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agnetic nanoparticles (MNPs) pro-
Mvide a valuable platform with
potential exploitation in bio-

medicine. MNPs have been proposed
as magnetic guidance in drug delivery and
magnetic separation, as contrast agents in
magnetic resonance imaging (MRI), or as
heat mediators in hyperthermia treat-
ments.! * The latter represents a novel
therapeutic concept to cancer treatment
and is based on the evidence that cancer
cells are more sensitive than healthy cells to
temperatures higher than 41 °C>° Among
the various approaches proposed to raise
the body temperature,”° magnetically
mediated hyperthermia is based on the
generation of heat via an oscillating mag-
netic field exploiting MNPs as heating foci.
MNPs can offer several advantages: (i) the
nanoscale size of the heat probe would
allow for their intravenous injection and
their delivery via the bloodstream to tumors
that could not be reached otherwise; (i) the
high surface to volume ratio of the MNPs
allows for surface tailoring with few or
multiple recognition molecules, which can
guarantee targeting toward specific tumor
tissues; (i) the remote heating of MNPs by
the externally applied magnetic field allows
the heat action only to the zone of accumu-
lation of nanoparticles.

The heating ability of MNPs under an
alternating magnetic field is expressed
by the specific absorption rate (SAR) which
provides a measure of the rate at which
energy is absorbed per unit mass of the
magnetic material (the nanoparticles in this
case) when exposed to a radio frequency.'®
The heat generation results either from
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ABSTRACT
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Iron oxide nanocrystals (IONCs) are appealing heat mediator nanoprobes in magnetic-mediated
hyperthermia for cancer treatment. Here, specific absorption rate (SAR) values are reported for cube-
shaped water-soluble IONCs prepared by a one-pot synthesis approach in a size range between 13 and
40 nm. The SAR values were determined as a function of frequency and magnetic field applied, also
spanning technical conditions which are considered biomedically safe for patients. Among the
different sizes tested, IONCs with an average diameter of 19 & 3 nm had significant SAR values in
dinical conditions and reached SAR values up to 2452 W/gy, at 520 kHz and 29 kAm ', which is one of
the highest values so far reported for IONGs. /n vitro trials carried out on KB cancer cells treated with
IONGs of 19 nm have shown efficient hyperthermia performance, with cell mortality of about 50%

recorded when an equilibrium temperature of 43 °C was reached after 1 h of treatment.
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hysteresis losses or from Néel or Brown
relaxation processes.>'' SAR values depend ~ *Address correspondence to
on the structure and composition of the teresapellegrinoaiit.it.
nanoparticles but also on the frequency (f)  peceived for review December 9, 2011
and the amplitude of the magnetic field (H)  and accepted March 16, 2012.
applied during the measurements.'' For an . .
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siveness for the patient, the search for new
magnetic nanomaterials which show the ©2012 American Chemical Society
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highest SAR values at the lowest MNP dose adminis-
tered and at the lowest frequency and/or magnetic
field amplitude applied is of paramount relevance.'*"?
For superparamagnetic nanoparticles, SAR values
usually increase by increasing either the frequency or
the magnetic field amplitude (or both) applied during
the measurements. Moreover, for a safe application of
hyperthermia to patients, it was experimentally found
that the product of the frequency and the magnetic
field amplitude (Hf) should be smaller than 5 x 10°
Am~"s™ "2 First clinical trials were reported by applying
110 kHz and a field below 20 kAm~(in this case, the
product Hfis clearly below that threshold).'*'> However,
many of the SAR values reported for magnetic nano-
particles are measured at frequencies between
500 and 700 kHz and fields between 10 and 20 kAm ™",
resulting in Hf factors which are mostly above this
limit.'®"" %17 Moreover, the lack of standard devices or
established measurement protocols'® contributes to
an increase of the variability of SAR values reported in
the literature for MNPs.”

Hergt et al. hypothesized that higher SAR values
might be achieved in the transition size range from
superparamagnetic to ferromagnetic nanoparticles,
which in the case of iron oxide nanocrystals (IONCs)
should be around 20 nm.>'®~2" Furthermore, for
“injectable” nanoprobes, superparamagnetic nano-
particles should be preferred to ferromagnetic ones:
the absence of any residual magnetization for those
nanoparticles in the absence of the external applied
magnetic field allows for a better dispersion and avoids
the aggregation problems typical of ferromagnetic
materials.?>?? It should be considered that, in addition
to the low SAR values of currently available super-
paramagnetic nanoparticles, also a drastic decrease of
the heating power was observed whenever the super-
paramagnetic nanoparticles were localized into cells or
tissues.?"?*?> To overcome this limitation and reach
a reasonable increase in temperature, higher doses
and higher frequencies have been used in in vitro
studies,®'® overcoming however the safety limits of
the Hf factor.

Among the different materials that have shown
promising magnetic properties (high saturation mag-
netization, relatively moderate anisotropy constant
Ket and high initial susceptibility),®®~2® IONCs are by
far the most studied ones also because of their bio-
compatibility and availability. IONCs indeed can be
prepared by simple methods, like sol—gel or co-pre-
cipitation techniques, in large batches, and they were
already launched in the first clinical hyperthermia
trials.>'>2° On the other hand, most of the SAR studies
were carried out on IONCs prepared using sol—gel or
co-precipitation methods**>° showing a considerable
polydispersity®'*2 which according to the theory could
compromise the heating power.>* In nature, magne-
totactic bacteria®>* can produce IONCs in the size
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range of 20—50 nm, consisting of individual IONCs
enwrapped within a membrane bilayer, so-called
“magnetosomes”. They exhibit high saturation magne-
tization and high crystallinity,* and for magnetosomes
with a mean core diameter of 30 nm, the highest SAR
values so far recorded were measured.?'>*

