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A B S T R A C T   

One of the major assets of anticancer nanomedicine is the ability to co-deliver drug combinations, as it enables 
targeting of different cellular populations and/or signaling pathways implicated in tumorigenesis and thus 
tackling tumor heterogeneity. Moreover, drug resistance can be circumvented, for example, upon co- 
encapsulation and delivery of doxorubicin and sphingolipids, as ceramides. Herein, the impact of short (C6) 
and long (C18) alkyl chain length ceramides on the nature of drug interaction, within the scope of combination 
with doxorubicin, was performed in bulk triple-negative breast cancer (TNBC) cells, as well as on the density of 
putative cancer stem cells and phenotype, including live single-cell tracking. 

C6- or C18-ceramide enabled a synergistic drug interaction in all conditions and (bulk) cell lines tested. 
However, differentiation among these two ceramides was reflected on the migratory potential of cancer cells, 
particularly significant against the highly motile MDA-MB-231 cells. This effect was supported by the down-
regulation of the PI3K/Akt pathway enabled by C6-ceramide and in contrast with C18-ceramide. The decrease of 
the migratory potential enabled by the targeted liposomal combinations is of high relevance in the context of 
TNBC, due to the underlying metastatic potential. 

Surprisingly, the nature of the drug interaction assessed at the level of bulk cancer cells revealed to be 
insufficient to predict whether a drug combination enables a decrease in the percentage of the master regulators 
of tumor relapse as ALDH+/high putative TNBC cancer stem cells, suggesting, for the first time, that it should be 
extended further down to this level.   

1. Introduction 

Triple-negative breast cancer (TNBC) is characterized by the absence 
of the expression of estrogen and progesterone receptors and the human 
epidermal growth factor receptor 2 (HER2). This lack of well-defined 
molecular markers limits the current first line systemic therapeutic 

options to conventional anticancer drugs, as doxorubicin (DXR), incor-
porated in some protocols [1–3]. However, these drugs have local and 
systemic toxicity, such as DXR-induced cardiotoxicity, resulting from 
the lack of tissue/cell specificity which ultimately could lead to treat-
ment failure [4]. Moreover, a population of cancer cells, named as 
cancer stem cells (CSCs), has been described to be resistant to 
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conventional chemotherapy due to intrinsic or acquired mechanisms, 
such as superior DNA-repair capacity or upregulation of drug-efflux 
pumps (for example, ATP-binding cassette transporters such as P- 
glycoprotein), thus increasing the probability of tumor relapse [5,6]. 
Furthermore, the plasticity associated with CSCs and non-stem cancer 
cells, which interconvert according to environmental stimuli, illustrates 
the cellular dynamics within the tumor microenvironment and con-
tributes to drug resistance and tumor progression [5,7]. Specifically, the 
progression to a metastatic disease has been associated to epithelial-to- 
mesenchymal transition, a biological process that confers a mesen-
chymal phenotype, allowing tumor cells with a cancer stem phenotype 
to disseminate [7,8]. It is thus important to properly identify this critical 
sub-population of cells, with an overall impact on tumorigenicity. 

Surface markers, such as CD44 and CD24, and functional markers, 
such as aldehyde dehydrogenase (ALDH) activity, have been used to 
identify putative CSC population in breast cancer [9–11]. Sphere- 
forming assays, an in vitro functional assay, have also been reported as 
an indicator of the enhanced self-renewal at the single-cell level [12]. Of 
relevance in the functional establishment of CSCs are, as a complement, 
the (in vivo) tumorigenic assays [13–15]. Additionally, overexpression of 
the regulatory transcription factors OCT4 and NANOG has been 
described as a central regulator of CSCs self-renewal and has been 
associated with poor prognosis in breast cancer patients [16–18]. 

The acknowledgment that simultaneous targeting of different tumor 
cell populations could increase efficacy of new anticancer therapeutic 
strategies [19], led to the need to identify common markers among 
those. In this respect, nucleolin overexpression has been demonstrated 
on the cell surface of breast CSCs, non-stem breast cancer cells and 
endothelial cells from the tumor blood vessels, emerging as a potential 
common marker for different breast tumor cell populations [20–22]. 

Nucleolin can be identified in several cellular compartments, being 
predominantly located in the nucleolus. It is involved in chromatin 
structure, regulation of transcription, ribosome assembly and nucleus- 
cytoplasm transport [23,24]. While surface nucleolin has been 
described as a target for several ligands, some of them implicated in 
carcinogenesis, such as pleiotrophin and P-selectin [25], it has also 
become a relevant marker for anticancer therapies and some nucleolin- 
binding ligands have been generated, such as the antagonistic pseudo-
peptides HB-19 and N6L [26,27], the aptamer AS1411 [28] or the F3 
peptide [29]. 

A nucleolin-binding F3 peptide-targeted pegylated and pH-sensitive 
lipid nanoparticle was developed to co-encapsulate a combination of 
DXR and C6- or C18-ceramide, at a 1:1 molar ratio. The former, a well- 
known topoisomerase II inhibitor, induces dose-dependent cytotoxicity 
in non-stem cancer cells [30,31] and has been described to induce the 
accumulation of endogenous ceramides, a critical component of the 
apoptosis signaling cascade [32], further enhancing the cytotoxic ef-
fects. However, the overexpression of glucosylceramide synthase, an 
enzyme described to metabolize ceramides [33], has been associated 
with the development of resistance to DXR by reducing the cytotoxicity 
induced by ceramides [34,35]. Therefore, co-administration of exoge-
nous ceramides and DXR has been demonstrated to be a useful strategy 
to enhance antitumor effects against several types of cancer [36–38]. In 
addition, intracellular delivery of DXR encapsulated in lipid nano-
particles has the additional advantage to partially circumvent P-glyco-
protein-mediated drug resistance [39]. 

C6-ceramide is a short-chain sphingolipid associated with rapid 
transbilayer movements, being able to dissociate from the liposomal 
phospholipid bilayer [40,41] whereas a long-chain sphingolipid, as C18- 
ceramide, has been associated with enhanced stability within the lipo-
somal membrane [36]. Both ceramides are pro-apoptotic sphingolipids 
[42–44] and C6-ceramide has been demonstrated to downregulate the 
PI3K/Akt pathway [45,46], often described as being overexpressed in 
CSCs [42,47–49]. Furthermore, in vivo studies showed that intravenous 
administration of liposomal C6-ceramide was well tolerated by female 
BALB/c mice and inhibited tumor growth of a syngeneic mouse solid 

tumor model of mammary adenocarcinoma [50] and human hepato-
cellular carcinoma xenografts in athymic nude mice relative to un-
treated control and liposomes without C6-ceramide [51]. 

Accordingly, the aim of the present work is to determine the nature 
of the interaction between nucleolin-targeted liposomal combinations of 
DXR and ceramides with different alkyl chain lengths in TNBC cell lines 
and assess for the first time, to the best of the authors knowledge, how 
this effect, determined at the level of bulk cells, impacts the viability of a 
master cell regulator of tumor aggressiveness as putative triple-negative 
breast CSC population. The effect of the alkyl chain length within the 
scope of the referred drug combinations was further evaluated on the 
mRNA levels of pluripotency transcription factors and on the phenotype 
of TNBC cells, including mammosphere forming efficiency and live 
single-cell tracking. 

2. Materials and methods 

2.1. Materials 

Doxorubicin hydrochloride was provided by MicroBiopharm 
(Japan). 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 
Disodium ethylenediaminetetraacetate dehydrate (EDTA), resazurin, 
sephadex G-50, ammonium sulphate, sodium chloride, 3β-hydroxy-5- 
cholestene-3-hemisuccinate (CHEMS) and cholesterol (CHOL) were 
purchased from Sigma-Aldrich (USA). The lipids 2-dioleoyl-sn-glycero- 
3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2k) were acquired 
from Lipoid (Germany). N-hexanoyl-D-erythrosphingosine (C6-cer-
amide) and N-stearoyl-D-erythro-sphingosine (C18-ceramide) were ac-
quired from Avanti Polar Lipids (USA). All other chemicals were of 
analytical grade purity. 

