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Trastuzumab (HerceptinTM) targets the human epidermal growth factor receptor 2 (HER2),
which is overexpressed in 20–30% of breast and ovarian cancers carrying a bad prognosis.
Our purpose was to target HER2-overexpressing human breast cancer cells with pegylated
immunoliposomes bearing trastuzumab and containing melittin, which has recently
shown anticancer properties. Using a panel of human breast cancer cells with different
HER2 expression levels, these immunoliposomes decreased cancer cells viability in a
dose–response manner and in correlation to their level of HER2 expression. Specific bind-
ing of the immunoliposomes to SKBr3 breast cancer cells was shown by ImageStream-
based analysis. The morphological changes observed in the treated cells suggested a cyto-
lytic process. This preclinical approach may suppose an effective strategy for the treatment
of HER2-overexpressing tumors, and can support the development of an early phases I–II
clinical trial. Trastuzumab resistant breast cancer cells (JIMT-1), can also be targeted using
this approach.

� 2009 Elsevier Ireland Ltd. All rights reserved.
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Nowadays, anticancer chemotherapy obtains incom-
plete responses and show high toxicity rates because of
its side effects on normal cells. Monoclonal antibody
(MAb) therapy has contributed to the progress in antican-
cer therapies results, leading to several clinically approved
drugs [1]. The conjugation of complete or fragmented anti-
bodies to liposomes has resulted in the next generation of
delivery drugs, i.e., immunoliposomes [2,3]. These provide
a targeted drug delivery, enhance selectivity and diminish
side effects. In addition, the design of more stable and
long-circulating liposomes [4] through their polymeric
coating with polyethylene glycol has displayed a retarded
clearance by the reticuloendothelial system, prolonging
their half life [5]. However, cancer cells have few specific
target sites as they share many common features with nor-
mal cells. Finding exclusive targets to design selective anti-
cancer drugs is a difficult task.
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As a promising target, HER2 (or ErbB2) is a protoonco-
gene belonging to the epidermal growth factor receptor
family (EGFR or ErbB) of receptor tyrosine kinases (RTK)
[6]. HER2 is overexpressed in 20–30% of breast and ovarian
cancers [7]. Moreover, in normal adult tissues, HER2 is
present only at low levels in certain epithelial cell types
[8]. Several anticancer therapies targeting ErbB receptors
have been developed, and the humanized monoclonal anti-
body that binds to HER2 (HerceptinTM or trastuzumab) is
currently in clinical use as an effective treatment for HER2
positive breast cancer [9]. Trastuzumab has been used in
several therapeutical approaches coupled to liposomes to
increase anticancer therapy selectivity. Anti-HER2 immu-
noliposomes have shown binding and internalization in
HER2-overexpressing cells [10], which leads to intracellular
drug delivery. Moreover, the use of doxorubicin-loaded
anti-HER2 immunoliposomes exhibited significantly higher
therapeutic results, in HER2-overexpressing xenograft
models, compared to other treatments [11].

Furthermore, antimicrobial peptides (AMPs) are gene
encoded natural peptide antibiotics of the innate defenses
of many organisms [12]. Several studies have demon-
strated that AMPs act on most pathogens, predominantly
by disrupting the lipidic cell membranes [13], most proba-
bly by forming pores or ion channels [14]. Several models
have been proposed to explain this mechanism, i.e., bar-
rel-stave, carpet-like, toroidal pore formation or deter-
gent-type micellization [15], all increasing membrane
permeabilization, leakage of cell content and osmotic
instability, leading to cell death. In some cases, peptide dif-
fusion to intracellular targets has been also described. The
capacity of AMPs to promote cell lysis has been extensively
studied in order to develop new anticancer approaches
[16].

Among the lytic peptides derived from insects and
amphibians, melittin, from bee venom, has recently shown
anticancer properties but its precise mechanism of action
is still uncertain [17]. Melittin is a 26 aminoacid peptide
(GIGAVLKVLTTGLPALISWIKRKRQQ) with a-helix confor-
mation. The primary sequence, due to its particular amino-
acid distribution, is the responsible of the amphipathic
nature of this peptide: the amino-terminal region (residues
1–20) is predominantly formed by hydrophobic residues
whereas the carboxy-terminal region (residues 21–26) is
hydrophilic due to the presence of a tandem of basic ami-
noacids [18].

It has been proposed that the activation of phospholi-
pase A2 (PLA2) by melittin and the subsequent apoptosis
mediated by caspase and metalloproteinases activation is
responsible for its activity [19,20]. On the contrary, it is
also shown that melittin destroys target membranes by
pore formation and destabilization through the barrel-
stave mechanism [21,22]. Melittin adsorbs on the cell sur-
face at a low a-helix stage and increases its helicity after
insertion into the membrane bilayer leading to pore forma-
tion and expansion [21]. Therefore, the mechanism under-
lying the anticancer activity of melittin remains still
unclear.

Recently, pegylated immunoliposomes coupled to a
humanized antihepatocarcinoma single-chain antibody
variable region fragment were loaded with a bee venom
peptide fraction and used to target hepatocarcinoma cells
[23]. In the present study, pegylated anti-HER2 immuno-
liposomes using the complete antibody (trastuzumab) were
loaded with melittin and were used against HER2-over-
expressing human breast cancer cell lines for the first time.
The selective capacity of the immunoliposomes to reduce
the viability of several breast cancer cell lines, related to
the level of HER2 expression, was determined and compared
to the results obtained with the use of the commercial anti-
body alone. The binding rate of the pharmaceutical prepara-
tion has been studied through ImageStream-based analysis
in SKBr3 breast cancer cells. The complete characterization
of the stability and composition of the immunoliposome
preparation was also performed. This immunoliposome
system showed efficacy and selectivity against several
HER2-overexpressing cancer cell lines.
2. Materials and methods

