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In the pursuit of optimized magnetic nanostructures for diagnostic and therapeutic applications, the role of nanoparticle architecture has been poorly
investigated. In this study, we demonstrate that the internal collective organization of multi-core iron oxide nanoparticles can modulate their magnetic
properties in such a way as to critically enhance their hyperthermic efficiency and their MRI T; and T contrast effect. Multi-core nanoparticles composed of
maghemite cores were synthesized through a polyol approach, and subsequent electrostatic colloidal sorting was used to fractionate the suspensions by
size and hence magnetic properties. We obtained stable suspensions of citrate-stabilized nanostructures ranging from single-core 10 nm nanoparticles to
multi-core magnetically cooperative 30 nm nanoparticles. Three-dimensional oriented attachment of primary cores results in enhanced magnetic
susceptibility and decreased surface disorder compared to individual cores, while preserving a superparamagnetic-like behavior of the multi-core structures
and potentiating thermal losses. Exchange coupling in the multi-core nanoparticles modifies the dynamics of the magnetic moment in such a way that both
the longitudinal and transverse NMR relaxivities are also enhanced. Long-term MRI detection of tumor cells and their efficient destruction by magnetic
hyperthermia can be achieved thanks to a facile and nontoxic cell uptake of these iron oxide nanostructures. This study proves for the first time that
cooperative magnetic behavior within highly crystalline iron oxide superparamagnetic multi-core nanoparticles can improve simultaneously therapeutic
and diagnosis effectiveness over existing nanostructures, while preserving biocompatibility.
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ron oxide nanoparticles continue to emerge
as one of the most powerful nanomater-
ials for biomedical applications. A key
advantage is that multiple functionalities
arise from their responsiveness to external
magnetic stimuli. Superparamagnetic nano-
particles are efficient contrast agents for
magnetic resonance imaging (MRI) owing
to their strong and reversible magnetization

LARTIGUE ET AL.

under constant field. Submitted to an alter-
nating field, they are also potent heating
mediators that can be used for hyperthermic
cancer treatment,' for thermally activated
drug release,? or for remote activation of cell
functions In the presence of a magnetic
field gradient, they enable magnetic target-
ing and manipulation of therapeutic vectors
and cells. Thus by combining detectability,
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on-command remote actuation, and therapeutic prop-
erties, they are perfect examples of the recently defined
theragnostic agents.*”” However, many challenges
remain in order to optimize the magnetic properties
of nanostructures for combined hyperthermia treat-
ment, MRl monitoring, and magnetic targeting, while
maintaining biocompatibility, degradability, and con-
trol over their distribution and fate in the organism.

In the last decades, there have been many attempts
to control the magnetic properties of nanoparticles
by tuning their size® magnetic anisotropy,’ and
magnetization,'® which are the parameters identified
by theoretical studies as the determinants of both the
static and dynamic behavior of single-domain nano-
particles. In particular, the so-called linear response
theory describes the size and anisotropy dependencies
of their thermal losses'' and MR relaxivities'? by con-
sidering Néel fluctuations of the magnetic moment
within the crystal lattice and Brownian fluctuations of
the particle itself. While this description is quite satis-
factory for single-core nanoparticles in the 5—18 nm
size range,”'* unexpected properties have been
discovered by varying the internal structure and orga-
nization of nanomagnets. For example, core—shell
nanostructures, prepared by selectively doping ferrite
phases, exhibited exchange coupling between the
magnetically soft shell and magnetically hard core.
This led to unprecedented hyperthermic potency,
which could potentially improve magnetically based
cancer therapy.” However, doping nanoparticles with
potentially toxic metals raises important concerns
regarding their fate in the organism. Iron oxide has
been shown to be degraded and safely assimilated in
the body,' so it is still preferred for biomedical appli-
cations. Recently, the modulation of nanoparticle
shape was shown to enhance both heating power
(measured by the specific absorption rate, SAR) and
MRl relaxivities.'®'” Biogenic magnetosomes extracted
from bacteria,'® chemically synthesized iron oxide nano-
cubes,"””"® and nanoflowers?®?' exhibit some of the
highest reported SAR values to date; interestingly, these
materials all exhibited behavior close to the transition
between superparamagnetism and ferrimagnetism.?
Moreover, the external organization of nanoparticles,
such as their ability to form linear assemblies or iso-
tropic clusters, can profoundly influence their magnetic
behavior>*** However, the influence of nanoparticle
architecture and internal magnetic order on the emer-
gent magnetic properties is still not understood.

In this paper, we show that multiple iron oxide cores,
formed as magnetically cooperative multi-core nano-
particles, potentiate magnetic properties for both
MRI and hyperthermia applications. By combining a
polyol synthetic approach with electrostatic colloidal
sorting, we were able to modulate magnetic inter-
actions in citrate-stabilized suspensions, ranging from
10 nm single-core to cooperative 30 nm multi-core
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nanoparticles. We show that the iron oxide cores can
coalesce with a common orientation such that both the
crystallographic and the magnetic order continue
across the interface, leading to enhanced susceptibility
and decreased surface disorder and anisotropy. By
tuning the architecture and magnetic properties, we
highlight the role of collective magnetic behavior in
multi-core superparamagnetic nanostructures for en-
hancing both heating power and MR relaxivities. More-
over, with no need for any substrate matrix, the citrate-
coated multi-core nanoparticles present high colloidal
stability and are quickly, efficiently, and safely inter-
nalized by tumor cells. Their efficacy for killing breast
cancer cells by magnetic hyperthermia and for detec-
tion by MRI even after several cell divisions is demon-
strated. This study highlights for the first time the role
of internal structure in colloidal superparamagnetic
nanoparticles in generating collective magnetic prop-
erties that critically improve therapeutic and diagnos-
tic values of biocompatible iron oxide nanomaterials.

RESULTS AND DISCUSSION

Synthesis of Multi-Core Nanoparticles and Colloidal Size
Sorting. We synthesized multi-core (MC) maghemite,
y-Fe;0s3, nanoparticles using a single-step high-
temperature hydrolysis approach. The first synthesis
used a stoichiometric mixture of two polyol solvents,
diethylene glycol (DEG) and N-methyldiethanolamine
(NMDA), 1/1 by weight as previously described.?®*
The mixture was stirred at room temperature for 3 h,
followed by a linear temperature ramp until 220 °C
and was then stirred for 12 h at constant temperature,
220 °C. The heating ramp and high temperature hold
period have been shown previously to allow clustering
and coalescence of the preformed seeds, respectively.2%2°
The particles were fully oxidized into maghemite to
ensure their chemical stability by a forced oxidation
using an iron nitrate solution. This procedure yielded
monodisperse multi-core flower-like nanostructures
(MCO0) with a mean size of 24.9 nm (Figure 1, Table 1),
which were stable in water at acidic pH. To compare the
properties of the multi-core to single-core particles, we
modified the synthesis in order to obtain multi-core
nanoparticles coexisting with smaller sized single-core
particles in a single preparation. This was achieved
by using a nonstoichiometric DEG/NMDA mixture
(0.33/0.66). To separate the different populations of
nanostructures in the acidic medium, we induced
phase separation by increasing the ionic strength of
the suspension.'®?’ As the phase diagram depends on
particle size,?® a succession of controlled phase separa-
tions allowed fractionation of the initial distribution
of the colloid. Three successive phase separations
(see Supporting Information, Figure S1) resulted in four
fractions, three of which contained nearly monodis-
perse multi-core nanoparticles with a mean size of
196, 22.2, and 28.8 nm (named MC3, MC2, and MC1,
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Figure 1. (A) Procedure for the synthesis of the different samples with a polyol route; MCO is realized using a stoichiometric
mixture of two polyols. The others samples are issued from electrostatic size sorting of a polydisperse suspension obtained
using a mixture of NMDEA/DEG at a ratio of 0.33:0.66. (B) TEM size distribution of each sample calculated by measuring 300

particles in each case.