2.2. Cell culture 

The triple-negative breast cancer cell lines MDA-MB-231 (ATCC® 
HTB-26™), MDA-MB-468 (ATCC® HTB-132™) and Hs578T (ATCC® 
HTB-126™) were cultured in RPMI 1640 (Sigma-Aldrich, USA), sup-
plemented with 10% (v/v) of heat-inactivated Fetal Bovine Serum (FBS) 
(Invitrogen, USA), 100 U/mL penicillin, 100 µg/mL streptomycin 
(Sigma-Aldrich, USA). All cell lines were maintained at 37◦C in a 5% 
CO2 atmosphere up to 1 month (from the original batch) to prevent 
unwanted mutations. Cells were routinely tested for mycoplasma 
contamination, following the Center for Neuroscience and Cell Biology 
(CNC) internal rules, and morphology was assessed by microscopy. Cell 
lines authentication was performed by Short Tandem Repeat (STR) 
profiling. 

2.3. Preparation of liposomes 

F3 peptide-targeted liposomes, with or without ceramide, were 
composed of DOPE:CHEMS:DSPC:CHOL:DSPE-PEG2k:DSPE-PEG2k-F3: 
C6- or C18-ceramide at 2.66:1.34:2:2:0.62:0.18:2 (18 mol% of C6- or 
C18-ceramide) or 4:2:2:2:0.62:0.18:0 molar ratio, respectively, and 
were prepared by the ethanol injection procedure (1 mL/batch) as 
previously described [20,45,52]. Briefly, ethanolic lipid mixtures were 
added to 300 mM ammonium sulfate solution (pH 6.0) at 60◦C and the 
resulting liposomes were extruded through two stacked polycarbonate 
membranes (100 nm pore size) using a LiposoFast Basic mini extruder 
(Avestin, Canada). The buffer was exchanged in a Sephadex G-50 gel 
column (Sigma-Aldrich, USA) equilibrated with 25 mM HEPES and 10% 
(w/v) sucrose buffer (pH 6.5). Encapsulation of DXR was carried out 
through the ammonium sulfate gradient method, upon incubation with 
liposomes for 1 h at 60◦C. Non-encapsulated DXR was removed using a 
Sephadex G-50 gel column equilibrated with 25 mM HEPES, 140 mM 
NaCl buffer (pH 7.4). 

A.F. Cruz et al.                                                                                                                                                                                                                                  



European Journal of Pharmaceutics and Biopharmaceutics 172 (2022) 61–77

63

2.4. Characterization of liposomes 

The mean size and polydispersity index (PDI) of F3 peptide-targeted 
liposomes containing a combination of DXR and C6- or C18-ceramide, at 
a molar ratio of 1:1 ([F3]L-DC611 and [F3]L-DC1811, respectively), was 
determined by dynamic light scattering, Malvern Zetasizer Nano-S, 
(Malvern Instruments, Malvern, UK) using a standard laser wave-
length of 663 nm. The surface charge (zeta potential) was determined by 
laser Doppler spectroscopy, ZetaSizer Nano-Z, (Malvern Instruments, 
Malvern, UK). F3 peptide-targeted liposomes containing DXR alone 
([F3]L-D) or C6- or C18-ceramide alone ([F3]L-C6 or [F3]L-C18, 
respectively) and the non-targeted liposomes containing the referred 
drug combination (L-DC611 and L-DC1811) or only DXR (L-D) were used 
as controls. Encapsulated doxorubicin was assayed at 492 nm from a 
standard curve, after liposomal solubilization with 90% absolute 
ethanol, and the encapsulation efficiency (%) was calculated from the 
equation [(DXR/TL)final/(DXR/TL)initial] × 100, where final and initial 
stand for the doxorubicin and total lipid quantified following and before 
liposomal preparation, respectively. Additionally, the stability of [F3]L- 
D, L-DC611, [F3]L-DC611 and [F3]L-DC1811 was evaluated by 
measuring the mean particle size, PDI, and zeta potential, for samples 
stored at 5 ± 3◦C (up to 28 days). 

For negative-staining transmission electron microscopy (TEM), 10 µL 
of liposomal suspensions in 25 mM HEPES, 10% (w/v) sucrose buffer, 
pH 7.4 were deposited on Formvar/carbon film-coated mesh nickel grids 
(Electron Microscopy Sciences, Hatfield, PA, USA). The liquid excess 
was removed with filter paper and 10 µL of 1% (w/v) uranyl acetate was 
added onto the grids. Image acquisition was carried out on a JEOL JEM 
1400 TEM at 120 kV (Tokyo, Japan). Images were digitally recorded 
using a CCD digital camera (Orious 1100 W, Tokyo, Japan). Liposome 
diameter was drawn from image analysis using ImageJ software v1.49q 
(NIH, USA). As additional control, a commercially available non- 
targeted pegylated liposomal formulation of DXR (Caelyx®) was used 
as control for TEM analysis. 

DXR retention was evaluated following the incubation of an aliquot 
of [F3]L-D, L-DC611, L-DC1811, [F3]L-DC611 or [F3]L-DC1811 liposomal 
formulations in HEPES buffer saline pH 7.4, 90% RPMI 1640 culture 
medium supplemented with 10% FBS or 90% of non-inactivated bovine 
serum, at 37◦C and at different timepoints (0, 1, 4, 8 and 24 h). Similar 
experiments were performed at 4◦C over 28 days. DXR fluorescence 
dequenching was measured in a Spectramax fluorimeter (Molec-
ularDevices, USA) (λex = 485 nm; λem = 590 nm) and DXR retention (% 
of control) was calculated using the following formula: 100 − [(TestR-
FUn − MeanRFU0) /(MeanRFUctr − MeanRFU0)] × 100, where TestRFUn 
and MeanRFU0 stand for the fluorescence of tested sample at different 
time points and time 0 h, respectively, and MeanRFUctr is the fluores-
cence corresponding to 100% of release, following incubation with 
0.25% (v/v) of Triton X-100. 

2.5. Overall cytotoxic effect of lipid-based formulations and a 
combination of non-encapsulated doxorubicin and cisplatin 

Eight, twelve or sixteen thousand MDA-MB-231, MDA-MB-468 or 
Hs578T cancer cells/well, respectively, adherent to 96-well plates, were 
incubated with serial dilutions of F3 peptide-targeted pegylated and pH- 
sensitive liposomes containing DXR and C6- or C18-ceramide, at a 1:1 
molar ratio, [F3]L-DC611 or [F3]L-DC1811, respectively, the counter-
parts encapsulating DXR alone, [F3]L-D, and C6- or C18-ceramide alone, 
[F3]L-C6 or [F3]L-C18, respectively, and combinations of (non-lipo-
somal) DXR and cisplatin or free DXR or cisplatin, for 4 or 24 h, at 37◦C 
in an atmosphere of 5% CO2. Afterwards, cell culture medium was 
exchanged for fresh one and the experiment extended up to 96 h. Cell 
viability was assessed by the resazurin reduction assay, upon monitoring 
absorbance at 570 nm and 600 nm (background) in a Spectramax 
Gemini EM (Molecular Devices, USA). Cytotoxicity was calculated from 
the formula [100 - ((Test570-600 - CtrNeg570-600)/(Ctr570-600 - CtrNeg570- 

600)) × 100)], where Test570-600, Ctr570-600 and CtrNeg570-600 were the 
corrected absorbance for treated cells, untreated controls and negative 
control, respectively [53]. 

