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ancer is becoming the most frequent

cause of death in most developed

countries, and in particular the inci-
dence of this disease among women is
increasing dramatically. For example, the
mortality due to cancer accounts for 23%
of the total deaths in the USA," while it
represents 31% in men and 19% in women
in France.?

In spite of the discovery of several potent
new therapeutic molecules, the clinical use
and efficacy of conventional anticancer
agents is still hampered by nonspecific bio-
distribution and the difficulty of delivering
the necessary therapeutic concentration of
drug to the tumor site. In some cases, rapid
metabolism and clearance contribute to the
poor efficacy and/or toxicity of these medi-
cines. Furthermore, drug resistance at the
tumor level (noncellular based mechanisms)
or at the cellular level (cellular mechanisms)
is another major drawback of current che-
motherapy.

The introduction of nanotechnology into
pharmacology (“nanomedicine”) has impor-
tantly influenced the drug delivery field,
allowing the appearance of new treatments
with improved efficacy.®* These nanode-
vices can be exploited for anticancer ther-
apy as a means to administer the drug into
the body in a controlled manner, to deliver it
to the tumor,>® and to overcome resistance
mechanisms.” All of these are challenging
objectives. So far, current nanotechnologies
for cancer therapy have serious limitations
due to the following: (1) poor drug loading
which is usually <10% (weight % of the
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ABSTRACT This study reports the design of a novel theragnostic nanomedicine which combines
(i) the ability to target a prodrug of gemcitabine to an experimental solid tumor under the influence
of a magnetic field with (ii) the imaging of the targeted tumoral nodule. This concept is based on
the inclusion of magnetite nanocrystals into nanoparticles (NPs) constructed by self-assembling
molecules of the squalenoyl gemcitabine (SQgem) bioconjugate. The nanocomposites are characterized
by an unusually high drug loading, a significant magnetic susceptibility, and a low burst release. When
injected to the L1210 subcutaneous mice tumor model, these magnetite/SQgem NPs were magnetically
guided, and they displayed considerably greater anticancer activity than the other anticancer treatments
(magnetite/SQgem NPs nonmagnetically guided, SQgem NPs, or gemcitabine free in solution). The
histology and immunohistochemistry investigation of the tumor biopsies clearly evidenced the
therapeutic superiority of the magnetically guided nanocomposites, while Prussian blue staining
confirmed their accumulation at the tumor periphery. The superior therapeutic activity and enhanced
tumor accumulation has been successfully visualized using T,-weighted imaging in magnetic resonance
imaging (MRI). This concept was further enlarged by (i) the design of squalene-based NPs containing the
T G contrast agent instead of magnetite and (ii) the application to other anticancer squalenoyls,
such as, cisplatin, doxorubicin, and paclitaxel. Thus, by combining different anticancer medicines as well
as contrast imaging agents in NPs, we open the door toward generic conceptual framework for cancer
treatment and diagnosis. This new theragnostic nanotechnology platform is expected to have important
applications in cancer therapy.

KEYWORDS: cancer therapy - drug delivery system - magnetic resonance imaging -
squalenoyl prodrug - theragnostic nanomedicine - ultrasmall superparamagnetic iron
oxide

transported drug with respect to the carrier

material).®° As a consequence, either the

quantity of the anticancer drug administered

is not sufficient to reach a pharmacologically

active concentration in the body, or the

amount of the carrier material to be adminis- ~ Published onli
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tered is very high, engendering toxicity or

side effects; (2) the rapid release (known as

“burst release”) of the encapsulated cytotoxic
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compound after administration, generally correspond-
ing to the release within minutes of the fraction of the
drug which is simply adsorbed at the surface of the
nanocarrier.’®'" As a result, a significant fraction of the
drug will be released before reaching the pharmacolo-
gical target in the body, leading to poor activity and
severe side effects. It has, however, to be noted that
some liposomal formulations were already able to re-
duce the rapid drug release through transmembrane pH
gradient; (jii) the difficulty of carrying a sufficient amount
of the anticancer drug to the tumor tissue with simulta-
neous monitoring of the targeting efficiency; and (iv) the
complexity of defining easy formulation conditions
which can be scaled up in the pharmaceutical industry.

This explains the limited number of marketed nano-
medicines, despite the rise of literature in the field.
There is, therefore, an urgent need for new ideas able
to improve the current way of delivering anticancer
compounds for efficient treatment.

In this way, the development of nanotechnologies
which combine high drug payloads, targeted anti-
cancer activity, and imaging capabilities (“nanother-
agnostics”) is of prime interest for scientists in the
pharmaceutical world. In recent years, much attention
has been paid to the development of magnetic core-
based nanoparticles for drug/gene delivery applica-
tions,'®'® taking advantage of the unique ability of
magnetic particles to be guided by an applied mag-
netic field. However, nowadays only few reports in the
literature deal with the development of multifunc-
tional drug delivery systems endowed with both mag-
netic responsiveness and diagnostic imaging capabi-
lities. Studies performed by Gang et al.,'* Yang et al.,"”
and Lin et al.'® aiming to develop “nanotheragnostics”
deserve to be mentioned. However, most of these
studies describe carriers with a magnetic core and poly-
meric shell, coupled with tumor targeting ligands on the
surface.'® Surprisingly, they were generally focused on
the investigation of diagnostic and therapeutic func-
tions independently, and, moreover, were performed
in vitro, with no clear-cut in vivo proof of concept of
combined imaging and therapeutic activity.">'” =22 It is
certain that extensive in vivo investigations are essential
to definitively demonstrate the promise of “nanother-
agnostic” as a cutting edge multifunctional platform in
cancer therapy.

