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A B S T R A C T

Among anticancer nanomedicines, squalenoyl nanocomposites have obtained encouraging outcomes in a great
variety of tumors. The prodrug squalenoyl-gemcitabine has been chosen in this study to construct a novel
multidrug nanosystem in combination with edelfosine, an alkyl-lysophopholipid with proven anticancer activity.
Given their amphiphilic nature, it was hypothesized that both anticancer compounds, with complementary
molecular targets, could lead to the formation of a new multitherapy nanomedicine. Nanoassemblies were
formulated by the nanoprecipitation method and characterized by dynamic light scattering, transmission elec-
tron microscopy and X-ray photoelectron spectroscopy. Because free edelfosine is highly hemolytic, hemolysis
experiments were performed using human blood erythrocytes and nanoassemblies efficacy was evaluated in a
patient-derived metastatic pediatric osteosarcoma cell line. It was observed that these molecules spontaneously
self-assembled as stable and monodisperse nanoassemblies of 51 ± 1 nm in a surfactant/polymer free-aqueous
suspension. Compared to squalenoyl-gemcitabine nanoassemblies, the combination of squalenoyl-gemcitabine
with edelfosine resulted in smaller particle size and a new supramolecular conformation, with higher stability
and drug content, and ameliorated antitumor profile.

1. Introduction

The current limitations of conventional chemotherapy have
prompted the implementation of nanomedicine to improve cancer
treatment. Interest is now focusing on nanocarriers to administer an-
titumor agents and exploit their intrinsic potential for providing more
effective and safer treatments [1]. These nanosized suspensions are able
to improve the therapeutic index of encapsulated drugs by modifying
drug pharmacokinetics and tissue distribution [2–4]. Nonetheless, most
of these nanotherapies are failing to reach clinical stages. We may an-
ticipate that some of the reasons for this failure are linked to the so-
called drug “burst release” together with low drug entrapment rates.
These and other limitations are sometimes detrimental when it comes
to achieving a correct therapeutic window and can even trigger limiting
toxicities in cancer patients [5]. Until these issues are resolved, nano-
technology approaches will be unlikely to offer therapeutic progress in

comparison to free drug administration.
In order to address these limitations, a new technology based on the

“squalenoylation” concept was developed [6–9]. The bioconjugation of
drugs to squalenic acid (SQ-COOH), a nontoxic and biocompatible lipid
squalene-derived molecule, leads to the formation of squalenoyl pro-
drugs able to self-assemble into supramolecular structures to form
stable nanocomposites. In this way, each drug molecule is covalently
linked to a SQ-COOH chain, which ensures high drug loading. As it is a
prodrug, drug burst release from the nanoparticles (NPs) is avoided. An
additional advantage is that neither polymers nor surfactants are
needed to form the NPs. Among the squalenoyl nanoassemblies (NAs)
investigated, considerable activity has centered on squalenoyl-gemci-
tabine (SQ-gem) NAs [10–12]. Gemcitabine (Gem) is a nucleoside
analogue that is very active against various tumors, including pan-
creatic cancer, non-small-cell lung cancer and ovarian cancer [13,14].
The antitumor efficacy of this molecule is, however, restricted owing to
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the rapid extra- and intracellular deamination, as well as to resistances
mainly associated with nucleoside transporter HENT1 downregulation
[15]. SQ-gem NAs have shown improved anti-cancer activity compared
to free Gem in murine tumor models of pancreas or leukemia. This
improved therapeutic index was attributed to reduced drug metaboli-
zation, which resulted in higher blood concentration, better biodis-
tribution and increased intracellular penetration, through a mechanism
independent of the HENT1 transporter [16,17].

In order to further improve the above-mentioned nanoformulation
we took into consideration some aspects. On the one hand, cancer
treatment is often inefficient when using a single anticancer drug and
several multitherapy approaches have been proposed [18]. We suggest
that the co-encapsulation of another drug with a distinct therapeutic
target may enhance the anticancer potential of the SQ-gem NAs. On the
other hand, since squalenoyl prodrugs display an amphiphilic structure
that allows them to self-assemble into nanocomposites, it was hy-
pothesized that to achieve a successful multidrug approach, the addi-
tional drug should possess an amphiphilic character too [19].

