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ARTICLE INFO ABSTRACT

Keywords: In this study, NiFe304 nanoparticles (NPs) were prepared using the polymeric precursor method and calcined at

NiFe204. 500°C for 4 h with (S- NiFep04) and without (NiFe204) CTAB as a surfactant, respectively. The magnetic and

1;01¥merlc precursor method biological properties were evaluated based on the (micro)structure and electronic structure of the NPs. On
urfactant

sample S-NiFe;Oy4, the significant increase in magnetization saturation (M; ~ 61.84 emu/g), magnetic rema-
nence (M, ~ 4.30 emu/g), and coercivity (H, ~ 0.475 kOe) in comparison to sample NiFe;O4 (M ~ 24.81 emu/g,
M, ~ 1.00 emu/g, and H. ~ 0.475 kOe) at room temperature (300 K) may be associated with the presence of
oxygen vacancies the spinel lattice of NiFepO4, generating magnetic moments. The concentration of 1 pg/mL
S-NiFe304 decreased in ~50% angiogenesis in the chorioallantoic membrane (CAM). S-NiFe3O4 NPs showed
high blood vessel affinity and anti-angiogenic activity; hence, effectively concentrating on tumoral vessels, which
may enhance drug effectivity and enable simultaneous treatments, image diagnosis of solid tumors, etc. Thus, our
results suggest that CTAB addition is an effective way to tune its magnetic response due to its excellent

Anti-angiogenic

biocompatibility, high bulk saturation magnetization, and low magnetic anisotropy.

1. Introduction

In the last decades, researchers have turned their attention to the
iron-based magnetic complex oxides due to their wide range of elec-
tromagnetic properties, which enable practical applications in biomed-
icine [1,2]. As nanomaterials arise as a solution in the biomedical field
for drug delivery [3,4], hyperthermia [5-7], tissue repair [8], and cell
separation/purification [9,10] the production of engineered nano-
particles (1-100 nm) has increased exponentially in the last few years. In
this scenario, it becomes critical to develop a deep understanding of the
potential risks associated with the nanoparticles’ interactions in the
human body (e.g., biocompatibility, toxicity, etc.) [11].

Nickel ferrite (NiFeoO4) exhibits a strong magnetic response due to
its intrinsically high magneto-anisotropy ascribed to its spinel structure,
making it suitable for various applications, especially in biomedicine
[12,13]. Its structure is formed by tetrahedrally coordinated Fe3* jons
(A sites), whereas Ni>™ and Fe®" ions share the octahedral (B) sites.
Hence, nickel ferrite may be represented as (Fe>")[Ni%*Fe3*150%4 [14,
15]. Its net magnetization originates exclusively from Ni* spin mo-
ments in Ni(Fe)Og clusters, while the antiparallel Fe?* spin moments in
Ni(Fe)O4 and FeOg clusters cancel one another [16], generating ferri-
magnetic’s response, which is significantly influenced by the NPs’
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(micro)structure and composition [17]. Thus, it is necessary to use a
well-controlled preparation route to synthesize the NPs [18,19]. The
magnetic properties of ferrites are also strongly affected by the dopant
(type, size, etc.) and method of synthesis. Several researchers have
addressed rare-earth doping due to their large size, which enhances the
magneto-anisotropy associated with the ferrite spinel crystal as a result
of the 3d-4f spin coupling [14,20-22]. On the other hand, different
preparation methods have been employed to obtain nickel ferrite NPs
[23], including the sol-gel method [16,24,25], hydrothermal [26-28],
microwave-assisted methods [29,30], combustion method [15,31], and
polymeric precursor method (PPM) [32,33]. PPM stands out compared
to conventional solid-state reaction method for enabling the synthesis of
high-crystallinity NPs through a well-controlled thermal treatment, at
lower processing temperatures, with better stoichiometry control, ho-
mogeneity, and purity [34-37]. Surfactants (e.g., Cetyl trimethyl
ammonium bromide - CTAB, [(C;¢H33)N(CH3)3]Br) affect particle shape
and size. Dinkar et al. [28] used CTAB to improve control over the shape
and size of NiFe3O4 NPs. The use of a surfactant may also help decrease
NP agglomeration, which is common in magnetic materials [21]. Apart
from controlling the size, CTAB also plays a key role in decreasing sur-
face tension in the solution, which reduces the energy required for
crystallization [38]. CTAB also proved effective as an antiseptic agent
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against bacteria and fungi, having been widely used to synthesize gold
NPs (e.g., spheres, rods, bipyramids, etc.), mesoporous silica NPs (e.g.,
MCM-41), and hair conditioning products [39,40]. Liver cancer or he-
patocellular carcinoma (HCC) is responsible for countless deaths
worldwide, second only to heart and infectious diseases. Hence, nano-
particles’ (NPs) (e.g., nickel ferrite — NiFe;O4) are receiving more
attention from researchers for enhancing radio/chemotherapy effec-
tiveness as well as in hyperthermia due to its anti-angiogenic activity
associated with its noninvasive nature and cell-selective mechanism.
Based on the strong magnetic response of nickel ferrite and the possi-
bility to further improve its magnetic properties using CTAB as a sur-
factant for synthesizing S-NiFe;O4 NPs using the polymeric precursor
method, in this work we evaluate its biological response envisioning
future bimedical applications. The use of magnetic NPs appear very
beneficial due to remarkable heating effects (hyperthermia), enabling
tumor specific cell-targeting and controlled-release drug delivery
mechanisms. The possibility to replace/enhance the effect of traditional
drugs used in chemo-/radiotherapy is exciting since it considerably re-
duces the side effects associated with cancer treatment. Hence, under-
standing the biological response of NiFe;04 NPs and its toxicity becomes
critical. Tumoral expansion and metastasis depends on angiogenesis, or
blood vessel formation. Hence, the development of new method-
s/materials capable of blocking neovascularization around solid tumors
contributes significantly to the effectiveness of antitumor therapy, as
suggested by Folkman et al. [41] since 1980. The NiFe;O4 NPs showed
high affinity with the tumor tissue.