In this context, we describe here a new concept of
nanomedicine with high drug loading and controlled
release properties, integrating a theragnostic approach
which combines tumor targeting and imaging func-
tionalities. This concept takes advantage of magnetic
responsiveness for tumor targeting under the influ-
ence of an extracorporeal magnetic field, while the
contrast agent property of this system is exploited for
MRI imaging. Practically, this multifunctional nanocar-
rier was prepared by embedding magnetite nanocryst-
als (USPIO) into a lipophilic prodrug of the anticancer
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compound gemcitabine (squalenoyl gemcitabine;
SQgem, for the synthesis, see Supporting Information,
Figure 2a) which has self-assembling properties. We
have demonstrated that under the influence of an
extracorporeal magnetic field, the intravenously in-
jected magnetic nanomedicine (USPIO/SQgem) was
capable of addressing this anticancer compound to-
ward the tumor tissue, where it could be visualized
using MRI. The efficacy of this combined approach has
been established in vivo on an experimental solid
tumor model.

This concept has been further enlarged by (i) the
design of composite squalene-based NPs containing
the T; Gd*" contrast agent instead of USPIO (Support-
ing Information, Figure 2e) and (i) the application to
other categories of anticancer squalenoyl bioconjugates
than gemcitabine, that is, the anthracycline doxorubicin
(Supporting Information, Figure 2b), the taxoid paclitax-
el (Supporting Information, Figure 2c), and the platinum
derivative cisplatin (Supporting Information, Figure 2d).
By combining different anticancer medicine as well as
contrastimaging agents (either T, or T,) in NPs, we open
the door toward generic and flexible conceptual frame-
work for cancer treatment and diagnosis.

RESULTS AND DISCUSSION

Particle Geometry, Chemical Composition, And Drug Delivery
Properties. Advantageously, the well-stabilized nano-
magnetite/squalenoyl antitumor prodrug NPs, such as,
nanomagnetite/squalenoyl gemcitabine (USPIO/SQgem),
nanomagnetite/squalenoyl doxorubicin (USPIO/SQdox),
nanomagnetite/squalenoyl paclitaxel (USPIO/SQptx),
and nanomagnetite/squalenoyl cisplatin (USPIO/SQcis)
were prepared following a simple one-step nanopreci-
pitation method (see Supporting Information sections
2.3,24.,25, and 2.6). Their size [average diameter (and
polydispersity index)] was compatible with parenteral
administration: 270 £+ 30 nm (and 0.111), 250 & 25 nm
(and 0.127), 265 4+ 30 nm (and 0.113), and 245 + 20 nm
(and 0.125), respectively. HRTEM photographs have
evidenced that the USPIO particles (see Supporting In-
formation, Figure 1) were completely embedded inside of
the squalenoyl antitumor prodrug nanomatrix (Figure 1).
The key that enabled us to achieve this successful
preparation was clearly the unique spontaneous self-
association property of all the squalenoyl prodrug
molecules with the USPIO entrapment.

Indeed, almost the entire amount of squalenoyl
prodrug used in the preparation method deposited
around USPIO (e.g., ~93% of SQgem, ~90% of SQdox,
~87% of SQptx, and ~91% of SQcis). This led to the
formation of nanoparticles (NPs) with extremely high
drug loadings compared to the currently available
nanocarriers (see Supporting Information section
2.11.2). The efficacy of USPIOs entrapment into squa-
lenoyl anticancer prodrugs was qualitatively confirmed
by investigating the electrokinetic properties as well as
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High resolution transmission electron microscopy photographs of USPIO/SQgem (a), USPIO/SQdox (b), USPIO/

SQptx (c), and USPI0/SQcis (d) composite (core/shell) NPs. Transmission electron microphotograph after freeze-fracture

(FF-TEM) of SQgem NPs (e) and SQgem/SQGd>" composite NPs

the surface thermodynamics of the nanoparticles (see
Supporting Information section 2.11.3). Regarding the
release of the squalenoyl prodrugs from the corre-
sponding magnetic core/shell NPs, it was determined
that it was quite linear (zero order) during 2 h (see
Supporting Information, Figure 10). This period of time
may be considered as quite sufficient for the nano-
composites to reach the tumor under the influence of
an extracorporeal magnetic field (see Figures 2 and 3,
and Supporting Information, Figure 13).

Regarding in vivo drug release, it has been pre-
viously shown that SQgem nanoparticles did not re-
lease gemcitabine in plasma conditions.?> Cathepsins
B and D were identified as the intracellular enzymes
responsible for the cleavage of the prodrug leading to
gemcitabine release. Pharmacokinetic studies have
confirmed that after intravenous administration of
SQgem nanoparticles, the major fraction remained in
the blood as squalene prodrug.>* Owing to analytical
limitations, it is not easy to highlight at the molecular
level the mechanism of drug release in vivo. However,
as shown previously by Bildstein et al,? in tissue
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(f). Bar lengths: 100 nm (a—e), 50 nm (f).

culture conditions, SQgem passively diffused into can-
cer cells and mainly accumulated within cellular mem-
branes, including those of organelles such as the endo-
plasmic reticulum. SQgem was then released from this
transient reservoir into the cell cytoplasm and cleaved
into gemcitabine, which either led to the build up of its
biologically active triphosphate metabolite, or to gem-
citabine efflux through equilibrative membrane trans-
porters. We can expect that similar mechanism occurred
with USPIO/SQgem nanocomposite too.

