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ABSTRACT

In this work it is shown a precise way to optimize the heat generation in high viscosity
magnetic colloids, by adjusting the Néel relaxation time in core/shell bimagnetic
nanoparticles, for Magnetic Fluid Hyperthermia applications. To pursue this goal,
Fe304/Zn,Co;.4Fe,0,4 core/shell nanoparticles were synthesized with 8.5 nm mean core
diameter, encapsulated in a shell of ~1.1 nm of thickness, where the Zn atomic ratio
(Zn/(Zn+Co) at%) changes from 33 at% to 68 at%. The magnetic measurements are
consistent with a rigid interface coupling between the core and shell phases, where the
effective magnetic anisotropy systematically decreases when the Zn concentration
increases, without a significant change of the saturation magnetization. Experiments of
magnetic fluid hyperthermia of 0.1 wt% of these particles dispersed in water, in Dulbecco
modified Eagles minimal essential medium, and a high viscosity butter oil, result in a large
specific loss power (SLP), up to 150 W/g, when the experiments are performed at 571 kHz
and 200 Oe. The SLP was optimized adjusting the shell composition, showing a maximum
for intermediate Zn concentration. This study shows a way to maximize the heat generation
in viscous media like cytosol, for those biomedical applications that requiere smaller
particle sizes .
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1.Introduction

Magnetic fluid hyperthermia (MFH) is a promising technique for new cancer therapies
based on the use of magnetic nanomaterials. In its simplest form, magnetic nanoparticles
provoke the death of tumour cells by increasing the local temperature, therefore improving
the cytotoxic effects of radiotherapy and chemotherapy.[1-3] The heating of targeted
tumours in MFH is obtained through the magnetic losses of magnetic nanoparticles (MNPS)
exposed to alternating magnetic fields. The magnetic losses are originated from the phase
shift between the nanoparticle’s magnetic moment and the applied AC magnetic field, and
the magnetic relaxation dynamics depends on the relaxation time of two concurrent
mechanisms.[4] One of them, called mechanical or Brown mechanism, is the physical
rotation of the MNPs characterized by the time relaxation zg, that is given by:
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where 7 is the viscosity of the medium, Vi the hydrodynamic volume of the MNPs and
ksT the thermal energy. The second mechanism involves the inversion of magnetic moment
within the crystal lattice and is called magnetic or Néel mechanism. The Néel mechanism is
well described for non-interacting and monodomain MNPs by the Néel relaxation time, zy,
given by:

Iy = To exp(KeffVmag/kBT) (2)
where Kerr and Vimag are the effective anisotropy and magnetic volume of the single-domain
NPs, respectively, and 7 is the attempt relaxation time of the system (typically between 10
°.10™ 5).[5] In any given situation, the dominating relaxation process will be the one with
the shorter relaxation time. For systems with large magnetic anisotropy energy and/or low
viscosity, the Brown mechanism dominates, whereas Néel mechanism governs in the
opposite situation.[6]

Despite the promising results, MFH has not been yet incorporated into current
oncological protocols mainly due to three factors: i) the low values of specific loss power
(SLP) attained so far, ii) the cytotoxicity effects of the MNPs and iii) the large variability
of SLP values even for different batches of colloids synthesized by the same methods. The
low SLP values result in the need of high local concentration of MNPs, which increases the
cytotoxicity and reduces the specificity of the therapy due to undesired apoptosis of
surrounding healthy tissues [7,8]. Considerable efforts have been invested to develop more
efficient nano-heaters, and thus current experimental research in the area of MFH is
focused on the improvement of the heating power through the control of the
morphological[9-13], magnetic[14-18], surface chemistry[19] and spatial-assembling[20—
22] properties of the MNPs. Regarding the second factor, i.e. the lack of reproducibility of
MNPs heating properties, the challenge is related to the variability of SLP when
experiments are performed in different liquid media (solution, cell culture or in vivo), due
to the influence of the different liquid viscosities on the SLP. The high viscosity of the
cellular environment is expected to hinder/block Brown relaxation and, as a consequence,
the heat generation is usually reduced in systems where this mechanism is
dominant.[15,23-29]

Therefore, it is crucial to tune individual parameters that control the magnetic relaxation
mechanisms in order to optimize the SLP in a medium that simulates the viscosity of the
cellular environment. A very effective way to obtain this fine control on the magnetic



relaxation in MNPs is the design and fabrication of bi-magnetic rigidly coupled core/shell
nanoparticles composed of hard and soft magnetic materials. The magnetic exchange
coupling at the interface between the core and shell results in a system with effective
anisotropy different from those of both phases.[30-36] Thus, it is possible to adjust
precisely the magnetic anisotropy of the soft-hard core-shell NPs by changing the
composition of one of the two phases and preserving the size, morphology and high values
of magnetization.[37]

In a previous work, we have shown that is possible to select the dominant magnetic
relaxation mechanism of heat generation between Brown or Neéel ones by changing the
composition of the shell in Fe304/Zn,Co;4Fe,04 NPs.[38] In this work, we selected the
Néel mechanism in viscous media, due to its relevance in biological applications, and we
maximize the heat generation by tuning the composition of the shell of the MNPs. We
showed that by changing the zinc fraction of the Zn,Co1.xFe,O4, the magnetic anisotropy
and therefore the magnetic relaxation can be tuned, resulting in larger values of SLP. We
explored highly viscous media including butter oil, water and DMEM (Dulbecco modified
Eagles minimal essential medium). These results show the potential of core/shell systems
for the development of nanoparticles with specific characteristics for cellular environmental
conditions.