TABLE 1. Zeta-Potential ({) and Average Size of Nano-
structures Determined by TEM, XRD, and DLS

TEM? XRD DLS
drey multi- core digmcore  dygp  duyp C-potential
(nm) o (nm) (nm) (nm) PDI° (mV)
McCo 240 0.18 10.5 156 370 0.20 —76.0
MC1 288 0.19 85 120 385 0.2 —713
MQ 222 0.22 7.5 135 443 023 —70.0
MG 19.7 0.17 71 1.0 270 0.6 —64.9
SC 10.3 0.30 10.3 92 776 0.19 —726

“The TEM size distribution follows a log-normal distribution with a characteristic
diameter (drey) and standard deviation (o). ® Polydispersity index determined
by DLS.

respectively) and one containing monodisperse single-
core nanoparticles of 10.3 nm (SC) (Figure 1, Table 1).
Note that our size-sorting process effectively removes
any larger aggregates. This approach yields single-core
and multi-core nanoparticles from the same synthesis
conditions, thus allowing a reliable comparison of their
magnetic properties and avoiding bias due to different
preparations.

For both procedures, the resulting aqueous disper-
sions were stable in acidic or basic conditions, with
the isoelectric point near pH 7. The colloidal stability
at biological pH was thus ensured by adsorption of
hydrophilic citrate anions on the surface of MC and
SC particles. This was confirmed by dynamic light
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scattering (DLS) and zeta-potential measurements
showing monodisperse distribution for the multi-core
structures (PDI index <0.23) with mean hydrodynamic
diameters, dyyp, very close to their size extracted from
transmission electron microscopy (TEM) and isoelectric
point close to 3 (Table 1). The electrostatic fractionation
approach followed by citrate coating provides stable
suspensions of multi-core nanoparticles in physiologi-
cal media (water or Roswell Park Memorial Institute,
RPMI, cell culture medium), combined with a very tight
control over their size and structure up to 30 nm. It is
important to note that the dyyp values were unchanged
following exposure to a magnetic field up to 1.5 T,
confirming that citrate-induced electrostatic repulsion
counterbalances attractive dipole—dipole interparticle
interactions.

Structural Characterization: From Single-Core to Cohesive
Multi-Core Nanopartides. Bright-field TEM electron tomo-
graphy revealed the three-dimensional arrangement
of the nanoparticles (Figure 2). In the bright-field
images, acquired with a tilt angle of —60, 0, and +60°
(Figure 2A—C), the multigrain structure of the nano-
particles and the rugosity of their surfaces can be easily
distinguished. A three-dimensional reconstruction is
presented in Figure 2D. Tomography permits extraction
of 2D slices from the 3D reconstruction,”®*° providing
better understanding of the complex nanoflower struc-
ture. Two slices, parallel (Figure 2E) and perpendicular
(Figure 2F) to the substrate, highlight the porosity; the
white contrast reveals the presence of voids inside the
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Figure 2. Three-dimensional analysis of the MCO maghemite nanoparticles by bright-field TEM tomography. Bright-field
images acquired with a tilt angle of (A) —60, (B) 0, and (C) +60°. (D) Three-dimensional representation of the particles
(tomogram). Two-dimensional slices extracted from the tomogram: (E) 2D slice parallel to the substrate, corresponding to the
blue (x,y) plane in the 3D representation; (F) 2D slice perpendicular to the substrate, corresponding to the blue (y,z) plane in

the 3D representation.

Figure 3. (A) Bright-field TEM image of the MCO maghemite nanoparticles deposited on a lacey TEM grid. (B) Aberration-
corrected high-resolution image of the particle marked out with an arrow in (A). The Fourier transform of this HRTEM image
(inset) confirms the single-crystal structure of the MC nanoparticle.

nanoparticles. It is clear that the nanoflowers consist
of an assembly of merged cores sharing a same facet.
As shown in Figure 2F, the diameter in the substrate
plane (y direction) is always very close to the diameter
perpendicular to the substrate (z direction). We can
conclude from electron tomography that the nano-
flowers are isotropic assemblies of cores, forming nearly
spherical porous supercrystals, with the overall dia-
meter depending on the number of cores present.
The atomic structure of the nanoflowers was char-
acterized by aberration-corrected high-resolution TEM
and X-ray diffraction (XRD). For the TEM experiments,
nanoparticles were deposited on a lacey grid in order to
observe the nanocrystals over the vacuum (Figure 3A).
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Surprisingly, most of the multi-core nanoparticles are
single crystals. In Figure 3B, the continuity of the crystal
lattice at the grain interfaces can be clearly observed.
The Fourier transform of this high-resolution image (see
inset) unambiguously shows the monocrystalline face-
centered cubic (fcc) structure of the multi-core nano-
particles, oriented along the [001] zone axis. This sug-
gests that individual cores have rotated during the
ripening phase at high temperature to share the same
crystal orientation, minimizing their surface energy.?®’
However, as previously reported,®® fine analyses of
HRTEM images reveal small rotations from 1 to 2° of
the crystalline structure between the individual cores
of the nanoflowers (Supporting Information, Figure S2).
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Figure 4. Magnetic measurement performed on aqueous suspension for MCO (cyan), MC1 (blue), MC2 (green), MC3 (orange),
and SC (red) at a concentration of iron of 10 mM. (A) First magnetization curve realized at 310 K, in A'mz-kg’1 of magnetic
material. (B) Initial magnetization at low field measured at 310 K. (C) Field-dependent magnetization cycle at 310 K for MCO,
showing no hysteresis. (D) Field-dependent magnetization cycles for MCO at 5 K under ZFC and FC conditions (HFC = 2390 kA/m).
(E) Field-cooled and zero-field-cooled magnetization (FC/ZFC) versus temperature curves performed with an applied field
of 4 kA/m. The black solid lines represent the fits of the ZFC. Details for the fitting as well the deduced anisotropy and
magnetic size are summarized in the Supporting Information. (F) Ferromagnetic resonance spectra of the different samples at

