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experimental determination of the SPA. To investigate the influence of colloidal

stability on the heating response of ferrofluids, we produced bimagnetic core@shell NPs chemically composed of a ZnMn mixed
ferrite core covered by a maghemite shell. Aqueous ferrofluids were prepared with these samples using the electric double layer
(EDL) as a strategy to maintain colloidal stability. By starting from a proper sample, ultrastable concentrated ferrofluids were
achieved by both tuning the ion/counterion ratio and controlling the water content. As the colloidal stability mainly depends on the
ion configuration on the surface of the magnetic nanoparticles, different levels of nanoparticle clustering are achieved by changing
the ionic force and pH of the medium. Thus, the samples were submitted to two procedures of EDL destabilization, which involved
dilution with an alkaline solution and a neutral pH viscous medium. The SPA results of all prepared ferrofluid samples show a
reduction of up to half the efficiency of the standard sample when the ferrofluids are in a neutral pH or concentrated regime. Such
results are explained in terms of magnetic dipolar interactions. Our results point to the importance of ferrofluid colloidal stability in a
more reliable experimental determination of the NP heat generation performance.

B INTRODUCTION

Magnetic nanoparticles (NPs) are a versatile class of multifunc-
tional nanomaterials with numerous applications, such as in
environmental remediation," ™ agriculture,s’6 catalysis,7'8 and
biomedicine.”™'* In the biomedical field, NPs behave like

ciated with eddy currents and magnetic domain wall
reorganization. Thus, in such nanomaterials, the main
mechanism that contributes to heat generation is the electro-
magnetic work associated with the forced precession of the
magnetic moment induced by the alternating magnetic field**

theranostic materials by simultaneously combining different
techniques such as diagnosis of diseases and less-invasive local
therapies.

The local action of NPs at the cellular level allows therapeutic
effects with minimized side effects.”'*™'” In such a framework,
magnetohyperthermia (MHT) mediated by magnetic NPs has
arisen as a localized therapeutic strategy shown to be helpful in
treating some aggressive types of cancer."*"” Phenomenologi-
cally, MHT consists of the conversion of electromagnetic energy
into heat by irradiating NP assemblies with a radiofrequency
magnetic field.””*" This local heat delivery can increase the
temperature of cancer cell tissues until it induces apoptosis,
minimizing the damage to healthy neighboring tissues.”

In bulk magnetic materials, several mechanisms contribute to
heat generation, such as hysteresis losses, eddy currents, domain
wall movements, and resonances of the magnetic moment (u)
with the external field.*>** In the case of nanometric materials,
some of these processes are negligible because they are
energetically disadvantageous, such as magnetic losses asso-
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Several approaches to describe the magnetic losses and
therefore predict the magnetic NP energy conversion efliciency
have been discussed, such as numerical or analytical solutions of
the Landau—Lifshitz—Gilbert equation,zs’26 Stoner—Wohlfarth
model-based theories,”””*® simulations using the Monte Carlo
method,” and linear response theory (LRT).”" LRT is the most
commonly used model in the literature and has been applied to
nanoparticle assemblies™® with magnetization varying linearly
with H in the low magnetic field region. In such cases, the power
dissipation density of NPs is given by
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where p, is the vacuum magnetic permeability, y, is the static
initial magnetic susceptibility, f is the frequency of the AC
magnetic field, H; is the amplitude of the magnetic field, and 7 is
the effective relaxation time. Originally, Rosensweig suggested
that 7 was composed of both Néel 7y = 7, exp(KV/kT) (1, is
the spin magnetic moment reorientation time, which is generally
estimated to be 107° s < 7, < 107 s, kg is the Boltzmann
constant, and T is the temperature) and Brownian 75 = 37V},/
kgT (1 is the medium’s viscosity and V;, is the hydrodynamic
volume of the NPs) relaxation processes occurring in parallel,
allowing us to write 7' = 7' + 75'. More recently, it has been
discussed that depending on both the magnetic properties of
NPs and the viscosity of the medium in which they are
embedded, one of the relaxation processes may be more
energetically favorable.”>*°

The validity of LRT requires at least two conditions to be
satisfied: (i) the Zeeman energy must be lower than the thermal
energy”’ (uouHoy/ksT < 1) and (i) the applied magnetic field
amplitude must be much smaller than the anisotropy field of the
NPs (H, < H,).”" In this theory, the power dissipated by NPs,
quantified by the specific power absorption (SPA) rate, presents
a peak at a frequency that depends on the NP particle size and
magnetic ;1nisotr0py.l3’21’28

In the search for better performance materials, certain studies
have investigated how some parameters other the NP mean
diameter, such as the saturation magnetization,>' ™>° morphol-
ogy, 0% maégnetic anisotropy,””*""~* and medium viscos-
ity,3l’33’34’42’4 influence the SPA. However, less attention has
been devoted to real cases of NP application, such as effects
related to agglomeration and to the collective behavior of the
NPs. It is known that the formation of clusters as agglomerates/
chains*® is mainly induced by dipole—dipole interactions.
Concerning such effects on MHT, including dispersions in
several media,"’~>® reported studies have not shown a clear
consensus thus far, with increasing or decreasing SPA observed
when the NP concentration (¢)) is increased. In fact, this
collective effect may hinder SPA measurements in power
generation studies. Additionally, it represents a real concern
related to in vitro/in vivo applications.