2. Material and methods

2.1 Synthesis of Fe3O,4 core: The magnetic core/shell nanoparticles were synthesized by
seed-mediated thermal decomposition of organo-metallic precursors at high temperature
based in the literature.[37,38] Firstly, FesO, core is synthesized from Fe(lll)
acetylacetonate (12 mMol) in presence of 1,2-octanediol (24 mMol), Oleic acid (12 mMol),
Oleylamine (30 mMol) and Benzyl ether (190 mMol) as solvent. This solution is heated at
473 K during 20 minutes under N, flow (0.1 mL/min.) and intense mechanical stirring.
After that, the solution was heated until the reflux condition (563 K) with a heating rate of
15 K/min. The solution was kept in reflux during 60 min.

2.2 Synthesis of Fe304/ZnyCo14Fe,04 MNPs: A fraction of 8.2 mL of the solution
obtained from the core synthesis was mixed in 220 mMol of Benzyl ether, 4.5 mMol of 1,2-
octanediol, 3 mMol of Oleic acid, 3 mMol of Oleylamine in the presence of 1.2 mMol of
Fe(lll) acetylacetonate, x x 0.6 mMol of Zn(ll) acetylacetonate and (1-x) x 0.6 mMol of
Co(ll) acetylacetonate. The synthesis procedure used was the same used for the core. In
total, 6 samples with the values of x = 0.40, 0.50, 0.60, 0.68, 0.75 and 0.82 were produced
and labeled according: Zn40, Zn50, Zn60, Zn68, Zn75 and Zn82, respectively. After the
synthesis, the nanoparticles were precipitated by adding 8 times in volume of a solution
containing ethanol and acetone (4:1) followed by centrifugation (14000 rpm during 30
minutes). Finally, the oleic-acid coated hydrophobic samples in powder form were
dispersed in chloroform or toluene.

2.3 Particle Induced X-Ray Emission (PIXE): The overall chemical composition
of the samples was determined by PIXE measurements. They were performed with a
3 MeV H+ beam in a NEC 5SDH 1.7 MV tandem accelerator with a NEC RC43
end-station for material analysis. In this experiment the samples, in powder form,
were attached to the sample holder using carbon tape. To obtain the final results,
PIXE spectra were processed using GUPIX software.



2.4 Transmission Electron Microscopy (TEM): TEM and HRTEM images are
obtained in a Philips CM200 transmission electron microscope equipped with an
Ultra-Twin lens operating at 200 kV and by a FEI-Tecnai F30 at 300 kV Field
Emission Gun (FEG) fitted with a SuperTwin® lens allowing a point resolution of
1.9 A. TEM samples were prepared by dropping a chloroform solution containing
the nanoparticles on a copper grid with an ultrathin hollow carbon film. The
diameter (D) of each particle was obtained by measuring the area of transmission
image and calculating a diameter supposing a circle. Then, the diameter distribution
of each sample was obtained measuring about 500 particles. The mean diameter
<D> and size dispersion o were obtained by fitting the size distribution with a
lognormal distribution.

2.5 Magnetic measurements: Magnetization measurements as function of
temperature in Field-Cooling and in Zero-Field-Cooling modes (Mgc(T) and
Mzec(T), respectively, with using a field of 50 Oe, as well as function of applied
field, were performed in a SQUID magnetometer (MPMS 5000 from Quantum
Design). For this, the particles in toluene solution were mixed with epoxy resin and
waited until completely solvent evaporation before the resin curing. The particle
concentration in epoxy resin were about 0.2 wt% after subtraction the organic mass
fraction estimated by the powder thermogravimetric measurements. AC magnetic
measurements were carried out by means of Quantum Design PPMS P500 AC/DC
Magnetometry System (ACMS) based on the mutual-inductance technique connected to a
PPMS electronics system. The real (in-phase’) and imaginary (out-of-phase y”)
components of the AC magnetic susceptibility were measured as a function of temperature.
Real and imaginary parts were measured with high accuracy by using a calibration coil
array. Susceptibility was measured in the temperature range T = 100-350 K, varying the
frequency in the 10 Hz to 10 kHz range with a driving field H = 14 Oe.