We selected the amphiphilic drug edelfosine (EF), an alkyl-lyso-
phospholipid with proven anticancer activity in several tumors
[20–22]. Unlike Gem, exerting anticancer activity through DNA
synthesis inhibition, EF acts on a completely different pharmacological
target. Although the exact cell death mechanisms are not fully eluci-
dated, EF is reported to selectively accumulate in tumor cell mem-
branes, inducing Fas receptor clustering and activation on lipid rafts,
triggering cellular apoptosis [23–24]. Moreover, we have previously
demonstrated that the nanoencapsulation of EF considerably aug-
mented the therapeutic index in comparison with its free counterpart
when administered in vivo [25,26].

Here, we investigate whether the physical mixture of these two
compounds (i.e. SQ-gem and EF) could lead to the formation of a
functional multidrug nanomedicine (Fig. 1A). The hydrodynamic
properties of this nanoformulation were analyzed by dynamic light
scattering (DLS) and cryo-Transmission electron microscopy (TEM). In
order to elucidate the new structure and composition of the new co-
assembly, TEM UHPLC/MS/MS and X-ray photoelectron spectroscopy
(XPS) analyses were performed. The hemolysis activity of encapsulated

EF was analyzed using human blood erythrocytes and the anticancer
activity was tested in patient-derived metastatic pediatric osteosarcoma
cells.

2. Materials and methods

2.1. Materials

Gemcitabine hydrochloride was purchased from Carbosynth, Ltd.
(Compton, UK). Edelfosine was obtained from Apointech (Salamanca,
Spain). The synthesis of squalenoyl acid and squalenoyl-gemcitabine
and 1,10,2-tris-nor-squalenic acid was performed as previously de-
scribed [9] (see SI for further information). Ethanol absolute was pur-
chased from Panreac Química (Barcelona, Spain). Phosphotungstic acid
hydrate and Triton X-100 were purchased from Sigma Aldrich (Barce-
lona, Spain). Amicon Ultra-15 10 kD MWCO filter devices were pro-
vided by Millipore (Cork, Ireland) and all reagents employed for mass
spectroscopy (gradient grade for liquid chromatography) were obtained
from Merck (Barcelona, Spain). Celltiter 96® aqueous one solution cell
proliferation assay (MTS) was purchased from Promega (Alcobendas,
Spain). Heat inactivated fetal bovine serum, Trypsin-EDTA and peni-
cillin/streptomycin and alpha-MEM cell medium were provided by
Gibco® (Invitrogen Inc., Carlsbad, USA). Phosphate Buffer Saline (PBS)
and McCoy's 5A cell medium were purchased from Lonza (Verviers,
Belgium). Tissue cell culture 96-well plate was provided by Corning Inc.
(New York, USA).

2.2. Preparation of nanoassemblies

Squalenoyl NAs were prepared using the nanoprecipitation method.
Briefly, a solution of SQ-gem in ethanol (200 μL at 11.6 μmol mL−1)
alone or mixed with a solution of EF (200 μL at 11.6 μmol mL−1) was
added dropwise under stirring (500 rpm) into 2ml of distilled water.
Nanoprecipitation of the SQ-gem NAs or SQ-gem/EF NAs occurred
spontaneously. Ethanol was completely evaporated in a vacuum using a
Rotavapor (Buchi R-210/215, Buchi Corp., Canada) to obtain an aqu-
eous suspension of SQ-gem NAs or SQ-gem/EF NAs. SQCOOH NAs

Fig. 1. (A) Diagram of the formation of the new NAs. The physical mixture of SQ-gem and EF leads to the formation of SQ-gem/EF NAs. (B) Effect of the SQ-gem:EF
molar ratio on the particle size and PDI. (C) Size distribution by intensity peaks corresponding to SQ-gem/EF NAs (green), SQ-gem NAs (red) and to a mixture of SQ-
gem and EF at a molar ratio 1:0.41 (blue), and 1:2 (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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(200 μL at 18.75 μmol mL−1) and SQCOOH NAs loaded with EF
(SQCOOH/EF NAs) at a SQCOOH: EF molar ratio of 2:1 (200 μL at
9.375 μmol mL−1 of EF), were prepared employing the same procedure
as described above for SQ-gem NAs and SQ-gem/EF NAs.

