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M
agnetic hyperthermia has now
become an available anticancer
therapy for certain solid tumors,

since the recent establishment of the
first treatment center at the Charité Hospital
in Berlin (NanoTherm therapy).1 The
strictly limited conditions of the approved
therapy consist in the injection, directly
inside the tumor, of an aqueous solution
of aminosilane-coated iron-oxide magnetic
nanoparticles (MNPs) of 12 nm diameter,
and the application of several hyperthermia
sessions using an alternating magnetic
field applicator working at 100 kHz in fre-
quency (f) and tunable amplitude (H0). The
goal of these sessions is to generate, during
a certain time interval, temperatures high
enough to obtain therapeutic effects in
the tumor. The achievement of these tem-
peratures depends on the heating ability
of the injected MNP properties, on several
thermal, physiological, and geometric body
parameters, and on H0.

Among other challenges, current mag-
netic hyperthermia must deal with toxicity
by achieving adequate maximum tempera-
tures while reducing the MNP dose. One
evident approach to achieve this goal would
be to increase H0 during therapies, since
more electromagnetic energy would be first
absorbed by MNPs and subsequently re-
leased as heat. However, the maximum H0

values that can be safely used are limited by
the characteristics of the treated body area,
for example, 3�5 kA/m in the pelvic region
or 8.5 kA/m in the upper thorax.2

Another approach to limit toxicity and
reduce MNP doses consists in using MNPs
with high heating abilities at low H0 values.
This approach has represented an active
research line during the last years. MNPs
with high specific absorption rate (SAR)
have been pursued, and high SAR values
have been reported in literature like, for
example, that of bacterial magnetosomes,3

which show an outstanding SAR of 960 W/g
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ABSTRACT One current challenge of magnetic hyperthermia is achieving

therapeutic effects with a minimal amount of nanoparticles, for which

improved heating abilities are continuously pursued. However, it is demon-

strated here that the performance of magnetite nanocubes in a colloidal

solution is reduced by 84% when they are densely packed in three-dimensional

arrangements similar to those found in cell vesicles after nanoparticle

internalization. This result highlights the essential role played by the

nanoparticle arrangement in heating performance, uncontrolled in applica-

tions. A strategy based on the elaboration of nano-objects able to confine

nanocubes in a fixed arrangement is thus considered here to improve the level of control. The obtained specific absorption rate results show that

nanoworms and nanospheres with fixed one- and two-dimensional nanocube arrangements, respectively, succeed in reducing the loss of heating power

upon agglomeration, suggesting a change in the kind of nano-object to be used in magnetic hyperthermia.
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at 410 kHz and 10 kA/m or the unprecedented SAR of
415 W/g displayed by synthetic iron/iron carbide core/
shell MNPs4 at 96 kHz and 16 kA/m, in both cases for
colloidal solutions. Also, both are examples of MNPs
showing ferromagnetic behavior at room temperature,
thus presenting their best heating performance when
H0 exceeds their coercive field, but also the safety limits
mentioned above.
It is obvious that the heating ability of an assembly

of MNPs is determined by their magnetic properties,
since the heat released by MNPs is a consequence of
magnetization reversal processes. At the same time,
magnetic properties are governed by several MNP
characteristics, such as composition, size, shape, and
arrangement. For example, the greater saturationmag-
netization of Fe in the synthetic iron/iron carbide core/
shell MNPs with respect to more stable and commonly
used iron oxides, together with the synthetic tuning of
magnetic anisotropy, is responsible for their excellent
heating ability. In magnetosomes, the high SAR values
are mainly assigned to the tendency of these MNPs to
form long chains, in which their magnetization easy
axes are kept parallel with each other, giving rise to a
higher magnetic anisotropy.5

The effects of composition6�8 and size9�11 in the
heating ability of MNPs have been widely studied,
but not that of the shape and even less that of the
arrangement. However, the MNP arrangement neces-
sarily plays a very important role in magnetic hyper-
thermia and, more generally, in theragnosis,12 since
interparticle interactions are known to modify signifi-
cantly the magnetic behavior expected for MNPs of a
given composition, size, and shape. Experimentally,
interparticle interactions have been found to be either
negative12�15 or positive5,8,16,17 for the SAR of the
assembly. Controlling these effects is certainly of para-
mount importance in magnetic hyperthermia, since
the spatial distribution of MNPs after cell internaliza-
tion18,19 differs from that in ferrofluids, over which
SAR measurements are usually performed, thus lead-
ing to a divergence between previous characterization
and real performance.20 Formation of structures
like chains or agglomerates is hardly predictable and
reproducible, making it a challenging task to infer
heating performance in vivo.
In this work, we consider the use of small nano-

objects confining a fixed distribution of MNPs, in order
to address the control of particle arrangement in
magnetic hyperthermia. We first study the effect of
the arrangement of free magnetite nanocubes (NCs)
in various dispersive media on their magnetic and
hyperthermia properties, demonstrating that heating
ability is strongly reduced upon agglomeration. We
then evaluate the effect of assembling the same NCs
within poly(D,L-lactide-co-glycolic) acid (PLGA) nano-
spheres and silica nanoworms, showing that it is not
the concentration but the particular NC arrangements

achieved in these nano-objects that govern their
magnetic and hyperthermia properties, making them
display an improved behavior with respect to freely
arranged agglomerated NCs.