The nature of the interaction between DXR and C6- or C18-ceramide 
encapsulated in the aforementioned pegylated and pH-sensitive lipo-
somes, functionalized with the nucleolin-binding F3 peptide was based 
on the determination of the combination index (CI) for each of the 
aforementioned TNBC cell lines, at the IC50 (fa_0.5) or IC90 (fa_0.9) of 
targeted liposomal DXR or targeted liposomal C6- or C18-ceramide. The 
CI was determined using the median-effect model developed by Chou 
and Talalay [54–56], as detailed previously by our group [52]. Addi-
tionally, the determination of the nature of the interaction between the 
association of non-encapsulated DXR and cisplatin, two drugs used in 
clinical practice for the treatment of TNBC [2,57,58], was performed as 
a control using a similar methodology. A combination index lower, 
equal or higher than 1 corresponded to a synergistic, additive or 
antagonistic drug interaction, respectively [54–56]. 

2.6. Evaluation of putative breast cancer stem cell population (ALDH+/ 

high) 

The impact on the putative breast CSC population (ALDH+/high, as 
determined by the Aldefluor assay) was evaluated by flow cytometry. 
Briefly, 500 000 of MDA-MB-468 TNBC cells/well, adherent to 6-well 
plates, were incubated with F3 peptide-targeted liposomes containing 
DXR and C6- or C18-ceramide (1:1 molar ratio) at 2, 5 or 10 µM of DXR 
or the (non-liposomal) combination of DXR and cisplatin at 1 and 5 or 2 
and 10 µM of DXR and cisplatin, respectively, for 24 h at 37◦C in an 
atmosphere of 5% CO2. Five hundred thousand of MDA-MB-231 or 
Hs578T TNBC cells, adherent to 6-well plates, were incubated with F3 
peptide-targeted liposomal combinations at 2, 5, 10 or 20 µM of DXR. 
Additionally, MDA-MB-231 cells were incubated with the (non-lipo-
somal) combination at 0.2 and 20 or 1 and 45 µM of DXR and cisplatin, 
respectively, while Hs578T cells were incubated with 0.2 and 8 or 1 and 
20 µM of DXR and cisplatin, respectively, for 24 h at 37◦C in an atmo-
sphere of 5% CO2. Afterwards, cell culture medium was exchanged for 
fresh one and the experiment extended up to 96 h. Then, adherent cells 
were collected along with the suspended (dead) cells to further evaluate 
cell death and aldehyde dehydrogenase (ALDH) activity. 

Live cells were gated (R2 region, Fig. 5A) with the LIVE/DEAD® 
protocol (Invitrogen by Thermo Fisher Scientific, USA), out of which 
ALDH+/high putative breast CSCs were identified (R4 or R5 regions, 
Fig. 5A) with the ALDEFLUOR™ protocol, according to the manufac-
turer instructions (Aldagen by STEMCELL Technologies, Canada). The 
cell-associated signal was immediately analyzed by flow cytometry in a 
BD FACSCalibur system (BD Biosciences, USA) and a total of 20000 
events were collected. Appropriate controls were used to assure correct 
compensation of fluorescence signals in each channel. For each tested 
sample, percentage of ALDH+/high cells (R5 region) was calculated from 
the overall cell population gated in the R2 region. These results were 
further normalized to the percentage of ALDH+/high untreated cells (R4 
region), as in Fig. 5B. 

2.7. Evaluation of mRNA levels of NANOG and OCT4 

NANOG and OCT4 mRNA levels were determined on TNBC cell lines 
MDA-MB-231, MDA-MB-468 and Hs578T, plated as described in the 
previous section, upon incubation with F3 peptide-targeted liposomes 
encapsulating DXR and C6- or C18-ceramide, at a 1:1 molar ratio, or a 
(non-liposomal) combination of DXR and cisplatin, at the concentrations 
and incubation time also described in the previous section. 

Upon cell collection, total RNA isolation was performed using the 
NucleoSpin® RNA II kit (Macherey-Nagel, Germany). Afterwards, RNA 
concentration and quality were determined using a NanoDrop 2000 
(Thermo Fisher Scientific, USA). Samples presenting a 260/280 ratio 
under 1.9 were discarded. Samples of total RNA were stored at − 80◦C 
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until use. cDNA was obtained using the NZY First-Strand cDNA Synthesis 
kit (NZYtech, Portugal) according to the manufacturer instructions, 
using a UnoCycler Thermal Cycler (VWR, USA). Using species-specific 
pairs of primers, NANOG and OCT4 gene expression was quantified by 
qRT-PCR using β-ACTIN or RPS18 as housekeeping genes for data 
normalization. The primers were obtained from a primer bank data base 
(http://pga.mgh.harvard.edu/primerbank/) and acquired from Inte-
grated DNA Technologies (IDT) (supplementary data Table S1). 
NZYSpeedy qPCR Green Master Mix (NZYtech, Portugal) was used to 
perform analysis of samples that were run in StepOnePlus Real Time 
PCR Detection System (Applied Biosystems, Thermo Fisher Scientific, 
USA). Data were analyzed using the StepOne software v2.3 and the 
mRNA fold change was calculated using the 2-ΔΔCt method. 

2.8. Evaluation of capability of triple-negative breast cancer cells to form 
mammospheres 

The impact over the mammosphere forming efficiency [MFE (%)] 
was evaluated after incubation of MDA-MB-468, MDA-MB-231 and 
Hs578T TNBC cells with F3 peptide-targeted DXR and C6- or C18- 
ceramide liposomes at 5 µM (MDA-MB-468) and 10 µM (MDA-MB-231 
and Hs578T) of DXR, for 24 h at 37◦C. Afterwards, cell culture medium 
was exchanged for fresh one and the experiment extended up to 96 h. 

Detached and washed cells were seeded for mammosphere forma-
tion, as previously described [20]. Briefly, 5000 single MDA-MB-231 
cells or 10000 MDA-MB-468 and Hs578T cells were seeded in 2 mL 
Mammocult® Medium supplemented with 4 mg/mL of heparin and 0.5 
mg/mL of hydrocortisone (STEMCELL Technologies, Canada) per well, 
in low-adhesion 6-well plates (Greiner, Austria). For 1st generation 
sphere formation, cells were maintained for 10 days at 37◦C and 5% of 
CO2. After that period, mammosphere formation efficiency was assessed 
upon image acquisition (9 random images per well) using Celena S 
Digital Imaging System (Logos Biosystems, South Korea) and a TC Pla-
nAchro 4X/0.13 Ph objective. Image analysis and mammosphere 
counting was performed using ImageJ software v1.49q (NIH, USA). 
Mammosphere forming efficiency (%) was calculated from the formula 
[(number of spheres/number of total events) x100)], where total events 
are a sum of the number of mammospheres and single cells. 

2.9. Assessment of cellular migration of triple-negative breast cancer cells 

MDA-MB-468, MDA-MB-231 and Hs578T TNBC cells were plated at 
low density (12000; 6000 and 3000 cells/well, respectively) in a µ-Slide 
8 well ibiTreat (IBIDI, Germany) for single-cell tracking. Following in-
cubation with liposomal formulations as mentioned in the previous 
section, cell culture medium was exchanged to a serum-free medium (to 
decrease extent of proliferation) aiming at analyzing individual cellular 
migration. Time lapse imaging was performed on a Axio Observer Z2 
microscope (Carl Zeiss, Germany), coupled to a Axiocam HRm and using 
an EC-Plan-Neofluar 10x/0.3 objective. Throughout the experiment, 
cells were kept at 37◦C and supplied with 5% CO2. Three independent 
fields of view for each well were chosen and imaged every 10 min, for 
15 h (total of 91 slices). Data were analyzed using Manual Tracking 
plugin (ImageJ software v1.49q), and the resulting data exported to 
Chemotaxis and Migration Tool 2.0 program, with which trajectories 
were plotted and velocity (µm/min), accumulated distance (µm) and 
Euclidean distance (µm) parameters were quantified. 