A recent approach to the synthesis of MNPs is
represented by thermal decomposition methods, and
only few studies have reported SAR measurements of
MNPs prepared by these methods. These yield nearly
monodisperse NPs with sizes up to 15 nm,***¢ but it
appears more difficult to prepare IONCs with bigger
sizes. Recently, Lartigue et al.>” reported SAR values of
sugar-coated IONCs synthesized by different colloidal
methods®®*° with sizes ranging between 4 and
35 nm. Their IONCs displayed good magnetic proper-
ties, and the largest IONCs prepared via thermal an-
nealing of FeO nanoparticles*® showed the highest
hyperthermia performance. In another study, Levy
et al.*' reported on the SAR values of IONCs, with size
in the range between 6 and 18 nm and with a control
over the nanocrystal polydispersity below 2%, by
refining a previously published seed-mediated growth
approach.>® Despite the high quality of the nanocryst-
als, the recorded SAR values were low. By a deeper
magnetic and structural study, their behavior ap-
peared to be a consequence of their magnetic core/
shell structure consisting of a magnetic core, with size
corresponding to that of the starting seed, surrounded
by a magnetically frustrated layer.*' This study sug-
gested that such a seeded growth approach to prepare
larger nanocrystals might not be the most suitable one
if good hyperthermia performances are requested.

Herein, we report a study of the hyperthermia
performance of IONCs prepared by a one-pot synthesis
method capable of yielding nanocrystals in a size range
between 12 and 40 nm and with a cube shape. For
IONCs with a cube edge of 19 nm, we recorded the
highest SAR values so far reported, and cell hyperther-
mia experiments conducted on particles of that size
confirmed their efficacy even when taken up by the
cells and under magnetic field parameters that are safe
for patients. The results reported here contribute to fill
the gap in SAR data of colloidal IONCs with size above
15 nm.

RESULTS AND DISCUSSION

Cube-shaped IONCs with cube edge lengths of
124+ 1,19 £ 3,25 + 4, and 38 & 9 nm were synthesized
by following a recently developed colloidal synthesis
route and modified by us in order to achieve higher
reproducibility (Figure 1).** Briefly, iron acetylaceto-
nate and decanoic acid were mixed in dibenzyl ether.
After degassing the solution for usually 45 min at room
temperature, the temperature was increased to 200 °C
and kept at this value for 2.5 h, and finally, it was
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Figure 1. Representative transmission electron microscopy (TEM) images at low (left panel) and higher (right panel)
magnification of “as-synthesized” iron oxide nanocubes for cube edge lengths of (A) 12 = 1 nm, (B) 19 + 3 nm, (C) 25 +
4 nm, and (D) 38 &+ 9 nm. Regular nanocubes could be obtained especially for 19 and 25 nm nanoparticle sizes. Panels E—H
correspond to the TEM images at high magnification of the samples shown in panels A—D, respectively (scale bars correspond

to 100 nm for A, B, C, and D and 50 nm for E, F, G, and H).

increased up to reflux (5 °C/min) and kept at this value
for an additional 60 min, after which the flask was
cooled to room temperature. The nanocrystals were
then collected by precipitation with acetone followed
by centrifugation at 8000 rpm. Various parameters
were found to be critical for tuning the size and the
shape of the nanocrystals: the decanoic acid/acetyla-
cetonate ratio, the time of the vacuum step (using a
standard rotary pump at 0.1 mbar) that was applied to
the solution prior to the synthesis, as well as the
heating rate when increasing the temperature from
200 °C up to reflux. For example, nanocrystals of 19 nm
cube edge size were prepared by three repeated
degassing cycles, for a total time of 45 min at room
temperature, and working at a heating rate of 10 °C/min.
Larger particles instead were prepared by following
the same procedure with the only differences being either
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a slower heating rate (6 or 4 °C/min) or a slightly modified
degassing step (see the Experimental Section for
more details).

The surfactant-coated IONCs were transferred in
water by using an amphiphilic polymer, namely, poly-
(maleic anhydride alt-1-octadecene), following a well-
established procedure.*® The alkyl chains of the poly-
mer intercalate with the chains of the surfactants
bound at the nanocrystal's surface, while the anhy-
dride rings hydrolyze and ensure colloidal stability by
means of electrostatic repulsions.** Henceforth, we
will refer to these polymer-coated nanocrystals as
“PC-IONCs". For nanocubes with size below 13 nm,
no difficulties were encountered when applying the
reported water solubilization procedure, while samples
with sizes above 15 nm were characterized by strong
interparticle magnetic interactions (see Figure 2B),
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Figure 2. Characterization of IONCs in water. (A) Gel elec-
trophoresis migration on 1% agarose gel at 100 V for 1 h of
19 nm IONCs, after polymer coating (left line) and subse-
quent monoamino-PEG functionalization (right line). (B)
Comparison of the DLS profile for the same IONCs dispersed
in chloroform (orange curve), after polymer coating (light
blue curve), and finally after additional modification with
monoamino-PEG (green curve). This sample was then used
in the in vitro cellular study. (C) DLS diameters measured for
water-soluble polymer-coated IONCs of TEM sizes corre-
sponding to (A) 12+ 1 nm, (B) 19 & 3 nm, (C) 25 + 4 nm and
(D) 38 £ 9 nm.

which made the standard polymer coating procedure
unsuccessful. To minimize particle—particle interac-
tions, we worked with 10-fold more diluted solutions
than in the standard protocol and, after mixing the
IONCs with the polymer, the evaporation of the chloro-
form was performed quite slowly at 70 °C and at
atmospheric pressure (against the evaporation at
40 °C and under reduced pressure of the standard
protocol). Finally, the dried nanoparticles were dis-
persed in sodium buffer solution (50 mM, pH 9), and
an ultrasonication step was applied to facilitate the
dissolution of the nanoparticles into aqueous solution.