RESULTS AND DISCUSSION

Magnetite Nanocubes. Monodispersemagnetite nano-
cubes (see below)were prepared through slightmodifi-
cations of the original seeded growth method of Sun
et al.21 Briefly, initial spherical seeds with a size of 6 nm
were obtained by thermal decomposition of iron
acetylacetonate in benzyl ether in the presence of oleic
acid, oleylamine, and 1,2-hexadecanediol. Then, two
identical seeded growth steps were done under similar
conditions, but with reduced amounts of oleic acid and
oleylamine. The rate of heating, a key parameter with
respect to the final nanoparticle's size and shape, was
ca. 2.5 �C/min. The method is similar to that used by
Erné et al. to obtain so-called “facets” nanoparticles,22,23

although it results in well-shaped nanocubes in much
fewer steps. The direct synthesis of nanocubes has also
been described but results in larger sizes, or for smaller
sizes requires heating rates as high as 35 �C/min.24

The average size of the obtained nanocubes is
13.2( 1.2 nm, as defined by the length of the diagonal
of the squares observed in TEM images (see Figure 1),
which presumably corresponds to the face diagonal
of the cubes. Moreover, the size standard deviation lies
within the (10% criterion for a monodisperse system.
It is observed that single cubes coexist with some
undefined-shape particles, among them twinned par-
ticles, in an approximate proportion of 65:35. Their
saturationmagnetization,MS, is 83.2 emu/g (431 kA/m,
using a mass density of 5.18 g/cm3), close to the value

Figure 1. TEM imageof a dried dropof hexanedispersion of
NCs. Inset: TEM size distribution histogram (bars) fitted to a
normal distribution (full circles with line) and DLS hydro-
dynamic size distribution (empty circleswith line)measured
on a hexadecane dispersion of the same NCs (sample
L-HEXdil, see Table 1).
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of bulk magnetite (446 kA/m). Corroboration of the
crystalline phase was obtained by powder X-ray dif-
fraction (PXRD) (Figure S1).

Arrangements of Free NCs in Diluted Dispersions. Table 1
gathers forms and concentrations of all samples stud-
ied in this work, all made from the same NCs.

Dispersions were first prepared (see Supporting
Information) either in n-hexadecane or in n-tetraco-
sane. The former undergoes melting over the studied
temperature range (10�320 K), while the latter is
always solid within this range.

The absence of permanent aggregates at room
temperature was corroborated by dynamic light scatter-
ing (DLS) over sample L-HEXdil (Figure 1). DLS estimates
the hydrodynamic diameter of the nanoparticles, which
is usually somewhat larger than the real particle diam-
eter. In the case of L-HEXdil, this diameter shows a log-
normal distribution, with sizes lower than the 26 nm of
two NC face diagonals, indicating that NCs are well-
dispersed, at least in the most dilute n-hexadecane
solution, since sample L-HEX is too concentrated
(Table 1) to be tested with this technique. As a rough
estimation, average interparticle distances within L-HEX
and L-HEXdil are 91 and 304 nm, respectively, assuming
a homogeneous distribution of the NCs.

Samples S-TETR and S-TETRdil were prepared with
similar concentrations to L-HEX and L-HEXdil, respectively.
TEM images of ultrathin slices of these samples are
shown in Figure 2, where the NCs arrangement inside
the solid matrixes can be observed. In both samples,
isolated NCs but also small arrangements of various
dimensionalities are observed, especially in sample
S-TETR, indicating that NCs are not ideally dis-
persed in n-tetracosane and that distances between
arrangements are larger than evaluated considering
isolated NCs.

The magnetic behavior of the samples was studied
through zero-field-cooled (ZFC) and field-cooled (FC)
magnetization-vs-temperature, M(T), experiments,
recorded with a static field of 38 Oe (3 kA/m), equal
to the amplitude of the alternatingmagnetic field used

TABLE 1. Description of the StudiedNC Samples and Their

Magnetite Concentration

a The first letter of the name reflects the sample state (liquid, L, or solid, S) at room
temperature. b Concentration is expressed in grams of Fe3O4 per gram of sample.

Figure 2. TEM images of ultrathin slices of samples S-TETRdil (left), S-TETR (middle), and S-noSURF (right), revealing the NC
arrangements inside solid matrixes.
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in the determination of the heating ability (see below).
All measured samples (Figure 3) display a more or less
typical behavior of a sample undergoing a ferro(i)-
magnetic to superparamagnetic (FM/SPM) transition.
On heating, the ZFC M(T) first increases and afterward
decreases, showing a maximum at Tmax (see Table 2),
which corresponds to the average onset of the FM/SPM
transition. The ZFC curve joins the FC one at the so-
called Tbra,

25 the temperature atwhich all NCs are in the
SPM state.

Main differences between samples are related to
their Tmax values and to the behavior of their FC curve
below Tbra, which is indicative of magnetic interactions
between MNPs.25,26 In particular, for noninteracting
MNP assemblies, the FC curve is convex below Tbra,
and M(T) shows an appreciable decrease between Tsat

(low-temperature value at whichM saturates) and Tbra.
In presence of weak magnetic interactions M at Tsat
decreases, although the FC curve remains convex.
Finally, for strong magnetic interactions, magnetiza-
tion at Tsat is so reduced that the FC curve below Tbra
describes a plateau or even turns concave, showing a
maximum.

According to the behavior of their FC curve, sam-
ples S-TETRdil and S-TETR (Figure 3 bottom left) show
interaction effects, more pronounced in S-TETR, in
which the FC curve appears slightly concave below
Tbra. Also, the Tmax value is greater for S-TETR than for
S-TETRdil (Table 2). This shift in Tmax is also a conse-
quence of the presence of stronger interactions be-
tween NCs. Moreover, the maximum of S-TETR is wider
than that of S-TETRdil, indicating a broader distribution
of energy barriers for magnetization reversal, in accor-
dance with the wider variety of NC arrangements.
Eventually, M(T) values of S-TETR are lower than those
of S-TETRdil, another consequence of stronger mag-
netic interactions.

