
HAL Id: hal-03490684
https://hal.science/hal-03490684

Submitted on 20 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Squalenoyl-gemcitabine/edelfosine nanoassemblies:
Anticancer activity in pediatric cancer cells and

pharmacokinetic profile in mice
C. Rodríguez-Nogales, S. Mura, P Couvreur, M.J. Blanco-Prieto

To cite this version:
C. Rodríguez-Nogales, S. Mura, P Couvreur, M.J. Blanco-Prieto. Squalenoyl-gemcitabine/edelfosine
nanoassemblies: Anticancer activity in pediatric cancer cells and pharmacokinetic profile in mice.
International Journal of Pharmaceutics, 2020, 582, pp.119345. �10.1016/j.ijpharm.2020.119345�. �hal-
03490684�

https://hal.science/hal-03490684
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

 

Squalenoyl-gemcitabine/edelfosine nanoassemblies: 

anticancer activity in pediatric cancer cells and 

pharmacokinetic profile in mice  

C. Rodríguez-Nogalesa,b, S. Murac, P. Couvreurc*, M.J. Blanco-Prietoa,b*
 

 

 

a Chemistry and Pharmaceutical Technology Department, Universidad de Navarra, 

Pamplona 31008, Spain 

b Instituto de Investigación Sanitaria de Navarra (IdiSNA), Pamplona 31008, Spain 

c Université Paris-Saclay, CNRS, Institut Galien Paris Sud, 92296, Châtenay-Malabry, 

France.
 

 

 

Abbreviations: BChol-red, cholEsteryl BODIPY 542/563; Cs-corrected STEM, 
aberration corrected scanning transmission electron microscopy; DLS, dynamic light 
scattering; EF, edelfosine; HAADF, high angle annular dark field detector; NA, 
nanoassembly; NB, neuroblastoma; OS, osteosarcoma; PDI, polydispersity index; SQ-
Gem, squalenoyl-gemcitabine.  

 

 

Conflict of interest: Authors have no conflict of interest. 

 

*Correspondence to: M.J. Blanco-Prieto, Department of Chemistry and Pharmaceutical 
Technology, School of Pharmacy, Universidad de Navarra, C/Irunlarrea 1, 31008 
Pamplona, Spain. Tel: +34 948425679, Fax: 34 948425740. E-mail: mjblanco@unav.es 
– Prof Patrick Couvreur,Université Paris-Saclay, CNRS, Institut Galien Paris Sud, 
92296, Châtenay-Malabry France. Tel: +33 1 46835396, Fax: 34 948425740. E-mail: 
patrick.couvreur@u-psud.fr 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S037851732030329X
Manuscript_2e42af555cdce1e3fa77fb233304d532

https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S037851732030329X


2 

 

ABSTRACT 

Despite the great advances accomplished in the treatment of pediatric cancers, 
recurrences and metastases still exacerbate prognosis in some aggressive solid tumors 
such as neuroblastoma and osteosarcoma. In view of the poor efficacy and toxicity of 
current chemotherapeutic treatments, we propose a single multitherapeutic 
nanotechnology-based strategy by co-assembling in the same nanodevice two 
amphiphilic antitumor agents: squalenoyl-gemcitabine and edelfosine. Homogeneous 
batches of nanoassemblies were easily formulated by the nanoprecipitation method. 
Their anticancer activity was tested in pediatric cancer cell lines and pharmacokinetic 
studies were performed in mice. In vitro assays revealed a synergistic effect when 
gemcitabine was co-administered with edelfosine. Squalenoyl-gemcitabine/edelfosine 
nanoassemblies were found to be capable of intracellular translocation in patient-
derived metastatic pediatric osteosarcoma cells and showed a better antitumor profile 
than squalenoyl-gemcitabine nanoassemblies alone. The intravenous administration of 
this combinatorial nanomedicine in mice exhibited a controlled release behavior of 
gemcitabine and diminished edelfosine plasma peak concentrations. These findings 
make it a suitable pre-clinical candidate for childhood cancer therapy.  