9.25 GHz.

In good agreement with TEM structural investiga-
tions, XRD patterns (Supporting Information, Figure S3)
are consistent with the y-Fe,03 crystalline structure.
For the single-core nanoparticles, the mean crystallite
diameter deduced from peak broadening using Scher-
rer equation, dxgp, of 9.2 nm was in good agreement
with the drgym value of 10.3 nm. However, for the multi-
core nanoparticles, dyrp ranged from 9.2 to 15.6 nm,
which is significantly smaller in all cases than the TEM
size (which ranged from 10.3 to 28.8 nm, Table 1) and
larger than the apparent TEM size of the cores. The
difference between the XRD and TEM values could
be explain by the minor crystal structure misalign-
ments at the core interface revealed by high-resolution
imaging.20’26’31

Nitrogen adsorption measurements also confirmed
the cohesive, but porous, structure of the nanoparti-
cles: a specific surface area of 82 m?/g was found for
MC1 sample, which is 2 times higher than that of a

LARTIGUE ET AL.

sphere of same diameter (28.8 nm) and 20% smaller
the specific surface area of the 12 nm cores (Supporting
Information, Figure S4).

Cooperative Magnetic Behavior of Multi-Core Nanostructures.
The next step was to shed light on how the highly
ordered internal structure of multi-core nanoparticles
affects their magnetic properties. Magnetization mea-
surements were first performed at 310 K in water, as
a function of the applied magnetic field up to 3 T
(Figure 4A). Saturation magnetization, M;, values were
close to that for bulk maghemite (80 A-m?-kg™" of
magnetic materials) for all samples except for the
single-core 10 nm nanoparticles, which show a 30%
diminution with respect to the bulk value (Table 2).
In parallel, the initial susceptibility of the suspensions,
%o, also increased with increasing drgy for the size-
selected multi-core samples (Figure 4B). The larger
susceptibility was found, however, for the mono-
disperse sample MCO obtained using the first synthesis
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TABLE 2. Magnetic Characteristics of Nanostructures

sample Tonax (K)° M, (5K) (A-m?-kg™") M, (310 K) (A-m*-kg™")
Mco 219 83.6 81.8
MC1 >270 76.9 65.4
MQ 260 843 739
M@ 230 88.7 72.9
SC 120 723 57.5

M/M (5 K) He (5 K) (kA/m) Yo Uet (x107° A-m?)
045 215 53 5.1
0.43 17.1 49 57
0.43 179 49 38
0.36 263 23 22
0.41 217 0.6 0.6

“ Tmax is temperature where the maximum value for the magnetization in the ZFC curve is reached.

procedure. From the measured values of initial sus-
ceptibility yo, one can calculate an effective magnetic
moment, u.g, for the nanostructure (Table 2) according
to the relation yo = (to/Viod) (2 3ksT),*> Where Viq, is the
nanoparticle volume. Remarkably, the u.s values were
enhanced in multi-core as compared to single-core
structures, suggesting collective magnetic behavior of
the cores. No hysteresis was found at room temperature,
confirming the rotational mobility of individual multi-
core nanoparticles in suspension (Figure 4C). This is
consistent with DLS measurements which show that
multi-core nanoparticles remained dispersed even after
exposure to magnetic fields. Hence the magnetization
curves reveal intraparticle collective behavior, which
enhances the effective particle magnetic moment, and
demonstrates the absence of interparticle magnetic
interactions, which could compromise the superpara-
magnetic properties and indeed the colloidal stability of
the suspension at room temperature.

To highlight the behavior of multi-core nanoparti-
cles, we carried out a systematic study of their field-
and temperature-dependent magnetic properties in
gelatin to avoid strain due to crystallization of the
aqueous liquid carrier and to minimize dipole—dipole
interactions between the particles. Field-dependent
magnetization curves measured at 5 K upon 3 T field
cooling (FC) and zero field cooling (ZFC) displayed the
same coercivity and saturation magnetization and were
symmetric with respect to the origin, demonstrating the
absence of exchange bias for all of the samples (Figure 4D).
This observation rules out the presence of distinct mag-
netic phases at the interfaces between cores. Exchange
bias phenomena are observed when magnetic interfaces
in intimate contact show different magnetic behavior
(typically ferromagnetic—antiferromagnetic) or different
magnetic disorder (antiphase boundaries, spin canting,
or spin glass, for example). Exchange bias was recently
observed in core—shell maghemite nanoparticles syn-
thesized by a seeded-growth method, and the effect was
attributed to disorder at the interface.3* For nanoflowers,
the absence of exchange bias is consistent with continu-
ity of the magnetic order at the grain interface arising
due to the shared crystallographic orientation demon-
strated by TEM.

Magnetization curves recorded at 5 K show that
the coercive fields changed only slightly when varying
the structure of nanoparticles (Table 2, Supporting
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TABLE 3. Parameters Used To Fit the ZFC Curves of
Nanostructures?

sample dy (nm) o K x 10* 0/m?)
MCO 14.0 0.25 1.75
MC1 14.8 0.24 1.90
MQ2 15.0 0.23 1.80
MG 133 0.23 2.50
SC 10.6 0.21 2.60

“For the calculation, we fixed 7, = 1075,

Information, Figure S5). Also the reduced remanence
(M,/My) increased from 0.41 for single-core to 0.5 for
the largest multi-core sample. However, the tempera-
ture dependence of the low-field FC and ZFC magne-
tization was drastically different for MC with respect
to SC nanoparticles; we observed both enhanced
magnetization and a severe increase of the blocking
temperature (maximum of the ZFC curve) for MC
nanoparticles (Figure 4E). It should be noted that, for
all samples, the temperature of irreversibility (where
FC and ZFC curves meet) was close to the blocking
temperature, suggesting that dipole—dipole interpar-
ticle interactions and size polydispersity do not play a
prominent role in the magnetic behavior. The tem-
perature dependence of ZFC magnetization could be
fitted using the classical theory for superparamagnetic
nanoparticles taking into account the Néel thermal
fluctuations of polydisperse individual magnetic moments
(see theory appendix in Supporting Information). We
could extract the anisotropy constant K and the effec-
tive magnetic size distribution (described by a log-
normal distribution with a characteristic magnetic dia-
meter do and polydispersity index o) for each sample
(Table 3). First, the anisotropy constant was found to be
significantly larger for single-core (2.6 x 10% J/m®) as com-
pared to multi-core nanoparticles (1.75—2.5 x 10* J/m3).
Second, the effective magnetic diameter clearly in-
creased from 10.6 nm for SC to 13.3—15.0 nm for MC
(with polydispersity index increasing from 0.21 to 0.25).
Increased magnetic diameter is entirely consistent with
both the enhancement of u. at room temperature,
and the increase in dygp for multi-core nanoparticles.
This indicates that our multi-core materials do not
behave magnetically as the individual cores, but rather
show enhanced magnetic properties, as revealed by
larger apparent magnetic size and reduced anisotropy.
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To understand this unusual behavior, we should
consider the different types of interactions which may
take place within multi-core magnetic nanoparticles.
First, dipole—dipole interactions may have a significant
effect on the dynamic processes. When the dipole—
dipole interaction energy becomes larger than thermal
fluctuations, dipolar interactions can result in ordering
of the moments. However, the subsequent organiza-
tion and collective magnetic behavior may differ de-
pending on whether individual cores can move freely
or not. In some cases, as for magnetosomes observed
in bacteria, there is a tendency to form linear chains of
nanoparticles with each magnetic moment oriented in
the chain direction,®® and closed rings have also been
observed.>*