The ZFC curve of sample L-HEXdil (Figure 3, top left)
is similar to that of sample S-TETRdil at low tempera-
ture. At about 110 K, its M(T) starts to increase and
evolve in a different manner, displaying a double
maximum. These features most probably reflect the
occurrence of dynamical effects due to a premelting
stage of n-hexadecane induced by the presence of
MNPs.27�29 When the slope of the ZFC curve is already
decreasing to describe the maximum at Tmax, M starts
to rise again. At this point, the n-hexadecane is likely
premolten at the NC surface, allowing the NCs
to orientate physically with the applied field, while

Figure 3. ZFC/FC M(T) curves of the same NCs in several arrangements. Top: Samples with comparable concentration
dispersed in media that undergo melting during the studied temperature range. Bottom: Samples either dispersed in solid
media or dried from liquid dispersions. Left: Arrangements of isolated NCs. Middle: NCs confined in PLGA nanospheres.
Right: NCs confined in silica nanoworms.

TABLE 2. Relevant Temperatures and SAR Values of the

Studied Samples

sample Tmax (K)
a Tb (K)

b SARmax(W/g)
c SAR300(W/g)

d

L-HEX 250�270 2.9 2.0
L-HEXdil 230
S-TETR 223 222 2.1 0.9
S-TETRdil 168
S-SURF 263 253 0.9 0.4
S-noSURF 263 0.7 0.6
L-PLGA 113
S-PLGA 135 211 1.4 0.8
L-SIO2 >320
S-SIO2 180 g315 1.6 1.6

a Temperature at which ZFC M(T) shows a maximum. b Blocking temperature, at
which SAR(T) displays a maximum. c SAR data at Tb, 3 kA/m, and 111 kHz.

d SAR
data at 300 K, 3 kA/m, and 111 kHz.
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preserving a fixed arrangement. As a consequence,
the magnetization rises. This effect is even more pro-
nounced in sample L-HEX (Figure S2), giving rise to a
higher magnetization increase.

The heating ability of the NC dispersions was
evaluated through the calorimetric pulse-heating
method under adiabatic conditions, which allows, on
one hand, obtaining the most accurate SAR values30

and, on the other hand, obtaining SAR(T) curves,31

using the formula

SAR(T) ¼ C(T)
mMNP

ΔT(T)
Δt

(1)

where ΔT(T) is the thermal dependence of the speci-
men temperature increments upon application of
alternating magnetic field pulses of duration Δt, C(T)
is the thermal dependence of the specimen (sampleþ
container) heat capacity, calculated using themass and
specific heat capacity (J/g 3 K) of all components of the
specimens, andmMNP is themass of magnetic material,
in this case, magnetite. SAR(T) provides information
about the FM/SPM transition under alternating mag-
netic field, similarly to the out-of-phase ac magnetic
susceptibility, χ00(T), curves, but with f and H0 values
more adequate for magnetic hyperthermia (for more
details, see the Supporting Information). The too high
C/mMNP ratio, however, hindered the determination of
the SARof samples L-HEXdil and S-TETRdil with the used
ac-field parameters, 3 kA/m and 111 kHz, selected to
fulfill the most widespread biological range of alternat-
ing magnetic field application, fH0 = 485 kHz 3 kA/m.32

Figure 4 shows, among others, the SAR(T) curves of
S-TETR and L-HEX. Data acquired during the melting
of n-hexadecane were not considered, since the first-
order character of the transition prevents a correct
evaluation of the heat capacity within the correspond-
ing temperature range. In these curves, the phenomena
previously identified in ZFC/FC M(T) are also reflected.
Both curves display maxima, corresponding to the

blocking temperature, Tb, defined as the maximum
of χ00(T) and, consequently, of SAR(T), at 111 kHz.
S-TETR displays a very broad maximum at an average
Tb of 222 K, indicative of the variety of NC arrangements
present (Figure 2 middle). The SAR(T) curve of sample
L-HEX also shows a broad maximum, with a main
maximum at 250 K, and a secondary one at around
270 K, relative to the new arrangement after NC re-
orientation due to premelting of n-hexadecane.

Regarding absolute values, the NCs dispersed in
n-hexadecane present the best heating ability due
to dynamic effects. The maximum SAR displayed by
sample L-HEX is 2.9 W/g. This value may seem very
small related to those referred to above, namely,
960 W/g for bacterial magnetosomes or 415 W/g
for iron/iron carbide core/shell MNPs, but the power
of the alternating magnetic field used here to excite
the magnetic moment reversal processes is also much
smaller (but adequate for hyperthermia treatment
conditions), with an amplitude and frequency of
111 kHz and 3 kA/m, to be compared with 410 kHz
and 10 kA/m, and 96 kHz and 16 kA/m, respectively.
SAR values depend enormously on f and H0, and while
this dependence is usually linear with f in the kHz
range, it is more complex with H0, showing an H0

n

power law, with n ranging between 0 and 3, depending
on the characteristics of the MNP assembly and on
the value range of H0.

14,33,34 A recent discussion on
SAR values and extrapolations29 shows that the SAR
of these magnetosomes decreases to 12.8 W/g under
the conditions used in this work, while negligible values
are reported for iron/iron carbide core/shell MNPs under
these conditions, thusmakingL-HEXaquitegoodheating
dispersion, only about 4 times less than magnetosomes.

Arrangements of Free Highly Packed NCs. Such disperse
NC arrangements as those studied so far are however
not likely to be achieved in magnetic hyperthermia
applications. Indeed, nanoparticles have been shown to
adsorb biomolecules on their surfacewhen immersed in
biological media,35 thus leading to MNP aggregation
and/or cluster formation. Moreover, after being inter-
nalized by the cells, MNPs are isolated in vesicles, often
in a high concentration. The vesicles are usually on the
micrometer size range, confining hundreds of densely
packed MNPs, with interparticle distances limited only
by their surface molecular coating.19,20,36

Then, in order to study MNP arrangements that are
less favorable but more realistic in terms of the therapy
conditions, samples S-SURF and S-noSURF have been
prepared (Table 1). S-SURF contains the same magne-
tite NCs just embedded in surfactant (oleic acid and
oleylamine). Assuming a homogeneous distribution
of the nanocubes inside the surfactant mixture and
a surfactant average mass density of 0.854 g/cm3,
a rough estimation gives an interparticle distance of
5 nm. In S-noSURF, the surfactant not adsorbed onto
the nanocubes was eliminated to reduce as much as

Figure 4. SAR(T) curves of free NCs in different diluted
(L-HEX and S-TETR) and concentrated (S-SURF and S-noSURF)
arrangements.
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possible interparticle distances. Although its average
concentration is lower than that of S-SURF due to
embedding in epoxy resin, smaller local interparticle
distances, of around 1�2 nm, are observed in TEM
images (Figure 2, right).

