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1 | INTRODUCTION

The use of magnetic nanoparticles for biomedical applications is not
new.! Several works on Superparamagnetic Iron Oxide Nanoparticles
(SPIONSs) have been published. A review published by Wei et al.2 pro-
vides a good overview of these nanoparticles, particularly magnetite
(Fe304), and maghemite (y-Fe,O3). Characteristics such as low cyto-
toxicity in general and superparamagnetic behavior? To obtain these
superparamagnetic properties, SPIONs must have their size <20 nm
typically to configure a single magnetic domain.2 SPIONS size can be
an issue in terms of biocompatibility. Very small nanoparticles can be

more easily internalized, becoming more cytotoxic than larger

NiFeMo alloy nanoparticles were synthesized by co-precipitation in the presence of
organic additives. Nanoparticles thermal evolution shows that there is a significant
increase in the average size (from 28 to 60 nm), consolidating a crystalline structure
of the same type as the NisFe phase but with lattice parameter a = 0.362 nm. Mea-
surements of magnetic properties follow this morphological and structural evolution
increasing saturation magnetization (Ms) by 578% and reducing remanence magneti-
zation (Mr) by 29%. Cell viability assays on as-synthesized revealed that nanoparticles
(NPs) are not cytotoxic up to a concentration of 0.4 pug/mL for both non-tumorigenic

(fibroblasts and macrophages) and tumor cells (melanoma).

cell viability, co-precipitation, cytotoxicity, magnetic nanoparticles, organic additives

particles.* To resolve this problem, SPIONs are mounted in a structure
known as a core-shell.” Various materials of excellent biocompatibility
are used to shelter SPIONs such as Polymers,6 Si0,,” and Au.® Other
nanoparticles from different magnetic materials are being studied,
such as cobalt-nickel ferrites Co,NijFe,04° nickel-iron ferrites
NiFe,0,4%° nickel oxide NiO, and nickel hydroxide Ni(OH),.* In this
work, we present the first results of NiFeMo alloy nanoparticles cellu-
lar viability aiming for future biomedical applications. In its massive
form, this alloy has unique characteristics such as low coercive field
(Hc), high saturation magnetization (Ms), and low remanence (Mr).1?
Literature shows that NiFeMo particles can be produced by high-

13,14

energy ball milling, showing excellent magnetic properties, but
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the particles were micrometric, making their use for biomedical appli-
cations unfeasible. Our group recently reported the results on
NiFeMo nanoparticles with sizes of 20-40 nm produced by co-
precipitation in the presence of organic additives.® In addition to
being the first work in the literature that studies the cellular viability
of this magnetic alloy in the form of nanoparticles, within our knowl-
edge, we also present the results of these nanoparticles improvement
by the effect of annealing temperature. Therefore, this work aims to
contribute in two directions. The first is the issue of morphological
and structural improvement as a function of subsequent thermal
annealing, as well as the reflection of these changes in the magnetic
properties of NiFeMo nanoparticles. The second aspect presented is
about the cell viability of these nanoparticles in cells that can interact
in a possible biomedical application. Thus, it is expected that these
non-coated nanoparticles show potential for future applications in

hyperthermia magneto with reducing internalization.

2 | MATERIALS AND METHODS

21 | Synthesis

The nanoparticles were produced by the co-precipitation technique.
The following reagent grade components were used in 70 mL aqueous
solution: nickel chloride (NiCl,.6H,0) (80 mmol/L), iron chloride
(FeCl,.4H,0) (12 mmol/L), sodium molybdate (Na,Mo04.2H,0)
(1 mmol/L), sucrose (Ci5H25011) (29 mmol/L), L-ascorbic acid
(CeHgOg) (14 mmol/L), oleic acid (C4gH340,) (0.02 mmol/L) and
sodium borohydride (NaBH,) (10 mL). The synthesis was performed at
room temperature under vigorous magnetic stirring and with 10 mL of
NaBH, dripping. This process lasts for about 10 min and the solution
remains under agitation for another 15 min. Figure 1A represents the
experimental arrangement for nanoparticles synthesis. After complet-
ing the synthesis, the nanoparticles solution underwent a washing

process. To remove residues of organic and inorganic additives,

FIGURE 1 (A)schematic
representation of nanoparticles synthesis,
(B) illustration of particles microstructure
evolution during synthesis.

