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ABSTRACT: We developed a fast, single-step sonochemical strategy for
the green manufacturing of magnetite (Fe;0,) magnetic nanoparticles
(MNPs), using iron sulfate (FeSO,) as the sole source of iron and
sodium hydroxide (Na(OH)) as the reducing agent in an aqueous
medium. The designed methodology reduces the environmental impact
of toxic chemical compounds and minimizes the infrastructure
requirements and reaction times down to minutes. The Na(OH) .- ‘
concentration has been varied to optimize the final size and magnetic | ®0. .
properties of the MNPs and to minimize the amount of corrosive =3
byproducts of the reaction. The change in the starting FeSO, m m
concentration (from 5.4 to 43.1 mM) changed the particle sizes from

(20 + 3) to (58 + 8) nm. These magnetite MNPs are promising for \:a,méz T:a;glies
biomedical applications due to their negative surface charge, good

heating properties (324 & 2 W/g), and low cytotoxic effects. These results indicate the potential of this controlled, easy, and rapid
ultrasonic irradiation method to prepare nanomaterials with enhanced properties and good potential for use as magnetic
hyperthermia agents.
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B INTRODUCTION sonofragmentation are not yet completely understood.'’ The
main parameters determining the final materials are the
ultrasonic frequency, intensity,'> and the influence of the
solvent properties in a solution, such as the vapor pressure,
viscosity, or superficial tension.> To reduce the consumption
of chemical reagents while optimizing the properties of the
magnetic nanoparticles (MNPs) for a greener processing
strategy, a key step is the systematic study of the reactant’s
concentration. Previous reports on the sonochemical synthesis
of Fe;O, MNPs have been based on the use of a considerable
amount of ecotoxic precursors, such as iron hydroxide
(Fe(OH),),"* iron pentacarbonyl (Fe(CO);),"> or iron
chlorides.'® On the other hand, those few works using the
much less ecotoxic iron sulfate (FeSO,) as a precursor well
controlled the properties of Fe;O, MNPs at the expense of a
high irradiation power (1500 W) and required postsynthesis
thermal annealing for 1 h."” Sonochemical methods could
represent a new option as an industrial-scale, easy, and green
methodology.'*™** Different efforts reported in the literature

The sonochemical route is one of the simplest methods of
obtaining magnetic materials."” First reported in the 1980s for
the organic synthesis of p-alkylated ketones through the
Barbier reaction,’ the application of sonochemical methods has
evolved from the initial ultrasonic irradiation of aqueous binary
solutions® into a well-established method of preparing
nanostructured materials.” The mechanism that allows
sonochemistry in a solution is acoustic cavitation, i.e., the
fast growth and subsequent implosive collapse of gas bubbles
within the liquid phase.’ The collapse of bubbles can generate
localized hot spots with transient temperatures up to 5000 K
and cooling rates of >10° K/s.” This production of hot spots
and cavitation (primary sonochemistry) triggers the produc-
tion of oxidant radicals (secondary sonochemistry), promoting
the reaction to yield the final stable phases.” Ultrasonic
irradiation promotes improved solute diffusion; therefore, the
induction time and metastable zone width are reduced, the
nucleation rate is increased, and the crystallization process is

enhanced.’
In addition, vigorous microscale mixing and turbulence helps Received: May 12, 2020

to prevent crystal agglomeration (especially for magnetic Accepted:  September 15, 2020

nanoparticles) and, for those crystals with sizes smaller than Published: October 7, 2020

the resonant size of the bubble, the shockwave generated by

acoustic cavitation causes particle collisions and fragmenta-

tion.'"” However, the mechanisms of sonocrystallization and
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showed the effect of different parameters, including the solvent
used for modification,” ultrasound frequency,”* and compo-
sition of precursors.25’26 However, more experimental evidence
of the efficiency and systematic studies to achieve a better
understanding of the phenomena are still needed.”’

