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Abstract: Hybrid materials composed of superparamagnetic iron oxide nanoparticles (SPIONs) and
lipid self-assemblies possess considerable applicative potential in the biomedical field, specifically,
for drug/nutrient delivery. Recently, we showed that SPIONs-doped lipid cubic liquid crystals
undergo a cubic-to-hexagonal phase transition under the action of temperature or of an alternating
magnetic field (AMF). This transition triggers the release of drugs embedded in the lipid scaffold or
in the water channels. In this contribution, we address this phenomenon in depth, to fully elucidate
the structural details and optimize the design of hybrid multifunctional carriers for drug delivery.
Combining small-angle X-ray scattering (SAXS) with a magnetic characterization, we find that,
in bulk lipid cubic phases, the cubic-to-hexagonal transition determines the magnetic response of
SPIONs. We then extend the investigation from bulk liquid-crystalline phases to colloidal dispersions,
i.e., to lipid /SPIONSs nanoparticles with cubic internal structure (“magnetocubosomes”). Through
Synchrotron SAXS, we monitor the structural response of magnetocubosomes while exposed to an
AMF: the magnetic energy, converted into heat by SPIONS, activates the cubic-to-hexagonal transition,
and can thus be used as a remote stimulus to spike drug release “on-demand”. In addition, we show
that the AMF-induced phase transition in magnetocubosomes steers the realignment of SPIONs into
linear string assemblies and connect this effect with the change in their magnetic properties, observed
at the bulk level. Finally, we assess the internalization ability and cytotoxicity of magnetocubosomes
in vitro on HT29 adenocarcinoma cancer cells, in order to test the applicability of these smart carriers
in drug delivery applications.

Keywords: SPIONs; cubosomes; cubic phases; drug delivery; magnetic properties; nanoparticles;
phase transition; lyotropic liquid crystals
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1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are responsive to static and
alternating magnetic fields and find application in multiple biomedical fields, from biosens-
ing to magnetic resonance imaging (MRI) and targeted drug delivery [1-4]. Due to their
superparamagnetic nature, SPIONs can be guided by an external magnet at the desired
target tissue, where they can be conveniently accumulated for in vivo biomedical appli-
cations of improved efficacy [5]. Such a selective accumulation minimizes the side effects
of SPIONs, while providing enhanced imaging ability for MRI applications and superior
therapeutic efficiency for drug delivery [6,7]. In addition, SPIONs convert magnetic energy
into heat when exposed to alternating magnetic fields (AMFs), which makes them effective
“nano-heaters” for magnetic fluid hyperthermia applications. The hyperthermic efficiency
of SPIONs can be maximized by tuning their size and shape [8-10], as well as promoting
their controlled clustering in supra-particles organizations [11-13].

The inclusion of SPIONs within a lipid scaffold allows for combining such features
with the biocompatibility and versatility of lipid self-assembly [14]. Moreover, their encap-
sulation into a lipid matrix can enhance their in vitro/in vivo colloidal stability, circulation
time and efficiency of internalization into cells [15].

Most of the research so far has focused on the combination of engineered nanoparticles
with lipid scaffolds of lamellar nature, such as bulk lamellar mesophases, supported-lipid
bilayers and lipid bilayer-enclosed particles [16-18]. In the field of nanomedicine, the
combination of SPIONs with liposomes is of particular interest, yielding to hybrid nanopar-
ticles called “magnetoliposomes” [19-22]; such nano-hybrids have been proposed as multi-
functional platforms for controlled drug delivery and MRI applications. By comparison,
non-lamellar lipid scaffolds, such as lyotropic liquid crystals of cubic symmetry, have
received far less attention [23-26]. The peculiar structure of cubic phases, which features
extended hydrophilic and hydrophobic domains, maximizes the encapsulation efficiency
of molecules of different polarities, such as glycolipids [27,28], fatty [29,30] and nucleic
acids [31-33], nutrients and drugs [34]. Importantly, bulk cubic phases can be dispersed
into colloidally stable nanoparticles (i.e., “cubosomes”), thanks to Pluronic-based steric
stabilizers. Cubosomes preserve the cubic internal structure of the original bulk systems
with a lower viscosity, which enables their easy injection for intravenous administration.
According to recent studies, cubosomes encapsulate hydrophobic chemotherapeutics such
as Paclitaxel [34] and 5-Fluor Uracil [35], with extraordinary high efficiencies, enhancing
their bioavailability in biological fluids and reducing their side effects.

The combination of bulk cubic phases and cubosomes with SPIONs has been in-
troduced only recently. In a previous study, we encapsulated hydrophobic SPIONs in
1-monoolein (GMO)/water inverse cubic phases of Pn3m geometry and bulk nature [25].
We found that the presence of SPIONSs strongly modifies the thermotropic behavior of neat
GMO/water assemblies, shifting the phase boundaries between the cubic Pn3m phase
and the inverse hexagonal arrangement (Hjj phase). The Pn3m-Hj; phase transition occurs
up to 80 °C for neat GMO/water systems and involves a massive release of water (~50%)
and hydrophilic molecules possibly contained in the cubic-phase aqueous domains. The
presence of SPIONs enables to tune the Pn3m-Hjj transition temperature, lowering it to
physiological values or lower, by embedding proper amounts of nanoparticles. Importantly,
we also found that such transition can be promoted at room temperature by applying an
AME, due to the hyperthermic effect of SPIONS.

In this work, we deepen the investigation on this phenomenon, to optimize the po-
tential of GMO/SPIONs/water cubic-phase systems for drug delivery applications. By
combining structural and magnetic characterization techniques, we explore the effects
of the Pn3m-Hjj transition on the magnetic properties of SPIONs, embedded into bulk
GMO/water scaffolds. Then, we extend the investigation to the colloidal level of magne-
tocubosomes, i.e., GMO/SPIONs/water nanoparticles of cubic internal structure. Through
Synchrotron small-angle X-ray scattering, we explore the possibility of activating the
Pn3m-Hj; transition in magnetocubosomes remotely, i.e., through the application of a
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low-frequency AME. Finally, as a preliminary test to evaluate the applicability of magne-
tocubosomes as smart drug delivery systems, we assess their internalization ability and
cytotoxicity in vitro on HT29 adenocarcinoma cancer cells.

2. Results and Discussion
2.1. Structural and Magnetic Properties of SPIONs

We synthesize hydrophobic SPIONs with a magnetite (Fe304) core and an oleic acid/
oleylamine stabilizing shell, according to a well-defined protocol [36,37] (see Section 3.2).

Figure 1 reports a full characterization of SPIONs’ structural features (investigated
through SAXS and X-ray Diffraction (XRD) and magnetic response (described by Field
Cooled (FC)/Zero Field cooled (ZFC) and field-dependent magnetization curves). The
SAXS profile of SPIONSs dispersed in hexane (Figure 1a) highlights an average diameter of
3.8 nm, with a 0.3 polydispersity index (see also Figure S8 of SI, for TEM images of SPIONS,
highlighting a spherical morphology). The XRD pattern (Figure 1b), recorded on a dry
SPIONSs powder, can be well indexed with the spinel cubic structure of magnetite with
space group Fd3m (JCPDS No. 75-0449 [38]); the Scherrer analysis of the peak linewidth
provides an estimate of the SPIONs’ diameter of 5 nm, (See S.1 of SI for details), in good
agreement with the SAXS analysis, pointing out their single-crystal nature. The magnetic
susceptibility (x) vs. temperature (T) curve, after zero field-cooled (ZFC) and field-cooled
(FC) processes (Figure 1c) displays an average blocking temperature Tg, evaluated as the
peak in the ZFC magnetic susceptibility, of 12.5 K. Thus, by the well-known equation
derived from the Néel-Brown model for superparamagnetic relaxation, the diameter of the
spherical nanoparticles was calculated as 4.3 nm.

(a) 2

®) —— SPION

{ Q
(220)
(222) (440)
J (511)
M (422) w

WM i

60 70

=)
| (a.u.)

() (a.u.)
s o aS

20

20x102 7 ¥ - -e- 25K
- 293K
-8- 320K

X (emu/g - Oe)
M (emu/g)
(=]
1

i

T T T — T T T T T
50 100 150 200 250 _40x10° -20 0 20 40
Temperature (K) Magnetic Field (Oe)

Figure 1. Structural and magnetic characterization of SPIONs: (a) SAXS profile of SPIONs dis-
persed in hexane, together with the best curve-fit according to the SphereSchultz model by NIST
(See S.3 of SI); (b) X-ray Diffractogram (XRD) pattern of a dry powder of SPIONSs of magnetite (Fe3Oy,
JCPDS No. 75-0449 [38]); (c) zero field-cooled (ZFC) (red circles) and field-cooled (FC) (blue circles)
curves, recorded for a dry SPIONs’ powder, at 50 Oe. (d) Field-dependent magnetization curves
recorded for a dry SPIONs’ powder at 2.5 K (red line and markers), 293 K (violet line and markers)
and 320 K (green line and markers).