In this context, the aim of this paper is to investigate how the
NP concentration and cluster formation may influence the SPA
of NP assemblies. We have used ultrastable aqueous ferrofluids
(FFs) based on core@shell NPs chemically composed of a core
of ZnMn mixed ferrite (ZnsMn(;_sFe,0,—with two different
Zn contents, § = 0.2 and 0.5) covered by a thin maghemite (y-
Fe,0;) layer. Such morphochemical composition is recognized
for its large SPA**?%% and promising applications in MHT. The
electric double layer (EDL) strategy is used to maintain the
colloidal stability of the ferrofluids. A density of charges is
induced on the NP surface, which consequently creates a double
layer of ions, similar to a capacitor model. This cloud of charges
screens the electrical potential of the NPs, diminishing the
interaction among them. Consequently, entropic repulsion
among the NPs appears to prevent aggregation.61 Therefore,
samples with different levels of NP clustering may be achieved
by decreasing the ion/counterion ratio in the medium (pH
effect). This disturbance of the ionic balance of the solvent
medium can induce different states of NP cluster formation and
can drive the sample to several colloidal phases (sol, gel,
flocculated, and coagulated).”> Additionally, it is expected that

the reduction in the interparticle distance increases the intensity
of magnetic dipolar interactions, which consequently may
improve cluster formation.

In this paper, we investigate the influence of cluster formation
and dipolar interactions on magnetic hyperthermia since these
effects are presented in real cases of bioapplications, such as for
dispersions of NPs in biological environments.”** We used
different approaches to modulate the colloidal stability of our
ferrofluids and achieve different levels of cluster formation and
dipolar interactions, such as variation of the media pH and NP
concentration and NP immobilization in a neutral pH medium.
We show, by analyzing MHT assays along with other
experimental techniques, that knowledge and control over the
parameters that govern colloidal stability are crucial to the
understanding of the magnetic processes underlying heat
delivery by MHT.

B MATERIALS AND METHODS

Synthesis of Nanoparticles and Ferrofluid Preparation. We
produced magnetic nanoparticles based on the ZnsMn(,_sFe,0,@y-
Fe,0, composition with two different Zn contents (§ = 0.2 and 0.5).
The synthesis of such bimagnetic nanoparticles and their aqueous-
based colloidal dispersions follows a three-step procedure:

e The nanoparticles are obtained by a polycondensation reaction
of Fe**, Mn?*, and Zn** (0.5 M aqueous solutions) in a NaOH
medium (2 M) at 100 °C under constant and vigorous stirring.
We used Zn/Mn/Fe volume ratios of 0.2:0.8:2 to obtain NPs
with a Zn,,Mn,sFe,0, chemical composition and 0.5:0.5:2 to
obtain NPs with a ZnysMn,sFe,O, chemical composition,
leading to samples named ZM2 and ZMS, respectively.
Afterward, the precipitate was magnetically decanted and
washed with distilled water.

e The core@shell chemical morphology arises from the surface
treatment step, which can be separated into two other steps,
acidic washing (HNO,) to invert the surface charge and
hydrothermal treatment with an Fe®* nitrate solution (0.5 M).
This procedure creates a thin maghemite surface layer (y-
Fe,0,), which protects the ferrite core from acidic dissolution
and should modulate the magnetic properties of the NPs.

e Then, the NPs are peptized in the acidic medium (HNO;) by
adjustment of the pH, which establishes the surface charge
density, and of the ionic strength, which screens the NP surface
potential. This strategy leads to an EDL that prevents NP
agglorneration;m’62 more details about the chemical synthesis of
electrostatically stabilized magnetic fluids can be found
elsewhere.*"*>% Finally, the samples were subjected to
successive centrifugation and ultrasonic baths to remove
possible NP clusters formed during synthesis.

The NP mean diameter is a key parameter of the power absorption
mechanism. It has been reported that increasing the Zn content in the
synthesis of ZnMn ferrite NPs induces a reduction in the mean NP
diameter.*"*”%® In the case of the ZMS sample, we synthesized an
auxiliary sample by maintaining all synthesis parameters but slowing
down the addition rate of the metallic solution. This strategy was
performed to counterbalance the size reduction effect and achieve
diameters comparable to those of ZM2 NPs (see results). Therefore,
this sample was named ZMSL. In summary, we have produced three
ferrofluid samples based on core@shell NPs: ZM2, ZMS, and ZMSL. It
is worth emphasizing that our ferrofluids are stabilized in the absence of
any additional steric barrier between the NPs.

Sample Preparation. After the synthesis procedure, the ferrofluids
are in their crude form, and to enhance the colloidal stability, fine tuning
of the pH is necessary. Therefore, samples were submitted to a dialysis
procedure, which experimentally consists of putting the crude ferrofluid
sample in a dialysis tube with a semipermeable membrane; thereafter,
the wrapped sample is left in a HNO; (pH = 2.0) aqueous solution bath
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Figure 1. Schematic summary of the sample preparation process. On the left, the first set of procedures, dialysis, and osmotic compression at constant
pH is presented. The three classes of prepared samples are presented on the right: standard, destabilized, and immobilized samples.

for some days. This procedure induces a balance of charges inside the
ferrofluid sample, consequently improving its colloidal stability.

Then, an osmotic compression procedure® was performed to
achieve samples in a more concentrated regime. Osmotic compression
consists of maintaining the wrapped sample in a bath of a pH-adjusted
polyethylene glycol (PEG 35,000) solution (PEG 2% wt; pH = 2.0) for
~15 days, until osmotic pressure stabilizes. We started from diluted
ferrofluids with ~10 mg/mL and achieved concentrations of up to 300
mg/mL. The osmotic pressure imposed by the polymer induces a flux of
water and charges outward from the semipermeable membrane. It is
worth mentioning that the maximum concentrations obtained for each
sample are different due to the starting crude ferrofluid volumes. After
these procedures, we prepared three kinds of samples, starting from the
main concentrated samples.