In this work, we report the results of a proposed aqueous
methodology used for the green manufacturing of Fe;O,
MNPs with controlled sizes, well-defined shapes, and suitable
magnetic properties for biomedical, drug delivery, and
hyperthermia applications. The strategy of producing magnet-
ite nanoparticles with a reduced time and optimized reagent
amounts allows the minimum concentration of the reductor to
be obtained for controlling the size and shape; in addition, the
size of the Fe;O, MNPs increases as the FeSO, concentration
increases, and the MNPs retain a cube-like morphology.
Enhanced magnetic properties, reduced cytotoxicity, and Neéel-
responsive heating properties with a good specific loss power
(SLP) were obtained in gelatine (~324 + 2 W/g) for
hyperthermia applications. By combining the ultrasonic
irradiation effects and the parametric optimization of Fe;O,
MNP synthesis, the proposed sonochemical method can be
considered an option for the rapid and easy preparation of
magnetic nanomaterials. The experiments in this work were
conceived to improve specific loss power (SLP) values
controlling nanoparticle’s size and shape. The synthesis time
and SLP had been optimized to show the influence of
multiparametric modification in sonochemical synthesis.
Optimal time and sodium hydroxide concentration allow
reducing the iron sulfate amount for improved SLP. These
modifications of different parameters in the simple conditions
that we proposed and their influence on SLP values in a
gelatine medium and their biocompatibility in vitro have not
been reported in the literature.

B RESULTS AND DISCUSSION

The basic protocol used to investigate the best condition for
obtaining MNPs in less time (20 min in total) consisted of
systematic modification of each synthesis parameter, namely,
the concentration of the Na(OH) base (N-type samples) and
concentration of FeSO, (M-type samples), used as a tuning
agent. The proposed optimization of the growth time selected
in our protocol (10 min) minimizes sonofragmentation and
promotes the proper formation of uniform MNPs.

The particles prepared with better control of the shape were
obtained using a 2 N solution (Figure S1) in the N-type series.
However, the used concentration of FeSO, was apparently too
high and did not offer size control, and at S N, remarkable nail-
type structures appeared. Using the 2 N Na(OH) solution as
the reducing agent, a screening of the FeSO, concentration was
started from 5.4 to 432 mM for the M-type samples. We
observed a remarkable improvement in the average particle size
from 20 + 3 to 58 + 8 nm, and the particles retained the cube-
like morphology (see Figure 1).

The observed influence of the initial FeSO, concentration
on the size and morphology of the resulting MNPs can be
attributed to the critical Fe** and Fe’* abundance during the
oxidation steps. The FeSO, precursor provides the required
local concentration at the cavitation spots for the growth of
MNPs during the short reaction time. FeSO, continuously
deprotonates, supplying Fe?* and with the addition of hydroxyl
ions (OH™) from NaOH, forms iron(II) hydroxides, (Fe-
(OH),) forming goethite as a crystal growth template.28
Besides, within the nanoenvironment of MNPs, the electro-
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Figure 1. Transmission electron microscopy (TEM) images of the
M1, M2, M3, and M4 samples, and the corresponding size
distribution histograms (insets), showing the increase in the average
particle sizes with increasing the initial FeSO, concentration.

chemical Stern double layer can be described as a fixed layer of
surface charges and a second, external layer of counter ions.
The thickness of the outer layer, and hence the local vicinity of
the NPs, is highly dependent on the solution’s ionic strength.
This leads to a screening of surface charges accompanied by a
reduction of the electrostatic stability and induces MNP
agglomeration owing to dominant van der Waal’s attraction.
Changes in the ion concentration in the solution can influence

the shape, growth, and the final size of the MNPs.”’ The ionic

strength defined as I = %Zl cizi2 (where z; represents the

valence of ions of ith species and ¢; [M] its concentration)
increases with either larger concentration or valence of counter
ions. Therefore, the larger ionic strengths in more concen-
trated starting solutions are likely to produce thinner double
layer around MNP’s seeds and thus increase potential gradient.
It is important to highlight that increasing the initial
concentrations of FeSO, over 43.2 mM did not improve the
morphology nor the size distribution of the resulting particles,
suggesting a saturation effect, reducing ion’s mobility, and
reactivity in the solution.

