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ABSTRACT: Iron oxide nanoparticles (IOs) are intrinsically
theranostic agents that could be used for magnetic resonance
imaging (MRI) and local hyperthermia or tissue thermal
ablation. Yet, effective hyperthermia and high MR contrast
have not been demonstrated within the same nanoparticle
configuration. Here, magnetic nanoconstructs are obtained by
confining multiple, ∼ 20 nm nanocubes (NCs) within a deoxy-
chitosan core. The resulting nanoconstructsmagnetic nano-
flakes (MNFs)exhibit a hydrodynamic diameter of 156 ±
3.6 nm, with a polydispersity index of ∼0.2, and are stable in
PBS up to 7 days. Upon exposure to an alternating magnetic
field of 512 kHz and 10 kA m−1, MNFs provide a specific
absorption rate (SAR) of ∼75 W gFe

−1, which is 4−15 times larger than that measured for conventional IOs. Moreover, the same
nanoconstructs provide a remarkably high transverse relaxivity of ∼500 (mM s)−1, at 1.41T. MNFs represent a first step toward
the realization of nanoconstructs with superior relaxometric and ablation properties for more effective theranostics.
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■ INTRODUCTION

The magnetic properties of iron oxide nanoparticles (IOs) have
been exploited for both imaging, diagnosis, and therapy in
diverse biomedical applications.1−5 IOs offer a significant
shortening of the transverse relaxation time of water and can
be efficiently used as T2-MRI contrast agents;6−8 also, upon
exposure to alternating magnetic fields (AMF), significant
amounts of heat can be deployed locally for hyperthermia and
thermal ablation of the surrounding abnormal tissue.9−11

Moreover, IOs are generally made of biodegradable iron that,
upon dissolution, can enter the physiological metabolism of
cells limiting possible concerns on toxicity;12−14 and their
surface can be chemically modified using a variety of well-
established protocols to confer specific molecular and electro-
static properties.15,16 Last, their intrinsic magnetic character
allows for remote guidance and direct targeting via external
static magnetic fields.17,18 Therefore, the popularity of IOs
derives from their intrinsic multifunctionalityimaging and
therapywhich has potential applications in different bio-
medical fields, including oncology, cardiovascular, and neuro-
degenerative diseases.
A plethora of work has been dedicated to develop IOs and

IO-based systems with enhanced MRI and thermal ablation

performance. The effect of the size and surface properties of
IOs has been systematically analyzed in numerous manuscripts
showing that transverse relaxivity r2 can be boosted by
increasing the magnetic core size up to ∼30 nm,19,20 whereas
the type and thickness of polymer coatings can be detrimental
to r2 in that it could negatively affect the diffusion of water
molecules and their interaction with the magnetic core.21 For
thermal ablation therapies, different heating mechanisms are
involved depending on the nanoparticle size: for IOs smaller
than ∼30 nm, heating is associated with Neel and Brownian
relaxation; whereas hysteresis and Joule heating are the
dominant effects for larger IOs. The identification of the
optimal IO size range for more effective ablation therapies is
still a matter for scientific debate.22,23 Another strategy for
modulating the magnetic properties of iron oxide nanoparticles
has been that of forming clusters of IOs.24−26 The mobility of
the water molecules within and around the cluster is altered by
the complex IO spatial organization, and the clusters can
present higher transverse relaxivities as compared to the
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individual IO.27,28 Recently, the shape of the IOs has been also
explored as a parameter for optimizing magnetic response.
Needles, star-shaped, and cubical nanoparticles have been
synthesized by several groups demonstrating improved
magnetic properties.29−38

Among the different IO shapes, iron oxide nanocubes (NCs)
have demonstrated remarkable MRI and thermal ablation
properties.39 The groups of Pellegrino and Gazeau12,29 and
Hyeon and colleagues30,31 have been synthesizing and testing
NCs for their magnetic properties. The Pellegrino and Gazeau
group has synthesized NCs with different sizes, ranging from
∼10 to 40 nm, and showed that small clusters of 2−3 NCs,
with an edge size of ∼20 nm, would provide the highest SAR
with values of ∼2500 W gFe