3. Results 

3.1. Physical characterization of pH-sensitive and nucleolin-targeted 
pegylated liposomal combinations of doxorubicin and C6- or C18- 
ceramides 

Pegylated pH-sensitive liposomal formulations functionalized with 
the nucleolin-binding F3 peptide, containing a combination of DXR and 

a short-chain (C6) or a long-chain (C18) ceramide in a 1:1 molar ratio 
([F3]L-DC611 and [F3]L-DC1811, respectively) were characterized in 
terms of mean size, polydispersity index (PDI) and surface charge (zeta 
potential). F3 peptide-targeted liposomes containing DXR ([F3]L-D) or 
C6- or C18-ceramide alone ([F3]L-C6 or [F3]L-C18, respectively) and 
non-targeted liposomes containing DXR alone (L-D) or the combination 
of DXR and C6- or C18-ceramide, at 1:1 molar ratio (L-DC611 or L- 
DC1811, respectively), were used as controls. Furthermore, character-
ization of morphology by transmission electron microscopy (TEM) was 
performed and, as additional control, a commercially available pegy-
lated non-targeted liposomal formulation containing DXR alone (Cae-
lyx®) was used. 

Measurements by dynamic light scattering following preparation 
demonstrated that [F3]L-DC611 and [F3]L-DC1811 presented a medium 
size of 113.8 and 114.5 nm, respectively, and a PDI of 0.104 and 0.140, 
respectively (Fig. 1A). These results were consistent with the measure-
ments of transmission electron microscopy (TEM) for [F3]L-DC611 (µ½ =

110.5; 95.425th – 125.575th) (Fig. 1B) indicating that samples have a 
monodisperse particle size distribution. These characteristics were also 
comparable with the mean size and PDI presented by the targeted 
counterparts containing DXR alone, [F3]L-D, (121.8 nm and 0.103, 
respectively), C6-ceramide alone, [F3]L-C6, (123.8 nm and 0.225, 
respectively) or C18-ceramide alone, [F3]L-C18, (81.8 nm and 0.126, 
respectively) (Fig. 1A). As expected, non-targeted liposomes, without 
the functionalization of F3 peptide at the PEG extremity, and containing 
DXR alone (L-D) or the combination of DXR and C6- or C18-ceramide, at 
a molar ratio of 1:1 (L-DC611 and L-DC1811, respectively), presented 
lower mean size (97.0, 83.7 or 103.2 nm, respectively) and PDI (0.076, 
0.065 or 0.085, respectively) than the targeted counterparts (Fig. 1A). 

Measurements of zeta potential evidenced that the surface charge of 
[F3]L-DC611 and [F3]L-DC1811 was close to neutrality (− 2.9 and − 2.3, 
respectively), as for targeted counterparts containing one drug alone 
([F3]L-D: − 1.0; [F3]L-C6: − 1.8; [F3]L-C18: 4.9) and non-targeted (L-D: 
− 2.8; L-DC611: − 3.5; L-DC1811: − 1.5) controls (Fig. 1A). 

Characterization by TEM demonstrated that [F3]L-DC611 and [F3]L- 
DC1811 presented a spherical shape similar to controls, including Cae-
lyx® (Fig. 1B). All liposomal formulations presented a homogeneous size 
distribution between 73.825th – 125.575th (µ½ = 80.1 – 110.5). Addi-
tionally, an electron-opaque core was more pronounced in [F3]L-DC611 
and [F3]L-DC1811 than the counterpart containing only C6-ceramide 
([F3]L-C6) and similar to control liposomal formulations containing 
DXR, including Caelyx® (Fig. 1B). 

Doxorubicin encapsulation efficiency was close to 100%, at a doxo-
rubicin:lipid ratio (0.18), regardless of the presence of C6- or C18- 
ceramide in the liposomal bilayer (Fig. 1C). 

All liposomal formulations, regardless of the presence of C6- or C18- 
ceramide, either targeted or non-targeted, presented a similar extent of 
drug retention (between 95 and 105%), at 37̊C for up to 24 h, in different 
incubation media, including RPMI 1640 cell culture medium supple-
mented with 10% FBS, reflecting the conditions used in in vitro studies 
(Fig. 2A). Similar observations were extended to the experiments per-
formed at 4◦C, over 28 days (Fig. 2B). 

F3 peptide-targeted liposomal formulations containing a combina-
tion of DXR and C6- or C18-ceramide, at a 1:1 molar ratio, revealed also 
to be stable in terms of mean size, polydispersity index and zeta po-
tential (ζ), upon storage at 5 ± 3◦C for up to 28 days. The only exception 
refers to the increase in the polydispersity index of [F3]L-DC1811 
(Fig. 3). A similar trend was observed for F3 peptide-targeted liposomes 
containing DXR alone ([F3]L-D) or the non-targeted counterpart con-
taining a combination of DXR and C6-ceramide, at a 1:1 molar ratio (L- 
DC611). The overall analysis of independent batches as reported in 
Figs. 1 and 3 suggested a surface charge close to neutrality for all lipo-
somal formulations tested. These observations were in accordance with 
previously characterized GMP-grade batch of F3 peptide-targeted lipo-
somes containing DXR alone (mean size of 91.2 nm, polydispersity index 
of 0.036 ± 0.006 and zeta potential of +4.9 ± 0.2 mV [59]), which 
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demonstrated tumor targeting properties upon intravenous administra-
tion [59]. Overall, [F3]L-DC611 and [F3]L-DC1811 presented adequate 
features for intravenous administration. 

3.2. Liposomal co-encapsulation of doxorubicin and C6- or C18- 
ceramides, targeted to nucleolin: Impact on the nature of drug interaction 

The nature of the interaction of a combination of DXR and a short- 
chain or a long-chain ceramide (C6- or C18-ceramide, respectively) in 
a 1:1 molar ratio, co-encapsulated in pegylated pH-sensitive liposomes, 
functionalized with the nucleolin-binding F3 peptide was assessed in 
TNBC cell lines (MDA-MB-468, MDA-MB-231 and Hs578T). As a control, 
a non-liposomal combination of DXR and cisplatin, two drugs used in 
clinical practice for the treatment of TNBC, was used [2,57,58]. Herein, 
a new presentation strategy was adopted (Fig. 4), in order to clearly 
communicate the determined combination index values and facilitate its 
analysis. In Fig. 4, the arc segment length encodes the combination 
index value: the smaller the arc, the smaller the combination index 
value. Additionally, the arc colors reflected different drug interactions/ 
combination indexes: < 1, synergism (light green) or = 1, additivity 
(light gray). 

In fact, the combinations DXR/C6- or C18-ceramide at the referred 
molar ratio, at death fractions of either 0.5 (fa_0.5) or 0.9 (fa_0.9), at 4 or 
24 h incubation, enabled a synergistic drug interaction in all cell lines 
tested (Fig. 4). 

The association of (non-liposomal) DXR and cisplatin, against 
Hs578T cells displayed mostly additive interactions, excepting at a 
death cell fraction of 0.9, at 24 h incubation. Under these conditions, the 
same nature of interaction was recapitulated in MDA-MB-231 and MDA- 
MB-468 cells. In these two cell lines, a synergistic interaction was 
observed any time a death fraction of 0.9 was tested, regardless the in-
cubation time (Fig. 4). 

Altogether, these results showed a higher overall cytotoxic potential 
of the liposomal DXR:C6- or C18-ceramide (1:1 molar ratio) combina-
tions targeted to nucleolin. 