(i) Standard samples—the first set of samples used to measure the
heating efficiency through the SPA were obtained by diluting (at
constant pH = 2.0) the well-prepared concentrated ferrofluid
samples. These samples were considered control samples.

(ii) Destabilized samples—to prepare the second set of samples, we
took an aliquot of the standard samples of ¢ = 49 mg/mL to
conduct a destabilization procedure. Experimentally, these
destabilized samples were obtained by adding a small volume of
alkaline solution (NaOH—1 M). Finally, the concentration was
then corrected by taking into account the amount of added
NaOH solution volume in each case.

(ili) Immobilized samples—to study the MHT performance of
clusters in a viscous medium, which commonly occurs in
biological environments, we dispersed an aliquot of the standard
ferrofluid in agarose gel. As the polymer preparation requires a
pH of ~7 to achieve a high-viscosity gel at room temperature, a
deprotonation of the oxonium ions linked to the NP surface is
expected, therefore inducing the formation of NP clusters that
will be immobilized in the viscous medium. In brief, the
fabrication of these samples was conducted as follows. First, the
polymer material (viscous gel) was prepared by diluting agarose
powder in previously heated (up to ~60 °C) deionized water
(2% wt). Afterward, an aliquot of concentrated standard
ferrofluid was added into the heated gel in the liquid form
(~$5 °C), and immediate stirring guaranteed proper dispersion
of the NPs. Finally, the mixture was let to rest at room
temperature in the absence of a magnetic field to become a
magnetic gel. The results of prepared samples correspond to
ZM2 and ZMSL NPs (due to their similar diameters) at an NP
concentration of ~49 mg/mL. A summary of all procedures is
presented schematically in Figure 1.

Chemical, Morphological, and Structural Characterization of
the NPs. The chemical composition of the NPs was studied via the

determination of metal concentrations with energy-dispersive X-ray
spectroscopy (EDX) and atomic absorption spectroscopy (AAS)
techniques. The latter is also applied to determine the concentration of
NPs in the studied ferrofluids. Both measurements were conducted at
the University of Brasilia—UnB—with a Shimadzu EDX 720HS and a
Thermo Scientific spectrometer model S series AA, respectively.

The morphology and size distribution of the NPs were checked by
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) using a JEOL JEM-2100. The morphochemical structure of
the NPs of the ZMS sample was investigated by HRTEM using a
TECNAI F30 (FEI Co.) installed at Laboratorio de Microscopias
Avanzadas (LMA), University of Zaragoza (UZ). Using scanning
transmission electron microscopy (STEM) in the high-angle annular
dark field (HAADF) mode, we obtained Z-contrast images of the NPs.

The crystalline structure of the NPs was investigated by X-ray
diffraction (XRD) after evaporation of the liquid medium of the studied
FF. Measurements were conducted at UnB using a D8 Focus (Bruker)
diffractometer (Cu Ka radiation with A = 1.5406 A) in the range of 10°
<20 <90°.

Investigation of Cluster Formation. Dynamic light scattering
(DLS) and small-angle X-ray scattering (SAXS) measurements were
employed to investigate the size of NPs and the size and morphology of
clusters formed in the ferrofluid samples.

DLS measurements were carried out on a 90 Plus particle size
analyzer (Brookhaven Instrument Corporation) installed at Instituto de
Nanociencia y Materiales de Aragon (INMA). Due to the experimental
limitations of the technique, the equipment is only able to measure
samples in the diluted regime (¢ < 2.5 mg/mL). Therefore,
measurements were performed in only two situations: for the (i)
standard samples (¢p = 2.5 mg/mL; pH = 2.0) obtained in the final
dilution procedure and (ii) destabilized sample (¢ = 2.5 mg/mL; pH >
4), achieved at the end of the destabilization process.

The local structure of NPs in the ferrofluid samples was investigated
by small-angle X-ray scattering. Measurements were carried out as a
function of NP concentration and pH. Experiments were carried out
with a Xeuss 2.0 (Xenocs) using a Cu Ka X-ray source and a Dectris
Pilatus3R 200K-A bidimensional detector installed at the Physics
Institute of University of Brasilia (IF-UnB). During the experiment,
samples were conditioned in sealed polyimide tubes with an internal
diameter of 700 ym.

The intensity obtained in a SAXS experiment can be understood as
the product of the form factor P(q) and the structure factor S(g), as
follows

I(q) = P(q)S(q) ()

where q = 47/ is the modulus of the scattering vector, P(q) carries
information about the shape and size, and S(q) arises from interparticle
interactions, being equal to unity for a noninteracting system. This
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Table 1. Magnetic Nanoparticle and Ferrofluid Characteristics”

yave yiv dy, (nm) dy (nm)
sample core composition before ST after ST dy (nm) s dy (nm) (a) (nm) standard samp. destab. samp.
ZM2 Zng-MnggsFe 00,  0308(1)  0241(1)  92(1)  030(1)  139(5)  0842(1) 48 (pH=20) 650 (pH = 6.8)
IMSL  ZngyMnguFer00,  0283(1)  0227(1)  72(1)  044(1)  124(5)  0836(1) S0 (pH=2.0) 420 (pH = 4.0)
ZMS ZngyMngsFe, 0O,  0277(1)  0212(1)  74(1)  035(1)  100(0)  0840(1) S50 (pH=20) 350 (pH =4.2)

