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ABSTRACT

Introduction: The development of multifunctional drug carriers provides many opportunities in the
field of drug delivery. Among them, carriers loaded with both drug and superparamagnetic iron oxide
nanoparticles would allow the combination of chemotherapy with the possibility of monitoring or
controlling the distribution of the nanocarrier in the body, triggering drug release and/or applying a
synergistic hyperthermia treatment.

Areas covered: The present review covers biocompatible lipid-based nanotechnologies that have been
employed to co-encapsulate drug and iron oxide. Depending on their physico-chemical properties,
lipids are able to generate monophasic lipophilic nanodispersions or more complex structures contain-
ing both lipidic and aqueous domains. This review describes the rationale behind these nanoobjects
and how they can be prepared.

Expert opinion: This review focuses on the co-encapsulation aspects of these hybrid systems and
discusses in particular the possible heterogeneities in drug-to-iron oxide ratio and the difficulties that
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could be encountered in the construction of these biocompatible multifunctional drug carriers.

1. Introduction

Superparamagnetic iron oxide nanoparticles (SPION) are single
crystals of iron oxide (nanocrystals) which are often coated
with inorganic or organic materials of varying chemical prop-
erties that act mainly as stabilizers of the colloidal state. The
dispersion of SPION within a carrier fluid such as water or
organic solvent yields a colloidal suspension called ferrofluid.
It has long been a scientific and technological challenge to
synthesize these systems and control their size distribution
and shape. As well as conventional reaction processes based
on redox-assisted precipitation of iron salts [1], more recent
strategies for obtaining calibrated iron oxide crystals in the
nanometer range have emerged over the last decade, includ-
ing solvothermal, biomineralization or surfactant-assisted
routes [2,3]. At the same time, surface modification or functio-
nalization through covalent or non-covalent binding of mole-
cules or macromolecules has been extensively developed as a
means of modulating the dispersibility of the nanocrystals in
different liquid phases while preserving a stable suspension
state therein. The most significant example concerns biome-
dical applications for which stability in physiological fluids is
essential. In this respect, simple surface coating of SPION has
been intentionally replaced or complemented by hierarchical
formulations leading to their incorporation/encapsulation
within protective and possibly functional, reservoir systems
while preserving or even enhancing their superparamagnetic
behavior. The advantage of this approach is to allow the
combination of SPION properties with other actions such as
therapeutic activity through the co-encapsulation of drugs.
The present review focuses on the latter aspect when lipid-

based nanotechnology has been employed and tries to give
an overview of the different types of application that can be
envisaged for such multifunctional hybrid systems.

2. Superparamagnetic iron oxide nanoparticles
(SPION)

2.1. Structure and magnetic properties

SPION used for biomedical applications often consist of two
components, an iron oxide core and a hydrophilic or hydro-
phobic surface coating. The iron oxide core is nanometric and
can be composed of magnetite (FeO, Fe,0s3, or Fes0,) and/or
maghemite (y-Fe,Os) usually in the single-crystal state.
Maghemite, the ferromagnetic cubic form of Fe(lll) oxide, is
closely related to the structure of inverse spinel Fes04 but
differs by the presence of vacancies distributed within the
cation sublattice [4]. The magnetic properties present in
some ferromagnetic materials are the result of aligned
unpaired electron spins. In a non-magnetized ferromagnetic
material, the magnetic moments of the magnetic domains
(Weiss-domains) are aligned at short range, but at long
range, the magnetic moments of adjacent domains are anti-
aligned. Superparamagnetism occurs when the size of the
crystals is smaller than that of ferromagnetic domains (0.03-
0.05 um) and as a result there is no magnetic remanence,
unlike ferromagnetic materials [5]. Each crystal is then consid-
ered to be a fully magnetized single magnetic monodomain,
and can be considered to be a monomagnet as a direct
consequence of the spinel structure of the crystal, permitting
strong magnetic coupling and consequently perfect alignment
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Article highlights

e Superparamagnetic iron oxide nanoparticles (SPION) can be used for
magnetic resonance imaging, physical targeting, hyperthermia and/
or temperature-triggered drug release.

¢ Depending on their physico-chemical properties, lipid-based compo-
nents are able to generate monophasic or compartmented nanoscale
assemblies that allow double incoporation of superparamagnetic
nanomaterials and drugs.

o This review highlights the potential applications of magnetic-fluid-
loaded lipid nanocarriers as multifunctional systems.

o The discussion has been focused on the limits of co-encapsulation
and the strategies to guarantee the drug-to-SPION ratio.

This box summarizes key points contained in the article

of the individual magnetic spins. The temperature at which a
particle becomes superparamagnetic is called the blocking
temperature (Tg) and defined as:

KV
ksln (;m)

where K is the magnetic anisotropy constant, V is the volume
of a nanoparticle, k, is the Boltzmann constant, T, is the
measurement time and T, is a length of time, characteristic
of the material, called the attempt time or attempt period [6].
When SPION are placed in an external magnetic field their
moments align in the direction of the magnetic field. This
ability to elicit substantial disturbances in the local magnetic
field through large magnetic moments leads to a rapid
dephasing of surrounding protons, generating a detectable
change in the magnetic resonance signal. Thus, the imaging
capability provided is not from the SPION themselves, but
through their influence on longitudinal and transverse relaxa-
tion of the surrounding nuclei [7]. If desired, to complete this
brief overview, more information on superparamagnetism is
available in the literature [8,9].

Tg = (M

2.2, Biocompatibility — biodegradability

Before SPION can be used in vivo, biocompatibility is a crucial
factor that must be studied. Usually, SPION have a good
biocompatibility profile [10,11] and their uptake by macro-
phages is not associated with cell activation. The extent of
SPION biocompatibility depends mainly on the nature of the
magnetic content, final NP size and the nature of the coating.
Human tissues may contain iron or iron oxides in the form of
hemosiderin, ferritin and transferrin. Normal liver contains
approximately 0.2 mg of iron per gram and total human iron
stores amount to 3500 mg. The total amount of iron oxide
used in diagnostic imaging (50-200 mg Fe) is minor compared
with the body’s normal iron store. Chronic iron toxicity devel-
ops only after the liver iron concentration exceeds 4 mg Fe/g
[12]. The particle size affects cellular uptake, biodistribution,
and other pharmacokinetics. The size of iron oxide nanoparti-
cles should be optimized to avoid rapid clearance by the
body’s immune system, and consequently to be accumulated
sufficiently in the target tissue or organ. The optimal size

range can differ depending on the shape, surface composition
and charge [13] but it was reported that very small-sized
nanoparticles (hydrodynamic diameter of <5-10 nm) are
excreted renally [14] whereas medium-sized nanoparticles
(30-150 nm) undergo a wide distribution to bone marrow,
heart, kidney, and stomach [15]. Meanwhile, large particles
with hydrodynamic diameter of >50-100 nm are easily taken
up by phagocytes [16] and therefore accumulate rapidly in
tissues such as the liver and spleen [17]. Interestingly, nano-
particles of 10-20 to 100-150 nm tend to accumulate in
tumors through the enhanced permeability and retention
(EPR) effect, because cancerous tissues generally combine
fenestration of blood vessels with gaps of hundreds of nan-
ometers in size [18,19] and poor lymphatic drainage. In order
to prolong plasma half-life, amphiphilic coatings are the most
efficient, extending the circulation time of the particulate from
minutes to hours [20]. In addition to renal excretion, SPION are
suggested to also be degraded and cleared from the body
through the endogenous iron metabolic pathway [21]. The
released iron is first metabolized in the liver and then either
used in production of red blood cells or eliminated from body
through the kidneys.

