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ABSTRACT
Purpose To improve therapeutic activity of mitoxantrone
(MTO)-based chemotherapy by reducing toxicity through encap-
sulation in nanoliposomes and enhancing intracellular drug deliv-
ery using short-chain sphingolipid (SCS) mediated tumor cell
membrane permeabilization.
Methods Standard (MTOL) and nanoliposomes enriched with
the SCS, C8-Glucosylceramide or C8-Galactosylceramide (SCS-
MTOL) were loaded by a transmembrane ammonium sulphate
gradient and characterized by DLS and cryo-TEM. Intracellular
MTO delivery was measured by flow cytometry and imaged by
fluorescence microscopy. In vitro cytotoxicity was studied in
breast carcinoma cell lines. Additionally, live cell confocal micros-
copy addressed the drug delivery mechanism by following the
intracellular fate of the nanoliposomes, the SCS and MTO.

Intratumoral MTO localization in relation to CD31-positive tumor
vessels and CD11b positive cells was studied in an orthotopic
MCF-7 breast cancer xenograft.
Results Stable SCS-MTOL were developed increasing MTO
delivery and cytotoxicity to tumor cells compared to standard
MTOL. This effect was much less pronounced in normal cells.
The drug delivery mechanism involved a transfer of SCS to the
cell membrane, independently of drug transfer and not involving
nanoliposome internalization. MTO was detected intratumorally
upon MTOL and SCS-MTOL treatment, but not after free MTO,
suggesting an important improvement in tumor drug delivery by
nanoliposomal formulation. Nanoliposomal MTO delivery and
cellular uptake was heterogeneous throughout the tumor and
clearly correlated with CD31-positive tumor vessels. Yet, MTO
uptake by CD11b positive cells in tumor stroma was minor.
Conclusions Nanoliposomal encapsulation improves
intratumoral MTO delivery over free drug. Liposome bilayer-
incorporated SCS preferentially permeabilize tumor cell mem-
branes enhancing intracellular MTO delivery.

KEY WORDS Mitoxantrone . Chemotherapy . Short-chain
sphingolipids . Tumor-cell membrane-permeability modulation .
Targeting tumor cell membrane

INTRODUCTION

Mitoxantrone (MTO) is an anthracenedione, a group of synthet-
ic chemotherapeutic drugs. It is the most potent of many
ametantrone derivatives that were identified in a quest for syn-
thetic anthracyclin-related compounds with potential chemo-
therapeutic activity [1, 2]. Due to their chemical similarity to
the naturally occurring antitumor antibiotics, such as the
anthracyclines doxorubicin and daunorubicin and related drugs
such as bleomycin andmitomycin-C,MTO exerts similar mech-
anisms of action and antitumor activities. However, lower
cardiotoxicity as side effects has been described for MTO [3–5].
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MTO has gained importance in the treatment of metasta-
tic breast cancer over the use of anthracyclines [6, 7] due to its
similar therapeutic activity, which is exerted with less severe
gastrointestinal toxicity, cardiotoxicity and alopecia at equally
myelosuppressive doses [8]. Numerous studies on the mecha-
nism of action of MTO indicate that nuclear DNA is the
major target for this drug [9–12]. Binding of MTO to DNA
causes DNA condensation, inhibits replication and RNA
transcription.MTO is also a potent inhibitor of topoisomerase
II, an enzyme involved in control of DNA topology through
breaking and rejoining double-stranded DNA [2, 3]. More
recently it was proven that MTO binds to chromatin and
produces a compact structure, a finding which is in good
agreement with the inhibitory effects on DNA replication
and RNA transcription [12, 13]. Despite the improved toxic-
ity profile of MTO compared to anthracyclines, significant
side effects still remain [6, 7].

It is well established that the therapeutic index of antican-
cer agents can be improved through application of liposomal
drug carrier technology [14]. Encapsulation in liposomes may
reduce toxic side effects and increase drug levels in tumors
[15–17]. Liposomes are rationally designed to entrap drugs
while in circulation, thereby reducing the exposure of
healthy tissue and selectively delivering them locally in
the tumor by virtue of the enhanced permeability and
retention effect [17]. Sterically stabilized liposomes exhibit
extended blood circulation time, which together with their
small size of <100 nm can result in tumor accumulation
[17, 18]. However the slow drug release, the presence of
the tumor cell membrane barrier and thus limited intra-
cellular drug bioavailability after liposome accumulation in
the tumor, represent important factors limiting efficacy of
liposomal chemotherapy [19–23].

Previously, we reported that short chain sphingolipids
(SCS), like C8-glucosylceramide (C8-GluCer) or C8-
galactosylceramide (C8-GalCer) can significantly potentiate
intracellular drug uptake of free or liposome-encapsulated
drugs and thereby enhance their efficacy, [24–28]. It is hy-
pothesized, that a dynamic biophysical mechanism is respon-
sible for the enhanced drug delivery properties of SCS upon
their insertion into the tumor cell membrane [27, 28]. The
modulation of tumor cell membrane lipid composition by
SCS may result in specific pore domains in the cell mem-
brane, increasing cellular drug influx [28, 29]. In the current
study we broaden the application of this novel drug delivery
strategy targeting the plasma membrane lipid composition to
MTO. The aim is to develop novel effective liposomal MTO
formulations, which benefit from reduction in toxicity through
liposomal encapsulation and the SCS-mediated cellular drug
uptake enhancement. We therefore co-formulated both SCS
and MTO in the same lipid nanovehicle for co-delivery to
tumor cells thereby improving therapeutic activity of MTO
based chemotherapy.