Magnetic measurements of nanoparticles (Figure 1d) indicate that SPIONs are su-
perparamagnetic at 293 K and 320 K, meaning that the thermal energy can overcome the
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anisotropy energy barrier of a single particle, and the net magnetization of the particle
assemblies in the absence of an external field is zero. At 2.5 K, below the blocking tempera-
ture, an open hysteresis loop can be observed, with a coercivity of 240 Oe and a reduced
remanent magnetization of 14 emu/g. Under a large external field, the magnetization of the
particles aligns with the field direction and reaches its saturation value, that is 39.2 emu/g
at2.5K, 31.6 emu/g at 293 K and 30.6 emu/g at 320 K.

2.2. SPIONs-Loaded Bulk Cubic Phases

Due to their small core size and hydrophobicity, SPIONs can be easily encapsulated
within the hydrophobic portion, i.e., the lipid bilayer, of lipid-lyotropic liquid crystals [39].
Here, we directly embedded SPIONs into GMO/water bulk cubic phases, according
to a protocol optimized in our previous studies [23,25,26] (see Section 3.3). We then
characterized the thermotropic and magnetic behavior of the resulting hybrids.

2.2.1. Thermotropic Behavior

The thermotropic behavior of GMO/water systems in the absence of SPIONSs is well
known [25]: in the 25-50 °C range and in water excess, GMO self-assembles in an inverse
cubic phase of Pn3m crystallographic space group. This structure has a bicontinuous
nature, featuring a single lipid bilayer of negative interfacial curvature, which divides the
3D space into two sets of interwoven aqueous nanochannels. The lattice parameter (d) of
such arrangement slightly reduces (~2 nm) with increasing temperature, from 25 °C to
50 °C [25].

In a previous study [25], we observed that the inclusion of hydrophobic SPIONSs -of
same composition and similar size to the ones employed here-in the GMO/water assembly
deeply modifies the thermotropic behavior.

Through SAXS, here we monitored such variations, induced by the inclusion of differ-
ent amounts of SPIONSs (see Figure S2 of SI for SAXS profiles recorded at different SPIONSs-
per-lipid-molecules ratios, ranging from 3.8 x 107> to 1.3 x 10~%) in GMO/water systems.

Figure 2a reports the SAXS profiles of bulk GMO/water systems, assembled with
9.5 x 1072 SPIONs per lipid molecule, as a function of temperature.

At 25 °C, the SAXS profile shows prominent peaks, which are the typical Bragg reflexes
of an inverse Pn3m phase; the inclusion of SPIONs produces a reduction in the spacing
parameter (d = 9 nm) with respect to the neat GMO/water assembly (d = 10.4 nm) while
preserving the cubic arrangement. At 35 °C, the scattering pattern of the Pn3m phase
undergoes a low-q shift, associated to a shrinking in the cubic phase’s lattice parameter
of 0.7 nm, in agreement with previous reports [25]. Moreover, additional Bragg reflexes
emerge, ascribable to an inverted hexagonal phase (Hj), which consists of cylindrical
inverted micelles packed in a hexagonal lattice. The Hy; phase-Bragg pattern fully replaces
the Pn3m one at 40 °C, indicating a complete Pn3m-Hj; phase transition. Such transition
is observed at 80 °C for the case of neat GMO/water systems. In line with previous
findings [25], the inclusion of SPIONs into GMO/water systems enables to lower its
temperature and finely control it, by tuning the amount of embedded SPIONSs. In particular,
such temperature can be gradually reduced by increasing the amount of embedded SPIONs
(see Figure S2 of SI). For the higher amount of SPIONS tested in this work (1.3 x 1074
SPIONS per lipid molecule, see Figure 2b), the Pn3m-Hjy transition is already complete at
room temperature: here, the SAXS profile recorded at 25 °C shows the typical Bragg reflexes
of a neat Hy phase with a spacing parameter of 4.6 nm. Such arrangement, preserved until
50 °C, undergoes a slight decrease of d (i.e., ~3 nm) by increasing temperature, evident
from the higher-q shift of its Bragg peaks’ pattern.
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Figure 2. Thermotropic of behavior of GMO/water/SPIONs assemblies. SAXS profiles of bulk GMO/water liquid crystals
loaded with (a) 9.5 x 1075 and 1.3 x 10~* (b) SPIONs per GMO molecule in the temperature range 25-50 °C (see 5.3 and S.4
of SI for the calculation of the spacing parameters). The Bragg reflexes of cubic and hexagonal phases are indexed in the
graph with the corresponding Miller indices. The SPIONs-SPIONSs correlation peak at low-q is indicated with a black arrow
in the graph. The cubic and the hexagonal arrangements are sketched in the graph.

Importantly, the Pn3m-Hj; phase transition occurs with a massive expulsion of water
(~50%) and hydrophilic molecules, possibly dispersed in it; its promotion at physiological
temperatures, enabled by the inclusion of SPIONSs, has been recently proposed as a new
strategy to trigger the release of hydrophilic drugs from cubic phases, for controlled drug
delivery applications [25].

The SAXS investigation provides additional information on the arrangement of SPI-
ONs within the lipid scaffold, as a function of temperature. The broad peak in the
low-q region of SAXS profiles arises from the spatial correlation of SPIONs within the
lipid scaffold and provides the SPION-SPION center-to-center average distance through
Jmax = 27/d, with qmax the value of q at the peak maximum. qmax locates at 0.5 nm~1
for GMO/SPIONs/water systems of cubic nature, observed in the 25-35 °C range for
the 9.5 x 107> SPIONs/lipid sample (Figure 2a). This corresponds to a SPION-SPION
average distance of 12.5 nm, perfectly in agreement with the literature [26]. Remarkably;,
the SPIONs’ correlation peak undergoes a shift to higher q (i.e., 0.53 nm ! at 50 °C) when
raising temperature up to 35 °C, i.e., when the Hy phase replaces the Pn3m one. Such
structural reorganization brings SPIONSs closer to each other, with a new SPION-SPION
average distance of 11.8 nm. This value perfectly matches the SPION-SPION distance in
the Hyy phase of the 1.3 x 10~* SPIONSs/lipid sample (Figure 2b), which does not vary with
temperature. In a recent study [25], we connected such behavior with a “pearl-necklace”
like reorganization of SPIONs, which leads to the formation of linear clusters where SPIONs
are tightly packed.

2.2.2. Magnetic Behavior

To explore the effects of such realignment on the magnetic behavior of SPIONs, we
investigated the magnetic response of GMO/SPIONs/water assemblies as a function of
temperature. As control experiment, we measured the susceptibility (x = M/H) of a neat
SPION’s powder as a function of temperature, recorded at 10 Oe (Figure S1 of SI). For this
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control sample, the susceptibility shows a Curie-Weiss decay (x = C/(T — T¢) where C is
the Curie constant and T¢ the ordering temperature) into the 20-47 °C range, typical of
superparamagnetic nanoparticles [40].

Figure 3a shows the magnetic susceptibility as a function of temperature for the
GMO/SPIONs/water assembly at a 9.5 x 10~ SPIONs/ lipid, which has a Pn3m structure
at 25 °C. The magnetic behavior of this sample significantly deviates from the one of
the SPIONs powder: specifically, the magnetization decays according to the Curie-Weiss
behavior until 32 °C, over which a clear bump, with a broad maximum located at ca.
34 °C, is observed. Above 40° the susceptibility decay can be described again by a Curie-
Weiss law, but with a constant higher by ca. 12%. Interestingly, the temperature range at
which the magnetic transition is observed (32—40 °C) perfectly matches the t interval at
which the Pn3m-Hj; phase transition occurs (Figure 2a). The x vs. T curves showed how
the susceptibility changed pre- and post-structural lipidic transition. This effect can be
attributed to the new NPs spatial correlation, i.e., pearl-necklace-like. At 32 °C, indeed, the
structural rearrangement of the lipid scaffold and the decrease in the lipid bilayer viscosity,
with respect to r.t., induces the diffusion of SPIONS within the membrane, which rearrange
in the pearl-necklace configuration. This spatial configuration is characterized by stronger
and ordered dipolar interactions that lead to the increase of the magnetic susceptibility
of the SPIONS. It should be considered that dehydration of the sample is negligible for
the time range of the experiments. The same measurement was repeated on the same
sample after a thermal cycle (green markers and line Figure 3b). In this case no magnetic
transition was observed, and the susceptibility was found to follow the same temperature
dependence observed in the first run, above 40 °C, suggesting the process is not reversible
and that the hexagonal structure is preserved after cooling to room temperature. This
observation is corroborated by a previous report [23], which indicates that the recovery of
the Pn3m structure after the transition requires long times (3—4 h).
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Figure 3. Magnetic susceptibility of GMO/water systems doped with (a) 9.5 x 107° and 1.3 x 10~# (b) SPIONs per GMO
molecule in the 2047 °C range, measured on increasing temperature: in subfigure a, magnetic susceptibility data recorded

in two subsequent runs, i.e., on the freshly prepared sample (blue), and after it underwent the phase transition (green), are

shown. In subfigure b, the magnetic behavior of the hexagonal mesophase is reported, where no phase transition can be

detected. The magnetic susceptibility was recorded with a 10 Oe applied field.