2.1. Chemicals

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide (polyethylene glycol) 2000] (D2000 M) and
cholesterol (Chol) were obtained from Avanti Polar Lipids
(Birmingham, AL, USA). Lissamine rhodamine B 1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine (Rhod-PE)
was obtained from Invitrogen (Europe). Natural lipid egg
yolk phosphatidylcholine (EYPC) and 1,2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-PEG-2000 (DSPE-PEG) were
kindly provided by Lipoid GmbH (Ludwigshafen, Germany).
All lipids were dissolved in chloroform/methanol (1:1) and
stored at �20 �C. HerceptinTM (trastuzumab) was ob-
tained from ROCHE. DAPI dye was purchased from Molecu-
lar Probes (Molecular Probes, Invitrogen, UK). Melittin
was purchased from SERVA Electrophoresis (Heidelberg,
Germany). Other reagents are described in text.

2.2. Cell lines and cultures

The human breast carcinoma cell lines MCF7 and SKBr3
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). MCF7 breast cancer cells stably
overexpressing HER2 oncogene (MCF7/HER2) [24] and
the cell line JIMT-1, derived from a breast cancer clinically
resistant to trastuzumab [25], both were kindly provided
by Institut Català d’Oncologia (Girona, Spain). Cells were
routinely grown in DMEM + GlutaMAX medium supple-
mented with 10% of heat-inactivated fetal bovine serum
(GIBCO) and 50 U/mL of penicillin and 50 mg/mL of strep-
tomycin (GIBCO). Cells were incubated at 37 �C in a humi-
fied 5% CO2 air atmosphere.

2.3. Liposome preparation

Liposomes were prepared by lipid film hydration fol-
lowed by membrane extrusion [26]. Promptly, adequate
amounts of each lipid were combined in a molar ratio of
74.5:20:5:0.5 (EYPC:Chol:DSPE-PEG:D2000 M). The organ-
ic solvent was evaporated from the lipid solution using a
N2 stream and dried by vacuum for 3 h. The lipid film
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was hydrated by vortexing at 25 �C using THIS buffer
(1.2 g/L histidine–HCl, 0.78 g/L histidine, pH 7.4). Large
unilamellar vesicles were obtained by at least 15� extru-
sion cycles through 100 nm polycarbonate membranes
(Whatman, Maidstone, Kent, UK) using an extruder device
(Avestin, Otawa, Canada) [27]. 1% of Rhod-PE was added to
the lipid mixture for the flow cytometry assays.

2.4. Antibody derivatization and conjugation to liposomes

The commercial antibody (trastuzumab) was deriva-
tized essentially as previously described [10,28]. Briefly,
the antibody was thiolated using 2-iminothiolane (Traut’s
reagent) and then incubated with the unilamellar vesicles
in an Argon inert atmosphere for 12 h at 25 �C with gentle
agitation. During the reaction, the thiol group of the deriva-
tized antibody reacted with the maleimide group of the
D2000 M lipid present in the liposome yielding the immu-
noliposome with the antibody covalently attached (the
technique is thoroughly reviewed in [29]). When needed,
the immunoliposomes were loaded with melittin by incu-
bation with the peptide and maintaining a lipid:peptide ra-
tio of approximately 1:100 for 1 h at 37 �C with gentle
agitation, to obtain the final AbDR (antibody-darts) suspen-
sion. To eliminate the unbounded antibody and melittin,
the mixture was passed through a Sephadex G-25 (Sigma–
Aldrich) column using histidine buffer (THIS) buffer for
the elution. Isotonic sucrose was added to the melittin-
loaded immunoliposome preparations as cryoprotector
before lyophilization when these were focused for storage
and subsequent reconstitution. Immunoliposome suspen-
sions were lyophilized using a Heto FD2.5 apparatus and
stored at 4 �C until utilized. Then, samples were resus-
pended in distilled water before use.

2.5. Particle size measurements

The size of liposomes was determined by using light
scattering technology through intensity measurements,
this technique is extensively described in [30,31]. The
Zetasizer Nano ZS (Malvern Instruments Ltd., UK) was used
to determine the mean vesicle size, size distribution, and
polydispersity of the liposomes with the following specifi-
cations: 80 s sampling time, 1.33 refractive index, 173�
scattering angle and measurement temperature of 25 �C.
All the measurements were performed using the AbDR sus-
pension at an approximate concentration of 0.1–0.3 mM.
Three independent series of 15–25 individual measure-
ments were obtained for every sample. The typical Nano
software DTS version 5.00 was utilized.

2.6. Analytical HPLC

To quantitate the amount of melittin in the immuno-
liposomes, one volume of methanol was added to the lipo-
some suspension, vortexed and centrifuged. Then, 25 lL
were injected in an analytical reverse phase column
LiChrospher� 100 RP-18 (5 lm, 250 � 4 mm i.d.) from
Merck and subjected to HPLC analysis. The quantitation
of melittin was carried out in a high performance liquid
chromatography system LaChrom (Merck–Hitachi) series
7000, equipped with a pump, autosampler, column oven
and fluorescence detector. The chromatographic analysis
was performed at 25 �C and a flow rate of 1.5 mL/min. A
mobile phase composed of water:acetonitrile (55:45) and
0.2% trifluoroacetic acid was used under isocratic condi-
tions. Melittin peak was identified by fluorescence detec-
tion (absorption at 280 nm and emission at 335 nm) and
quantitated by using a melittin standard curve.