For weaker dipolar interactions, or for immobilized
nanoparticles in a cluster, the interacting magnetic
cores may form a “dipole glass” or “super-spin glass”
with similar magnetic properties to those of spin
glasses.>* 38 Numerical simulations indicate that the
global (static) magnetization of the cluster is decreased
by dipolar interactions.?>?*3° In addition, the dynami-
cal behavior is perturbed by the complex distribution
of local fields, inducing frustration in the mobility of
the individual moments and partially suppressing the
superparamagnetic magnetic relaxation.*> Magnetic
frustration has been observed in assemblies of nano-
particles embedded in dextran or starch coatings*'
or for cell-internalized nanoparticles which strongly
interact with each other within intracellular com-
partments.*> An example of such behavior is given
by commercial particles (BNF—starch, Micromod
Partikeltechnologie, GmbH), which consists of multiple
15—20 nm magnetite crystals that form fractal aggre-
gates (85—90 wt %) in a hydroxyethyl starch shell
(duyp = 107 nm; see magnetic characterization in
Supporting Information, Figure S6). This material
shows reduced magnetization (Figure S6), which satu-
rated at much larger fields (2000 kA/m) than for nano-
flowers and lower saturation magnetization (Ms =
59.1 A-m?-kg ). The decrease of reduced remanence
at 5 K (M,/M, = 0.26) provides further evidence of the
disordering effect of dipolar interactions.*® Similarly,
polycrystalline hollow maghemite spheres are charac-
terized by enhanced anisotropy, magnetic frustration,
and diminished magnetization compared to the plain
nanoparticles, with these features being ascribed to
the multiple crystallographic domains of the shell,
which are randomly oriented and thus present differ-
ent anisotropy axes, and to the high number of pinned
spins at the shell surface and crystallite interfaces,
which increase surface disorder and apparent aniso-
tropy.** A physical situation opposite to that described
above results in the opposite effects in the case of our
multi-core nanoparticles.

Indeed, the enhanced magnetization of multi-
core nanoparticles rules out the possibility of a dis-
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ordered organization of magnetic cores coupled
through dipole—dipole interactions alone, which would
induce a decrease in effective magnetization. We there-
fore hypothesize the presence of exchange interactions
between surface atoms of neighboring cores. Exchange
interactions between particles with different orienta-
tion of their easy axes can indeed result in a rotation of
the spin structure, as first observed for nanoparticles
of hematite which were in direct physical contact.*®
Due to the synthetic procedure we have adopted, the
magnetic cores are in sufficiently close proximity that
their crystallographic orientation continues across the
interface. The enhancement of their magnetization per
unit of mass, evidenced in Figure 4B, could result from
collective behavior of spins at the interface, due to
exchange interactions. Moreover, we can interpret the
observed reduction of magnetic anisotropy as a con-
sequence of magnetic ordering at the grain's interface.
Discontinuity of exchange interactions at particle sur-
faces can perturb the ferromagnetic order, resulting
in surface spin disorder, as evidenced by different
techniques.***” In the case of nanoflowers, the overall
surface anisotropy is reduced on coalescence of in-
dividual cores because magnetic continuity is at least
partially restored at the core interfaces. Ferromagnetic
resonance (FMR) also confirms the distinct magnetic
behavior of the multi-core structures. A single broad
resonance line is observed for single cores, and we
attribute the broadening to the wide distribution of
internal fields arising from surface spin disorder as
previously observed.*®**° In contrast, multi-core parti-
cles show a complex resonance spectrum, consisting of
several absorption lines at different resonance fields,
which are lower than the resonance field of single
cores (Figure 4F). The additional exchange interactions
occurring at the grain boundaries could account for the
high local fields experienced by electronic spins and
explain the highly asymmetrical appearance of the
FMR spectrum.

Hyperthermia Performance Is Enhanced by Cooperative
Behavior. In an attempt to correlate the magnetic and
structural properties reported above with the hy-
perthermia performance of multi-core nanostructures,
we measured SAR values over a wide range of mag-
netic field amplitudes and frequencies. Under all
conditions, we observed a 2—10-fold SAR increase for
multi-core with respect to single-core materials. The
best SAR was obtained for the one-pot synthesis with
a stoichiometric mixture of polyol solvent (MCO). Under
field conditions of 29 kA/m and 520 kHz, the tempera-
ture increased at a rate of 1.04 °C/s for an iron
concentration of 0.087 M versus 0.15 °C/s (0.081 mM)
for SC nanoparticles (Figure 5A, Supporting Information,
Figure S7). Among the size-sorted multi-core samples,
the largest sized nanoparticles produced the highest
SAR (Figure 5B). The heating performance of these
multi-core nanoparticles is much higher than those
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Figure 5. Magnetothermal properties for the different samples. (A) Heating curve for MCO and SC samples at a concentra-
tion of 0.087 and 0.081 mM in iron, respectively. Temperature was recorded every 0.7 s under an alternative magnetic field
H=29 kA/mand at frequency f=520 kHz. (B) SAR values as a function of the applied magnetic field at frequency f= 520 kHz for
MCO (cyan), MC1 (blue), MC2 (green), MC3 (orange), and SC (red). (C) SAR value comparison between MCO and BNF—starch at

different frequencies for a magnetic field uoH = 25 kA/m.

reported for spherical single-core maghemite nano-
particles.'®'*%% |n fact, they lie among the best per-
forming materials reported so far for iron oxide, in-
cluding maghemite nanocubes'”'® and bacterial
magnetosomes.®' It is worth noting that we did not
observe the dependence on the square of the mag-
netic field amplitude that is predicted by the linear
theory for non-interacting superparamagnetic nano-
particles."" Similarly, the field strength threshold pre-
dicted by the Stoner—Wohlfarth model,”* and re-
ported experimentally for metallic iron nanocubes,”
was not observed in our experiments. Instead, the
SAR increased proportionally to the field strength
(Figure 5B) and frequency (Figure 5C), a behavior that
is not anticipated by the current models.