Magnetic Responsiveness. The very good magnetic
responsiveness of nanomagnetite/squalenoyl antitu-
mor prodrugs composite nanoparticles was quantita-
tively investigated by the hysteresis cycle (see Support-
ing Information, Figure 9a), and qualitatively confirmed
by direct observation and microscope visualization of
the performance of nanocomposite suspensions under
exposure to a 1.1 T permanent magnet (e.g., see Sup-
porting Information, Figure 9b,c of USPIO/SQgem aqu-
eous suspensions).

Visualization of USPIO/SQgem Composites in Solid Tumors
Using MRI. Under the influence of an extracorporeal
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Figure 2. Examples of T,-weighted images of the tumors
obtained at 2 h-postinjection of USPIO/SQgem NPs (a) in the
absence of an external magnetic field (mouse 2) and (b)
guided by an external magnetic field (1.1 T) (mouse 3); in the
latter case, the NPs were found dispersed all over the
tumoral tissue. (c) Percentage of the hypo-intensity tissues
with T, < 36 ms (white column), and with T, < 20 ms (gray
column). Mouse 2 was injected with nanocomposites with-
out exposition to magnetic field. Mice 1, 3, and 4 were
injected with USPIO/SQgem NPs with 2 h exposure to 1.1 T
magnetic field.

magnetic field, the intravenously injected magnetic
nanomedicine (USPIO/SQgem) was capable of addres-
sing this anticancer compound toward the tumor
tissue, where it could be visualized using MRI. Briefly,
relaxation time measurements of USPIO/SQgem NPs
have shown that they acted as a T, and T3 contrast
agent at 7 T. In the T,-weighted images registered
before intravenous injection of the nanocomposites,
the signal in the tumor appeared quite homogeneous,
and the mean T, relaxation was 46 + 2 ms. After
injection, we observed hypo-intensity areas. This local
decrease in intensity corresponded to a T, decrease
(lower than 36 ms) due to local NP concentration.2®
To investigate the tumor localization of USPIO/
SQgem guided (or not) by an external magnetic field,
we measured the tumor volumes and the volumes of
the hypo-intensity tissues on 4 animals (see Supporting
Information, Figure 11) after injection and placing (or
not) during 2 h a 1.1 T magnet onto the tumor nodule.
Images of two representative mice and percentage of
hypo-intensity tissues in each tumor after injection are
shown in Figure 2. Due to variability in tumor growth,
the volumes of the nodules were different from mice to
mice, but the percentage of hypo-intensity tissue was
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Figure 3. In vivo anticancer activity of USPIO/SQgem NPs
(with extracorporeal 1.1 T magnetic field) (5 mg/kg equiva-
lent of gemcitabine) compared with placebo-treated group
(drug unloaded USPIO/squalene nanocomposites, at same
dose and administration schedule as for nanocomposites),
USP10/SQgem NPs (no extracorporeal magnetic field
applied) (5 mg/kg equivalent of gemcitabine), with SQgem
NPs (5 mg/kg equivalent of gemcitabine), and with gemci-
tabine free (5 mg/kg) in L1210 subcutaneous tumor bearing
mice. Untreated (®), placebo USPIO/squalene NPs (O),
gemcitabine (0), SQgem NPs (a), USPIO/SQgem composite
NPs (no extracorporeal magnetic field) (A), USPIO/SQgem
composite NPs (with 1.1 T extracorporeal magnetic field)
(m). Statistical analysis was performed using Student's t-test
to compare the statistical significance of USPIO/SQgem
composite NPs independently with gemcitabine and SQgem
NPs. Data with xxp < 0.05 and *xx*p < 0.001 were considered
as significant and very significant, respectively. Inset: His-
tological examination of tumors isolated from L1210 sub-
cutaneous tumor bearing mice (magnification 40x),
untreated or treated either with SQgem NPs (5 mg/kg
equivalent of gemcitabine), USPIO/SQgem composites (no
extracorporeal magnetic field, no-MF) (5 mg/kg equivalent
of gemcitabine), or USPIO/SQgem composites (with 1.1 T
extracorporeal magnetic field for 2 h after injection, MF) (5
mg/kg equivalent of gemcitabine).

increased by >15% whatever the tumor size when the
NPs were guided by the magnetic field. On the con-
trary, this increase was only 8% when no magnetic field
was applied to the tumor. Moreover, the ratio of the
least intense region (corresponding to T, < 20 ms)
drastically increased from 1% to 6%, when the mag-
netic field was applied. The total amount of nanocom-
posites distributed into the tumors varied in each case,
probably depending on heterogeneity in tumor vascu-
larization. However, when no magnetic field was ap-
plied, the hypo-intensity zones appeared only in some
slices, and were confined in a part of each slice. On the
contrary, the images obtained after the application of a
magnetic field showed that the USPIO/SQgem spread
out all over the tumor tissue. Thus, in vivo MRI experi-
mentation has revealed an improved localization of
nanocomposites in tumor nodules when they were
guided by an external magnetic field.