2.3. Applications (MRI, magnetophoric mobility,
hyperthermia)

In addition to tissue density, tissue relaxation properties (T;)
contribute to image contrast in MRI. During the process of T,
relaxation, protons reorient leading to the recovery of long-
itudinal magnetization. During the process of T, relaxation,
protons dephase resulting in a decay of transverse magnetiza-
tion. T,* relaxation refers to decay of transverse magnetization
caused by a combination of T, relaxation and magnetic field
inhomogeneity. Superparamagnetic nanoparticles are most
commonly used as contrast agents because of their negative
enhancement effect on T,- and T,*-weighted sequences.
Despite this predominant effect on the T, relaxation time,
the properties of these agents on the T, relaxation time can
also be exploited when appropriate imaging sequences are
chosen [22,23]. The efficiency of a contrast agent or its relax-
ivity depends on its ability to accelerate the proton relaxation
rate, which is defined as the increase of the relaxation rate of
the protons of the solvent (water) induced by 1 mmol.L™" of
the active ion as described in Equation 2.

1

, 1
Ri(0bs) = F5ps) = Tildia)

+riC; i=1o0r2 (2)

In this equation, Rjops) and 1/T;ps) are the global relaxation
rates in an aqueous system, T ;g is the relaxation time of the
system before addition of the contrast agent, C is the con-
centration of the paramagnetic center expressed in mmol.
L™", and r; is the relaxivity (s~'.mmol~".L). The effectiveness of
a T; or T, contrast agent is defined by the r,/r; ratio: the
higher the ratio r,/r;, the more efficient the T, agent and the
better the contrast. The magnetic relaxation characteristics
can be measured by studying the nuclear magnetic reso-
nance dispersion (NMRD) profile, which finally yields informa-
tion about the mean crystal size, the specific magnetization,



and the Néel relaxation time [24]. The dipolar interactions
between the superparamagnetic cores and surrounding sol-
vent protons result in an increase in both longitudinal (spin-
lattice) and transverse (spin-spin) relaxation rates and thus to
an upgrade in the relaxivity; that is to say the effectiveness of
the contrast agent. As examples, the r; values of commercial
Resovist and Endorem are 25 mM™'s™' and 40 mM™'s™,
respectively, at 0.47 T while their r, values was found to be
164 mM™"'s™" and 160 mM™".s™" at the same magnetic field
strength. Thus, the r,/r; ratios of Resovist and Endorem are
6.2 and 4, respectively [25]. Interesting properties have also
been obtained with non-commercial SPION [26,27].

Magnetic vehicles are very attractive for the delivery of
therapeutic agents since they can be targeted to specific
locations in the body through the application of a magnetic
field gradient [28]. An estimate of the magnetic force exerted
onto magnetic nanoparticles by a magnet can be calcu-
lated as:

ﬁm = Nprﬁeffvg (3)

where N, is the number of magnetic nanoparticles, meg is the
effective magnetic moment and NB is the magnetic field gra-
dient. Magnetic localization of a therapeutic agent allows it to
be concentrated at the target site, thereby reducing or elim-
inating the systemic drug side effects. In magnetic targeting,
carriers loaded with drugs and SPION are administered intrave-
nously or intra-arterially. When an external high-gradient mag-
netic field is applied to the target site (ex: solid tumor), the
magnetic moments of superparamagnetic particles are aligned
with the field and the particles undergo a magnetophoretic
driving force proportional to the field gradient which moves
them toward the stronger field: in this way, the drug/SPION
composites can be accumulated locally [29-31]. In most cases,
the magnetic field gradient is generated by a strong permanent
magnet, fixed outside the body over the target site. When the
magnetic forces exceed the linear blood flow rates in arteries
(10 cm/sec) or capillaries (0.05 cm/sec), the magnetic particles
are retained at the target site by the external magnetic field.
Once the carrier is concentrated at the targeted location, the
drug can be released either by passive diffusion or by physio-
logical triggers such as pH, osmolality, temperature, or enzy-
matic activity, or may be internalized, as intact SPION, by cells of
the target tissue or tumor cells. The intravenous injection of
magnetic nanocarriers needs to be balanced against a poten-
tially higher reticuloendothelial system clearance and requires
magnetic fields of sufficient energy [32,33]. The clinical success
of magnetic drug targeting depends on strong magnets being
able to produce high magnetic field gradients at the target sites
and the method of their application.

Magnetic hyperthermia can also be the basis of a drug-free
approach to the treatment of cancer by localized heating of
cancer cells from the interior. When submitted to an alternat-
ing high-frequency magnetic field, magnetic fluids are able to
release heat as a consequence of Neel and Brownian relaxa-
tion losses in single-domain particles [30,34,35]. Moderate
raising the intracellular temperature to 41-47°C results in
cancer cell apoptosis, whereas normal cells can tolerate this
temperature [36,37]. Microenvironmental factors such as pH,
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oxygenation and blood perfusion can explain this tumor sen-
sitivity [38]. The heating ability of a magnetic fluid is defined
by the specific absorption rate (SAR), also called specific loss
power (SLP), and is measured in Watts per g of magnetic
material. It depends on the nature, the size and the structure
of the particle [39]. Interesting and promising results have
been obtained in vivo with this technique; for example,
against osteosarcoma [40] and breast cancer [41].

A wide range of surface chemistry has been applied to
SPION to design coatings that confer multiple functionalities
onto each grain. These include modifications that permit the
particles to avoid physiological barriers such as reticulo-
endothelial system, optimize circulation times, and maximize
targeting and uptake by the desired cells, promote intracellu-
lar trafficking or enable controlled drug release. These strate-
gies of direct modification of the iron nanoparticles are not
discussed in this review but readers will find more information
in dedicated review articles [42,43,44,45]. In this review, we
consider lipid-based nanoassemblies containing SPION. These
lipid nanoassemblies are classified into polar or non-polar
lipid-based systems depending on the properties of the lipid
material, mainly its interaction with bulk water and its beha-
vior at the air-water interface [46]. According to this classifica-
tion, some carriers are monophasic lipophilic nanodispersions
and others are more complex constructs containing both
lipidic and aqueous domains (Figure 1). Tables 1 and 2 sum-
marize the properties of the different systems while Table 3
focuses on the in vivo applications of these SPION-loaded
lipid-based nanoassemblies.

3. Magnetic-fluid-loaded lipid-based nanoscale
systems

3.1. Systems based on polar lipids

3.1.1. Synthetic vesicles: liposomes

First described in the 1960s by Bangham [47], liposomes are
core-shell structures defined as closed vesicles delimited by
one or more concentric hydrated lipid bilayers that entrap a
part of the aqueous phase in which they have been formed.
Usually, the main component of liposomes is phospholipids.
The drug delivery potential of these structures lies in their
ability to incorporate hydrophobic or amphiphilic compounds
in their bilayer shell and to encapsulate hydrophilic substances
in their inner aqueous core. The latter property has been
successfully exploited to load liposomes with a hydrophilic
magnetic fluid that can be stabilized either through electro-
static repulsion of the iron oxide nanocrystals ensured by
surface-binding of charged molecules, typically trisodium
citrate, or through steric repulsion obtained by surface-coating
with hydrophilic polymers such as chitosan, poly(ethylene
glycol) (PEG), dextran, poly(vinyl alcohol) (PVA), poly(vinyl pyr-
rolidone) (PVP), and alginate [48,49,50,51,52,53]. Magnetic-
fluid-loaded liposomes (MFL), also referred to as magnetolipo-
somes, have often been prepared by lipid film hydration with
the aqueous suspension of superparamagnetic grains to be
encapsulated, followed by sequential extrusion that provides
calibrated unilamellar vesicles of submicronic size. The advan-
tage of this procedure is that it preserves the individuality of
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Figure 1. Schematic description of the classification used to organize the lipid-based nanosystems discussed in this review.

the iron oxide nanocrystals constituting the magnetic fluid
and thereby their initial superparamagnetic behavior. A final,
necessary, preparation step is liposome purification by
removal of non-encapsulated material. While many original
articles and several reviews [7,54,55,56,57] have been devoted
to liposomes incorporating SPION, the following description
focuses on systems in which drugs are co-encapsulated. They
are classified according to the main role of the SPION.