It is particularly instructive to compare our struc-
tures to BNF—starch nanoclusters described above,
which have been reported as the best multi-core
candidates for hyperthermia due a strong increase of
their SAR at high field>* Irrespective of the field
strength used, we found SAR values for BNF—starch
that were 20 times lower than that of our cooperative
MC nanoparticles (Figure 5C). Multi-core clusters pre-
pared by co-precipitation and embedded into a car-
boxymethyldextran shell also showed lower heating
performance.*’ These comparisons emphasize the
crucial role that different magnetic interactions may
have on heating mechanisms.>> Specifically, theoreti-
cal investigations have shown the detrimental effect
of dipole—dipole interparticle interactions on heating
efficiency.>**’ Focusing on intercore dipolar interactions
taking place in a dense three-dimensional cluster of
nanoparticles, a reduced hysteresis area was found in
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comparison to non-interacting nanoparticles. Although
complex dynamical effects must be explicitly consid-
ered when simulating the high frequency response of
nanoparticles, the main effect of dipolar interactions is
a demagnetization process leading to a decrease in
susceptibility and hysteresis losses.*>*’ In contrast,
for multi-core nanoparticles, we clearly observed en-
hancement of heating performance, which arises
from clustering, coalescence, and magnetic reorga-
nization of elementary magnetic grains during the
preparation. In agreement with the findings from the
magnetic and structural characterization, the hyper-
thermic performance further confirms that dipole—
dipole interactions are not the main determinant
of hysteresis losses in our materials. On the con-
trary, the latter findings highlight the role of mag-
netic ordering and exchange interactions at the
grain interfaces; a combination of reduced aniso-
tropy and enhanced magnetic moment preserves
the superparamagnetic-like behavior of the multi-
core nanoparticles and simultaneously potentiates
thermal losses. Although the observed behavior is
beyond the predictive capabilities of current models,
tuning particle architecture to favor cooperative
magnetic behavior has been established for the first
time as an alternative strategy to enhance heating
efficiency.

To confirm the biological value of citrate-coated
multi-core nanoparticles for cancer treatment, their
interactions with the human breast cancer MCF-7 cell
line were investigated. Cells were incubated with the
best performing sample (MCO) at different iron con-
centration, ranging from 0.2 to 5 mM in serum-free
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Figure 6. In vitro evaluation of MCF-7 tumor cells after incubation with MCO suspension for 30 min. (A) Average uptake of iron
per cell (in pg) determined by magnetophoresis analysis after incubation with MCO at different iron concentrations for 30 min.
Bars represent the width of the distribution of iron load in the cell population. (B) Cell metabolic activity assayed by Alamar
Blue test and expressed as percentage of the value for control nonlabeled cells. All points have been acquired in triplicate.
(C) TEM micrographs of MCF-7 cells after labeling with MCO at an iron concentration of 2 mM. Nanoflowers are confined into
intracellular lysosomes. (D,E) Therapeutic efficacy of MCO nanoparticles internalized in MCF-7 tumor cells. (D) Temperature
increase in a pellet of 300 L containing 2 x 10° MCF-7 labeled cell during exposure to an alternative magnetic field of 29 kA/m
at frequency of 520 kHz. MCF-7 cells were previously labeled with 0.2 or 2 mM iron concentration for 30 min. (E) Cell death
assessment using propidium iodide assay after 1 h exposure to the alternative magnetic field. Dead cells appear as red

fluorescence.

RPMI culture medium. Following 30 min incubation at
37 °C, the cells were washed and trypsinized to assess
their nanoparticle uptake by single-cell magnetophor-
esis, as described elsewhere.>® Cell mobility toward a
calibrated magnet was measured for 200 cells, yielding
the whole distribution of magnetic load per cell. We
did not observed any aggregation of nanoparticles
onto cells. As seen in Figure 6A, cell uptake was dose-
dependent and saturated for extracellular iron con-
centration of 2 mM to an average iron load of 8 pg/cell.
The metabolic activity of the labeled cells assessed by
Alamar Blue test was not significantly modified com-
pared to the control (Figure 6B). Electron microscopy
confirms the intracellular uptake of nanoparticles
which were confined into cell endosomes or lysosomes
(Figure 6C). As demonstrated previously for nanopar-
ticles synthesized by co-precipitation,”>®° the citrate
ligands enable facile adsorption of nanoparticles on
the cell plasma membrane, which triggers rapid and
efficient uptake by tumor cells through endocytosis.
In contrast, much longer time would be needed to
achieve similar uptake with dextran- or polymer-coated
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nanoparticles due to the poor affinity to the cell
membrane.8’ This can represent a decisive advantage
for cancer treatment since it ensures the biopersis-
tance of nanoparticles in the tumor and favors intra-
cellular distribution. Therapeutic efficacy was tested
on tumor-mimicking pellets (300 uL) containing 10°
MCF-7 cells, previously incubated for 30 min with 0.2
or 2 mM iron concentration. Iron content in the cell
pellet was quantified tobe 2 x 107> and 2.8 x 107* g,
respectively. The agreement of global iron dosage
(by elemental analysis) and single-cell iron load, as
well as transmission electron microscopy, confirmed
that all nanoparticles were intracellular. Upon expo-
sure to an oscillating magnetic field of 520 kHz and
29 kA/m, the pellet was heated to a plateau tem-
perature of 39 °C for the lower and 49 °C for the
higher Fe concentration (Figure 6D). Twenty percent
of cells became necrotic after 1 h of treatment for the
lower, as opposed to 60% for the higher concentra-
tion condition. Thus, the dose-dependent thermal
effect directly translates to a dose-dependent cytotoxi-
city under field exposure (Figure 6E). It should be
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Figure 7. "H NMR result for the different samples. Longitudinal relaxivity (r;) presented through their NMR-D profile (A) for
size-sorted nanoparticle synthesis from a nonstoichiometric polyol mixture (SC and MC1—3) and (B) for a stoichiometric
mixture (MCO0). (C) Comparison of the longitudinal (r;) and transverse (r;) relaxivities for the different samples at 9.25 MHz. (D)
High-resolution 4.7 T MR images of agarose gels containing dispersed MCF-7 cells (5 x 10* cells/mL) labeled with MCO
(top line) or BNF—starch (bottom line) (2 mM iron concentration for 30 min) at day 0, day 3, and day 6 postlabeling.
Represented slice thickness is 2 mm, and in-plane resolution is 50 um x 50 um.

noted that the iron dose per milliliter of cell culture in
this study was 10—100-fold lower than the total dose
injected in the tumor in murine or human hyperther-
mia assays.' 718