Anticancer Activity of USPI0/SQgem Composite Nanoparticles.
The anticancer efficacy of USPIO/SQgem has been
established on an experimental solid L1210 subcuta-
neous tumor bearing mice model. Placebo USPIO/
squalene NPs injected intravenously (at same dose
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and administration schedule as for nanocomposites)
did not lead to any antitumor activity. The group of
mice treated with USPIO/SQgem but without applying
the magnetic field showed a similar response to treat-
ment than that of the mice treated with nonmagnetic
SQgem NPs and gemcitabine free. Noteworthy, the
administered dose was 20-times lower than the gem-
citabine maximum tolerated dose (MTD, 5 mg/kg
equiv. gemcitabine vs 100 mg/kg).?” On the contrary,
in the case of mice treated with USPIO/SQgem but
whose tumors were exposed to an external magnetic
field of 1.1 T (during 2 h postinjection), a considerably
greater antitumor activity (p < 0.05) was observed, as
compared with all the other treatments (Figure 3).
Tumor histology examinations further evidence the
antitumor activity of magnetic nanocomposites. The
histology sections of tumors (inset in Figure 3) clearly
demonstrate the superior tumor cell kill effect of the
USPIO/SQgem when guided by a 1.1 T magnetic field
as indicated by the eradication of a significant tumor
cell population, as compared with the tumors of other
treatments.

The superiority of magnetically guided USPIO/
SQgem NPs in wiping out the proliferating cancer cells
from the tumor tissue was demonstrated by perform-
ing the Ki-67 cell proliferation assay (see Supporting
Information, Figure 12). Furthermore, to support the
above observations and to evidence the influence of
the extracorporeal magnetic field in guiding the NPs
into the tumors, biopsies were analyzed for the differ-
ences in the iron accumulation content, using the
Prussian blue staining technique. Only the tumor sec-
tions of the mice treated with the magnetically guided
USPI0/SQgem NPs showed significant accumulation of
iron, mainly deposited at the tumor periphery, where
the external magnet was placed (see Supporting In-
formation, Figure 13).

Enlargement of the Concept for Cancer Treatment and
Diagnosis. In a nutshell, the above observations clearly
demonstrated the superiority of this novel concept of
magnetically guided NPs for the efficient treatment
and imaging of experimental cancer (concretely, solid
not operable tumors). This concept has been further
enlarged by (i) the design of composite squalene-based
NPs containing the T; Gd>" contrast agent instead of
USPIO (Supporting Information, Figure 2e), and (i) the
application to other categories of anticancer squalenoyl
bioconjugates than gemcitabine, that is, the anthracy-
cline doxorubicin (Supporting Information, Figure 2b),
the taxoid paclitaxel (Supporting Information, Figure 2c),
and the platinum derivative cisplatin (Supporting In-
formation, Figure 2d). A new paradigm in clinical and
experimental oncology is a combination therapy in-
volving nanoparticles carrying a combination of drugs.
In this respect, the here described nanocomposite
particles can potentially deliver a combination of drugs
for better therapeutic responses in difficult-to-treat
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tumors. Additionally, by combining different antican-
cer medicine as well as contrast imaging agents (either
T, orT,) in those composite nanoparticles, we open the
door toward generic and flexible conceptual frame-
work for cancer treatment and diagnosis.

To generalize the above concept to other MRI
agents, we have investigated a complementary ap-
proach to form theragnostics based on the association
of the contrast agent gadolinium (Gd*") with SQgem.
The successful coupling of squalene to Gd*>* (Support-
ing Information, Figures 2e and 3) has allowed us to
obtain a new derivative, SQGd>", which spontaneously
self-assembled in water into the form of micelles of
about 7 nm, over a very large concentration range (see
Supporting Information section 2.10). The relaxivities
of these micelles (Supporting Information, Table 1 and
Figure 14) were among the highest values reported in
the literature and were about five times higher than
the one of the clinically used Dotarem (see Supporting
Information, section 2.14.4).22° Noticeably, other lipo-
philic G&*" complexes (e.g., cholesterol derivatives)
failed to form either micelles or NPs in water, thus,
showing lower relaxivities than SQGd3*.3° Moreover,
considering the very low critical micelle concentration
of SQGd** (CMC = 9.8 mg/L, see Supporting Informa-
tion, Figure 4), a great in vivo stability of these
SQGd>*"micelles is hypothesized.

The new SQGd>" contrast agent was further used in
association with SQgem to form SQgem/SQGd>" na-
noassemblies of ~140 nm (see Figure 1f and Supporting
Information section 2.10). Interestingly, the incorpora-
tion of SQGA*" to SQgem, even in small amounts, in-
duced dramatic changes in (i) nanoparticle mean dia-
meter and surface charge (see Supporting Information
Table S1); and, (ii) the supramolecular organization, as
revealed by both X-ray diffraction studies (see Support-
ing Information section 2.14.2) and TEM after freeze-
fracture (Figure 1e,f). Indeed, whereas pure SQgem NPs
presented tubular hexagonal-type structures,®' SQgem/
SQGd** nanocomposites were compact with a regular
cubic inner structure (see Supporting Information
Figure 14). These observations support the assumption
that the SQGd*" and SQgem associated very effec-
tively together in water to form the SQgem/SQGd>"
nanocomposites, presumably through strong interac-
tions between their respective lipophilic squalenoyl
moieties. Finally, the SQgem/SQGd>* nanocomposites
were characterized by high payloads of Gd*' and
consequently high relaxivities, comparable to those
of SQGd>" (see Table S1).