Here we developed an optimal loading method for liposo-
mal MTO with high drug loading efficiency and stability.
Next, we investigated intracellular drug delivery using these
SCS-enriched liposomal MTO in comparison to non-
enriched liposomal MTO and finally addressed intratumoral
MTO localization in a breast carcinoma model.

MATERIAL AND METHODS

Materials & Reagents

Hydrogenated soy phosphatidylcholine (HSPC) and
distearylphosphatidylethanolamine (DSPE)-PEG2000 were
from Lipoid (Ludwigshaven, Germany). Short chain
sphingolipids, C8 Glucosyl(ß) Ceramide (d18:1/8:0) D-
glucosyl-ß-1,1′ N-octanoyl-D-erythro-sphingosine (C8-
GluCer), C8 Galactosyl(ß) Ceramide (d18:1/8:0) D-
galactosyl-ß-1,1′ N-octanoyl-D-erythro-sphingosine (C8-
GalCer), C6-NBD Galactosyl Ceramide N-[6-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-galactosyl-ß1-1′-
sphingosine and 16:0 Liss Rhod PE 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) were from Avanti Polar Lipids
(Alabaster, AL, USA).

Polycarbonate filters were from Northern Lipids
(Vancouver, BC, Canada) and PD-10 Sephadex columns
were from GE Healthcare (Diegem, Belgium). Cholesterol,
HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic
acid), trichloroacetic acid (TCA) , acetic acid, Triton-X,
sulforhodamine B (SRB) were from Sigma Aldrich
(Zwijndrecht, The Netherlands). DAPI nuclear dye,
diamidino-2-phenylindole was from Molecular Probes
(Leiden, The Netherlands). PBS was from Boom and FACS
f low f lu id f rom BD Biosc iences . Mi toxantrone
dihydrocchloride, 2 mg*ml−1 (OnKotrone) was from Baxter.

Liposome Formulation

Liposomes were formulated of HSPC/ Cholesterol/ DSPE-
PEG2000 in a molar ratio of 1.85: 1: 0.15. To the mixture of
lipids 0.1 mol of SCS was added per mole of total amount of
lipid (including cholesterol).

Liposomes of 85–100 nm in diameter were prepared by
lipid film hydration and extrusion method using a
thermobarrel extruder, Northern Lipids, Vancouver,
Canada at 65°C [30].

Lipids were dissolved in chloroform methanol (9:1 v/v),
mixed and a lipid film was created under reduced pressure
on a rotary evaporator and subsequently dried under a stream
of nitrogen. To optimize drug loading efficiency different
loading methods were tested in parallel to different drug to
phospholipid ratios (D:PL) (w/w) as described in literature for
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MTO liposomal loading [31–33]. A transmembrane pH gra-
dient driven loading procedure was tested at a D:PL ratio of
0.08 (w/w) at 65°C as described by Lim et al. [33]. Additional
drug loading methods were based on ammonium sulfate
gradient method [30] at 65°C considering different D:PL
loading ratios (w/w) of 0.08 and 0.036 [31, 32]. Finally, lipid
film was hydrated by addition of 250 mM of (NH4)2SO4, pH
5.5 and liposomes were sized by sequential extrusion through
100-, 80-, and 50 nm polycarbonate filters (Northern Lipids,
Vancouver, Canada). Non encapsulated (NH4)2SO4 was re-
moved by gel filtration chromatography using PD-10
Sephadex column (GE Healthcare, Diegem, Belgium), eluted
with 135 mM NaCl, 10 mM Hepes buffer, pH 7.4.

Empty liposomes were heated at 65°C for 10 min and
MTO was added to liposomes in each respective drug to
D:PL (w/w). After loading and separation of free from
entrapped liposomal drug, size and polydispersity index (pdi)
were determined by light scattering using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK). Lipid concentration
was measured by phosphate assay [34].

After separation of free non-encapsulated MTO from
liposome-encapsulated MTO, the amount of entrapped drug
was measured by fluorimetry (λexCitation 607 nm; λemission

684 nm) and measured after entire liposome solubilization
with 1% (v/v) Triton in water to a calibration curve from stock
MTO, 2 mg*ml−1. Loading efficiency was calculated as a
percentage of recovered amounts of drug entrapped in the
liposome, in relation to the initial amount of drug added for
loading.

Fluorescent labelled liposomes and fluorescent labelled
SCS liposomes were prepared using fluorescent lipid
Rhodamine and C6-NBD Galactosyl Ceramide, respectively,
at 0.1% and 0.25 mol% of total amount of lipid.

Stability

Long-Term Storage Conditions

Long-term storage conditions stability at 4°C was based on
size, pdi and MTO content measurements for a period of at
least 1 year. All measurements were performed in triplicate.
MTO content was measured as reported in previous section
after separation of free drug by gel filtration chromatography.

Short-Term Storage Conditions, 37°C

Stability studies of non-enriched (standard) and SCS-
enriched-MTO liposomal formulations were performed for
24 h at 37°C, in the absence and presence of 10 or 50%
human serum. MTO release was quantified as described in
previous section. Total drug release was measured after entire
liposomal solubilization by adding 1% (v/v) of Triton-X in
water and human serum as blank was subtracted from sample
release and total release measurements. Values were present-
ed as percentage of liposomal drug content and calculated
following the formula:

% Entrapped MTO ¼ 100− Fluorescencesample−blank
� � � 100= Fluorescencetotal release−blankð Þ� �

Cryo-Transmission Electron Microscopy (TEM)

Cryo-TEM was used to characterize the detailed structure of
the liposomal formulations (non-enriched, C8-GluCer and
C8-GalCer-MTOL) of MTO and the physical state of the
encapsulated drug. The freezing was performed in a cooling
chamber which was permanently cooled with liquid nitrogen.
A sample droplet was placed on a microperforated copper
grid and blotted by a filter paper to result in a thin liquid film.
The grid was plunged into liquid ethane for immediate freez-
ing. A Leo 912 Omega TEM microscope (Carl Zeiss NTS
GmbH, Oberkochen, Germany) was used.