Mean particle size (Z-average) and polydispersity index (PDI) of the
NAs were determined at 25 °C by DLS (Zetasizer Nano ZS Malvern;
Malvern Instruments SA, UK) after 1:15 dilution in ultrapure water.
Surface charge of the NPs was characterized by measuring the zeta
potential with laser Doppler velocimetry (Zetasizer Nano ZS Malvern;
Malvern Instruments SA, UK) and using the Smoluchowski equation.
Drug recoveries from the NAs were quantified by Ultra-high perfor-
mance liquid chromatography-tandem mass spectrometer (UHPLC–MS/
MS) after washing the formulations with Amicon Ultra-15 10 kD MWCO
filter devices (3× 10 mins, 4 °C, 5.000 r.p.m).

2.3. UHPLC–MS/MS method

An UHPLC/MS/MS method based on modifications of Estella-
Hermoso de Mendoza et al. for EF [27] and of Khoury et al. for SQ-gem
[28] was optimized to perform the simultaneous determination of SQ-
gem and EF. The UHPLC system was composed of an Acquity UPLCTM

system (Waters Corp., Milford, MA, USA). Separation was carried out
on an Acquity UPLCTM BEH C18 column (50mm×2.1mm, 1.7 m;
Waters Corp., Milford, MA, USA) with a gradient elution, using a mobile
phase starting from 30% of a 1% formic acid aqueous solution and 70%
of methanol (for further details see SI).

Triple-quadrupole tandem mass spectrometric detection was per-
formed on an AcquityTM TQD mass spectrometer (Waters Corp.,
Milford, MA, USA) with an electrospray ionization (ESI) interface. The
mass spectrometer operating in a positive mode was set up for multiple
reaction monitoring (MRM) to monitor the transition of m/z 524.3→
104.2 for EF and the transition of m/z 646.7→112 for the SQ-gem.
Data acquisition and analysis were performed using the MassLynxTM

(for further details see SI).

2.4. Electron microscopy imaging

The morphology of the squalenoyl NAs was characterized by TEM,
using negative staining, or by cryo-TEM, using cryogenic freezing.
Electron microscopy images were recorded on a T20-FEI Tecnai ther-
moionic microscope operated at an acceleration voltage of 200 kV.
Aberration corrected scanning transmission electron microscopy (Cs-
corrected STEM) images were acquired using a high angle annular dark
field detector (HAADF) in a FEI XFEG TITAN electron microscope op-
erated at 300 kV and equipped with a CETCOR Cs-probe corrector from
CEOS. Fast Fourier Transform (FFT) analysis was used to shed light on
the internal structure and assembly of the NPs.

Negative stained samples were prepared by dropping 20 µL of
sample in carbon coated copper grids (200 mesh), dried at room tem-
perature and stained with a negative staining agent (phosphotungstic
acid). The grid preparation of cryogenically immobilized samples re-
quired an extremely rapid sample freezing to achieve a vitreous state. A
thin film vitrified specimen was prepared with a Vitrobot (FEI) in
melting ethane. Afterwards, the sample holder with the specimen grid
was maintained under cryogenic conditions with liquid nitrogen.

2.5. XPS assays

XPS analysis was performed with an AXIS Supra (Kratos Tech.). The
spectra were excited by a monochromatic AlK source (1486.6 e.V) run
at 15 kV and 15mA. The photoelectron takeoff angle (angle of the
surface with the direction in which the photoelectrons are analyzed)
was 90°. For the individual peak regions, a pass energy of 20 eV was
used. Peaks were analyzed with CasaXPS software. The atomic con-
centration of each element was calculated by integration of each ele-
ment's main peak, taking into account the corresponding atomic

sensitivity factors (ASF). The composition of the material was analyzed
at different depths after sputtering the surface of the sample for a cer-
tain time using a gas cluster ion source. Argon ion clusters of mean size
1000 atoms and energy 10 kV were used for etching.

2.6. Hemolysis evaluation

Erythrocytes were separated from human blood plasma by cen-
trifugation (4000xg, for 7min), washed with PBS 3-times and diluted
with 50ml of PBS. Then, 0.5ml of this suspension was added to 1.5ml
of free and nanoformulations of EF. Incubation with PBS served as
negative control and with Triton X-100 as positive control. After 1 h,
the samples were centrifuged (4000xg, for 7min) and the supernatants'
absorbance was measured in an Agilent 8453 UV-visible spectro-
photometer (Agilent, CA, USA) at 540 nm.