SUMMARY

This study describes a generic platform to design
tumor targeted nanotheragnostics (nanodevices com-
bining anticancer activity and imaging). This new con-
cept takes advantage of the dynamically folded con-
formation of the natural lipid squalene to build-up
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supramolecular assemblies containing both an anti-
cancer squalenoyl prodrug and a MRI agent (ultrasmall
particles of iron oxide or gadolinium complex conju-
gated with squalene). The resulting nanoparticles allow
the transport of an unusually high amount of anticancer
compounds, without any burst release of the prodrug
and with simultaneous visualization of the tumor tissue.
When USPIO were used, magnetical guidance became

METHODS

General. All these reactions were performed under nitrogen
atmosphere unless stated otherwise. Pyridine, triethylamine,
toluene, acetonitrile, dichloromethane, and N,N-dimethylfor-
mamide (DMF) were distilled over calcium hydride, and stored
over 4 A molecular sieves. Ethyl ether and tetrahydrofuran (THF)
were distilled from sodium benzophenone ketyl. Analytical
thin-layer chromatography was performed on silica gel 60F;s,4
glass precoated plates (0.25 mm layer) or RP-18 (F,s4) plates
(Merck, Germany). TLC plates were viewed under UV light
(254 nm) and visualized with I,, Kagi-Misher, or Draggendorf
reagent. Column chromatography was performed on silica gel
60 (230—400 mesh ASTM) (Merck, Germany). A C-18 reversed-
phase 100 silica gel was used for column chromatography of
the Gd*" complex (particle size 40—63 um, surface coverage
17—18%) (Fluka, Switzerland). High resolution transmission
electron microscopy (HRTEM) photographs were obtained
using a STEM PHILIPS CM20 (The Netherlands) high resolu-
tion transmission microscope set at 80 kV accelerating voltage.
The "H and *C NMR spectra were recorded on Bruker Avance
300 (300 and 75 MHz, for "H and '3C, respectively) or Bruker
Avance 400 (400 and 100 MHz, for 'H and '3C, respectively)
spectrometer (USA). Shifts of "H and *C NMR spectra were cali-
brated against the solvent residual peak. Recognition of methyl,
methylene, methine, and quaternary carbon nuclei in 3C NMR
spectra rests on the J-modulated spin—echo sequence. Infrared
(IR) spectra were obtained as solid or neat liquid on a Fourier
transform Bruker Vector 22 spectrometer (USA). Only significant
absorption bands are listed. Low resolution mass spectra (MS)
were recorded using electrospray ionization (ESI) conditionsin a
positive-ion or a negative-ion mode on an Esquire LC Bruker
spectrometer (USA). High-resolution mass spectra (HRMS) were
recorded using either ESI or MALDI-TOF ionization on a LCT
mass spectrometer (Waters, USA) or a Voyager-DE STR mass
spectrometer (Applied Biosystems; USA). Elemental analyses
were performed with a Perkin-ElImer 2400 analyzer (USA)
(Service de microanalyse, Centre d'Etudes Pharmaceutiques,
Chatenay-Malabry, France). The gadolinium content in the
complex was determined at the Service Central d'Analyze du
CNRS (Solaize, France) by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) with an ICP-AES, JOBIN YVON
spectrometer (China).

Synthesis of Nanomagnetite (USPI0). Nanomagnetite (USPIO)
(Supporting Information Figure 1, average diameter and poly-
dispersity index: 9 + 2 nm and 0.132, respectively) was prepared
following the chemical coprecipitation method proposed by
Massart>® (see Supporting Information section 2.2 for further
information).

Preparation of Squalenoyl Antitumor Prodrug Nanoparticles and
Nanomagnetite/Squalenoyl Antitumor Prodrug Composite Nanoparticles.
Synthesis of SQgem nanoassemblies (average diameter and
polydispersity index: 110 & 25 nm and 0.179, respectively) was
carried out by nanoprecipitation.? Briefly, 5Qgem was dissolved in
ethanol (2 mg/mL) and added dropwise under mechanical stirring
(500 rpm, at 25.0 + 0.5 °C) into a 10~> N HCl aqueous solution,
containing pluronic F-68 (1%, w/v) and dextrose (5%, w/v). Under
these conditions, the precipitation of SQgem NPs occurred spon-
taneously. Then, ethanol was evaporated under vacuum at 37.0 +
0.5 °C using a Buchi Rotavapor (Switzerland) rotary evaporator.

ARIAS ET AL.

possible, leading to significant anticancer activity. Of
course, as previously observed with some other intra-
venously injected colloids, it has to be verified that
adverse reactions will not occur in man (e.g., hypers-
ensitivity).>? This new “theragnostic’ nanotechnology
which could be further applied to other medicines than
anticancer is expected to have substantial applicability
in clinical medicine.