Cell Culture

All tumor cell lines were cultured in Dulbeccos’s modified
Eagle medium, supplemented with 10% fetal calf serum and
4 mM L-glutamine. HUVEC were isolated by collagenase

digestion using the method described by Jaffe et al. [35] and
cultured in HUVEC medium containing human endothelial
serum free medium (Invitrogen), 20% heat inactivated new-
born calf serum (Cambrex), 10% heat inactivated human
serum (Cambrex), 20 ng/ml human recombinant epidermal
basic fibroblast growth factor (Peprotech EC Ltd) and
100 ng/ml human recombinant epidermal growth factor
(Peprotech EC Ltd) in fibronectin (Roche Diagnostics) coated
flasks. Fibroblasts (3T3) were purchased from Biowhitakker
and cultured in Dulbeccos’s modified Eagle medium contain-
ing nutrient mixture F12, supplemented with 10% fetal calf
serum and 4 mM L-glutamine.

In vitro Drug Efficacy

Human breast carcinoma cells, MCF-7 and SKBR3 (1.25×
104 cells/ well) were plated in flat bottom 96 well plates. After
24 h at 37°C, cells were exposed to serial concentrations of

1356 Pedrosa et al.



MTO-liposomal formulations and free MTO in culture me-
dium for 24 h.

Cell survival was determined by measuring total cellular
protein levels using the sulforhodamine-B (SRB) assay [36].
Cells were washed twice with PBS, incubated with 10%
trichloric acetic acid (1 h, 4°C) and washed again. Cells were
stained with 0.4% SRB (Sigma) for 15 min and washed with
1% acetic acid. After drying, protein-bound SRB was dis-
solved in TRIS buffer (10 mM, pH 9.4) and absorbance was
measured at a wavelength of 540 nm in a plate reader. Cell
survival was calculated as a percentage relative to control
(untreated cells), which was set at 100%.

IC50, the concentration that inhibits 50% of cellular
growth, was determined for each MTO liposomal formula-
tion, by plotting the cell survival observed for each concentra-
tion versus the log concentration and non-linear regression
curve fitting using GraphPad Prism software v5.0. In all
experiments incubations were performed in triplicate at least
with three different batches.

Intracellular MTO Delivery Measured by Flow Cytometry

Cells were seeded on flat bottom 24 well plates at a final
concentration of 6×104 cells/ well and allowed to adhere
for 24 h. Non-enriched and SCS-MTOL, diluted in growth
medium were added resulting in a final drug concentration of
10 μM, and incubated for 4 and 24 h. After incubation, cells
were washed twice to discard non-incorporated drug and
trypsinized for 2 min. Cell suspensions were washed twice in
medium and resuspended in PBS. Cellular fluorescence
representing drug uptake was analyzed with a Becton
Dickinson FACScan using Cell Quest software by the fluores-
cent signal detected in the FL4 channel after excitation at
635 nm. Per analysis 10,000 cells were counted.

Intracellular Fate of SCS and Drug

Fluorescently labelled NBD-C6-GalCer-MTOL were added
to SKBR-3 breast carcinoma cells (1×105 cells) in 10% serum
medium and incubated for 2 h at 37°C. A Zeiss LSM Meta
confocal microscope was used for live cell imaging with
488 nm excitation and BP 505–530 nm emission for the
SCS and 543 nm excitation and BP 550–615 nm emission
for Rhodamine labelled liposomes. MTO was imaged at
633 nm excitation and LP 650 nm emission, with a 63× plan
apo (na 1.4) oil lens.

Intratumoral MTO Delivery

MTO delivery and intratumoral fate was evaluated 24 h after
a single i.v administration of MTO, 5 mg*Kg−1 in form of
MTO and C8-GluCer or C8-GalCer-MTOL in a MCF-7
breast carcinoma tumor model, implanted orthotopically

[37]. Tumors with a diameter of 8 to 10 mm were excised,
immediately snap-frozen in liquid nitrogen and stored at
−80°C until further analysis. The endothelial cells of blood
ve s s e l s and t i s s u e mac rophage s we r e s t a i n ed
immunohistochemically, using the same frozen sections as
for MTO imaging. As during sample preparation, fixation
and staining, MTO fluorescence will be partly lost, cryo-
sections before staining were used for measuring MTO fluo-
rescence intensity without further contact of the sections with
solvents. After MTO imaging, cryostat sections of 5 μm were
air dried and fixed with acetone for 5 min. After Tris Buffer
Saline (TBS) washing and blocking step with 10% Normal
Goat Serum (ABD Serotec) in 1%BSA (Sigma) for 10 min,
sections were incubated with primary antibody, rat anti mouse
monoclonal CD31(BD Pharmingen) for endothelial cells of
blood vessels staining, in 1%BSA for 1 h at room temperature.
Thereafter, sections were washed with TBS and incubated for
30 min with goat anti rabbit Alexa Fluor 488 secondary
antibody (In vitrogen) in 1%BSA/PBS. For macrophages
staining, after Tris Buffer Saline (TBS) washing and blocking,
step sections were incubated with primary antibody, rat anti
mouse monoclonal anti-CD11b (eBioscience) in 1%BSA for
1 h at room temperature. After washing, sections were incu-
bated with goat anti rabbit Alexa Fluor 488 secondary anti-
body (Invitrogen) in 1%BSA/PBS for 30 min. After washing,
sections were covered with DAPI 1:1000 for nuclear staining.
Imaging was performed with a Leica SP5 microscope for
MTO at 633 nm 670 LP, previously to staining.