Figure 3b shows the susceptibility, as a function of temperature, for the GMO/
SPIONs/water assembly at 1.3 x 10~* SPIONSs per lipid, which has a Hy structure in
the whole 25-50 °C range. For this sample, the susceptibility curve, as a function of tem-
perature, shows the expected decay without deviation. This result confirms that the hump
observed in Figure 3a can be univocally ascribed to the transition of the lipid scaffold,
which forces SPIONSs to follow the new pearl-necklace arrangement.



Int. J. Mol. Sci. 2021, 22,9268

7 of 17

To summarize, here we show how the inclusion of SPIONs allows for the tuning of
both the structure and magnetic properties of GMO/SPIONs/water systems.

Precisely, the concentration of SPIONs modulates the cubic-to-hexagonal phase tran-
sition, which in turns modifies the magnetic response of the hybrids. In addition, this
transition represents a possible “structural trigger” to promote the release of hydrophilic
drugs contained in the cubic phase. The encapsulation of SPIONs allows for lowering
the temperature of such transition to physiological values, enabling its exploitation for
in vitro and in vivo applications. Importantly, the magnetic responsiveness of SPIONs also
provides the unique opportunity to trigger the Pn3m-Hj; transition “on-demand” at the
biological target; indeed, it has been recently proven [25] that the heat released by SPIONs
under the exposure to alternating magnetic fields locally triggers such rearrangement in
cubic scaffolds of bulk nature.

However, the high viscosity of bulk cubic assemblies prevents their direct injection for
intravenous administration. “Cubosomes”—e.g., colloidally stable nanoparticles of cubic
internal structure—represent the best alternative for drug delivery, preserving the peculiar
cubic arrangement with reduced viscosity.

In the following, we will extend the investigation on GMO/SPIONs/water assemblies
to the colloidal level, i.e., to SPIONs-loaded cubosomes (“magnetocubosomes”); we will
characterize the thermotropic behavior of such hybrid nanoparticles, comparing it to the
one of their corresponding assemblies of bulk nature. Moreover, we will explore their struc-
tural response to oscillating magnetic fields, as possible triggers of the Pn3m-Hj; transition.

2.3. SPIONs-Loaded Cubosomes
2.3.1. Thermotropic Behavior

We prepared colloidally stable cubosomes and magnetocubosomes (at a 9.5 x 107>
SPIONSs/lipid concentration) of 200-250 nm in diameter [25], by dispersing bulk hybrid
cubic phases in water, in the presence of Pluronic F-127 (Section 3.3). The hydrophilic
poly-ethylene oxide blocks of Pluronic stabilize particles through steric repulsions, while
the hydrophobic poly-propylene oxide blocks are responsible for the anchoring of the
stabilizer to the lipid membrane.

We investigated the internal structure of such particles as a function of temperature,
and the amount of embedded SPIONSs, extending a previous investigation on similar
systems. Measurements were performed through Synchrotron small-angle X-ray scattering,
at the ID02 beamline of ESRF Synchrotron Radiation Source, Grenoble (France).

In the 25-50 °C range, cubosomes (Figure 4a) show a primitive cubic internal struc-
ture (Im3m phase), in agreement with the literature [41]. Similarly to the Pn3m phase
(observed at the bulk level), this arrangement has a cubic bicontinuous nature, but a higher
hydration level.

In analogy to bulk systems, the insertion of SPIONs within cubosomes (at 9.5 x 10>
SPIONSs per lipid) strongly modifies the thermotropic behavior (Figure 4b). The SAXS
profile of hybrid nanoparticles at 25 °C features the presence of a SPIONs-SPIONs corre-
lation peak at low-q (in analogy to bulk hybrid systems) and a pattern of Bragg peaks at
intermediate and high q. Such pattern is typical of an inverse cubic Pn3m phase with a
lattice parameter of 8.6 nm. However, the presence of a weak additional peak, i.e., the first
Bragg reflex of the Hy phase, indicates a coexistence od such phase with a less abundant
Hyy structure, already at 25 °C. In line with previous literature [25], this represents the only
difference with respect to the bulk system assembled with the same amount of SPIONSs.
Hybrid particles preserve their cubic structure at higher temperatures like bulk hybrids,
and the Pn3m-Hj; transition is complete only at 40 °C.
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Figure 4. SAXS profiles of lipid nanoparticles doped with (a) 0, (b) 9.5 x 10> and (c) 1.3 x 10~* SPION’s per GMO molecule,
in the 25-50 °C temperature range (see Figure 5S4 and Table S3 of SI for the calculation of the spacing parameters at each
temperature). The Bragg reflexes of Im3m, Pn3m and Hyj phases are indexed in the graph with the corresponding Miller
indices. The SPIONs-SPIONS correlation peak is visible as a broad band at low-q in graphs (b,c).

Figure 4c reports the effect of increasing the amount of SPIONSs to 1.3 x 10~* SPIONSs
per lipid. Here, the SAXS profile recorded at 25 °C shows the clear Bragg fingerprint of
a neat Hyy phase (i.e., devoid of Pn3m-related signal contaminations). Thus, in perfect
analogy to bulk hybrids, increasing the concentration of SPIONSs further lowers the Pn3m-
Hp phase-transition temperature, until its completion at r.t. The Hyy structure is preserved
in the whole 25-50 °C range, with a progressive decrease of the lattice parameter from 5.1
to 4.4 nm.

We can conclude that the thermotropic behavior of GMO/SPIONs/water bulk assem-
blies is essentially retained at the colloidal level: here, increasing the temperature triggers a
magnetocubosomes-to-“magnetohexosomes” phase transition, whose temperature can be
tuned in the same way;, i.e., by varying the amount of embedded SPIONSs.

The Pn3m-Hyy transition modifies the magnetic properties of GMO/SPIONs/water
hybrids, which enables to tune the magnetic response of such systems (see Section 2.2.2).
In addition, it can be exploited in drug delivery to burst the release of hydrophilic drugs
from the water domains of the cubic phase. In the following, we will explore the possibility
to activate such phase transition through a magnetic stimulus, i.e., an alternating magnetic
field. Due to their magnetic nature, SPIONs can collect magnetic energy and turn it into
heat; local temperature variations induced by SPIONs could possibly elicit a structural
response in the thermo-responsive lipid scaffold, in which they are embedded.

2.3.2. Structural Response to Alternating Magnetic Fields

We investigated the structural response of GMO/SPIONs/water nanoparticles to
alternating magnetic fields (AMFs) through Synchrotron SAXS (ID02 beamline, ESRF,
Grenoble, France). Exploiting a dedicated experimental set-up (See S.7 of SI) that we
previously optimized for measurements on bulk GMO/SPIONs/water assemblies, we
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monitored possible AMF-induced structural variations “live”, i.e., during the application
of the magnetic field. To this purpose, we selected an alternating field of low-frequency
(4.55 kHz) and ca. 223 kA /m intensity, which represent safe working conditions for the
in vivo application of AMFs [42,43]. Figure 5a collects the SAXS profiles of cubosomes
(without SPIONSs) at 25 °C and different times of exposure (from 0 to 300 s) to the AFM,
recorded as a control experiment. In the presence of the AMF, the Im3m phase of cubosomes
is fully preserved, with no major variations detectable in the scattering pattern (see inset
of Figure 5a). The AMF application only induces an overall minor shift to higher q
(~0.02 nm 1) of the SAXS profile, responsible for a slight reduction of the lattice parameter,
i.e., from 13.1 nm (in the absence of the AMF) to 12.8 nm (after 300 s of AMF exposure).
This is due to a mild Joule effect of the coil, which causes a <3 °C increase in temperature
within the sample.
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~—— NO FIELD r
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Figure 5. SAXS profiles of cubosomes (a) and magnetocubosomes at a 9.5 x 10~ SPIONs per GMO molecule (b), recorded
at 25 °C under the exposure to the AMF. Each SAXS profile corresponds to a different time of application of AME. The Bragg
reflexes of Im3m (a), Pn3m and Hyy (b) phases are indexed in the graphs with the corresponding Miller indices. The inset in

(a) reports a magnification of the SAXS profile of cubosomes, where the Bragg reflexes of the Im3m phase are highlighted.