The composition of the M-type samples was evaluated using
Fourier-transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) techniques. First, the FTIR
spectra of all of the samples, M1—M4 (Figure 2a), show a
broad band centered at 3420 cm™, which is due to the
coordinated O—H groups in the stretching mode, and the
localized peak at 1630 cm™ corresponds to free surface OH—
groups, as expected in synthesis routes that use Na(OH) as the
reducing agent in aqueous media.’’ The peaks attributed to the
S=O0 stretching modes of sulfate and sulfoxide groups can be
observed at 1350 and 1030 cm™, respectively.’””> The
presence of these bands suggests the presence of residual
sulfate ions that were not removed in the washing process. We
observed that a pH of 7 was not enough to eliminate the
residual sulfate reagents in the aqueous medium; nevertheless,
residual sodium from the NaOH reducing agent was not
detected. The iron oxide peaks at 572 cm™ in the spectra of
the M2, M3, and M4 samples are associated with the magnetite

https://dx.doi.org/10.1021/acsomega.0c02212
ACS Omega 2020, 5, 26357—26364


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02212/suppl_file/ao0c02212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02212?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02212?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

(a) (b)

M1

M1

560 —_— M2

—M3

Transmittance

—Ma

; Fe2s

Fe2p ,

%

M4
3420 Al KLL
1030

Fe 3s

Intensity (kCPS)
o 2 o
((gﬁ

2
1
0 - B .
70 65 60 55 S0 45 40

Binding energy (eV)

28
O1s | Fe2py, Fe 2ps,
s ~ /
Cis %23\
K3
‘;15
g
c
L
[
=.d)

Wavenumbers (cm')

4000 3500 3000 2500 2000 1500 1000 500 1200 1000 800 600 400 200 O 740 730 720 7i0 700
Binding energy (eV)

Binding energy (eV)

Figure 2. (a) FTIR spectra of the M1—M#4 samples. The M1 spectrum is slightly shifted with respect to the spectra of the M2—M4 samples, which
suggests changes in the oxidation state of iron. (b) XPS spectra of the M1—M4 samples. We can observe the presence of iron oxide, adventitious
carbon, and aluminum in the sample. The close-up in (c) shows the iron oxidation states as Fe 3p due to the peak at 55 eV and (d) Fe 2p, , due to

the peak at 723 eV and Fe 2p;,, due to the peak at 710 eV.

phase, and the peak at 560 cm™ in the spectrum of the M1
sample is attributed to the hematite phase.” This shift may be
due to increased oxidation in the M1 sample, as the aqueous
media and the presence of oxygen during synthesis can
contribute to surface oxidation. This result agrees with the
magnetic properties and SLP values obtained.

The XPS spectra of samples M1—M4 are shown in Figure
2b. The determination was performed using the method
reported by Yamashita and Hayes.”* As a general trend, the
peak characteristics of the Fe;O, phase, namely, the peaks at
846 eV (Fe 2s), 723 eV (Fe 2p1/2), 710 eV (Fe 2p3/2), and 55
eV (Fe 3s), are observed.””*° The typical O 1s binding energy
was observed at 532 eV, while the presence of adventitious
carbon was inferred from the peak detected at 284 eV. The
small peak at 97 eV is associated with aluminum (Al KLL). We
hypothesize that the presence of aluminum in the resulting
particles may be due to slight Al-doping due to the dissolution
of some metallic ions from the Ti—6Al—4V alloy ultrasonic
irradiation tip used in the synthesis. Figure 2c¢ shows the peak
at 55 eV, which corresponds to the Fe 3p interaction, showing
slight changes in the binding energy, implying negligible
oxidation changes. Figure 2d shows that the M1 sample
undergoes some changes in Fe 2p,,, and Fe 2p;,, and shows
the presence of satellite peaks at 718 €V, and the atomic Fe**/
Fe®" ratios can be observed in Table S3. These changes are
associated with the Fe,O; phase and match the FTIR
characterization results. The increase in Fe’" in the M2—M4
samples corresponds to better crystallization in the Fe;O,
phase. The localized Fe 3p peak at S5 eV for the M4 sample
and the absence of the satellite peak support this.

The magnetic data of the M1—M4 samples (Figure 3a and
Table 1) showed that the values of Mg and H were consistent
with the Fe;O, nanostructured phase. The H value of the M1
sample (5.33 kA/m or 67.0 Oe) was less than that of
multidomain Fe;0, (He ~ 11.93 kA/m or 150 Oe)’” at room
temperature, suggesting that at least a fraction of the smallest
MNPs exhibit a superparamagnetic behavior, while the M2—
M4 samples have larger H values than M1, indicating that
samples M2, M3, and M4 are closer to being multidomain due
to their increasing sizes. The magnetic properties of the M-type
samples suggest the strong influence of FeSO, modification on
the formation of well-defined, crystalline MNPs using the
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Figure 3. (a) Magnetization curves obtained for samples M1—M4,
and (b) measured SLP values (H, = 23.9 kA/m, f = 571 kHz)
obtained in a gelatine matrix, in which Brownian relaxation is blocked.

proposed sonochemical synthesis method. The amount of the
precursor in the aqueous solution can modify Mg and H and
make it possible to obtain superparamagnetic properties at low
FeSO, concentrations.