In this respect, it is worth comparing the hydrody-
namic diameters measured by dynamic light scattering
(DLS) of PC-IONCs of 19 nm in water with those of the
same IONCs in the organic phase (Figure 2B). In the
organic phase, due to stronger interparticle inter-
actions, the DLS profile of IONCs is much broader and
is peaked at a higher mean value than that corres-
ponding to PC-IONCs in water. The presence of nega-
tively charged carboxylic groups at the surface of the
PC-IONCs helps them to repel each other, and thus
smaller DLS sizes are found in water. Further functio-
nalization of these particles is feasible without com-
promising the quality of the IONCs (Figure 2B). Mono-
amino(polyethyleneglycol (PEG)) molecules were
linked to the IONC surface via EDC chemistry and, in
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Figure 3. SQUID magnetization measurements performed
on aqueous suspension of 19 nm PC-IONCs at a concentra-
tion of iron of 10 mM. (A) Zero field cooled/field cooled
curves for an applied field of 5 mT; (B) field dependence of
the magnetization at 5 K (black) and 310 K (red) as a function
of the magnetic field strength. Inset: detail of the low field
region to evaluate the coercive field.

accordance with the presence of longer spacer mol-
ecules, bigger diameters were measured for these PEG-
coated IONCs (henceforth referred to as “PEG-IONCs”),
while still preventing nanoparticles from aggregation
(as seen from the narrow DLS peak in Figure 2B).
Moreover, the gel electrophoresis migration of the
PC-IONCs and PEG-IONCs toward the positive pole
confirmed their high colloidal stability (Figure 2A).
The average maxima of DLS sizes for the different
water-soluble PC-IONCs increased with increasing TEM
size (from 12 to 38 nm) and corresponded to the
expected diameters of individually coated IONCs. For
the IONCs of 25 and 38 nm, the DLS peaks were instead
much broader (Figure 2C), and therefore we cannot
exclude for those samples the presence of small ag-
gregates of two to three IONCs enwrapped together
within the same polymer shell. In any case, what is
remarkable is that by the modified polymer coating
procedure it is possible to transfer in water IONCs of
diameters below 20 nm, and these particles stay well
dispersed and stable in solution. TEM images of the PC-
IONCs in water also evidenced the presence of a thin
shell of polymer around each individual nanoparticle
and the absence of aggregates (the IONCs always
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formed a monolayer on the TEM grid; see Figure S1 of
the Supporting Information).

The magnetic measurements performed on PC-
IONCs in water confirmed high saturation magnetiza-
tion values (Ms) ranging from 78 up to 95 emu/g. For
instance, 19 nm PC-IONCs showed a saturation mag-
netization of 80 emu/g (Figure 3). The coercive field at
5 K of the nanocrystals with size below 20 nm is of the
order of 400—500 Oe and suddenly decreases to
250—300 Oe for larger particles due to the transition
from monodomain to multidomain regime, in good
agreement with the recently reported data for the as-
prepared cube-shaped IONCs in organic solution.3%4*
These data indicate the bulk-like behavior of IONCs
synthesized by thermal decomposition, which was
not observed so far on IONCs synthesized by co-
precipitation.*®

From magnetization curves at room temperature
performed on a dilute water solution of PC-IONCs
([Fe] = 10 mM) of 19 nm, we measured a coercivity
field of 415 Oe at 5 K, whereas no hysteresis was
observed at room temperature. The thermal depen-
dence of the magnetization upon field cooling (FC) and
zero field cooling (ZFC) indicated that the blocking
temperature is not far from 270 K but clearly higher
than that. The measurements were voluntary stopped
at 270 K, since beyond this temperature the water
becomes liquid, leading to the onset of Brownian
relaxation in addition to the Neéel internal relaxation
(see also Figure S2 for the comparison with the mag-
netization curves on powder of IONPs of 19 nm). These
data suggest that the IONCs with a mean size of 19 nm
at room temperature are in the transition regime
between superparamagnetism and ferrimagnetism.

In order to evaluate the hyperthermia performance
on these water-soluble IONCs, the SAR value was
measured by using a previously described homemade
device (see Experimental Section).'® Samples were
exposed to different oscillating magnetic field ampli-
tudes (from 2.3 up to 30 kAm~', depending on the
frequency) at three different frequencies (320, 520, and
700 kHz). SAR values normalized to the iron amount,
expressed as W/gg., were calculated according to the
following equation:

SAR(y) = Exﬂ
g m dt

where Cis the specific heat capacity of water per unit
volume and m is the concentration (g/L of Fe) of
magnetic material in solution. The sample holder
temperature was kept at 37 °C, and the measurements
were carried out in nonadiabatic conditions, thus the
slope of the curve dT/dt was measured by taking into
account only the first few seconds. Figure 4 reports the
measured SAR values (expressed in W/gg. as a function
of the frequency and strength of the applied magnetic
field for the four samples of IONCs of different sizes).
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It is clear that the highest SAR values are recorded for
IONCs of 19 nm in size. These particles had actually the
highest SAR values at all of the applied frequencies,
while either smaller or bigger particles were character-
ized by lower SAR values (Figure 4B). Interestingly, this
most performing sample is the one on which the best
control over shape and size distribution (with a poly-
dispersity below 20%) was achieved during the synthe-
sis. The 19 nm IONCs were found to reach a SAR value
of 2277 W/gee at 700 kHz and 24 kAm ™" and 1000 W/g
at 325 kHz and 22 kAm ™', almost the highest values
recorded so far for iron oxide nanocrystals.'®*’

As expected, for all of the IONP samples, higher SAR
values were recorded by increasing the applied fre-
quency, according to a linear trend (Figure 4A). A
square dependence was also observed whenever at a
fixed frequency the SAR values were plotted as a
function of the applied magnetic field (Figure 4C,D
and Figure S3).