−1, at 520 kHz and 29 kA m−1.29

Comparable results have been documented by the Hyeon
group using small clusters of ∼30 nm NCs.31 In addition, the
Hyeon’s group has also shown that individual, ∼22 nm NCs
can provide transverse relaxivities r2 as high as 761 (mM s)−1

and could be efficiently used as contrast agents in MR
imaging.30 These results would suggest that the thermal
ablation behavior could mostly be achieved by using clustered
NCs, whereas high contrast in MR imaging would derive by
individual, ∼ 20 nm NCs.
In this work, magnetic nanoconstructs have been generated

by confining multiple, individual NCs into a polymeric deoxy-
chitosan matrix, which is further stabilized by an external
monolayer of lipids and poly(ethylene glycol) (PEG) chains.
The polymeric core is made out of deoxycholic acid-chitosan
conjugate (deoxy-chitosan), and the individual NCs have an
edge size of ∼20 nm and are coated with a single layer of oleic
acid. The resulting nanoconstructs, called magnetic nanoflakes
(MNFs), have been characterized for their physicochemical
properties, stability in solution over time, relaxometric and SAR
properties. A comparison of the MNFs with the original
individual NCs has been also performed to demonstrate the
advantages of using NC clusters to simultaneously achieve high
relaxivity and SAR values.

■ RESULTS
Physicochemical Characterization. The magnetic nano-

flakes (MNFs) were synthesized using an emulsion technique
where ∼20 nm NCs, coated with a thin layer of oleic acid, are
mixed with deoxy-chitosan and then covered by a lipid
monolayer and poly(ethylene glycol) (PEG). A schematic
representation of the MNF is shown in Figure 1a. The MNF
stability and monodispersity were determined up to 7 days
using standard dynamic light scattering (DLS) analysis. The
data of Figure 1b show an average hydrodynamic diameter of
156 ± 3.6 nm and a polydispersity index (PDI) of ∼0.2
throughout the 7 days. The DLS data for each single day are
reported in the Supporting Information, Figure S1. Trans-
mission electron microscopy (TEM) images of the iron oxide
nanocubes (NCs) used for the formation of the magnetic
nanoflakes are presented in Figure 1c, where the image in the
right-top inset clearly demonstrates an edge size of ∼20 nm.
Electron micrographs of the whole nanoconstruct are presented
in Figure 1d−f. These micrographs provide a diameter of the
MNFs of ∼140 nm, under dry conditions.
As determined by inductively coupled plasma-emission

spectroscopy (ICP-OES), the percentage of iron loaded into
the MNFs as compared to the initial input used for synthesis
(i.e., the iron yield) is 50 ± 15%. The zeta-potential of the
MNFs in DI water is 37.9 ± 2.7 mV, lower than that measured

for chitosan alone (∼46 mV). The reduction in surface
electrostatic charge has to be associated with the presence of
the lipid and PEG-COOH corona, which stabilizes the whole
nanoconstruct. The physicochemical properties of the MNFs
are summarized in Table.1.

Magnetic Characterization. The magnetic properties of
the MNFs are presented in Figure 2. A magnetometer was used
to characterize the magnetization Ms of the nanoconstructs as a
function of the external applied field H. The magnetization
curve at 300 K of Figure 2a demonstrate the lack of any
hysteresis loop and a magnetization saturation of ∼80 emu
gFe

−1, which is comparable with the values obtained by other
authors. However, with a calculated magnetic susceptibility of
∼0.21, the present MNFs tend to have a lower rate of
magnetization at low fields if compared with the NCs
synthesized by Pellegrino and Gazeau and Hyeon.29

The ablation properties of the MNFs were derived by
exposing the nanoconstructs to an alternating magnetic field
(AMF) and registering the temperature variation of the sample
over time. In particular, a vial containing an aqueous solution
(0.6 mL) of MNFs (0.76 mgFe mL