2.7. Cell culture

The cell line used throughout the study was a metastatic pediatric
osteosarcoma cell line derived from a patient treated at the Clínica
Universidad de Navarra, coded as 531M. This cell line was maintained
in alpha-MEM cell medium, supplemented with 10% of fetal bovine
serum and 1% penicillin/streptomycin in an incubator at 37 °C and a
humidified atmosphere with 5% carbon dioxide. For the in vitro cyto-
toxicity assays 531M cells were plated on 96-well plates at a density of
10,000 cells per well, 24 h before the addition of different concentra-
tions of free and nanoparticulate Gem and EF in triplicate wells. After
72 h of incubation with the different formulations, the medium was
withdrawn and 100 μL of complete medium containing 15% v/v of MTS
was added to each well. Absorbance was measured 3 h later in a mi-
croplate reader (iEMS reader MF, Labsystem, Helsinki, Finland) at a test
wavelength of 492 nm with the reference wavelength set at 690 nm.
The concentration of drug required to inhibit cell growth by 50% (IC50)
was estimated by fitting the dose response curve to a sigmoidal function
using the GraphPad Prism version 5.0 for Windows (GraphPad
Software, San Diego, CA, USA).

3. Results and discussion

3.1. Design and characterization of supramolecular squalene based
nanoassemblies

SQ-gem/EF NAs were prepared by nanoprecipitation from an
ethanolic solution as described in the Materials and Methods. By
modifying the ratio of SQ-gem and EF in the squalene-based NAs, it was
possible to select the best nanoformulation in terms of size distribution.
As seen in Fig. 1B and 1C, although initial concentrations of EF led to
high PDI values, the particle population homogeneity was again re-
covered at equimolecular concentrations. Interestingly, the mean par-
ticle size was considerably decreased from 121 ± 14 nm for SQ-gem
NAs to 50 ± 1 nm for SQ-gem/EF NAs. However, when EF con-
centrations surpassed equimolarity, the mean particle size barely
changed, whereas the uniformity of the particle population rapidly
worsened as it was observed at the ratio SQ-Gem/EF 1:2. Of note,
SQCOOH NAs and SQCOOH NAs loaded with EF were also prepared in
similar conditions. As observed for SQ-gem/EF NAs, a very similar
particle size reduction was noticed from 99 ± 5 nm for SQCOOH NAs
to 47 ± 2 nm for SQCOOH/EF NAs. Finally, based on DLS data
showing that the equimolecular mixture of both components (ie. SQ-
gem and EF) led to optimal colloid properties, it was suggested that EF
completely co-assembled with SQ-gem. To verify this, NAs were washed
using a method previously described to efficiently separate unloaded EF
from lipid NPs [20–22] and afterwards quantified by UHPLC/MS/MS.
Results showed EF recoveries close to 100%, confirming the complete
encapsulation/insertion of EF into SQ-gem. Unlike EF, SQ-gem is
completely insoluble in aqueous medium, and therefore there is also no
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loss of product during the formulation process.
With respect to the changes in the particle surface charge, the re-

sults show that the incorporation of EF in the NAs brought about a
slight increase in the zeta potential values (Table 1). SQ-gem NAs dis-
played zeta potentials of −17.73 ± 1.26mV which was in agreement
with previous studies [6,29]. On the other hand, designed and opti-
mized SQ-gem/EF NAs (ie., at a SQ-gem:EF ratio of 1:1) showed a zeta
potential value of −12.56 ± 1.15mV. Of note, EF polar head presents
a negatively charged phosphate group but also a positively charged
quaternary amine group, making the ionic balance neutral [30].

As Table 1 shows, independent preparations (n≥ 5) of the NAs
demonstrated this nanoformulation as highly reproducible, giving
nearly identical results for each sample. Moreover, as confirmed by
UHPLC/MS/MS, this approach allowed to obtain NAs with very high
overall drugs content of 67.28 wt%, containing both Gem (22.49wt%)
and EF (44.73 wt%). This is a significant improvement in terms of drug
loading in comparison with common drug delivery systems, which
often display much lower drug loading capacity. Such is the case with
previously reported lipid nanoformulations loaded with Gem [31] or EF
[25] accounting for a drug loading of 7.3 and 2.26 wt% respectively.
The high drug payload of SQ-gem/EF NAs may thus help to attain a
correct therapeutic window and to avoid infra/overdosing that might
provoke toxicities [3]. And given that the SQ-gem/EF NAs were built
with only drugs or prodrugs, possible adverse effects derived from the
incorporation of polymers, surfactants or other colloidal stabilizers may
be avoided [32,33].