2.7. Western blot analysis of HER2 expression

Cells were washed twice with PBS and after scraping
them with PBS they were centrifuged at 1500 rpm for
5 min. The cellular pellets were lysed in a lysis buffer con-
taining 50 mM Tris pH 7.4, 1% Igepal CA-630, 150 mM
NaCl, 5 mM EDTA and 10 mg/mL of protease inhibitor
cocktail (Sigma–Aldrich, Europe). Cells were kept on ice
for 20 min and, after a freezing/thawing cycle, they were
centrifuged at 12,000 rpm for 5 min. The cellular pellets
were discarded and the protein content of the cell extracts
(supernatant) was measured by Bradford assay (Bio-Rad,
Richmond, CA, USA). Then, 50 lg of protein from each ly-
sate were used for sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE), transferred to nitrocellu-
lose membranes, incubated with primary monoclonal anti-
bodies against HER2 (sc-284, Santa Cruz Biotechnology,
INC) and incubated with horseradish peroxidase-linked
secondary antibodies (Sigma–Aldrich, Europe). Proteins
were detected by the enhanced chemiluminescence (ECL)
method (Amersham International, Buckinghamshire, UK).
Densitometric analyses were performed using the Sigma-
Gel gel analysis software (Jandel Scientific, Chicago, IL,
USA).

2.8. Quantification of the antibody coupled to the
immunoliposomes

Immunoliposome (100 lL) preparation at a lipid con-
centration of 0.3 mM were concentrated using a SpeedVac
Plus SC110A (Savant, Osterville, MA). Then, denaturizing
buffer-sample was added prior SDS–PAGE separation. The
gels were stained with comassie-blue dying solution for
1 h and decolored with methanol: acetic acid for 2 h. The
amount of antibody present in AbDR was quantitated by
a semiquantitative method consisting of the comparison
between the intensity of HER2 bands deriving from the
immunoliposome sample and those of pure antibody
(trastuzumab) as standard. The intensity of the bands
was quantified by densitometric analysis using a GELPrint-
er Plus (TDI SA, Spain) and SigmaGel software (Jandel Sci-
entific). Results from liposome stability measurements
(size, phospholipid and antibody content) derived from
five different liposome preparations.

2.9. Cytotoxicity assay

Cell viability was determined by the MTT assay [32].
Briefly, cells were plated in 96-well plates at a density
yielding 80–90% confluence when the cytotoxicity assay
was performed. Complete medium was refreshed and six
duplicates cultures were treated with different doses of
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AbDR for different times. Control samples were treated
only with THIS buffer. Viability was then measured
by the bioreduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium-bromide (MTT) to a colored formazan
product that was dissolved in 100 lL of DMSO and mea-
sured at 570 nm with a microplate reader. The optical den-
sity obtained was directly correlated with cell quantity. All
the results corresponding to MTT experiments are ex-
pressed as the mean of a minimum of 6–8 replicates. Cell
viability was alternative measured by crystal violet assay
and no significant differences were found compared to
MTT assay.

2.10. Flow Cytometry analysis of HER2 expression

MCF7, MCF7/HER2, JIMT-1 and SKBr3 cells were tryp-
sinized and washed repeatedly with PBS-EDTA 0.5% to ob-
tain single cell suspensions. Then, 1.5 � 106 cells of each
cell line were fixed in 3.5% Formalin (Sigma–Aldrich Co.,
St. Louis, MO) during 5 min at 4 �C followed by 10 min at
room temperature (RT). After three cycles of washing with
PBS-EDTA 0.5%, cells were blocked for 30 min with PBS-
BSA 2% at RT. Once the blocking solution was removed,
the cells were incubated overnight at 4 �C with gently agi-
tation with a rabbit anti-human HER2/neu antibody (sc-
284, Santa Cruz Biotechnology, INC) at a concentration of
0.5 lg/105 cells. Cells were washed three times with PBS
before proceeding with the secondary antibody staining.
Anti-rabbit FITC-conjugated IgG for HER2/neu antibody
(F-2765, Molecular Probes) was used as the secondary
antibody at a dilution of 1:25 for 30 min at RT. As control,
the secondary antibody alone was used after blockade to
show nonspecific binding of the IgG to cells. After washing
and recollecting cells in PBS, the FITC-stained cells were
quantitated by flow cytometry in an Epics XL instrument
(Beckman Coulter Co., Miami, Florida) by analyzing the
intensity of the green fluorescence associated to cells.

2.11. ImageStream data acquisition and analysis

SKBr3 cells were incubated at 37 �C for 4 h with lipo-
somes labeled with rhodamine-PE, either containing
(Rhod-AbDR) or not (Rhod-DR) the anti-HER2 antibody
on their surface. Then the cells were trypsinized, washed,
recollected at a density of 30 � 106 cells/mL in PBS and di-
rectly run on the ImageStream multispectral imaging flow
cytometer (Amnis Corporation, Seattle, WA) using 488 nm
laser excitation. Classifiers were set when needed to elim-
inate collection of debris based on low area in the bright-
field imagery, clusters of cells based on high area in
bright-field imagery, and camera saturating events based
on the presence of peak intensities greater than 1022. For
all samples imagery excluded by classifiers was observed
prior to data collection to ensure that events of interest
were not lost. Typical files contained imagery for 5000 cells
with each cell imaged with side scatter, bright-field and a
channel of fluorescence (rhodamine stain).

Images of cells collected on the ImageStream were ana-
lyzed using ImageStream Data Exploration and Analysis
Software (IDEAS). The quantitative measurement of lipo-
some cell binding was calculated using features available
in IDEAS. The analysis of the fluorescence intensity of rho-
damine bound to cells was done in focus-single cells. This
classification was performed based on their small bright-
field area, high bright-field aspect ratio and high nuclear
contrast (as measured by the gradient max feature).