The inset in (b) reports the detail of the low-q region of SAXS profiles of magnetocubosomes, acquired under the exposure
to AMFE. At 210 s of AMF application, SPIONS self-organize into a pearl-necklace like structure, evident from the appearance
of a q_1 scalar law (highlighted in the graph) in the scattering profile of hybrid nanoparticles.

Figure 5b shows SAXS profiles of magnetocubosomes at 9.5 x 10~> SPIONs per lipid
in the very same conditions (see Figure S7 of SI for SAXS profiles of lipid nanoparticles at
1.3 x 10~* SPIONs per GMO molecule). In the presence of SPIONS, the effect of the AMF
is dramatically different: the Pn3m phase of magnetocubosomes undergoes a significant
reduction in d (~1 nm) only after 90 s of AMF application, evident from the shift to higher
q of its Bragg reflections. This shift progressively increases with exposure time, leading to
a further reduction in d (~3 nm after 120 s). The shrinkage of the Pn3m structure parallels
an intensity increase in the first Bragg reflection of the Hyj, which is barely detectable in
the absence of the AMF. This peak reaches an intensity’s maximum at 120 s, concurrently
with a strong reduction of the Pn3m-related signal intensity. A complete Pn3m-Hj; phase
transition occurs at 150 s, with the full disappearance of the Pn3m phase fingerprint.
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This dramatic effect can be attributed to the presence of SPIONSs in the lipid structure:
under AMF exposure; SPIONs behave like “nano-heaters”, i.e., collect magnetic energy
and release it in the environment, locally raising the temperature of their lipid scaffold.

The structural variation induced after 150 s of AMF application is comparable to that
promoted by raising temperatures to 43 °C, which demonstrates that AMF is as effective
as temperature in activating Pn3m-Hj;, In addition, AMF represents a fast trigger of such
transition, and offers the unique opportunity of a remote control of drug release at the
biological target.

Importantly, the extended q range of the Synchrotron source unveils additional in-
formation, contained in the low-q region of SAXS profiles (inset of Figure 5b). Here, the
main SAXS feature is the SPION-SPION correlation peak, already observed for the cor-
responding hybrids of bulk nature. In the absence of AMF, the q position of such peak
indicates a mean SPIONs-SPIONSs distance of 9.3 nm, which is slightly shorter than in
bulk GMO/SPIONs/water systems. The shape and position of the peak are preserved
until 150 s of AMF application, i.e., as long as the Pn3m phase is present in the system.
The full replacement of the cubic structure with the hexagonal phase parallels an abrupt
variation of the scattering signal: a new scattering feature emerges, consisting of a distinct
and relatively extended q~! scalar law, beyond the Guinier region of SPIONs, which causes
a partial smearing of the SPIONs-SPIONSs correlation peak. This feature has been previ-
ously observed for magnetocubosomes, under the effect of heating, and connected to their
re-organization into linear clusters along the interstitial region between the different cylin-
drical micelles of the Hy array [25]. Such pearl-necklace-like re-organization of SPIONSs is
templated by the Pn3m-Hj; transition and aims at minimizing the high frustration energy
associated with the packing of lipids into the new Hyj arrangement [25].

Here, for the first time, we show that the application of an AMF steers the very same
reorganization of SPIONSs at room temperature.

Importantly, our studies on bulk GMO/SPIONs/water systems (Section 2.2.2) highlight
that such SPIONs’ clustering involves profound modifications to their magnetic response.

Controlling the clustering of magnetic particles has been recently proposed to enhance
their heating power [9] and modify their magnetic properties for the desired purpose [44].

Here we demonstrate that a controlled clustering of SPIONs into linear chains is
easily switched-on “on-demand”, by exploiting the structural responsiveness of a lipid
scaffold; this offers the unique opportunity to finely modulate the magnetic properties
of hybrid materials through external stimuli (e.g., temperature and alternating magnetic
fields), which is of interest for application in multiple biomedical fields.

2.4. SPIONs-Loaded Cubosomes: In Vitro Internalization and Cytotoxicity

Here for the first time, we tested the characteristics of magnetocubosomes in vitro, to
assess their potential as hybrid platforms for biomedical applications.

HT29 adenocarcinoma colorectal cells were challenged with such nanoparticles to test
their internalization into cells, evaluating the nanoparticles’ capability to easily pass the cell
plasma membrane and diffuse into the cytoplasm—a necessary feature to be considered
an efficient drug delivery system. Thus, the internalization time of cubosomes (in the
absence of SPIONs) was systematically compared to those of hybrid particles containing
9.5 x 1075 SPIONSs per lipid (i.e., magnetocubosomes at r.t.) and 1.3 x 10~# SPIONs per
lipid (magnetohexosomes at r.t.).

The effect of the coil causes a <3 °C increase in temperature within the sample. To
determine the time required for the internalization of nanoparticles into cells, 1 x 10* HT29
cells were incubated in suspension with Octadecyl-Rhodamine-B-conjugated nanoparticles
(0.01% mol with respect to the GMO amount) at 37 °C. The study was carried out at
three different concentrations of nanoparticles (0.6 pg/mL, 6 ug/mL and 60 ug/mL)
at 37 °C. Their entrance into cells was evaluated by live-cell microscopy, detecting the
fluorescence intensity of the probe encapsulated into the cells after different interaction
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times with nanoparticles (2, 20 and 40 min). The best time was estimated to be 40 min at
the concentration of 60 ng/mL and the images are reported in Figure 6a.

(@}

Bl Cubosomes
B Magnetocubosomes
B Magnetohexosomes

HT29 viability (% of control)

0.6 ugmi 6 ugimi 60 ygimi

Il CTRL

W Cubosomes 60 ug/m

[ Magnetocubosomes BO pg/mi
Bl Magnetohexosomes 80 ug/ml

HT29 viability (% of control)

Mo AMF AMF 1h

Figure 6. Live-cell fluorescence images of Octadecyl-Rhodamine-B-conjugated cubosomes inter-
nalization in HT29 cells at 2, 20 and 40 min at different concentrations (0.6 pg/mL, 6 pg/mL, and
60 png/mL), the arrow indicates a merge of brightfield and fluorescence images showing cubosome
localization in HT29 cells; scale bar = 20 um. (a). Cell viability of HT29 treated with different
concentration (0.6 ug/mL, 6 pg/mL, and 60 ug/mL) of cubosomes, magnetocubosomes and magne-
tohexosomes compared to control set as 100% (see black dotted line in the picture) 48 h after seeding
(b). Cell viability of HT29 treated with cubosomes, magnetocubosomes and magnetohexosomes
(60 pg/mL) under the alternating magnetic field, assayed 48 h after seeding (c).

The advantage of cubosomes with respect to “free” hydrophobic drugs can be related
to the low bioavailability in biological fluids of non-conjugated therapeutics; in fact, the
huge hydrophobic domain allows for the efficient transport of large amounts of drugs
(compared to the solubility of the active molecules in bio-fluids) in a relatively small inter-
action time. Moreover, it is noted in the literature that Pluronic F127, the stabilizing agent
of cubosomes, presents a typical enhanced-permeability-and-retention effect (EPR), [45-47]
due to the PEO blocks of co-polymer, allowing a localization of dispersed liquid crystals in
tumor tissues.

Moreover, the biocompatibility of cubosomes, magnetocubosomes and magnetohex-
osomes was evaluated in terms of observed cytotoxic effect. As largely reported in the
literature, the HT29 cell line is commonly used for this type of assessment [48-51]. HT29
cells (2 x 10° were incubated in suspension with nanoparticles at different concentrations
(0.6 ug/mL, 6 ng/mL, and 60 ng/mL), for 40 min at 37 °C. After incubation, the same
volume of each suspension (corresponding to 2 x 10* cells of control) was seeded in a
cell plate for 48 h; cell viability was evaluated by MTT assay (Figure 6b). Results sug-
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gest that these colloids can be internalized and that they are not toxic for cells with these
experimental conditions.

The treatment of cancer cells with nanoparticles exposed to AMF is a strategy that is
gaining increasing interest [52,53], even if frequency, time, nanoparticles size and dose can
strongly influence the response to AMF [54].

Since, as previously demonstrated, the exposure of NPs-cubosomes and NPs-hexosomes
to an AMF should cause an increase of their temperature, HT29 cells have been treated at
the higher dose (60 ng/mL) of cubosomes, magnetocubosomes and magnetohexosomes
for 40 min and then they were exposed for 60 min to the AMFE.

The viability of HT29 cells, plated in MW96 as previously described (based on a
control sample without AMF), was assayed after 48 h to evaluate if AMF could cause
the death of treated cells. The graph (Figure 6¢) does not show a toxic effect in samples
under AMF compared with samples without AMF. These results demonstrate the complete
biocompatibility of cubosomes, magnetocubosomes and magnetohexosomes with their use
on human cells in the presence of AMF.