All the preparations were further characterized by cryo-TEM ana-
lysis. The different nanoformulations displayed spherical shape and
suitable colloid characteristics, in good agreement with DLS data
(Fig. 2). Again, SQ-gem/EF NAs (Fig. 2B) show a substantial particle
diameter reduction compared to SQ-gem NAs (Fig. 2A). The particle
size reduction towards ca. 50 nm resulted from the insertion of EF into
SQ-gem NAs, suggesting that the amphiphilic nature of EF allowed the
co-assembly with SQ-gem by means of molecular interactions between
the two molecules. Importantly, such particle size reduction could im-
prove NPs biodistribution. For instance, particles under 10 nm were
reported to be rapidly filtered by the kidneys, whereas particles larger
than 100 nm undergo an enhanced liver uptake [34,35]. Cabral et al.
postulated that although the NP size may not affect the particle tumor
distribution in hyperpermeable tumors, only NPs smaller than 70 nm,

which is the case of SQ-gem/EF NAs, were able to accumulate effi-
ciently in poorly permeable tumors such as human pancreatic adeno-
carcinoma [36]. Bearing in mind that Gem is given in chemotherapy for
pancreatic cancer, the use of specifically designed SQ-gem/EF NAs of
around 50 nm might improve the pharmacological efficacy in this type
of poorly permeable tumor, by means of the so called Enhanced Per-
meability and Retention (EPR) effect. In any case, the EPR effect in solid
tumors is not as well understood as initially thought [37] and further
experiments in vivo are mandatory to elucidate the real behavior of SQ-
gem/EF NAs.

3.2. Supramolecular conformation

Negatively stained TEM analysis also revealed striking morpholo-
gical differences between SQ-gem and SQ-gem/EF NAs. As shown in
Fig. 3, the surface of SQ-gem NAs showed a supramolecular organiza-
tion consisting of inverse hexagonal phases, sometimes surrounded by
an amorphous layer. This 2–D organization of SQ-gem molecules could
be observed directly depending on the particle arrangement with re-
spect to the microscopy sight angle (Fig. 3A–C). This was confirmed by
the geometric projection of the NAs. Such supramolecular organization
has been already previously described by X-ray diffraction studies [6]
but here we provide solid evidence of the particle conformation by
TEM, which represents an original approach.

Very importantly, this supramolecular organization was no longer
observed with the multidrug SQ-gem/EF NAs, which revealed a round
shape and the TEM images suggested a multilamellar onion-like struc-
ture at this resolution scale (Fig. 4A,C). In fact, Fourier transform
analysis performed on SQ-gem and SQ-gem/EF NAs also detected a
different periodicity, as indicated by the image spectrum analysis
(Fig. 3F and 4F). The calculated mean lattice spacing between SQ-gem/
EF NAs layers was 3.6 ± 0.1 nm, instead of 3.2 ± 0.2 nm for SQ-gem
NAs, which would also explain the distinct conformation and the size
differences. This structural relaxation is considered to be boosted by
their self-assembly mode and structure (i.e. lamellar instead of hex-
agonal). In this case and bearing in mind that the mean-lattice spacing
can be independent of the number of assembled layers in terms of size,
the larger distance between adjacent planes found in the SQ-gem/EF
NAs was correlated with a particle shrinking.

These findings strongly support the notion that the SQ-gem/EF NAs

Table 1
Colloidal characteristics of squalene-based nanocomposites.

NAs size (nm)1 PDI1 ζ (mv)2 % Gem3 % EF3 % total3

SQ-gem 121 ± 14 0.1 ± 0.02 −17.73 ± 1.26 40.7 0 40.7
SQ-gem/EF 51 ± 1 0.12 ± 0.03 −12.56 ± 1.15 22.49 44.73 67.28
SQCOOH 99 ± 5 0.12 ± 0.01 −29.8 ± 2.91 0 0 0
SQCOOH/EF 47 ± 2 0.267 ± 0.03 −23.76 ± 5.17 0 39.57 39.57

1Determined by DLS. 2Zeta potential. 3%=MW drug/MW nanocomposites.