“The columns are the name of the sample, the core chemical composition, the divalent metal fractions of both the core (before surface treatment—
ST) and core@shell (after ST), the mean diameter (d,) and polydispersity index (s) obtained from TEM images, the mean crystalline diameter
(dx) extracted from XRD diffractograms, the mean lattice parameter ({(a}), and the hydrodynamic diameters obtained from DLS measurements for

standard samples and destabilized samples (¢ < 2.5 mg/mL).
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Figure 2. Results from TEM analysis: (a—c) TEM micrographs for ZM2, ZMSL, and ZMS NPs, respectively. (d—f) Size distribution histograms and
the corresponding log-normal fitting for each sample. (g) Representative HRTEM image of ZMS NPs, (h) Z-contrast HAADF image of the same NPs
presented in (g), and (i) artificially colored image modulated by the (g) pixel intensity evidencing the inhomogeneity of the NP chemical composition

and the core@shell chemical structure.

simple approach allows us to extract insightful information about the
nanosystems in the range from 1 to 100 nm when the samples can be
assumed as a noninteracting system. When this is not possible, one must
calculate the scattered intensity of the noninteracting system (form
factor), which is then compared with the experimental value to obtain
information about the structure factor. In this paper, we combine both
approaches to extract information about our nanosystems. When
calculating the form factor, we model our systems as log-normally
distributed spheres.”” The parameters utilized in the calculations are
shown in Table SI1. When obtained using an experimental form factor,
the structure factor will be referred to as the effective structure factor
S'(g), which will be used here to probe the overall behavior of our
ferrofluids. In contrast, the structure factor S(gq) will be used to
investigate the global balance of interparticle interactions and the
presence of clusters in the less-interactive samples.

Magnetic Measurements. Magnetic measurements were carried
out in a vibrating sample magnetometer setup (VSM) of a physical
property measurement system (PPMS), Quantum Design model 6000,
installed in UnB. To perform the basic magnetic characterization of
NPs, we used standard samples (10 mg/mL) prepared in a plexiglass
sample holder. The field dependence of the magnetization, or the
hysteresis curve, was obtained at room temperature (300 K) and low
temperature (S K) after a zero field cooling (ZFC) procedure. To
ensure magnetic saturation, we used the maximum magnetic field
available in the instrument (H,,,, = 7160 kA/m).

Calorimetric Curves. The SPA of all samples was obtained by
measuring the temperature when applying AC magnetic fields with
frequencies in the range of f= 338—831 kHz and field amplitudes of 4 <
H, < 24 kA/m. These measurements were performed at INMA using a
DM100 instrument from nB nanoScale Biomagnetics.

B RESULTS AND DISCUSSION

NP Characterization. The chemical composition of the NP
core (before the surface treatment) was established from the Zn,
Mn, and Fe concentrations obtained from EDX measurements.
The results presented in Table 1 show a deficiency of Zn** ions
and Fe** enrichment in the chemical composition of the
nanoparticle core. This feature may be due to the strong alkaline
medium (excess OH™ groups) used in the polzrcondensation
reaction, as already reported in the literature. L71 After the
surface treatment with iron nitrate, the relative amount of Zn**
and Mn** ions in the NPs decreases because of the local
incorporation of Fe** on the surface. This experimental aspect of
sample production has been taken into account using a core@
shell chemical model®® where the iron enrichment is quantified
by the molar fraction of divalent metals, given by

[M*1]

O T N ¢ [Fe] 3)

In the case of a stoichiometric ferrite, y,¢+ is equal to 0.33. As
we are studying mixed-ferrite cores with variations in the
stoichiometric composition covered by a maghemite shell, the
obtained results (see Table 1) are in good accordance with the
desired morphochemical structure.

Furthermore, in a previous study,' the core@shell structure
of the ZMS sample was verified using the STEM technique and
quantitatively probed using local EDS. Such an analysis has
shown an inhomogeneous maghemite shell (see Figure 2) with
an average thickness of approximately 1 nm.*' Here, we found
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the same morphochemical structure using Z-contrast HAADF
images for the same representative sample (see Figure 2gh).

The overall analysis of TEM images indicates that the
synthesized NPs present a spheroidal rock-shaped morphology
(see Figure 2a—c). For all samples, the size distribution
histograms are well fitted with a log-normal function (Figure
2d), and the resulting characteristic diameter (d,) and the
standard deviation of the diameter logarithm referred to as the
polydispersity index (s) are presented in Table 1.

The crystalline structure of the NPs was checked using XRD
measurements. Parameters such as the angular position of
diffraction peaks (diffractograms shown in Figure SI1), lattice
parameter ({a)), and interplanar distances are characteristic of
the spinel crystalline structure and compare well with the bulk
standard data of the International Centre for Diffraction Data
(ICDD no. 98-002-8512 to -8516). The crystalline diameter
(d,) of the core@shell NPs is estimated by applying Scherrer’s
formula to the most intense peak (311), see Table 1 for the
results.

Colloidal Stabilization and Clustering of NPs. The
prepared FFs have their colloidal stability maintained by an
electric potential induced by the deprotonation/protonation
equilibrium on the NP/medium interface and is tuned by the
ionic strength and pH of the medium. At the end of the dialysis
and osmotic compression procedures, the three main samples
(standard samples) present pH = 2.0 and, consequently, the same
ionic strength. The dilution process of samples reduces the NP
concentration, while maintaining the physicochemical parame-
ters of the carrier medium constant. Such parameters control the
EDL thickness, quantified by the so-called Debye length (k").
For instance, an ionic strength of 107> mol/L yields an ion/
counterion thickness of approximately k' ~ 3 nm.