 
Keywords: pediatric cancer, chemotherapy, neuroblastoma, osteosarcoma, 
nanomedicine, gemcitabine, edelfosine. 
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1. Introduction 

Nanotechnology has been widely applied to medicine in the last few decades with the 
aim of enhancing the therapeutic potential of antitumor compounds. Improving drug 
protection from degradation, absorption, body distribution and cell penetration has 
become crucial in clinical practice, and several nanocarriers loaded with 
chemotherapeutics have been developed to this end (Bertrand et al., 2014; Shi et al., 
2016; van der Meel et al., 2019). Unfortunately, these therapies are to date essentially 
available in adult therapeutic protocols only, and not for use in pediatrics (Rodríguez-
Nogales et al., 2018). This is the case for tumors with a very poor prognosis such as 
osteosarcoma (OS) and neuroblastoma (NB). OS arises from the mesenchymal cells of 
growing bones and presents very low survival rates in children and adolescents due to 
its metastatic behavior (Botter et al., 2014). Even though the global incidence of this 
musculoskeletal tumor is only 4-5 cases per million persons per year, it is responsible 
for 9% of child cancer deaths (Yang and Zhang, 2013). NB is an embryonal tumor of 
the peripheral nervous system, normally originating in the adrenal glands (Esiashvili et 
al., 2009). The 5-year survival rates remain below 70%, and it is responsible for 15% of 
pediatric cancer deaths due to its heterogeneous and metastatic behavior (Whittle et al., 
2017).  

The aggressiveness and complex biology of these tumors are especially visible in 
high-risk or relapsed patients, where current therapies are still insufficient to effect 
cures (George et al., 2010; Harrison et al., 2018). Hence, we propose the 
implementation of combinatorial nanomedicines made solely with antitumor agents, 
with an optimal safety profile and prepared by an easy manufacture process. Our 
approach is based on the squalenoylation concept (Couvreur et al., 2006) and consists in 
the combination of two amphiphilic compounds: (i) the squalenoyl-gemcitabine (SQ-
Gem) pro-drug, able to spontaneously form stable nanoassemblies (NAs) with a size 
around 120 nm (Couvreur et al., 2008), and (ii) the alkyl-lysophospholipid edelfosine 
(EF), which belongs to a new generation of antitumor drugs (Estella-Hermoso de 
Mendoza et al., 2008; Ríos-Marco et al., 2017). Gemcitabine (Gem) is a nucleoside 
analogue with proven anticancer activity in several tumors. It is given as a second-line 
treatment in pediatric OS and is currently in Phase II/III clinical trials for NB 
(NCT00407433). Its chemical conjugation to squalenic acid protects this cytotoxic drug 
from a rapid metabolization in vivo, one of its main drawbacks in the clinic (Dubey et 
al., 2016), thereby considerably improving the therapeutic index of the molecule (Reddy 
et al., 2008; Sobot et al., 2017). Unlike Gem and many other common cytotoxic drugs, 
EF acts by interfering with the lipid metabolism and signaling through lipid rafts, 
among other apoptotic pathways, triggering selective tumor cell death (Teixeira et al., 
2018). However, its use in the clinic has been hampered by gastrointestinal and 
hematological toxicity, making the encapsulation of EF in drug delivery systems 
mandatory (Lasa-Saracíbar et al., 2014).  

The equimolar mixture of SQ-Gem and EF has recently been reported to form stable 
NAs with no need for using polymers or surfactants as transporter material (Rodríguez-
Nogales et al., 2019a). Not only was this co-assembly able to preserve EF from 
hemolytic activity but it also modified the physico-chemical features of SQ-Gem NAs 
(e.g., lower mean diameter, distinct supramolecular organization, higher drug content 
and stability). In the present study, we investigated the biological activity of SQ-
Gem/EF NAs in NB and OS cells. Pharmacokinetic studies were performed after a 



4 

 

single administration of SQ-Gem/EF NAs in mice. We highlighted the therapeutic 
potential of SQ-Gem/EF NAs to treat pediatric solid tumors such as NB or OS.  

 

2. Materials and methods 

2.1. Materials 

Gemcitabine (Gem) hydrochloride was purchased from Carbosynth, Ltd. (Compton, 
UK). Edelfosine was obtained from R. Berchtold (Biochemisches Labor, Bern, 
Switzerland). The synthesis of squalenoyl-gemcitabine (SQ-Gem) obtained by the 
chemical conjugation of Gem to squalenic acid has been previously reported by our 
group (Couvreur et al., 2008, 2006). Pure ethanol was purchased from Panreac Química 
(Barcelona, Spain). Phosphotungstic acid hydrate and paraformaldehyde were 
purchased from Sigma Aldrich (Barcelona, Spain). Celltiter 96® aqueous one solution 
cell proliferation assay (MTS) was purchased from Promega (Alcobendas, Spain). Heat 
inactivated fetal bovine serum (FBS), trypsin-EDTA, penicillin/streptomycin, 
Dulbecco’s Modified Eagle Medium (DMEM), Minimum Essential Medium (MEM)-
alpha medium and phosphate buffer saline (PBS) were provided by Gibco® (Invitrogen 
Inc., Carlsbad, USA). McCoy's 5A cell medium, CholEsteryl BODIPY 542/563, 4’,6-
diamidino-2-phenylindole (DAPI) and 8-well Nunc™ Lab-Tek™ II chamber slides 
were purchased from Thermo Fisher Scientific (Massachusetts, USA).  
 