Worthy of note is that the linear SAR dependence
as a function of frequency and the quadratic SAR
dependence as a function of applied magnetic field
amplitude observed by us on cube-shaped IONCs have
been theoretically predicted for spherical superpara-
magnetic IONCs'%'® (see Supporting Information for
the fitting of the experimental SARs based on the linear
response theory). We might also speculate that the
effective anisotropy deduced by the fit of the SAR as a
function of magnetic field for the 19 and 25 nm nano-
cubes, equal to 44 x 10* and 2.4 x 10% erg cm 3,
respectively (see Figure S6), could account for their
high magneto-thermal properties, as it was recently
highlighted by Lee et al.'® Indeed, in the linear re-
sponse theory model, 22 nm spherical nano-
particles with low effective anisotropy (around 5 x
10* erg cm3) present the best heating properties.'®'®
The nanocubes with an edge length of 19 nm, having a
comparable volume to that of 22 nm spherical nano-
particles, are therefore the sample that best matches
this optimal size. To summarize, size and anisotropy of
nanocubes of 19 nm, and to a lesser extent of 22 nm,
are both in the favorable range to have high SAR
values. Instead, the 13 and 38 nm nanocubes are not
in this size range, and this might explain their relatively
lower magneto-thermal properties.

Moreover, these recorded trends, combined with
the high SAR values for our IONCs, suggest that
increasing the amplitude of the magnetic applied field
could be more advantageous than increasing the
frequency in order to obtain higher SAR values. For
example, in the case of 19 nm IONCs, a SAR value of 420
W/g was achieved at 700 kHz and 10 kAm~". The SAR
increased up to 875 W/g by lowering the frequency by
more than a factor of 2 (to 320 kHz) while keeping the
Hf factor constant.

It is also remarkable that these IONCs exhibit sig-
nificant SAR values even when the frequency and the
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Figure 4. SAR values as a function of (A) frequency at the two magnetic field amplitudes of, respectively, 14 kAm~" (solid
symbols) and 18 kAm™’ (open symbols) for IONCs sizes equal to 12 = 1 nm (green diamonds), 19 & 3 nm (blue triangles), 25 +
4 nm (red circles), and 38 + 9 nm (black squares). (B) SAR values as a function of the size for frequencies of, respectively, 320
kHz (blue triangles), 520 kHz (red circles), and 700 kHz (black squares). (C,D) Magnetic field amplitude applied at a frequency
of, respectively, 320 and 700 kHz. For the plots in (C,D), the symbols correspond to IONCs of 12 + 1 nm (open green diamonds),
19 £ 3 nm (open blue triangles), 25 + 4 nm (open red circles), and 38 = 9 nm (open black squares). Each experimental data
point was calculated as the mean value of at least four measurements, and error bars indicate the mean deviation. The solid
lines represent the fits using linear response theory. Details for the fitting as well the deduced relaxation times are
summarized in the Supporting Information.
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Figure 5. (A) SAR values as a function of the Hf factor at 320 kHz for IONCs of sizes equal to, respectively, 12 nm (open green
rhombs), 19 nm (open blue triangles), 25 nm (open red circles), and 38 nm (open black squares). (B) SAR values as a function of
the Hf factor for 19 nm iron oxide nanocubes at frequencies of 320 kHz (open blue triangles), 520 kHz (open red circles), and
700 kHz (open black squares). Experimental SAR values were calculated as the mean values of at least four measurements, and
error bars indicate the mean deviation (in some cases, they are so small that they are not visible). The black line defines the
biological limit for the Hf factor that is generally accepted as biologically safe.

magnetic field amplitudes are within values that are measurements recorded by applying different mag-
considered safe for patients, that is, when the product netic field amplitudes at a fixed frequency of 320 kHz
Hf is below 5 x 10° Am~'s™', especially for the (Figure 5; see also Figure S4). Working at lower
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frequencies clearly has the advantage that many dif-
ferent values of the applied magnetic field can be
chosen such that the Hf factor is below the threshold,
while working at higher frequencies restricts the
choice of the possible magnetic field applied: for
example, in the case of 19 nm size IONCs, for applied
frequencies of 520 and 700 kHz, only a few data points
satisfied this condition (Figure 5B).

We selected the best performing sample of IONCs
nanoparticles (19 nm in cube edge) for the cellular
hyperthermia treatment. To this aim, the KB cells were
grown in a 75 cm? culture flask until confluence was
achieved. Then, the culture medium was replaced
either with a solution of PC-IONCs or with a solution
of PEG-IONCs at an administered concentration of 1 g/L
in reference to iron. After incubation for 24 h at 37 °C,
the cells did not show any sign of cell suffering; they
were still confluent in the culture flask and were not
detached, as observed under an optical microscope
(Figure S5). The cell layer was scraped, and the cell
pellet was washed three times, and finally, it was
recovered and diluted to reach about 2 x 107 cells
suspended in 300 uL of phosphate sodium buffer. The
doped cell suspension was immediately tested in the
hyperthermia setup, and the iron amount on the pellet
was measured by elemental analysis.