3.1.1.1. Magnetic guidance. Martina et al. succeeded in pro-
ducing MFL composed of egg-yolk L-a-phosphatidylcholine (EPC)
with  1.2-diacyl-SN-glycero-3-phosphoethanolamine-N-[methoxy
(poly (ethylene glycol))-2000] (DSPE-PEG,qq0) as a steric stabilizer,
encapsulating a concentrated suspension of maghemite nanopar-
ticles obtained by coprecipitation of Fe**/Fe** salts and electro-
statically stabilized with trisodium citrate [58]. Sequential extrusion
followed by size exclusion chromatography to remove non-encap-
sulated material led to liposomes with a mean hydrodynamic
diameter of 200 + 50 nm and an iron loading of 0.53 + 0.05 mol
of Fe(lll) per mole of total lipid (Figure 2(a)). The associate relaxiv-
ities were 186 + 0.5 mM™"'.s™" and 116.0 £ 5.8 mM™'s™" at 047 T
for r; and r,, respectively, and the r,/r; ratio is 6.2 whereas the
relaxivities of the ferrofluid were 360 + 1,0 mM™s™' and
108.0 + 5.4 mM™"s™" for r; and r,, respectively, and the r,/r; ratio
is 3 under the same conditions [58]. The pharmacokinetic profile of
these liposomes (200 pL of 200 nm-MFL, 20 mM total lipids, 34 mM
Fe(lll), 14 pg iron per g of mouse) indicated a biphasic elimination
of the MFL from blood that consisted in a rapid elimination stage
of MFL within the first two hours followed by a much slower
elimination stage. The tissue distribution of SPION entrapped in
MFL demonstrated preferential and progressive accumulation
within liver and spleen [59]. As assessed by in vivo 7-T MRI and
ex vivo electron spin resonance, 4 h exposure to a magnetic field
gradient (155-T/m) efficiently concentrates MFL into human U87
glioblastoma implanted in the striatum of mice while avoiding
healthy brain tissues [60]. When a lipophilic anti-estrogen (RU

58,668) was loaded into their bilayer by dissolving APl and phos-
pholipid during the film preparation, the liposomes gave promis-
ing results for the treatment of hormone-dependent breast
cancer. Experiments on mice bearing MCF-7 xenografts have
clearly shown that the accumulation of RU loaded-MFL at the
tumor site is increased in the presence of magnetic field gradient
and tumor growth can be significantly reduced compared with
non-targeted tumors. The field-responsive behavior of magneto-
liposome particles was demonstrated: the complete magnetic
attraction of core/shell particles toward a 400 mT permanent
magnet occurred in less than 2 min. Such magnetic responsive-
ness would provide a useful nanotool in accumulating an ade-
quate dose of 5-FU into the tumor mass [61].

Fixed-dose combination products that consider the coad-
ministration within a single vehicle of two or more drugs with
synergistic activities have been attracting growing interest in
the field of drug delivery. A first step toward combined che-
motherapy was undertaken by Ye et al. in 2016 by developing
gemcitabine and oxaliplatin-containing magnetoliposomes for
breast cancer treatment [62]. In the optimal formulation, the
lipid molar ratio was PC/cholesterol/dimyristoyl phosphatidyl
glycerol 6:4:1. The mean hydrodynamic diameters of gemcita-
bine-containing magnetoliposomes (GML) and oxaliplatin-con-
taining magnetoliposomes (OML) were 228 and 169 nm, the
Pdl of GML and OML were close to 0.133 and 0.060, and their
drug-encapsulation efficiencies were 73% and 78%, respec-
tively, after separation by size exclusion chromatography and
magnetic sorting. Final concentrations higher than 1.5 and
0.25 mg/mL were obtained for gemcitabine and oxaliplatin,
respectively. After IV administration, animal studies indicated
that plasma gemcitabine and oxaliplatin levels were much
higher with liposomal formulations compared with free API.
Furthermore, under the guidance of an external magnetic
field, drug-loaded magnetoliposomes accumulated in brain.
Finally, magnetoliposomes significantly reduced the tumor
size in BALB/c nude mice bearing MCF-7 cancer cells.
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200 nm

Figure 2. TEM or cryo-TEM micrographs of the main superparamagnetic lipid-based nanosystems discussed in this review: a — liposomes ([58], scale bar: 200 nm); b
- cubosomes ([87], scale bar: 200 nm); ¢ — nanoemulsions ([112], scale bar: 100 nm) [126]. Dense grains correspond to SPION. Figures reproduced with permission.

3.1.1.2. Hyperthermia. Pioneer work coupling hyperthermia
with drug release, in this case 5-fluorouracil (5-FU), was carried
out twenty years ago in Horikoshi’s group [63]. More recently,
Yoshida et al. studied the effectiveness of chemo-hyperther-
mia with docetaxel-bearing cationic magnetoliposomes (DML)
and an applied alternating current magnetic field. The DML
had an average hydrodynamic diameter about 100 nm and
the mean magnetite concentration was 187 + 22 mg/mL. In
the mice that were injected (IV) with DML at a docetaxel
concentration of 57 pg/mL and exposed to an alternative
current magnetic field of 1 kW, tumor size was significantly
decreased after treatment. The tumor disappeared in 3 mice in
the DML group exposed to the magnetic field, 2 mice survived
more than 6 months after treatment, whereas all mice in the
other groups died after 15 weeks. Histological investigation
demonstrated that DML diffuse homogeneously and DML-
mediated hyperthermia damaged tumor cells [64]. Moreover,
docetaxel and tumor necrosis factor-a concentration, the cell
cycle, and cell death rates in the tumor were examined. Three
days after injection, the docetaxel concentrations were signifi-
cantly higher in the DML-treated groups compared with injec-
tion of free drug. The rate of tumor cell death increased in the
DML-treated group, with or without hyperthermia, and the
tumor necrosis factor-a concentration in the tumor treated
with DML with heating remained at a high level on the 7th
day after treatment, while it decreased after one day in other
groups [65].