NPs were then resuspended in fresh water up to a final volume of
2 mL. The final SQgem aqueous suspensions (2 mg/mL) contained
a 5% (w/v) of dextrose and a 1% (w/v) of pluronic F-68. For the
characterization experiments, the NPs were freshly prepared and
used within 24 h (conservation at 40 + 0.5 °C).

The procedure followed for the synthesis of USPIO/SQgem
NPs was similar to that described above for the SQgem NPs,
except that SQgem was dissolved in an ethanolic suspension of
magnetite nanocrystals (USPIO), prior to nanoprecipitation in
water. Practically, SQgem was dissolved in a 0.15% (w/v) USPIO
ethanolic suspension (2 mg/mL) and was added dropwise,
under mechanical stirring (500 rpm, at 25.0 £ 0.5 °C), to 2 mL
of an aqueous medium containing 10~> N HCl, pluronic F-68
(1%, w/v) and dextrose (5%, w/v). Cleaning of the USPIO/SQgem
composite NPs was achieved by repeated magnetic separation
and redispersion in an aqueous medium containing pluronic
F-68 (1%, w/v) and dextrose (5%, w/v), until the supernatant was
transparent and its conductivity indicated that the suspensions
were clean of both unreacted chemicals and nonmagnetic
particles (<10 uS/cm). For the current investigation, the com-
posite NPs were freshly prepared and used within 24 h (con-
servation at 4.0 £ 0.5 °C).

Synthesis of SQdox nanoassemblies (average diameter and
polydispersity index: 130 &= 20 nm and 0.134, respectively) was
done by nanoprecipitation. Briefly, SQdox was dissolved in a
mixture of 0.1 mL of ethanol and 0.2 mL of tetrahydrofuran.
This solution was added dropwise under mechanical stirring
(500 rpm, at 25.0 £ 0.5 °C) into a 107> N HCI aqueous solution,
containing pluronic F-68 (1%, w/v) and dextrose (5%, w/v).
Under these conditions, the precipitation of SQdox NPs oc-
curred spontaneously. Then, the organic solvents were evapo-
rated under vacuum at 37.0 £ 0.5 °C using a Buchi Rotavapor
(Switzerland) rotary evaporator. NPs were then resuspended in
fresh water up to a final volume of 2 mL. The final SQdox
aqueous suspensions (2 mg/mL) contained 5% (w/v) dextrose
and 1% (w/v) pluronic F-68. For the characterization experi-
ments, the NPs were freshly prepared and used within 24 h
(conservation at 4.0 £ 0.5 °C).

The synthesis of USPIO/SQdox NPs was similar to that des-
cribed above for the SQdox NPs, except that SQdox was dis-
solved in a 0.15% (w/v) USPIO organic suspension (prepared
with 0.1 mL of ethanol and 0.2 mL of tetrahydrofuran), prior to
nanoprecipitation in water. This suspension was added drop-
wise, under mechanical stirring (500 rpm, at 25.0 &+ 0.5 °C), to
2 mL of an aqueous medium containing 10> N HCl, pluronic
F-68 (1%, w/v) and dextrose (5%, w/v). Cleaning of the USPIO/
SQdox composite NPs was achieved by repeated magnetic
separation and redispersion in an aqueous medium containing
pluronic F-68 (1%, w/v) and dextrose (5%, w/v), until the super-
natant was transparent and its conductivity indicated that the
suspensions were clean of both unreacted chemicals and
nonmagnetic particles (<10 uS/cm). For the current investiga-
tion, the core/shell NPs were freshly prepared and used within
24 h (conservation at 4.0 4 0.5 °C).

Synthesis of SQptx nanoassemblies (average diameter and
polydispersity index: 140 &= 30 nm and 0.148, respectively) was
carried out by nanoprecipitation. Briefly, SQptx was dissolved in
ethanol (2 mg/mL) and added dropwise under mechanical
stirring (500 rpm, at 25.0 £ 0.5 °C) into a 107> N HCl aqueous
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solution, containing pluronic F-68 (1%, w/v) and dextrose
(5%, w/v). Under these conditions, the precipitation of SQptx NPs
occurred spontaneously. Then, ethanol was evaporated under va-
cuum at 37.0 £ 0.5 °C using a Buchi Rotavapor (Switzerland) rotary
evaporator. NPs were then resuspended in fresh water up to a final
volume of 2 mL. The final SQptx aqueous suspensions (2 mg/mL)
contained a 5% (w/v) of dextrose and a 1% (w/v) of pluronic F-68.
For the characterization experiments, the NPs were freshly prepared
and used within 24 h (conservation at 40 & 0.5 °C).

The procedure followed for the synthesis of USPIO/SQptx
NPs was similar to that described above for the SQptx NPs,
except that SQptx was dissolved in an USPIO ethanolic suspen-
sion, prior to nanoprecipitation in water. Practically, SQptx was
dissolved in a 0.15% (w/v) USPIO ethanolic suspension (2 mg/mL)
and was added dropwise, under mechanical stirring (500 rpm, at
25.0 + 0.5 °C), to 2 mL of an aqueous medium containing 107°N
HCl, 1% (w/v) pluronic F-68 and 5% (w/v) dextrose. Cleaning of
the USPIO/SQptx NPs was achieved by repeated magnetic
separation and redispersion in an aqueous medium containing
pluronic F-68 (1%, w/v) and dextrose (5%, w/v), until the super-
natant was transparent and its conductivity indicated that the
suspensions were clean of both unreacted chemicals and non-
magnetic particles (< 10 4S/cm). For the current investigation, the
composite NPs were freshly prepared and used within 24 h
(conservation at 4.0 + 0.5 °C).