Statistics

Statistical analysis was performed using the ANOVA test. P-
values less than 0.05 were considered statistically significant.
All parametric values are expressed as mean ± standard error
of the mean (SEM). Calculations were performed using
GraphPad Prism v5.0.

RESULTS

Formulation of Glycoceramide-MTO Nanoliposomes

Non-enriched-MTOL (standard MTOL) and SCS-MTOL
formulations were prepared using two different buffers to
hydrate the lipid film to create a gradient for subsequent drug
loading and different lipid:PL ratios. Liposomes prepared in
citrate buffer presented size <100 nm and pdi < 0.1, but when
loaded with MTO in a D:PL (w/w) of 0.08 [33] the loading
efficiency was <10% (Supplemental table 1) and preparations
displayed visible liposomal aggregation for non-enriched and
SCS-MTOL (data not shown). When ammonium sulfate
loading was used, MTO loading efficiency increased to 70%
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[31, 32] (Supplemental Table 1) and no particle aggregation
was observed (data not shown). MTOL loaded by ammonium
sulfate gradient method at a final D:PL (w/w) of 0.07 resulted
in maximal MTO drug loading of 100% for SCS-MTOL
whereas MTOL had 75%MTO entrapped. These optimized
formulations had a size of around 85 nm in diameter with a
high level of homogeneity indicated by a pdi < 0.1 (Table I),
regardless of the presence or absence of C8-GalCer or C8-
GluCer and were used for further experiments. No lipid loss
from nanoparticles was observed during loading procedure.

MTO is Retained in SCS Enriched-MTOL

Long-Term Storage Conditions

C8-GluCer or C8-GalCer-MTOL showed a stability profile
similar to MTOL. Weekly assessment of particle size, pdi and
entrapped drug levels revealed 6–19%MTO release from
liposomes, which occurred in the first week of storage. After
this initial release which was equal between MTOL and C8-
GalCer-MTOL, but lower for C8-GluCer-MTOL, liposomes
retained their drug contents up to 1 year. Particle size and pdi
remained constant up to 1 year at 4°C (Fig. 1 and Table I).

Stability Under In Vitro Cell Culture and In Vivo Conditions

Under cell culture conditions at 37°C in the absence and pres-
ence of 10% of serum, or upon the presence of 50% human
serum in Hepes buffer at 37°C, C8-GluCer and C8-GalCer–
MTOL efficiently retained high levels of their drug contents up
to 24 h (Fig. 2). In the absence of serum at 37°C, SCS-MTOL
and MTOL retained 100% of their drug content (Fig. 2a). In
10% of human serum at 37°C, both SCS-MTOL displayed
initial drug release of 10–15% in the first hour (Fig 2b, insert)
and amore gradual release of another 5–10%up to 24 h, similar
to MTOL (Fig. 2b). When exposed to 50% human serum at
37°C, mimicking the conditions in blood circulation, SCS-
MTOL showed an initial release of around 20% of drug
(Fig 2c, insert), followed by a phase with minimal release up to
24 h. Non-enriched-MTOL showed a more gradual and con-
tinuous drug release of 25–30% during 24 h (Fig. 2c).

Morphology of Nanoliposomes Containing MTO
by Cryo-Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM)
analysis of MTOL formulations demonstrated an
intraliposomal crystallized gel-like form of MTO visible in
the hydrophilic core of all formulations (Fig. 3). All three
liposomal formulations presented a homogeneous population
of uniformly round-shaped vesicles with sizes confirming DLS
measurements.

In Vitro Liposomal MTO Efficacy is Enhanced by SCS

In vitro efficacy of liposomal MTO formulations was tested
towards human MCF-7 and SKBR3, breast carcinoma cell
lines. In both cell lines, C8-GluCer and C8-GalCer-MTOL
exerted increased cytotoxicity compared to non-enriched
MTOL after a 24 h incubation time at 37°C (Fig. 4). At
concentrations of 10 μM and higher, SCS-MTOL had signif-
icantly higher anti-tumor activity than MTOL (p<0.05). IC50

values of both SCS-enriched formulations were over 100-fold
lower than non-enriched MTOL and approached IC50 con-
centrations achieved for free MTO in SKBR3 and MCF-7
carcinoma cells (Table II).

Breast Carcinoma Cells Demonstrate Higher Sensitivity
to C8-GalCer Mediated MTO Uptake

MTO uptake was measured by flow cytometry in SKBR-3
breast carcinoma cells and compared to human endothelial
cells (HUVEC) and fibroblasts (3T3). Cells were treated with
non-enriched MTOL, C8-GluCer or C8-GalCer–MTOL for
4 or 24 h at a concentration of 10 μMMTO. The presence of
C8-GluCer or C8-GalCer in the liposomal bilayer enhanced
intracellular drug uptake in SKBR-3 tumor cells at both time
points (Fig. 5). Remarkably, C8-GalCer increased intracellular
drug levels 12–15 fold compared to non-enriched liposomes
(p<0.001), whereas C8-GluCer enhanced drug uptake 3 fold,
but not significantly in relation to non-enriched liposomes
(p>0.05). The increased drug levels observed in SKBR-3 cells
treated with C8-GalCer-MTOL correspond to the in vitro
cytotoxicity data (Fig. 4).