Table 1 shows the effective magnetic anisotropy (K.) of
each sample, as obtained from ferromagnetic resonance
spectroscopy (FMR). The effective magnetic anisotropy
determines the magnetic relaxation mechanism of the MNPs
and is the key parameter when the physical rotation of the
particles is blocked, as is the situation for in vitro and in vivo
magnetic fluid hyperthermia applications. The heating
efficiency is measured through the specific loss power (SLP),
which is the power absorbed per gram of material under
radiofrequency irradiation. The values of K ¢ obtained from the
FMR measurements of the oriented samples also reflect the
evolution of the series of samples from poorly crystallized to
well-crystallized magnetic cores, since the K. values increase
by a factor of S from the M1 sample to the M4 sample. Indeed,
the K, value of the M1 sample (2.4 kJ/m?) is significantly
lower than the magnetocrystalline anisotropy of bulk magnetite
(K, = —11.1 kJ/m?), which is consistent with the presence of
partially formed Fe;O, and/or the presence of intermediate
oxyhydroxide phases of iron, which has a much lower magnetic
anisotropy than bulk magnetite. As the formation of crystalline
magnetite occurs from M1 to M4, the magnetic anisotropy of
the nanoparticles reaches a K. value = 10.5 kJ/m?, which is
expected for bulk Fe;O,.

For hyperthermia applications, the heating power of MNPs
depends critically on the average particle size, but other factors
such as the particle shape and magnetic anisotropy also

https://dx.doi.org/10.1021/acsomega.0c02212
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Table 1. Main Physical Parameters of the Nanoparticles Obtained”

sample (d) (nm) 6 (nm) & (mV) M (Am*/kg) H¢ (kA/m) K¢ (kJ/m?) SLP (W/g)
Ml 20 3 —=2.1 70 5.33 2.4 324 +2
M2 37 S —13.2 67 10.34 54 213 + S
M3 S1 8 —16.1 75 11.69 5.8 108 +£ 3
M4 58 8 -33 85 11.22 10.5 81 +2

“Average particle size ((d)), distribution of the standard deviation (o), {-potential (&), saturation magnetization (M), coercive field (H),

anisotropy constant (K), and specific loss power (SLP).

determine the sizes that maximize the SLP. Specifically, for the
Fe;O parameters, it is expected that the optimum sizes for
heating should be approximately 25—30 nm, depending on the
K.¢ and shape properties of a specific sample. Consistently, the
SLP values of the M1—M4 series of samples (Figure 3b)
showed a maximum SLP = 340 W/g for the M1 sample, and
the SLP decreased in the order of M1 > M2 > M3 > M4, as the
average particle size increases from M1 to M4 (20—58 nm).
We note that all power absorption measurements were
performed in samples with nanoparticles embedded in a
gelatine matrix to avoid the physical rotation of the MNPs (i.e.,
to avoid Brownian relaxation and measure only Neéelian
magnetic relaxation). The purpose of measuring only Neéel
relaxation is to mimic the actual in vitro or in vivo
environmental conditions, so the MNPs are unable to rotate
(see the Characterization Section of the Supporting
Information for details of sample preparation). The evolution
of the SLP from the M1 to M4 samples is shown in Figure 3.
The observed SLP decrease is consistent with the simultaneous
increase in the average size of the MNPs and their effective
anisotropy K.g as the (anisotropy) energy barrier for magnetic
relaxation E, = K4V results in extremely large values of the
magnetic relaxation time.

The SLP value of 60 W/g of the sonochemically synthesized
MNPs recently published in the literature®® was evaluated in
aqueous media that included Brownian contributions. Recent
advances in the experimental observation of the Neéel
relaxation contribution in Fe;O, MNPs obtained by thermal
decomposition (<20 nm) in a clinical setting (H = 16.2 kA/m;
f=110 kHz) show decreasing SLP values from 67 W/g in a
solution to 25 W/g in a gel medium.* On the other hand,
spherical Fe;0, (<14 nm) obtained by a chemical route shows
a decreasing dependence on heat dissipation in agar media.
The SLP values decreased from 200 to 140 W/g as the agar
concentration increased (<7%).*” We can observe that the SLP
values in this work are higher than those recently reported,
even when the MNP concentration in gelatine is 10 w/v, which
suggests a higher viscosity. This can be associated with the
larger field strength used in this study; however, the SLP
obtained in this study is comparable to the literature value of
279 W/g of polyacrylic acid-coated MNPs in a cell culture at
the same field conditions.*'