2.2. Preparation and characterization of squalenoyl NAs  

SQ-Gem/EF NAs were formulated by nanoprecipitation method as previously reported 
(Rodríguez-Nogales et al., 2019a). Briefly, a solution of SQ-Gem in ethanol alone or 
mixed with EF at equimolar concentrations was added dropwise into 2 mL of distilled 
water in an ethanol/water ratio of 1:5 under stirring. Ethanol was evaporated in vacuum 
using a Rotavapor (Buchi R-210/215, Buchi Corp., Canada) to obtain an aqueous 
suspension of NAs at a final concentration of 1.16 μmol mL-1 per each compound. SQ-
Gem/EF NAs loaded with the orange-red dye CholEsteryl BODIPY 542/563 (BChol-
red) (2% w/w) were prepared employing the same procedure (for further details see 
SM).  

Mean particle size expressed in Z-average and polydispersity index (PDI) of the NAs 
were determined by dynamic light scattering (DLS) (Zetasizer Nano ZS Malvern; 
Malvern Instruments SA, UK) after 1:20 dilution in ultrapure water (n ≥ 3). Likewise, 
surface charge of the NAs was characterized by measuring the zeta potential with laser 
Doppler velocimetry (Zetasizer Nano ZS Malvern; Malvern Instruments SA, UK). 
Aberration corrected scanning transmission electron microscopy (Cs-corrected STEM) 
images were obtained using a high angle annular dark field detector (HAADF) in a FEI 
XFEG TITAN electron microscope operated at 300 kV and equipped with a CETCOR 
Cs-probe corrector from CEOS. Negatively stained samples were stained with 
phosphotungstic acid in carbon coated copper grids (200 mesh). 

 

2.3. Cell culture  

The human immortalized OS cell line U-2 OS (ATCC®HTB96™) was purchased from 
the American Type Culture Collection (Sigma–Aldrich). The thrice cloned NB cell line 
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SH-SY5Y (ATCC®CRL-226™) was obtained from the laboratory of Prof. Rosa Noguera 
(University of Valencia-INCLIVA, Valencia, Spain). A metastatic pediatric OS cell line 
termed 531M was obtained from a patient treated at the Clínica Universidad de Navarra 
(Pamplona, Spain) given with informed consent and a protocol approved by the local 
ethics committee (Patino Garcia et al., 2009). 531M, SH-SY5Y and U-2 OS cell lines 
were cultured in MEM-alpha, DMEM and McCoy's 5A cell medium respectively, 
supplemented with 10% of heat inactivated FBS and 1% penicillin/streptomycin and 
maintained in a humidified atmosphere at 37 ºC with 5% carbon dioxide.  

 

2.4. Cell internalization of SQ-Gem/EF NAs 

In order to measure cell uptake kinetics of SQ-Gem/EF NAs, 531M cells were seeded 
on 12-well plates at a density of 100,000 cells per 1 mL/well for 24 h to achieve 80% 
confluence. The fluorescently-labeled NAs and free BChol-red 2% w/w were then 
added at a final concentration of 10 μM (Eq. to EF and SQ-Gem) to each well. After 
incubation at different time intervals (0.5, 2, 4, 8 and 24 h), cells were washed with 
PBS, trypsinized and centrifuged for 5 mins at 200 g. Samples were analyzed on a BD 
Accuri C6 flow cytometer with an argon laser as light source of 488 nm wavelength. 
The mean cell fluorescence intensity was determined in a total of 12,000 cells using the 
BD Accuri CFlow Plus software (Accuri Cytometers, Ltd., UK). For detection of 
BChol-red fluorescence the emission spectrum was measured at 540-590 nm. 

For the evaluation of NAs cell internalization and localization, 531M cells were 
cultured on 8-well Nunc™ Lab-Tek™ II chamber slide systems at a density of 30,000 
cells per 0.5 mL/well for 24 h to achieve approximately 50-60% confluence. Cells were 
then treated for different time periods (0.5, 2, 4, 8 and 24 h) with fluorescently labeled 
SQ-Gem/EF NAs (BChol-red 2% w/w) or with free BChol-red 2% w/w at a 
concentration of 20 μM (Eq. to EF and SQ-gem). After incubation with treatments, cells 
were washed with PBS and incubated with 4% paraformaldehyde for 10 min at 4 ºC and 
DAPI for 5 mins. Cells were imaged with a LSM 800 confocal fluorescence microscope 
(Zeiss, Madrid, Spain) equipped with a 63X oil immersion lens. Excitation wavelength 
was set at 543 nm and detection of BChol-red was performed through a 560 nm filter.  
 