2.12. Microscopy

Images were taken using a Nikon Eclipse TE 2000U fluo-
rescence microscope controlled by NIS-Elements software.
DAPI dye, which preferentially stains dsDNA in permeabi-
lized cells, was used following the manufacturer recom-
mendations.
3. Results

3.1. Design and quantitative analysis of anti-HER2 melittin-loaded
immunoliposomes

In this study, anti-HER2 coupled immunoliposomes were used to tar-
get human breast cancer cells in vitro. For that purpose, large unilamellar
vesicles were sterically stabilized by using a pegylated phospholipid.
Thereafter, liposomes were covalently coupled through a phospholipidic
linker to a commercial anti-HER2 antibody (trastuzumab). Then, purified
melittin was added to the immunoliposomes and unbounded peptide was
separated through gel chromatography.

All immunoliposome preparations (AbDR) were characterized in size
and, also, in lipid, antibody and peptide contents. The lipid concentration
was determined by total phosphorus assay [33]. Final melittin:lipid ratio
in the liposomes (which was set at 1:100 M theoretical ratio) was deter-
mined through the quantitation of melittin by HPLC as described in the
Materials section. It showed experimental values around 1:150 ± 10 for
freshly prepared liposomes. Size distribution of the immunoliposomes
was determined by using light scattering yielding an average size of
139.3 ± 4.7 nm at the day of the preparation with a polydispersity index
of 0.127 ± 0.016. The amount of antibody present in the immunolipo-
somes was quantified as described in the Section 2, and the anti-
body:liposome ratio was calculated as previously reported [10],
showing an average of 32 antibody molecules per liposome (i.e.,
29.8 ± 2.7 ng Ab/nmol lipid).

In order to test the stability of the immunoliposome system, all the
parameters were evaluated after 5 weeks of storage at 4 �C. There were
no drastic changes in the quality of the immunoliposomes. No significant
changes were observed neither in size (145.0 ± 6.5 nm) and polydisper-
sity (0.129 ± 0.010, p < 0.01), nor in the total antibody amount coupled
to the liposomes (27.5 ± 3.4 ng Ab/nmol lipid). However, a decrease in
the melittin:lipid ratio was detected after 5 weeks (to 1:700 approxi-
mately), probably due to the alteration in the lipid–peptide interactions
over the time.

3.2. Expression of HER2 on the breast cancer cell lines

In order to determine the level of HER2/neu expression in the breast
cancer cell lines used in this study as a target, western blot analysis was
performed on their cell lysates (Fig. 1A). As a control for low or basal
expression of HER2 (�104 receptors/cell), MCF7 cells were used [34].
For positive controls of HER2-overexpressing cell lines (�106 receptors/
cell), SKBr3 and JIMT-1 breast cancer cells were utilized [25,35]. In addi-
tion, HER2-overexpressing MCF7 cells (MCF7/HER2) obtained by retrovi-
ral transformation were used as positive control [24]. The results derived
from western blot analysis showed that SKBr3 and MCF7/HER2 cell lines
were highly HER2-positive, whereas the MCF7 cell line was substantially
HER2-negative. The expression level of HER2/neu on JIMT-1 cells was also
significant compared to MCF7 cells but modest compared to SKBr3 and
MCF7/HER2 cells (Fig. 1A).

Since conflicting assessment has been made of the expression of
HER2/neu on MCF7 cells [36], the level of expression of HER2 in all the
cell lines was unequivocally determined by using flow cytometry analysis
(Fig. 1B). Therefore, breast cancer cell lines were phenotyped for surface
expression of HER2/neu by flow cytometry. As seen in Fig. 1B, all targets



Fig. 1. (A) HER2/neu expression level on breast cancer cell lines determined by western blot analysis and relative HER2 expression quantitation on whole
extracts deriving from MCF7, MCF7/HER2, SKBr3 and JIMT-1 cells. Asterisks represent significant differences relative to MCF7 cells (�p < 0.05, ��p < 0.01)
(n = 3). (B) HER2/neu expression level on same cell lines as Fig. 1A determined by Flow cytometry analysis on cells stained with an anti-HER2/neu antibody.
Filled peaks of each histogram represent control cells stained only with the secondary antibody (anti-rabbit-FITC).
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were positive for HER2/neu with variable expression. There was a modest
binding of anti-HER2/neu IgG to MCF7 cells, whereas there was a signif-
icant binding of this antibody to SKBr3 and MCF7/HER2 cell lines. As ex-
pected, the level of anti-HER2/neu IgG binding to JIMT-1 cells was
intermediate between MCF7 and the HER2/neu overexpressing cell lines,
i.e., MCF7/HER2 and SKBr3, which showed similar HER2 expression level.

3.3. Viability of breast cancer cell lines under long-term treatment with
trastuzumab

Trastuzumab is clinically approved for the treatment of HER2-over-
expressing breast cancer patients. Clinical trials in humans have found
through concentrations of �20 lg/mL trastuzumab and peak plasma con-
centrations of 185 lg/mL [37]. Moreover, it has been previously reported
that 100 lg/mL trastuzumab is a concentration at which HER2/neu over-
expressing cells are strongly impaired in their metabolic status [38].
Therefore, we determined the effect of trastuzumab in long-term treat-
ments of 4 days. For these experiments a concentration range of the drug
starting at very low levels (compared to clinical data) such as 0.5 lg/mL
was utilized. Trastuzumab concentration was raised up to 100 lg/mL in
all the breast cancer cell lines studied (Fig. 2). SKBr3 cells were signifi-
cantly sensitive to the growth inhibitory effects of trastuzumab in a dose
dependent manner in agreement to what has been previously reported
[39]. Approximately 40% decrease of viability was observed after 4 days
of treatment at the highest concentration utilized of trastuzumab, i.e.,
100 lg/mL (p < 0.01 respect to the rest of cell lines). The growth of these
cells was already inhibited at a concentration of trastuzumab as low as
5 lg/mL (p < 0.01). Nevertheless, neither MCF7/HER2 cells nor JIMT-1
(both cell lines overexpressing HER2/neu) were affected by the long-term
treatment with trastuzumab (Fig. 2). Moreover, the growth of MCF7 cells
(with low basal HER2 expression) was not affected by the treatment with
the drug either. These results show that viability of breast cancer cell lines
treated with trastuzumab seemed to be independent of their HER2
expression level.
3.4. Cytotoxicity studies