Table I Characterization of optimized MTO-nanoliposomes

MTOL D:PL(w/w)initial D:PL(w/w)extrusion
± SEM

D:PL(w/w)final
± SEM

Size (nm) ± SEM Pdi ± SEM %Load ± SEM Entrapped MTO
≥1 year, 4°C ± SEM

Size (nm) ≥1 year,
4°C ± SEM

Non-enriched 0.045 0.075±0.014 0.068±0.005 86±0.7 0.06±0.00 75±4.8 84±4.3 91±1.0

C8-GluCer 0.045 0.078±0.014 0.070±0.004 84±0.7 0.08±0.01 96±3.3 94±5.7 87±1.3

C8-GalCer 0.045 0.088±0.016 0.073±0.003 84±1.5 0.07±0.01 93±4.2 81±5.7 85±1.2

More than 3 independent batches were formulated for each formulation and each measurement was performed in triplicate

1358 Pedrosa et al.



Drug uptake enhancement by SCS was much less pro-
nounced in non-tumor cells. In human endothelial cells
(HUVEC) no significant differences were distinguished be-
tween MTOL and C8-GluCer or C8-GalCer-MTOL treat-
ments neither after 4 or 24 h (p>0.05). Fibroblast (3T3) had
much lower MTO uptake compared to tumor cells. C8-
GluCer-MTOL induced higher MTO uptake (p<0.01) than
MTOL after 24 h, whereas C8-GalCer-MTOL treatment did
not yield differences in drug uptake compared to MTOL.

Intracellular Fate of Nanoliposomes, SCS and MTO

To study the intracellular fate of MTO, SCS and the liposo-
mal nanocarrier, confocal microscopy was performed 2 h after
incubation of cells with MTOL containing NBD-GalCer

and/or Rho-PE and by using the intrinsic fluorescent nature
of the drugmolecule. Fluorescently labelled NBD-GalCer was
observed to transfer from the liposomal to the cell membrane
(Fig. 6a). MTO from SCS-MTOL was internalized and lo-
calized mainly in the nucleus. C8-GluCer or C8-GalCer-
MTOL delivered high intracellular MTO levels compared
to MTOL, which did not show detectable MTO uptake after
2 h incubation, confirming earlier flow cytometry and cyto-
toxicity data. Possible liposome uptake was studied by labeling
the liposomal bilayer with Rhod-PE, a stable bilayer marker.
Liposome uptake by the tumor cells did not occur as evi-
denced by the red fluorescence from Rho-labelled liposomes
surrounding the cells in the medium, which was neither asso-
ciated with the cells nor internalized, in contrast to the NBD-
GalCer and MTO.

Fig. 1 Stability at 4°C during 6 weeks of different MTO-containing SCS-
enriched liposomes (non-enriched (●), C8-GluCer (■) and C8-GalCer-
MTOL (▲)). Liposomal drug content, size and pdi were analyzed. Three
independent experiments were performed testing at least three independent
batches and values represent the mean ± SEM.

Fig. 2 Stability at 37°C in absence (a) and presence of 10% (b) or 50% (c)
human serum of non-enriched MTOL (●) C8-GluCer-MTOL (■) and C8-
GalCer-MTOL (▲) for 24 h. Graph inserts represent MTO release within the
first hour. At least three independent batches from each formulation were
tested and values represent the mean ± SEM.
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In addition, pre-treating SKBR3 breast carcinoma cells
with empty SCS enriched-liposomes followed by a washing
and subsequent incubation with non-enriched MTOL dem-
onstrated increased MTO uptake that they did not display
upon single treatment (Fig 6a), suggesting that SCS transfer
occurs independent on the drug influx (Fig. 6b).

Intratumoral Fate of MTO

Intratumoral MTO delivery from SCS-MTOL was com-
pared to MTOL to study whether presence of SCS in the
formulation affects MTO accumulation in the tumor and the

intratumoral fate of the liposomes. MCF-7 tumor-bearing
mice were treated intravenously with MTOL, SCS-MTOL
or free MTO at 5 mg*kg−1 after which tumors were isolated
24 h after liposome administration and analyzed for
intratumoral presence of liposomal drug. Slices of snap-
frozen tumor tissue were prepared and analyzed directly for
MTO fluorescence by confocal microscopy. Subsequently
slices were fixed and stained for tumor vessels and macro-
phages and imaged to study possible localization of MTO in
these different cell types.

For all MTOL formulations, non-enriched, C8-GluCer
and C8-GalCer (Fig. 7a), rather similar heterogeneous drug
distribution patterns within the tumor were observed.
Confocal micrographs showed that liposomal-MTO delivery
clearly correlated with CD31-positive tumor vessels, mainly in
the tumor periphery (Fig. 7a). Further, nuclear uptake of
MTO was observed in tumor tissue, surrounding the leaky
tumor vessels. Occasionally, more centrally located regions
with MTO fluorescence were observed. For free MTO treat-
ment only marginal MTO fluorescence was observed in the
tumor periphery suggesting an important improvement in
tumor drug delivery by liposomal formulation. Co-
localization of liposomal MTO with CD11b positive cells
(Fig. 7b), tumor associated macrophages (TAM) and in the
stroma was observed to a minor extent and mainly in the
better vascularized tumor periphery for all liposome-based
treatments. CD11b positive cells were observed throughout
the tumor in locations devoid of MTO fluorescence.

Fig. 3 Cryo-TEM images of
liposomes with or without SCS. A
clear MTO precipitate is visible
inside liposomes. SCS-MTOL are
uniform in size and shape and
comparable to non-enriched-
MTOL. The bar represents
200 nm. A 12500× magnification
was used.