2.6 Hydrophilic MNPs: For magnetic fluid hyperthermia experiments performed
in water and DMEM, the hydrophobic character of the as-made nanoparticles (oleic
acid-coated) is changed to hydrophilic one. For this, the NPs are washed with
methanol during 6 hours and subsequently in hot acetone (313 K) during 40 hours.
After that, MNPs were precipitated by using a magnet and 10 mg of these washed
NPs are added to 1.5 mL of 27% Ammonium Hydroxide solution (pH 11) containing
anhydrous glucose (1000 mg). The NPs remain in this solution at 313 K during 20
hours, exposed to ultrasound for some intervals. Finally the nanoparticles were
washed with water and diluted in a concentration of 0.1 wt% in water or DMEM.

2.7 Magnetic fluid hyperthermia (MFH): MFH experiments were performed in
D5-F1 rf generator (nB — NanoScale Biomagnetics, Spain). The AC applied field has
amplitude of Hy = 200 Oe and frequency of f = 571 kHz. Initial temperature was the
room temperature (about 292-294 K). To perform the MFH the particle in
chloroform were dispersed in butter oil by intense sonication at 60 °C until the
completely chloroform evaporation, while for the MFH experiments performed in
water and DMEM, the hydrophilic ones are used. MNPs concentration of about 0.1
wt% in all matrixes were produced and confirmed by magnetic moment
measurements. For this, the saturation magnetization of each nanoparticle was
measured by using about 10 mg of powder. The amount of organic surfactants and
solvent residues in each sample was taken into account from TGA measurements.
After that, the concentration of the nanoparticles in the samples used in the



hyperthermia experiments was calculated by comparing the saturation magnetization
with the respective magnetization curve. The main factor of error in the SLP
determination are the numerical analyzes of the experimental data and the power loss
due to no-adiabatic condition of the hyperthermia experiment. In order to reduce
these effects, a double-wall vessel with a vacuum zone between them was used.
Moreover, the power loss is proportional to the difference between the room
temperature and the sample temperature (AT), with an exponential dependence with
the time [39,40]. In this way, the sample was thermalized in the hyperthermia
equipment for several minutes before to apply the magnetic field, and then the
experiment was conducted until an increment of temperature (AT) not higher than 4
K is reached. Finally, the slope of AT/t used to calculate the SLP was obtained from
the linear fit in the region of AT < 1 K for all samples.

3. Results and Discussion

Representatives image of TEM in Bright Field Mode and sizes histograms of the Fe;O,
core and Fe;04/Zn,Co,.xFe,04 core/shell samples are presented in the Fig. 1 and in Fig. S1
and S2 of the Supplementary material. A different morphology is observed when
comparing the images of core with core/shell samples. Although the lattice parameters,
density and atomic weight of the Fe3O4 and Zn,Co;.xFe,O4 spinel phases are very similar,
the shell overgrown polycrystalline, as observed from high resolution TEM (HRTEM)
images of Zn50 nanoparticles shown in Fig. 1 and Fig. S1. The different crystal structure
between Fe;O04 and ZnyCo;.«Fe,O4 ferrites NPs can be better analyzed by Fast Fourier
Transform (FFT). Different interplanar distances of both compounds generate a mismatch
strain at the interface that can be seen by inverse FFT, selecting suitable diffraction poles as
is showed in the Fig. 1 (g), (h) and (i). In this example, the inverse FFT is taken of (022)
and (113) diffraction planes which generates an image with information of these planes in
the real space, reducing the background and eliminating the non selected crystalline planes.
The procedure reveals a shell with similar crystalline orientation to the core but with a
crystalline disorder layer at the interface due to the mismatch between different ferrites.
From the size histogram fitting with a lognormal distribution, a mean core diameter <D¢oe>
= 8.5 nm and standard deviation of c¢re = 0.2 is Obtained. After the shell overgrowth, the
total size of particles increases, as summarized in the Table 1. The average core/shell
nanoparticles diameter grows up to 10.7 nm, indicating a shell thickness of 1.1 nm.

The analysis of the overall composition of the nanoparticles was performed by PIXE
technique and the results are shown in Table 1. The measured atomic ratio between Zn and
Co is lower than the nominal, but present a systematic evolution with it, changing from
[-=-]=0.33 10 [ =5 | = 0.68, for Zn40 and Zn80 MNPs systems, respectively. From this

Co+Zn Co+Zn

data, and assuming a stoichiometric Fe3O, core with mean size of 8.5 nm and the mean
total size of the core/shell particles, we calculated the shell stoichiometry shown in the
Table 1.
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Figure 1. (a) and (b) TEM images of the core nanoparticles and (d) and (e) of the core/shell
Zn50 sample. (c) and (f) are the size histograms of the core and Zn50, respectively. In (g) is
presented HRTEM image where a FFT is performed of the red rectangle zone (h) followed
by an inverse FFT with the red circle marks (1).