Other therapeutic modalities of magnetoliposome have
been tested, including the combination of hyperthermia
and a photodynamic effect on melanoma by preparing stear-
ylamine-containing magnetoliposome loaded with cucurbit-
7-uril zinc phthalocyanine complex (CB:ZnPc) and citrate-
coated SPION. The authors made a lipid film of soya phos-
phatidylcholine, cholesterol, stearylamine and the CB:ZnPc
and after hydration with phosphate buffer solution (10 mM,
pH 7.4) and extrusion (1-0.1 um), a suspension of calibrated
liposomes was obtained (150-200 nm). Hyperthermia was
investigated in combination with photodynamic therapy on
melanoma cells (B16-F10) and the in vitro results showed
that magneto-hyperthermia can act synergistically with the
photodynamic effect [66]. For example, B16-F10 cells treated
with the highest light dose (2.0 J cm™) and subsequent AC
magnetic field activation (1 MHz and 40 Oe amplitude, dur-
ing 3 min) had their viability reduced to about 13%. The

same combined therapy was investigated with DPPC/DSPC/
DSPE-PEG2000 liposomes loaded with Foscan, a photosensi-
tizer, and citrated SPION [67]. The comparison between in
vitro (Human adenocarcinoma SKOV-3 cells) and in vivo (epi-
dermoid carcinoma A431 cells in NMRI nude mice) results is
very interesting here since photodynamic therapy was more
effective in vitro and magnetic therapy in vivo. Nevertheless,
the combination of the two therapies yielded the best
results both in vitro and in vivo.

Interestingly, the release of the drug can be controlled by
the liposomal carrier and/or by the hyperthermia effect.
Ferreira et al. reported the preparation and characterization
of thermosensitive magnetoliposomes containing gemcitabine
for combined hyperthermia and chemotherapy. These unila-
mellar liposomes had a hydrodynamic diameter of 145 nm, a
polydispersity index (Pdl) of 0.10 and a zeta potential of —9
mV. The encapsulation efficiencies of the gemcitabine and
SPION in magnetoliposomes were 54% and 36%, respectively.
For effective hyperthermia therapy, the temperature of tumor
tissue must reach 42-45°C. Here, when the samples were
exposed to an alternating magnetic field (AMF) of 356 kHz
for 5 min, the temperature ranged from 32°C to approximately
56°C which is appropriate for effective hyperthermia treat-
ments. AMF-triggered local heating induces fluidification of
the DPPC/cholesterol bilayer which becomes more permeable.
As a result, a 70% drug release was observed after 5 min of
exposure compared with around 10% after 72 h at 37°C [68].
Kulshrestha et al. obtained the same type of results with
paclitaxel-loaded DPPC/DOPG-based magnetoliposomes [69].
In this study, only 1.2% of the drug was released after 30 min
at 37°C while under AMF (10 kA/m; 423 kHz), the temperature
was raised to 43°C and the release to 55.6%.

A more controlled release was obtained with multilamellar
magnetoliposomes that had a mean hydrodynamic size of
65 = 20 nm, and were loaded with 5-FU, designed for use
against colon cancer. On exposure to a high frequency mag-
netic field gradient, the oscillation of the magnetic moment of
the magnetoliposomes produced a heating effect, reaching
the minimum hyperthermia temperature (41°C) in 22 min
and a maximum temperature (45°C) after 27 min. The release
of 5-FU entrapped within the magnetoliposomes showed first-
order kinetics, since the release rate decreased with time.
When the release medium was coupled to a high-frequency
alternating electromagnetic field (250 kHz, 4 kA/m), 5-FU



release was significantly accelerated but remained pro-
longed [70].

Chen et al. developed PEG-stabilized magnetoliposomes
containing both SPION in their bilayer shell and the anticancer
drug doxorubicin as a stimuli-responsive drug delivery system
for low-dose chemotherapy [71]. This system referred to as
dMLS was prepared by a reverse-phase evaporation method
from a chloroform solution of the component lipids (DPPC/
DSPE-PEG;50 at 95:5 mol%) and commercial SPION stabilized
with oleic acid (OA-SPION) mixed with an aqueous solution
doxorubicin in phosphate buffer PBS. Liposome calibration
was carried out by extrusion and the final dMLs were char-
acterized by a mean hydrodynamic diameter of ~120 nm.
Low-dose chemotherapy of Huh-7 cells was achieved by
radio frequency-triggered release of doxorubicin from dMLs
based on increased fluidity of the phospholipid bilayer when
the temperature was raised. Uptake of the dML by the cells
was governed by diffusion within the culture media, consis-
tent with a non-targeted delivery vehicle [71]. The role of
SPION here is to allow local heating by Neel and Brownian
relaxation losses.

To improve the selectivity of treatment, it is possible to graft
specific ligands for biochemical targeting onto the surface of drug-
loaded magnetoliposomes. Folate-targeted cationic magnetolipo-
somes (FTMLs) composed of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-dipalmitoyl-3-trimethylammonium propane
(DPTAP), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE), 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  gly-
col)-750] (PEG750-DMPE), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[folate  (polyethylene glycol)-2000] (Fol-
DSPE-PEG,gq0) With co-encapsulated doxorubicin have been pre-
pared [72]. FTMLs were prepared at 10 mM total lipid by thin film
hydration followed by extrusion and centrifugation was used to
remove non-encapsulated SPION. The final magnetoliposomes
were characterized by an average static diameter of
174 £ 53 nm estimated by cryoTEM and a SPION encapsulation
efficiency of 89% determined by inductively coupled plasma mass
spectrometry. Cell uptake experiments were carried out on Hela
(cervical cancer cells) and ZR-75 (human breast carcinoma) cell
lines to assess targeting efficiency. The internalization of FTMLs or
MFL (without folate receptor targeting lipid) by HelLa cells showed
no difference up to 120 min but was greater with FTMLs at
180 min. In contrast, no FTML or MFL uptake was observed in
ZR-75-1 cells. This result is consistent with FOLR1 expression
results, where Hela cells showed 42.5-fold greater expression
than ZR-75-1 [72]. With radio frequency heating similar to that
used for tumor ablation, a threefold increase in doxorubicin
release was observed.

