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Featured Application: Magnetic hyperthermia applications suffer from a dramatic decrease of
efficiency when nanoparticles aggregate. By combining magnetic and non-magnetic nanoparticles
into nanostructured systems, it is possible to recover mainly the initial heating efficiency.
Abstract: Iron oxide nanoparticles are intended to be used in bio-applications for drug delivery
associated with hyperthermia. However, their interactions with complex media often induces
aggregation, and thus a detrimental decrease of their heating efficiency. We have investigated the role
of iron oxide nanoparticles dispersion into dense aggregates composed with magnetic/non-magnetic
nanoparticles and showed that, when iron oxide nanoparticles were well-distributed into the
aggregates, the specific absorption rate reached 79% of the value measured for the well-dispersed
case. This study should have a strong impact on the applications of magnetic nanoparticles into
nanostructured materials for therapy or catalysis applications.
Keywords: magnetic nanoparticle; hyperthermia; aggregation; dipolar interactions

1. Introduction
Magnetic hyperthermia is a powerful technique envisaged to heat up materials or tissues. Used
as probes for cancer therapy, iron oxide nanoparticles are largely studied coupled to hyperthermia to
activate cell death [1] or molecular release. Iron oxide nanoparticles are non-toxic [2], and eliminated by
the cells in vivo [3]. However, the heating properties of iron oxide nanoparticles are often deteriorated
by their aggregation [1,4]. This involves a drastic decrease of the specific loss power (SLP, or SAR
in some publication, for specific absorption rate), which corresponds to the heat energy loss by the
particles toward their environment [5]. Recovering high SLP values during application is really
important because this normalized value is the one that is used to compare the efficiency of iron oxide
nanoparticles directly depending on their synthesis procedure. Optimized nanoparticles excited with
the right frequencies demonstrate large SLP values (see, for instance, the work of Fortin et al. [6]).
When specific synthesis pathways are used, large SLP values can be obtained [7]. Thus, aggregation is
the main drawback that hamper the recent improvements in nanoparticle synthesis pathways. As a
consequence, this drastically limits their applicability or necessitates a larger nanoparticle amount to
produce the expected macroscopic thermal effect. Against this macroscopic effect, some groups already
showed that magnetic hyperthermia could be useful in close proximity of the nanoparticles [8–11].
This is true for well-dispersed stable nanoparticles, but could also be applied to nanostructured
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materials containing iron oxide material as local heating sources. To avoid detrimental interparticle
dipolar interactions, it is necessary to tune the mean distance between magnetic nanoparticles inside
nanostructured materials. However, this point is most always forgotten, or indirectly established
by regarding the heating effect (either structure change or release ability) on the nanostructured
systems. In this article, we investigated the role of dipolar interaction of maghemite nanoparticles
embedded into aggregates between non-magnetic and magnetic nanoparticles with similar sizes. We
thus wondered how to tune the interparticle dipolar interactions between magnetic nanoparticles into
aggregates, to reach highly efficient nanostructured materials with embedded magnetic nanoparticles.
To tune the mean distance between Fe2 O3 nanoparticles, we investigated their heating efficiency when
aggregated with non-magnetic cerium oxide nanoparticles. They were selected because they exhibit
similar surface chemistry reactivity and present the same dependence of the surface charges versus
pH values. To ensure a homogeneous distribution into the aggregates, we selected an aggregation
pathway that introduced a non-directed link between nanoparticles through electrostatic interactions
with an oppositely charged polyelectrolyte.
2. Materials and Methods
Iron oxide nanoparticles were synthesized by soft chemistry methods, according to the so-called
“Massart” pathway through the nanoprecipitation of Fe(II) and Fe(III) ions in a basic medium
(VWR, Fontenay-sous-Bois, France), followed by an oxidation of the magnetite into maghemite [12].
Nanoparticles had a mean diameter of 7 nm and a polydispersity following a lognormal law of 0.4.