Previous results confirmed the low efficacy of trastuzumab to inhibit
the growth of breast cancer cell lines with different HER2 expression.
Then, immunoliposomes (AbDR) engineered to bear trastuzumab cova-
lently attached to their surface and loaded with a 1:100 melit-
tin:phospholipid ratio were used against the same panel of cell lines.
For that purpose, cells were incubated in the presence of increasing con-
centrations of AbDR and the cytotoxic effect was determined throughout
24 h (Fig. 3A). The results showed that viability of MCF7 cells (with low
HER2 expression) was the least affected by the incubation in the presence
of AbDR. JIMT-1 cells viability was decreased in a higher degree than that
one observed for MCF7 cells. Besides, MCF7/HER2 and SKBr3 cells, which
showed the highest levels of HER2 expression, underwent a sharp de-
crease of their viability at almost all the concentrations of the immuno-
liposome preparation studied. Therefore, the more expressed HER2 was,
the more active AbDR immunoliposome system against the cell line
was (Fig. 3A). It can be assumed that high concentrations of immunolipo-
somes would make the cytotoxic activity to be less cell-specific, since the
liposomes have higher probability to reach their targets more easily.



Fig. 2. Cell viability of several breast cancer cell lines (�-�� JIMT-1, —N MCF7/HER2, –s SKBr3, - - -j MCF7) as determined by MTT assay after 4 days of
treatment with trastuzumab at concentrations ranging from 0.5 to 100 lg/mL.

Fig. 3. (A) Plots showing the percentage of viable cells in each breast cancer cell line as determined by MTT assay after 24 h of treatment with AbDR
immunoliposomes (�-�� JIMT-1, —NMCF7/HER2, –s SKBr3, - - -j MCF7). Concentration in mM (total phospholipid concentration) is shown in abscise axis.
(B) Percentage of viable cells determined by MTT assay for the four breast cancer cell lines after the treatment with 0.3 mM of immunoliposomes coupled to
trastuzumab (AbDR-ø) compared to melittin-loaded immunoliposomes coupled to trastuzumab (AbDR) for 24 h (control was THIS buffer). (C) Percentage of
viable SKBr3 cells after pretreatment with free trastuzumab at 10 lg/mL for 72 h and the subsequent treatment with AbDR immunoliposomes at the
concentrations indicated for 24 h more (grey bars). White bars correspond to non-pretreated cells. Insert shows the anti-HER2 western blot of untreated
cells (�Ab), and cells after 72 h of pretreatment with trastuzumab (+Ab).
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In order to test the selectivity of the immunoliposome system, immu-
noliposomes covalently attached to trastuzumab but lacking the peptide
(AbDR-ø) were used against the same cell lines in control experiments
(Fig. 3B). The concentration of immunoliposomes at which maximum dif-
ferences between the viability of each cell line were observed, (i.e.,
0.3 mM, as seen in Fig. 3A) was selected for that experiment. AbDR-ø
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immunoliposomes had almost no effect on the viability of all cell lines at
the concentration of 0.3 mM. On the contrary, AbDR immunoliposomes
drastically affected the viability of the same cell lines when melittin
was present, effect which almost correlated to their HER2 expression le-
vel (Fig. 3B).

The exposure of HER2 overexpresssing breast cancer cells to trast-
uzumab downregulates HER2 expression, diminishing the amount of
HER2 protein presented on cell membrane surface [40]. Then, this fact
would reduce the cytotoxicity of the AbDR over trastuzumab-pretreated
cells, confirming the selectivity of the therapy and rejecting any epiphe-
nomenal influence. To verify this hypothesis, SKBr3 cells were pretreated
with 10 lg/mL of trastuzumab for 72 h, which is documented to reduce
the HER2 protein levels in the plasmatic membrane around 20–30%
[24]. The treatment drastically reduced the level of HER2 expression as
seen by western blot analysis (Fig. 3C, insert). Then, cells were treated
with different concentrations of the AbDR (0.1–0.3 mM). There were no
significant differences at the highest and the lowest concentrations of
AbDR tested, on the viability of cells pretreated with trastuzumab com-
pared to those non-treated with the antibody. Nevertheless, when using
0.2 mM of AbDR, the survival of those cells pretreated with trastuzumab
(grey bars) was significantly higher than that one of the non-pretreated
cells with the antibody (white bars) in correlation to their lower level
of HER2 expression (Fig. 3C).
3.5. Efficacy and selectivity of AbDR immunoliposomes upon storage or
lyophilization

In order to test the stability of the immunoliposome system, these
were stored for 5 weeks at 4 �C after synthesized, and checked for their
capacity to decrease cell viability of HER2-overexpressing cell lines every
week. After 1 week of storage at 4 �C the immunoliposomes were able to
affect cell viability in the same level as in Fig. 3A (data not shown). Mea-
surements performed at the 3rd week on the efficacy of the AbDR on the
tested cell lines did not show significant differences regardless the level of
HER2 expression of the cell line. However, although AbDR diminished the
viability of all the cell lines in a significant way, there was a sharp de-
crease of selectivity against all the HER2-overexpressing cells what was
found around the 3rd week of storage. Stability measurements showed
that size and antibody content did not change during storage time, there-
fore the decrease in selectivity could probably be due to a denaturation
phenomenon of trastuzumab, which might be responsible of the unspe-
cific lysis observed in all cell lines. The antibody seemed to be also quite
stable when attached to the immunoliposomes upon storage at +4 �C for
several days. This fact lead to think that liposome coupling might confer
additional stability to trastuzumab. Although the manufacturer claims a
shelf life of 48 h for the antibody, almost full activity and selectivity of
the immunoliposome system (AbDR) was detected until the 3rd week
after synthesis.