Nuclear Magnetic Resonance Performance Is Enhanced by
Cooperative Magnetic Behavior. To characterize multi-core
nanoparticles as theranostic agents, the next step
was to evaluate their efficacy as MRI contrast agents.
By producing local magnetic fields experienced by
water molecules, superparamagnetic nanoparticles
accelerate the relaxation of the 'H magnetization.
The spin—lattice (r;) and spin—spin (r,) relaxivities
are defined as concentration-independent measures
of the relaxation rate enhancement for the long-
itudinal and transverse components of the magne-
tization, respectively. A combined optimization of
both r; and r, is required to improve detection
sensitivity in MR sensing and imaging, with the
specific requirements depending on the selected ima-
ging modality. However, r; and r; relaxivities are highly
sensitive, but in a quite different way, to some intrinsic
properties of nanoparticles such as their size, magne-
tization, and dynamics of the magnetic moment, as
well as extrinsic factors such as their spatial distribu-
tion, clustering, or organization in the carrier medium.
Detailed investigation of the longitudinal relaxation
properties can be obtained from nuclear magnetic
resonance dispersion (NMRD), which provides r; mea-
surements over a wide range of 'H resonance fre-
quency (0.01 to 20 MHz) or equivalently of magnetic
field strength (0.25 mT to 0.5 T).%2
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We can observe in Figure 7A that the NMRD profile
was dramatically modified for multi-core with respect
to single-core nanoparticles. The 10 nm SC suspension
displays a profile which is characteristic of super-
paramagnetic nanoparticles and is well predicted by
the seminal model based on outer sphere theory and
includes a Curie component to the relaxation.'? The
presence of a maximum (whose position depends on
particle size and anisotropy) is interpreted as the
consequence of Néel fluctuations of the particle's
magnetic moment. In strong contrast, multi-core
nanoparticles show a monotonous decrease of re-
laxivity with increasing frequency. For size-sorted
MC, the low-field relaxivity is enhanced and the
maximum progressively disappears when the size
of multi-core nanoparticles is increased. Moreover,
it is particularly unexpected to observe such high
values of low field relaxivity, which culminate at
around 600 mM~" s~ for the MCO sample (Figure 7B).
NMRD profiles with similar shape were previously
observed for clustered materials formed from core—
shell iron—iron oxide nanoparticles,®® or by linking
an iron oxide nanoparticle by DNA strands®* or with
fatty acids,®®> but with significantly lower low-fre-
quency relaxivity than is reported here. In all of these
cases, the hydrodynamic size was far larger than for
nanoflowers.

A model for the effect on r; of the formation of
aggredates, for which the water residence times with-
in the nanostructure are extended, has been devel-
oped and experimentally validated.®® The NMRD

A N NN/
VOL.6 = NO.12 = 10935-10949 = 2012 A@@L%{\)

WWW.acsnano.org

10944



profiles were more and more flattened on increasing
agglomeration. It could be argued that such effects
could play a role in the unusual relaxivity of the
aggregated NP suspensions noted above*7% On
the contrary, the huge relaxivity enhancement exhib-
ited by dispersed multi-core nanoparticles arises due
to their intrinsic magnetic properties. On the basis of
recent theoretical modeling (Levy et al., unpublished),
we hypothesize that the increased low-field r, arises
from slowing of the dynamics of the magnetic mo-
ments (i.e., progressive blocking of Néel fluctuations
due to the local magnetocrystalline field). This assump-
tion is fully consistent with the shift of blocking tem-
perature observed in ZFC magnetization curve. Hence
the unprecedented low-frequency r; values of multi-
core nanoparticles makes them particularly useful as T,
contrast agents for MR-based sensing and for the
growing field of micro-Tesla MR’

Regarding their potency as T, agents for clinical
MRI, the multi-core nanoparticles exhibit remarkably
high values of r, (Figure 7C). The r, increased by a factor
of 1.8 for multi-core with respect to single-core nano-
particles and also increased with size for the former,
as is generally expected in this size range.®® The
maximum observed was 365 s~' mM ™" (at 9.25 MHz)
for multi-core particles of dyyp = 39 nm. Enhanced r,
values have been recently demonstrated for multiple
particles encapsulated in a substrate matrix. The r,
values of 300—500 s~' mM~" have been reported for
hydrogel-stabilized nanoparticle clusters.® The ef-
fect of core and cluster size has been studied for
block-copolymer-stabilized clusters, with r, maxima
in the range of 200—400 s~ ' mM ™" found for clusters
of size ranging from 80 to 120 nm, depending on the
core size.%® This type of behavior can be explained
using outer sphere theory taking into account the
large magnetic moment of the assembly and the
volume fraction of magnetic material.®®”® In these
and all related cases, the hydrodynamic size was
significantly in excess of 50 nm, a factor that can
significantly affect blood circulation time for real
applications.

Our multi-core constructs present several advan-
tages as compared to encapsulated nanoparticles; the
absence of a matrix and resulting close contact of the
individual cores gives rise to cooperative behavior
which amplifies the global magnetic moment, while
maintaining the hydrodynamic size below 40 nm and
retaining superparamagnetic properties and remark-
able colloidal stability. As a result, the r, values are
significantly higher than has been reported (range
33—67 s~' mM™") for dispersed single domain sphe-
rical nanoparticles.”’”2 Recently, r, values in excess of
700 s~' mM™", which is close to the theoretical max-
imum, have been reported for PEG-phospholipid-
stabilized iron oxide nanocubes.”® Taken together,
that study’® along with this work demonstrates that,
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once nanoparticle dispersion is sufficiently good, long-
circulating high r, agents may be realized. In addition
to the new insights gained into collective magnetic
behavior, the additional advantages of the multi-core
nanoflower suspensions presented here are that col-
lective effects modify the dynamics of the magnetic
moment in such a way that both the longitudinal
and transverse relaxivities are enhanced, while the
citrate coating provides specific advantages for cell
labeling.

Finally, to confirm the potency of multi-core nano-
particles for high-field MR, as well, tumor cells labeled
with MCO and dispersed in agarose gel were imaged
using a high-resolution cryoprobe adapted ona 4.7 T
scanner. Cell detection was monitored over 6 days after
labeling, during which time the cells underwent ap-
proximately six divisions. For comparison, we imaged
the same cells labeled with BNF—starch particles under
the same conditions. As shown in Figure 7D, the cells
could be detected individually when labeled with MCO,
but only a few cells were depicted on labeling with
BNF—starch. Remarkably, single-cell depiction was still
possible after 6 days of cell division of MCO-labeled
tumor cells, although the contrast was somewhat
diminished. These findings demonstrate the tremen-
dous potential of multi-core cooperative nanoparticles
for cell imaging by MRI.

CONCLUSION

We have demonstrated that highly crystalline multi-
core iron oxide nanoparticles synthesized by a polyol
process display collective magnetic behavior that po-
tentiates their magnetic properties in comparison to
single-core counterparts. By applying electrostatic col-
loidal sorting, we demonstrated modulation of the size
and magnetic interactions in the materials. The close
contact between cores within the particles ensures a
continuity of the crystalline orientation and favors
magnetic ordering across the interfaces. The result-
ing magnetically cooperative multi-core nanoparti-
cles, of about 25 nm in diameter, retain superpara-
magnetic properties at room temperature with opti-
mized magnetic dynamics. As a result, the materials
show enhanced longitudinal and transverse rela-
xivities for MRI contrast generation and enhanced
SAR values for magnetic hyperthermia. In contrast
to matrix-embedded clusters, in which the emergent
magnetic behavior is dominated by dipole—dipole
interactions, we clarify for the first time the critical
role of exchange coupling within multi-core nanos-
tructures in affording improved magnetic properties
for multiple applications. In addition, citrate-coated
iron oxide nanostructures are nontoxic, highly stable
in biological media, and easily internalized in tumor
cells, allowing for their MRI detection after several
cell divisions and destruction by magnetic hyper-
thermia. By investigating the role of nanoparticle
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architecture in modulating magnetic properties,
this study pinpoints new strategies to improve

EXPERIMENTAL SECTION

Chemicals. The syntheses were carried out using commercially
available reagents. Iron(ll) chloride hexahydrate (FeCl,-4H,0
99%), iron(lll) nitrate nonahydrate (Fe(NOs)s - 9H,0 98%), sodium
hydroxide (NaOH, 99.99%), diethylene glycol (DEG, 99%),
N-methyldiethanolamine (NMDEA, 99%), sodium citrate tribasic
dihydrate (98%), and nitric acid (HNOs, 70%) were purchased
from Sigma-Aldrich (France). Iron(ll) chloride tetrahydrate
(FeCl3-6H,0 99%), ethanol, acetone, and ethyl acetate were
obtained from VWR (France).