washings were carried out with double-distilled water repeated
3 times and then with ethyl alcohol for another 10 times. Washes
were performed by centrifugation at 7 krpm. After washing, the sam-
ples are placed in an oven at 60°C for 12 h. After drying, the samples
are placed in a quartz tube furnace under N5 flow (1 cm®/s) to avoid
sample oxidation. The thermal annealing temperatures were 400, 600,
800, and 1000°C. These temperatures have reached a rate of 10°C/

min and were held for 30 min at the indicated temperatures.

2.2 | Morphological, structural, and chemical
characterization

Morphological characterization of the nanoparticles as-synthesized
and heat treated was performed by TEM on a JEOL JEM 1200EX-II
operating at 120 kV. Samples stored in the cell culture medium were
analyzed in the TEM JEOL JEM 1400 Plus operating at 100 kV. For
sample preparation, nanoparticles in an isopropyl alcohol suspension
were dripped onto 200 mesh copper grids coated with formvar/
carbon film. Structural characterization was performed by Selected
Area Electron Diffraction (SAED) on the TEM JEOL JEM 1200EX-II.
For camera constant calibration, a gold standard sample was used.
Elementary chemical characterization was performed by Oxford EDS
coupled to SEM TESCAN VEGA3 LMU operating at 15 kV. For EDS
analysis, the samples were dispersed on a double-sided carbon tape
attached to the aluminum stub, without the deposition of any gold or

carbon film on the samples.

2.3 | Magnetic characterization

Magnetic properties of the nanoparticles were carried out in an EG&G
Princeton Applied Research Model 4500 vibrating sample magnetom-
eter (VSM) with a maximum magnetic field of 1.3T. Measurements

were carried out at a temperature of 298 K. Before measurementings,
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the VSM was calibrated with a standard palladium sample provided by

Quantum Design.

24 | Biological assays

241 | Materials

Neutral red dye and sodium bicarbonate were purchased from Sigma-
Aldrich (San Luis, EUA); formvar from Ted Pella INC (Redding, USA);
high glucose Dulbecco's Modified Eagle Medium (DMEM) with or
without phenol red, fetal bovine serum (FBS), penicillin, streptomycin,
and trypsin/EDTA from Gibco/Thermo Fisher Scientific (Waltham,
EUA); crystal violet dye and ethanol, from Merk (Darmstadt,
Germany); and all plastic material for cell culture from Sarstedt
(NUmbrecht, Germany). Ultrapure water (18.2 MQ cm, Millipore) was
used in the preparation of all solutions and all washing steps.

2.4.2 | Nanoparticles stability in a biological
environment

Nanoparticles suspensions were mixed with a complete cell culture
medium (DMEM without phenol red containing 10% FBS) or water,
resulting in a final concentration of 4 pg/mL. Mixtures were main-
tained for 3 days at simulated cell culture conditions (37°C, 5% CO, in
humidified atmosphere), and then photographed and observed under
a 10x objective of a light microscope to observe aggregates

formation.*®

243 | Cell culture and in vitro exposure

Murine fibroblasts Balb/3T3 clone A31 (ATCC, CCL-163), macro-
phages RAW 264.7 (BCRJ, 0212), and melanoma cells B16-F10
(BCRJ, 0046) were cultivated in high glucose DMEM, supplemented
with 10% FBS, 0.25 ug/mL of penicillin/streptomycin, and 1.57 g/L of
sodium bicarbonate. For macrophages, the FBS was heat-inactivated
at 56°C for 30 min before use. All cell lines were maintained in a
humidified incubator at 37°C and 5% CO,, and subcultured upon
reaching a maximum confluence of 80%. Cell lines identity was moni-
tored by their respective morphology, growth pattern, and pellet color
since melanoma cells produce melanin pigments. Cells for experiments
were used for no more than 5 passages.