Iron oxide magnetic nanoparticles, especially magnetite
(Fe;0,) and maghemite (y-Fe,O,), are usually reported as
being “nontoxic” and biocompatible. The cytotoxicity and
biocompatibility of MNPs are intrinsically related to MNP
physicochemical characteristics, including the chemical com-
position, size, shape, charge, superficial area, aggregation, and
functionalization.”* Therefore, it is necessary to determine the
toxicity both in vitro and in vivo for each nanoparticle
formulation if biomedical applications are pursued. As shown
in Figure 4, no significant cytotoxicity was observed after a 2 h
exposure to MNPs with concentrations up to 200 uM, which
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Figure 4. Viability of mouse microglia cell line (CS7BL/6) in the
presence of different concentrations of Fe;O, MNPs synthesized by
the ultrasonic process. The synthesized MNPs show a remarkable
biocompatibility until a 200 M concentration.

shows the remarkable biocompatibility of samples M1—M4 in
this particular cell line.

The increase in particle size from 20 to 58 nm through
samples M1—M4 does not seem to play a key role in their
toxicity, which is consistent with other reports in the literature,
where no relationship has been found between cytotoxicity and
particle size differences from nanometers to micrometers."
Depending on the nature of the synthesized particles, other
parameters like shape, surface chemistry, oxidation status, or
agglomeration rather than particle size could have a greater
impact on their cytotoxic profile.”” For example, positively
charged particles are generally more cytotoxic than neutral or
negatively charged particles since they can penetrate deeper
into cell membranes. Also, rod-like-shaped particles present
more toxicity than cubic and spherical particles. In our case, all
samples present a good control over a cube-like shape and
negative values of {-potential. Furthermore, the presence of
OH™ and SO} ions on the surface could probably reduce the
reactivity of surface iron ions, generating less ROS and
oxidative stress, which is the main mechanism of SPION
cytotoxicity.**> Together, these parameters could explain the
absence of toxicity observed for all of the four samples.

B CONCLUSIONS

The possibility of producing MNPs with controlled properties
through all-in-one methods is appealing. The optimization of
the sonochemical synthesis reported here provides such a
method, combining cheapness, easiness, high throughput,
biocompatibility, and environmental friendliness. Moreover,
the method allows control of the uniformity of the size and
shape of the produced MNPs within the £#20—60 nm range. As
expected in this size range, the best SLP values (Néel
contribution only) were displayed for poorly crystallized
nanoparticles, which provides an additional route for max-
imizing the heating capacity of the produced nanoparticles.
Under the conditions tested here, a maximum SLP value of
324 + 81 W/g was found. The “in vitro” study probes the good
toxicity levels. The abovementioned properties situate this
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synthesis route among the most promising alternatives for
future commercial-scale biomedical applications.

B EXPERIMENTAL SECTION

Materials. The chemical reagents used in the synthesis
were iron (II) sulfate heptahydrate (FeSO,-7H,0 >99%),
sodium hydroxide (Na(OH) >97%), ammonium thiocyanate
(NH,SCN, ACS reagent, >97.5%), hydrochloric acid (HC],
ACS reagent, 37%) and nitric acid (HNO;, ACS reagent, 70%)
purchased from Sigma-Aldrich and used as received. Deionized
water (Millipore 18.2 MQ-cm) was used in all experiments.
Continuous ultrasonic irradiation at 3.6 W/cm? was generated
using an Ultrasonic Vibra-cell VCX 130 processor with Ti—
6A1—-4V (6 mm) tip. We used a laboratory borosilicate glass
bottle (¢p = 56, h = 100 mm) with a capacity of 100 mL as a
reactor. For in vitro studies, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), antibiotic—
antimycotic (100X), DNase/RNase-free water, Dulbecco’s
phosphate-buffered saline (DPBS), trypsin solution (0.25%),
and trypan blue solution (0.4%) were all purchased from
Thermo Fischer Scientific (Waltham, MA).