Table 1. Average particle size <D> and distribution width o from the fit of a lognormal
size distribution of the TEM data. Chemical composition obtained by PIXE for the core and
the Fe;04/ZnyCo;«Fe,04 core/shell the samples. The shell stoichiometry was calculated
assuming the <D> values, and Fe;O4 cores of <D>=8.5 nm for all samples. The last



column shows the magnetic activation volume V,,,, obtained from relaxation magnetization
measurements.

sample TEM PIXE COZ_:‘Zn Calculated shell -,
<D>(nm) o Fe (%) Co (%) Zn (%) (at%) Stoichiometry mag

Core 8.5 0.20 - - - - - 9

Zn40 104  0.17 90.02(48) 6.69(24) 3.28(24)  33(5) ZNno 15C00.30F€5 4104 10.5
Zn50 10.9 0.19 89.99(56) 5.96(27) 4.05(30)  40(8) ZNo21C00.31F€5 4504 10.4
Zn60 105  0.17 88.76(39) 5.55(19) 5.74(27)  51(8) Zn33C00 31F€, 3604 11.4
Zn68 10.7  0.14 90.10(41) 4.19(19) 5.71(29)  58(9) Zn031C00 23F€5 4604 12.0
Zn75 109  0.19 92.54(50) 2.92(21) 4.53(29) 61(11)  Zng4C0016F€26004 13.0
Zn82 11.0 020 90.66(40) 2.97(16) 6.37(27) 68(10)  Zng33C0g1sFe; 5,04 10.3

Magnetization loops measured at 5 K are presented in Fig. 2. From these measurements it
is noteworthy that the coercive field (Hc) of the core/shell samples decreases monotonously
with the nominal zinc fraction in the shell, as shown in the inset of the figure and
summarized in Table 2. This result indicates a decrease of the effective magnetic anisotropy
Kerr Of the core/shell samples with the Zn fraction, as was already found in similar
nanomaterials.*3¥ The magnetization inversion process of Fes04/ZnyCo1.xFe,04 core/shell
nanoparticles can be analyzed from the theoretical approach developed for bi-magnetic
soft/hard exchange-coupled nanostructures, assuming a rigid magnetic coupling at the
interface between the core and the shell; within this approximation the coercive field
results: [30,31,33,41-43]

o o Kerrpe+ Kerrpsn @)
¢ Mg pc + MéghPSh
where Ms is the magnetization saturation of each phase (c = core and sh = shell), p is the
volume fraction and K is the effective magnetic anisotropy of the core (c) and shell (sh).
According to this model the Hc can be estimated for a core/shell particles from the core
parameters Ms = 90 emu/g, <Dcore> = 8.5 nm, Kg;,= 3x10° erg/cm®[28] and shell
parameters as thickness of 1 nm, KSF. = 6x10° ergicm® or 5x10* erg/cm® for the
CoFe,04[44] and ZnFe,04[45] phases, respectively; resulting in Hc = 6.4 kOe and Hc = 0.4
kOe, respectively. These estimated values are in good agreement with the values
experimentally obtained, supporting the rigid coupling between the core and shell where
the effective magnetic anisotropy decreases with the Zn concentration of the shell.




Table 2. Parameters obtained from the magnetic measurements. The mean blocking
temperature ((Ts)) was obtained from the arithmetic mean of the distribution as
(Tey = [T P(T) dT, and distribution width (o7,) was defined as variance, given by,

07,2 = [({TB) — T)2P(T) dT, where P(Ts) = 92 is the probability density.

Jf(T)dT
Sample He (5K) Ms (TB) e or, Ket
kOe emulg K K x10° erg/cm®
Core 0.4(0.1) 80(4) 28.5 29.5 3.0(1.7)
Zn40 5.4(0.4) 97(4) 164.8 75.2 10.9(2.5)
Zns0 4.4(0.3) 99(3) 127.1 62.0 8.7(3.0)
Zn60 3.7(0.3) 97(4) 1535 735 8.3(2.6)
Zn68 3.3(0.3) 87(3) 130.3 57.9 5.8(2.4)
Zn75 2.0(0.2) 89(3) 106.8 62.2 3.7(3.0)
Zn82 1.8(0.2) 99(3) 99.3 52.9 6.9(2.5)

It can be noticed in Fig. 2 (see also Table 2) that the Ms of all samples does not change
significantly, between 87-99 emu/g, when the shell stoichiometry changes, consistent with
reported in previous works.[16,38]
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Figure 2. Hysteresis cycles of all samples measured at 5 K. In the inset the Hc (black dots)

and Mg (red triangles) as function of the Zn/(Zn+Co) at% obtained by PIXE are shown. The
H¢ and Mg core values are also presented with empty stars.