3.1.2. Natural vesicles: microvesicles and exosomes

Microvesicles and exosomes are vesicles produced endogen-
ously by mammalian cells [73]. Microvesicles have a size range
of 100-1000 nm while exosomes are smaller, between 30 and
100 nm. These extracellular vesicles carry lipids, proteins, recep-
tors, and effector molecules and participate in distant intercellu-
lar communication. In terms of their mechanisms of formation,
briefly, microvesicles originate from the budding of the plasma
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membrane while exosomes are derived from endosomes formed
from plasma membrane [74]. Interestingly, after isolation by
differential centrifugation or magnetic sorting with magnetic
antibodies, these natural vesicles show excellent in vivo stability,
are less cytotoxic than synthetic vesicles [75] and can be loaded
with SPION [76,77,78]. Silva et al. produced microvesicles loaded
with SPION and four different drugs, a clinical photosensitizer
drug (Foscan), disulfonated tetraphenylchlorin (TPCS2a), doxor-
ubicin, and tissue-plasminogen activator (t-PA), to rank them
from the least to the most hydrophilic [79]. Microvesicles with a
size of around 670 nm and Pdl ~0.3 were obtained after 2 h
incubation of THP-1 macrophages with SPION and the drug of
interest, serum depletion to induce a proapoptotic stimulus and
cell stress, then isolation by magnetic sorting after centrifugation
to eliminate apoptotic bodies and dead cells. Magnetophoresis
experiments confirmed the co-encapsulation of SPION and fluor-
escent drugs. Finally, spatial targeting using a magnet as well as a
therapeutic effect has been demonstrated in vitro on SKOV-3
human ovarian cancer cells and PC-3 human prostate cancer
cells with the system incorporating Foscan. More precisely, the
distribution of fluorescent microvesicles and the necrosis
domains after generation of a magnetic field gradient along
the culture surface and irradiation of the entire plate at 650 nm
confirmed that the two agents remained co-encapsulated and
the endocytosis of microvesicles. Qi et al. recently developed a
dual-functional exosome-based superparamagnetic nanoparti-
cle cluster for tumor-targeting drug delivery. Briefly, fresh
serum was collected from healthy Kunming mice and predia-
lyzed against PBS. The conjugation of holo-transferrins to car-
boxyl-group-functionalized Fe;O, nanoparticles leads to the
formation of iron-loaded transferrins (M-Tfs). Incubation of
M-Tfs with the predialyzed serum allowed multiple M-Tfs to
bind to each reticulocyte-derived exosome through a Tf-Tf
receptor interaction to form reticulocytes-exosome-based super-
paramagnetic nanoparticle cluster (SMNC-EXOs) with a concen-
tration of 0.40-0.45 ug iron/ug exosome. These clusters were
then purified by magnetic separation and redispersed into PBS.
SMNC-EXOs were incubated in the presence of doxorubicin in
order to form drug-loaded SMNC-EXOs (D-SMNC-EXOs) with
hydrodynamic diameters in the 40-110 nm range. Quantitative
analysis by UV-visible absorption indicated a doxorubicin entrap-
ment efficiency of 10%. After IV injection into homologous mice
bearing subcutaneous hepatoma 22 cancer cells, D-SMNC-EXOs
accumulated in the tumor region and released doxorubicin to
suppress tumor growth when an external magnetic field was
applied [80]. Very recently, Piffoux et al. compared different
methods of producing exosomes containing SPION and Foscan,
notably by spontaneous release in complete medium, starvation
in serum-free medium, and microfluidic-based mechanical stress
[81]. The impact of the production and purification protocols on
SPION and photosensitizer loading, yield and purity was investi-
gated and results suggested that starvation combined with ultra-
centrifugation gave the best trade-off.

3.1.3. Internally self-assembled particles

Bicontinuous cubic lipid phases consist of a single lipid bilayer
membrane that adapts an infinite periodic minimal surface divid-
ing the space into two non-intersecting networks of water
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channels. This particular liquid crystalline state forms sponta-
neously under appropriate conditions upon mixing some lyotro-
pic lipids with various polar head groups with water, the lipids
most often used being monoglycerides [82, 83]. In excess water,
application of high-energy dispersion, i.e. sonication or homo-
genization, can lead to nanoscale particles or ISAsomes (intern-
ally self-assembled ‘somes’), typically ranging from 10 to 500 nm
in size and of well-established biocompatibility [84,85].
Depending on their internal organization, which can be mainly
bicontinuous cubic or reverse hexagonal phases, two types of
particle have been described: cubosomes and hexosomes. These
can be stabilized using surfactants, e.g. poloxamer 407, or hydro-
philic polymers, e.g. polyvinyl alcohol, in proportions generally
not exceeding from 2.5% to 10% w/w with respect to the total
weight of the dispersion. Due to their small pore size (5-10 nm)
and their ability to solubilize hydrophobic, hydrophilic, and
amphiphilic molecules, cubosomes have many potential applica-
tions in the field of oral, topical and intravenous drug delivery
systems [86].

Acharya et al. described the preparation of hybrid super-
paramagnetic mesophase nanoparticles (HMNs). In this sys-
tem, OA-SPION were dispersed in the cubic phase forming
the glycolipidic (phytantriol) matrix of the nanoparticles.
These cubosomes have a hydrodynamic diameter of 180 nm
and the SPION concentration used (0.3 wt% Fe in phytantriol)
did not compromise the internal structure of the bicontinuous
cubic phase. Transverse relaxivity (r,) measurements show that
enhancement of the transverse relaxivity r, of the magnetic
cubosomes was proportional to the loading of OA-SPION in
the mesophase nanoparticles although the load seemed to be
heterogeneously distributed within the bicontinuous lipid dis-
persion (Figure 2(b)) [87].

More recently, Montis et al. developed a new nanostruc-
tured drug delivery by including OA-SPION in the bilayer
membrane of bicontinuous cubic lipid nanoparticles of gly-
ceryl monooleate (monoolein). The first results showed that
these magnetocubosomes were able to host both model
hydrophilic and hydrophobic molecules, rhodamine 110 and
octadecyl rhodamine B, respectively, in separate compart-
ments, and to release the payload in a space and time-con-
trolled manner, upon application of a low-frequency
alternative magnetic field of 6 kHz. Magnetic-field-induced
structural destabilization of the bilayer of the cubosomes
with the formation of pores allowed the escape of drugs
from the aqueous channels, acting as a release trigger [88].

Hong et al. prepared iron oxide nanoparticles within a
monoolein cubic phase. The cubic phase was obtained by
hydrating molten monoolein with an aqueous Fe**/Fe* salt
solution that was allowed to co-precipitate with an alkali
solution into SPION inside the aqueous channels delimited
by the monoolein bilayer. Micronizing these cubic phases
finally led to the formation of superparamagnetic cubosomes,
responsive to a magnet, and the magnetic interaction degree,
measured by the percent of decrease in monoolein concen-
tration after magnetic fields were applied to cubosome sus-
pensions, was proportional to the amount of SPION formed
within the cubic phases [89]. These authors also tried to form
similar particles from a mixture of monoolein and oleic acid
(OA), the latter being included in the cubosomes in order to

electrostatically adsorb Fe?*/Fe* at the lipid — water interface.
To control and trigger the drug release, a thermosensitive
polymer, poly(N-isopropylacrylamide), was dissolved in the
water phase in order to increase its viscosity. Under an alter-
nating magnetic field, magnetite in the cubosome will pro-
duce heat and increase the temperature of the medium.
Consequently, poly(N-isopropylacrylamide) immobilized in
the water channel undergoes a phase transition, reducing
the viscosity and controlling the drug release from the cubo-
somes [90].

3.2. Systems based on non-polar lipids

3.2.1. Nanoemulsions

Nanoemulsions, defined as liquid-liquid biphasic dispersions at
the nanometer scale, have attracted growing interest as col-
loidal drug carriers, notably for intravenous administration,
from parenteral nutrition to drug transportation [91,92,93], or
for oral administration of poorly water-soluble drugs since
they have been shown to increase drug bioavailability through
enhancement of intestinal absorption [94]. Furthermore, the
specific advantages of nanoemulsions over other nano-
technologies used for drug delivery are their high loading
capacity for lipophilic drugs, formulation stability, ease of
manufacture, and their relatively low complexity [95].
Nanoemulsion-based systems for the prevention and treat-
ment of cancer, inflammatory diseases and adjuvant delivery
in immunotherapy have been investigated and marketed
[96,97,98,99]. Nanoemulsions can be prepared by two major
techniques, i.e. high-energy and low-energy emulsifications.
High-energy emulsification methods include high-shear stir-
ring, high-pressure homogenization and ultrasound genera-
tors. Low-energy emulsification methods are emulsification
methods making use of the chemical energy stored in the
components and are receiving increased attention. In these
methods, nanoemulsions are obtained as a result of phase
transitions produced during the emulsification process [100].

Pharmaceutically used and approved nanoemulsions are
mostly composed of an oil phase dispersed in a continuous
aqueous phase as droplets with submicronic size, preferen-
tially with maximum radius below 200 nm [63]. As far as
SPION-loaded nanoemulsions are concerned, the iron oxide
nanoparticles were stabilized in the oil phase by coating them
with hydrocarbon chains by binding oleic acid through its
carboxylic head group (OA-SPION) [101,102,103], phosphoe-
sters via their phosphonates head group [104,105,106,107] or
silanes derivatives [108,109,110,111].