3. Materials and Methods
3.1. Materials

Fe(IlI)-acetylacetonate (97%), 1,2-hexadecanediol (90%), oleylamine (70%), oleic acid
(90%), diphenyl ether (99%), denatured ethanol and hexane mixture of isomers employed
for the synthesis of hydrophobic SPIONs and 1-oleyl-rac-glycerol (>99.9%) were purchased
from Sigma Aldrich (St. Louis, MO, USA).

3.2. Synthesis of Magnetic Nanoparticles

Iron oxide nanoparticles were synthesized according to the methods used by Wang et al. [55]
Briefly, 0.71 g Fe(acac); (2 mmol) were dissolved in 20 mL of phenyl ether with 6 mmol
of oleic acid (2 mL) and 4 mmol of oleylamine (2 mL) under N, atmosphere and vigorous
stirring. Then, 1,2-hexadecanediol (2.58 g, 10 mmol) was added to the solution. The solu-
tion was heated to 210 °C, refluxed for 2 h and then cooled to RT. Ethanol was added to the
solution and the precipitate was collected, washed with ethanol and dispersed again in 20
mL of hexane. SPIONs were stored in a dark flask with N; gas on top to prevent oxidation.

3.3. Preparation of Bulk and Dispersed Cubic Phases

Bulk cubic phases in the absence or in the presence of magnetic nanoparticles were
prepared as follows: 30 mg of 1-monoolein (GMO) was weighted in a 2mlglass flask with or
without the appropriate volume of SPIONs dispersion, to have a concentration of SPIONs
per GMO molecule ranging from 3.8 x 107> to 1.3 x 10~* SPIONSs per lipid molecule.
About 0.5 mL of hexane was added to dissolve lipids and SPIONSs, then the mixture was
dried through gentle nitrogen flux, removing the solvent. Lipid or mixture GMO/SPIONs
was left under vacuum overnight sheltered by a light source. Lipid film was then hydrate
with 50 pL of Milli-Q water and sample was then centrifuged alternating cycles with cap
facing upward or downward. Bulk systems were left in a dark place for at least 12 h in
order to stabilize the system. Cubosomes and SPIONs-loaded cubosomes were prepared
following the procedure of bulk mesophase preparation until the film dried under vacuum.
Then, 8 mg of Pluronic F-127 was added to the dry films and the mixture was heated in a
water bath at 70 °C for 5’ to melt the Pluronic F-127 and then vortexed for 5'. Five cycles of
heating-vortexing were carried out and then 500 uL of H,O preheated at 70 °C was added.
The dispersion was then sonicated in a bath-sonicator at 59 kHz and 100% of power for 6 h,
to homogenize the system.

3.4. Small-Angle X-ray Scattering

SAXS measurements were carried out on a S3-MICRO SAXS/WAXS instrument
(HECUS GmbH, Graz, Austria) which consists of a GeniX microfocus X-ray Sealed Cu Ka
source (Xenocs, Grenoble, France) power 50 W providing a detector focused X-ray beam
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with k = 0.1542 nm Cu Ka line. The instrument is equipped with two one-dimensional
(1D) position sensitive detectors, (HECUS 1D-PSD-50 M system) each detector is 50 mm
long (spatial resolution 54 Im/channel, 1024 channels) and covers the SAXS g-range
(0.003 < q < 0.6 A~1) and the WAXS g-range (1.2 < q < 1.9 A=), The temperature was
controlled by means of a Peltier TCCS-3 Hecus. SAXS curves of bulk cubic phase were
recorded at 25, 30, 35, 40, 45 and 50 °C in a solid-sample holder. Dispersion of SPIONs
were recorded in a glass capillary.

Synchrotron small angle X-ray scattering experiments were carried out at the beamline
ID02 at the European Synchrotron Radiation Facility (ESRF, The European Synchrotron,
71 Avenue des Martyrs, C540220, 38043 Grenoble Cedex 9,) [56]. A scattering vector (of
magnitude q) range of 0.007 < q < 0.2 nm~! was covered with two sample-detector
distances (1 and 10 m) and a single-beam setting for an X-ray monochromatic radiation
wavelength A = 0.10 nm (12.46 keV). The beam diameter was adjusted to 72.4 um in the
horizontal (x) direction and 42.3 um in the vertical (y) direction (full width at half-maximum
at the sample). Assuming a Gaussian distribution, the portion of the beam hitting outside
the channel can be estimated. When the centered channel is but ~0.3% closer to the edge,
more beam overlaps it. The beamstop diameter was 2 mm. As a detector, a 2D Rayonix
MX-170HS with a pixel size of 44 x 44 um? was used, which was housed in an evacuated
flight tube, at a sample-to-detector distance of alternatively 10 m (leading to an available
g-range of 0.007-0.02 nm ') or 1 m (leading to an available g-range of 0.07-0.2 nm~!). The
exposure times for the background and sample measurements were 0.5 s, for the case of
1 m sample-to-detector distance, and 0.3 s, for the case of 10 m sample-to-detector distance.
Measured scattering patterns were normalized to an absolute intensity scale after applying
standard detector corrections and then azimuthally averaged to obtain the one-dimensional
intensity profiles, denoted by I (q).

SAXS profiles were collected at different temperatures in the 25-49 °C range, with
2 °C steps from one profile to the next. Equilibration time at each temperature was 5 min.
In-situ structural detection upon AMF (amplitude: ca. 223 kA /m, frequency: 6.22 Hz) was
performed as in the setup showed in Supporting Information.

3.5. X-ray Diffractometer

The structure of the NPs was investigated by X-ray powder diffraction (XRD) using a
Bruker New D8 ADVANCE ECO (Bruker, Billerica, Massachusetts, USA) diffractometer
equipped with a Cu K« radiation. The measurements were carried out in the range
20°—70°, with a step size of 0.03° and a collection time of 1 s.

3.6. Measurement of Magnetic Properties

The magnetic properties of the NPs and bulk phases in the absence or in the pres-
ence of SPIONs were measured on a Quantum Design MPMS SQUID magnetometer with
50 kOe maximum field. The magnetization versus temperature measurements were per-
formed in zero-field-cooled (ZFC) and field-cooled (FC) conditions with a 50 Oe probe field.
The hysteresis loops were measured at increasing temperatures after FC in 50 kOe from
310 down to 4 K.

3.7. Cell Culture

Colorectal adenocarcinoma cancer cells HT29 were purchased from European Collec-
tion of Cell Culture (ECACC). Cells were routinely cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM)—high glucose (4500 mg/L) supplemented with 2 mM glutamine, with
penicillin (100 U/mL) and streptomycin (100 pg/mL), and with 10% fetal bovine serum
(FBS, Euroclone). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO;-
95% air.
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3.8. Cubosomes’ Internalization Assay

1 x 10* colorectal adenocarcinoma cells HT29 were plated and 24 h later were treated
with culture medium in the presence or absence of different concentrations (0.6 pg/mlL,
6 pg/mL, and 60 pg/mL) of octadecyl-rhodamine, conjugated cubosomes loaded with
9.5 x 10~° SPIONSs per lipid molecule. Cells were incubated 2, 20 and 40 min at 37 °C in
humidified 5% CO, atmosphere and then were washed with PBS 1x and imaged with
a Leica AM 6000 microscope equipped with a DFC350FX camera and 40 x 0.60NA air
objective. All images were equally adjusted for display purposes using Fiji-Image ] smart
LUT [57].

3.9. Incubation with Cubosomes and SPIONs-Loaded Cubosomes

2 x 10° cells were incubated in suspension with different concentrations (0.6 pg/mL,
6 ng/mL, and 60 pg/mL) of cubosomes, magnetocubosomes and magnetohexosomes, for
40 min at 37 °C and 5% CO; to allow the internalization of the molecules. In order to
evaluate their toxicity, the same volume of each suspension (corresponding to 2 x 10* cells
of control) was seeded in MW96 in triplicate for 48 h and cell viability was assayed.
Otherwise, in order to evaluate the effect of the AME, cells were exposed to an alternating
magnetic field for 30 min after the internalization.

3.10. Cell Viability Assay

5 mM MTT (3-(4,5-Dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (Sigma
Aldrich, St. Louis, MO, USA) was added to cells and incubated for 1 h at 37 °C. Cells
were suspended in 200 pL of dimethyl sulfoxide: wavelength measuring was performed at
595 nm using a spectrophotometer.