As an alternative for 4 �C storage, lyophilization was studied like a
preservation method for the immunoliposomes. Different polysaccha-
rides as sucrose, fructose and glucose were tested as cryoprotectors be-
fore lyophilization [41] (data not shown). Finally, isotonic sucrose (9.25%
w/v) was selected as the best performing one. The immunoliposomes
were lyophilized and stored at �20 �C until utilization. AbDR were resus-
pended in distilled water and then characterized in comparison with
freshly prepared AbDR. No changes in size, polydispersity or antibody
and melittin levels were found comparing the lyophilized and the freshly
synthesized immunoliposome preparations. However, further studies
must be performed to check the long-term stability, activity and selec-
tivity of the lyophilized liposomes compared with the 4 �C storage
condition.
3.6. Quantitative assessment of AbDR binding and uptake in SKBr3 cells

The novel ImageStream-based analysis employs flow cytometry
combined with microscopy and allows for statistical analysis of a variety
of cellular parameters as well as the visualization of cells in suspension
during flow analysis via high-resolution bright-field, darkfield and fluo-
rescence images [42]. For this purpose, the SKBr3 breast cancer cell line
was selected due to its higher response to the immunoliposome treat-
ment. Then, the relative levels of the immunoliposome binding to SKBr3
cells based on the fluorescence of the probe rhodamine were evaluated.
This probe was incorporated into immunoliposomes bearing or not the
antibody (named Rhod-AbDR and Rhod-DR, respectively) and the rhoda-
mine fluorescence associated to cells was evaluated after the cells were
treated with these immunoliposomes. This assay was carried out in
SKBr3 cells, in an attempt to verify that the incorporation of trastuzumab
antibody to the liposome surface would increase the binding rate of lipo-
some to cells overexpressing the HER2/neu antigen. By employing the
ImageStream analysis software (IDEAS), the relative rate of liposome
incorporation to SKBr3 cells was determined and compared between
Rhod-DR and Rhod-AbDR incubated cells (Fig. 4). Single cells were gated
by graphing the mask-corrected parameters of aspect ratio and area.
Aggregated cells and debris were not included in further analyses. Cells
treated with Rhod-AbDR exhibited a greater amount of debris or non-
cellular structures (red signal) than those cells treated with Rhod-DR
(Fig. 4A). It has to be considered that after the incubation with Rhod-
AbDR, cellular mortality already appeared, so some signals from cellular
debris (red signals) may derive from cells which were previously at-
tached to Rhod-AbDR. Therefore, it can be assumed that signal of the
Rhod-AbDR-bound cells might be underestimated and the differences
compared to Rhod-DR could be even higher. Fig. 4B shows the frequency
vs. intensity plots of the cell populations and an image gallery of repre-
sentative examples of sorted Rhod-DR and Rhod-AbDR subpopulation
cells. For quantitation purposes, cell populations were separated in three
different groups (A, B, and C) attending to increasing fluorescence inten-
sity signal. Rhod-AbDR treated cells showed higher intensity fluores-
cence than that one of the Rhod-DR treated cells, which demonstrates
the higher specificity of Rhod-AbDR for SKBr3 cells. Fig. 4B shows that
Rhod-DR and Rhod-AbDR treated cells evidenced similar A subpopula-
tions (those cells having lowest intensity and Rhod labeling). In contrast,
Rhod-AbDR treated cells showed a greater B cell subpopulation than
Rhod-DR treated cells (around double, i.e., 28% vs. 14%). Moreover,
Rhod-AbDR treated cells showed another cell subpopulation, which sup-
posed 5% of total cells (C), bearing a very strong Rhod labeling intensity,
which was negligible in Rhod-DR treated cells. The images correspond-
ing to examples of sorted cells deriving from both treatments (Fig. 4B)
clearly showed that B and C subpopulations exhibited a strong rhoda-
mine labeling signal, whereas that one of A subpopulation was almost
irrelevant. Considering the percentage of cells and their fluorescence
intensity in B and C cell subpopulations, the fluorescence in Rhod-AbDR
treated cells was approximately three times higher than that of Rhod-DR
treated cells.

3.7. Effects of AbDR on the morphological features of HER2-overexpressing
MCF7/HER2 cells

The effect of the AbDR immunoliposomes on the breast cancer cell
viability presented here was fairly fast. Microscopy images were taken
during a treatment of MCF7/HER2 cells with 0.2 mM of AbDR in order
to provide some insight regarding the possible mechanism of cell death.
A time-course follow-up of the process was performed during 4 h
(Fig. 5), by taking images every minute using a Nikon Eclipse TE 2000U
fluorescence microscope and NIS-Elements like the controlling software.
The recorded video (see Supporting information) clearly shows that cells
died in a few hours suffering a presumably lytic process. In Fig. 5 some
pictures extracted from the experiment are shown. As judging from the
images, at 1 h treatment (Fig. 5B), a significant number of cells already
started to detach from the plate, their cell membrane retracted and be-
came round-shaped. At 2 h treatment (Fig. 5C), most nuclei presented
chromatin increasingly granular as the process proceeds and cell mem-
branes continued retracting. At 4 h, cytoplasm of the majority of the cells
was almost disintegrated and no viable cells were visible (Fig. 5D). In fact,
the video corresponding to this experiment clearly showed a membrane
cell disruption process leading to the release of the intracellular content
followed by cell membrane retraction.