2.5. Cytotoxicity studies 

For the in vitro cytotoxicity assays the cell lines SH-SY5Y, U-2 OS were plated on 96-
well plates at a density of respectively 5,000 and 2,000 cells per 100 μL/well, 24 h 
before the addition of different concentrations of Gem, EF, SQ-Gem NAs and SQ-
Gem/EF NAs in triplicate wells (n ≥ 3). After 72 h incubation, complete medium 
containing 15 % v/v of MTS was added to each well. Absorbance was measured 2-4 h 
later in a microplate reader (iEMS reader MF, Labsystem, Helsinki, Finland) at a test 
wavelength of 492 nm and 690 nm for the reference wavelength. The concentration of 
drug required to inhibit cell proliferation by 50% (IC50) was calculated using GraphPad 
Prism version 5.0 (GraphPad Software, San Diego, CA, USA).  

For drug synergy evaluation, Gem (nM) was combined with EF (μM) at a constant 
combination ratio of concentrations (1:1, 1:1.5, 1:2, 1:3 for U-2 OS cells and 1:1, 2:1, 
5:1, 10:1 for SH-SY5Y cells). Cell viability at 72 h was analyzed with each treatment 
alone and in combination using the same procedure described above (see Fig. S4). The 
dose-reduction index (DRI) and combination index (CI) were calculated according to 
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the Chou-Talalay method (Chou and Talalay, 1984) in order to determine the interactive 
effect of drugs.  
 
2.6. Pharmacokinetic studies  

6-8-week-old female athymic nude mice were obtained from Envigo (Harlan 
Laboratory). Procedures involving animal handling and care were approved by the 
Animal Care and Ethics Committee of the University of Navarra (n°:084-14). To 
measure the pharmacokinetics, a single dose of SQ-Gem/EF NAs (30 mg/kg Eq. EF) or 
the free drug equimolar mixture (i.e., Gem + EF) in a 5% dextrose solution in a final 
volume of 200 µL was intravenously injected via the tail vein in mice with an average 
weight of 20 g (12 mice per group). At various time points (5’, 15’, 30’, 1, 2, 4, 8, 24 
and 48 h), around by 150 µL of blood were collected from the submandibular vein in 
EDTA surface-coated tubes (n = 3 at each time point). The simultaneous quantification 
of Gem, SQ-Gem and EF in mouse plasma was performed using a UHPLC/MS/MS 
method previously optimized (see SM for further details). Pharmacokinetic calculations 
were performed by non-compartmental analysis using PKSolver add-in program for 
pharmacokinetics and pharmacodynamics data analysis (Zhang et al., 2010).  
 
2.7. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 5 (GraphPad 
Software, San Diego, CA, USA). Statistical comparison between different groups was 
performed using an ANOVA One-Way with Tukey post-hoc correction. Data were 
reported as mean ± SD and statistical significance levels were defined as *P<0.05. 

 

3. Results 

3.1. Nanoprecipitation allowed for an easy preparation of SQ-Gem/EF NAs of 50 nm 

The proposed therapy relies on the co-assembly of the amphiphilic compounds SQ-Gem 
and EF (Fig. 1A) by nanoprecipitation from an ethanolic solution. All the 
nanoformulations exhibited a monomodal size distribution with only one population 
peak (Fig. 1B) and a mean particle size of 50 ± 4 nm (for further details see Fig. S1A), 
as confirmed by DLS and HAADF-STEM (Fig. 1C). This narrow particle size 
distribution correlated with a PDI of 0.124 ± 0.035. The surface charge of the SQ-
Gem/EF NAs ranged from -11 to -14 mV, indicating that they were negatively 
electrostatically stabilized. Considering the molecular weights of Gem and EF (Fig. 
1A), their complete equimolecular co-assembly previously reported by UHPLC/MS/MS 

(Rodríguez-Nogales et al., 2019a) resulted in a drug loading of 67.28 % for both drugs 
(w/w of total drug content).  
FIGURE 1 

 
3.2. SQ-Gem/EF NAs were efficiently internalized by patient-derived metastatic 
pediatric OS cells  

The uptake of BChol-red SQ-Gem/EF NAs (mean particle size of 53 ± 2 nm) (Fig. S1B) 
by patient treated-derived metastatic pediatric OS cells was investigated. It was 
observed by flow cytometry that after 0.5 h incubation, NAs started to associate with 
531M cells (Fig. 2). Negative control group data indicated only a baseline cell 
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fluorescence with the non-treated cells (Fig. 2B, green line) and a minor association of 
free BChol-red (Fig. 2B, blue line). In fact, the cell-associated fluorescence of BChol-
red NAs increased during the first 8 h incubation (5.7-fold times vs free BChol-red) 
followed by a plateau until 24 h (Fig. 2A).  
FIGURE 2 