4. Conclusions

In summary, we here investigated the structural and magnetic properties of GMO/
SPIONs/water systems, with the aim of optimizing such hybrids for biomedical application,
especially in the field of drug delivery. We found that a structural reorganization of the bulk
lipid moiety—i.e., the Pn3m-Hy phase transition—increases the magnetic susceptibility
of SPIONSs, which is connected to their alignment into linear chains. Such controlled
clustering of SPIONS, steered by a lipid scaffold, offers the unique opportunity to tune the
magnetic properties of GMO/SPIONs/water systems for the desired biomedical purpose,
e.g., enhancing their heating power for magnetic hyperthermia treatments. Importantly,
we extended our findings from bulk liquid-crystalline phases to colloidal dispersions, i.e.,
to lipid /SPIONs nanoparticles with cubic internal structure (magnetocubosomes). Here,
we demonstrated that heat released by SPIONs under the application of an AMF triggers a
magnetocubosomes-to-magnetohexosomes phase transition, which activates the very same
linear clustering of SPIONs. Furthermore, the magnetocubosomes-to-magnetohexosomes
phase transition occurs with massive water expulsion, which activates the release of
hydrophilic drugs, possibly embedded into cubosomes. Finally, we assess, in vitro, HT29
adenocarcinoma cancer cells’ capability for internalizing magnetocubosomes and the
cytotoxicity of such hybrid particles, finding that they are easily internalized by cells
and they do not cause cytotoxic effects. Overall, we showed that GMO/SPIONs/water
assemblies are endowed with structural and magnetic responsivity to stimuli such as
AMFs, which makes them promising smart hybrid materials for biomedical application.
Specifically, such features could be exploited for triggering, “on-demand”, the release of
drugs loaded into GMO/SPIONs/water nanoparticles, and/or to optimize the magnetic
properties of magnetocubosomes for magnetic-fluid hyperthermia applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ijms22179268/s1.

Author Contributions: Conceptualization, D.B., C.S.; methodology. M.M., L.C., BM.,, C.S,, D.B,,
L.D.C.M.,, C.G. formal analysis, L.C., M.M., B.M., A.T.,, TM,; investigation, M.M., L.C., BM., CM.,,


https://www.mdpi.com/article/10.3390/ijms22179268/s1
https://www.mdpi.com/article/10.3390/ijms22179268/s1

Int. J. Mol. Sci. 2021, 22, 9268 15 of 17

A.T.,, TM,; resources, D.B.,, C.S., L.D.C.M., C.G.; writing—original draft preparation, M.M., L.C. and
B.M.; writing—review and editing, L.C., B.M., C.S., CM., D.B,; supervision, D.B., C.S., L.D.C.M.;
funding acquisition, D.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by the European Community through the evFOUNDRY
project (H2020-FETopen, ID: 801367) and the BOW project (H2020-EIC-FETPROACT-2019, ID:
952183). We also acknowledge MIUR-Italy (“Progetto Dipartimenti di Eccellenza 2018-2022, ref.
B96C1700020008” allocated to Department of Chemistry “Ugo Schiff”), Ente Cassa di Risparmio di
Firenze and CSGI for the economic support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: We acknowledge the European Synchrotron Radiation Facility for provision
of synchrotron radiation facilities and we would like to thank Lewis Sharpnack and Theyencheri
Narayanan for assistance in using beamline ID02. Marcello Carla and Giovanni Domenico Aloisi
are acknowledged to furnish the magnetic field generator. Elena Trallori and Marco Tintori are
acknowledged by all the authors for the support during the in vitro test experiments. Martin Albino
and Alessandra Toti equally contributed to this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Martina, M.S.; Fortin, J.P.; Ménager, C.; Clément, O.; Barratt, G.; Grabielle-Madelmont, C.; Gazeau, E; Cabuil, V.; Lesieur, S.
Generation of superparamagnetic liposomes revealed as highly efficient MRI contrast agents for in vivo imaging. J. Am. Chem.
Soc. 2005, 127, 10676-10685. [CrossRef]

Yang, K; Liu, Y,; Liu, Y.; Zhang, Q.; Kong, C.; Yi, C.; Zhou, Z.; Wang, Z.; Zhang, G.; Zhang, Y.; et al. Cooperative Assembly of
Magneto-Nanovesicles with Tunable Wall Thickness and Permeability for MRI-Guided Drug Delivery. J. Am. Chem. Soc. 2018,
140, 4666-4677. [CrossRef] [PubMed]

Tran, N.; Bye, N.; Moffat, B.A.; Wright, D.K.; Cuddihy, A.; Hinton, TM.; Hawley, A.M.; Reynolds, N.P.; Waddington, L.J.; Mulet,
X.; et al. Dual-modality NIRF-MRI cubosomes and hexosomes: High throughput formulation and in vivo biodistribution. Mater.
Sci. Eng. C 2017, 71, 584-593. [CrossRef]

Xiao, Y.; Du, J. Superparamagnetic nanoparticles for biomedical applications. |. Mater. Chem. B 2020, 8, 354-367. [CrossRef]
[PubMed]

Wahajuddin, S.A. Superparamagnetic iron oxide nanoparticles: Magnetic nanoplatforms as drug carriers. Int. ]. Nanomed. 2012, 7,
3445-3471. [CrossRef]

Kaaki, K.; Hervé-Aubert, K.; Chiper, M.; Shkilnyy, A.; Soucé, M.; Benoit, R.; Paillard, A.; Dubois, P.; Saboungi, M.L.; Chourpa,
I. Magnetic nanocarriers of doxorubicin coated with poly(ethylene glycol) and folic acid: Relation between coating structure,
surface properties, colloidal stability, and cancer cell targeting. Langmuir 2012, 28, 1496-1505. [CrossRef] [PubMed]

Park, Y.C.; Smith, J.B.; Pham, T.; Whitaker, R.D.; Sucato, C.A.; Hamilton, J.A.; Bartolak-Suki, E.; Wong, J.Y. Effect of PEG molecular
weight on stability, T2 contrast, cytotoxicity, and cellular uptake of superparamagnetic iron oxide nanoparticles (SPIONSs). Colloids
Surf. B Biointerfaces 2014, 119, 106-114. [CrossRef] [PubMed]

Lartigue, L.; Innocenti, C.; Kalaivani, T.; Awwad, A.; Sanchez Duque, M.D.M.; Guari, Y.; Larionova, ].; Gueirin, C.; Montero,
J.L.G.; Barragan-Montero, V.; et al. Water-dispersible sugar-coated iron oxide nanoparticles. An evaluation of their relaxometric
and magnetic hyperthermia properties. J. Am. Chem. Soc. 2011, 133, 10459-10472. [CrossRef]

Guardia, P; Di Corato, R.; Lartigue, L.; Wilhelm, C.; Espinosa, A.; Garcia-Hernandez, M.; Gazeau, F.; Manna, L.; Pellegrino, T.
Water-soluble iron oxide nanocubes with high values of specific absorption rate for cancer cell hyperthermia treatment. ACS
Nano 2012, 6, 3080-3091. [CrossRef] [PubMed]

Di Corato, R.; Espinosa, A.; Lartigue, L.; Tharaud, M.; Chat, S.; Pellegrino, T.; Ménager, C.; Gazeau, F.; Wilhelm, C. Magnetic
hyperthermia efficiency in the cellular environment fordifferent nanoparticle designs. Biomaterials 2014, 35, 6400-6411. [CrossRef]
Saville, S.L.; Qi, B.; Baker, ].; Stone, R.; Camley, R.E.; Livesey, K.L.; Ye, L.; Crawford, T.M.; Thompson Mefford, O. The formation of
linear aggregates in magnetic hyperthermia: Implications on specific absorption rate and magnetic anisotropy. J. Colloid Interface
Sci. 2014, 424, 141-151. [CrossRef]

Serantes, D.; Simeonidis, K.; Angelakeris, M.; Chubykalo-Fesenko, O.; Marciello, M.; Morales, M.D.P,; Baldomir, D.; Martinez-
Boubeta, C. Multiplying Magnetic Hyperthermia Response by Nanoparticle Assembling. J. Phys. Chem. C 2014, 118, 5927-5934.
[CrossRef]

Faraudo, J.; Andreu, J.S.; Calero, C.; Camacho, J. Predicting the Self-Assembly of Superparamagnetic Colloids under Magnetic
Fields. Adv. Funct. Mater. 2016, 26, 3837-3858. [CrossRef]


http://doi.org/10.1021/ja0516460
http://doi.org/10.1021/jacs.8b00884
http://www.ncbi.nlm.nih.gov/pubmed/29543442
http://doi.org/10.1016/j.msec.2016.10.028
http://doi.org/10.1039/C9TB01955C
http://www.ncbi.nlm.nih.gov/pubmed/31868197
http://doi.org/10.2147/IJN.S30320
http://doi.org/10.1021/la2037845
http://www.ncbi.nlm.nih.gov/pubmed/22172203
http://doi.org/10.1016/j.colsurfb.2014.04.027
http://www.ncbi.nlm.nih.gov/pubmed/24877593
http://doi.org/10.1021/ja111448t
http://doi.org/10.1021/nn2048137
http://www.ncbi.nlm.nih.gov/pubmed/22494015
http://doi.org/10.1016/j.biomaterials.2014.04.036
http://doi.org/10.1016/j.jcis.2014.03.007
http://doi.org/10.1021/jp410717m
http://doi.org/10.1002/adfm.201504839