Synthesis of SQcis nanoassemblies (average diameter and
polydispersity index: 125 & 15 nm and 0.124, respectively) was
done by nanoprecipitation. Briefly, SQcis was dissolved in DMF
(2 mg/mL) and added dropwise under mechanical stirring
(500 rpm, at 25.0 + 0.5 °C) into a 10> N HCl aqueous solution,
containing pluronic F-68 (1%, w/v) and dextrose (5%, w/v).
Under these conditions, the precipitation of SQcis NPs occurred
spontaneously. Then, DMF was removed by dialysis against
water with a cellulose ester dialysis membrane (MWco = 500 Da)
during 24 h. NPs were then resuspended in fresh water up to
a final volume of 2 mL. The final SQcis aqueous suspensions
(2 mg/mL) contained a 5% (w/v) of dextrose and a 1% (w/v) of
pluronic F-68. For the characterization experiments, the NPs
were freshly prepared and used within 24 h (conservation at
4.0 £ 0.5 °Q).

The procedure followed for the synthesis of USPIO/SQcis
NPs was similar to that described above for the SQcis NPs,
except that SQcis was dissolved in a 0.15% (w/v) DMF suspen-
sion of USPIO, prior to nanoprecipitation in water. This suspen-
sion was added dropwise, under mechanical stirring (500 rpm,
at 25.0 £ 0.5 °C), to 2 mL of an aqueous medium containing
107> N HCl, pluronic F-68 (1%, w/v), and dextrose (5%, w/v).
Cleaning of the USPIO/SQcis composite NPs was achieved by
repeated magnetic separation and redispersion in an aqueous
medium containing pluronic F-68 (1%, w/v) and dextrose
(5%, w/v), until the supernatant was transparent and its con-
ductivity indicated that the suspensions were clean of both
unreacted chemicals and nonmagnetic particles (<10 uS/cm).
For the current investigation, the nanocomposites were freshly
prepared and used within 24 h (conservation at 4.0 4 0.5 °C)
(see Supporting Information sections 2.3, 2.4, 2.5, 2.6, and 2.9 for
further details).

Preparation of SQGd>" Micelles and SQgem/SQGd* " Composite Nano-
particles. Remarkably, the newly synthesized SQGd*>" contrast
agent spontaneously formed micelles (average diameter ~ 7 nm)
in water whatever its concentration (0.1—80 mg/mL). This was
achieved by mixing under magnetic stirring the SQGd*>" powder
in water.

The composite SQgem/SQGd®*" NPs were prepared by
dissolving 4 mg SQgem in 0.5 mL of a 0.1% (w/v) SQGd>" etha-
nolic solution. This solution was then added dropwise, under
mechanical stirring (500 rpm, at 25.0 £ 0.5 °C) into 1 mL of
water. Ethanol was evaporated under vacuum at 37.0 + 0.5 °C
using a Buchi Rotavapor (Switzerland) rotary evaporator. For the
characterization experiments, the NPs were freshly prepared
and used within 24 h (conservation at 4.0 £+ 0.5 °C) (see
Supporting Information sections 2.7., 2.8, 2.10., and 2.14 for
further details).

Characterization of the Nanomagnetite/Squalenoyl Antitumor Prodrug
Composite Nanoparticles. Mean particle diameters were determined
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in triplicate at 25.0 + 0.5 °C by photon correlation spectroscopy
(PCS) using a Malvern Autosizer 4700 (Malvern Instruments Ltd.,,
UK). The scattering angle was set at 60°, and the measurement was
made after suitable dilution of the aqueous nanoparticle suspen-
sions (x~ 0.1%, w/v), that were previously sonicated for 5 min. Using
the PCS technique, the instrument evaluates the autocorrelation
function of the scattered light intensity; in its standard mode of
operation, the software provides an average diameter and
a polydispersity index based on the second-order cumulant
procedure.

To confirm the size measurements and to carry out a preli-
minary inspection of the coating efficacy, the size and shape of
the NPs (USPIO, SQgem, SQdox, SQptx, SQcis, USPIO/SQgem,
USPIO/SQdox, USPIO/SQptx, and USPIO/SQcis) were checked
through analysis by high resolution transmission electron mi-
croscopy (HRTEM), obtained using a STEM PHILIPS CM20 (The
Netherlands) high resolution transmission microscope set at
80 kV accelerating voltage. Prior to observation, dilute suspen-
sions (~0.1%, w/v) were sonicated for 5 min, and drops were
placed on copper grids with Formvar film. The grids were then
dried at 35.0 & 0.5 °C in a convection oven.