−1) was exposed to an AMF

Figure 1. Physicochemical properties of the magnetic nanoflakes
(MNFs): (a) Schematic representation of a MNF. (b) Stability test
over time in a PBS solution (average diameter =156 ± 3.6 nm; average
PDI = 0.2 ± 0.007. (c) TEM image of the nanocubes (NCs) used for
the MNF synthesis. The NC edge length is ∼20 nm; (d) SEM image
of the MNFs; (e, f) TEM and SEM images of the MNFs showing the
NCs confined within the polymeric matrix. MNFs appear as spherical
nanoconstructs with an average size of ∼140 nm.
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(512 kHz, 10 kA m−1) and showed an increase in temperature
of ∼6 °C within 30 min (Figure 2b). The experiment was
repeated 5 times returning a very small variation in temperature
(gray shadow). From the temperature−time curve, the specific
absorption rate of the MNFs was quantified to be 73.8 ± 2.3 W
gFe

−1, following standard protocols. This value is ∼60 times
larger than the SAR measured for the individual NCs in
ethanol, which was measured to be 1.25 ± 0.12 W gFe

−1. This

data are presented in the bar chart of Figure 2c. This significant
enhancement in SAR should be attributed to the geometrical
confinement of the NCs within the polymeric matrix. This
geometrical confinement is responsible for modulating the
diffusion of the water molecules within and around the NC
clusters, which would directly affect r2 values,40 and for the
synergistic interaction among the magnetic dipoles of adjacent
clustered NCs, which would affect SAR values.41

The MNFs were also characterized for their ability to shorten
the longitudinal and transverse relaxation time T1 and T2 of
water. A benchtop relaxometer, operating at 1.41T and 37 °C,
returned a ΔR1 = 43.7 ± 5 ( × 10−3 s−1) and a ΔR2 = 1.27 ±
0.13 s−1, corresponding to a longitudinal relaxivity r1 of 4.98 ±
0.58 (mM s)−1 and a transverse relaxivity r2 of 475 ± 28 (mM
s)−1 (Figure 2c). The iron concentration was measured to be
0.15 μgFe mL

−1, via ICP-OES. Note that since the individual
NCs are coated with a single layer of oleic acid (i.e., are
hydrophobic) and the relaxometric properties depend on the
surface chemistry of the nanoparticles, the r2 for the individual
NCs could not be estimated for a direct comparison.
Finally, it should be noted that magnetic interactions are

volume forces and, as such, rapidly decrease as the nanoparticle
size reduces. In other words, large magnetic fields would be
required to steer small IOs. However, each MNF can carry
several tens of NCs which synergistically contribute to the
overall magnetic dipole of the nanoconstruct. This allows us to
more efficiently manipulate MNFs under flow. It is also
important to emphasize that despite the large amount of iron
loaded, the MNFs preserve their superparamagnetic behavior
and magnetic properties over time (see the Supporting
Information, Figure S2). To characterize the response to
external fields, we subjected a MNF solution flowing in a
parallel plate flow chamber to a static magnet field, as depicted
schematically in Figure 3a. The flow rate and the chamber
geometry were selected to impose a fixed, physiologically
relevant wall shear rate of 100 s−1. For this experiment, the
MNFs were labeled with rhodamine and appeared as red dots
under a fluorescent microscope. The data in panels b and c in
Figure 3 clearly show that the MNFs tend to drifting laterally
across the stream lines and progressively accumulate around the
magnet forming a reddish corona. Indeed, in the absence of any
external magnetic field, the MNFs tend to follow the flow
without any lateral drift.
The surface density of the MNFs accumulating around the

magnet is shown in Figure 3c and it is presented in terms of
percentage of covered surface as a function of the distance y
from the magnet surface. Indeed, as the separation distance
from the magnet increases, the density of deposited MNFs
reduces being ∼5% at ∼1.2 mm away. Note that the width of
the parallel plate flow chamber is 10.0 mm, in the present
configuration. The dynamics of accumulation can also be
appreciated by looking at the Supporting Information, Figure
S3, and, in a real time, via the Supporting Information, Movie 1,

Table 1. Physicochemical Properties of the MNFs Compared with Other Iron Oxide Nanocubes and Nanoparticles

physical characterization SAR (W gFe
−1)/magnetic susceptibility r2 (mM−1 s−1)

hydrodynamic size 156.9 ± 3.6 nm magnetic nanoflakes 73.8 ± 2.3/0.21 magnetic nanoflakes 472 ± 27
core size ∼140 nm single nanocubes 1.25 ± 0.12 WFION48 761
PDI 0.201 ± 0.007 a.u. IONCs29 280a/0.4 FION38 324
Z-potential 37.9 ± 2.7 mV IONCs49 102a/0.23 PVP-IO43 173
yielding 50 ± 15 % Feridex42,50 8a/0.06 Feridex38 133

aNormalized to compare with our system, following the approximation SAR∝ f H2

Figure 2. Magnetic properties of the magnetic nanoflakes (MNFs):
(a) SQUID analysis of cycle magnetization showing the lack of any
hysteresis loop and a magnetization saturation of ∼80 emu gFe