Fig. 4 In vitro drug efficacy toward breast carcinoma tumor cells, MCF-7 and
SKBR-3. Cells were treated with Free MTO (●) non-enriched-MTOL (■) C8-
GluCer-MTOL (▲) and C8-GalCer-MTOL (▼) for 24 h at 37°C. Cell
survival was quantified by colorimetric SRB assay. Values represent the mean
± SEM of at least 3 independent experiments, testing at least three indepen-
dent batches.

Table II In vitro cytotoxicity (IC50, μM) of Free MTO, non-enriched and
SCS-MTOL in breast carcinoma cell lines

MTO MTOL C8-GluCer-MTOL C8-GalCer-MTOL

Tumor cells

MCF-7 8.3±6.3* >200 16.1±3.6* 14.8±5.6*

SKBR3 1.0±0.2* >200 6.2±2.5* 1.6±0.3*

At least three independent experiments were performed and values repre-
sent the mean ± SEM

*P<0.05 vs Non enriched MTO-L
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DISCUSSION

Although MTO has been developed as a less toxic alternative
for anthracycline chemotherapy, side effects are not absent
and remain an important reason for inadequate dosing for
tumor treatment. Liposomal encapsulation is a clinically prov-
en strategy to further decrease toxic side effects of chemother-
apeutic drugs [14] and is successfully applied in this study.
Whereas liposomal encapsulation positively affects drug

toxicity, it is less beneficial for effective delivery of bioavailable
drug into tumor cells [19, 20, 22]. To overcome the latter
obstacle we applied a novel drug delivery strategy targeting
tumor cell membrane composition by insertion of short-chain
sphingolipids (SCS) to improve chemotherapeutic drug up-
take [24–28]. To optimally combine both strategies to the
benefit of MTO chemotherapy, we developed novel liposo-
mal MTO formulations carrying the drug inside and the SCS
in their bilayer. Homogeneous and stable formulations of
SCS-MTOL were prepared with small size (<100 nm) and
high MTO content, which upon remote loading was found in
nanocrystalline form intraliposomally. SCS, upon their trans-
fer to tumor cell membranes, strongly improved the drug
delivery capacity of MTOL as was observed by live cell
confocal imaging and flow cytometry, resulting in strongly
improved in vitro anti-tumor activity toward human breast
carcinoma. Remarkably, this drug delivery process displayed
selectivity for tumor cells over normal cells. Both endothelial
cells and especially fibroblasts appeared much less affected
upon treatments with this novel SCS-MTOL. On-going stud-
ies focus on the underlying mechanism of this cell type spec-
ificity for SCS-mediated tumor cell membrane perme-
abilization. Liposomal formulations were able to deliver de-
tectable drug quantities to orthotopic human breast carcino-
ma tumors, in contrast to free MTO treatment. SCS modifi-
cation of the MTOL did not notably affect intratumoral
distribution patterns of MTO. This combined with the dem-
onstrated improvements that SCS add to the intracellular
drug delivery process make us conclude that these novel
SCS-MTOL formulations hold promise for further improve-
ment in MTO cancer chemotherapy.

Remote loading of chemotherapeutic drugs into small
unilamellar vesicles (SUVs) offers advantages of high entrap-
ment levels and safety in the preparation procedure and has
been applied for multiple anti-cancer drugs [30]. Such load-
ing procedure requires a pH or ammonium sulphate gradient
and both were applied for MTO encapsulation. The pH
gradient method using intraliposomal citrate buffer of pH 4
yielded unstable aggregating particles with low drug entrap-
ment. The ammonium sulphate method however yielded
higher drug entrapment levels observed as a precipitate in
the liposome core and did not induce aggregation. Liposomes
containing MTO were uniformly round shaped independent-
ly on the presence of SCS in the liposomal bilayer.
Interestingly, these findings differ from those we obtained with
SCS-enriched liposomes loaded with Doxorubicin, on which
we previously reported [27]. These SCS-Doxorubicin lipo-
somes were to some extent rod-shaped when co-formulated
with SCS, while non-enriched liposomes were uniformly
round-shaped [27]. For both amphiphilic drugs, the presence
of SCS improved drug-loading efficiency in relation to non-
enriched liposomes. However, the mechanism to form the
intraliposomal precipitates differs. In the liposomal core,

Fig. 5 Intracellular MTO uptake after treatment with MTO liposomes
(10 μM), quantified by flow cytometry in breast carcinoma cells (SKBR3)
and non-tumor endothelial cells (HUVEC) and fibroblasts (3T3). MTO was
formulated in non-enriched liposomes (open), C8-GluCer-MTOL (grey) and
C8-GalCer-MTOL (black). At least three independent experiments were
performed and values represent the mean ± SEM.
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MTO and Doxorubicin associate to sulphate anions by dou-
ble and single NH-groups, respectively. Additionally,
Doxorubicin is able to self-stack into fibers through hydropho-
bic interactions which are bridged by the sulphate anions [38],
inducing higher levels of intraliposomal drug, which may
deform the liposomes to rod-shaped structures. In fact, opti-
mal drug:lipid ratio for loading of MTO was lower than for
Doxorubicin. SCS-enriched MTO liposomes were formulat-
ed with 10 mol% of C8-GluCer or C8-GalCer as SCS-

enriched Doxorubicin liposomes, due to similarity on their
drug loading method and liposomal lipid composition.
Different amounts of SCS have been tested in the enriched
formulations. For C8-GluCer enriched liposomes containing
Doxorubicin, 5, 10 and 15 mol% of lipid were tested demon-
strating that 10 mol% SCS co-inserted in the liposomal bilay-
er consisted of the optimal amount in terms of intracellular
drug uptake enhancement [24] with 15 mol% not giving any
additional effect. Additionally, Pedrosa et al., 2013 confirmed