Both standard samples and destabilized samples were probed
by DLS, and the results of hydrodynamic diameters (dy) are
presented in Table 1.

In the case of standard samples (¢p = 2.5 mg/mL), dj, is greater
than d, and d,. The results indicate that such samples are
dominated by clusters. We should note, however, that such
structures, as well as the larger NPs of the size distribution, are
more easily detectable with the DLS technique, which may also
contribute to the larger d, values.

For destabilized samples, the addition of NaOH into the
HNO; acidic ferrofluid leads to the formation of water and
sodium nitrate (NaNO;). Such a chemical reaction changes the
pH of the stable FFs, while sustaining a constant ionic force. The
dy, results of this kind of sample show an increase of 8—12X in
relation to the values obtained for standard samples, evidencing
the formation of large clusters. Indeed, this is expected since the
addition of the alkaline base promotes the removal of the surface
charges that maintained the electrostatic repulsion. Once the
point of zero charge is achieved (pH = 7), the FFs coagulate,
given the absence of oxonium ions linked to the NP surface.

Figure 3 depicts the collection of SAXS experimental data. As
expected, we see, in Figure 3a, that the interactions induced by
changes in the NP concentration affect the scattering curves only
in the low-q range. We applied the effective structure factor
analysis (Fi_gure 3b,e), and the S'(g) curves are typical of similar
systems’>~"" and show that we successfully tuned the global
balance of interactions from attractive (most dilute samples) to
repulsive (concentrations higher than 25 mg/mL).

We carried out form factor calculations, which are shown in
Figure 3c for sample ZM2. The structure factor S(q) obtained in
this way points to the presence of agglomerates at pH = 2.0 even

6
(a)o \ ZM2 (pH 2.0)
. — 10 mg/mL
_10° . — 25mg/mL
S 11 50 mg/mL
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Figure 3. Collection of small-angle X-ray scattering experiments and
analysis carried out for the investigated samples. (a) SAXS intensity for
sample ZM2 at the optimal pH for different concentrations (pH = 2.0).
(b) Effective structure factors obtained considering the sample with 25
mg/mL for the form factor. (c) Scattering curve of the sample
considered for the form factor alongside the calculated intensity. The
structure factor is then extracted and shown in (d). (e) Experimental
structure factors for ZMSL samples at various concentrations. The
black arrow indicates increasing concentration. The structure of our
fluids is probed by (f) the maximum value of the structure factor as a
function of concentration and (g) the q position of the correlation peak
plotted against the cubic root of the concentration.

in the less-interactive samples (25 mg/mL). Nevertheless, the
evolution of the effective structure factor features with
concentration, as seen in Figure 3f,g, indicates a well-structured
fluid, even with the presence of such agglomerates.

Magnetic Properties of NPs. In a previous paper, we
investigated the magnetic properties at room temperature of a
series of samples containing ZM2 and ZMS in a diluted
regime.”' All magnetization curves of diluted FFs at room
temperature presented a giant paramagnetic behavior, with no
hysteresis loops as a consequence of both Néel and Brown
mechanisms of magnetization relaxation.

Here, we decided to observe the magnetization behavior in
low magnetic fields to evaluate the presence of magnetic dipolar
interactions. An enlarged view of the field dependence of the
magnetization (6 X H) at room temperature for standard
samples (pH = 2.0; ~10 mg/mL) is presented in Figure 4.
Supported by the Langevin formalism, og values are extracted
using linear extrapolation in the high-field limit of 6 X 1/H
curves."" The results are presented in Table 2. In the low H
region (<12 kA/m), all samples possess a linear dependence on
magnetization, see Figure 4a. By considering the low-field limit
of the Langevin function, we obtain

o _
TR (4)

where y, is the initial susceptibility and pyp is the density of NPs,
which were previously estimated using the core stoichiometry
and crystallographic results*" (values of pyp ranging from 5.06 to
5.25 g/cm?®). Equation 4 was used to fit the data shown in Figure
4, and the y, results are presented in Table 2. Note that the initial
magnetic susceptibility of the ZM2 sample is approximately
three times those of the other ZMSL and ZMS samples.
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Figure 4. (a) Magnetic field dependence of the magnetization at room
temperature in a low-field regime. All magnetic measurements were
performed on standard samples with low NP concentrations (10 mg/
mL). (b) Magnetic coupling parameter (I'/47) as a function of NP
concentration for standard samples.

Table 2. Results Obtained from Magnetic Measurements of
Standard Samples (pH = 2.0 and ¢p ~ 10 mg/mL)*“

sample  HS® KGO x 10t KGO x 10t 6PN

name (KA/m) (J/m®) (J/m3) (A m*/kg) Yo
ZM2 22(2)* 0.9(1)* 0.2(1) 50(5)*  27(3)
ZMSL - - 0.1(1) - 9.2(9)
ZMS 21(2) 1.1(1) 0.1(1) 40(4)*  7.6(8)

“%: estimated by eq 5, and *: reproduced from Pilati, V.; Cabreira
Gomes, R;; Gomide, G.; Coppola, P.; Silva, F. G.; Paula, F. L. O;
Perzynski, R; Goya, G. F,; Aquino, R; Depeyrot, J. Core/Shell
Nanoparticles of Non-Stoichiometric Zn—Mn and Zn—Co Ferrites as
Thermosensitive Heat Sources for Magnetic Fluid Hyperthermia. The
Journal of Physical Chemistry C 2018, 122, 3028—3038. Copyright
2020 American Chemical Society.