For the cell study, we used a commercially available
setup (magneTherm AC system Nanotherics Corp.) that
reaches 110 kHz and 20 kAm ™", which are conditions
close to those applied so far on patients.'> The heat
treatment was applied for 1 h. Both the temperature
and the percentage of dead cells, assessed by trypan
blue assay, were recorded after treatment and plotted
as a function of the total amount of iron associated
with the pellet. Different trials were performed with
different IONC preparations, the latter always adminis-
tered to the cells at 1 g/L of iron (Figure 6). As a general
trend, the total iron amount contained in the cell
suspension affected the equilibrium temperature mea-
sured at the end of the treatment: it increased by
increasing the amount of iron associated with the cells.
It is important to remark that a significant variability
between different cell experiments was found even if
the amount of the administered iron was always fixed
at 1 g/L for all of the experiments. This behavior is most
likely due to the variability on cell growth cultured in
2D and to the variability of the stability in cell culture
media of the different IONC batches used in the various
experiments. It was found that after 1 h of treatment, in
order to measure a temperature in the range between
40 and 45 °C (which is considered high enough for
therapeutic purposes), an amount of iron associated
with cells between 2 and 4 g/L was needed in our case.
The percentage of dead cells measured followed a
linear trend with respect to the total iron amount
associated with the pellet. In the temperature range
between 40 and 45 °C, cell mortalities around 45—50%
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Figure 6. Temperature and viability curves after hyperther-
mia treatment. The blue curve correlates the concentration
of iron in the cellular suspension with the equilibrium
temperature measured after 60 min of treatment, at 110
kHZ and 20 kAm ™" (25 mT). The red curve correlates to the
iron concentration in suspension with the percentage of
dead cells after 60 min of hyperthermia exposure. The
differences in iron concentration between the experimental
points can be ascribed either to the number of cells or to the
amount of IONCs associated with the cell pellet.
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Figure 7. Cytotoxicity test for PC-IONCs or PEG-IONCs. In
the left panel, trypan blue viability assay results are re-
ported for KB cells after incubation with IONC suspension,
for 24 h at the concentration (of iron) of 1 g/L. The higher
cytotoxicity recorded for the polymer-coated sample might
be likely attributed to a partial flocculation of the PC-IONC
sample in the cellular medium during the incubation. In the
case of PEG-IONCs, no precipitation was observed. In the
right panel, the amounts of iron per cell (in pg) determined
by elemental analysis are reported for the two samples.
These values provide an indication of the amount of iron
internalized and/or adsorbed onto the cellular membrane.
The iron contents were estimated by ICP-AES measure-
ments of treated cells. All points have been acquired in
triplicate.

were measured. It is also worth mentioning that when
a higher nanoparticle concentration was associated
with the pellet (iron concentration >5 g/L), even 100%
mortality was observed after 1 h of treatment, likely
because the cell suspension could be warmed to 65 °C
at this concentration.

We have also normalized the total amount of iron
measured by elemental analysis (via ICP) to each cell
when either PC-IONCs or PEG-IONCs were adminis-
tered to the cells at the external concentration of 1 g/L
(Figure 7). Both types of nanocrystals were taken up in
an equal amount, which corresponded to about less
than 100 picograms (pg) of iron per cell, although the
ICP data estimate the total amount of iron and do not
provide any information on the localization of nano-
particles into the cells. It is not straightforward to
compare the iron uptake with other reported studies.
Indeed, the iron amount detected per cell could vary
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Figure 8. TEM characterization of treated cells. Micrographs of KB cells incubated with PEG-IONCs before (A,B) and after (C,D)
hyperthermia treatment. Before treatment, the IONCs were organized in large endosomes within the cellular cytoplasm. In
panel B, the KB cells were doped in the same conditions and treated for 1 h at 110 kHz and 20 kAm . The global cellular
structure was still recognizable, and the IONC aggregations were still present, but the cytoplasm and the nucleus were clearly
damaged from the exposure to the temperature of 43 °C reached after 1 h of treatment.

from a few picograms to more than a hundred pico-
grams, and it is strongly affected by the nanoparticle
coating layer (dextran, citrate, polymer, etc.) and to
potential aggregation of nanoparticles on cells,**~*°
the cell lineage used in the experiment***° and the
iron dosage administrated.’®®" In our case, the main
difference between PC-IONCs and PEG-IONCs was in
their cytotoxicities assessed by the trypan blue test. At
1 g/L doping concentration, in the case of PC-IONCs,
the viability of the cells was reduced down to 70%,
while in the case of PEG-IONCs, no significant reduc-
tion of cell viability was measured, and the viability was
assessed to be 100% as for the control cell sample. This
difference is likely ascribed to the different stability of
those IONCs in the cell media. It was indeed observed
that, after 24 h, the PC-IONCs had formed large aggre-
gates on top of the cell layers, while the PEG-IONCs
were more homogeneously distributed on top of the
cell layer. Despite the fact that PEG molecules should
reduce the nonspecific uptake of IONCs, we did not
observe this difference when measuring the intracel-
lulariron amount, which is likely due to the large excess
of IONC concentration administered to the cells (1 g/L)
and additionally to some degree of aggregation occur-
ring in the cell medium after an incubation time of 24 h.
Nevertheless, the high intracellular iron concentration
associated with the cell pellet could mimic the tumor
mass volume in vivo and allow us to observe how the
IONCs behave.