−1. (b)
Temperature increase over time for a 0.6 mL solution of MNFs (0.76
mgFe mL

−1) exposed to an alternating magnetic field (512 kHz and 10
kA m−1 AMF) for 30 min. (c) Bar chart summarizing specific
absorption rate (SAR = 73.8 ± 2.3 W gFe

−1) and relaxivities (r1 = 4.98
± 0.58 mM−1 s−1 and r2 = 475 ± 28 mM−1 s−1) of the MNFs. Note
that the SAR of the MNFs is ∼60 times larger than that of the single
NCs (1.25 ± 0.12 W gFe

−1).
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clearly demonstrating the lateral drifting of MNFs. In proximity
of the magnet, the deposited MNFs cover up to 60% of the
available surface.
Cytotoxicity Essay. The cytotoxic behavior of the MNFs

was characterized on endothelial cells (HUVECs), which
represent the first cell type encountered by nanoconstructs
upon system injection, and a breast cancer cell line (MDA-MB-
231). Different concentrations of MNFs were incubated with
the cells and cell viability was monitored at 24, 48, and 72 h
post incubation using a MTT assay. As shown in Figure 4a,
during the first day of incubation, no loss in viability was
observed for the HUVECs up to concentrations of 500 μM.
Only at 1000 μM did the HUVEC’s viability drop to 70%.
Similarly, some negligible toxicity (i.e., viability <90%) was
detected at concentrations larger than 100 μM for the second
and third days of analysis. A similar trend was observed for the
MDA-MB-231, but the toxicity was overall lower than what
documented for the HUVECs. Cell viability was higher than
80% for concentrations of 500 μM up to 72h. Only at the
highest concentration, of 1000 μM, did the cell viability of the
MDA-MB-231 drop below 80%.

■ DISCUSSION
The specific absorption rate (SAR) is a dosimetric quantity that
has been introduced for assessing the amount of absorbed
radiation power by unit mass of tissue. It depends on the
operating conditions of the AMF apparatus used for stimulating
the IOs, namely the frequency f and field strength H. The data
reported by Dennis and Ivkov41 clearly show a nonlinear
variation of SAR over a wide range of f H2. However, the same
data also show that this relationship can be considered as piece-
wise linear. In other words, within a relatively small range of
f H2, an approximate comparison of the ablation properties of
different nanoparticles can be performed by normalizing the
SAR by f H2. This is indeed the case of the nanoparticles
presented in Figure 5, where f H2 varies between 5 and 80 ×
1013 A2 m−2 s−1. Consequently, referring to the current
operating conditions ( f = 512 kHz and H = 10 kA m−1), the
SAR of ∼2500 W gFe

−1 reported by Pellegrino&Gazeau group
would rescale to ∼280 W gFe

−1. Similarly, the SAR values for 5
nm USPIOs11 and the Feridex42 nanoparticles would be equal
to ∼20 and ∼8 W gFe

−1, respectively. The magnetic nanoflakes
presented a SAR of 73.8 ± 2.3 W gFe

−1. Although the SAR of
the MNFs is ∼4 times lower than that measured by Pellegrino
and Gazeau’s group, it is still 4 −15 times larger than the SAR
depicted for more conventional systems. The difference in SAR
between the MNFs and the Pellegrino and Gazeau’s NCs could
be attributed to the different magnetic behavior of the
individual NCs. In particular, the magnetic susceptibility of
the Pellegrino&Gazeau’s NCs is at least two times larger than
that of the NCs used here, and of all other IO formulations
(Figure 5a). The bar chart also confirms that SAR and magnetic

Figure 3. Remote guidance of the Magnetic NanoFlakes (MNFs): (a)
Schematic representation of the parallel plate flow chamber used for
the experiments. A static magnet is placed underneath the chamber for
the dragging experiments under flow. (b) Three individual images
show the path of two individual MNFs under flow (yellow and white
arrow) at three consecutive time points; also, a fluorescent corona is
formed around the magnet by the MNFs continuously depositing. The
image is obtained by stitching together multiple pics taken from the
unmounted coverslip after the experiment. (c) Percentage of area
covered by the deposited nanoparticles is plotted as a function of the
separation distance y from the magnet edge. Up to 5% of the area is
covered by MNFs at ∼1 mm away from the magnet.