Stock nanoparticle suspensions were kept in pure ethanol, there-
fore were considered sterile. The most concentrated dispersion of
each nanoparticle was prepared by diluting the stock in water to a
final concentration of 20 pg/mL of nanoparticles and 2.5% ethanol so
that after diluting 5 times in the cell culture media the ethanol con-
centration was 0.5%. From that, dispersions containing different
nanoparticles concentrations were prepared from serial dilutions (1:10
ratio'?) in 2.5% ethanol solution in water (to maintain the ethanol con-

centration constant), which was also used as vehicle control for all

Y sk WILEY-L_2

biological assays. The amount of dispersion added to the cell culture
medium accounted for 20% of the final volume, resulting in nanoparti-

cle concentrations ranging from 0.4 pg/mL to 4 pg/mL.

244 | Biocompatibility screening

Cells were seeded into 96-well plates at the following densities
(cells/cm?): 2.08 x 10* Balb/3T3, 1.56 x 10* RAW 264.7, and
5.21 x 10? B16-F10. Nanoparticles or vehicle control were added
after 24 h, and cells were cultivated in their presence for 72 h. Cell
viability was determined using the neutral red assay*®: cells were incu-
bated with 0.04 mg/mL neutral red solution for 2 h, retained dye into
cells was eluted using 50% ethanol and 1% glacial acetic acid in the
water, and absorbance was read at 540 nm wavelength. Cell density/
proliferation was evaluated by crystal violet staining'®: cells were
incubated with 0.25 mg/mL crystal violet solution for 20 min, the dye
was eluted using 33% glacial acetic acid in the water, and absorbance
was read at 570 nm. For all colorimetric assays, absorbances were
measured using an EpochTM Microplate Spectrophotometer (BioTek
Instruments). Before crystal violet dye elution, representative images
of each experimental group were obtained using an inverted light
microscope. For nanoparticle uptake estimation, the neutral red absor-
bance was normalized by the cell number (crystal violet absorbance)

of each sample.1%2021

245 | Statistics

At least 4 independent experiments were performed for biocompati-
bility screening. Either ROUT or Grubbs tests were applied to identify
outliers. A threshold of 30% reduction in any of the studied biocom-
patibility parameters compared to control was considered biologically

significant cytotoxicity.?2

3 | RESULTS

3.1 |
results

Morphological, structural, and chemical

Previous results from samples as synthesized®® reveal that nanoparti-
cles are nucleated with sizes between 3-7 nm. The organic additives
coat the nucleated nanoparticles and then form spherical clusters with
sizes between 20-40 nm, later these spherical clusters form approxi-
mately flat clusters with sizes from 0.8 to 2 um. This process takes
place during the dripping time of NaBH,4 in the solution with metal
salts and organic additives as shown schematically in Figure 1B.

TEM results reveal the spherical clusters evolution with thermal
annealing temperature. In Figure 2 it is possible to observe that at
400°C the particles that were nucleated grew by reducing the spacing
between them and thus did not change the spherical agglomerates

average size, that is, 30 nm. At 600°C, the nucleated nanoparticles

85U8017 SUOLILLOD BA 181D 3|cedtdde 8Ly Aq peuenob ale sejoie YO ‘8sn JO Sa|n 10} ARIq178UIUO AB] I/ UO (SUO1IPUOD-PUR-SWBI 0" A3 1WA Re1q) Ul UO//SdnL) SUORIPUOD pue swiie | 8y} 89S *[£202/20/62] U0 Ariq1TaulUO A8]IM ‘SO|D 0BS 8p [esepe- apepsieAllN - HVOS4N Ad 8v2SE q'Wal/z00T 0T/10p/Loo A 1M Aiq puljuoy/sdny Wwoly pspeojumoq ‘0 ‘T86v2SST



MUCHENSKI ET AL.