 

Cells were also observed by confocal fluorescence microscopy with the aim of 
localizing the BChol-red SQ-Gem/EF NAs within the cells. Fluorescence images 
confirmed a time-dependent accumulation pattern of fluorescent NAs, with an 
appreciable initial phase of accumulation starting at 2-4 h (Fig. 3A). The minor 
fluorescence signal vs time after incubation with the negative controls (i.e. free dye and 
untreated cells) excluded any possibility of fluorescent artifact internalization, as shown 
in Fig. 3B and D. In accordance with flow cytometry assays, the maximum fluorescence 
intensity was observed between 8 and 24 h. Bright field and nucleus staining merged 
images demonstrated the intracellular localization of the red fluorescence signal which 
was still more clearly visible at higher magnification (Fig. 3C).  

FIGURE 3 

 
3.3. Gem and EF free acted synergistically against OS and NB cells 

In order to evaluate whether the antitumor effect of EF was synergistic with that of 
Gem, SH-SY5Y and U-2 OS cells were exposed to the individual or combined drugs at 
a constant ratio. Patient-treated derived cell line 531M was excluded from these studies 
due to the inability of Gem to kill beyond 50% of the cell population (Rodríguez-
Nogales et al., 2019a). As shown in Table 1, the antitumor activity of compound EF was 
in the micromolar range according to its IC50 value, being 1.71 and 25 µM for SH-
SY5Y and U-2 OS, respectively. By contrast, Gem displayed a cytostatic activity at 
nanomolar concentrations with a characteristic cell viability plateau at 20-25 % (Fig. 
S4). Calculated IC50 values were 19 nM for U-2 OS and 28 nM for SH-SY5Y cell lines.  

TABLE 1 

 
Bearing in mind the distinct pharmacological activities of both drugs in these cells, 

different combinatory ratios were investigated to achieve the highest DRIs. As a result, 
combinative IC50 values at optimized ratios are also shown in Table 1. When combining 
Gem and EF, the CI to inhibit 50% of cells was 0.94 ± 0.04 for U-2 OS and 0.95 ± 0.13 
for SH-SY5Y cells. No additive or antagonistic interactions were observed for this 
combination in any of the conditions studied against NB (Fig. 4A) and OS (Fig. 4B) 
cells. Plots depicting CI values vs FA (fraction of inhibited viability) showed the 
occurrence of synergistic effects with CI values below 1 in all affected fractions. 

FIGURE 4 

 
3.4. SQ-Gem/EF NAs showed improved anticancer activity in OS and NB cells 

The anticancer activity of SQ-Gem/EF NAs was evaluated in SH-SY5Y and U-2 OS 
cells. For comparison purposes, SQ-Gem NAs (121 ± 14 nm size) (Fig. S1C) and a 
freshly prepared mixture of SQ-Gem NAs + free EF were used as controls. Contrary to 
EF, SQ-Gem NAs were efficacious at nanomolar concentrations. Nevertheless, 



8 

 

comparison of the dose-response curves revealed that the equimolecular co-assembly of 
EF into SQ-Gem improved its efficacy, by decreasing the IC50 from 77 to 58 nM (24%) 
(Fig. 5A) and from 126 to 117 (7%) (Fig. 5B) in SH-SY5Y and U-2 OS cells, 
respectively. Of note, the anticancer efficacy improvement of SQ-Gem/EF NAs was 
more pronounced when compared to the mixture SQ-Gem NAs + free EF, this being 
36% and 13% for SH-SY5Y and U-2 OS cells, respectively. As seen in the graphs, this 
effect was more visible in the SH-SY5Y cell line than in the U-2 OS, resulting 
statistically significant in comparison not only to SQ-Gem NAs but also to the physical 
mixture SQ-Gem NAs +free EF (Fig. 5A).  
FIGURE 5 

 
3.5. SQ-Gem/EF NAs favorably modified the pharmacokinetic profile of EF and Gem  

In this section we analyzed whether the co-assembly of SQ-Gem and EF was able to 
modulate the drug pharmacokinetic profile of EF and Gem in vivo. Fig. 6 depicts the 
plasma concentrations vs time of drugs after a single-dose i.v. administration and their 
corresponding pharmacokinetic parameters are shown in Table 2. SQ-Gem/EF NAs 
modified the pharmacokinetic profile of EF by reducing its peak plasma concentrations 
during the first 2 hours, when this hemolytic drug is more toxic to blood cells. Cmax 
values were 46 and 54 μg/mL for EF from SQ-Gem/EF NAs and free EF, respectively. 
Free and nanoparticulated EF plasma levels were afterwards balanced at a concentration 
around 10 μg/mL. Average Area under the curve (AUC0-∞) values calculated were 554 
(EF from SQ-Gem/EF NAs) and 626 μg h/mL (free EF). This AUC0-∞ reduction 
correlated with higher systemic clearance (Cl) and volume of distribution (Vss) values 
(table 2), confirming a different initial behavior of the NAs in the blood stream  