We have also looked at the effects of hyperthermia
operated by the cube-shaped IONCs on the KB cells. By
TEM characterization performed on KB cells doped
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with PEG-IONCs, it was possible to observe a high level
of internalization of the IONCs (Figure 8A). The nano-
particles (before the treatment) were located mostly in
large and dense endosomes but also on the cellular
membrane. After 1 h of hyperthermia treatment
(Figure 8C), the cell morphology was drastically mod-
ified: the organelles and the cytoplasmic structures
were losing their organization, and the nucleic acid
started to condense in large agglomerates within the
nuclei. In addition, the nuclear membrane was da-
maged or disrupted while the IONCs were still present
inside the cells. All of those morphological cell changes
indicate that the advanced necrosis process had been
activated.

The in vitro results as a whole allow one to assess that
the cube-shaped IONCs, once internalized by the cells,
are still able to heat up and damage the cells and thus
they are still functional as heating probes.

If we compare the SAR values recorded on cube-shaped
IONGs of 19 nm with the SAR data so far reported, we can
assess that our values are among the highest recorded for
iron oxide nanocrystals.'®*” Recently, remarkably large
SAR values have been reported by combining different
magnetic core—shell structures. For instance, SAR values
of around 2200 W/g have been measured for 15 nm
CoFe,0,@MnFe,04 nanoparticles at 500 kHz and 37.3
kAm™~"."® By fitting our experimental data with a square
law (see Supporting Information), it is possible to extra-
polate the SAR values for those conditions for the 19 nm
IONGs. The results of the fit indicate a SAR value of about
4200 W/gr. (or 2940 W/g if referred to one gram of
magnetic material). It is also important to remark that
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the SAR values recorded in our work have been achieved
with iron-based nanocrystals and no potential toxic ele-
ments are included in these particles. Concerning this
issue, very large SARs were also recorded on metallic iron
NPs having a cube shape; however, those NPs are not
ready yet for biomedical applications since they need to
be protected from oxidation and their toxicity has not yet
been studied.”?

Our SAR values are in the same range as those recorded
on magnetosomes extracted from AMB-1 magnetotactic
bacteria>®> On magnetosomes, Alphandery found a SAR
value of 875 W/gk. at 183 kHz and 32 kAm™', correspond-
ing to an Hf factor of 5 x 10° kAm ' s~ ', while for our
19 nm IONCs, we found a SAR of 509 W/g. at 320 kHz and
15 kAm~", corresponding to an Hf factor of 48 x 10°
kAm~' s~ For magnetosomes, it is also worth mentioning
that some critical issues need to be overcome, such as the
isolation of individual magnetosomes from the chain pro-
duced by the bacteria (without compromising the stability
and SAR of the magnetosomes) and the minimization of
the immune response originated by the use of a bacterial
product®

CONCLUSIONS

In this work, we have studied the hyperthermia
performance of samples of cube-shaped IONCs of
various cube edge lengths, which were prepared by
thermal decomposition using a one-pot synthesis ap-
proach. The initial IONCs had high saturation magne-
tization and significant coercive field, which were
maintained once transferred in water by coating them
with an amphiphilic polymer. The SAR values recorded
at different frequencies and magnetic field amplitudes
for the different IONC sizes revealed that the 19 nm
sample had the best performance at all conditions

EXPERIMENTAL SECTION

Chemicals. Iron(lll) acetylacetonate (99%), decanoic acid
(99%), and dibenzyl ether (99%) were purchased from Acros.
Poly(maleic anhydride-alt-1-octadecene), methoxypolyethy-
lene glycol amine (PEG750), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), fetal bovine serum
(FBS), glutamine, penicillin/streptomycin, glutaraldehyde, so-
dium cacodylate trihydrate, osmium tetroxide, and epoxy
resin were purchased from Sigma-Aldrich. RPMI-1640 without
folic acid was purchased from Euroclone. Milli-Q water
(18.2 MQ, filtered with filter pore size 0.22 uM) was from
Millipore. All solvents used were of analytical grade and were
purchased from Sigma-Aldrich. All chemicals were used as
received.

Synthesis of Iron Oxide Nanocubes. All experiments were carried
out in a standard Schlenk line using 25 mL three-neck (14/23)
round-bottom flasks connected to water-cooled Allin conden-
sers. The synthesis of iron oxide nanocubes over a wide range of
sizes is not straightforward. The experimental conditions re-
ported here should be taken as a starting point, then many
parameters influence the final size and shape. In our case, the
following conditions were the most suitable ones for synthesiz-
ing cubes of 12, 19, 25, and 38 nm.
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tested. The square dependence of the SAR as a func-
tion of the magnetic field amplitude and the linear
dependence of the SAR values recorded as a function
of the frequency allowed us to assess that, in order to
achieve higher efficient hyperthermia treatment by
using the same amount of magnetic nanoparticles, it
is advisible to apply lower frequencies and higher
magnetic field amplitudes. From the technical point
of view, this represents an advantage as it is easier to
apply a higher magnetic field amplitude at a lower
frequency. It is also worth underlining that significant
SAR values have been achieved for these cube-shaped
IONCs at frequency and magnetic field conditions that
are considered biomedically safe.

Furthermore, hyperthermia experiments performed
on tumor KB cells by employing the 19 nm cube-
shaped IONCs allowed us to assess that these nano-
crystals are still able to function as heat probes at 110
kHz and 20 kAm ', even when internalized by the cells
in endosomal compartments. Additionally, with these
nanoparticles, the amount of iron necessary to reach
an equilibrium temperature in the range between
40 and 45 °C (which is considered the appropriate
temperature range to obtain a therapeutic effect)
was estimated at 4 g/L, which might be useful for
reducing the in vivo dose of IONC needed: so far, to
reach in vivo the same temperature, 2 orders of
magnitude more material have been used.'>* For
the cube-shaped IONCs exhibiting this heating ef-
fect, a corresponding in vitro mortality attested
around 50% was estimated after 1 h of treatment,
with corresponding necrotic damage to the cells. As
a next step, in vivo animal tests are under investiga-
tion in order to establish their efficacy on a tumor
model.