“ LwiL EY_Y

Range [11-46]nm |

Average Size = (28 £ 8) nm

Frequency (counts)

0 0 20 3 4 s 6 70 8 % 1
Particle Size (nm)

Range [9 - 41] nm

20 Average Size = (21£7) nm

Frequency (counts)

O 10 20 3 4 5 6 70 8 90 A

Particle Size (nm)
~

100 nm
Range [28 - 92] nm

2.
z
S Average Size = (6 + 2) x 10 nm
g
>
o
3
5
=
D s
I

o

T 2 % 4 S 6 70 s %0 10

Particle Size (nm)

Frequency (counts)

Frequency (counts)

(B)

Range [15 - 64] nm

Average Size = (28 £ 9) nm

© fo 20 30 40 s 6 70 8 80 1
Particle Size (nm)
\4 oo

Range [23 - 58] nm (D)

Average Size = (35+8) nm

10 20 30 40 5 60 70 80 90 1
Particle Size (nm)

100

60

404

Average Particle Size (nm)

20

o

T T T T T T
0 200 400 600 800 1000
Temperature (°C)

FIGURE 2 TEM results for NiFeMo nanoparticles (NP) centrifuged at 4-5 krpm. The scale bar is the same for figures (A) to (E) with a value of
100 nm. (A) NP as synthesized; (B) NP annealed at 400°C; (C) NP annealed at 600°C; (D) NP annealed at 800°C; (E) NP annealed at 1000°C;
(F) NPs average sizes evolution with the annealing temperature. The histograms of sizes distribution are as inserts in the respective figures of

(A) to (E).The curve is just a guide for the eyes.

cohesion into a single particle coated with a low electronic contrast
layer occurs, accompanied by a significant reduction in nanoparticles
average size, going to 20 nm. When the thermal annealing tempera-
ture was 800°C the particles grew and assume an oval shape with an
average size of 38 nm. At 1000°C the growth was quite noticeable
reaching the average size of 60 nm in wide size distribution. In addi-
tion, it was possible to observe plane faces in particles contours. This
thermal evolution is shown in Figure 2F. Structural aspects measured
by SAED report an amorphous structure for the sample as synthe-
sized. As the sample was annealed at 400°C some long-range order

appears to be established.

At 600°C the nanoparticles were more crystalline with better-
defined rings. At the annealing temperature of 800°C, the particles
grew, presented a well-defined crystalline structure, and intense
but discontinuous rings were formed. At 1000°C the particles were
even larger with the crystallinity also very well defined, to the
point that it was possible to register the long-range ordering with
the (100) plane register. These results confirm that NiFeMo alloy
has the same crystal structure as NizFe alloy, which is cubic with
a = 0.3545 nm and space group Pm3m (n°221) (PDF n° 88-1715),
but with a lattice parameter of 0.3620 nm indicating an expansion

of approximately 2%. Another aspect to be recorded is the
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FIGURE 3 SAED results of NiFeMo nanoparticles

(NP) centrifuged at 4-5 krpm. (A) NP as synthesized; (B) NP annealed
at 400°C; (C) at 600°C; (D) at 800°C; (E) at 1000°C (F) Diffractions
intensity profiles are shown in figures 3 (A) to (E). The profiles were
obtained through the Radial Profile plugin in the Image J software
version 1.52 p.

increase in nanoparticle agglomeration to 1000°C, which is possi-
ble to cause during thermal annealing. Figure 3 shows these
results. In the case of Figure 3F the diffraction rings intensity pro-
files were normalized at the maximum intensity of each profile and
shifted vertically for better visualization.

The elemental chemical analysis is shown in Table I. Other ele-
ments foreign to the synthesis were not detected, only Ni, Fe, Mo, C,
and O. As it was possible to observe, the O and C contents were
reduced with increasing annealing temperature. Another important
aspect is that when disregarding the C and O contents and renorma-
lizing the data only for Ni, Fe, and Mo and still calculating the average

value presented as a function of the annealing temperature, the

Y sk WILEY-L__®

following values were found: (78 + 2) Ni wt.%, (19 + 1) Fe wt% and
(3.3 £ 0.9) Mo wt%.
These results suggest a good stability of the metals that make up

the nanoparticles for different temperatures.