ZFC/FCM(T) curves of S-SURF (Figure 3, bottom left)
show an important magnetization decrease with re-
spect to S-TETRdil and S-TETR, as well as an increase in
Tmax up to 263 K (Table 2). Accordingly, the SAR(T) of
this sample (Figure 4) drops drastically with respect to
that of samples L-HEX and S-TETR. An even higher SAR
drop is observed for sample S-noSURF, together with
a Tb increase of 10 K with respect to sample S-SURF.
Clearly, the heating capacity of NCs gets strongly
reduced upon 3D agglomeration. This implies that, in
the event of acquiring an arrangement similar to that
of sample S-SURF in tissues, these nanoparticles would
lose, at 300 K, 84% of the heating capacity they exhibit
in the form of a ferrofluid.

Nano-objects Containing NCs in Fixed 1D and 2D Arrange-
ments. On the basis of the above results, all for the
same NCs, it becomes evident that the MNPs' arrange-
ment plays a too important role in their heating
performance to be neglected, while it is not controlled
in applications. To reach a level of control on the
heating ability inside tissues, it thus seems convenient
to consider nano-objects able to confine and maintain
MNPs (here NCs) in a fixed arrangement.

Among possible confining materials, PLGA and
silica were selected. PLGA is a block copolymer
known to be biocompatible and noncytotoxic37 and
has been previously used for encapsulating MNPs.38,39

Although silica-coated nanoparticles have long been
thought to be highly toxic, new studies and synthetic
modifications have shown an increased biocompatibi-
lity.40�42 The growth of silica directly on the NCs'
surface has in addition the advantage of freezing the
NCs' organization present in the dispersion.43

NCs were thus assembled and confined into two
kinds of nano-objects. A first strategy based on a
combination of miniemulsion and solvent evaporation
techniques44 allowed the preparation of polymeric
PLGA nano-objects containing NCs, obtained by
simply incorporating the dispersed NCs to the organic
phase of the emulsion containing the PLGA. In a
second approach, the NCs were first transferred
to an aqueous-ethanolic dispersion by reaction with
tetramethoxyammonium hydroxide.45 Addition of
tetraethoxysilane and prolonged ultrasonication then
resulted in the growth of silica around the NCs,46 thus
forming nano-objects whose thickness was adjusted
so that the average size was comparable to PLGA ones.

The PLGA nano-objects are nanospheres (Figure 5,
left) with NCs mostly displaying ordered 2D arrange-
ments located across their surface. This superficial
distribution can be inferred from the non-overlapped,
clear, and high-contrast NC images observed and also
from the presence of several protruding NCs. On the
other hand, the silica nano-objects (Figure 5, right) are
worm-like, withmost NCs in the center and arranged in
chains covered with the silica.

PLGA nanospheres, according to TEM images, show
a log-normal size distribution with a maximum at
66.1 nm, an average nanosphere size of 67.5 nm, and

Figure 5. TEM images of PLGA nanospheres (left) and silica nanoworms (right) containing NCs. Insets: TEM size distribution
histograms (bars) fitted to normal (nanoworm widths) and log-normal (nanospheres and nanoworm lengths) distributions
(full circles with line) andDLS hydrodynamic size distribution (empty circleswith line)measured on samples L-PLGA and L-SIO2.
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a standard deviation of 35%. The hydrodynamic diam-
eter follows a similar log-normal distribution with a
maximum shifted to 83.8 nm, which indicates that
nanospheres are well dispersed in the water solution.
Silica nanoworms are elongated, with a well-defined
width (normal distribution, with average size of 90.5(
7.5 nm) but variable length (log-normal distribution
with a maximum at 116 nm and average size of 126(
33 nm), depending on the number of NCs involved in
the chain. The hydrodynamic diameter also displays
a log-normal distribution with a maximum at 175 nm,
indicating a good dispersion. Limiting the size of nano-
objects was pursued for its importance in applications,
since they should remain small enough as to generate
minimal microcapillary occlusion in case of transfer to
blood circulation.47,48 According to the present results,
the optimized synthetic conditions have allowed ful-
filling this requirement for both types of nano-objects.

Two samples were prepared based on PLGA nano-
spheres (Table 1), either as a freeze-dried solid, S-PLGA,
or as the same freeze-dried solid resuspended inwater,
L-PLGA. Similarly two samples were obtained from
silica nanoworms (Table 1): S-SIO2, made of dried
nanoworms, and L-SIO2, which contains nanoworms
resuspended in a water�ethanol (18/82 v/v) solution.

Samples L-PLGA and S-PLGA (Figure 3, middle)
display a typical FM/SPM transition with just one
ZFC maximum. Comparing their Tmax data (Table 2)
with those of sample S-TETRdil, one concludes that the
arrangement of a few NCs into ordered 2D structures has
produced a decrease of Tmax, this Tmax being slightly
increased when nanospheres are closer to each other.
Unlike all previous cases, the FCcurves showan important
M decrease from Tsat to Tmax, indicative of a very weak
effectofmagnetic interactions. Eventually, theM(T) values
of S-PLGA are smaller than those of sample L-PLGA, but
remain higher than those of S-SURF and S-TETR. This
makes this arrangement particularly interesting, since the
change from disperse (liquid) to agglomerated (solid)
nanospheres does not imply a huge change in magnetic
behavior, minimizing the effect of an inhomogeneous
nanosphere spatial distribution in applications.