Jarzyna et al. developed a bimodalplatform by co-incorpor-
ating a near-infrared fluorescent lipid dye, Cy5.5-PEG-DSPE,
and commercially available OA-SPION based on magnetite in
nanoemulsion droplets. These were composed of a hydropho-
bic oil core made of soybean oil and stabilized by distearoyl
phosphatidylcholine (DSPC) and DSPE-PEG,q00. Chloroform
solution of each component were mixed together, dispersed
dropwise in boiling water and then sonicated and concen-
trated in order to form calibrated droplets with mean hydro-
dynamic diameters of 30, 60, or 95 nm (Figure 2(c)),
depending on the relative proportions of the different lipids.
Inductively coupled plasma mass spectrometry (ICPMS)



analysis revealed almost 100% encapsulation efficacy of mag-
netite, that is, a similar SPION number to droplet volume ratio,
leading to ry values of 2.5 + 0.4 mM™'s™", t0 2.7 £ 0.3 mM™'s™",
to 29 + 0.3 mM 's™" at 1.41 T for the 30, 60, and 95 nm
emulsions, respectively and high r, values of 76 + 1 mM™'s™",
136 £ 9 mM™'s™!, or 184 = 7 mM~'s™" at the same field for
nanoemulsions of 30, 60, or 95 nm in droplet diameter, respec-
tively. The conjugation of a near-infrared fluorophore that
allowed optical imaging demonstrated the accumulation of
this nanocomposite in subcutaneous human tumors in nude
mice, which was confirmed with MRI imaging in vivo [112].
To go further, the same team functionalized the nanoemul-
sion with a,Bs-specific RGD peptides to enable specific mole-
cular MRI and optical imaging of tumor angiogenesis. The
cyclic peptide RGD was conjugated to the nanoemulsion dro-
plets coated with DSPE-PEG-maleimide units by the sulfhydryl-
maleimide coupling method, resulting in a nanoemulsion
(RGD-NE) with a mean droplet diameter of 90 = 10 nm. MR
images at 3T after IV injection of RGD-NE showed a lowering
of signal intensity in the tumor periphery where angiogenesis
activity is the highest. RGD-NE fluorescence was found co-
localized with endothelial cell staining, as observed in tumor
sections [113]. The latest advance for this system was to
incorporate a hydrophobic drug, prednisolone valerate acet-
ate (PAV), for theranostic applications. In this case, PAV was
included in the lipophilic phase during the fabrication process,
leading to nanoemulsions with droplet mean diameter of
53 nm. This system has proven its efficiency in tumor growth
inhibition in mice after intravenous injection compared with
drug-free nanoemulsions, SPION-loaded nanoemulsions and
an ethanolic solution of PAV at a dose of 10 mg PAV/kg [114].

3.2.2. Solid lipid nanopatrticles

Unlike nanoemulsions that are constituted by lipids in their
liquid state only, solid lipid nanoparticles (SLN), and nanos-
tructured lipid carriers (NLC) result from the dispersion in an
aqueous phase of lipids which are totally (SLN) or partly (NLC)
in their solid state. SLN are usually composed of non-polar
lipids such as long-chain glycerides, waxes, or fatty acids
[115,116,117,118,119,120,121] that are cystalline at room tem-
perature while NLC are produced by mixing solid and liquid
(oil) lipids at the same temperature [120]. Both systems result
from the dispersion of the lipids into a liquid state, by melting
or dissolution in a suitable solvent, followed by solidification
of the droplets by cooling or solvent evaporation. The small
size of the particles is obtained by use of high-energy disper-
sion (as for nanoemulsions) or solvent diffusion — evaporation
phenomenon. The SPION are similar to those incorporated
into nanoemulsions.

The first reported SLN system encapsulating magnetite was
described in 1996 by Muller et al. It was composed of trilaurin
and Poloxamer 188 as stabilizer and obtained by high-pressure
homogenization [122]. Grillone et al. describe the development
of Sorafenib-loaded magnetic SLN using cetyl palmitate as the
lipid matrix. To obtain this system, the lipid, commercially
available lipophilic SPION and Sorafenib were dissolved into
solvents and added to a hydrophilic phase containing Tween
80 in water at 75°C. This oil-in-water emulsion was homoge-
nized using sonication at elevated temperature to evaporate
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the solvents. The final dispersion was maintained at 4°C to
allow the crystallization of the lipids and the formation of the
SLN with an average hydrodynamic diameter of 248 + 113 nm.
A SPION loading of about 3 wt%, with respect to the lipids,
could be estimated by thermogravimetric analysis whereas the
encapsulation efficiency of Sorafenib was about 90%, assessed
by UV-visible absorption. The resulting magnetic SLN did not
significantly alter the viability of HepG2 cells and those loaded
with Sorafenib were able to inhibit cancer cell proliferation
through the cytotoxic action of drug, and to enhance/localize
this effect in a desired area thanks to a magnetically driven
accumulation of the drug with a 1.32 T permanent neodymium
magnet. The quantitative determination of cell mortality, eval-
uated as percentage of cells positive for binding ethidium
homodimer-1, was shown to be about 95% in the channel
close to the magnet, and 5% in the control compartment [123].

Zhao et al. described the preparation and the characteriza-
tion of cisplatin-loaded magnetic SLN by a film scattering
ultrasonic technique. The results are very promising in terms
of drug and OA-SPION loading and the in vivo response to an
external magnetic field [124]. A magnet fixed in the upper left
abdomen of Kunming mice allowed cisplatin accumulation in
tissues adjacent to the magnetic field (kidney, liver), as well as
reduced concentrations in tissues far from the magnet such as
brain and heart, compared with distribution studies without
an external magnetic field. However, the high encapsulation
efficiency (69 £ 4%) of the drug, which is hydrophilic, by these
hydrophobic particles should be investigated more carefully.
Less classically, SLN could also be formed with nucleolipids in
order to produce promising neutral or charged nanoparticles
that have been loaded with SPION and a-tocopherol or
Prostacyclin for image-guided therapy of atherosclerosis [125].

The release kinetics of drugs carried by magnetic SLN has
been investigated. Two types of behavior have been observed
depending on whether a prolonged release process or a trig-
gered release was required. The first approach aimed at showing
the stability of drug incorporation in the magnetic lipid particles
while the second one focused on the possibility of controlling
the drug release by submitting the co-encapsulated SPION to an
alternative magnetic field. Pang et al. prepared by ultrasonic
dispersion SLN composed of stearic acid and loaded with OA-
SPION as well as with ibuprofen. The resulting ibuprofen-loaded
magnetic SLN (IBMSLN) were characterized by an average hydro-
dynamic diameter of 127 + 17 nm and drug encapsulation
efficiency close to 80% (Figure 2(d)). Superconducting quantum
interference device (SQUID) measurements indicated that
IBMSLN exhibit superparamagnetic behavior with a blocking
temperature of 86 K. The cumulative passive drug release from
IBMSLN was 2%, 27%, and 78% after 1, 8, and 40 h, respectively,
while the pure ibuprofen was totally dissolved in less than 8 h.
The ibuprofen release results show that the drug release by
diffusion can be controlled in the magnetic nanoparticles,
which act as a matrix, and make this system a potentially useful
tool for drug delivery [126]. Similar passively controlled release
formulations have been described by Ying et al. with magnetic
monostearin-based SLN carrying doxorubicin [127].