3.2 | Magnetic measurements

Characterization of the magnetic properties at room temperature was
performed for the nanoparticles as-synthesized and for the nanoparti-
cles that were subjected to different temperatures of thermal anneal-
ing. These results are shown in Figure 4. Subtle changes are
noticeable up to 600°C. Increasing the annealing temperature Ms
increases significantly and in nanoparticles thermally annealed at
1000°C, Ms value increases almost 6 times. The Mr also reaches its
lowest value when the thermal annealing temperature was 1000°C,
being reduced by 30%, concerning Mr for the nanoparticles as-syn-
thesized. Hc values also suffered great variations as seen in
Figure 4D. These measurements showed a maximum annealing tem-
perature of 800°C followed by a precipitous drop in temperature of
1000°C. The value of Hc in nanoparticles thermally annealed at
1000°C is small enough to envision far-reaching biomedical

applications.

3.3 | Characterization of cell viability
3.3.1 | Nanoparticles characterization and stability
in a biological environment

Two groups of nanoparticles were selected by the differential centri-
fugation technique for the biological assays. These groups were
selected through two sets of centrifuge speeds, 1-2 krpm, and 4-
5 rpm. These two groups of nanoparticles were placed in a cell culture
medium to verify if other interactions occurred that would increase
nanoparticles agglomeration in addition to that observed in the syn-
thesis. Transmission electron microscopy measurements (not shown)
revealed the agglomerates size distribution in these two centrifuge
speed ranges.

Centrifugation speed of 1-2 krpm precipitated agglomerates with
an average size of (1.3 + 0.3) um, and for the speed of 4-5 krpm the
average size was (0.14 + 0.06) um. Furthermore, no particle precipitates
were observed by light microscopy in cell culture medium (data not
shown). Therefore, it is evident that cell culture medium chemical com-
position, specially FBS presence, does not induce evident nanoparticles
aggregation, precipitation, or sedimentation when compared to those

incubated in water under the same environmental conditions.

3.3.2 | Nanoparticles biocompatibility in vitro

The nanoparticles developed in this study are intended to be applied

as antitumor therapeutic tools. Therefore, we investigated their
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TABLE | Results of EDS

Elements .
measurements for nanoparticles
Temperature (°C) C (wt.%) O (wt.%) Ni (wt.%) Fe (wt.%) Mo (wt.%) centrifuged between 4-5 krpm at
As-Synthesized 11.0 424 374 8.0 12 different annealing temperatures.
400 11.2 43.0 34.4 9.1 2.2
600 6.0 33.1 43.0 10.7 1.6
800 54 32.1 48.5 11.8 2.2
1000 4.8 30.9 51.3 11.3 1.7
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FIGURE 4 (A) Magnetic measurements of magnetization (M) versus applied external magnetic field (H), performed at 25°C for the

nanoparticles as-synthesized and thermally annealed at different temperatures; (B) Ms values for different annealing temperatures; (C) percentage
values of Mr relative to Ms values; (D) Hc values for samples annealed at different temperatures. The lines are just a guide for the eyes.

biocompatibility with not only a melanoma model but also with non-
tumorigenic cells, namely fibroblasts and macrophages, which are the

t2324 as well as

main representatives of the tumor microenvironmen
important components of normal tissues.?>2¢ Two biocompatibility
indicator assays were used: crystal violet staining for cell density/pro-
liferation, and neutral red uptake for cellular endomembrane viability.
For that, fibroblasts, macrophages, and melanoma cells were exposed
to eight nanoparticles concentrations (0.4 pg/mL to 4 pg/mL) or vehi-
cle control (0.5% ethanol, the limit recommendation since higher con-

17,22) for

centrations of organic solvent vehicles might be cytotoxic
72 h. A threshold of 30% reduction in any of the studied parameters