Figure 4. Cytotoxicity of the MNFs: (a) cell viability of HUVECs and
(b) breast cancer MDB-MB-231. Cell viability is determined by MTT
assay, at three different time points and four different MNF
concentrations.
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susceptibility are directly related. Because the SAR of the MNFs
is 60 times larger than that of the oleic acid-coated NC (1.25 ±
0.12 W gFe

−1), it is reasonable to speculate that even larger SAR
could be reached for the MNFs by confining NCs exhibiting
higher magnetic susceptibility.
As per the MR imaging capability, the group of Hyeon has

shown that single, 22 nm NCs can provide transverse
relaxivities r2 as high as 761 (mM s)−1 (Figure 5b). Importantly,
this large relaxivity value has been never demonstrated for
clustered NCs. The present work shows that remarkably high
relaxivities can also be achieved by forming proper clusters of
NCs. The MNFs showed a transverse relaxivities r2 of 475 ± 28
(mM s)−1, which is only 40% smaller than that measured by
Hyeon for individual NCs. This value is significantly larger than
that offered by other IOs and IO-based systems, such as the
FIONs (r2 = 324 (mM s)−1),38 PVP-IOs (r2 = 173(mM s)−1),43

and the Feridex nanoparticle (r2 = 133(mM s)−1).38 This
transverse relaxivity is also larger than that documented for
clusters generated with conventional spherical IOs. For
instance, the group of Simard has demonstrated a r2 up to
400 (mM s)−1;25 whereas the group of Morales has obtained r2
up to ∼300 (mM s)−1.26 Moreover, the authors have recently
demonstrated r2 ∼ 500 (mM s)−1 by confining conventional 5
nm IOs into discoidal polymeric matrices.44 It is then possible
that even larger relaxivities could be achieved by packing better
performing individual NCs in polymer matrices.
The presented data demonstrate that magnetic nanoflakes

can combine together a remarkably high relaxivity (475 ± 28
(mM s)−1), specific absorption rate (73.8 ± 2.3 W gFe

−1, at f =

512 kHz and H = 10 kAm−1), and show potentials for in vivo
efficient magnetic targeting that cannot be simultaneously
achieved by using either individual NCs or IO nanospheres.

■ CONCLUSIONS
In this study, new magnetic nanoconstructs − Magnetic
NanoFlakes (MNFs) − have been derived by geometrically
confining iron oxide nanocubes of ∼20 nm in edge length
within a polymeric matrix of deoxy-chitosan. Following such a
strategy, a remarkably high transverse relaxivity (r2 = 475 ± 28
(mM s)−1 at 1.41T) and specific absorption rate (SAR = 73.8 ±
2.3 W gFe

−1, at f = 512 kHz and H = 10 kAm−1) have been
achieved for the same nanoconstructs. It has been confirmed a
significant enhancment in magnetic properties of the individual
NCs upon their geometrical confinement within the polymeric
matrix. In particular, the SAR of the MNFs was increased by
∼60 times over that of individual NCs (= 1.25 ± 0.12 W gFe

−1).
The geometrical confinement of NCs exhibiting higher
magnetic properties, particularly in terms of magnetic
susceptibility and magnetization saturation, could lead to even
higher SAR and r2 values. These MNFs represent a first step
toward the realization of nanoconstructs with superior
theranostic capabilities.