On the contrary, the ZFC/FC curves of L-SIO2 and
S-SIO2 (Figure 3, right) reveal great differences. First,
it must be noticed that sample L-SIO2 is not entirely in
the superparamagnetic state when it is first cooled
to 10 K. This can be inferred from the position of
Tmax, likely slightly above 320 K, as the ZFC and FC
curves are not completely joined at this temperature.
This non-superparamagnetic initial state can lead to
the presence of some orientation within the sample,
which could influence the M(T) values. Nevertheless,
it can be clearly concluded that the FC curve of
this sample exhibits a plateau below Tmax, indicative
of strong magnetic interactions, and that the chain
structure of the NCs inside each nanoworm shifts the
FM/SPM transition to higher temperatures. However,

nanoworms in close proximity to each other (sample
S-SIO2) present ZFC/FC curves more similar to those of
sample S-PLGA, with two main differences: Tmax is still
higher, and their FC curve still exhibits a plateau below
Tmax, although lessmarked than in sampleL-SIO2. Inother
words, interchain interactions seem to modify appreci-
ably the magnetic state of very diluted nanoworms, as
opposed to the case of nanospheres. Nonetheless, the
M(T) values of S-SIO2 remain higher than those of S-SURF
and S-TETR, similarly to those of sample S-PLGA.

As in the case of previous highly diluted samples,
the too high C/mMNP ratio hindered the determination
of the SAR of samples L-PLGA and L-SIO2 with the used
ac-field parameters. In any case, the highly disperse
arrangements of these samples are not likely to happen
in real magnetic hyperthermia. Figure 6 then collects
SAR(T) curves of samples S-PLGA and S-SIO2, in which
nanospheres and nanoworms are close together. For
comparison, the SAR interval between samples S-TETR
and S-SURF has been recalled. This area depicts the SAR
variation between slightly (S-TETR) and highly (S-SURF)
agglomerated NCs, respectively unlikely and probable
situations in magnetic hyperthermia.

The Tb of samples S-PLGA and S-SIO2 is shifted
to higher temperatures with respect to Tmax values, as
expected due to frequency effects. But themost relevant
difference between these two samples is the tempera-
ture range at which this maximum is achieved, 197�
223 K and 309�(g)320 K, respectively. From this point of
view, the nanoworm configuration of these particular
NCs seems more interesting for magnetic hyperthermia
than the nanosphere one. However, if NCs big enough to
showaFM/SPM transition above roomtemperaturewere
used, the nanosphere configuration would presumably
be more interesting, since it would shift the temperature
of the maximum heating ability toward room tempera-
ture, while significantly avoiding interaction effects.

Figure 6. Black symbols: SAR(T) curves of confined NCs in
PLGA nanospheres and silica nanoworms in close arrange-
ment. Orange area: SAR variation between slightly (S-TETR)
and highly (S-SURF) agglomerated NCs, unlikely and prob-
able situations in magnetic hyperthermia, respectively.
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Furthermore, comparing the maximum SAR values
in the less favorable arrangement, that is, with nano-
objects close together, both S-PLGA and S-SIO2 clearly
outperform S-SURF, with values of 1.41 and 1.61 W/g,
respectively, about 50% of that of sample L-HEX
(Figure 4). Eventually, it should be realized that SAR(T)
curves of samples S-PLGA and S-SIO2 present very
wide maxima. This is due to the also wide distribution
of energy barriers, generated by the moderate poly-
dispersity in number and arrangement of the NCs
inside each nano-object. A better control of these
parameters would result in narrower peaks and greater
SAR values.

Considerations about 1D and 2D NCs Arrangements. The
results obtained on nanospheres and nanoworms
suggest that it is not the concentration but the parti-
cular NC arrangements achieved in these nano-objects
that govern their magnetic andmagnetothermal prop-
erties. For example, samples S-PLGA and S-SIO2 have
a similar concentration but display opposite behaviors
with respect to interactions, as shownby their respective
Tmax and Tb. Also, both are less and more concentrated
than samples S-SURF and S-TETR, respectively, but do
not show intermediate M or SAR values.

It has been shown both theoretically49 and experi-
mentally50 that MNPs self-assembled in chain arrange-
ments tend to display a ferromagnetic order, present-
ing one or several intrachain FM domains. Given
that disperse silica nanoworms (sample L-SIO2) show
predominantly a self-assembled NC chain structure, a
ferromagnetic order can be assumed. Then, the behav-
ior of sample L-SIO2 can be discussed on the basis
of the theoretical calculations proposed in ref 51,
which describe the heating efficiency of nanoparticle
chains accounting for dipolar interactions in the linear
response regime. SAR(σ0) curves calculated through
Monte Carlo simulations for monodisperse particles
are quasi-normal distributions whosemaximum values
get smaller and shift to lowerσ0 as the number ofMNPs
inside a chain increases, with σ0 being the reduced
energy barrier of the free nanoparticles (σ0 = Eb0/(kbT),
where Eb0 = KeffV and Keff is the effective anisotropy
constant).51 These findings can be extrapolated to our
results as follows. Given that the NC volume is the same
in all samples, a decrease in σ0 upon chain formation
must imply either a decrease in Keff or an increase in T.
Since the Keff ofmagnetite decreaseswhen temperature
grows,52 a shift of SAR(σ0) to lower σ0 values implies
necessarily a shift of SAR(T) to higher T values, which is
consistent with the fact that Tmax is higher for sample
L-SIO2 than for samples L-HEXdil and S-TETRdil. This shift
is indicative of an increase of the energy barrier for
magnetization reversal due to the contribution of intra-
chain dipolar interactions; that is, each NC in the chain
has increased its “apparent” anisotropy constant, Kapp.