In order to clarify the effect of the carrier on cell viability, a sys-
tematic analysis was performed as detailed in Table S2. Particularly, the 
cytotoxicity of non-targeted and F3 peptide-targeted liposomes (without 
DXR and ceramide, i.e. L and [F3]L), as well as their non-targeted and F3 
peptide-targeted liposomal counterparts without DXR (i.e. L-C6 and L- 
C18, [F3]L-C6 and [F3]L-C18) and with DXR (L-DC611 and L-DC1811) 
was determined. Overall, the vehicle, without C6-ceramide, demon-
strated a residual influence on the overall observed viability of the 
cancer cell lines studied (supplementary data Table S2). This result is 
somehow in line with the previous demonstration by our group [59] that 
F3 peptide-targeted liposomes without any drug, and upon intravenous 
weekly administrations over 4 weeks, had no or residual impact on body 
weight (in rats and dogs, respectively) and on haematological/chemistry 
parameters, relative to saline. A similar result was observed upon 
incorporation of C18-ceramide (supplementary data Table S2). In 
contrast, C6-ceramide has influenced significantly the overall cytotox-
icity (Table S2). In fact, C6-ceramide has been associated with a rapid 
transbilayer diffusion upon contacting with other phospholipid bilayers 
[40,60], in contrast with a long-chain sphingolipid, as C18-ceramide 

[36], and in line with our demonstration that liposomal C6-ceramide 
cellular uptake by nucleolin-overexpressing cancer cells was F3 pep-
tide ligand-independent [45]. 

3.3. Differential impact of liposomal combinations of doxorubicin and 
ceramides of different alkyl lengths (C6 versus C18), targeted to nucleolin, 
on the percentage of viable ALDH+/high putative cancer stem cells 

After demonstrating both the synergistic potential and underlying 
cytotoxicity associated with the intracellular delivery of the combina-
tions comprising DXR and C6- or C18-ceramide, at 1:1 molar ratio, the 
impact of the different drug combinations against a challenge cell sub- 
population as the putative triple negative breast CSC population 
(defined as ALDH+/high) was assessed by flow cytometry [9,10], along 
with bulk cell death, using a gating strategy (Fig. 5A) as described in 
Materials and Methods. The effect of each one of the liposomal and non- 
liposomal drug combinations on the percentage of viable ((R5/R2) ×
100, Fig. 5A) ALDH+/high cells (further normalized to the percentage of 
ALDH+/high untreated cells, (R5/R2)/R4 regions, as in Fig. 5B – D, gray 
axis), were tested at the corresponding previously determined applied 
treatments at the IC50 and IC90 (the lowest and highest values indicated 
in Fig. 5 caption), along with intermediate values, over 24 h at 37◦C. As 
CSCs have been described to be more resistant to conventional chemo-
therapy [5,6], drug concentrations highlighted in Fig. 5A were chosen 
based on their similar extent of activity (IC90) against bulk MDA-MB-468 
cancer cells, to assess whether there is an enrichment of CSCs, defined as 
ALDH+/high. 

MDA-MB-468 cells provided the most striking result among all the 
cell lines tested. Increasing concentrations of DXR/C18- or C6-ceramide 
targeted liposomal combinations enabled a maximum of bulk cell death 
up to 89.1 and 98.8%, along with a 2.9- and 6.2-fold decrease of the 
percentage of viable ALDH+/high putative CSCs (Fig. 5B). In any other of 
the cell lines tested, have the targeted combinations enabled a decrease 
of the percentage (fold-change) of viable ALDH+/high cells. In MDA-MB- 
231 the fold change relative to untreated percentage of viable ALDH+/ 

high cells remained unchanged for both targeted combinations, although 
in the one with C6-ceramide (synergistic interaction; Fig. 4), was higher 
than untreated cells and in contrast with the result provided by the 
combination with C18-ceramide (Fig. 5C). This has actually likely to do 
with the higher level of (bulk) cell death (R3 region) provoked by the 
former combination (up to 87.1%) relative to the latter (up to 53.0%), 
which enabled a higher extent of selection of viable ALDH+/high cells. In 
Hs578T cells, with maximum levels of (bulk) cell death higher than 
90%, an enrichment of viable ALDH+/high cells was observed, as the 
concentration of the targeted combinations increased (Fig. 5D). The 
ratio (fold-change) lower than 1 suggested a level of ALDH+/high cells 
lower than in untreated cells (Fig. 5D). In respect to the non-liposomal 
DXR/cisplatin combination, increasing concentrations enabling higher 
(bulk) cell death were paralleled by a 1.5-, 3.4- and 1.6-fold increase of 
the percentage of viable ALDH+/high cells relative to the untreated 
control, in MDA-MB-468, MDA-MB-231 and Hs578T TNBC cell lines, 
respectively (Fig. 5B – D). 

Fig. 1. Characterization of nucleolin-targeting liposomal combinations of doxorubicin and/or ceramides with different alkyl chain lengths. A, representative 
intensity-weighted (%) dynamic light scattering histograms (3 records) of F3 peptide-targeted liposomes containing the combination of DXR and C6- or C18- 
ceramide, at a molar ratio of 1:1 ([F3]L-DC611 and [F3]L-DC1811, respectively). F3 peptide-targeted liposomes containing DXR alone ([F3]L-D) or C6- or C18- 
ceramide alone ([F3]L-C6 or [F3]L-C18, respectively) and non-targeted liposomes containing DXR alone (L-D) or the combination of DXR and C6- or C18- 
ceramide, at a molar ratio of 1:1 (L-DC611 or L-DC1811, respectively), were used as controls. The mean (x‾) size, polydispersity index (PDI) and zeta potential 
(ζ) values are representative of one batch of liposomes. Doted lines represent a mean size of 100 nm. B, representative microphotographs of structural morphology, 
obtained by transmission electron microscopy, and size distribution analysis of [F3]L-DC611 and [F3]L-DC1811. [F3]L-D, [F3]L-C6, L-DC611 and a commercially 
available non-targeted pegylated liposomal formulation of DXR (Caelyx®) were used as controls. Data are represented as the minimum to maximum liposomal size 
distribution, with the box width and the line (inside the box) representing 25th-75th percentile interval and median (μ½), respectively (n = 16–75; one-way ANOVA 
with Tukey’s multiple comparisons post-test; ***p < 0.001 and ****p < 0.0001). C, Doxorubicin encapsulation efficiency and doxorubicin:lipid ratio of [F3]L-D, L- 
DC611, L-DC1811, [F3]L-DC611 and [F3]L-DC1811. Data represent the mean ± SEM (n = 2–6; one-way ANOVA with Tukey’s multiple comparisons test, ns p > 0.05). 
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Fig. 2. Drug (doxorubicin) retention capacity of different liposomal formulations incorporating doxorubicin alone or in combination with ceramides with different 
alkyl chain lengths, as a function of time and temperature. Doxorubicin (DXR) retention was evaluated following the incubation of F3 peptide-targeted liposomal 
formulations containing the combinations of DXR/C6- or C18-ceramide, at a molar ratio of 1:1, [F3]L-DC611 or [F3]L-DC1811, respectively, in the incubation media 
referred in the figures, at 37◦C or 4̊C (A and B, respectively). F3 peptide-targeted liposomal formulation containing DXR alone ([F3]L-D) and the non-targeted 
counterparts containing the combination of DXR/C6- or C18-ceramide, at a 1:1 molar ratio (L-DC611 or L-DC1811, respectively) were used as controls. The gray 
area delineates a drug retention interval between 95 and 105%. Data represent the mean ± SD (n = 3; one-way ANOVA with Tukey’s multiple comparisons test, ns p 
> 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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Fig. 3. Physical stability of nucleolin-targeting liposomal combinations of doxorubicin and ceramides with different alkyl chain lengths. Time-lapse analysis of mean 
size, polydispersity index (PDI) and zeta potential (ζ) upon storage of F3 peptide-targeted liposomal formulations containing the combinations of DXR/C6- or C18- 
ceramide, at a molar ratio of 1:1, [F3]L-DC611 or [F3]L-DC1811, respectively, at 5 ± 3◦C up to 28 days. F3 peptide-targeted liposomal formulation containing DXR 
alone ([F3]L-D) and the non-targeted counterpart containing the combination of DXR/C6-ceramide, at a 1:1 molar ratio (L-DC611) were used as controls. Each data 
point represents the mean value ± SEM (n = 4; one-way ANOVA with Tukey’s multiple comparisons test, ns p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001). 
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3.4. Effect of liposomal combinations of doxorubicin and ceramides of 
different alkyl chain lengths (C6 versus C18), targeted to nucleolin, on 
mRNA levels of pluripotency transcripts factors in (bulk) triple-negative 
breast cancer cells 

The effect of liposomal and non-liposomal combinations on ALDH+/ 

high putative triple-negative breast CSCs was further extended at the 
molecular level, upon assessing the mRNA level of pluripotency tran-
scription factors OCT4 and NANOG, at the concentrations and incuba-
tion time tested in the previous section. 