On the other hand, SQ-Gem/EF NAs exhibited a sustained release of Gem in the 
blood stream with a Cmax value 4.5-times lower than that of free Gem (4 µg/mL vs 18 
µg/mL). Nonetheless, the AUC0-∞ values were similar (9-11 μg h/mL), since free Gem 
presented an elimination half-life (T1/2) 5-times lower (1.87 vs 0.35 h). In that sense, the 
total Gem (SQ-gem + hydrolyzed Gem) pool was detectable in blood plasma after 8 h 
with the NAs. Moreover, the Vss of Gem released from SQ-Gem/EF NAs was 7.5-times 
higher than with the free drug. (4770 vs 634 mL/kg), which also confirms its gradual 
elimination. 

FIGURE 6 

 
TABLE 2 

 
4. Discussion 

High-dose chemotherapy regimens still remain the last opportunity for children with 
aggressive cancers. Nanotechnology research in the field of cancer treatment represents 
an alternative approach able to increase the effectiveness of these therapies while 
decreasing their associated side effects (Rodriguez-Nogales et al., 2019b; Rodríguez-
Nogales et al., 2018). However, complex design and architecture of many proposed 
nanomedicines as well as problems associated with their industrial scale-up hamper 
their translation from research to clinic (Grodzinski et al., 2019; Hwang et al., 2012). 
This paper shows how we successfully formulated several homogenous batches of 
multidrug nanodevices of 50 nm (Fig. S1A) by the association between two antitumor 
drugs only (i.e. SQ-Gem and EF), without the need for any stabilizing agent and using a 
simple procedure.  



9 

 

Using patient-treated derived cell line (531M) as in vitro model, we determined how 
SQ-Gem/EF NAs were able to penetrate progressively resistant cells with regardless of 
resistance mechanisms. A similar accumulation kinetics of fluorescent squalenoyl NAs 
was also previously observed (Maksimenko et al., 2014) and indicates that after 8 h the 
NA tumor cell association reaches an equilibrium. Intact SQ-Gem NAs have been 
reported to be located mostly in the cell membrane and not be internalized by 
endocytosis due to their inverted hexagonal supramolecular organization structure 
(Bildstein et al., 2010). Interestingly, multilamellar SQ-Gem/EF NAs (Fig. 1C) 
presented a clear intracellular cytoplasmic localization near the nucleus (Fig. 3C) where 
Gem and EF exert their action. We have to bear in mind that the intracellular 
penetration of Gem is dependent on the nucleoside transporter hENT1, down-regulated 
in resistant cells (Mackey et al., 1998). We have previously demonstrated that Gem was 
only able to kill half of the cell population whereas SQ-Gem/EF NAs this resistance 
(IC50 >36 µM vs 20 µM) (Rodríguez-Nogales et al., 2019a). This finding led to the 
inclusion of two commercial cell lines widely used in pediatric cancer research as in 
vitro tumor models of NB and OS (i.e., SH-SY5Y and U-2 OS) for the subsequent 
cytotoxic studies (Lauvrak et al., 2013; Nolan et al., 2020). 

The co-administration of EF and Gem showed a modest synergy (CI >0.5<1) at the 
different drug effect levels studied in SH-SY5Y and U-2 OS cells (Fig. 4), which might 
enable a hypothetical combinatory therapy in the future. Valdez et al. suggested that this 
synergy might operate at a mitochondrial level (Valdez et al., 2014) since, as previously 
reported, Gem inhibits mitochondrial DNA via thymidine kinase, whereas EF 
accumulates and subsequently disrupts the mitochondrial membrane potential (Lim et 
al., 2016). Of note, EF was found to be substantially more active in the SH-SY5Y cells 
in comparison with the U-2 OS (IC50 1.71 vs 25 μM) and other cancer cells previously 
reported (Aznar et al., 2013; Estella-Hermoso de Mendoza et al., 2011). This boosted 
effect could be triggered by the specific alteration in neurons of the de novo 
biosynthesis of phosphatidylcholine, the inhibition of the MAPK/ERK mitogenic 
pathway or the above-mentioned mitochondrial disruption at a membrane level by EF 
(Lim et al., 2016; Marcucci et al., 2010; Van Der Luit et al., 2002). The combinatory 
ratios previously used with the free drugs were impossible to attain with the NAs. 
Nevertheless, in vitro biological assessment also showed that the equimolecular 
insertion of EF into SQ-Gem led to improved anticancer activity despite the negligible 
effect of EF on cells at nanomolar concentrations (Fig. 5). The lower cytotoxicity 
observed with the mixture SQ-Gem NAs + free EF in comparison with SQ-Gem NAs 
and SQ-Gem/EF NAs was thought to be likely due to the impairment of the 
macrostructure of SQ-Gem NAs by the physical mixture of EF. The incorporation of EF 
in a SQ-Gem NAs dispersion provoked a fast particle disruption as observed by DLS 
(Fig. S1D).  