The modification of chain properties due to inter-
chain interactions (S-SIO2 vs L-SIO2) has also been

observed in chains of magnetosomes synthesized
by magnetotactic bacteria.53 Along this line, magnetic
properties at macro- and microscale of arrays of MNP
chains have been simulated using a Monte Carlo
approach.49 Assuming that MNP magnetic anisotropy
axes are aligned parallel to the chains and that H, HA,
where HA stands for the anisotropy field, simulations
predict an intrachain FM order, but a non-monotonic
interchain antiferromagnetic order. Although these
predictions cannot be strictly extrapolated to sample
S-SIO2, in which nanoworms are randomly brought
together, the existence of a certain AFMorder between
chains should not be discarded. Simulations of ZFC/FC
curves would be necessary to assign this effect to the
reduction in Tmax undergone by sample S-SIO2 with
respect to L-SIO2.

On the other hand, PLGA nanospheres display
several different NC arrangements such as isolated
NCs, pairs, and larger 2D arrangements comprising
up to approximately 12 NCs. Several experimental
and theoretical techniques have been used to study
themagnetic configurations of 2Darrangements,50,54,55

revealing the occurrence of flux-closure regions in
arrangements as small as four similar cubes forming a
square, up to islands of 31 spherical MNPs. On the basis
of these findings, the existence of flux-closure regions
in PLGA nanospheres is a plausible hypothesis. Indeed,
in flux-closure configurations of close-packed MNP
2D clusters, magnetic flux is mostly confined within
the arrangement,56 giving rise to reduced cluster-to-
cluster interactions. This is consistent with the low
Tmax (and, consequently, Kapp) values of L-PLGA, whose
ZFC/FC curves are in addition typical of noninteracting
MNPs. Again, simulations of M(T) curves would help to
reinforce/discard this hypothesis, which is equally con-
sistent with the weak behavior modification observed
when nanospheres are close together (S-PLGA vs

L-PLGA).
The present study on NC arrangements still allows

one more final consideration, related to the magnetic
anisotropy. For example, when comparing cubical with
spherical MNPs, some authors17,57 find a higher effec-
tive anisotropy of cubes with respect to spherical
particles, whereas other authors7,58 report the contrary.
About this discrepancy, it must be mentioned that the
theory behind the calculation of the anisotropy con-
stant from magnetic measurements often neglects
interparticle interactions, so that the obtained values
have to be handled with care. To illustrate this
fact, we have estimated the Keff of our NCs in their
less interacting arrangements using the Néel and
Vogel�Fulcher models (see Supporting Information,
Table S1). According to the results obtained for sample
L-PLGA (Keff = 35.3 and 21.9 kJ/m3, using Néel and
Vogel�Fulcher models, respectively), we can conclude
that the NCs studied in this work show a Keff value
in the range usually reported for bulk magnetite,
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13.5�41 kJ/m3 at room temperature.59,60 However, a
significant disparity is observed in the results from
different samples and models. This leads us to wonder
if the obtained discrepancies are originated not only by
average concentration60 but also by different arrange-
ments even in diluted samples.

CONCLUSIONS

Summarizing, the wide range of magnetic and
heating behaviors reported here for the same magne-
tite NCs demonstrate that not only the concentration
but most of all the arrangement of nanoparticles is of
paramount importance for hyperthermia, while it is not
really controlled in applications. Free NCs dispersed
at low concentration in solvents show good heating
properties, improved when the dispersive medium
undergoes a premelting stage, in which NCs can
become orientedwith the appliedmagnetic fieldwhile
keeping a fixed and disperse arrangement. The forma-
tion of big interacting 3D structures at higher concen-
tration implies a shift of the maximum heating power
to higher temperatures, but also a drastic reduction
in magnetization and heating ability, unfortunately a

situation most likely to also occur in vivo. The reported
strategy of confiningNCs in nano-objects with fixedNC
arrangements has succeeded in lessening this perfor-
mance degradation, also confirming that the particular
NC arrangements achieved in these nano-objects
govern their magnetic properties and heating ability.
In particular, confining NCs as 2D structures on the
surface of PLGA nanospheres gives them properties
typical of nano-objects displaying weak magnetic in-
teractions, particularly interesting to minimize the
effect of an eventual inhomogeneous nanosphere
spatial distribution in applications. On the other hand,
confining NCs inside silica nanoworms in 1D (chain)
structures shifts themaximumheating power to higher
temperatures while maintaining high magnetization
values. In addition, both kinds of nano-objects outper-
form the heating ability of free NCs, when considering
closely packed arrangements. Eventually, this work
highlights the necessity of considering SAR not as
a single value at room temperature but as a physical
function, whose measurement or simulation as a func-
tion of temperature is encouraged, especially for MNPs
whose FM/SPM transition is near room temperature.

METHODS
Chemicals. The syntheseswere carried out using commercially

available reagents. Reagent grade solvents absolute ethanol,
chloroform, n-hexane (>99%), n-hexadecane (99%), and n-tetra-
cosane (99%) were used as received. Benzyl ether (99%), 1,2-
hexadecanediol (97%), oleic acid (90%), oleylamine (>70%), Fe(III)
acetylacetonate (>99.9% trace metal basis), poly(D,L-lactide-co-
glycolide (50:50, MW 30�60k), poly(vinyl alcohol) (MW 13000�
23000), tetraethyl orthosilicate (98%), tetramethylammonium
hydroxide pentahydrate (95%), and aqueous ammonia were all
purchased from Aldrich and used without further purification.