In MDA-MB-468 cells, the mRNA levels of OCT4 and NANOG, 
normalized to untreated cells, were lower than 1.4, within the range of 
tested concentrations of targeted liposomal combination of DXR and C6- 
or C18-ceramide (Fig. 6A and B). This result was in agreement with the 
decrease of the percentage of ALDH+/high MDA-MB-468 cells, relative to 
the untreated counterpart, previously reported (Fig. 5B). In MDA-MB- 
231 cells, an average of OCT4 mRNA 2.4–2.9-fold change was evi-
denced for the lowest concentrations tested and regardless the presence 
of C6- or C18-ceramide in the F3 peptide-targeted liposomal combina-
tion. At the mRNA NANOG level, at the lowest concentrations of the 
targeted liposomal combination containing C18-ceramide, a maximum 
4.8-fold change was reached, decreasing markedly as the incubated 

concentration increased (Fig. 6A and B). In Hs578T cells 1.4–2.1-fold 
(for both targeted liposomal formulations) and 1.9–3.4-fold (for C6- 
ceramide containing liposomes) changes were observed for OCT4 and 
NANOG mRNA levels, respectively. Interestingly, as the concentrations 
of targeted liposomes containing C18-ceramide increased, a trend on the 
increase of NANOG mRNA was evident (Fig. 6A and B), in line with the 
possible enrichment of ALDH+/high Hs578T cells previously reported 
(Fig. 5D). 

In respect to the non-liposomal combination of DXR and cisplatin, a 
general trend was observed where the increase of drug concentration 
was accompanied by an augment of OCT4 and NANOG mRNA levels 
(Fig. 6A and B), in line with the previously observed enrichment of 
ALDH+/high cells, in all cell lines tested (Fig. 5B – D). 

3.5. Impact of the intracellular delivery of the liposomal combinations 
comprising doxorubicin and C6- or C18-ceramide on the phenotype of 
triple-negative breast cancer cells 

Results from previous sections suggested that regardless of the nature 
of interaction of a drug combination (synergistic or additive) assessed in 
bulk cancer cell lines, the impact on ALDH+/high putative CSCs could 
diverged, particularly in the case of liposomal combinations, depending 

Fig. 4. Determination of the nature of interaction between nucleolin-targeting liposomal combinations of doxorubicin and ceramides with different alkyl chain 
lengths. The nature of the interaction between nucleolin-targeting liposomal DXR co-encapsulated with C6- or C18-ceramide was evaluated by determination of the 
combination index ([DXR + Cer]combined/([DXR]alone + [Cer]alone)) against triple-negative breast cancer cell lines MDA-MB-231, MDA-MB-468 and Hs578T, at 
liposomal DXR and C6- or C18-ceramide IC50 (fa_0.5) or IC90 (fa_0.9). Additionally, the combination index of DXR combined with cisplatin (Cis) was also determined 
([DXR + Cis]combined/([DXR]alone + [Cis]alone)) against the same cell lines, at free DXR and cisplatin IC50 (fa_0.5) or IC90 (fa_0.9). The arc segment thickness and color 
encode for the combination index value (according to scale) and underlying drug interaction: < 1, synergism (light green) or = 1, additivity (light gray). 
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Fig. 5. Effect of liposomal and non-liposomal drug combinations on ALDH+/high putative cancer stem cell population and extent of death of triple-negative breast 
cancer bulk cell lines. MDA-MB-468, MDA-MB-231 and Hs578T cells were incubated with the indicated concentrations of free (non-encapsulated) doxorubicin 
(DXR)/cisplatin (Cis) and F3 peptide-targeted liposomal DXR and C6- or C18-ceramide combinations, for 24 h. The impact on the putative CSC population (ALDH+/ 

high, as determined by the Aldefluor® assay) was evaluated by flow cytometry after 96 h, while cell death was determined with the Live/Dead™ assay at the same 
time-point. A, illustrates the representative region criteria for the identification of viable ALDH+/high putative CSC population (DEAB – diethylaminobenzaldehyde, a 
specific inhibitor of ALDH activity) in MDA-MB-468 cells. B, C and D, represent the relation between cell death (%) (red squares) and the fold-change of ALDH+/high 

population (gray bars) for MDA-MB-468, MDA-MB-231 and Hs578T cells, respectively, relative to untreated (UNT) cells. Doted lines represent an ALDH+/high fold- 
change (vs untreated) equal to 1. [F3]L-DC611 and [F3]L-DC1811 represent the liposomal targeted combination of DXR and C6- or C18-ceramide (at 1:1 molar ratio), 
respectively. 
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on the cell line tested (Fig. 5). In this respect, for example, an increased 
concentration (from 50 to 90% cell death) of the targeted liposomal 
synergistic combination of DXR and C6-ceramide, at 1:1 molar ratio, 
regardless the cell death fraction and cell line tested (Fig. 4), enabled a 
decrease or possible enrichment of ALDH+/high putative cancer stem 
MDA-MB-468 (Fig. 5B) or Hs578T (Fig. 5D) cells, respectively. At this 
stage, it was therefore important to evaluate the impact of the intra-
cellular delivery of the liposomal combinations comprising DXR and C6- 
or C18-ceramide on the phenotype of TNBC cells as, for example, on the 
mammosphere forming efficiency and cellular migration. 

The result on the putative enrichment of ALDH+/high putative cancer 
stem Hs578T (Fig. 5D) cells, led us to test a drug concentration (as a 
function of DXR) enabling a fraction of cell death of 70% (that depended 
on the cell line sensitivity to DXR). This level of cell death provided an 
appropriate cell density in the end of the experiment to make the 
necessary assessments. In both set of experiments, incubations were 
performed for 24 h. 

The mammosphere forming efficiency (MFE) was used as a measure 
of stemness presented by TNBC cell lines. Regarding first generation 
mammospheres, as described in Materials and Methods, a decrease of 
MFE of MDA-MB-468 cells was observed, upon incubation with the 
liposomal combinations of DXR and C6- or C18-ceramide (MFE of 6.1 
and 5.1%, respectively) relative to the untreated control (MFE of 15.7%, 
p < 0.01 or 0.05, respectively) (Fig. 7). A similar pattern of significant 
MFE impairment enabled by the targeted liposomal formulations, rela-
tive to untreated cells, was observed with the MDA-MB-231 and Hs578T 
cells, without major differences in the relative extent among C6- and 
C18-ceramide formulations (Fig. 7), except for Hs578T cells. In these 
cells, an increase of MFE was observed, upon incubation with the lipo-
somal combination of DXR and C18-ceramide (MFE of 4.0%) relative to 
the incubation with the liposomal combination of DXR and C6-ceramide 
(MFE of 1.1%, p < 0.05) (Fig. 7). This result was in line with the 

observed trend on the increase of NANOG mRNA (Fig. 6B) and the 
possible enrichment of ALDH+/high Hs578T cells previously reported 
(Fig. 5D). 

The impact of targeted liposomal drug combinations on cell migra-
tion was assessed under three components: velocity, accumulated dis-
tance and Euclidean distance (length of the straight-line distance 
connecting the starting and ending points of cell migration). The effect 
was in fact different depending on the intrinsic phenotype of each cell 
line (Fig. 8A and B). 

