di-
INF-7 peptides are able to induce release of calcein from an-
other set of liposomes when the pH of the external medium is
lowered (Fig. 5). This indicates that the liposome-encapsulated
peptides are not only able to destabilize the liposomes in which
they are encapsulated but, subsequently, also other lipid mem-

FIG. 7. Cytotoxicity of free or lipo-
some-encapsulated DTA toward
OVCAR-3 cells. OVCAR-3 cells, plated
at a density of 5�104 cells/ml were ex-
posed to several DT or DTA formulations
for 1 h at 37 °C. Thereafter, toxin formu-
lations were removed, and cells were in-
cubated for 47 h before cell viability was
assessed with the XTT assay. Cell viabil-
ity is expressed relative to the difference
in viability of untreated cells (100%
value) and empty wells (0% viability). A,
DT, crude diphtheria toxin activated with
trypsin; DTA-425-IL, immunoliposomes
targeted with an anti-EGFR antibody
(mAb 425) and containing DTA (0.5 �g/
�mol PL); DTA-425-FIL, 425-IL contain-
ing DTA (0.5 �g/�mol PL) and diINF-7
(12 �g/�mol PL). B, DTA-FL, nontargeted
liposomes containing DTA (0.5 �g/�mol
PL) and diINF-7 (12 �g/�mol PL); DTA-
IgG-FIL, immunoliposomes targeted with
an isotype-matched irrelevant antibody
and containing DTA (0.5 �g/�mol PL) and
diINF-7 (12 �g/�mol PL); DTA-425-FIL �
20 mM NH4Cl, DTA-425-FIL incubated
with OVCAR-3 cells in the presence of 20
mM NH4Cl to inhibit endosome acidifica-
tion. C, 425-FIL, 425-IL containing di-
INF-7 (12 �g/�mol PL).
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branes. Activation of the membrane fusion capacity of lipo-
some-encapsulated diINF-7 peptides requires exposure to low
pH. The internal pH within the liposomes will be the same as
the pH of the buffer in which the lipid films were hydrated (in
this case HBS, pH 7.4). When liposomes are exposed to a lower
external pH, it is expected that the pH inside the liposomes will
slowly drop in time as protons and hydroxyl ions cross the
liposome bilayer fairly quickly, probably as a result of transfer
of hydrogen bonds between water molecules (40, 41). Therefore,
it is likely that liposome-encapsulated diINF-7 peptides will
slowly become activated due to the decline of the pH within the
liposomes. Moreover, the presence of diINF-7 peptides associ-
ated with the liposome bilayer may further increase the per-
meability of the bilayer to protons. The observation of a rela-
tively small degree of calcein release induced by liposome-
entrapped diINF-7 peptides compared with free diINF-7
peptides is indicative of such a slow decrease in internal pH
and a concomitant slow activation of the entrapped fusion
peptides.

Besides leakage, the diINF-7 peptide also induces liposome
aggregation (Fig. 2) and subsequent intermixing of lipids be-
tween liposome vesicles, indicative of membrane fusion (Fig. 3).
The degree of lipid mixing induced by diINF-7 seemed to be
dependent on the size of liposomes. An explanation for this may
be that small liposomes have a high curvature and membrane
strain, which favors merging with other vesicles to release the
strain. Conversely, multilamellarity of large liposomes may
account for the decrease in observed lipid mixing. An interest-
ing observation is that incorporation of only small amounts of
PEG-lipids in the liposome membranes (2.5 mol %) completely
inhibited liposome aggregation and caused a large reduction in
lipid mixing (Figs. 2B and 3D). Presumably, the hydrophilic
PEG polymers prevented the close juxtaposition of membranes
required for peptide-induced aggregation of liposomes and sub-
sequent membrane exchange between aggregated liposomes.
diINF-7 peptide-induced fusion is a rather leaky process, re-
sulting in excessive leakage of liposome-entrapped compounds
to the external medium in addition to mixing of aqueous con-
tents between fused liposomes (Fig. 4). Similar findings have
been reported for fusion induced by intact influenza virus par-
ticles with liposomes (42).

In a second set of experiments, diINF-7 was tested on its
capacity to enhance endosomal escape of immunoliposome-en-
trapped compounds. diINF-7 together with DTA were en-
trapped inside immunoliposomes targeted to the EGFR ex-
pressed on the surface of OVCAR-3 cells. We have utilized
encapsulation of diINF-7 as a means to guarantee delivery of
sufficient quantities of peptides into the endosomal compart-
ment, which is required for effective destabilization of liposo-
mal as well as endosomal membranes with subsequent cytoso-
lic drug release. The possibility to attach the fusogenic peptide
to the liposome membrane has been explored by us2 and sev-
eral other groups (38, 43–45). However, the general conclusion
is that lipid modification of fusogenic peptides leads to an
altered conformation of the peptides, thereby influencing their
fusogenic behavior (38, 45). The results presented in this study
demonstrate that co-encapsulation of diINF-7 into DTA-con-
taining immunoliposomes results in cytosolic delivery of DTA
into OVCAR-3 cells. As inhibition of endosome acidification
results in loss of cytotoxicity of diINF-7/DTA-containing immu-
noliposomes, it is most likely that delivery of DTA into the
cytosol of OVCAR-3 cells is mediated by diINF-7-induced en-
dosomal membrane destabilization after cellular uptake of the
diINF-7/DTA immunoliposomes.

In conclusion, encapsulation of the fusogenic peptide diINF-7
into immunoliposomes is an attractive strategy to obtain endo-
somal escape of liposome-entrapped proteins after receptor-
mediated endocytosis of these immunoliposomes by target
cells. These immunoliposomes will be a valuable tool for cyto-
solic delivery of membrane-impermeable proteins or nucleic
acids to specific cells for experimental, diagnostic, or therapeu-
tic purposes.
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