compared to the vehicle control (i.e., below the pink filled space in

Figure 5) was considered biologically significant cytotoxicity.?? Results
show that nanoparticles concentration of up to 0.4 pg/mL does not
significantly interfere with cell density or viability, regardless of cell
type or nanoparticles size. On the other hand, the higher concentra-
tion tested (4 pg/mL) reveals that Nps 1-2 krpm (1.3 pm) were more
cytotoxic to all cell lines, being able to reduce both cell density
(by 59% for fibroblasts, 61% for macrophages, and 36% for melanoma
cells) and viability (by 49% for fibroblasts, 33% for macrophages, and
56% for melanoma cells) to below the acceptable limit. Whilst, 4 pug/mL
of Nps 4-5 krpm (0.14 um) only reduced macrophages density and mel-
anoma cells viability, both by 32%, not surpassing the biocompatibility
threshold for the other cells/parameters (Figure 5A-a, b, d, e, g, h).
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FIGURE 5 Cells were cultivated in the presence of two sizes (Nps 1-2 krpm - 1.3 um, and Nps 4-5 krpm - 0.14 um) in eight nanoparticles
concentrations for each size (0.4, 4, 40 pg/mL; 0.4, 4, 40 ng/mL; 0.4, and 4 pug/mL) or the vehicle control (ethanol 0.5%) for 72 h. Cells were
colorimetrically assayed for cell density (by crystal violet dye staining) and cell viability (by neutral red dye uptake) determination. Results are
shown as mean + SD and represent at least four independent experiments performed in quadruplicate. All nanoparticle exposed groups were
normalized by the vehicle control (black dashed line, normalized as 1) of each respective experiment. The red dotted line and pink filled space
show the interval of 0%-30% reduction of each parameter. The IC50 (black dotted line) shows the reduction of each parameter by 50%. For
estimation of nanoparticle uptake, neutral red absorbance was normalized by each sample cell number.

Melanoma Macrophage Fibroblast

Nps 1-2Krpm

Nps 4-5Krpm

mL

4 ug/mL

0.4 pg/

s

>

FIGURE 6 Cells were cultivated in the presence of two nanoparticle concentrations or the vehicle control (ethanol 0.5%) for 72 h. Cells were
stained using crystal violet dye, and then representative images of each experimental group were obtained by phase contrast microscopy (scale

bar = 100 um).
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Interestingly, melanoma cells are less sensitive to Nps 1-2 krpm's
(at 4 pg/mL) reduction of cell density (Figures 5A-g, and 6) than the
non-tumorigenic cells, which slightly overcome the I1C5q at such
condition (Figures 5A-a, d, and 6). Figure 6 shows the light micros-
copy images of the three sets in the control condition and exposed
to nanoparticles with two different concentrations and two differ-

ent average sizes.

4 | DISCUSSION

The synthesis of nanoparticles composed of NiFeMo was per-
formed by the technique of chemical coprecipitation in the pres-
ence of organic additives. In Figure 1B the mechanism of
agglomerates formation is schematized. First, very small nanoparti-
cles (3-7 nm) coated with organic molecules were nucleated.
These small nanoparticles formed spherical aggregates (30-40 nm)
where it was possible to observe the nucleated particles inside
them spaced 1-2 nm apart. Subsequently, these spherical aggre-
gates assemble forming large agglomerated plates (0.5-2 um).
With each drop of NaBH,4 new particles were nucleated and the
formation process of spherical aggregates and large agglomerates
was in progress. Therefore, at the synthesis end, a wide size distri-
bution were present in the final solution.

In previous work!® the morphological diversity between precipi-
tates and supernatants was demonstrated. However, both samples
were structurally amorphous. From the point of view of magnetic
properties, the samples showed a low saturation field, a relative rema-
nence of 22%, and a sufficiently low coercive field for future applica-
tions. Because of these results, two actions were taken: to change the
composition and to promote the nanoparticles crystallization. After
cleaning, the nanoparticles were separating them into two groups of
different sizes, by differential centrifugation. Then the NPs of these
two groups were subjected to thermal annealing at different tempera-
tures. The results for particles centrifuged in the range of 4-5 krpm
are shown in Figure 2.

From the TEM results, it was possible to describe how the nano-
particles morphology evolution occurs with the increase in the anneal-
ing temperature. Whereas growth occurs by the nanoparticles
coalescence as described by Yacaman et al.?’ diffusion coefficient
values at each annealing temperature were calculated. From these
values, an Arrhenius plot (not shown) was made. The results provided
an activation energy E, = (0.60 + 0.04) eV/atom and a diffusion coef-
ficient prefactor D, = (5 * 3) x 1071 m?/s. Comparing the results
with the literature data, it is observed that the value of E, is compati-
ble with the activation energy of Ni in Fe (0.62 eV/atom)?® and the
value obtained for the diffusion coefficient is similar to that found for
Pt structures (3.3 x 107°> m?/s).2?