Fig. 6 Cellular localization of SCS
and MTO studied by confocal
microscopy (a). SKBR3 breast
carcinoma cells were treated for 2 h
at 37°C with NBD labeled-GalCer
(5 μM) liposomes containing MTO
(10 μM), the green fluorescent
labeled-GalCer was imaged sepa-
rately from MTO. The SCS accu-
mulates in the plasma membrane
and MTO accumulates in the nu-
cleus and cytoplasm. Intracellular-
localization of Rhodamine labeled
liposomes (red) wasn’t seen. Pre-
incubating cells with C8-GalCer li-
posomes not containing MTO for
1 h followed by washing and treat-
ment withMTOL (10 μM), resulted
in intracellular drug levels compara-
ble to direct treatment with C8-
GalCer-MTOL (10 μM) (b).
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that 10 mol% C8-GalCer represented the optimal amount to
enrich Doxorubicin-liposomes achieving maximal intracellu-
lar drug uptake [27].

For MTO-loading a D:PL ratio of 0.07 (w/w) was deter-
mined optimal for non-enriched and SCS-enriched-MTOL,
resulting in maximal drug loading efficiency. SCS-enriched
nanoliposomes reached a higher MTO loading efficiency
close to 100% against 75% for non-enriched nanoliposomes.
Likely, the presence of SCS, C8-GluCer and C8-GalCer in the
liposomal bilayer helped to improve MTO entrapment. The
exposed hydroxyl groups of the sugar moiety of the hydro-
philic SCS head group may promote MTO interaction
through hydrogen binding thereby increasing the loading
efficiency [39].

Concerning stability (Figs. 1 and 2), bothMTOL and SCS-
MTOL had similarly low levels of MTO release, presenting
characteristics of an optimal formulation from a pharmaceu-
tical point of view: maximum drug content and high stability
together with maintenance of physical properties, such as size
<100 nm and pdi <0.1. The initial drug release, which was
observed both during storage and in the first hour at 37°C of
incubation, can be explained by the release of MTO associ-
ated to the phospholipid bilayer. Considering that HSPC is
neutral and PEG-DSPE is negatively charged and that MTO
has a tendency to associate with negatively charged lipids at a
pH between 5 and 8 could explain its presence in and drug
release from the liposomal membrane at 37°C for all liposo-
mal formulations, especially in the presence of serum. In the

Fig. 7 Fluorescence micrographs of orthotopic MCF-7 breast carcinoma frozen sections, obtained fromNMRI-nude female mice 24 h after i.v injection of MTO
(5 mgKg-1 ) in form of standard MTOL and SCS-MTOL (C8-GluCer and C8-GalCer). After MTO imaging, frozen sections were stained for (a) anti-CD31,
macrophages and (b) anti-CD11b antibody (vessels).
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presence of 50% human serum, non-enriched liposomes con-
tinuously released MTO, indicating a contribution from the
intraliposomal MTO pool. Instead, SCS-MTOL initially re-
leased MTO, but after that retained their intraliposomal
MTO content. Therefore it can be assumed that SCS when
inserted in the liposomal bilayer, together with improving
drug loading efficiency also contributed to the stability profile
of the nanoliposomes, improving MTO retention at high
density serum better than non-enriched-MTOL.

Although SCS did not affect MTO release, they synergis-
tically acted with liposomal MTO to improve its intracellular
delivery and efficacy towards breast carcinoma cells. 24 h
incubation of tumor cells with SCS-MTOL markedly in-
creased cytotoxicity compared to non-enriched MTOL.
IC50 values for free MTO and SCS-enriched liposomes con-
tainingMTOwere comparable in SKBR3 andMCF-7 breast

cancer cells (Fig. 4 and Table II). Considering that SCS-
enriched liposomes are stable in presence of 10% serum -
mimicking in vitro conditions (Fig. 2b), cytotoxicity studies
performed in 10% serum, demonstrate that SCS enriched
liposomes enhance intracellular drug uptake reaching an effi-
cacy comparable to free drug treatment, by other means then
leakage from the liposomes. Yet, standard liposomes contain-
ing MTO presented similarly high stability at 10% serum, but
were much less efficacious due to lack in drug bioavailability.
Previous studies demonstrated the potency of SCS as drug
uptake enhancers for Doxorubicin when using nanoscale li-
posomal drug delivery systems [24, 26–28]. Here, we confirm
this for MTO. Remarkably, SCS mediated drug uptake
displayed a clear selectivity for tumor cells when compared
to normal cells, such as endothelial cells and fibroblasts that were
much less affected by SCS-MTOL. Furthermore, after 4 h the

Fig. 7 (continued)
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highest drug levels were reached and maintained to 24 h dem-
onstrating an early maximized effect of the enhancing drug
uptake properties of SCS (Fig. 5). When comparing C8-
GluCer and C8-GalCer we learned that different short-chain
glycoceramides can affect cellular drug uptake differently in the
same tumor cell line. C8-GluCer and C8-GalCer differences on
the equatorial and axial, respectively, 1-hydroxyl group position
in the molecular structure of the lipid headgroup might differen-
tially affect the lipid rearrangement/packing of the cell mem-
brane and thereby influence drug membrane traversal. C8-
GalCer-MTOL caused much higher MTO uptake in SKBR3
cells than C8-GluCer-MTOL as quantified by flow cytometry
subsequently causing more toxicity towards this cell line. These
observations are well in line with previous findings with SCS-
liposomal Doxorubicin [27]. Also in that study, SCS provided
specificity of Doxorubicin delivery to tumor cell membranes in
comparison to normal cells and more subtly also showed that
different SCS displayed preferential activity in some tumor cell
lines compared to others. These observations suggest that re-
sponsiveness to SCS mediated drug delivery is not only (tumor)
cell type specific, but is also dependent on the nature of the SCS.
Optimal combinations of drugs and SCS may be available for
particular tumor cell types. Such combinations can be obtained
by extensive screening of lipids and drugs that will be part of
future studies in which also the importance of the lipid compo-
sition of the receiving cell membrane will be investigated.
Figure 8 illustrates the proposed mechanism of action for SCS
as intracellular drug uptake enhancers.