Protocol for the Synthesis of Nanoparticles. The
sonochemical route used in this work is based on the method
reported by Abbas et al.'” in 2012, and modified as described
below. This method profits from the oxidizing species
produced by secondary sonochemistry as follows

H,0 -» H" + OH~ (1)
H*+H" > H, 2)
OH™ + OH™ — H,0, 3)

And subsequent partial oxidation of the Fe?* ions from the
FeSO, by H,0,

Fe’™ + H,0, — Fe’" + 20H~ (4)

This mechanism provides both Fe** and Fe®* ions required
for magnetite from a single iron source, i.e., the starting FeSO,,.
As expected, the pH of the solution is critical to control the
partial oxidation yielding to the correct Fe(II)/Fe(III)
required for the formation of magnetite. Different bases such
as sodium hydroxide (Na(OH)) are commonly used to
saturate anions OH™ and promote the formation of Fe;O, as
the following reaction

Fe’* + 2Fe’™ + 8OH™ — Fe;0, + 4H,0 (s)

The effects of the initial concentrations of the reducing
agent (Na(OH)) and the reactant (FeSO,) were systematically
screened. First, the precursor concentration was fixed and
different Na(OH) concentrations (N-type samples) were
added, and second time different precursor concentrations
were used at a fixed Na(OH) concentration (M-type samples).
Figure 5 shows an outline of the proposed experiment, and
Table 2summarizes the reaction parameters like concentration
of FeSO, and Na(OH), and pH after Na(OH) addition
(growth pH).

In the case of N-type samples, the same FeSO, solution 92.3
mM was employed. Ultrasound irradiation for 10 min at 130
W was applied to the solutions to increase the temperature of
the solution (volume 90 mL) to S0—52 °C at which the ionic
exchange takes place, as shown in (4). Then, different
Na(OH) concentrations (0.8, 1.2, 1.6, 2, and 2.4 g) dissolved
in 10 mL of H,O were added into the flask and irradiated for
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Figure S. Schematic description of the synthesis steps for producing
magnetic nanoparticles studied in this work.

[FeSO4] (mM)
M-type samples

MNPs
[NaOH] (N)
N-type samples

Table 2. Reaction Parameters Used for Each Sample:
Concentration of Reactants and Growth pH

sample [Fe(SO,)] (mM) [Na(OH)] (N) pH
IN 92.3 1 9
2N 92.3 2 13
3N 92.3 3 14
4N 92.3 4 14
SN 92.3 S 14
M1 54 2 13
M2 10.8 2 13
M3 21.7 2 13
M4 43.1 2 13

additional 10 min, obtaining the samples labeled as 1IN, 2N,
3N, 4N, and SN, respectively. To assess the influence of
precursor concentration, the same 90 mL volume aliquots were
prepared with increasing FeSO, concentrations of 5.4, 10.8,
21.7, and 43.1 mM, with a constant amount of oxidant (10 mL
of 2 N Na(OH) solution). These samples were identified as
M1, M2, M3, and M4, respectively. In all cases, the obtained
MNPs were cooled with 100 mL of deionized water,
precipitated using a NdSmFe magnet, and washed five times
using Milli-Q water to reach neutral pH.

Characterization. TEM. Transmission electron microscopy
(TEM) images taken using a Tecnai F30 analytical microscope
(300 kV) in a bright field mode. All samples were deposited in
TEM grids (Holey Carbon films on Copper) by dropping
diluted aqueous dispersions of as obtained MNPs.

XPS. The XPS spectra of MNP powder obtained in the AXIS
Supra (XPS) surface analysis instrument from Kratos
Analytical were analyzed according to Yamashita and Hayes.”

FTIR. FTIR spectra were obtained in a Spectrum Two FT-IR
spectrometer from Perkin Elmer at 4000 to 400 cm™ interval
with a resolution of 4 cm™" and ATR correction. The samples
were deposited directly on the glass and dried with N, to
reduce water presence.

VSM. Magnetization hysteresis loops were measured for all
samples using a vibrating sample magnetometer (VSM, Lake
Shore 7400 Series) at room temperature in —1432.39 kA/m <
H < + 143239 kA/m interval after drying the samples in
vacuum over 24 h.

Z-Potential. For Z-potential determination of samples
dispersed in Milli-Q water, a Zetasizer Nanoseries Nano-
7590 of Malvern Panalytical was employed.