From a structural point of view, the as-synthesized samples are
amorphous with two broad and low-intensity rings with the maximum
close to where the rings positions of planes (111) and (220) would
correspond, according to the profiles intensity of SAED measure-

ments, shown in Figure 3F.

As the annealing temperature increases, the nanoparticles grow
and become more organized, increasing the long-range order. The
result of this fact is reflected in the electron diffraction pattern
obtained in the annealed nanoparticles at 1000°C. At the annealing
temperature of 1000°C the long-range crystallinity is established and
it was possible to observe the (100), (110), (111), (200), (220), (221) or
(300) planes, (311), (222), and (321). This crystallinity evolution with
the annealing temperature is in complete agreement with the mor-
phology thermal evolution shown in Figure 2. It is important to note
that no other crystalline phases were observed in the SAED
measurements.

The measurements referring to elemental chemical analysis by
the EDS technique for nanoparticles centrifuged in the range of 4-
5 krpm, show that no elements other than Ni, Fe, Mo, C, and O were
observed. This indicates that there are no salt chlorides and sodium
residues from the other reagents. It is also possible to observe that C
and O contents are reduced with the annealing temperature increase.
However, complete elimination of C and O in the samples were not
detected. This can be explained by the detection of C and O from
atmospheric contamination by hydrocarbons and water vapor present
in the atmosphere. This is supported by the fact that at temperatures
of 800 and 1000°C, morphologically, no oxide phases were detected,
which would certainly present a low contrast in the TEM images. At
these temperatures, any oxide phase would have crystallized, and by
the SAED technique, it was also not detected. At lower temperatures,
the presence of these phases is not ruled out, but in an amorphous
state. This contamination is superficial, but when it comes to the sur-
face of nanoparticles this effect can be very large due to their huge
surface area. From the results, we can also verify that the stoichiomet-
ric proportion of the alloy does not vary significantly with
temperature.

Regarding the magnetic properties, the samples showed a great
change as the NPs centrifuged between 4-5 krpm became crystalline.
The magnetic moment changes from 0.10 pg in the as-synthesized
sample to 0.67 pg for the annealed sample at 1000°C. This proves the
importance of the effective anisotropy constant due to the nanoparti-
cles crystallization, that is, the magnetic ordering increases the nano-
particles magnetic moment as predicted.® The remanence also shows
a relative reduction of 31% compared to as-deposited nanoparticles.
The coercive field measurements Hc show a high value at 800°C fol-
lowed by an abrupt drop at 1000°C, this behavior can be explained by
the transition from magnetic single domains to magnetic multiple
domains. According to the literature,'* the value of Hc depends
directly on the effective anisotropy constant and inversely on the sat-
uration magnetization. However, the effective anisotropy constant
grows with d®, where d is the mean particle diameter when the nano-
particle sizes harbor a single domain. This dependence is drastically
altered when the particles size increases and starts to house multiple
magnetic domains. In this situation, the effective anisotropy constant
varies with d~1. Therefore, what is observed in Figure 4D is the pas-
sage of nanoparticles with single domains to multiple domains. In
short, the increase in crystallinity and particle size increases saturation

magnetization, being an important aspect for hyperthermia magneto
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applications where external magnetic fields are applied relatively far
from nanoparticles. The increase in the size of these nanoparti-
cles with the temperature showed the fall of the coercive field,
due to 60 nm these nanoparticles change from magnetic mono-
domains to magnetic multi-domains. This facilitates the reversal
of magnetization when alternate magnetic fields are applied.
Finally, there is a decrease in remanence magnetization that
reduces the possibility of agglomeration of these nanoparticles in
the absence of an external magnetic field, enhancing future bio-
medical applications.