Furthermore, such measurements also enable the inves-
tigation of the magnetic dipolar coupling between NPs by means
of the I' = 3y, ® expression, with I" being the dipolar interaction
parameter of the FF and ® being the volumetric fraction of NPs
(@ = ¢/pnp)- Such magnetic interactions may be considered
negligible when I'/47 < 1.°

In Figure 4b, we present the I'/47 X ¢ curves for the standard
samples, which show an increase in magnetic interactions when
increasing the NP concentration. It is clear that this parameter is
determinant in the initial magnetic susceptibility. For instance,
samples ZMS and ZMSL (~100 mg/mL) have comparable
interaction parameters greater than that of ZM2 (25 mg/mL),
making the global demagnetization effects more relevant in the
latter sample.

The results obtained from this approach suggest that magnetic
dipolar interactions at room temperature for standard samples
cannot be considered imperceptible in diluted regimes.

At low temperature (S K), the zero-field cooled FFs (pH =
2.0; 10 mg/mL) are in a blocked regime, and the ¢ X H curves
present hysteresis. Therefore, by assuming the coercive field H,
of such dilute assemblies to be equal to 0.48H,, with H, being the
anisotropy field (randomly oriented single-domain and non-
interacting NPs, described by the Stoner—Wobhlfarth model’®),

we determined the effective anisotropy constant K. =
Uom0.48H,. The results are found in Table 2. However, such
values do not present the realistic scenario of MHT due to the
difficulty in obtaining K. values when the samples are in the
SPM regime. In addition, recent studies®””~"° have shown the
importance of considering the thermal dependence of the
magnetic anisotropy constant in MHT dynamics and SPA
prediction. To estimate K values at room temperature,
researchers have used the thermal dependencies of the coercive
field and saturation magnetization. An estimated value of K can
be obtained by the Zener model, written as

my(T)
m(0) (s)

where K(0) and m,(0) are the magnetic anisotropy constant and
saturation magnetization at 0 K, respectively, and mg(T) is
Bloch’s law given by mg(T) = mg(0)[1 — BT"*], where B is
Bloch’s constant. The exponent takes the symmetry of the
magnetic anisotropy into account, with n = 3 for the uniaxial
case. The estimated values of the magnetic anisotropy constant
at room temperature (K.z(300 K)) are presented in Table 2.
Note the decrease by 1 order of magnitude in the magnetic
anisotropy constant values compared to those determined at low
temperature. These K.(300 K) are of the magnitude of those of
bulk Mn-ferrites.*

Magnetic Hyperthermia. The heating efficiency of all
prepared samples was quantified by determining the SPA index.
Experimentally, it is obtained using the relation

SPA(W/g) = &csﬂ

¢ At (6)

n

K(T) _
K(0)

where pg and cg are the density and specific heat of the colloid’s
solvent medium, respectively, and AT/At corresponds to the
initial rate of the temporal dependence of the temperature
increase when H,. is applied to the sample. (See Figure SI2 fora
representative curve).

Figure Sa—c shows the SPA X ¢ results of standard samples,
and Figure Sd—f show the SPA X pH results of destabilized
samples.

In the case of standard samples, it is worth noting that the
samples were prepared by performing dialysis and osmotic
compression, and afterward, these concentrated samples are
standard at constant pH. Measurements at 571 kHz show two
distinct behaviors depending on the amplitude of the magnetic
field for all samples. In the case of Hy = 24 kA/m, a significant
increase in SPA is observed when diluting the sample, a feature
that is not observed at a lower magnetic field amplitude. In the
case of the ZM2 sample, the concentration range is lower than
the others due to the fast heating of the sample during the
experiment, which was even faster at higher concentrations,
therefore hindering the temperature measurement.

By considering a linear increase in SPA with decreasing ¢,
samples ZM2, ZMSL, and ZMS possess angular coeflicients of
2.85 WL/g% 0.26 WL/g? and 0.023 WL/g’, respectively. Such
results are in good accordance with those obtained for the
dipolar interaction parameter.

The maximum SPA values are obtained at lower ¢ and H, =
24 kA/m. Nevertheless, the magnitudes for each sample are
quite different. The ZM2 sample demonstrates higher efficiency
in heat delivery, achieving SPA values of up to 620 W/g (24 kA/
m and 571 kHz). This was expected since ZM2 has greater
diameter and og, while K remains approximately the same.
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Figure S. (a—c) Variation in SPA values as a function of concentration
for ZM2, ZMSL, and ZMS FF samples, respectively (with pH = 2.0).
(d—f) SPA as a function of pH for ZM2, ZMSL, and ZMS5 FF samples,
respectively (~49 mg/mL).

When comparing the maximum SPA values of the two similar
samples, ZMS and ZMSL, we identify a difference of
approximately five times. Note that the difference between
these samples lies in d, and polydispersity s values, which are
higher for the ZMSL sample. This represents an increase in
larger NPs in such a sample, which naturally leads to higher SPA
values.

Figure Sd—f presents the SPA X pH results for destabilized
samples. This class of samples has a colloidal stability imbalance

when changing the pH of the medium, promoting the formation
of NP clusters. Heating curves were obtained in H; = 24 kA/m
using two frequencies, 372 and 571 kHz. The SPA results show
two distinct behaviors for lower and higher pH values. First, at 1
< pH < 4, SPA is approximately constant. Then, at4 < pH < 7,2
decrease in SPA is observed when increasing the pH of the
ferrofluids. In the case of measurements at 571 kHz, regardless of
the sample, an SPA reduction of ~60% is observed when the pH
is ~7.0. In this scenario, the NP surface reaches the maximum
deprotonation, leading to the formation of large clusters, and the
FFs completely coagulate. A less accentuated behavior is
observed for the lower frequency (372 kHz).