Nanoparticle Synthesis. First, 1.082 g (4 mmol) of FeCl5-6H,0
and 0.398 g (2 mmol) FeCl,-4H,0 were completely dissolved
in 80 g of liquid mixture of NMDEA and DEG with 1:1 (v/v) ratio.
The solution was stirred for 1 h. Separately, 0.64 g (16 mmol) of
NaOH was dissolved in 40 g of polyols. This solution was added
to the solution of iron chlorides, and the resulting mixture was
stirred for another 3 h. Then, the temperature was elevated
to 220 °C using a progressive heating of 2 °C/min. Once the
temperature reached 220 °C, the solution was stirred for 12 h.
The black sediments were separated magnetically and washed
with mixture of ethanol and ethyl acetate (1:1, v/v) several times
to eliminate organic and inorganic impurities. Possible iron
hydroxides were removed by treatment with 10% nitric acid.
Then, 8.25 g of iron(lll) nitrate was then dissolved in 20 mL water
and added to the nanoparticles. The resulting mixture was
heated to 80 °C for 45 min to achieve a complete oxidation of
the nanoparticles. After another treatment with 10% nitric acid,
the particles were washed twice with acetone and diethyl ether
and dispersed in water, and MCO nanoparticles were obtained.

With the same procedure but using a polyol mixture of
NMDEA and DEG with 0.66/0.33 (v/v) ratio and a heating time
at 220 °C equal to 4 h, a stable suspension of polydisperse
nanoparticles in water was obtained. The concentration of the
sample was approximately 1.2 mol/L of iron; 250 mL of con-
centrated nitric acid was added to 10 mL of the nanoparticle
suspension. Two phases appeared instantaneously: a phase
concentrated in nanoparticles (the flocculate) at the bottom
of the vial, and a more diluted one containing the smaller
nanoparticles (the supernatant). After 5 min of magnetic de-
cantation to ensure a rapid phase separation, the supernatant
was pipetted into another vial. Seven milliliters of water
was added to the flocculate to allow a full dispersion of the
nanoparticles in this phase. Further size sorting steps were then
experienced on the two phases to ensure a low polydispersity of
the samples. Among the different fraction obtain, four fractions
were used for the study: MC1, MC2, MC3, and SC (see Supporting
Information S1).

The iron content of each sample was titrated using flame
atomic absorption spectroscopy. To ensure a good colloidal
stability at physiological pH, citrates anions were adsorbed at
the nanoparticle surface with a citrate to iron molar ratio of 0.2.
This functionalization was performed for all samples (MCO, MC1,
MC2, MC3, and SC).

Nanoparticle Characterization. Aberration-Corrected HRTEM and
Electron Tomography. The newly developed JEOL ARM200F
electron microscope, equipped together with a CEOS aberra-
tion corrector and a cold-field emission gun,”*”> was used for
high-resolution imaging and tomography experiments. The
tomography data set consisting of 216 bright-field images
was collected between +73° and —73° using the Saxton
scheme, where the tilt increment depends on the cosine of
the overall tilt angle. After a fine alignment of all projections, the
volume reconstruction was calculated using the simultaneous
iterative reconstruction technique (SIRT) with 10 iterations.”®
Volume rendering and slices of the tomogram were generated
using the Amira module included in the tomography package of
the digital micrograph software (Gatan).
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therapeutic and diagnostic effectiveness of biocom-
patible nanostructures.

Dynamic Light Scattering. Stability of the colloidal suspen-
sion of citrate nanoparticles was investigated using a Zeta Sizer
(Malvern Instruments) equipped with a 4.0 mW He—Ne laser
operating at 633 nm and an Avalanche photodiode detector.
The same apparatus was used for zeta-potential measurement.
Stability of the samples was measured on suspension contain-
ing 5 mM of free citrate ions and a total iron concentration of
1072 mol/L.

Specific Surface Area Determination. For the specific surface
area measurements, the samples were lyophilized 24 h and
then degassed overnight at 110 °C under vacuum (107 bar).
Volumetric adsorption of nitrogen at 77 K was performed on a
ASAP 2020 Micromeretics apparatus. The specific surface area
was measured using the BET equation on the isotherm between
P/Py=0-0.2.

X-ray Diffraction. The crystalline structure of the samples
was identified by X-ray diffraction (XRD). X-ray diffractograms
were collected at room temperature using a D500 Siemens
diffractometer equipped with a quartz monochromator.

Magnetic Characterization. Magnetization measurements were
collected with a Quantum Design MPMS-5S SQUID magnet-
ometer working in the temperature range of 1.8—350 K and the
magnetic field range of 0—3980 kA/m. All magnetic measurements
were performed in solutions around 10 mM in [Fe]. Data were
corrected for the diamagnetic contribution.

Ferromagnetic resonance (FMR) spectra were obtained
using a Varian ESR spectrometer operating at 9.26 GHz (X band)
with the following parameters: microwave power = 1 mW,
modulation frequency = 100 kHz, modulation field = 10 G.
FMR spectra were recorded at room temperature for 2 uL of
nanoparticle suspension at a concentration of 10 mM.

Hyperthermia Measurement. The evaluation of heat generation
was performed with a home-built magnetothermal setup.’
It consists of a resonant RLC circuit with a 16 mm coil. The field
amplitude can be varied from 5 to 29 kA-m~" and the magnetic
field frequency from 320 kHz to 1.1 MHz. Then, 300 uL of a
solution of magnetic NPs was put inside the coil, and the
temperature was probed with a fluoro-optic fiber thermometer
(Luxtron Corp., CA) every 0.7 s. By circulating nonane into the
coil, the temperature inside the sample holder was kept to
37 °C. Although the system is optimized for working in adiabatic
conditions, temperature dissipation with the surrounding air
was observed.

The SLP was calculated using the following formula:

1 a7
AR = — [ Sem S
S me (ch,m,dt>

where m, is the total mass of the iron, ¢; is the specific heat, and
m; is the weight of the different species in solution; finally, dT/dt
is the slope of the T(t) curve. Because the experimental setup we
used is not perfectly adiabatic, the dT7/dt value was extrapolated
by taking the initial slope of temperature increase obtained
from the linear term of a polynomial fit of the whole curve. The
mass of iron is measured by flame atomic absorption spectros-
copy. The iron concentration was 87 mM for MCO, 54 mM for
MC1, 12 mM for MC2, 9 mM for MC3, 81 mM for SC, and 100 mM
for BNF—starch.