To obtain triggered release, Hsu et al. developed another
SLN system in which y-Fe,Os; nanoparticles were surface-
grafted with octadecyltrimethoxysilane groups. These
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lipophilic SPION were then dispersed and stirred in a melted
lipid matrix composed of trilaurin and containing a lipophi-
lic drug (tetracaine) before being emulsified in an aqueous
solution of a surfactant (Poloxamer 188). Afterward, the
lipid-in-water emulsion was refined using a high-pressure
homogenizer to decrease the droplet size. Finally, the lipid-
in-water emulsion was cooled to form magnetic SLN with
average hydrodynamic diameters between 100 and 180 nm.
When exposed to an alternative magnetic field of 60 kA/m
at 25 kHz, magnetic SLN showed a significant increase in
temperature of up to 8°C. At the same time, the dissipated
heat melted the lipids surrounding the iron oxide grains
resulting in an accelerated release of the encapsulated
drug. The authors observed that after a heating period of
20 min, 35% of the initially encapsulated tetracaine was
released from the lipid nanoparticles while without heating,
the tetracaine release over a 30-day period at room tem-
perature was found to be less than that stimulated by a 5-
min exposure to magnetic heating [128].

Similarly to liposomes, biochemical targeting of SPION-
loaded SLN has been investigated. Thus, Albuquerque et al.
combined high shear homogenization and ultra-sonication to
develop a new theranostic tool for early detection by MRI
imaging and treatment of rheumatoid arthritis by intrave-
nous administration of a formulation consisting of metho-
trexate (MTX)-loaded SLN incorporating OA-SPION using an
organic solvent-free method. These SLN were functionalized
with a monoclonal antibody directed against the macro-
phage-specific cell surface receptor, CD64, overexpressed in
rheumatoid arthritis. Solid lipids (cetyl palmitate, stearic acid
and Tween 60) were heated to 70°C and mixed with MTX,
OA-SPION, and water. The resulting emulsion was immedi-
ately homogenized by sonication and cooled to produce the
SLN. The SLN were then functionalized with the anti-CD64
antibody. Monodisperse nanoparticles with a hydrodynamic
diameter of 206 + 3 nm were yielded with a 98% MTX
encapsulation rate. Transmission electron microscopy images
indicated that the SPION were encapsulated within the lipid
matrix. MTT assays on THP-1 macrophages indicated that the
antibody-conjugated formulations did not cause any signifi-
cant difference in viability compared with non-conjugated
ones, except at the highest concentrations. These results
showed that the conjugation of SLN with the anti-CD64 did
not alter their biocompatibility and confirmed their potential
for biomedical applications, notably in the field of rheuma-
toid arthritis [129].

4. Conclusion

All the lipid-based nanoscale assemblies described here were
specifically designed to allow double incorporation of a super-
paramagnetic nanomaterial (SPION) and a drug. A priori, the
expected benefits provided by the superparamagnetic beha-
vior of SPION fall into three applications: (i) the possibility of
monitoring or controlling the distribution of the nanocarrier in
the body and thereby, theoretically, that of the drug by apply-
ing a suitable magnetic force, (i) the triggering of drug
release, or (iii) the implementation of a synergistic

hyperthermia treatment to conventional chemotherapeutics,
the two last applications being based on a heating effect
produced by an up-and-down magnetization process under
an alternating magnetic field. It appears that very few studies
have focused on all the three pathways, i.e. on targeted ther-
anostic tools, leaving a need for further work on this aspect.

5. Expert opinion: a focus on co-encapsulation

Different modes of organization of the final hybrid systems
have been investigated, depending on the nature of the lipids
and their related hydration behavior. The crucial steps in
building the systems are, first, to tailor the surface-stabilization
of the iron oxide nanocrystals to the type of inner reservoir
into which they will be loaded; that is, hydrophilic or lipophilic
and, secondly, to implement a reliable method of incorpora-
tion to optimize loading rates. It follows that it is also neces-
sary to investigate the influence of SPION encapsulation on
that of the drug and the ability to obtain a constant drug-to-
SPION ratio within the same nano-object. In this respect, let us
consider in depth some of the reported observations. The
work on folate-coated liposomes by Bothun et al. clearly
reveals an heterogeneous distribution of the encapsulated
hydrophilic SPION among the magnetoliposomes obtained,
some of which contained no SPION, others contained indivi-
dual grains and still others were filled with SPION clusters [72].
This agrees with independent findings on magnetic-fluid-
loaded liposomes (MFL) for which a given vesicle population
entraps variable numbers of iron oxide particles [7]. This phe-
nomenon means that the evaluated encapsulation efficiencies
reflect an average of iron oxide loading and coexistance in
each preparation of nano-objects with different responsive-
ness to magnetic fields. To reduce this heterogeneity, mag-
netic sorting has been performed to remove empty or low-
loading-rate vesicles from MFL preparations [60]; however, this
procedure has not been used routinely. Considering other
compartmented nanosystems such as cubosomes, the
SPION-containing areas are also non-uniformly distributed
through the inner structure of these assemblies and SPION-
free areas can be observed, leading to coexisting magnetic
and non-magnetic objects as shown in Figure 3. In fact, the
heterogeneity of SPION distribution observed in most of the
compartmented nanoscale systems probably arises because
the incorporation of the iron oxide nanocrystals usually
involves a two-step protocol: (i) the introduction of SPION
during the mixing of the constituting lipids, possibly before
solubilization in an organic solvent, and the aqueous phase in
which they will be allowed to self-organize, (i) homogeniza-
tion of the mixture and nanoscale fragmentation. Mainly as a
result of the slow kinetics of both lipid hydration and solvent
diffusivity coupled with the limited diffusion rate of colloidal
iron oxide due to their size and the viscosity of the medium,
the first step presents an intrinsic risk of non-uniform distribu-
tion, all the more so because the preparation is performed in
bulk. Therefore, since the second step consists in dispersing
the system into separate subunits, it necessarily generates a
population of nano-objects containing different amounts of
SPION. As well as being a simple reflection of the non-
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Figure 3. Schematic description of the competition between SPION and API for encapsulation in the nanocarrier.

homogenous distribution of SPION in the initial bulk mixture,
it is also possible that, considering the dimension of the
incorporated SPION, the probability of finding them in a
given nano-object closely depends on the volume of the
host compartment, the smaller this volume the lower the
trapping probability. This is notably the case for liposome-
based systems since extrusion or sonication or even high-
pressure shear homogenization leads to small calibrated vesi-
cle structures through successive breaks and closures of the
lipid bilayer. As far as non-lamellar assemblies such as those
issued from bicontinuous cubic phases are concerned, it is
worth noting that these organizations are unclosed structures
so that the increase in the cumulative interface with the
surrounding continuous aqueous phase generated by the
fragmentation process can favor partial SPION release, espe-
cially when the iron oxide nanocrystals are coated with hydro-
philic stabilizers. This fragmentation process would probably
also induce an uneven distribution of the drug, although this
is not as easy to detect as for not so easy to iron nanoparticles
that can be observed on cryo-TEM images. Vesicles with high
SPION loading would have low encapsulation of hydrophilic
drug since the available water volume will be reduced.
Caricaturally, the most magnetic vesicles would not be effi-
cient drug carriers and vice versa, reducing the utility of co-
encapsulation (Figure 3). It would be highly desirable to
explore the possible competitions between co-encapsulate
entities more carefully.