Int. J. Mol. Sci. 2021, 22, 9268 16 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mendozza, M.; Caselli, L.; Berti, D.; Salvatore, A. Nanoparticles and organized lipid assemblies: From interaction to design of
hybrid soft devices inorganic stimuli responsive. Soft Matter 2019, 15, 8951-8970. [CrossRef]

Tan, A.; Hong, L.; Du, ].D.; Boyd, B.J. Self-Assembled Nanostructured Lipid Systems: Is There a Link between Structure and
Cytotoxicity? Adv. Sci. 2019, 6, 1801223. [CrossRef]

Caselli, L.; Ridolfi, A.; Cardellini, J.; Sharpnack, L.; Paolini, L.; Brucale, M.; Valle, F.; Montis, C.; Bergese, P.; Berti, D. A plasmon-
based nanoruler to probe the mechanical properties of synthetic and biogenic nanosized lipid vesicles. Nanoscale Horiz. 2021,
543-550. [CrossRef]

Montis, C.; Caselli, L.; Valle, F.; Zendrini, A.; Carla, E; Schweins, R.; Maccarini, M.; Bergese, P.; Berti, D. Shedding light on
membrane-templated clustering of gold nanoparticles. J. Colloid Interface Sci. 2020, 573, 204-214. [CrossRef] [PubMed]

Ridolfi, A.; Caselli, L.; Montis, C.; Mangiapia, G.; Berti, D.; Brucale, M.; Valle, F. Gold nanoparticles interacting with synthetic
lipid rafts: An AFM investigation. ]. Microsc. 2020, 280, 194-203. [CrossRef]

Vlasova, K.Y.; Piroyan, A.; Le-Deygen, I M.; Vishwasrao, H.M.; Ramsey, ].D.; Klyachko, N.L.; Golovin, Y.I; Rudakovskaya, P.G.;
Kireev, L1.; Kabanov, A.V; et al. Magnetic liposome design for drug release systems responsive to super-low frequency alternating
current magnetic field (AC MF). J. Colloid Interface Sci. 2019, 552, 689-700. [CrossRef]

Saesoo, S.; Sathornsumetee, S.; Anekwiang, P.; Treetidnipa, C.; Thuwajit, P.; Bunthot, S.; Maneeprakorn, W.; Maurizi, L.; Hofmann,
H.; Rungsardthong, R.U.; et al. Characterization of liposome-containing SPIONs conjugated with anti-CD20 developed as a novel
theranostic agent for central nervous system lymphoma. Colloids Surf. B Biointerfaces 2018, 161, 497-507. [CrossRef]

Salvatore, A.; Montis, C.; Berti, D.; Baglioni, P. Multifunctional Magnetoliposomes for Sequential Controlled Release. ACS Nano
2016, 10, 7749-7760. [CrossRef]

Hasa, J.; Hanus, J.; Stépéanek, F. Magnetically Controlled Liposome Aggregates for On-Demand Release of Reactive Payloads.
ACS Appl. Mater. Interfaces 2018, 10, 20306—-20314. [CrossRef]

Mendozza, M.; Caselli, L.; Montis, C.; Orazzini, S.; Carretti, E.; Baglioni, P.; Berti, D. Inorganic nanoparticles modify the phase
behavior and viscoelastic properties of non-lamellar lipid mesophases. |. Colloid Interface Sci. 2019, 541, 329-338. [CrossRef]
Caselli, L.; Ridolfi, A.; Mangiapia, G.; Maltoni, P. Interaction of nanoparticles with lipid films: The role of symmetry. ChemR 2021.
[CrossRef]

Mendozza, M.; Montis, C.; Caselli, L.; Wolf, M.; Baglioni, P.; Berti, D. On the thermotropic and magnetotropic phase behavior of
lipid liquid crystals containing magnetic nanoparticles. Nanoscale 2018, 10, 3480-3488. [CrossRef]

Montis, C.; Castroflorio, B.; Mendozza, M.; Salvatore, A.; Berti, D.; Baglioni, P. Magnetocubosomes for the delivery and controlled
release of therapeutics. J. Colloid Interface Sci. 2015, 449, 317-326. [CrossRef]

Negrini, R.; Mezzenga, R. Diffusion, molecular separation, and drug delivery from lipid mesophases with tunable water channels.
Langmuir 2012, 28, 16455-16462. [CrossRef]

Vallooran, J.J.; Assenza, S.; Mezzenga, R. Spatiotemporal Control of Enzyme-Induced Crystallization Under Lyotropic Liquid
Crystal Nanoconfinement. Angew. Chem.-Int. Ed. 2019, 58, 7289-7293. [CrossRef]

Tran, N.; Hawley, A.M.; Zhai, J.; Muir, B.W,; Fong, C.; Drummond, C.J.; Mulet, X. High-Throughput Screening of Saturated Fatty
Acid Influence on Nanostructure of Lyotropic Liquid Crystalline Lipid Nanoparticles. Langmuir 2016, 32, 4509-4520. [CrossRef]
Tran, N.; Mulet, X.; Hawley, AM.; Fong, C.; Zhai, J.; Le, T.C.; Ratcliffe, J.; Drummond, C.J. Manipulating the Ordered Nanostruc-
ture of Self-Assembled Monoolein and Phytantriol Nanoparticles with Unsaturated Fatty Acids. Langmuir 2018, 34, 2764-2773.
[CrossRef] [PubMed]

Murgia, S.; Lampis, S.; Zucca, P,; Sanjust, E.; Monduzzi, M. Nucleotide recognition and phosphate linkage hydrolysis at a lipid
cubic interface. . Am. Chem. Soc. 2010, 132, 16176-16184. [CrossRef] [PubMed]

Leal, C.; Bouxsein, N.E; Ewert, K K; Safinya, C.R. Highly efficient gene silencing activity of siRNA embedded in a nanostructured
gyroid cubic lipid matrix. J. Am. Chem. Soc. 2010, 132, 16841-16847. [CrossRef]

Safinya, C.R.; Deek, J.; Beck, R.; Jones, ].B.; Leal, C.; Ewert, K.K,; Li, Y. Liquid crystal assemblies in biologically inspired systems.
Lig. Cryst. 2013, 40, 1748-1758. [CrossRef]

Zhai, J.; Luwor, R.B.; Ahmed, N.; Escalona, R.; Tan, EH.; Fong, C.; Ratcliffe, ].; Scoble, J.A.; Drummond, C.J.; Tran, N. Paclitaxel-
Loaded Self-Assembled Lipid Nanoparticles as Targeted Drug Delivery Systems for the Treatment of Aggressive Ovarian Cancer.
ACS Appl. Mater. Interfaces 2018, 10, 25174-25185. [CrossRef]

Astolfi, P,; Giorgini, E.; Gambini, V.; Rossi, B.; Vaccari, L.; Vita, F; Francescangeli, O.; Marchini, C.; Pisani, M. Lyotropic Liquid-
Crystalline Nanosystems as Drug Delivery Agents for 5-Fluorouracil: Structure and Cytotoxicity. Langmuir 2017, 33, 12369-12378.
[CrossRef]

Sun, S.; Zeng, H.; Robinson, D.B.; Raoux, S.; Rice, PM.; Wang, S.X.; Li, G. Monodisperse MFe,O,4 (M = Fe, Co, Mn) Nanoparticles.
J. Am. Chem. Soc. 2004, 126, 273-279. [CrossRef]

Wang, L.; Luo, J.; Fan, Q.; Suzuki, M.; Suzuki, LS.; Engelhard, M.H,; Lin, Y.; Kim, N.; Wang, ].Q.; Zhong, C.]. Monodispersed
core-shell Fe3O4@Au nanoparticles. J. Phys. Chem. B 2005, 109, 21593-21601. [CrossRef] [PubMed]

Patel, S.K.S.; Choi, S.H.; Kang, Y.C.; Lee, ].-K. Eco-Friendly Composite of Fe3O4-Reduced Graphene Oxide Particles for Efficient
Enzyme Immobilization. ACS Appl. Mater. Interfaces 2017, 9, 2213-2222. [CrossRef]

Sub Wi, H.; Lee, K.; Kyu Pak, H. Interfacial energy consideration in the organization of a quantum dot-lipid mixed system. J.
Phys. Condens. Matter 2008, 20, 494211. [CrossRef]

Morrish, A.H. The Physical Principles of Magnetism; Wiley: Hoboken, NJ, USA, 2001.