Previous studies already indicated SCS transfer to the cell
membrane precedes Doxorubicin transfer and cellular influx
[27, 28]. As shown by confocal microscopy (Fig. 6), MTO is
transported across the cell membrane and through the cyto-
plasm reaching the nucleus where it is retained and active [10,
40]. Upon labelling liposomes with Rhodamine-PE, a stable
bilayer marker, we could prove that liposomes are not taken
up by the cells. Yet, SCS are transferred from the liposomal
bilayer to the cell membrane, via a process which is not related
to cellular nanoparticle uptake. Interestingly SCS delivered to
tumor cell membranes by non-drug containing liposomes
could similarly promote MTO uptake from non SCS-

containing MTOL (Fig. 6b) indicating that SCS transfer and
MTO uptake act independent of the liposomal carrier and
synergize at the cell membrane level.

Although the in vitro drug delivery route for the novel SCS-
MTOL could be elucidated, the in vivo situation is much more
complex with the presence of various tumor physiological
barriers and multiple cell types within a tumor. To gain
further understanding of in vivo tumor drug delivery we inves-
tigated the intratumoral fate of MTO when administered i.v
as MTOL, C8-GluCer or C8-GalCer-MTOL or free drug.
Detectable MTO levels, 24 h after i.v. administration were
only observed upon treatment with liposomal formulations
and not upon free MTO administration demonstrating that
nanoparticle mediated drug delivery can help to extend tumor
drug exposure. Low tumor drug levels after free MTO treat-
ment correlate to the large volume of distribution of the free
drug and its rapid clearance from circulation [41]. Liposomal
encapsulation is known to extend drug circulation time [17]
and this in combination with immature, more leaky tumor
vasculature can lead to liposome extravasation and interstitial
accumulation of both carrier and drug [42, 43]. Here, all
liposomal formulations delivered their MTO content mainly
perivascularly in a rather heterogeneous manner throughout
the tumor correlating with the tumor vascular make-up.
Certainly not all vessels were characterized byMTO presence
suggesting that not all tumor vessels allow liposome extrava-
sation and subsequent drug delivery. Tumor vasculature is
very heterogeneous and permeability of a specific tumor vessel
does not only depend on perfusion of the vessel, but also on
the intrinsic profile of the endothelial lining and the surround-
ing microenvironment [44]. Therefore, strategies to induce
increased vascular permeability using for instance biological
vascular modifiers as TNF-α or physical treatments with for
instance hyperthermia may further improve interstitial
nanoparticle-mediated drug delivery [19, 20, 45].

From our observations in an orthotopic human breast
carcinoma tumor, in presence or absence of SCS, fluorescent
MTO is observed intracellularly as well as extracellularly.
Upon interstitial localization drug release may involve gradual
release from the liposomes and subsequent cellular uptake as

Fig. 8 Illustration of SCS mechanism of action. SCS (green) in the liposome bilayer are transferred to tumor cell membrane creating enhanced permeabilized
specific areas improving intracellular drug (red) uptake. Drug influx occurs at a later stage and is transferred from the liposome core to the independently on
previously lipid transfer.
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in the in vitro situation. Tumor tissue is, in addition to tumor
cells, composed of stromal cells, which may also take up the
drug. Importantly, SCS in vitro clearly displayed a preference
to enhance MTO delivery into tumor cells and to a much
lesser extent in fibroblasts and endothelial cells (Fig. 5).

Whereas some studies concluded a role of tumor associated
macrophages (TAM) in drug release from liposomes [46], others
have described that tumor uptake of liposomal drugs does not
correlate with the presence of TAM [47, 48]. It was proposed
that the respective improvement in drug delivery may be related
to an alternative TAM-mediated processes that increases tumor
vasculature permeability and liposome localization in TAM-rich
areas. These findings are in accordance with Banciu et al. [48]
who reported that the anti tumor effect of liposomalDoxorubicin
(Doxil) does not depend on the presence of functional TAM in
tumors. In the present study, MCF-7 tumors had a considerable
TAM content localized in particular zones in the tumor.
Although liposomal MTO was also delivered in these tumor
regions, drug delivery was not solely restricted to macrophage
enriched areas, but also occurred in different regions lacking
TAM presence. As no major differences were found in tumor
drug delivery patterns between non-enriched MTOL and SCS-
MTOL it is likely that SCS do not promote co-localization of the
SCS-MTOL with macrophages.

CONCLUSION

In conclusion, a novel nanoliposomal formulation of MTO
with bilayer inserted SCS has been developed that displayed
tumor cell specific, enhanced drug delivery. Whereas liposo-
mal formulation improved tumor drug delivery compared to
free MTO, SCS improved cellular MTO uptake preferential-
ly in tumor cells. This new concept of drug delivery by
targeting tumor cell membrane composition, modulating its
permeability constitutes a promising direction to improve
MTO chemotherapy efficacy.
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