Fig. 2. Morphological characterization of squalene-based nanocomposites. Cryogenic transmission electron microscopy of SQ-gem (A), SQ-gem/EF (B), SQ-COOH (C)
and SQ-COOH/EF (D) nanocomposites.
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were structurally different from the SQ-gem NAs. However, at this
image resolution and given the reduced size of the NAs, it was not
possible to elucidate the morphological features of SQ-gem/EF NAs
thoroughly. Therefore, to go into further detail about the supramole-
cular organization of SQ-gem/EF NAs, the image resolution was im-
proved by analyzing SQ-gem/EF NAs with high angle annular dark field
(HAADF) high resolution scanning transmission electron microscopy

(STEM). Although this imaging technique is very aggressive to organic
materials due to the high voltages inflicted on the samples, image ac-
quisitions of SQ-gem/EF NAs were obtained with a greater resolution
thanks to the assistance of a negative staining agent. With this tech-
nique, we were able to confirm the multilamellar assembly of SQ-gem/
EF NAs, displaying a concentric or spiral disposition of the layers
(Fig. 4D,E).

Fig. 3. Transmission electron microscopy of SQ-gem NAs. Morphological analysis vs. tilt angle (A-C) and 2-D inverse hexagonal phase macromolecular organization
(D, E). Supramolecular organization diagram, Fourier transform image spectrum analysis and mean lattice spacing measurement of SQ-gem NAs (F).

Fig. 4. Transmission electron microscopy of SQ-gem/EF NAs (A-C). High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) of SQ-
gem/EF NAs (D, E) (the signal corresponding to the organic material is inverted in comparison with TEM). Supramolecular organization diagram, Fourier transform
image spectrum analysis and mean lattice spacing measurement of SQ-gem NAs (F).
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Changes in the topological structure of amphiphilic molecules can
play an important role in tuning self-assembled morphologies [38]. The
loss of the native supramolecular structure of SQ-gem led to an amor-
phous particle conformation, as already observed when SQ-gem was co-
encapsulated with the lipophilic compound iso-combretastatin A4 [39].
In another study, Caron et al. formulated nanocomposites of SQ-gem
monophosphate instead of SQ-gem, resulting in the formation of uni-
lamellar vesicles [40]. Conversely, the new SQ-gem/EF NAs structure
displayed physical resemblance to the onion-like multigeometry as-
sembly of polymeric amphiphilic compounds described by Zhang et al.
[41] and Wang et al. [42].

3.3. Element distribution

The distribution of elements throughout SQ-gem/EF NAs was ana-
lyzed by XPS. Survey spectra measured at the surfaces (before sput-
tering) of SQ-gem/EF NAs, SQ-gem NAs and free EF samples showed
peaks corresponding to carbon, oxygen and nitrogen. Beside those
elements, the peak belonging to the fluorine atom of Gem appeared at
687 eV. [43]. The related KLL fluorine Auger peak could also be ob-
served (Fig. 5A). On the other hand, EF showed characteristic peaks
related to the presence of phosphorus in the molecule. The presence of
EF on the surface of SQ-gem/EF NAs was demonstrated by a P 2p peak
clearly observed in the spectrum (Fig. 5A). The binding energy values
for P 2p were 133.4 and 133.6 eV for EF and SQ-gem/EF NAs respec-
tively. These values corresponded to the organic phosphate groups
[44]. The similar binding energies found for both samples showed an
identical chemical environment, i.e., there was no chemical interaction
between EF phosphate groups and SQ-gem.

In order to verify the presence of EF in the inner part of SQ-gem/EF
NAs, depth profiling was used to study the distribution of elements
throughout the particle. Since the concentration of each molecule could
be related to the atomic concentration of fluorine (SQ-gem) or phos-
phorus (EF), the P/F atomic ratio was calculated, and its variation with
etching time is shown in Fig. 5B. Etching was continued up to a point
that allowed us to ensure that most of the particles had the inner part
exposed. The depth profile showed that P/F atomic ratio increases from
around 0.6 on the particle surface up to more than 2 after 35 s etching,
corresponding to inner parts of the NAs. Thus, EF concentration was
shown to be around four times the SQ-gem concentration after etching,
suggesting an enrichment in this compound inside the NAs. These re-
sults indicated only a slight increase of SQ-gem concentration on the
particles surface, considering that the ratio P/F was expected to be
theoretically closer to 0 under equimolecular concentrations. Never-
theless, the increment of the phosphorus signal detected in a concentric
multilamellar system is thought to be boosted by the higher element