In previous studies we have reported how we delivered tailored therapeutic 
concentrations of orally administered EF loaded into solid lipid nanoparticles (Estella-

Hermoso de Mendoza et al., 2009; González-Fernández et al., 2018). In our study, SQ-
Gem/EF NAs showed a similar EF oral absorption compared with EF free (Fig. S3). 
Notwithstanding, it was shown that i.v. administered SQ-Gem/EF NAs decreased 
plasma concentrations of EF in its initial decay phase, where erythrocytes are more 
exposed to the detergent action of EF at that peak concentration (Fig. 6). Therefore, a 
major advantage of this strategy lies in the possibility to administer i.v. the hemotoxic 
compound EF. On the other hand, the i.v. injection of SQ-Gem/EF NAs not only 
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smoothly prolonged the plasma concentrations of the total Gem pool but also exhibited 
a less abrupt Gem release than in the case of previously reported SQ-Gem NAs 
(Maksimenko et al., 2014; Reddy et al., 2008). This denotes a unique biodistribution of 
SQ-Gem/EF NAs, probably influenced by their changes in size, structure or 
lipophilicity. For instance, given the analogy of EF with some sphingolipids present in 
endogenous lipoproteins (Iqbal et al., 2017) and their high affinity for SQ-Gem (Sobot 
et al., 2017), we believe that SQ-Gem/EF NAs escape from them, remaining co-
assembled for a longer time. This higher systemic clearance of the total Gem pool (SQ-
Gem + cleaved Gem) by SQ-Gem/EF NAs could be required in clinical practice to 
prevent Gem associated myelosuppression and vascular side effects (Dasanu, 2008; 
Toschi et al., 2005).  

 

5. Conclusions 

In this study, we evaluated in vitro and in vivo a combinatorial nanomedicine designed 
by the single enrichment of SQ-Gem with the alkyl-lysophopholipid agent EF. 
Multitherapy of Gem and EF proved to be a profitable combinatorial strategy. SQ-
Gem/EF NAs diffused intracellularly in metastatic OS cells and displayed an improved 
antiproliferative effect over SQ-Gem NAs and the mixture SQ-Gem NAs + free EF in 
NB and OS cells. Their main benefit resulted from a major modification of the 
pharmacokinetic profiles of the biologically active compounds Gem and EF. All these 
findings have demonstrated the benefits of administering SQ-Gem and EF co-assembled 
as a single multitherapeutic device, representing a step forward towards further 
investigation in pre-clinical models of diseases such as NB or OS. The urgent need for 
realistic approaches in the pediatric cancer field supports make this a promising 
alternative to current treatments. 
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TABLES  

Table 1. Synergy analysis for Gem and EF combination therapy at the IC50 on U-2 OS 

and SH-SY5Y cell lines after 72 h of treatment.  

 

Cell line 

Single treatment Combinative treatment* 

IC50 Gem 

(nM) 

IC50 EF 

(μM) 

IC50 Gem 

(nM)  

IC50 EF 

(μM)  
CI (FA 0.5) 

U-2 OS 19 ± 3 25 ± 4 6 ± 1 

13.5 ± 

2.78 

0.94 ± 0.04 

SH-SY5Y 28 ± 17 

1.71 ± 

0.37 

8 ± 2 

1.29 ± 

0.22 

0.95 ± 0.13 

*Drug ratio Gem (nM):EF (μM) for U-2 OS=1:2, and for SH-SY5Y=5:1. 
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Table 2. Pharmacokinetic parameters of squalenoyl-gemcitabine (SQ-Gem), 