On MDA-MB-468 cells, characterized by an epithelial phenotype 
[61], both C6- and C18-ceramide liposomal combinations enabled a 
significant decrease in velocity and accumulated distance, relative to 
untreated control, and at a similar extent among them (Fig. 8B). A 
similar pattern was observed with the Hs578T cells, characterized by a 
mesenchymal-like phenotype [62]. The only difference relied at the 
level of the Euclidean distance, where the formulation incorporating C6- 
ceramide induced higher reduction of the straight segment of migration 
than the C18 counterpart (Fig. 8B, p < 0.05). In the case of highly motile 
MDA-MB-231 cells [61,62], different results were observed (Fig. 8B and 
three single-cell tracking videos, supplementary videos 1, 2 and 3 
available online). Not only significant differences relative to untreated 
cells were identified for all the three migration parameters assessed, but 
also the F3 peptide-targeted combination of DXR and C6-ceramide 
induced a statistically significant decrease on each of those parame-
ters, relative to the C18-ceramide counterpart. 

4. Discussion 

Cancer is a heterogeneous disease and the tumor microenvironment 
is constituted by different cells types, including cancer cells, CSCs, 
endothelial cells, immune inflammatory cells and cancer-associated fi-
broblasts, that contribute to the tumor pathogenesis [63]. Moreover, a 

Fig. 6. Effect of different non-liposomal and liposomal drug combinations on OCT4 and NANOG mRNA levels in triple-negative breast cancer cell lines. MDA-MB- 
468, MDA-MB-231 and Hs578T triple-negative breast cancer cells were incubated with the indicated concentration of free (non-encapsulated) DXR and cisplatin 
combination or targeted liposomes co-encapsulating DXR and C6-ceramide ([F3]L-DC611), or C18-ceramide ([F3]L-DC1811), at 1:1 molar ratio, for 24 h. A and B, 
represent the relative mRNA fold-change (vs untreated) of OCT4 and NANOG, respectively. Doted lines represent a mRNA fold-change (vs untreated) equal to 1. Data 
represent mean ± SEM (n = 4, Mann-Whitney test; *p < 0.05, **p < 0.01). 
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Fig. 7. Effect of intracellular delivery of the liposomal combinations comprising doxorubicin and C6- or C18-ceramide on mammosphere forming efficiency [MFE 
(%)] in triple-negative breast cancer cell lines. MDA-MB-468, MDA-MB-231 and Hs578T cells were incubated with the indicated concentration (corresponding to 
IC70) of targeted liposomal combination of DXR and C6-ceramide ([F3L-DC611]), or C18-ceramide ([F3L-DC1811]), at 1:1 molar ratio, for 24 h. Afterwards, cell 
culture medium was exchanged for fresh one and the experiment was extended up to 96 h. After washing, isolated cells were seeded for mammosphere formation. 
After 10 days, mammospheres >50 µm were counted and the mammosphere forming efficiency [MFE (%)] was calculated (ratio between number of spheres and total 
number of mammospheres and single cells). Images represent bright-field microscopic images of first generation mammospheres. Data represent mean ± SEM (n = 3, 
unpaired t test with Welch’s correction; *p < 0.05, **p < 0.01). 
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Fig. 8. Effect of intracellular delivery of the liposomal 
combinations comprising doxorubicin and C6- or C18- 
ceramide on the migration of triple-negative breast 
cancer cell lines. MDA-MB-468, MDA-MB-231 and 
Hs578T triple-negative breast cancer cells were incu-
bated with the indicated concentration (corresponding 
to IC70) of targeted liposomal combination of DXR and 
C6-ceramide ([F3]L-DC611) (red), or C18-ceramide 
([F3]L-DC1811) (blue), at 1:1 molar ratio, for 24 h. 
Afterwards, cell culture medium was exchanged for a 
serum-free medium and time lapse imaging was per-
formed. Three independent fields for each well were 
chosen and imaged every 10 min, for 15 h. A, repre-
sents single cell trajectories, while B, represents scat-
ter dot plots of migratory velocity (µm/min), 
accumulated distance (µm) and Euclidean distance 
(µm) of tracked cells incubated with the F3 peptide- 
targeted liposomal combinations or untreated (UNT) 
control (grey). The error bars indicate mean ± SEM 
(total number of cells ≥ 29, from 3 independent ex-
periments; one-way ANOVA with Tukey’s multiple 
comparisons test; ns p > 0.05, *p < 0.05, **p < 0.01, 
****p < 0.0001).   
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complex signaling network of deregulated pathways that control cell 
growth, viability and motility has been implicated in tumor develop-
ment and progression [15,63]. It thus recognized that drug combina-
tions targeting different cellular populations and/or signaling pathways 
are paramount to successful tackle cancer heterogeneity. In this respect, 
synergistic interaction of anticancer drugs can provide significant im-
provements in efficacy and/or dose reduction, while maintaining ther-
apeutic efficacy and avoiding toxicity [54]. 

Our group had previously shown that intracellular delivery of F3 
peptide-targeted liposomal drug combinations into bulk cells could 
significantly influence the nature of the drug interaction, upon shifting 
the additive/antagonistic interaction of DXR:C6-ceramide in its free/ 
non-liposomal form [52]. Herein, intracellular delivery of DXR/C6- or 
C18-ceramide combinations, at a molar ratio of 1:1, mediated by the F3 
peptide/nucleolin system enabled a synergistic drug interaction in all 
conditions and TNBC cell lines tested (Fig. 4). However, the co- 
encapsulation of DXR/C6-ceramide combination (1:1 molar ratio) 
resulted, in general, in lower combination indexes (smaller arcs, Fig. 4). 
The cytotoxic potency of C6-ceramide higher than C18-ceramide can be 
explained by the potential role of C6-ceramide in sensitizing cancer cells 
of diverse histological origin to chemotherapeutic agents, such as DXR, 
by enhancing DXR-induced activation of adenosine monophosphate 
activated protein kinase, leading to apoptosis of cancer cells [38]. 

Notwithstanding the wide synergistic activity of the DXR/C6- or 
C18-ceramide targeted combinations determined against the afore-
mentioned bulk TNBC cells, assessment at the level of corresponding 
putative CSC population (defined as ALDH+/high) revealed a cell- 
dependent effect. CSCs are described as the main responsible for sus-
taining tumor growth, recurrence of tumors, development of metastasis 
and resistance to conventional chemotherapy [64,65]. MDA-MB-468 
cells, characterized by an epithelial phenotype [61], provided the 
most remarkable result among all the cell lines tested. Increasing con-
centrations of DXR/C18- or C6-ceramide targeted liposomal combina-
tions enabled significant bulk cell death, along with a decrease of the 
percentage of viable ALDH+/high putative CSCs, respectively (Fig. 5A 
and B). In the cell lines characterized by a mesenchymal-like phenotype 
(MDA-MB-231 and Hs578T) [62], the targeted combinations did not 
enable a decrease of the percentage (fold-change) of viable ALDH+/high 

cells (Fig. 5C and D). In Hs578T cells an enrichment of viable ALDH+/ 

high cells was observed for both types of ceramides, as the concentration 
of the targeted combinations increased (Fig. 5D). Interestingly also to 
point out was the fact that only in the case of MDA-MB-231 cells, the 
percentage of ALDH+/high cells exceeded the untreated ones. This was an 
observation that might be related with lower cell surface density of 
nucleolin, relative to MDA-MB-468 and Hs578T cancer cells (supple-
mentary Fig. S1). Importantly, the incubation with increasing concen-
trations of the combination of non-liposomal DXR and cisplatin, 
associated with increased cytotoxicity against bulk cells, was accom-
panied by an evident selection of CSCs, as demonstrated by the 
increasing percentage of viable ALDH+/high cells, among all cell lines 
tested (Fig. 5). This observation was in accordance with CSCs described 
resistance to conventional chemotherapy [66–68]. In fact, the analysis 
of breast cancer core biopsies obtained from patients after 12 weeks of 
treatment with neoadjuvant chemotherapy (docetaxel or DXR and 
cyclophosphamide) demonstrated increased percentage of the putative 
breast CSC population CD44+/CD24-/low and increased mammosphere 
formation efficiency relative to paired biopsies from patients before the 
treatment [66]. 