http://doi.org/10.1039/C9SM01601E
http://doi.org/10.1002/advs.201801223
http://doi.org/10.1039/D1NH00012H
http://doi.org/10.1016/j.jcis.2020.03.123
http://www.ncbi.nlm.nih.gov/pubmed/32278951
http://doi.org/10.1111/jmi.12910
http://doi.org/10.1016/j.jcis.2019.05.071
http://doi.org/10.1016/j.colsurfb.2017.11.003
http://doi.org/10.1021/acsnano.6b03194
http://doi.org/10.1021/acsami.8b03891
http://doi.org/10.1016/j.jcis.2019.01.091
http://doi.org/10.33774/chemrxiv-2021-fpp4n
http://doi.org/10.1039/C7NR08478A
http://doi.org/10.1016/j.jcis.2014.11.056
http://doi.org/10.1021/la303833s
http://doi.org/10.1002/anie.201901078
http://doi.org/10.1021/acs.langmuir.5b03769
http://doi.org/10.1021/acs.langmuir.7b03541
http://www.ncbi.nlm.nih.gov/pubmed/29381863
http://doi.org/10.1021/ja1069745
http://www.ncbi.nlm.nih.gov/pubmed/20977215
http://doi.org/10.1021/ja1059763
http://doi.org/10.1080/02678292.2013.846422
http://doi.org/10.1021/acsami.8b08125
http://doi.org/10.1021/acs.langmuir.7b03173
http://doi.org/10.1021/ja0380852
http://doi.org/10.1021/jp0543429
http://www.ncbi.nlm.nih.gov/pubmed/16853803
http://doi.org/10.1021/acsami.6b05165
http://doi.org/10.1088/0953-8984/20/49/494211

Int. J. Mol. Sci. 2021, 22, 9268 17 of 17

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

Chong, J.Y.T.; Mulet, X.; Waddington, L.J.; Boyd, B.].; Drummond, C.J. Steric stabilisation of self-assembled cubic lyotropic liquid
crystalline nanoparticles: High throughput evaluation of triblock polyethylene oxide-polypropylene oxide-polyethylene oxide
copolymers. Soft Matter 2011, 7, 4768. [CrossRef]

Hergt, R.; Dutz, S.; Roder, M. Effects of size distribution on hysteresis losses of magnetic nanoparticles for hyperthermia. J. Phys.
Condens. Matter 2008, 20, 385214. [CrossRef] [PubMed]

Pankhurst, Q.A.; Thanh, N.K.T.; Jones, S.K.; Dobson, J. Progress in applications of magnetic nanoparticles in biomedicine. J. Phys.
D Appl. Phys. 2009, 42, 224001. [CrossRef]

Dipak, M.; Chandrasekharan, P; Pradhan, P.; Chuang, K.-H.; Xue, ].-M.; Feng, S.-S.; Ding, ]. Novel synthesis of superparamagnetic
magnetite nanoclusters for biomedical applications. J. Mater. Chem. 2011, 21, 14717-14724.

Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941-951. [CrossRef]

He, Q.; Zhang, Z.; Gao, F; Li, Y,; Shi, ]. In vivo Biodistribution and Urinary Excretion of Mesoporous Silica Nanoparticles: Effects
of Particle Size and PEGylation. Small 2011, 7, 271-280. [CrossRef]

Meng, H.; Xue, M; Xia, T,; Ji, Z.; Tarn, D.Y.; Zink, ].I,; Nel, A.E. Use of Size and a Copolymer Design Feature To Improve the
Biodistribution and the Enhanced Permeability and Retention Effect of Doxorubicin-Loaded Mesoporous Silica Nanoparticles in
a Murine Xenograft Tumor Model. ACS Nano 2011, 5, 4131-4144. [CrossRef]

Adamczak, M.L; Hagesaether, E.; Smistad, G.; Hiorth, M. An in vitro study of mucoadhesion and biocompatibility of polymer
coated liposomes on HT29-MTX mucus-producing cells. Int. J. Pharm. 2016, 498, 225-233. [CrossRef]

Khan, S.; Ansari, A.A.; Rolfo, C.; Coelho, A.; Abdulla, M.; Al-Khayal, K.; Ahmad, R. Evaluation of in vitro cytotoxicity,
biocompatibility, and changes in the expression of apoptosis regulatory proteins induced by cerium oxide nanocrystals. Sci.
Technol. Adv. Mater. 2017, 18, 364-373. [CrossRef] [PubMed]

De Smet, R.; Verschuere, S.; Allais, L.; Leclercq, G.; Dierendonck, M.; De Geest, B.G.; Van Driessche, I.; Demoor, T.; Cuve-
lier, C.A. Spray-dried polyelectrolyte microparticles in oral antigen delivery: Stability, biocompatibility, and cellular uptake.
Biomacromolecules 2014, 15, 2301-2309. [CrossRef] [PubMed]

Lin, Y.H.; Chen, C.-Y. Folate-Targeted Curcumin-Encapsulated Micellar Nanosystem for Chemotherapy and Curcumin-Mediated
Photodynamic Therapy. Polymers 2020, 12, 2280. [CrossRef] [PubMed]

Yu, Y.; Miyako, E. Alternating-Magnetic-Field-Mediated Wireless Manipulations of a Liquid Metal for Therapeutic Bioengineering.
iScience 2018, 3, 134-148. [CrossRef] [PubMed]

Spyridopoulou, K.; Makridis, A.; Maniotis, N.; Karypidou, N.; Myrovali, E.; Samaras, T.; Angelakeris, M.; Chlichlia, K.; Kalogirou,
O. Effect of low frequency magnetic fields on the growth of MNP-treated HT29 colon cancer cells. Nanotechnology 2018, 29, 5101.
[CrossRef] [PubMed]

Attar, M.M.; Amanpour, S.; Haghpanahi, M.; Haddadi, M.; Rezaei, G.; Muhammadnejad, S.; HajiAkhoundzadeh, M. Thermal
analysis of magnetic nanoparticle in alternating magnetic field on human HCT-116 colon cancer cell line. Int. ]. Hyperth. 2016, 32,
858-867. [CrossRef] [PubMed]

Sun, S.H.; Zeng, H. Size-controlled synthesis of magnetite nanoparticles. . Am. Chem. Soc. 2002, 124, 8204-8205. [CrossRef]
Narayanan, T.; Sztucki, M.; Van Vaerenbergh, P.; Léonardon, J.; Gorini, J.; Claustre, L.; Sever, F; Morse, J.; Boesecke, P. A
multipurpose instrument for time-resolved ultra-small-angle and coherent X-ray scattering. . Appl. Crystallogr. 2018, 51,
1511-1524. [CrossRef]

Schindelin, J.; Arganda-Carreras, L; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]


http://doi.org/10.1039/c1sm05181d
http://doi.org/10.1088/0953-8984/20/38/385214
http://www.ncbi.nlm.nih.gov/pubmed/21693832
http://doi.org/10.1088/0022-3727/42/22/224001
http://doi.org/10.1038/nbt.3330
http://doi.org/10.1002/smll.201001459
http://doi.org/10.1021/nn200809t
http://doi.org/10.1016/j.ijpharm.2015.12.030
http://doi.org/10.1080/14686996.2017.1319731
http://www.ncbi.nlm.nih.gov/pubmed/28634498
http://doi.org/10.1021/bm5005367
http://www.ncbi.nlm.nih.gov/pubmed/24805802
http://doi.org/10.3390/polym12102280
http://www.ncbi.nlm.nih.gov/pubmed/33020451
http://doi.org/10.1016/j.isci.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/30428316
http://doi.org/10.1088/1361-6528/aaaea9
http://www.ncbi.nlm.nih.gov/pubmed/29498936
http://doi.org/10.1080/02656736.2016.1204667
http://www.ncbi.nlm.nih.gov/pubmed/27418409
http://doi.org/10.1021/ja026501x
http://doi.org/10.1107/S1600576718012748
http://doi.org/10.1038/nmeth.2019

	Introduction 
	Results and Discussion 
	Structural and Magnetic Properties of SPIONs 
	SPIONs-Loaded Bulk Cubic Phases 
	Thermotropic Behavior 
	Magnetic Behavior 

	SPIONs-Loaded Cubosomes 
	Thermotropic Behavior 
	Structural Response to Alternating Magnetic Fields 

	SPIONs-Loaded Cubosomes: In Vitro Internalization and Cytotoxicity 

	Materials and Methods 
	Materials 
	Synthesis of Magnetic Nanoparticles 
	Preparation of Bulk and Dispersed Cubic Phases 
	Small-Angle X-ray Scattering 
	X-ray Diffractometer 
	Measurement of Magnetic Properties 
	Cell Culture 
	Cubosomes’ Internalization Assay 
	Incubation with Cubosomes and SPIONs-Loaded Cubosomes 
	Cell Viability Assay 

	Conclusions 
	References