12 nm particles: To synthesize small cube-shaped IONCs of
about 12 nm in edge length (see Figure 1A), 0.353 g (1 mmol) of
iron(lll) acetylacetonate was mixed with 0.69 g (4 mmol) of
decanoic acid in 25 mL of dibenzyl ether. After degassing for 1 h
at 60 °C, the solution was heated to 200 °C (at a rate of 5 °C/min)
under argon with vigorous stirring. After 2.5 h at 200 °C, the
solution was heated to reflux temperature at a heating rate of
10 °C/min and kept at this temperature for 1 h. After cooling to
room temperature, 60 mL of acetone was added and the whole
solution was centrifuged at 8500 rpm. After removing the
supernatant, the black precipitate was dispersed in 2—3 mL of
chloroform and the washing procedure was repeated at least
two more times. Finally, the collected particles were dispersed
in 15 mL of chloroform.

19 nm particles: To synthesize iron oxide nanocubes of
about 19 nm in edge length (Figure 1B), 0.353 g (1 mmol) of
iron(lll) acetylacetonate and 0.69 g (4 mmol) of decanoic acid
were mixed in 25 mL of dibenzyl ether. After degassing at room
temperature for 45 min, the solution was heated to 200 °C
(5 °C/min) and kept at this temperature for 2.5 h. Finally, the
temperature was increased to reflux temperature (at a rate of 10
°C/min) and kept at this value for 1 h. After cooling to room
temperature, the particles were collected by adding a 4-fold
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volume of acetone/chloroform and centrifuged at 8000 rpm. As
for the 12 nm particles, the sample was washed three times and
dispersed in 15 mL of chloroform.

25 nm particles: Larger nanocubes of about 25 nm in edge
length (see Figure 1C) were obtained by slightly decreasing the
molar ratio of the iron(lll) acetylacetonate to decanoic acid as
follows: 0353 g (1 mmol) of iron(lll) acetylacetonate, 0.69 g
(4 mmol) of decanoic acid, and 25 mL of dibenzyl ether were
mixed together in a 50 mL three-neck round-bottom flask.
Following the same procedure as for 19 nm nanocubes, after
degassing for 45 min at room temperature, the solution was
heated to 200 °C and kept at this temperature for 2.5 h. In a
second step, the solution was heated to reflux temperature
(at a rate of 6 °C/min) and kept at this value for 1 h. The solution
was always under an argon flow and under vigorous stirring.
Particles were washed following the same procedure men-
tioned above and dispersed in 15 mL of chloroform.

38 nm particles: The largest particles of 38 nm in edge
length (see Figure 1D) were synthesized by mixing 0.353 g
(1 mmol) of iron(lll) acetylacetonate with 0.69 g (4 mmol) of
decanoic acid in 25 mL of dibenzyl ether. After degassing for
90 min at room temperature, the mixture was heated to 200 °C
(atarate of 15 °C/min) and kept at this value for 2.5 h. Finally, the
temperature was increased at a heating rate of 4 °C/min until
reflux and maintained at this value for 1 h. After cooling to room
temperature, the particles were washed by following the above-
mentioned procedure.

Hyperthermia Measurements. To evaluate the SAR of the IONCs,
a homemade device was used. First, 300 uL of water-soluble
IONC solution was introduced into a copper coil that was part of
a resonant RLC homemade circuit capable of generating an AC
magnetic field in the frequency range from 320 kHz up to
1.1 MHz and with magnetic field amplitude up to 28 kAm~".
By circulating nonane into the coil, the temperature inside the
sample holder was kept to 37 °C. A fluoro-optic thermometer
fiber probe (Luxtron Corp., CA) was used to probe the tempera-
ture every 0.7 s after switching on the magnetic applied field.
The major technical limitation of the device is represented by a
restriction on the magnetic field amplitude for some of the
frequencies, with 36 mT being the highest amplitude reached
only for 520 kHz. All measurements, if not otherwise stated,
were performed in water (Cater = 4185 J L~ K~") and normal-
ized by using the amount of iron evaluated by elemental
analysis (gre/L). All reported SAR values and error bars were
calculated from the mean and standard deviation of at least four
experimental measurements.

Magnetic Measurements. Characterization of the samples was
carried out using a superconducting quantum interference
device (SQUID) from Quantum Design. Magnetization curves
were measured from 50 to +50 kOe at 300 K and also at 5 K
upon zero field cooling (ZFC) and field cooling (FC) conditions.
The thermal dependence of the magnetization of liquid sam-
ples was also measured upon ZFC and FC.