An already published size sorting process was applied to the sample to obtain 10.6 ± 6.2 nm large
nanoparticles with a narrower size polydispersity [13]. The principle is based on the phase separation
of the particles by tuning the balance between attractive (magnetic attraction together with Van Der
Waals) and repulsive (surface charges) forces that are governed by the size of the particles. Nitric
acid (playing the role of a salt) is added in a controlled manner to induce a phase separation between
concentrated droplets containing the largest particles and the main phase containing the smallest
particles. Typically, 5 mL of HNO3 at 8.3 mol·L−1 (VWR, Fontenay-sous-Bois, France) was added to 1 L
of ferrofluid. The beaker was placed on a magnet and the supernatant (S) was removed. The precipitate
phase (C) was washed with acetone (three folds) and diethyl ether (three folds) and redispersed in
distilled water. HNO3 was added to the supernatant and the same process was repeated until the final
supernatant remained clear from nanoparticles.
Cerium oxide nanoparticles were also synthesized by a soft chemistry process using cerium
nitrate solution in a basic medium [14]. Cerium oxide nanoparticles were used as-synthesized without
further size sorting. Their mean diameter corresponded to 7.8 ± 5.2 nm. Both particle types were
coated with poly(acrylic acid) polymers with molecular weight of 2100 g/mol (denoted PAA in the
rest of the document, Sigma Aldrich, Darmstadt, Germany) to ensure a good colloidal stability as well
as to introduce a large amount of negative charges for the following electrostatic interaction with the
positive polyelectrolyte [15]. Figure 1 represents the transmission electron microscope (TEM) images
of PAA-CeO2 and PAA-Fe2 O3 nanoparticles and their size distribution with a Gaussian fit.
Additionally, PAA-CeO2 and PAA-Fe2 O3 particles were dialyzed to remove the residual free PAA
chains put in excess during the coating to ensure a complete coating of both iron oxide and cerium
oxide nanoparticles. Poly(trimethylammoniumethylacrylate)-b-poly(acrylamide) block copolymers
were synthesized by Madix® controlled radical polymerization [16]. The copolymer was abbreviated
PTEA11K -b-PAM30K , where the indices indicate the molecular weights targeted by the synthesis. The
role of the poly(acrylamide) block is preponderant because it will ensure a steric repulsion between
aggregates, thus allowing a good colloidal and structural stability against sedimentation that is
mandatory to obtain highly concentrated samples for hyperthermia evaluation.
Dispersion of PAA-CeO2 , PAA-Fe2 O3 , and PTEA11K -b-PAM30K copolymer solution were prepared
at 0.5 wt % and with 0.5 M NH4 Cl. We varied the proportion r of Fe2 O3 /CeO2 from 1.5 to 0.17 and
always kept the ratio of nanoparticles/polymer equal to 0.5 to ensure an excess of the complexing
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Dynamic light scattering was performed with a Malvern NanoZS (wavelength λ = 656 nm,
Samples were centrifuged and the supernatant was eliminated to access a higher concentration
scattering angle θ = 173°, Malvern Instruments Ltd., Malvern, UK). TEM images were recorded using
of iron oxide nanoparticles in the final samples in the range of 0.1–0.5 wt % to ensure a measurable
a JEOL 2010 LaB6 200kV (TSS Microscopy, Beaverton, OR, USA) microscope, thanks to the microscopy
temperature increase during hyperthermia analysis.
platform at Sorbonne University, Paris, France.
Dynamic light scattering was performed with a Malvern NanoZS (wavelength λ = 656 nm,
Specific loss power (SLP) was determined using a commercial apparatus from magneTherm
scattering angle θ = 173◦ , Malvern Instruments Ltd., Malvern, UK). TEM images were recorded using
(nanoTherics Ltd., Newcastle under Lyme, Staffordshire, UK), alternating magnetic field at 335 kHz
a JEOL 2010 LaB6 200kV (TSS Microscopy, Beaverton, OR, USA) microscope, thanks to the microscopy
with a magnetic field amplitude of 7 mT). To analyze the curve representing the increase of the
platform at Sorbonne University, Paris, France.
temperature versus the time, we used an exponential fit, also known as the Box-Lucas method, to
Specific loss power (SLP) was determined using a commercial apparatus from magneTherm
take into account the non-adiabatic regime of the increase of temperature during magnetic excitation
(nanoTherics Ltd., Newcastle under Lyme, Staffordshire, UK), alternating magnetic field at 335 kHz
[20]. In this case, the increase of temperature is fitted using Equation (1).
with a magnetic field amplitude of 7 mT). To analyze the curve representing the increase of the
− = 1 fit,
− also known as the Box-Lucas method, to take
(1)
temperature versus the time, we used an exponential
into account the non-adiabatic regime of the increase of temperature during magnetic excitation [20].
where A and λ are constants, t0 correspond to the switching on of the magnetic excitation. The SLP
In this case, the increase of temperature is fitted using Equation (1).
value is thus obtained following the Equation (2).