The lytic effect seemed to be quite fast, occurring in approximately
1–3 h depending on the HER2 expression on the cell line. In order to
study more deeply cell morphology, MCF7–HER2 cells were treated with
AbDR for 2 h and then DAPI dye, which stains dsDNA in permeabilized
cells, was added to the medium to check the integrity of the nucleus
(Fig. 6A and B). Apparently, no signs of the formation of apoptotic bodies
in the cells were found. It has to be considered that the immunolipo-
some treatment shown in pictures of Fig. 5A-D corresponds to a cell con-
fluence of only 40%, therefore a more drastic effect on cell viability was
observed at 0.2 mM AbDR concentration compared to that one observed
in Fig. 3.



Fig. 4. Quantification of liposome binding to SKBr3 cells treated with Rhod-DR and Rhod-AbDR 0.2 mM for 4 h. (A) Plots of area vs. aspect ratio of cells after
the incubation with the immunoliposomes. (B) Frequency vs. intensity plots of the different cell subpopulations. A, B, and C mean cell subpopulations
having increasing fluorescence intensity signal derived from Rhod labeling. The percentages and the intensity mean of rhodamine fluorescence associated to
cells are displayed in the histograms. ImageStream fluorescence imaging of sorted A, B and C subpopulations of SKBr3 cells, either treated with Rhod-DR or
with Rhod-AbDrR, are shown as composite images of darkfield (DF), bright-field (BF) and rhodamine fluorescence (Rhod).
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4. Discussion

In this study, immunoliposomes coupled to a com-
mercial anti-HER2 antibody (trastuzumab) and loaded
with melittin, were used for the first time to target
Fig. 5. Images extracted from a time-course follow up experiment of the treatm
2000U fluorescence microscope. The images were taken a 0 (A), 1 (B), 2 (C), and

Fig. 6. Contrast phase (A) and fluorescence images (B) of DAPI staining of MCF7–H
lens.
breast cancer cell lines which overexpress HER2 recep-
tor. For that purpose, the complete anti-HER2 antibody
was used, which has been utilized in previous studies
to successfully target HER2-overexpressing cancer cells
[43,44].
ent of MCF7/HER2 cells for 4 h with 0.2 mM of AbDR in a Nikon Eclipse TE
4 h (D) using a 20� lens.

ER2 cells treated with 0.2 mM AbDR for 2 h, images were taken using 40�
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The majority of lytic peptides from insects and amphib-
ians, such as melittin, exhibit a cationic character and dis-
play a preference for negatively charged cell membranes or
membranes having large membrane potential such as
membranes of cancer cells [45], rather than normal cells.
Lytic peptides conjugated with hormone segments have
been used in order to increase their efficacy and selectivity
on several types of cancer cells [46,47]. Nevertheless, a
therapy based on this approach might be valid only for
those tumors expressing hormone receptors such as pros-
tate or breast cancers. Previous attempts to target cancer
cells have been made with melittin-containing immuno-
liposomes coupled to humanized antihepatoma variable
region fragment [23]. Nevertheless no correlation between
the liposomes cytotoxic effect and the level of the expres-
sion of the target was demonstrated.

The results of the present study show that immunolipo-
somes (AbDR) drastically decreased the viability of the
studied cell lines, which directly correlated to their level
of HER2 expression. Maximum efficacy was achieved
against MCF7/HER2 and SKBr3 cells, which were those
one exhibiting the higher levels of HER2 expression on cell
surface, as proven by western blot and flow cytometry
analysis. Moreover this effect was confirmed in the same
cellular type, i.e., SKBr3, by modulating its HER2 expres-
sion level under long-term exposure to trastuzumab.
SKBr3 cancer cells treatment with 100 lg/mL of free trast-
uzumab during 4 days (Fig. 2) was able to reduce their via-
bility in 40%. Equivalent levels of viability reduction were
achieved by using as low as 4.87 lg/mL of trastuzumab
incorporated onto the immunoliposomes in the same cel-
lular type but in only 24 h. Regardless the length of the
treatment, this would indicate that the immunoliposomes
therapy showed 20-fold higher efficacy compared to the
free antibody.

The efficacy of the immunoliposome system was also
compared to that of free trastuzumab in long-term incuba-
tions of HER2-overexpressing cancer cell lines. No visible
effects on cell viability were observed in MCF7 (with basal
HER2 expression), MCF7/HER2 and JIMT-1 (both HER2-
overexpressing cell lines) when trastuzumab was used at
a high concentration (100 lg/mL) in 4-days treatments.
Only SKBr3 cells viability was decreased when cultured
in the presence of trastuzumab >5 lg/mL for a long-term
period. The specificity of the therapy was also confirmed
since all cells treated for 24 h with the immunoliposome
system, which contained trastuzumab on their surface
and lacking melittin, at a concentration of 0.3 mM
(phospholipid) were not affected in their viability. The
same concentration of melittin-containing immunolipo-
somes caused a significant decrease of the cell viability in
all the cell lines tested. Furthermore, JIMT-1 breast cancer
cells, which have shown to be insensitive to trastuzumab
both in vitro and in xenograft tumors [25], could be effi-
ciently targeted and treated using the immunoliposomes,
and their cytotoxicity was shown in a short period of time.
These results, taken together, confirm the specificity of the
immunoliposome system.

In relation to the cytotoxic effects of melittin, striking
efficacy differences were observed in our study between
free melittin and the immunoliposome system bearing
melittin. Anti-HER2 immunoliposomes loaded with melit-
tin started to have a significant effect on HER2-over-
expressing breast cancer cells (SKBr3) at concentrations
of phospholipid >100 lM, that is around 0.7 lM melittin,
and caused almost total cellular destruction at 300 lM
phospholipid concentration (i.e., 2 lM melittin). SKBr3 via-
bility curve (Fig. 3A) revealed a CC50 value of 167 ± 7 lM
phospholipid concentration which corresponds to a melit-
tin concentration of 1.09 lM. In contrast, free melittin
exhibited a CC50 value of 4.12 ± 0.10 lM in the same cell
type, what means that the incorporation of melittin into
the immunoliposome system increased its cytotoxic effi-
cacy in about four times and provided with selectivity.
The calculated CC50 values for the treatments using AbDR
in JIMT-1, MCF7/HER2 and MCF7 cells were 277 ± 40 lM,
312 ± 41 lM, and 412 ± 114 lM, respectively.