At room temperature all the samples present reversible behavior when the magnetization
loops are measured with DC field, as observed from Fig. S3, signaling that the
nanoparticles systems are superparamagnetic at this temperature. In order to obtain the
blocking temperature (Tg) of the systems, the magnetization curves were measured as
function of temperature in Zero-field-cooling Mzrc(T) and field-cooling Mgc(T) protocols,
and on samples with 0.2 wt% dispersed in epoxy resin, as shown in Figure 3. For all
core/shell samples, the maxima of Mzrc(T) curves (and the irreversible point) are located at
higher temperatures than the corresponding nude magnetic core, indicating higher
blocking temperatures associated to the ZnyCoixFe O, shell. Figure 3 also shows the
distribution of blocking temperature (f(Tg)) calculated from the magnetization curves for an
assembly of non-interacting (or weakly interacting particles) as [46—49]:
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Figure 3. Temperature dependence of the Mzpc(T) and Mpc(T) curves of the core and
Fe304/ZnCo; xFe;04 NPs with 0.2 wt% in Epoxy resin and measured under applied field
of 50 Oe. The red triangles is the distributions of blocked temperature f{7p) for each sample
calculated from Equation 4.
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The mean blocking temperature (<Tg>) is shown in Table 2 for all samples. It can be
noticed that <Tg> decreases as the Zn fraction increases, indicating a reduction of the
energy barrier for the magnetic moment thermal fluctuation. In a system of non-interacting
particles with uniaxial anisotropy, the energy barrier is defined as Ke#Vmag and the
corresponding blocking temperature is:

<Tp>= éln (f—;) Kot fVinag (5)
where Vg is the magnetic volume, and 7, is the measurement time (e.g. 7,,, ~ 100 s for
DC magnetometry measurement and t,,~1/f for AC magnetometry and hyperthermia
experiment). To extract reliable values of K from the above relation, we performed further
relaxation magnetization and ac-susceptibility measurements experiments to accurately
determine Viag and zp of the present core/shell MNPs systems.

The magnetic volume was determined from the dependence of magnetic viscosity with
respect to an external field at low temperature (T = 5 K). In a typical experiment, the
sample is brought to a negative saturation field; then a reverse field is applied and the time
dependence of magnetization is measured. This experiment is repeated for several reverse
fields, around the coercivity value, in order to determine the maximum value of magnetic
viscosity (Smax), as shown in Fig. S4. From Spax it IS possible to obtain the so-called
fluctuation field, H;, which represents an effective field with the same effect on
magnetization than thermal fluctuations.[50] With these parameters the magnetic activation
volume obtained from Vpmag = keT/MsHs represents the smallest volume of material that
reverses coherently in an event. [50,51] The values of Vg for all samples are reported in
Table 1. Details about the calculation of Vimag are provided in Supplementary Material.
Remarkably, the obtained values of Vpag are in excellent agreement with the nanoparticle
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volume measured by TEM (Table 1), as expected if the core and shell magnetic phases
were rigidly coupled and therefore the magnetic moment undergo a coherent reversion
against the energy barriers of the system.[50,52,53]

For all the samples the temperature dependence of 3~ shows a broad maximum that shift
toward lower temperature when the frequency decreases. On the other hand, y* presents a
monotonous raising behavior in almost all samples except for the system with largest Zn
concentration, Zn82, where also a frequency dependent peak is noticed (Fig. S5
Supplemental Material). For this sample, the frequency dependence of the y*~ peaks is
successfully fitted with the phenomenological VVogel-Fulcher law as shown in Fig. S5,[54]
resulted in % = 2(1) 10™ s. When the Zn concentration decreases, the fitting of the
frequency dependence peaks gives non-physical values of z, in the 10°- 10”'s range. This
indicates that these exchange coupled core/shell systems with larger magnetic anisotropy
are outside of the applicability of the model.

From the experimental parameters <Tg>, Vimag, and using z = 2(1) 10" s, obtained from
the ZFC and FC magnetization, relaxation and ac-susceptibility measurements, respectively
we have calculated the effective magnetic anisotropy for all the samples. The results are
reported in Table 2 and in Fig. 4. As noticed, the K¢ decreases when the concentration of
Zn increases.

Figure 5 shows the results of MFH experiments of the as-made hydrophobic
nanoparticles (oleic acid-coated) with concentration of 0.1 wt% dispersed in butter oil ( =
477 mPas [55]), and 0.1 wt% hydrophilic nanoparticles (coated with glucose) dispersed in
water (7 = 0.89 mPas[56]) and DMEM (# = 0.94 mPas [57]). The measurements were
performed with a field amplitude (Hp) of 200 Oe and a frequency of 571 kHz. The figure
shows the variation of the temperature AT with time, with respect to the initial room
temperature ~292-294 K. The specific loss power for all samples was estimated from the
slope of the initial part of the AT(t) curve by:

SLP = (C.iqm"q/mNps)dT/dt (7 )
where Cjiq are the specific heat (Cputter oit = 2.2 J K g™, Cuyater = 4.18 J K g™ and Cpmem =
418 JK*g"h), Miiq the mass of the liquid and myps is the mass of the nanoparticles. The
values of SLP for each sample dispersed in butter oil, water and DMEM were estimated
from the initial slope of the evolution of temperature with time and presented on the right of
Fig. 5. From these results it is observed that the samples have comparable heat absorption
efficiencies, despite changes of viscosity by more than two orders of magnitude and the
different hydrodynamic volumes. The independence of the SLP with the viscosity medium
and the MNPs hydrodynamic volume indicates that the contribution of Brown mechanism
in the heat generation is negligible and the Néel relaxation dominates. Conversely, when
the SLP of different MNPs systems dispersed in the same medium are compared, a non-
monotonous behavior of the SLP with the composition is observed with a clear maximum
in the studied Zn composition range. When the MNPs are diluted in Butter oil the SLP
maximum is observed for the sample with 50% of Zn/Zn+Co shell atomic ratio, and near
60 % when the samples are dispersed in water and DMEM. These results evidence that, by
changing the effective anisotropy with the shell composition, the zy can be tuned to
maximize the SLP value.
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Figure 5. Panels on the left present the magnetic fluid hyperthermia experiments measured
at 571 kHz and 200 Oe for the nanoparticles systems 0.1 wt% dispersed in butter oil (up),
water (middle) and DMEM (down). Panels on the right give the SLP values as function of
the measured Zn/(Zn+Co) atomic shell ratio, in butter oil (up), water (middle) and DMEM
(down). The stars symbols display the simulated values of SLP for the core-shell
nanoparticles dispersed in Butter-oil and the red lines are the SLP of Fe;O4 core
nanoparticles.

In order to confirm this picture, the SLP were numerically calculated considering that
only the magnetic mechanism corresponding to the Neéel relaxation contributes to the heat
absorption. The simulations were carried out using a model based on non-interacting single
domain nanoparticles, as reported by De Biasi et al.[58] This model assumes that the
nanoparticles are spatially fixed (i.e. the Brown’s relaxation mechanism is not enabled) and
the thermal effects are manifested in two different ways. The first effect is to promote the
change of the magnetic moment orientation of the particles from an energy minimum to
another, which is weighted by means of the probability to find a given particle in the
superparamagnetic regime: L = L(H,T,t,,) = e *m/T  where t* is the effective inversion

12




time of the magnetization. This probability is the same used in Kinetic Monte Carlo
calculations. [59-61] The second effect is the fluctuation of the magnetic moment within
the same energy minimum, which results in the decrease of the effective magnetic moment,
resulting in a statistical average of the magnetization vector projection in the direction of
the applied field ({fi)). Taking these considerations in to account, the total average
magnetization of the system as a function of time is given by:
(M) = (i)sp L + (1 = LY[Py {f1)o + Py {i1)1] 3

where (it)sp L corresponds to the superparamagnetic contribution and (1 — L)[P, (i) +
P1 41 to the blocked one. The subscript SP indicates the integration region corresponding
to the entire phase space, while the subscripts 0 and 1 indicate the respective energy
minimum associated to the energy landscape determined by external field that corresponds
to the integration interval, with respective normalized population given by Py and P;
(Po+P1=1). The temporal evolution of magnetization is reflected in two aspects: firstly, the
variation of the energy landscape, which results in changes of the statistical averages;
secondly, the evolution of the populations Py and P; due to the inversion in the
magnetization of some particles of the assembly given by Po(+df) = Po(t)+L[Po -Po(t)],
where ot is the time interval within which the problem has been discretized (0H/o¢ is the
sweep speed of the external field) and Po” is the equilibrium population associated with the
minimum energy 0. To perform the calculation the experimental data were taken as input of
the magnetic relaxation (See Tables 1 and 2), namely the magnetic saturation Ms, the
magnetic activation volume, %, and the frequency of the hyperthermia experiment (f = 571
kHz), and the applied field parameters (Ho = 200 Oe). We assumed that the easy axes of the
particles are randomly oriented. The simulated SLP data are shown in Fig. 5 for the highest
viscosity medium, which are in good agreement with the values obtained from the
experimental curve. In the simulations we have allowed to vary only the value of the
effective anisotropy energy density K, forcing the rest of the parameters to be fixed,
according to the experimental conditions. In Fig. 4 we compare the obtained density of
magnetic anisotropy energy from the simulations with the experimental values, where a
very good agreement is obtained. These results also confirm that the Néel magnetic
relaxation is the dominant mechanism.