In the case of monocompartmental systems such as nanoe-
mulsions or SLN, SPION localization and distribution among the
lipid droplets/particles constituting a given preparation have
not been precisely examined so far. Nevertheless, it could be
anticipated that co-encapsulation is primarily limited in these
nanosystems by the intrinsic solubility of the drug in the lipids
in their liquid or solid state, especially when the lipids crystallize
into stable polymorphic forms [121,122]. To a certain extent,
SPION encapsulation in lipophilic medium could be similarly
limited. Apart from specific defavorable interactions between
drug and SPION and when the concentration is below their
respective solubility limits in the host lipid phase, it can be
reasonably expected that drug and SPION would be randomly
distributed among the nanoscale droplets or (semi)solid parti-
cles that are produced by mechanical dispersion. Nevertheless,
at this stage of knowledge of these systems, it would be very
informative to accurately characterize the systems to assess the

actual co-encapsulation distribution profile of drug-SPION-
loaded nanoemulsions or SLN.

Although eloquent results have been obtained using super-
paramagnetic lipid-based nanosytems in the field of pharma-
ceutical and biomedical applications, especially with
liposomes (Table 3), some pioneering work has been dedi-
cated to innovative strategies that could optimize the drug-
SPION combination. The first group of studies aims to securely
link the drug to the iron oxide nanocrystals, by a covalent or
non covalent bond (Figure 4). Du et al. proposed an original
thernanostic tool for multi-mechanism therapy of malignant
tumors that was based on a tight but non-covalent association
of the drug and SPION before their joint encapsulation within
liposomes. In this system, the external surface of a Cgo-full-
erene molecule was decorated with magnetite nanoparticles
and PEGylated in order to ensure its hydrophilicity and bio-
compatibility. The anticancer drug docetaxel was then
adsorbed onto the nanoparticles, referred to as C60-Fe3;0,-
PEG,o0o particles, and the resulting suspension was loaded
into the aqueous core of DPPC-Cholesterol vesicles. The final
multi-functional liposomes showed a mean hydrodynamic dia-
meter of about 190 nm, a zeta potential of —33.6 + 2.1 mV as
well as a transverse relaxivity value (r)) = 117 mg.mL™'.s™" at
3 T. A study of the cytotoxicity and ability to induce apoptosis
of docetaxel in these formulations confirmed that radiofre-
quency could remarkably improve the cellular internalization
of these multi-functional liposomes and allow them to release
more therapeutic agents into the cytoplasm and achieve a
higher level of MCF-7 cell apoptosis in vitro. In vivo, the higher
drug delivery efficiency to tumors obtained with these multi-
functional liposomes localized using a magnet was striking
and directly responsible for the higher tumor suppression
efficacy in radiofrequency thermal therapy. An obvious dar-
kening effect in the tumor was observed in T,-weighted MR
images of female C57 mice bearing B16-F10 tumors injected
with the multi-functional liposomes with a magnet glued onto
the tumor [130]. De Cuypers and his group developed « lipo-
somes » in which individual or aggregated magnetic nanopar-
ticles are stabilized in an aqueous medium by their
entrapment in phospholipid bilayers [131]. Hodenius et al.
reported the binding of 10-hydroxycamptothecin (HCPT) in
the coating of these magnetoliposomes. HCPT is a chemother-
apeutic anti-cancer agent, and is an example of a hydrophobic
drug molecule. The mean hydrodynamic diameter of these ML
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How optimize the API-SPION combination?
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Figure 4. Proposed strategies to overcome encapsulation limitations due to competition between SPION and API.

was found to be around 91 nm and their (-potential was
around —-32.8 mV. The ML with a lipid composition DPPC/
DPPG 1/3 demonstrated the highest HCPT uptake. These ML
are extremely suited to carry lipophilic drugs which are practi-
cally insoluble and highly susceptible to fast deterioration in
aqueous media [132]. In a similar vein, Benyettou et al. pro-
posed original magnetoliposomes in which the drug, alendro-
nate, is grafted onto the surface of maghemite (y-Fe,05)
SPION [133]. The resulting DOPC-Cholesterol liposomes had a
mean hydrodynamic diameter of 139 + 15 nm, a ( potential of
—5 £ 3 mV. The final alendronate concentration was 400 uM
and the iron oxide content was 7.2 mM. The maximum cyto-
toxicity of alendronate, tested on three different cell lines
(breast, brain and skin tumors), was obtained only when the
drug was grafted on a y-Fe,053 nanoparticle, itself included in a
liposome and with a magnetic field driving force [134]. The co-
localization of the SPION and the drug is guaranteed here by
the covalent linkage between them.

The second strategy for the improvement of concomitant
drug and SPION loading in a single lipid-based nano-object
is to encapsulate the drug and the SPION in separate com-
partments areas to facilitate independent optimization of
their respective encapsulation efficiency (Figure 4). By nat-
ure, lipid vesicles and other internally self-assembled lipid
particles (ISAsomes) such as cubosomes, are delineated by
lipid-based organized structures, molecular monolayers or
bilayers that entrap a more or less complex network of
aqueous domains. It can therefore be envisaged to incorpo-
rate the drug or the iron oxide nanocrystals separately in
two distinct inner compartments. However, a limitation of
nano-carriers based on mesophases formed by lyotropic
lipids is that their supramolecular self-assembly can be
modulated by the incorporation of exogenous entities into

the supramolecular organization. These would lead to
unstable bilayers or curvature problems for cubosomes
[87] that could be aggravated by the particulate state of
the SPION. Thus, the association of hydrophobic SPION into
liposome bilayers could generate distortion of the mem-
brane, aggregation or leakage depending on the stabilizer
used [135,136]. Interestingly, the incorporation of hydrophi-
lic SPION may cause slight alterations in bilayer fluidity
levels even if it does not induce rupture or dramatic
damage. Santhosh et al. point out that it is not only the
concentration of SPION that affects the structural and ther-
modynamic properties of the membrane but the sum of
factors including the number of SPION interacting with the
liposomes, their size, shape and surface charge [137].
Szlezak et al. doped monoolein cubic phase with 0.2-2%
(w/w) of hydrophilic (citrate) or hydrophobic (OA) SPION
[138]. While no significant modification of the phase beha-
vior was observed by adding hydrophobic nanoparticles,
substantial changes in the cubic phase parameters and
transition temperatures were observed with hydrophilic
SPION. Moreover, this effect was more pronounced when a
drug like doxorubicin is co-incorporated in the formulation.
Notably, the lattice parameter increased, resulting in a
reduced curvature of the bilayer. Finally, release studies
from cubic phase gels (similar experiments with cubosomes
are not available) clearly show significantly different doxor-
ubicin release profiles with and without the hydrophilic
SPION  co-incorporated  within the cubic phase.
Furthermore, because of the close association between the
two compartments, destabilization of one of them would
destabilize the other one.

In our opinion, the next step in this field of lipid-based
systems co-encapsulating SPION and drug is to design carriers



in which (1)- the encapsulation of one compound does not alter
the encapsulation of the other and (2)- the interconnexion
between the two compartments is as low as possible to mini-
mize the risk of destabilization of the nano-object when one or
the other is modified. Anisotropic structures with one compart-
ment devoted to the incorporation of the SPION and another
one for the drug would fit this description [139,140,141,142].
However, the development of such compartmented structures
is a difficult challenge which should be addressed.
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