The analysis of the specific binding of the immunolipo-
somes to the SKBr3 HER2-overexpressing cells was per-
formed through the use of the novel ImageStream
technique, which is more powerful than regular flow
cytometry. This technique allows applying statistical anal-
ysis to specific cell populations by combining flow cytom-
etry and visualization of cells in suspension during flow
analysis. The ImageStream experiments showed that
Rhod-AbDR bearing trastuzumab exhibited a much higher
level of binding (about three times) to SKBr3 HER2-over-
expressing cell line than the same liposomes lacking the
antibody (Rhod-DR), as seen by fluorescence labeling using
rhodamine. Considering that this technique selects only
viable cells and that many cells treated with Rhod-AbDR
could be already dead at the time of the measurement
(estimated mortality of 30–40% at 0.2 mM AbDR and 4 h
treatment), the differences in cell binding of Rhod-AbDR
compared to Rhod-DR could be even higher.

Melittin and other peptides from venom of animals
have shown anticancer activity [16,17]. Nevertheless, con-
troversial information has emerged in relation to the
mechanism underneath the biological activity of melittin.
It has been reported that melittin causes apoptosis in can-
cer cells through the increase of intracellular Ca2+ [48], or
through the activation of caspases [20], metalloproteinases
[19], or cytosolic PLA2 [49]. On the contrary, other studies
propose fast cytolysis or membrane disruption by melittin,
i.e., 10–15 min, with the concomitant endogenous phos-
pholipase D (PLD) activation [50].

The cellular effects observed in the present study with
the use of melittin-loaded immunoliposomes occurred in
a very short time period. Our results lead us to think that
cell death of the breast cancer cells takes place through a
lytic mechanism more than a caspase-activated apoptosis
process. This assumption is in agreement to the membrane
disruption process proposed by other authors [50]. Cas-
pase-activated apoptosis triggered by TNF-alpha or radia-
tion in an in vitro system needs at least 12–24 h to show
visible cellular events such as DNA fragmentation [51].
Since the effects observed in the presence of AbDR were
so fast, the apoptotic pathway should be discarded. The
typical features of the apoptotic pathway such as chroma-
tin condensation, membrane blebbing or apoptotic bodies
formation [52], were not detected by microscopy in
MCF7/HER2 cells treated with the immunoliposomes sys-
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tem. In addition, the time-course follow-up microscopy
observation of cells at very early stages of the treatment
showed outbursts on the cellular membrane what may
point to the leakage of cytoplasmic material due to pore
formation and subsequent cellular lysis. Hence, the de-
creases on cell population observed throughout this work
in the MTT assays must be attributed to cell death rather
than a decrease on cell proliferation.

Therefore, we postulate that melittin rapidly induces
cell death in HER2-overexpressing breast cancer cells
through the formation of transmembrane pores, probably
following the barrel-stavel model [15,21,22]. However, it
cannot be discarded that melittin may have additional ef-
fects on cancer cells besides its membranolytic effect at
lower concentrations and longer-term treatments.

The cytotoxic effects of melittin might be also facili-
tated upon its incorporation into liposomes. Free melittin
in solution establishes an equilibrium between the mono-
mer and tetramer forms due to the electrostatic repulsions
of its positive charges [14]. In contrast, the configuration of
melittin in the membrane depends on membrane composi-
tion and physical properties [15], and encompasses the in-
crease of melittin helicity and aggregation in multimeric
forms [22]. Tumor cell membranes contain 3–7 times more
phosphatidylserine, a negatively charged phospholipid
[45], than normal cells, which may facilitate the insertion
of a cationic a-helical peptides such as melittin. In addi-
tion, membrane fluidity seems to be also higher in cancer
cells, what may also promote pore formation and expan-
sion [22] and, therefore, membrane destabilization.

The immunoliposome system held intact its main fea-
tures, such as liposome size, coupled antibody and melittin
content, throughout 2 weeks following the synthesis. How-
ever, lyophilization in isotonic sucrose after synthesis
resulted in an appropriate approach for long-term storage
of the immunoliposomes. Another advantage of the ap-
proach utilized here, compared to immunoliposomes con-
taining chemotherapeutic drugs, is the low toxicity of
melittin. Previous studies have demonstrated the absence
of side effects on the general physiological functions of
rodents at a dosage of 5 mg/kg of melittin either subcuta-
neous or intradermal [53].

In conclusion, HER2-targeted immunoliposomes cou-
pled to trastuzumab (AbDR) exhibited specific cytotoxicity
against HER2-overexpressing breast cancer cells, capacity
which correlated with the level of HER2 expression at the
cell membranes. Either trastuzumab alone, immunolipo-
somes lacking melittin or melittin alone were incapable
to exhibit such activity. AbDR showed a much higher level
of binding to HER2-overexpressing SKBr3 cells as seen by
ImageStream technique compared to liposomes lacking
antibody. The drastic morphological changes observed
through bright-field microscopy suggest a very fast mech-
anism of cell death starting in less than 1 h after starting
the cells’ treatment, which might takes place primarily
through membrane pore formation. The approach pre-
sented here may suppose a specific and effective strategy
for the treatment of tumors showing the overexpression
of a surface antigen, by using a low toxicity peptide such
as melittin. Trastuzumab resistant breast cancer cells
(JIMT-1), can be also targeted using this approach. The
feasibility of the approach presented here was extended
using melittin-loaded immunoliposomes coupled to anti-
EpCAM as alternative antibody in a cellular model com-
posed of MCF7 and similar results of efficacy and selectiv-
ity were obtained (data not shown).
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