gemcitabine (Gem) or edelfosine (EF), in mice treated i.v. with either SQ-Gem/EF 

nanoassemblies (NAs) or the mixture Free Gem + Free EF (30 mg/kg EQ of EF) in 

athymic nude female mice 

Parameter 
SQ-Gem/EF NAs Free Gem + Free EF 

EF SQ-Gem Gem EF Gem 

t1/2 (h) 38 ± 13 

0.86 ± 

0.39 

1.87 ± 0.31 39 ± 11 

0.35 ± 

0.06 

Cmax (μg/mL) 46 ± 8 80 ± 20 4 ± 0.77 54 ± 6 

18.2 ± 

0.87 

AUC 0-∞ (μg h/mL) 
554 ± 

104 

28 ± 7 9 ± 2 

626 ± 

118 

11 ± 2 

Cl_obs (mL/h.kg) 55 ± 10 

1368 ± 

336 

1660 ± 340 48 ± 8 

1367 ± 

285 

Vss_obs (mL/kg) 
2903 ± 

435 

658 ± 

328 

4770 ± 2081 

2622 ± 

306 

634 ± 21 

t1/2 (hours), terminal elimination half-life; Cmax (micrograms per milliliter), maximum 

observed plasma concentration; AUC 0-inf_obs (μg/ml*h), Area Under the curve from 0 

extrapolated to infinite time; Cl_obs (milliliters per hour per kilogram), systemic 

clearance; Vss, volume of distribution at steady-state (milliliters per kilogram). Values 

of SQ-Gem, Gem and EF were calculated considering a dose of 37 mg/kg, 15 mg/kg 

and 30 mg/kg, respectively. 
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FIGURE LEGENDS 

Fig. 1. Characterization of the squalenoyl-gemcitabine/edelfosine nanoassemblies (SQ-
Gem/EF NAs). (A) Molecular structures of SQ-Gem and EF. (B) Size distribution by 
intensity of NAs determined by dynamic light scattering (DLS). (C) High angle annular 
dark field (HAADF) scanning transmission electron microscopy (STEM) representative 
micrograph of a multilamellar SQ-Gem/EF NA. 
 
Fig. 2. Flow cytometry studies. (A) Time course of fluorescence accumulation in 531M 
cells exposed to fluorescently labeled squalenoyl-gemcitabine/edelfosine 
nanoassemblies (SQ-Gem/EF NAs) and free CholEsteryl BODIPY 542/563 (BChol-
red). Normalized data with respect to the non-treated cells group represented as mean 
and SD from triplicate independent experiments is shown after incubation at different 
time intervals (0.5, 2, 4, 8 and 24 h). (B) Fluorescence intensity plot signals of cells 
incubated with free BChol-red, SQ-Gem/EF NAs, free BChol-red and cell medium only 
at 0.5 and 8 h.  
 
Fig. 3. Confocal images (40 X magnification) of 531M cells after incubation with (A) 
CholEsteryl BODIPY 542/563 (BChol-red) squalenoyl-gemcitabine/edelfosine 
nanoassemblies (SQ-Gem/EF NAs), (B) BChol-red free at different time points (0.5, 2, 
4, 8, 24 h). (C) 63X magnification of 531M cells after 24 h incubation with BChol-red 
SQ-Gem/EF NAs . (D) Non-treated cells. (a, BChol-red; b, DAPI; c, merge (BChol-red 
+DAPI); d, merge (bright field + DAPI + BChol-red). The fluorescence of the 
cholesterol analogue BChol-red was detected at 560 nm. 
 

Fig. 4. Combination index (CI) analysis. Graphical representation of experimental CI 
values for gemcitabine (Gem) and edelfosine (EF), in SH-SY5Y cells (A) and U-2 OS 
cells (B) at different cell death fractions (FA). CI >1 antagonism, CI=1 additivity, CI<1 
slight synergism, CI <<1 strong synergism. 
 
Fig. 5. Cell viability assays in (A) SH-SY5Y and (B) U-2 OS cell lines. Graphical 
representation of a MTS assay (n ≥ 3, data: mean ± SD) and statistical analysis of the 
IC50s (n ≥ 3, data: mean ± SD, *P value <0.05, **P value <0.01). Cells were exposed to 
squalenoyl-gemcitabine/edelfosine nanoassemblies (SQ-Gem/EF NAs), SQ-Gem NAs 
and SQ-Gem NAs + free EF for 72 h. Concentrations (nM) correspond to the individual 
amount of each drug molecule at a molar ratio 1:1.  
 

Fig. 6. Plasma concentrations of gemcitabine (Gem), squalenoyl-gemcitabine (SQ-
Gem) and edelfosine (EF) after a single intravenous (i.v.) injection (via tail vein) of 
squalenoyl-gemcitabine/edelfosine nanoassemblies (SQ-Gem/EF NAs) and the free 
drug mixture (i.e., Gem + EF) (30 mg/kg Eq. EF). The values are the mean and SD (n 
=3).  
 

 

 