T − T0 = =
A(1 − e/−λ(t+t0 ) )

(1)
(2)

where Cp corresponds to the thermal capacity of the solvent and mMNP is the mass of magnetic
where A and λ are constants, t0 correspond to the switching on of the magnetic excitation. The SLP
nanoparticles per 100 grams of magnetic material.
value is thus obtained following the Equation (2).
SLP = AλC p /m MNP

(2)
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Furthermore, the ratio between cerium and iron particles in the aggregate corresponded to 67.5% and
32.5%, respectively. This is in good agreement with the introduced ratios in the mixture in brine
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As attended, the temperature of cerium oxide nanoparticles did not increase while alternative
magnetic field is on (Figure 4B).
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By changing the ratio of PAA-Fe2O3 and PAA-CeO2 particles in the salted mixture from 100
By changing the ratio of PAA-Fe2 O3 and PAA-CeO2 particles in the salted mixture from 100
(arbitrary value corresponding to aggregated
iron oxide nanoparticles only, that corresponds really
(arbitrary value corresponding to aggregated iron oxide nanoparticles only, that corresponds really to
to infinity) to 0.17 in order to tune the proportion of both particles into the aggregates, it was possible
infinity) to 0.17 in order to tune the proportion of both particles into the aggregates, it was possible to
to tune the mean distance between iron oxide nanoparticles inside the aggregates. The value of 0.01
tune the mean distance between iron oxide nanoparticles inside the aggregates. The value of 0.01 was
was arbitrary attributed to well dispersed iron oxide nanoparticles to gain into clarity on the log scale
arbitrary attributed to well dispersed iron oxide nanoparticles to gain into clarity on the log scale of
of Figure 5 (this corresponds to a mixing value of 0). SLP value of well dispersed IONPs was found
Figure 5 (this corresponds to a mixing value of 0). SLP value of well dispersed IONPs was found to be
to be 21.27 W/g at 7 mT and 335 kHz (red line in Figure 5).
21.27 W/g at 7 mT and 335 kHz (red line in Figure 5).
When iron oxide nanoparticles only are aggregated, they exhibit a decreased value of the SLP
down to 7 W/g at the same magnetic field and frequency. As aggregation induces a decrease of SLP, this
result was almost achieved [4,23,24]. By tuning the iron oxide to cerium oxide ratio, we showed that the
SLP values remained low for r = 1.5 (SLP value of 6.88 W/g). However, when the r was decreased to 0.5,
an increase of the SLP value was measured up to 11.7 W/g. This increase was confirmed when r = 0.16
(SLP value of 15.5 W/g). These results are explained by the fact that the iron oxide nanoparticles
were “diluted” into the aggregates when r was decreased, thus increasing the mean distance between
magnetic nanoparticles. This dilution induced a decrease of dipolar interaction between nanoparticles,
so that they could recover their ability to heat up their surrounding medium. The values of well
dispersed nanoparticles were not reached for aggregates for two hypothetical reasons.
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When iron oxide nanoparticles only are aggregated, they exhibit a decreased value of the SLP
First, particles in aggregates were too concentrated to avoid completely dipolar interactions. In a
down to 7 W/g at the same magnetic field and frequency. As aggregation induces a decrease of SLP,
previous study, we established that iron oxide particles in similar aggregates were concentrated at
this result was almost achieved [4,23,24]. By tuning the iron oxide to cerium oxide ratio, we showed
a volume fraction of 20% [17]. For r = 0.16, this would correspond to a volume fraction around 3%
that the SLP values remained low for r = 1.5 (SLP value of 6.88 W/g). However, when the r was
(that correspond to 15% by weight), which is still a high concentration for the determination of SLP
decreased to 0.5, an increase of the SLP value was measured up to 11.7 W/g. This increase was
values for iron oxide nanoparticles [25]. As a comparison, SLP values of well dispersed iron oxide
confirmed when r = 0.16 (SLP value of 15.5 W/g). These results are explained by the fact that the iron
nanoparticles was determined at 0.67 wt % to avoid interparticle dipolar interactions.