Finally, to improve the knowledge about the influence of
clusters on the SPA, in Figure 6, we present a qualitative
comparison of the evolution of the SPA as a function of Hy and f
of immobilized and standard samples at similar concentrations
(~49 mg/mL). We observe that SPA increases when both H,
and f increase. However, the immobilized samples always
demonstrate an SPA lower than that demonstrated by the
standard samples, regardless of the combination of measuring
parameters.

Role of Aggregation and Interparticle Distances. The
main goal of this work is to investigate how the interparticle
distances (i, NP concentration) and cluster formation may
influence the SPA. Although the samples studied in this work
possess a slight deviation in the core chemical stoichiometry
from the nominal composition, they have essentially the same
shape, chemical morphology, crystalline phase, and magnetic
anisotropy.

We have already studied the MHT performance of these
materials in FFs in their crude form and dilute assemblies.*!
Thus, to control ¢ and cluster formation, we performed a set of
systematic procedures for ferrofluid preparation, which involved
dialysis, osmotic compression, and dilution. Two groups of
samples resulted from such procedures. In the main group,
named standard samples, we investigated the SPA as a function of
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Figure 6. Variations in SPA as a function of f and Hy for (a) ZM2 and (c) ZMSL NPs dispersed in HNO; (107> mol/L) and (b,d) in agarose gel.
Measurements were obtained using a concentration of ~49 mg/mL for both cases. (e) and (f) Frequency dependence of the SPA for NPs from ZM2
and ZMSL samples, both dispersed in water (HNO; 107> mol/L) and agarose gel. The fitting corresponds to the LRT approximation.
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ferrofluid concentration. In the second group, which originated
from an aliquot of the standard samples, we measured the SPA as
a function of pH.

In the standard samples, the repulsion among NPs is ensured
by entropic forces generated by the EDL, and an increase in the
NP concentration in the FFs at constant pH leads to a reduction
in the interparticle distance without the formation of larger
clusters, as indicated by the SAXS results (Figure 3). The
increase in Syzx’ with ¢ that we observed in Figure 3f is
characteristic of well-structured fluids that do not show evidence
of a glassy transition.”” This fact is also represented by the
scaling of gyax with ¢'/>.

Such combined analysis indicates that the fraction of
aggregates already present in standard samples remains well
dispersed as the concentration increases. In fact, the structure
factor S(q) in Figure 3d shows a typical attractive behavior, and
the extrapolation to g = 0 indicates the presence of agglomerates
with an average of three to four particles, following the trend of
the DLS results for pH 2.0.

In the case of destabilized samples, the increased pH induces
deprotonation of the NP surface, leading to a reduction in the
electrical charges that surround the NPs. Consequently, such a
procedure reduces the electrostatic barrier among the NPs,
therefore allowing the formation of NP clusters. These features
are well observed in DLS measurements, with larger hydro-
dynamic diameters for larger pH values.

The magnetic characterization of dipolar interactions at room
temperature has shown that for an FF in a dilute regime of ~10
mg/mL, such interactions are present but with very low
intensity, especially for ZMS and ZMSL samples. Indeed, at
room temperature, thermal agitation plays an important role in
the magnetic behavior of the ensemble of NPs, which naturally
leads to a small global effect of dipolar interactions. However,
when the concentration increases, the intensity of such
interactions also increases, given the reduction in the
interparticle distance. In addition, with increasing concen-
tration, the dipolar coupling grows much more for NPs with
greater initial susceptibility, such as ZM2 NPs, followed by
ZMSL and ZMS NPs.

Considering the wide size distribution of the studied samples,
it is important to note that the low-field magnetization curve,
which in fact is a straight line up to ~12 kA/m for all samples,
corresponds to the alignment of the largest NPs of the
distribution in the direction of the magnetic field. These
particles are those that contribute most to heat generation. On
the other hand, the smaller particles require fields with higher
intensity to align in the field direction, and therefore, their
contribution to the SPA vanishes. Therefore, we must take into
account that, for polydisperse systems, only a fraction of NPs in
the sample will contribute to the heat generation.

In MHT, data interpretation may be helpful for characterizing
the NP magnetic regime (superparamagnetic—SPM—or
blocked) at room temperature and in the studied frequency
regime. The transition between such magnetic regimes in
polydisperse NPs is characterized by a mean blocking temper-
ature (Tg), which is given by

K4V

() = kg In(t/7,) (7)

where V is the NP mean volume and ¢ is the measurement time
(12X 107% < £ < 3.0 X 107 s for MHT measurements). It is
worth emphasizing that the blocking temperature of real NP

systems consists of a distribution of blocking temperatures.
Additionally, its value depends on the frequency regime we are
dealing with. For a specific temperature, eq 7 may be translated
into a mean blocking volume (Vy), which divides the system into
a group of SPM NPs (V < (V3)) and a fraction of blocked NPs
(V > (Vg)). It has been suggested that a larger fraction of
blocked NPs leads to a reduction in heat delivery at low
magnetic field amplitudes.”®

Given the thermal dependence of the anisotropy constant K.g,
demonstrated by eq S, and its role in the transition between
blocked and SPM magnetic regimes, a reduction in K¢ at room
temperature (see Table 2) induces an increase in the blocking
volume. For T = 300 K and f ranging from 338 to 831 kHz, we
obtained critical blocking diameters above 32 nm (ZM2) and 35
nm (ZMS), indicating that all of the NPs of these samples are in
the SPM regime at room temperature (see the size distribution
in Figure 2d—f).