Notice that although the shell grows epitaxial over the core, a disordered interface was
resolved and also multigrain shell structure was observed. However, dc-magnetic
measurements are consistent with rigid magnetic coupling between the core and shell
phases where single phase coercive loops were observed for all the temperature and
composition range. This picture is strongly supported by the magnetic relaxation
measurements where the activation volume, which corresponds to the smallest volume that
reverses coherently in an event, coincides with the measured by TEM. Within the rigid
coupling regime the magnetic anisotropy can be extrapolated from the properties of the
core and shell phases which facilitate the design of core/shell system. In fact, the measured
coercive fields for the Fe30.4/Zn,Co;i4Fe,04 systems agree with the average coercivity
expected for a powder of rigid coupled hard/soft magnetic nanoparticles. The
measurements also evidence the presence of weak magnetic interactions, ascribed to dipolar
interparticle interaction that cannot be neglected despite the large nanoparticles dispersions
(0.2 wt% for the magnetic measurements).
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The magnetic hyperthermia experiment with the nanoparticles dispersed in different
mediums shows very similar values of specific loss power, even when the viscosity of the
mediums is more than two orders of magnitude different. This result confirms that the Néel
relaxation is the dominant mechanism, which is the expected one for butter oil due to its
large viscosity that inhibits the physical movement of the nanoparticles in the MFH
condition. Notice that if the particles have a coherent inversion of the magnetic moment,
and the magnetization response is linear with the alternating magnetic field, the
Rosensweig’s model predicts the optimum SLP when the characteristic time of the
experiment are in correspondence with the relaxation time of the system as: 2znft = 1. [5] In
the present MNPs system the coherent inversion of the magnetic moment is supported by
the rigid core/shell coupling, and the agreement between the magnetic activation volume
and the volume measured by TEM. Moreover as the hyperthermia experiments were
performed with larger nanoparticles dispersion the system approaches to the hypothesis of
non-interacting nanoparticles. Therefore, because the Brown mechanism is avoided for
these systems, the Néel relaxation time can be adjusted by a fine tuning of the effective
energy barrier until it reaches the optimum value for the frequency used in the MFH
experiments. Notice that to do a fine tuning of the Neel relaxation time, the size of the
nanoparticles is not a proper parameter since small variations of it results in large changes
of the energy barrier. Instead, the core/shell NPs shown to be ideal systems since they can
be designed with comparable size and magnetization and they allow the fine adjustment of
the magnetic anisotropy by adjusting the composition of a thin magnetic shell. For the
core/shell MNPs studied in this work, the optimum conditions were observed near of 50 %
of Zn/(Zn+Co) atomic shell ratio, when the MNPs are dispersed in butter oil, whereas the
same MNPs displayed optimum heating near 60 % when they are dispersed in water and
DMEM. The experimentally SLP observed values were successfully described by a simple
model considering non-interacting magnetic moments where the Néel relaxation is the only
active mechanism to produce magnetic losses, with the effective magnetic anisotropy as the
single adjusted parameter. The obtained value of the magnetic anisotropy from the SLP
fitting was in excellent agreement with that calculated from dc-magnetization, showing a
systematic decreasing when the Zn concentration increases. These strongly coupled
core/shell MNPs provide a successful method to produce highly efficient heaters for
viscous media such as the intracellular medium, through the control of the shell
composition. This method could be in principle applied to MNPs of different sizes to
improve their heat efficiency, which is a key requisite for many MFH-based therapeutic
applications.

4. Conclusions

The strategy to tune the effective magnetic anisotropy of MNPs presented in this work, is
based on controlling the phase composition of magnetically coupled core/shell
nanoparticles. This allows to find the optimal composition, for a given particle size, that
maximizes the heating efficiency of the system, even in highly viscous media. We showed
that by changing the shell composition of ~10.7 nm Fe304/Zn,Co1.4xFe,0, core/shell
nanoparticles, the effective magnetic anisotropy can be changed from 11x10° erg/cm® to
4x10° erglcm® when the Zn atomic ratio (Zn/(Zn+Co)) increases. In this way, proper
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condition to optimize the specific loss power in magnetic fluid hyperthermia can be tuned
for each working frequency. Thereby, the modulation of the composition of the thin shell
coating and the interface core/shell nanoparticle coupling permits not only the optimization
of the heating power, maintaining the overall nanoparticle size and magnetization value, but
it also improves the reproducibility of magnetic nanoparticles heating properties when they
are dispersed in media of different viscosity. Moreover, by combining in a single
nanoparticle a soft magnetic core with a hard magnetic shell, the magnetic anisotropy can
be enhanced, which allows to reach the optimum heating condition for lower nanoparticles
size. Our results open new possibilities to overcome current limitations in clinical MFH,
optimizing the heating power and extending the workability of the magnetic fluid
hyperthermia to applications that require nanoparticles of smaller sizes.
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Supplementary material

Adjusting the Néel relaxation time of Fe;0,/Zn,Co,.,Fe,0,
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Figure S1. TEM images of the core (a) and core/shell samples: Zn40 (b), Zn50 (c), Zn60
(d), Zn68 (e), Zn75 (f), and Zn82 (g).