oxide nanoparticles were “diluted” into the aggregates when r was decreased, thus increasing the
Second, it could be still possible that the Brownian relaxation of iron oxide nanoparticles during
mean distance between magnetic nanoparticles. This dilution induced a decrease of dipolar
hyperthermia was impeached when magnetic particles were located into the aggregates. However,
interaction between nanoparticles, so that they could recover their ability to heat up their
the limit between Neel and Brownian relaxations for maghemite was found to be around 20 nm [26].
surrounding medium. The values of well dispersed nanoparticles were not reached for aggregates
In our case, according to the size distribution (Figure 1), less than 1% of the particles had a diameter
for two hypothetical reasons.
larger than 20 nm. Thus, all iron oxide particles behaved as superparamagnetic ones with a Neel
First, particles in aggregates were too concentrated to avoid completely dipolar interactions. In
relaxation ability. This argument is thus in favor of the first explanation.
a previous study, we established that iron oxide particles in similar aggregates were concentrated at
a volume
fraction of 20% [17]. For r = 0.16, this would correspond to a volume fraction around 3%
4.
Conclusions
(that correspond to 15% by weight), which is still a high concentration for the determination of SLP
In conclusion, we have measured the SLP values of iron oxide nanoparticles in aggregates
values for iron oxide nanoparticles [25]. As a comparison, SLP values of well dispersed iron oxide
containing various quantities of iron oxide and cerium oxide nanoparticles. As shown, aggregation
nanoparticles was determined at 0.67 wt % to avoid interparticle dipolar interactions.
of magnetic nanoparticles decreased the SLP values. The use of electrostatic bonds between both
Second, it could be still possible that the Brownian relaxation of iron oxide nanoparticles during
nanoparticles and oppositely charged polyelectrolytes allowed for the preparation of aggregates
hyperthermia was impeached when magnetic particles were located into the aggregates. However,
with homogeneous distributed iron oxide and cerium oxide nanoparticles. By diluting iron oxide
the limit between Neel and Brownian relaxations for maghemite was found to be around 20 nm [26].
nanoparticles in aggregates with cerium oxide nanoparticles, we were able to increase the SLP value
In our case, according to the size distribution (Figure 1), less than 1% of the particles had a diameter
back up to 79% of the SLP value of well-dispersed nanoparticles.
larger than 20 nm. Thus, all iron oxide particles behaved as superparamagnetic ones with a Neel
This model is of prime importance for designing materials with a priori stable magnetic properties
relaxation ability. This argument is thus in favor of the first explanation.
toward new delivering systems for therapy applications. It would be of prime importance to look at
different
systems with directed linked (covalent bonds) or with more controlled architectures and their
4. Conclusions
impact on hyperthermia efficiency.
In conclusion, we have measured the SLP values of iron oxide nanoparticles in aggregates
Author
Contributions:
C.Y. prepared
SLP measurements.
performed
TEM on
containing
various quantities
of ironsample
oxide and
andachieved
cerium oxide
nanoparticles. A.M.
As shown,
aggregation
cerium oxide and iron oxide nanoparticles. S.C. performed TEM on aggregates and the chemical mapping.
of magnetic nanoparticles decreased the SLP values. The use of electrostatic bonds between both
J.F. conceptualized the experiments, analyzed the results, supervised the scientific discussions, and wrote the draft.
nanoparticles and oppositely charged polyelectrolytes allowed for the preparation of aggregates with
Funding: This research received no external funding.
homogeneous distributed iron oxide and cerium oxide nanoparticles. By diluting iron oxide
nanoparticles in aggregates with cerium oxide nanoparticles, we were able to increase the SLP value
back up to 79% of the SLP value of well-dispersed nanoparticles.
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