OCT4 and NANOG co-expression has been associated with poor 
prognosis of breast cancer patients [17] and with the maintenance of 
stemness in pancreatic CSCs [16]. In the breast cancer BT-20 cell line, 
the double knockdown of OCT4 and NANOG expression in putative CSC 
population, CD44+/CD24-/low, resulted in the downregulation of both 
mesenchymal markers, as N-cadherin and vimentin, and transcription 
factors known to facilitate epithelial-to-mesenchymal transition, Slug 
and Snail [17]. Herein, the assessment of the effect of non-liposomal 

combinations at the molecular level, demonstrated a general trend of 
increased mRNA level of pluripotency transcription factors OCT4 and 
NANOG, except in the case of MDA-MB-231 cells (Fig. 6A and B). The 
effect of liposomes functionalized with the nucleolin-binding F3 peptide 
containing DXR and C6- or C18-ceramide was heterogeneous and thus 
inconclusive. 

Altogether, the previous results indicated that the nature of the 
interaction of different drug combinations and the underlying cell 
cytotoxicity assessed at the level of bulk cells is not necessarily reca-
pitulated at the level of the putative CSC population. They emphasize for 
the first time, to the best of the authors knowledge, the importance of 
redefining the way the nature of drug interactions (within combina-
tions) is studied. Extending the assessment to CSCs, known to be able to 
survive following a treatment and further capable of repopulating the 
tumor, due to self-renewal capacity, leading to tumor recurrence, is of 
pivotal importance [5,64]. This perspective actually relates with the 
current clinical experience with Vyxeos®, a liposomal synergistic com-
bination of daunorubicin and cytarabine (1:5 molar ratio) whose nature 
of drug interaction was also determined in bulk cancer cells [69] by the 
Chou and Talalay method [55]. In fact, despite the improved median 
overall survival (OS) and overall remission rate of patients with newly 
diagnosed secondary acute myeloid leukemia (AML) following treat-
ment with Vyxeos®, relative to the standard-of-care cytarabine plus 
daunorubicin chemotherapy (7 + 3 regimen) (OS = 9.56 versus 5.95 
months and remission rate = 47.7% versus 33.3%, respectively) in a 
phase III clinical trial [70], their prognosis remained poor. This was 
likely due to the limited effect of the synergistic drug combination 
against putative CSC population in AML. This thus supported a phase II 
clinical trial of CPX-351 combined with gemtuzumab ozogamicin, an 
antibody-drug conjugate targeted to CD33 [71], in treating patients with 
relapsed or refractory AML or high-risk myelodysplastic syndrome 
(NCT03672539). CD33 overexpression was demonstrated in CD34+/ 
CD38- AML leukemic stem cells relative to normal hematopoietic stem 
cells [72], suggesting that targeting CD33 could potentially eliminate 
the putative CSC population in AML [71]. 

Considering the divergent impact of liposomal combinations 
comprising DXR and C6- or C18-ceramide on ALDH+/high putative CSCs, 
depending on the cell line tested, their effect on the phenotype of triple- 
negative breast CSCs as, for example, on the mammosphere forming 
efficiency and cellular migration, became of high relevance. Sphere- 
forming assays have been used as an in vitro measure of stem cell/ 
early progenitor activity (primary generation of spheres) [12] and the 
formation of mammospheres in three-dimensional culture is a charac-
teristic of breast CSCs [73,74]. The incubation with the F3 peptide- 
targeted liposomal combinations of DXR and C6- or C18-ceramide 
resulted in a decrease of primary mammosphere forming efficiency of 
all TNBC cell lines tested, relative to untreated control, without major 
differences in the relative extent among C6- and C18-ceramide formu-
lations, except for Hs578T cells (Fig. 7) where the former was more 
active than the latter. The inhibitory effect of the referred liposomal 
targeted combinations of DXR and C6- or C18-ceramide on mammo-
sphere development is in line with previously described induction of cell 
cycle arrest at the G1 and G2 phases by ceramides in cancer cells, 
including triple-negative, limiting proliferation [42,75,76]. Moreover, 
C6-ceramide has demonstrated to downregulate PI3K/Akt pathway 
[45,46], described to be essential for breast CSCs survival and prolif-
eration [47,49]. 

Additionally, the impact on the migratory potential of TNBC cells, as 
an indicator of the invasion and metastatic potential [77], was further 
assessed for both targeted formulations by live single-cell tracking 
[78,79]. While they have both enabled a significant decrease in migra-
tion velocity and accumulated distance parameters, relative to untreated 
control, among all the cell lines tested, the impact of the C6- or C18- 
ceramide combinations depended on the intrinsic phenotype of each 
cell line (Fig. 8). On MDA-MB-468 cells, characterized by an epithelial 
(and low motility) phenotype [61], there was no difference between C6- 
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and C18-ceramide liposomal combinations. On Hs578T cells, charac-
terized by a mesenchymal-like phenotype, and associated with a 
migratory phenotype [62], there was only a difference on Euclidean 
distance, favoring the targeted liposomal combination of DXR and C6- 
ceramide. However, in the case of highly motile MDA-MB-231 cells 
(higher than Hs578T cells, as in Fig. 8B) [61,62], the F3 peptide-targeted 
liposomal combination of DXR and C6-ceramide induced a statistically 
significant decrease on all migration parameters evaluated, relative to 
the C18-ceramide counterpart. Mechanistically, the intracellular de-
livery of C6-ceramide mediated by the F3 peptide/nucleolin system into 
MDA-MB-231 TNBC cells was demonstrated to downregulate PI3K/Akt 
pathway [45] (in contrast with C18-ceramide, supplementary Fig. S2), 
which has been implicated in survival and proliferation of breast CSCs 
[47,49] and breast cancer progression and metastasis [80]. Similarly, 
transferrin-targeted C6-ceramide liposomes decreased cell motility of 
(invasive) ovarian cancer SKOV-3 cells, upon reducing the formation of 
lamellipodia by 60% relative to the counterpart without C6-ceramide, 
an effect mediated by the downregulation of PI3K/Akt pathway [46]. 
The decrease of migratory potential enabled by the targeted liposomal 
combinations is of high relevance in the context of TNBC due to an 
overall 5-year relapse of 40% associated with metastatic spread [81]. 

5. Conclusion 

This work further reinforced the use of sphingolipids, like ceramides, 
as components of ligand-mediated liposomal combinations containing 
anthracyclines, as DXR, against TNBC cell lines. In fact, both short (C6) 
and long (C18) alkyl chain ceramides enabled a synergistic drug inter-
action in all conditions and (bulk) cell lines tested. The differentiation 
among these two ceramides was evidenced on the migratory potential of 
TNBC cells, particularly significant against the highly motile MDA-MB- 
231 cells. At the molecular level, this difference was supported by the 
downregulation of the PI3K/Akt pathway enabled by C6-ceramide and 
in contrast with the C18-ceramide counterpart. The decrease of the 
migratory potential enabled by the targeted liposomal combinations is 
of high relevance in the context of TNBC due to the underlying meta-
static potential. 

Interestingly (and surprisingly), the nature of the drug interaction 
assessed at the level of bulk cancer cells was not coherently recapitu-
lated upon assessment of the corresponding percentage of viable 
ALDH+/high putative triple-negative breast CSCs. While in epithelial 
cancer cells (MDA-MB-468) a decrease on the percentage of these sub- 
population was observed following incubation with F3 peptide- 
targeted liposomal combinations, an enrichment of ALDH+/high MDA- 
MB-231 was observed. 

Altogether, these results demonstrated that the assessment of the 
nature of interaction on bulk cells likely does not anticipate the impact 
on master cellular regulators of tumor relapse as CSCs, suggesting that it 
should be extended further down to this level. 
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