Polymer Coating of Single IONCs. The IONCs were transferred in
water by using poly(maleic anhydride-alt-1-octadecene), as
previously reported by some of us, with various modifications.>
When the size of the nanocubes was of 10—13 nm, no modifi-
cations were applied to the standard protocol. When the
particles had a diameter above 16 nm, some changes were
introduced. In detail, a solution of poly(maleic anhydride-alt-1-
octadecene) in chloroform was added to a solution of surfac-
tant-coated nanocrystals in chloroform, at a concentration of
0.01 #M, in order to reach a ratio of polymer monomer units per
square nanometers of nanocrystal surface equal to 500. The
solution was then sonicated for 10 min. Soon after, the solvent
was slowly evaporated by two steps: first, the solution was kept
at 60 °C and 980 mbar for 10 min; soon after, the temperature
was raised to 70 °C (keeping the pressure set to 980 mbar) and
the solvent was slowly evaporated. After this step, a solution of
cross-linker, bis(hexamethylene)triamine in chloroform, was
added to reach a ratio of cross-linker molecules per square
nanometer of nanocrystal surface equal to 10 (the latter step,
however, is considered optional and can also be skipped with-
out compromising the nanoparticle water solubility). Chloro-
form was added to the solution to reach a final concentration of
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nanoparticles of about 0.2 M. After sonicating the sample for
30 min at room temperature, the solvent was again removed
under controlled pressure (using a rotavapor, at 40 °C and 350
mbar). The cross-linking step is considered optional and can
also be skipped. A thin film of nanoparticles collected on the
walls of the flask indicated the complete removal of the solvent.
Sodium borate buffer (50 mM, pH 9) was added until it covered
the solid layer of nanoparticles in the reaction flask, and the
resulting mixture was sonicated until the polymeric film could
be detached entirely from the flask wall. Then, the solution was
ultrasonicated for 20 min in order to allow the complete transfer
in water of the particles. The solution was then filtered on
syringe filters (0.22 um pore sizes) in order to remove possible
large aggregates. The solution was concentrated on a centri-
fuge tube equipped with a cellulose membrane (Amicon Ultra-
135, Millipore) and purified on 20—66% continuous sucrose
gradient, as reported in the previous protocol.>®

PEG Coating. After polymer coating, the IONCs used in the
cellular hyperthermia test were coated with a layer of methox-
ypolyethylene glycol amine (PEG750). The coating was per-
formed by applying an established protocol,*® with minor
modifications. Briefly, a solution of IONCs of 19 nm in size, at a
concentration of 6 x 1077 M, was reacted with equal volumes of
PEG750 (6 x 10~* M) and EDC (1.5 x 10" M) for 3 h. All of the
solutions had been freshly prepared in 50 mM sodium borate
buffer. After the reaction, the IONCs were washed five timeson a
centrifuge tube equipped with a cellulose membrane and
filtered on 0.22 um syringe filters before being administered
to cellular monolayer. It is worth mentioning that PEG-coated
IONCs were colloidally stable in the cell culture medium, while
the PC-coated IONCs tended to flocculate.

Cell Culture. The human epidermoid carcinoma cells, known
as KB cells (ATCC #CCL-17), were grown continuously as a
monolayer at 37 °C and under 5% CO, atmosphere in RPMI-
1640 medium (folic-acid-free) supplemented with L-glutamine
(2 mL), penicillin (100 units/mL), streptomycin (100 #g/mL), and
10% heat-inactivated fetal bovine serum (FBS).

Hyperthermia Experiments Performed on Cells. KB cell were grown
up to a confluent state in a 75 cm? culture flask.>” The culture
medium was replaced with 5 mL of either PC-IONCs or PEG-
IONCs dispersed in RPMI-1640 (supplemented with 10% of FBS),
at a concentration of 1 g/L of iron. After 24 h, the doping
medium was removed and the cell layer was washed five times
with PBS, detached with a scraper, and washed three more
times by centrifugation. The cellular pellet was then transferred
in a sample vial, yielding a cellular suspension of 2 x 107 KB 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 110 kHz and at a magnetic field amplitude of 20 kAm™' for
1 h. The hyperthermia measurements in this case were performed
by using a magneTherm AC system (Nanotherics Corp.). All
experiments were carried out far below the biological limit by
using an applied field of 20 kAm ™" and a frequency of 110 kHz
(Hf = 2.2 x 10° A-m™"-s7"). A fluoro-optic thermometer fiber
probe (Luxtron Corp., CA) was used to probe the temperature
every 0.25 s after switching on the magnetic applied field.

Viability Test. In order to avoid possible interferences caused
by adsorbed IONCs onto the cells' surface, the viability test
known as “trypan blue staining” was applied to assess the
number of live/dead cells, before and after the hyperthermia
treatment. After the staining, the cells were counted on the
Buerker chamber, following the standard protocol.

Transmission Electron Microscopy (TEM). TEM images were re-
corded with a JEOL JEM 1011 microscope operating at an accel-
erating voltage of 100 kV. For the characterization of the doped cells,
after the incubation with IONCs, the KB cells (1 x 10°) 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. The fixed
cells were washed three times with cacodylate buffer, and then 1%
osmium tetroxide in cacodylate buffer was added for 1 h at room
temperature. After another three washing steps in cacodylate buffer,
the cells were dehydrated with 30, 50, 75, 85, 95, and 100% (three
times) absolute ethanol. Thereafter, the cells were infiltrated with
Epon resin (two steps: 50 and 66% for resin in absolute ethanol,
30 min each) and embedded in 100% resin at 60 °C for 2 days.
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Ultrathin sections (70 nm thick) were cut on an Ultramicrotome
(Leika), stained with lead citrate, and observed by TEM.

Elemental Analysis. The concentration of iron was determined
by elemental analysis using an ICP-AES spectrometer (iCAP
6500, Thermo). The samples were digested in concentrated
3:1 HCI/HNO3 (v/v) solutions.

Gel Electrophoresis. Electrophoretic characterization was carried
outon 1% agarose gel for a run time of 1 h at 100 V, after which the
gel was observed in bright field. Each sample had been supple-
mented with glycerol (20%) before the loading step.

Dynamic Light Scattering Measurements. Dynamic light scatter-
ing (DLS) measurements were performed using a Zeta Sizer
(Malvern Instruments) equipped with a 4.0 mW He—Ne laser
operating at 633 nm and an Avalanche photodiode detector.
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