Synthesis of 6 nm Fe3O4 Spherical Nanoparticle Seeds
21,61. Fe(acac)3

(2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid (6 mmol),
and oleylamine (6 mmol) were added under a flow of argon to
20 mL of benzyl ether and stirred magnetically at room tem-
perature under Ar for 5 min. The mixture was heated to 200 �C,
maintained for 2 h at this temperature, and then heated to
reflux (ca. 293 �C) for 1 h, under continuous stirring and flow of
Ar. The rate of heating was the maximum attainable with our
setup, at ca. 2.5 �C/min. The formed black dispersion was cooled
to room temperature by removing the heat source, maintaining
stirring. Once at room temperature, the reaction mixture was
opened to air, and ethanol (50 mL) was added, resulting in the
precipitation of a black solid, which was separated by centrifu-
gation. This raw product was redispersed in hexane (40 mL) in
the presence of oleic acid (0.05 mL) and oleylamine (0.05 mL)
with bath ultrasonication. After centrifugation to remove un-
dispersed material, the product was then precipitated with
ethanol (16 mL), centrifuged to remove the supernatant, and
redispersed into hexane (16 mL) with bath ultrasonication. This
dispersion was filtered through a 0.45 mm PVDF membrane to
remove possible impurities of large size.

Synthesis of 14 nm Fe3O4 Nanocubes by Seeded Growth Steps.
21,23,61

For the first growth step, Fe(acac)3 (2mmol), 1,2-hexadecanediol
(10 mmol), oleic acid (2 mmol), and oleylamine (2 mmol)
were first added under a flow of argon to 20 mL of benzyl
ether and stirredmagnetically at room temperature under Ar for
5 min. Then 84 mg of the 6 nm seeds dispersed in hexane were
added, and the mixture was brought to 100 �C, temperature at
which it was kept for 30 min under an argon flow without

condenser to evaporate the hexane. Then, the same thermal
steps andworkup procedure as for the 6 nm seedswere applied.
A second growth step was then realized under identical condi-
tions, except for the amount of the seeds from the previous
growth step, which was 80 mg.

Synthesis of PLGA Nanospheres Containing Nanocubes. Polymeric
nanospheres loaded with nanocubes were synthesized by a
combination of miniemulsion and solvent/evaporation techni-
ques, following a modified procedure from the literature.44

0.5 mL of the original NC dispersion in hexane was evaporated
in a vial, yielding 6.17 mg of nanocubes and surfactant. 5 ml
of CHCl3 was added, and the mixture was stirred at 200 rpm for
10 min, resulting in a homogeneous dispersion. Then 50 mg
of PLGA was added to the organic suspension and stirred at
400 rpm until no solid polymer was observed. This organic
solution was poured onto 10 mL of an aqueous solution of
PVA at 5 wt % while stirring at 400 rpm. The formed emulsion
was allowed to homogenize by stirring for 1 h at 1000 rpm. The
miniemulsion was then prepared by ultrasonication for 10 min
with a Hielscher UP400s ultrasonic processor (400 W, 24 kHz)
with a 3 mm tip at 35% amplitude. All these steps were
performed maintaining the dispersion in an ice bath to prevent
chloroform evaporation. Once the miniemulsion was formed,
40mL of distilled water was added to the dispersion to enhance
the evaporation of chloroformby leaving the dispersion at room
temperature overnight under magnetic stirring at 750 rpm.
The suspension of PLGA nanospheres inwater was then filtered.
A 10 mL sample of the so-obtained suspension was dialyzed for
24 h with a Float-a-lyzer 300 kDa membrane (SpectrumLabs) to
eliminate the excess PVA in the solution. Comparison between
the Fe3O4 concentration of the nondialyzed (6.03 mg/g) and
dialyzed (29.6 mg/g) nanosphere solid indicates that dialysis
eliminates about 88% of the total PVA.

Synthesis of Silica Nanoworms Containing Nanocubes. The encap-
sulation of nanocubes into silica involved two main steps.
First, the originally hydrophobic nanoparticles were transferred
to water using a recent literature procedure.45 Then 6 mg
of nanocubes with surfactant was mixed with 5 mL of 1 M
TMAOH solution by stirring for 1 h. The obtained suspension
was precipitated using a permanent magnet, the supernatant
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was removed, and the precipitate was dried in air. For silica
encapsulation,46 the dry hydrophilic nanocubes were then
redispersed in a mixture of 13.5 mL of distilled water and
60 mL of EtOH by 5 min ultrasonic homogenization with a
Hielscher UP400s ultrasonic processor (400 W, 24 kHz) with a
3 mm tip at 80% amplitude. After addition of 1.68 mL of
aqueous ammonia the solution was allowed another 5 min
homogenization. Last, 300 μL of TEOS was added to the
solution, and ultrasonication at 80% was then maintained for
50 min. The thickness of the formed silica shell can be adjusted
by modifying the amount of TEOS and/or the sonication time.
All the ultrasonication steps were performed while cooling with
an ice bath.