NMRD and Relaxivity Measurements. The frequency dependence
of the "H relaxation for the aqueous nanoparticle suspensions
was recorded over the frequency range of 0.01—20 MHz using
a Spinmaster FFC-2000 fast-field cycling NMR relaxometer
(Stelar SRL, Mede, Italy). The system operated at a measurement
frequency of 9.25 MHz for 'H, where the 90° pulse was 7 us. T
measurements were performed as a function of external field,
By, with standard pulse sequences incorporating B, field excur-
sions. The temperature of the samples was maintained at 25 +
1 °C using a thermostatted airflow system. All of the 'H
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magnetization recovery curves were singly exponential within
experimental error, and the random errors in fitting T; were
always less than 1%. T, was measured using the CPMG pulse
sequence.

Cell Labeling and Uptake Assay. Dulbecco's modified Eagle
eedium (DMEM), Roswell Park Memorial Institute medium
(RPMI-1640 medium), trypsin solution, and all other reagents
used for cell culture were purchased from PAA and used with no
further purification. MCF-7 cells (ATCC #HTB-22) were main-
tained as monolayer cultures in DMEM supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin at
37 °C, and 5% of CO,. The incubation medium was prepared by
adding a filter-sterilized suspension of nanoparticles with dif-
ferent iron concentration dispersed in serum-free RPMI-1640
medium supplemented with 5 mM of citrate. Cells were incu-
bated with this medium for 30 min at 37 °C. After three rinsing
steps with RPMI medium, cells were trypsinized, centrifuged
at 1200 rpm for 5 min, and rinsed again two times with RPMI.
Subsequently, the total iron concentration in cell pellets
(containing a known number of cells) was quantified by flame
atomic absorption spectroscopy. To bring a more specific
measurements of cell iron load, single-cell magnetophoresis
assay was used as described before.>® Briefly, the cell magnetic
load was quantified by measuring the velocity of magnetically
labeled cells in suspension when they are submitted to a
magnetic field gradient. In the steady state regime, the mag-
netic driving force acting on cells is defined as F,, = N x u x
gradB, where N is the number of cell-associated NPs, u the
NP magnetization in the applied magnetic field B = 150 mT,
and gradB = 17 T/m, the magnetic field gradient. This force is
counterbalanced by the viscous force Fy =37 X # X dcelis X Veells:
where des is the cell diameter (cells in suspension are assimi-
lated to spheres), v s is the cell velocity, and 7 is the viscosity
of the carrier fluid. The cell magnetic moment (or equivalently
the iron mass per cell) is thus derived from the measured cell
velocity and cell diameter. The magnetophoretic movement
of cells toward the magnet was recorded by videomicroscopy.
For each condition of incubation, the velocity and diameter of
about 200 cells were measured, yielding the distribution of iron
load in the cell population. Iron load per cell was expressed
as a mean =+ (standard deviation for three independent
experiments).

Cell Viability Test. In order to evaluate the toxicity of MCO
nanoparticles on cells, their metabolic activity was assessed by
the Alamar Blue test. One thousand cells were seeded in 48-well
plates and submitted to the labeling procedure the day after.
MCF-7 cells were incubated for 30 min at 37 °C with MCO
nanoparticles dispersed in RPMI-1640 (supplemented with
5 mM sodium citrate) at different iron concentration from
0.2 to 5 mM. The labeled MCF-7 cells were then washed twice
in PBS and were incubated with 10% Alamar Blue in culture
medium for 2 h. The fluorescence in cell medium due to the
reduction of resazurin (oxidized form) to resorufin by cell activity
was quantified on a FLUOstar OPTIMA microplate reader (excitation
550 nm, emission 590 nm) and compared to the control nonlabeled
cells. The conditions were run in quadruplicate.

Hyperthermia Performed in Cells. MCF-7 cells were grown up to
a confluent state in a 75 cm? culture flask. The culture medium
was replaced with 6 mL of MCO nanoparticles dispersed in RPMI-
1640 (supplemented with 5 mM sodium citrate) at an iron
concentration [Fe] = 2 or 0.2 mM and labeled for 30 min with
the procedure described above. After rinsing steps and trypsi-
nation, cells were centrifuged and the cell pellet was transferred
in a sample vial, yielding a cellular suspension of 2 x 10® MCF-7
cell in 300 uL of PBS. The cells were finally tested in a
hyperthermia setup, by applying an alternating magnetic field
at a frequency of 520 kHz and at magnetic field amplitude of
29 kA-m~" for 1 h. The cell death was evaluated using propi-
dium iodide salt (Pl). The Pl is commonly used for identifying
dead cells in a population. Pl salt was purchased from Sigma-
Aldrich (95%) and used without further purification. After
hyperthermia application, 10 uL of Pl was added to cells and
left for about 10 min at room temperature. Then cells were
carried up on slide and coverslip and observed using an inverse
microscope (Leica DM IRB, Solms, Germany) coupled to a high

sensitive CCD camera (CoolSNAP, Photometrics, Tucson,
Arizona). A large number of cells (around 4000) were counted
using Image J software to determine the rate of dead cells after
hyperthermia application.

High-Resolution MRI. MRI was performed using a 4.7 T pre-
clinical MRI system (BioSpec 47/40 USR, Bruker) in the
Small Animal Imaging Platform Paris—Descartes PARCC-HEGP.
High-resolution MRI was carried out using a cryogenic probe
(CryoProbe, Bruker) in 0.3% low-melting-point agarose gels
where labeled cells were dispersed at a density of 5 x 10*
cells/mL. Scans were run under a fast steady state precession
(FISP) protocol on FID mode. Images were acquired using a T,*-
weighted sequence with following parameters: FOV of 9 x 9 x
9 mm; matrix of 180 x 180; voxel size of 50 x 50 x 50 um; echo
time of 5 ms, repetition time of 20 ms; flip angle of 25°, and
bandwidth SW of 50 kHz.

Transmission Electron Microscopy in Cells. Ultrathin sections
(80 nm) of MCF-7 cells labeled with MCO were stained by lead
citrate and were examined by using a ZEISS EM902 TEM
operated at 80 kV (Carl Zeiss-France, MIMA2Microscopy Plat-
form, UR1196, INRA, Jouy en Josas, France). Images were
acquired with a charge-coupled device camera (Megaview llI)
and analyzed with ITEM Software (Eloise, France). Beforehand,
cells were washed three times in 0.1 M cacodylate buffer and
fixed with 2.5% glutaraldehyde in cacodylate buffer at 4 °C for
30 min. Cells were postfixed with osmium tetraoxide 1% and
passed through uranyl acetate. Samples were then dehydrated
in an ethanol series (30—100%) and embedded in epoxy
medium (EPON 812; Shell Chemical, San Francisco, California).
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