From the heating curves, our results have shown that both
increasing aggregation and increasing NP concentration tend to
reduce the heating efficiency of our core@shell NPs. Such a
tendency seems to be related to an increased dipolar coupling
between NPs, most likely related to a reduction in the
interparticle distance.

When our NPs are dispersed in agarose gel, we also observe a
reduction in the heating efficiency. Nevertheless, it should be
noted that the agarose gel has a very high viscosity, which
hinders mechanical rotation, making the Brownian relaxation
time much longer than the Néel relaxation time. If we consider
the reorientation of the magnetic moment as the main
mechanism for the heat delivery, given that the fastest relaxation
mechanism contributes predominantly, then, in high-viscosity
media, Néel relaxation will be dominant. Nonetheless, in the
case of soft-magnetic NPs with lower magnetic anisotropy
constants and diameters in the range of 8—12 nm, such as our
NPs, Neéel relaxation is already the most relevant mechanism
even when dispersed in water (HNO; 107> mol/L). For
instance, considering the hydrodynamic diameters of our
samples, both dispersed in water with pH = 2.0 (see Table 1),
we estimate Brownian relaxation times (using # = 0.89 m Pa at
25 °C), leading to 3.7 X 107> and 4.2 X 107° s for ZM2 and
ZMSL NPs, respectively. This means that the mechanical
rotation of the NPs do not contribute to the heating in the
investigated frequencies (338 kHz < f < 831 kHz). Thus, our
results suggest that the decrease in the SPA when NPs are
dispersed in agarose gel is most likely related to the formation of
clusters due to the lack of colloidal stability in the gel
preparation. Figure 6 compares the SPA dependence on
frequency (for Hy, = 12 kA/m) of ZM2 and ZMSL NPs
dispersed in both water and agarose.

In a previous paper, we discussed the validity of LRT for such
NPs in a dilute regime of ~10 mg/mL and found a quadratic
dependence of the SPA on H,, for low field amplitudes Hy < 12
kA/m, making LRT valid as a first approximation.*' Considering
that our samples are soft magnetic materials, with low anisotropy
fields (46 and 44 kA/m for ZM2 and ZMS NPs, respectively, see
H_ values in Table 2, where H, = H./0.48), such experimental
results are in accordance with the condition Hy/H, < 1.
Therefore, using the LRT approximation within its limits of
applicability, we fitted the SPA dependence on f using the

) Y AR .
) where a = e, in] g™ units.
From fitting of the experimental data, we extracted a and 7

parameters, and the results are depicted in Table SI2. We found

expression SPA = a
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relaxation times in the range of 2.0 X 107 and 4.2 X 1077 s,
varying very little with the samples and the medium. This
corroborates that only Neéel relaxation is contributing to the
heating in our samples. Such values are in the same order of
magnitude of the previously reported values for magnetite,
maghemite, Co-ferrite, and Zn—Co ferrite NPs.”*>*' To go
further, we used the extracted 7 values to estimate the effective
anisotropy constants K; by considering only Néel contribution
to the relaxation (7 = 7). Results are depicted in Table SI2, and
for ZM2 NPs dispersed in water, it is ~4.5 times higher than that
experimentally obtained through the coercive field and Zener
model. The higher difference for ZMSL NPs (~12X) may be
due to its higher polydispersity. Such differences may also be
related to NP clustering, which occurs even for pH = 2.0. In
addition, the extracted a results lead to y, values extremely
distinct from those determined by the low-field DC magnet-
ization measurements. Such divergence may be due to the
presence of clusters, which occurs even for the FFs with pH =
2.0, as observed in SAXS measurements. In fact, the NPs
arranged in clusters present a smaller interparticle distance, with
a subsequent increase in the magnetic coupling from dipolar
interactions in such structures. Such a contribution is not
accounted for in the LRT, and therefore, our results suggest that
this approach is no longer appropriate to describe the NP heat
generation in dense assemblies. However, for diluted and
noninteracting assemblies, LRT has been a useful tool to
describe the NP heat delivery.”**'

Our results are in accordance with some previously published
studies”***>*" which also reported a decreasing heating
performance with increasing dipolar interactions. Indeed,
theoretical models predict that increasing magnetic dipolar
interaction yields a decrease in the equilibrium magnetization
originated in a disorienting effect of local random magnetic
fields.*” In such a case, a decrease in SPA of interacting
assemblies is expected, since it depends on the value of
equilibrium magnetization. Nonetheless, other studies suggest
that the cooperative organization of NPs into structures such as
nanoflowers or chains could be a good strategy to achieve higher
efficiency in heat generation.”*”%%* Such diverging trends may
be due to intrinsic properties of individual NPs and cluster
morphology. More experimental and theoretical studies are
needed to elucidate this issue, which remains controversial.

Bl CONCLUSIONS

In summary, we performed a systematic experimental study on
bimagnetic core@shell NPs without using any steric strategy to
avoid aggregation. NP clustering was controlled and induced
here by adjusting the electric charges on the NP surface and in
the medium. Through different strategies, our results suggest
that the magnetic dipolar interaction contributes negatively to
the power absorption of the NPs.

We found that the arrangement of magnetic NPs into
collective structures such as clusters and chains represents a
challenge in SPA measurement, leading to results that may not
be representative of the individual NP heat generation
performance. Thus, the description of the heat generation
from individual nanoparticles must take into account the
colloidal state of the ferrofluids. We propose that future MHT
studies on NP power generation take this into account and
devote more attention to this issue when considering further
bioapplications.
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