■ EXPERIMENTAL SECTION
Nanocube Synthesis. The synthesis of the iron oxide NCs has

been extensively described by Kim et al.45 Briefly, iron(III)
acetylacetonate (0.71 g), oleic acid (1.27 g), benzyl ether (10.40 g),
and 4-biphenylcarbocylic (0.41 g) are mixed in a three neck flask, and
then degassed by nitrogen gas (1 h) before reaction. The mixture is
heated up to 290 °C and kept react for 30 min. The mixture is then
cooled down and the produced nanocubes can be precipitated by
ethanol. A magnetic separator of Dexter Magnetic Technologies Inc.
(Elk Grove Village, IL) is employed to remove supernatant. The
purified nanocubes are resuspended in chloroform. Iron(III)
acetylacetonate, 4-biphenylcarboxylic acid, and benzyl ether are from
Thermo Fisher Scientific Inc. (Waltham, MA). Oleic acid is obtained
from Sigma-Aldrich Corp (St. Louis, MO).

Particle Synthesis. Prior to nanoconstruct synthesis, deoxycholic
acid−modified chitosan conjugate (deoxy-chitosan) was synthesized
following the published protocol described by Lee et al.46 Briefly,
chitosan (80 mg) was dissolved in a 9/1 (v/v) solution of DMSO/
water, and then deoxycholic acid (200 mg) activated by EDC/NHS in
the presence of catalytic amount TEA was added, as demonstrated in
the Supporting Information, Figure S4a. The products were then
purified by extensive dialysis and lyophilized to obtain dry powder.
The synthesized deoxy-chitosan was characterized using FT-IR
spectroscopy (see the Supporting Information, Figure S4b). The
synthesis of the MNFs follows an emulsion procedure, 1% acetic acid
in water (10 mL) containing 1,2-distearoyl- sn-glycero-3-phosphoe-
thanolamine-N-[carboxy(polyethylene glycol)-2000] (750 μg) (1 mg
mL−1 of DI water, Carboxalate-DSPE-PEG, Avanti Polar Lipids, Inc.);
L-α-phosphatidylglycerol (500 μg of) (1 mg mL−1 of DI water, Egg
PG, Avanti Polar Lipids, Inc.), and deoxy-chitosan (1 mg) dispersed in
1% acetic acid in water (1 mg mL−1) was added. Finally, for the
synthesis of the nanoconstruct of magnetite (Fe3O4) cubes (1.1 mg)
coated with a thin layer of oleic acid dispersed in chloroform, it was
emulsified in the lipid, PEG, the deoxy-chitosan mixture. Following
overnight evaporation of chloroform, the particles are filtrated 4 times
using Millipore centrifugal filters to clean any residual of acetic acid
and unformed particles, and then rediluted in Milli-Q water or PBS as
needed.

Magnetic Related Properties. A superconducting quantum
interference device (SQUID) was employed to verify magnetization
curve and superparamagnetic behavior (Figure 2a). The magnetization
measurement was carried out with a Quantum Design SQUID
magnetometer MPMS-XL. DC magnetic measurement was performed

Figure 5. Performance of the MNFs: (a) Bar chart for specific
absorption rate (SAR) and magnetic susceptibility. SAR values have
been normalized following the approximation SAR∝ f H2. Suscepti-
bility values have been extrapolated by the cited publications. (b)
Transverse relaxivity r2.
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at 300 K in 0−50 Oe field. Magnetization and hysteresis curve were
collected in a field ranging from −3 to 3 T at 300 K. The sample was
prepared by dropping a minimum MNFs suspensions (≥300 μL) at
3000 ppm Fe in an NMR tube. The NMR tube was sealed under
vacuum and placed into a plastic straw for measurements. The
magnetic susceptibility was calculated from the linear phase of the
magnetization curve at lower applied fields,
Heating Performances. Heating performances have been tested

on a home-built hyperthermia system. The system deploys an AMF up
to a frequency of 512 kHz and field strength of 10 kA m−1. It is
provided with a cooling system that thermally isolates the vial from the
high temperature the coil reaches when the current flows in it. After 5
min sonication, the sample (600 μL) was placed in a cylindrical probe
(4 mm ID × 4 cm height); an optical probe (OptiSens Instruments) is
immersed to the geometrical center of the colloidal suspension to
record the temperature in the farther point from the thermal
exchanges at the surface. After the sample reached equilibrium
temperature, the field was switched on and temperature recorded
every sec for about 20 min. Specific absorption rate (SAR) was
calculated based on the well-known formula29,47