The amount of squalenoyl prodrug actually bound to the
corresponding USPIO/SQgem, USPIO/SQdox, USPIO/SQptx, and
USPIO/SQcis nanocomposite was obtained from the weight
difference between the coated nanocomposites and the bare
USPIO particles. Drug incorporation to these core/shell NPs was
expressed in terms of drug loading (%); for example, gemcita-
bine loading = (encapsulated gemcitabine (mg)/USPI0O/SQgem
carrier (mg)) x 100 (see Supporting Information sections 2.11.1.,
2.11.2,, and 2.11.3 for further details).

Magnetic Properties. The magnetic properties of nanomagne-
tite and nanomagnetite/squalenoyl antitumor prodrug compo-
site nanoparticles were determined using a Manics DSM-8
vibrating magnetometer (France) at 25.0 £ 0.5 °C. The field-
responsive behavior of the nanomagnetite/squalenoyl antitu-
mor prodrug composites was qualitatively analyzed by both
optical and microscope visualization of a 0.5% (w/v) aqueous
suspension using a 1.1 T permanent magnet close to the flat sur-
faces of glass vial containing composite particles. Microscope
visualization was done using a Nikon SMZ800 (Japan) stereo-
scopic zoom microscope (see Supporting Information section
2.11.4 for further details).

In vitro Squalenoyl Antitumor Prodrug Release from Magnetic Compo-
site Nanoparticles. SQgem, SQdox, SQptx, and SQcis release from
USPIO/SQgem, USPIO/SQdox, USPIO/SQptx, and USPIO/SQgem
NPs, respectively, was performed in PBS using the dialysis bag
method (pH = 7.4 + 0.1). The dialysis bag (having a cutoff of
2000 Da (Spectrum Spectra/Por 6 dialysis membrane tubing,
USA)) retains the NPs and allows the free squalenoyl prodrug to
be released into the dissolution medium. The bags were soaked
in water for 12 h before use. Practically, 2 mL of nanomagnetite/
squalenoyl antitumor prodrug composites suspension (contain-
ing 2 mg/mL of squalenoyl prodrug) was poured into the bag
with the two ends fixed by clamps. The bags were placed in a
beaker filled with 100 mL of the dissolution medium, and the
mixtures were stirred at 200 rpm. The temperature was main-
tained at 37.0 £ 0.5 °C during all the release experiments, which
were performed in triplicate. At different time intervals (0.08,
0.17,0.25,0.33,0.5,0.75, 1, 2, 3,6, 9, and 12 h), 5 mL samples of
the medium were withdrawn for UV—vis spectrophotometric
analysis. An equal volume of PBS solution, maintained at the
same temperature, was added after sampling to ensure sink
conditions.

UV absorption measurements were carried out in a 8500
UV—vis spectrophotometer (Dinko, Spain) to measure the squa-
lenoyl antitumor prodrug release using quartz cells of 1 cm path
length. Good linearity was observed at the maximum absorbance
wavelengths, and the method was validated and verified for
accuracy, precision and linearity, demonstrating its reproducibil-
ity and the absence of molecular interactions. These parameters
were studied in standard solutions in six replicates. Noteworthy,
no traces of antitumor free drug were observed during the re-
lease experiment, showing that no burst release of the free drug
occurred during this time interval (see Supporting Information
section 2.11.5 for further details).
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Visualization of USPIO/SQgem Composites in Solid Tumors Using MRI.
Magnetic resonance imaging (MRI) measurements were per-
formed using a horizontal 7 T bore magnet (Oxford, UK) inter-
faced by an Avance console (Bruker, Germany) and equipped
with a 365 mT/m actively shielded gradient device (.D. =9 cm,
Resonance Research Inc., MA, USA). A 38 mm-diameter birdcage
coil was used for transmission and detection (see Supporting
Information section 2.12 for further details).

Anticancer Activity of USPIO/SQgem Composite Nanoparticles. The
animal experiments were carried out according to the French
and European Community guidelines for the care and use of
experimental animals. DBA/2 mice (4—5 weeks old) weighing
ca. 15—18 g were used for this study. The mice were provided
with standard mouse food and water ad libitum. L1210 wt
murine subcutaneous tumor model was developed by subcu-
taneous injection into the upper part of the right flank of mice,
of the exponentially growing L1210 wt leukemia cells (1 x 10°
cells) in suspension containing 30% growth factor reduced
Matrigel. After waiting for 5 days, when mice developed palp-
able tumors at the injection site, the mice were randomly
divided into six groups of six each, that is, untreated, treated
with USPIO/squalene NPs (placebo), treated with gemcitabine
(5 mg/kg), treated with SQgem NPs (5 mg/kg equivalent of
gemcitabine), treated with USPIO/SQgem NPs (5 mg/kg equiva-
lent of gemcitabine), and treated with USPIO/SQgem NPs under
the influence of a 1.1 T extracorporeal magnetic field (5 mg/kg
equivalent of gemcitabine). All the groups of tumor bearing
mice, except untreated, were intravenously treated on days 6, 9,
13, and 16 after the implantation of tumors (a 4-dose intrave-
nous bolus injection schedule). Following treatment, the mice
were monitored regularly for differences in tumor volume re-
duction to assess the anticancer efficacy (see Supporting In-
formation section 2.13 for further details).

Statistical Analysis. Statistical analysis was performed using
Student's t-test. Data with p < 0.05 and p < 0.001 were con-
sidered as significant and very significant, respectively.
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