Regarding the biological assays, nanoparticles synthesized by
coprecipitation were produced without any type of coatings such as
Au, SiO,, or polymers with two different size distributions 1-2 krpm
(1.3 um) and 4-5 krpm (0.14 um). The interaction of nanoparticles
with proteins from biological environments can easily lead to the for-
mation of a protein corona around the nanoparticles surface, which
can directly affect their state of aggregation, interaction with cells and
tissues, cellular uptake, and consequently, their biological effects 3132
Therefore, to understand this effect on the nanoparticles stability, we
exposed them to a protein-rich cell culture medium and incubated
them under the complex environmental conditions of cell culture
(optimal temperature, humidity, pH, salt concentration, etc.) for
3 days, which represents the period of cellular exposure for biocom-
patibility assays. Results revealed that the culture microenvironment
especially in the presence of FBS does not affect NPs, which was con-
firmed by the absence of visible precipitate under light microscopy
(data not shown).

d?36738. however,

Nanoparticles cytotoxicity is widely studie
depending on nanoparticle material, size, shape, and coating, as well
as cell type, incubation periods, and concentration used results can be
variable. To the best of our knowledge, here we describe the first
results on NiFeMo alloy nanoparticles biocompatibility, and we were
able to show in vitro a diversity of effects depending on the concen-
tration and cell type.

We hypothesized that the distinct biological effects of NPs
1.3 um and NPs 0.14 um may be due to quantitative differences in
cellular uptake. Cells generally internalize nanoparticles through pro-
cesses of endocytosis, which consists of the vesicle formation on the
cell surface, followed by their internalization and acidification to
digest the incorporated material. 373> Here, we leverage the principle
behind the neutral red assay to indirectly estimate the cellular uptake
of nanoparticles. The dye is neutral at physiological pH, which allows
it to diffuse freely across cell membranes, but becomes protonated
and retained within acidic vesicles. Therefore, by dividing the absor-
bance of incorporated neutral red dye by the crystal violet stain absor-
bance (related to the number of cells), we compared the amount of
acidic intracellular vesicles generated by each cell due to the absorp-
tion of nanoparticles.?®2%2 Although not statistically significant,
exposure of fibroblasts and macrophages to the three highest concen-
trations of NPs 1-2 krpm shows a trend of increasing cellular uptake
in a concentration-dependent manner, where 4 pug/mL increases by
35% for both cell lines. (Figure 5C,F). Considering that the size of
nanoparticles is a key characteristic for their interaction with cells
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and, consequently, for their internalization,®%*° this effect may par-
tially explain why nanoparticles of this size are more effective in
reducing the density/proliferation of non-tumorigenic cells
(Figure 5A,D). Melanoma cells, on the other hand, show a less pro-
nounced reduction in cell density (Figure 5G), probably because they
internalized fewer nanoparticles (Figure 5I).

Taken together, these results show that NiFeMo nanoparticles of
both sizes are non-cytotoxic to non-tumorigenic cells up to 0.4 pg/
mL, while at higher concentrations 1-2 krpm Nps (1.3 um) affects
cells density and viability. It is hoped that such knowledge can guide
future studies toward a biological application.

5 | CONCLUSION

In summary nanoparticles (NPs) were synthesized by co-precipitation
in the presence of organic additives. From these NPs two studies
were carried out. The first evaluated the morphology evolution, crys-
tal structure, chemical composition, and magnetic properties mea-
sured at room temperature. The second study investigated the cell
viability of fibroblasts, macrophages, and melanoma exposed to as-
synthesized NiFeMo NPs incubated for 72 h. The results showed that
the NPs increased by about 114% accompanied by a well-
consolidated crystal structure at 1000°C of the cubic type with
a = 0.362 nm and space group Pm3m (n°221). Chemically, the C and
O contents reduction was observed with increasing annealing temper-
ature. The magnetic properties also underwent major changes such as
a 578% increase in saturation magnetization and a 29% reduction. For
cell viability assays, it was shown that at concentrations up to 0.4 pg/
mL, NiFeMo NPs are not cytotoxic to non-tumorigenic cells (Balb/3T3
fibroblasts and RAW 264.7 macrophages) or tumor cells (B16-F10
melanoma). Increased uptake of NPs was also observed with increas-
ing concentration for non-tumorigenic cells. These results may con-
tribute one more option of magnetic nanoparticles for future

biomedical applications.
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