= Δ
Δ =

T
t

c
m

SAR
1

t 0
p

Fe (1)

where T is the temperature of the colloidal suspension; t the time; cp
indicates the heat capacity of the buffer (4186 J kg−1 K−1 for water, 957
J kg−1 K−1 for chloroform); mFe is the final mass fraction of iron in the
sample. To properly calculate the first factor on the right handed term,
Mathematica 9 was used to extrapolate the close formulation for T(t)
in each single experiment starting from the measured temperature
profile (Figure 2b).
MRI Relaxometry. To assess the relaxivity of our particles, we used

a benchtop relaxometer (mq60 “The Minispec”, from Bruker) with
field strength of 1.41 T. For each synthesized batch, 2000 times diluted
samples were prepared in Milli-Q water; dilutions were in triplicate,
such to minimize approximation errors. r1 and r2 are calculated as

= −
⎛
⎝⎜

⎞
⎠⎟r

T T
1 1

/[Fe]i
i i

w
(2)

In which Ti
w represents the proton relaxation time for the water, and

Ti is for the sample.
In-flow dragging. Using a commercially available flow-chamber

(GlicoTech) we reproduced the same shear rate the particles would be
subjected during sistemic circulation. On the coverslip side of the
chamber we placed a small discoidal magnet (1.6 mm H × 12.7 mm
D, grade N48 - Apex Magnet, Inc.), which express a magnetic pull
force of 35.6 N at 0.33 mm distance (L50 distance of the magnet
against steel). The final channel sizes are 250 μm height × 10 mm
widht × 20 mm length, and the magnet is placed at the channel half
way, on its side (Figure 3a). In this asset, MNFs particles treated with
a red fluorescent dye have been pushed in at concentration of 9 μgFe
ml−1, and with a shear rate of 100 s−1 to simulate the same conditions
of tumoral vasculature. We used a fluorescence microscope to record
the flow in the area around the magnet (Figure 3b, and the Supporting
Information, Movie S1); the fluorescence intensity was measured
using Image-J software, and plotted versus the distance from the
magnet edge (Figure 3c). In addition, after removal of the magnet
from the chamber bottom, a mosaic of images has been put together.
This image demonstrate clearly the magnetic dragging and
accumulation potentiality of these particles.
Cytotoxicity. Two cell lines were employed to test toxicity of our

compound: (i) Human umbilical vein endothelial cells (HUVECs)
obtained from PromoCell; and (ii) breast adenocarcinoma (MDA-
MB-231) obtained from ATCC. Cells were originally cultured in a 10
cm Petri-dish, then seeded over a total of 6 plates (96-wells plate, ∼14
000 cells per well) to perform 3 time points per cell lines. HUVEC cell
line was grown until the sixth passage in endothelial growth medium at
37 °C in a humidified 5% CO2 atmosphere; MDA-MB-231 cancer cell
line was cultured in Leibowitz L-15 medium supplemented with 10%
FBS and antibiotics (100 U mL−1 penicillin G, 100 mg mL−1

streptomycin), and grown at 37 °C in a free gas exchange with
atmospheric air. Cells were treated with five different iron
concentrations (0, 50, 100, 500, 1000 μM) of NF-Cubes, and each
concentration was in 5 replicates. MTT viability tests (3-(4,5-
dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, from Invitro-
gen Life Sciences) have been run at 24, 48, and 72 h. Ten μL of MTT
solution in PBS at 5 mg mL−1 were added to each well and incubated
again until the inner of the cells looked totally stained in blue (≥2 h.);
plates were then centrifuged at 2000 g for 5 min to deposit the salts
crystals to the bottom of the wells; medium was replaced with 2-
propanol (100 μL) (from Fisher Scientific, #A416−500) to suspend
the crystals, shacked for 10 min (300 rpm), and then the absorption
was read by spectrophotometer (Synergy H4 Hybrid Multi-Mode
Microplate Reader, from BioTek Instruments, Inc.) at both 540 and
690 nm wavelength. Absorption at the second wavelength was
subtracted from the first one to clear background noise. Final average
and standard deviation of viability values are calculated over the five
replications after blank subtraction. Control in pure medium was taken
as reference at 100% for each plate.
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