Anisotropy Determination. The effective magnetic aniso-
tropy constant K was measured by analyzing the angular
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dependence of the resonance field Hy in ferromagnetic
resonance spectroscopy (FMR) experiments at room temper-
ature. The FMR spectra were taken using a Bruker ELEXSYS
II-ES00 X-band model spectrometer at 9.4 GHz (X-band).
Attenuation was set to 10 dB (20 mW microwave power) and
field modulation amplitude at 0.08 kA/m. Prior to measure-
ments, samples were aligned by dispersing the MNPs in a
cyanoacrylate resin and drying the samples until complete
solidification was achieved under a constant external magnetic
field H,,, & 50 kA/m for 24 h. The acquisition of EPR spectra
was performed in rotation steps of 10° covering a complete
360° turn.

Specific Loss Power (SLP). The values of MNPs heat
produced were measured by triplicate using a commercial
magnetic field applicator DM100 (nB nanoscale Biomagnetics,
Spain) at H, = 23.9 kA/m, f = 571 kHz. The samples were
measured after jellification in a gelatine medium at 0.1 mg/mL
concentration, mixing deionized water and commercial gelatine
at 60 °C. The temperature vs time curves were recorded for 2—
10 min, and the SLP values were calculated using the
equation46

C
SL Pynpe = pm_"{ﬂ)
¢ \AL (6)

where p,, = 1350 kg/m? and C,, = 4.1 kJ/kg.K are the density
and specific heat of the medium (gelatine), respectively, AT is
the temperature increment during the measuring time At (i.e.,
the slope from T vs time curve), and ¢ is the concentration of
NPs in (kg of Fe;0,)/m>. The experimental specific heat value
was determined using a sample of the as-prepared gelatine and
differential scanning calorimetry analysis was performed. The
specific heat was determined using DSC Q20 (TA Instru-
ments) and DSC Q2000 (TA Instruments) equipment. The
gelatine revealed thermal stability reflected in the constant heat
flow at 10—100 °C interval (Figure S1). At the same
temperature interval, the specific heat measured using DSC
Q2000 was found to be essentially constant within the
experimental temperature range measured.

We determined iron concentration in samples by UV—Vis
spectrophotometry through the thiocyanate complexation
reaction, monitoring a maximum in the absorbance band
centered at 478 nm wavelength using a Shimadzu UV Mini
1240 UV-Vis spectrophotometer, as reported in the
literature.”” Ammonium thiocyanate (1.5 M) was added to
different samples dissolved in HCl 6M-HNO; (65%) at 50 °C
for 2 h until the complete oxidation to Fe®" ions and formation
of an iron-thiocyanate complex. The absorbance of each
sample compared to the calibration curve reveals their Fe
content. Assuming that the obtained value of concentration
corresponds to the Fe;O, phase, the concentration of MNPs
using the expression was calculated using the following
expression

(Mer3O4) ( [Fe])
3Mer (7)

where M,, are the molecular weights of Fe;0, (231.53 g/mol)
and Fe (55.84 g/mol), respectively.

Cell Viability Assay. For in vitro studies, mouse (C57BL/6)
microglia cell line BV2 from ATCC (Manassas, VA) was
routinely cultured into 25 cm?® flasks in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic—antimycotic solution

[MNPs] =

at 37 °Cin a 5% CO, atmosphere. Prior to the experiments, as-
synthesized MNPs were precipitated using a permanent
magnet and resuspended in DNase/RNase-free distilled
water. Cells were seeded in 12-well plates at a density of 2 X
10* cell/well and grown to approximately 70% of confluence.
On the day of the assay, the cultured medium was replaced
with a fresh medium containing different amounts of
nanoparticles (0—200 M) and further incubated for 2 h at
37 °C. After this time, cells were trypsinized, resuspended in
fresh media, and diluted to 1:1 with sterile a 4% trypan blue
dye solution. The hemocytometer chamber was carefully and
continuously filled with this suspension and immediately
counted under the microscope. Unstained (viable) and stained
(nonviable) cells were counted separately and then the viability
percentage was calculated as follows

viable cells (%) = total number of viable cells per mL

total number of cells per mL

X 100 (8)

Statistically significant differences were determined using
one-way analysis of variance (ANOVA) followed by the
Bonferroni tests to compare data between groups (Origin Pro
9.0 Software, OriginLab, Northampton, MA). Data are
expressed as the mean + standard deviation (SD). Significant
differences were considered at p < 0.0S.
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