Preparation of Samples for Magnetic and SAR Measurements. Sam-
ples containing free NCs were prepared from aliquots of the
ferrofluid obtained in the synthesis. Then-hexaneof each aliquot
was first evaporated in weighted vials, and the remaining solid
was afterward redispersed in the desired dispersive media.
Samples L-HEX and L-HEXdil were dispersed in n-hexadecane
to provide a dispersive medium that, still liquid at room tem-
perature, showed a higher melting temperature than that of
n-hexane. Once an adequate volume of n-hexadecane was
added to reach the desired approximate concentration, the
vials were ultrasonicated in a water bath for 5 min at room
temperature. Samples L-TETR and L-TETRdil were dispersed
in n-tetracosane to provide a solid dispersive medium in the
whole measurement temperature range. The dispersion was
performed in a water bath at 100 �C (at which this alkane is
already liquid) under ultrasonication with a Hielscher UP200s
working at 85% of its maximum power for 30 s using the S3 tip.
Sample S-SURF is just the remaining solid after evaporating the
n-hexane and contains magnetite NCs and surfactant (oleic acid
and oleylamine). Sample S-noSURF was obtained in the same
way as sample S-SURF, with several additional washing steps
with dichloromethane to eliminate as much as possible the
surfactant not adsorbed onto the NCs, i.e., to reduce as much
as possible interparticle distances. The remaining powder was
embedded inepoxy resin (Epofix) and cured at 60 �C for 24h. The
embedding allows a better thermal transfer in SAR measure-
ments, as well as preparation for TEM observation by ultrami-
crotomy. Sample S-PLGA was obtained from freeze-drying the
dialyzed nanosphere solution, and sample L-PLGAwas prepared
from the same freeze-dried solid resuspended in water. Sample
S-SIO2 contains the remaining nanoworms after drying the
synthetic solution, and L-SIO2 was obtained by resuspending
such nanoworms in a water�ethanol (18/82 v/v) solution. All
liquid samples were sealed with adhesive into quartz holders to
prevent liquid leakage under vacuum conditions. Sample S-TETR,
at 100 �C while filling the quartz holder, was first thermally
quenched in an ice�water bath and then sealed with the
adhesive. Samples S-SURF, S-PLGA, and S-SIO2 were measured
inpolypropylenecapsules,while sampleS-noSURFwasmeasured
in its own epoxy resin. The same specimens used for magnetic
characterization were used for SAR measurements.

PXRD. Powder X-ray diffraction experiments were performed
with a Phillips X'pert Pro diffractometer (Cu KR radiation) on
NC powder. Diffraction patterns were recorded in the 2θ range
10�70� with a scan step of 0.05� (2θ) for 5 s.

TEM and DLS. The size and shape of nano-objects were
studied by transmission electron microscopy (TEM) with a JEOL
2000 FXII instrument working at an acceleration voltage of
200 kV. Drops of solutions containing NCs, PLGA nanospheres,
and silica nanoworms were put onto copper grids with a
carbon membrane film. To allow their visibility on TEM, PLGA
nanospheres were additionally negatively stained using a
1% solution of phosphotungstic acid in water, whose pH was
adjusted to a value between 6.4 and 7.4 by adding small drops
of 1 M NaOH. From the acquired images, size histograms were
obtained using measurements of at least 300 nano-objects per
histogram. The arrangement of NCs dispersed in solid media
was also observed by TEM. For this purpose, sample slices were
obtained by ultramicrotomy using a diamond knife and laid on
similar copper grids. To discard the presence of large perma-
nent aggregates, the hydrodynamic size of nano-objects was
determined byDLS on diluted samples using a Zetasizer NanoZS

(Malvern Instruments) in backscattermode using a 633nmHeNe
laser. From the raw intensity-vs-size distributions, number-vs-
size histograms were obtained using the Rayleigh theory.

Magnetic Characterization. Magnetic characterization was per-
formed using an MPMS-XL superconducting quantum inter-
ference device from Quantum Design. Magnetization-vs-field,
M(H), curves of all samples weremeasured from0 to 5 T at 300 K.
ZFC/FC M(T) curves were acquired during heating ramps with
a static field of 38 Oe (3 kA/m, the same value as H0 in SAR
determination) in the 10�320 K temperature range. The dy-
namic magnetic properties of several samples were studied
through ac susceptibility measurements from 10 to 320 K in
the 10�852 Hz frequency range, by applying an alternating
magnetic field amplitude of 2.74 Oe. Diamagnetic corrections
were applied in all measurements.

Calculation of the Mass of Magnetite. The iron content of some
specimens was obtained by inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Jobin Ybon 2000). The sample
concentration, c (mass of magnetite per mass of sample), was
determined combining the results of this elementary analysis
with M(H) measurements. After recording its M(H) curve, a
sample similar to S-SURF was digested in aqua regia at 90 �C
and diluted in distilled water up to a volume of 50 mL for
ICP-OES analysis. From the obtained Fe value and assuming
stoichiometric magnetite composition, the specific saturation
magnetization, MS (emu/g), of the NCs within this sample was
determined. The same procedure was applied to another
sample similar to S-PLGA. This time two different concentration
values were calculated: first, using the Fe content from ICP;
second, using the M(H) curve and the specific saturation
magnetization obtained from the sample similar to S-SURF.
These two values differed by less than 2%, corroborating the
validity of the combined ICP-MSmethod. Themass ofmagnetite
of the rest of the samples was then calculated dividing theirMS

(emu) value by the specific MS (emu/g) value obtained above.
Heat Capacity Determination for SAR Calculation. The specific

heat capacity of the quartz sample holders, adhesive sealant,
n-tetracosane with dispersed NCs, PLGA nanospheres, silica
nanoworms with NCs, and epoxy resin was determined experi-
mentally by differential scanning calorimetry (DSC) using a
Q1000 device from TA Instruments and indium and sapphire
as calibrants. The specific heat capacities of n-hexadecane and
magnetite were taken from the literature.62�64 The contribution
of the oleic acid to the heat capacity has been neglected due to
the small mass present in the samples. In sample S-SURF, with
the highest oleic acid content, the contribution of the oleic acid
to the heat capacity at room temperature gives a difference of
only 5% in the SAR value, on the order of the measurement
experimental error.

ΔT(T) Measurements for SAR Calculation. ΔT(T) measurements in
the range 170�320 K were performed with a special-purpose
setup65 using the pulse-heatingmethod. The samples were first
set under vacuum and afterward cooled to 170 K in the absence
of an ac field. Then, a gentle heating ramp was established
by means of the temperature control of the system, also
necessary to ensure that the radiation shield is at the same
temperature as the sample, assuring the adiabatic conditions of
the experiment. During the heating ramp, ac-field pulses of
durationΔtwere applied to the samples, which underwent self-
heating (ΔT). Ac-field parameters used were H0 = 3 kA/m and
f = 111 kHz. The calculation procedure ofΔT(T) is supplied in the
Supporting Information.
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