Figure S1 shows representative images of Fe;O4 core and the Fe;04/ZniCoi<Fe,Oq4
core/shell nanoparticles. The corresponding size histograms are presented in Figure S2.
From the size histogram fitted with a lognormal distribution, a mean core diameter <Dcy.>
= 8.5 nm with standard deviation of o.,. = 0.2 is obtained. The average core/shell
nanoparticles diameter grows up to ~10.7 nm, indicating a shell thickness of 1.1 nm. Figure
S3 shows the DC magnetization loops at room temperature for Fe;O4 core and the
Fe304/Zn,Co; Fe,O4 core/shell nanoparticles. Notice that all the samples present reversible

behavior, signaling that the systems are superparamagnetic at this temperature.
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Figure S2. Size distribution to the Fe;O4 core and Fe;04/ZniCo;Fe,O4 core/shell
samples fitted with a log-normal distribution (red line) to determine the mean diameter and

the dispersion size which are presented in the Table 1.
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Figure S3. Magnetization loops of the Fe;O4 core and Fe;04/ZnCo;«Fe,O4 core/shell

nanoparticles measured at 300 K.

In order to determine the magnetic activation volume V¢ of the core/shell nanoparticles,
the dependence of magnetic viscosity with respect to an external field at low temperature (5
K) has been investigated. In an ensemble of magnetic nanoparticles, the time relaxation of
magnetization is characterized by a distribution of energy barriers (i.e. activation energies),

and it is often found to be logarithmic:

M(t) = M(to) £ Shn () (1)

to
where § is the time-dependent coefficient (or viscosity coefficient) and the plus or minus
sign describes whether M is increasing or decreasing with time. In general, the viscosity of
a real system of particles depends on a number of parameters, such as the reversal
mechanism, interparticle interactions, particle volume, anisotropy field and easy axis
distributions[1,2]. Moreover, it is a function of the applied field H and the temperature 7.
At a constant temperature, S increases with field, up to a maximum close to the coercive

field (H,), followed by a monotonic decrease as H is further increased [3].
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Figure S4. (a) Field dependence of magnetic viscosity for sample Zn75; (b) DCD

remanent magnetization curve (full circles) and irreversible susceptibility (empty circles).

In a typical experiment, the sample is brought to a negative saturation field; then a

reverse field is applied, and the time dependence of magnetization is measured. This

experiment is repeated for several reverse fields around the coercivity value. By fitting the

data to a logarithmic decay, the magnetic viscosity was estimated at different values of the

reversed field. As an example, Figure S4 shows the field dependence of magnetic viscosity

recorded at 5 K for sample Zn75 (H, =0.2 T).
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Figure SS. Real and imaginary part of the magnetic susceptibility of sample Zn82 (a) and

Zn40 (b) samples, measured with driving field H,. = 14 Oe.-Only selected frequencies are

depicted. c) Frequency dependence of the y'  peaks for Zn82 and Zn40 and the

corresponding fitting with the Vogel-Fulcher law.



On the other hand, the fluctuation field, Hy, defined as an effective field which has the
same effect on magnetization as that of thermal fluctuation energy, [4-6] can be calculated
by combining the maximum value of magnetic viscosity (S,.) with the irreversible

susceptibility (y;), calculated at the same field:

Smax
Hy = e 2)

The irreversible susceptibility has been obtained by remanent magnetization measured by
DCD protocol. In particular, field of =5 T was applied for 10 s; then a reverse field (H,.,,)
was applied, after 10 s it was switched off and the remanent magnetization (Mpcp) was
measured. This was repeated, increasing the reverse field up to 5 T. (Figure S4(b) solid
circles). The derivative of Mpcp gives us the irreversible susceptibility allowing the
determination of Hy by equation (2). Finally, the fluctuation field can be used to estimate

the activation volume (¥}, ) by the equation:

kgT
Vmag = ﬁl—lf 3)

where k3 1s the Boltzmann constant and the other parameters are those previously defined.
The activation volume represents the smallest volume of material that reverses coherently
in an event.[5]

Figure S5 shows the real () and imaginary (") part of the ac-magnetic susceptibility,
measured at different frequencies (f) between 10 Hz and 10 kHz, applying an AC field of
14 Oe, for the samples Zn82 and Zn40. Fig 4-c presents the fit with the phenomenological
Vogel-Fulcher law [7]:

T =19 exp ((E/kg)/(T —T5)) 4)

where E is the activation energy barrier, T =1/(2xf), and T, is a phenomenological
parameter that provides a measure of the magnitude of the interactions. The fitting of
the experimental data from sample Zn82 resulted in values 7, = 2(1) 10™s, To =
64(20) K and E/kg = 1500(50) K. When the Zn concentration decreases, the fitting of
the frequency dependence peaks with Equation 4 gives non-physical values of 1z, in
the 10°- 10's range. This indicates that these exchange coupled core/shell systems

with larger magnetic anisotropy are outside of the applicability of the model.
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