exposure corresponding to the inner layers. On the other hand, these
results are also in agreement with UHPLC/MS/MS analysis, showing
complete encapsulation of EF in the NA. A matter of concern was that
EF could be only surfacting or coating the particle as a result of its
phospholipid nature. Nevertheless, with XPS depth profiling analysis
we were able to remove SQ-gem/EF NAs’ outer layers and detect the
presence of EF in inner areas. It should be borne in mind that the
physico-chemical properties of SQ-gem confer an intrinsic ability to
self-assemble and form stable NAs in aqueous medium, as observed in
many other squalenoyl NAs [45,46]. In this sense, SQ-gem might tend
to accommodate itself at the particle surface with the purpose of sta-
bilizing the colloid dispersion, in this way displacing EF towards the
inner parts.

3.4. Colloidal stability

SQ-gem/EF NAs and SQ-gem NAs were analyzed for changes in the
hydrodynamic diameter and PDI over 60 days. SQ-gem/EF NAs for-
mulation was found to be stable throughout the experiment, demon-
strating that the incorporation of EF did not trigger NA disruption.
Indeed, as shown in Fig. 6A, no appreciable changes in the particle size
were observed given that the mean particle diameter was augmented
from approximately 50 up to 58 nm over two months. According to this,
the PDI parameter of particle homogeneity value (Fig. 6B) only showed
a slight increase and remained below the accepted values (PDI < 0.3)
[47]. On the other hand, SQ-gem NAs showed colloid stability for ap-
proximately only 10 days, considering that mean particle size and PDI
started to surpass desirable values at that time. These results indicated
that SQ-gem/EF NAs were stable with no signs of particle disruption,
agglomeration or precipitation, probably due to the presence of a
complementary amphiphilic compound such as EF in the NAs. Nie et al.
suggested that a regular multilamellar structure at the proper con-
centration ratio of components is a key factor for optimal stability [48].
The colloidal properties of the NAs were evaluated in this experiment at
4 °C with regard to future administrations. This might facilitate hand-
ling and a hypothetical storage of the multidrug NAs at 2–8 °C
(5 °C ± 3 °C for drug substances intended for storage in a refrigerator
according to the ICH guideline Q1A(R2)). Moreover, a lyophilization
process involving the incorporation of cryoprotectants or problems as-
sociated with NP reconstitution is not strictly required.

3.5. Hemolysis activity

Hemolysis represents one of the main side effects associated with EF
treatment. It is the consequence of the amphipathic structure of this
compound [49], making necessary its encapsulation in drug delivery

Fig. 5. Molecular tracking (X-ray photoelectron spectroscopy assays) of the fluorine (F) of SQ-gem and the phosphorus (P) of EF. (A) F 1s and P 2p core level regions
of 1) SQ-gem/EF NAs; 2) SQ-gem NAs and 3) free EF. (B) P/F atomic ratio obtained by depth profile of SQ-gem/EF NAs.
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systems. In order to evaluate if SQ-gem/EF NAs could reduce this
toxicity, hemolytic experiments were performed using human blood
erythrocytes. In vitro results showed that free EF was 100% hemolytic at
a concentration of 10 µg/ml, while the same concentration of EF loaded
onto SQ-gem presented only 6% of hemolysis. It was concluded that SQ-
gem/EF NAs were able to protect erythrocytes from EF associated he-
molysis. The low effect produced could be attributed to the scant pre-
sence of EF attached to the particle surface, as indicated in the XPS
analysis section.

An effective reduction of this toxicity represents a crucial safety
aspect that determines the utility of squalenoyl nanocarriers for ad-
ministering EF without compromising the patientś health. Although SQ-
gem/EF NAs could be also administered intraperitoneally, orally or
locally among others, it is important to consider that intravenously
administered squalenoyl NAs have been reported to disassemble, being
incorporated into endogenous lipoproteins [10]. However, the physico-
chemical features found in the SQ-gem/EF NAs suggest that they might
avoid an interaction with lipoproteins, remaining longer in the circu-
lation in their native conformation. Future experiments in vivo will shed
light on the tumor accumulation of SQ-gem/EF NAs and as well as the
hypothetical role of lipoproteins as endogenous drug delivery systems.

3.6. Anticancer activity

Cell proliferative assays revealed that these treated patient-derived
cells were quite resistant to anticancer drugs due to their marked ag-
gressive behavior. As seen in Fig. 7A, free EF showed an IC50 value of
69 ± 1 μM. Conversely, free Gem treatment displayed an initial higher

anticancer activity but reached a plateau at 50% of cell viability, hin-
dering IC50 calculation. SQ-gem NAs bypassed the plateau and dis-
played an IC50 value of 22 ± 3 μM. Importantly for our study, the
insertion of EF in the NAs was not detrimental to the native antitumor
activity of SQ-gem NAs. SQ-gem/EF NAs showed an IC50 value of
20 ± 2 μM for each compound (molar ratio 1:1), displaying more an-
titumor activity than SQ-gem NAs, especially once the threshold of 50%
of cell viability was crossed (Fig. 7B). The slight IC50 improvement of
the SQ-gem/EF NAs over the single SQ-gem NAs in vitro may be ex-
plained by the fact that part of 531M cell population remained more
sensitive to Gem than to EF (Fig. 7A, first part of dark blue curve vs light
blue curve). In this sense, the combination of free EF and free Gem at a
molar ratio 1:1 also indicated that the antitumor action of EF is more
visible under the threshold of 50% of cell viability. In addition,
SQCOOH/EF NAs was found to reduce the IC50 value of EF from
69 ± 1 μM to 60.5 ± 2 μM, which confirmed the suitability of the co-
encapsulation of EF with squalenoyl compounds. Of note, SQCOOH NAs
was not observed to interfere in cell dead mechanisms given that no
signs of cytotoxicity were observed below the threshold of 100 µM
(Fig. 7B).

The interest in using a treated patient-derived cell line as an in vitro
model relies on the tumor resistance to conventional cytostatic agents
that often leads to therapeutic failure in high-risk or relapsed patients.
In this sense, we have not only provided solid evidence concerning the
correct design for SQ-gem/EF NAs but also confirmed the therapeutic
potential of anticancer nanomedicines. Future in vivo experiments that
consider drug pharmacokinetics, biodistribution and NAs interaction
with the primary and metastatic tumor will shed light on the real

Fig. 6. SQ-gem NAs (red) and SQ-gem NAs (green) stored at 4 °C are measured for particle size (A) and PDI (B) variations for 60 days (n≥ 3, data: mean ± SD). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Cell viability assays. 531M cells were exposed to SQ-gem/EF NAs*, SQ-gem NAs, free Gem, free EF, SQCOOH/EF NAs, free Gem+ free EF* and SQCOOH NAs
treatments for 72 h (n≥3, data: mean ± SD). *X axis concentrations (µM) correspond to the individual amount of each molecule at a molar ratio 1:1.
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clinical profits of this new multidrug nanomedicine.

4. Conclusions

The aim of this study was to design and characterize SQ-gem/EF
NAs usable as multitherapy nanodevices in cancer therapy. The results
of this study show that the alkyl-lysophospholipid EF was able to co-
assemble with the pro-drug SQ-gem to form NAs with no need to use
any stabilizer. We provide insights into an easy formulation process for
this nanomedicine with drugs only by leveraging their amphiphilic
nature. At a molecular ratio of 1:1, NAs displayed reproducible and
homogeneous formulation batches of 51 ± 1 nm. This is a considerable
particle size reduction over SQ-gem NAs, and also provides a sub-
stantial increment in the drug content, up to 67.28wt%. This co-as-
sembly led to a new supramolecular arrangement, showing a multi-
lamellar concentric conformation. SQ-gem NAs have previously shown
great anticancer activity in various tumor models. An important fact
that reinforces the combination with EF is that it acts not only as a
second antitumor agent but also as a NP stabilizer. In vitro, the SQ-gem/
EF NAs suppressed the hemolytic activity of EF, a major side effect of
this molecule, and presented a better antitumor profile than SQ-gem
NAs.

In this work we have designed and formulated a novel multidrug
nanomedicine. Its biocompatible nature and high drug content make it
a suitable pre-clinical candidate for cancer therapy.
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