In this study, spinel NiFe;O4 NPs were synthesized via the polymeric
precursor method in two different solutions: (1) without surfactant -
NiFe;O4 and; (2) with surfactant (CTAB) - S-NiFe;O4. The (micro)
structure and magnetic response of the NPs were correlated for evalu-
ating the effect of CTAB on the magnetic response of NiFe;O4 NPs. Our
results suggest the possibility to tune the magnetic response of NiFesO4
NPs by using CTAB, making S-NiFe304 NPs a promising substitute to
iron oxides (Fe304 or y-Fe,O3) with excellent biocompatibility (no
cytotoxic effect), high bulk saturation magnetization, and low magnetic
anisotropy. To the best of our knowledge, there are no reports on the
anti-angiogenesis properties of spinel NiFe;O4 NPs.

2. Experimental procedure
2.1. Synthesis

Nickel Ferrite (NiFeyO4) was synthesized using the polymeric pre-
cursor method [47,48]. First, precursor solutions of Fe®* and Ni%* were
prepared separately by adding ammonium iron (III) citrate (CeH11FeNO~:
98.1%; Mallinckrodt) and nickel nitrate hexahydrate (Ni(NOs)2.6H20:
97.0%; Alfa Aesar) to ethylene glycol (CoHgO2: 99.7%; Synth) and
concentrate citric acid monohydrate (C¢HgO7.H20: 99.5%, Merck) at a
molar ratio of 1:4:16 (metal: citric acid: ethylene glycol) under constant
heating and stirring. The Fe®>* and Ni?* solutions were combined and
constantly stirred for 2 h at 90°C for homogenization. Then, the tem-
perature was increased to 130-140°C to obtain a high-viscosity poly-
ester resin. The yield resin was separated into two aliquots. To the first
part, CTAB ((C14H33)N(CHg3)3]Br, 98.0%, Nuclear) — concentration ~ 5
pg/mL - was added as surfactant. Part of the polymer resin without
surfactant was combusted at 300 °C for 2 h for evaluating its decom-
position and crystallization characteristics/temperatures. Finally, two
samples in the form of powders were obtained calcining the polyester
resins without (NiFe;O4) and with surfactant (S-NiFe;O4) under air at-
mosphere in a furnace at 500 °C for 4 h at a heating rate of 10°C/min, as
determined by thermogravimetric analysis (TG-DTG) (Fig. S1).
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3. Characterizations
3.1. (Micro)structural characterization

X-ray Powder diffraction XRPD was performed on the samples on a
Rigaku diffractometer (model D/Max-2400) using the Cu-K, radiation (A
~1.54 ;\) in the range 20° < 20 < 80° (step size ~ 0.02°). Phase iden-
tification was carried out based on the Inorganic Crystal Structure
Database (ICSD), and the crystal structure of the powders was refined
using the Rietveld method [42] on Topas V.5 in its academic version
[43]. All the lattice parameters were refined using a 3rd order Che-
bychev polynomial, and the statistical parameters associated with the
crystalline structure (Rpragg, Rwp, Rexp and ;(2) were estimated. Fourier
transform - Infrared spectra were collected on a Bruker spectropho-
tometer (model EQUINOX/55) over the range of 500-4000 em! (step
~ 1.9 em™) to detect possible contaminants from the precursor re-
agents. Raman spectroscopy was performed on a Bruker spectrometer
(model RFS-100/S) using a 1064 nm Yttrium Aluminum Garnet (YAG)
laser as the excitation source (150 mW), from 100 to 800 cm ™! (step ~
1.9 ecm™H coupled to a CCD detector. Powder microstructure was
investigated using a field emission gun coupled scanning electron mi-
croscopy (FEG-SEM) on a Supra (model 35-VP, Carl Zeiss, Germany)
operating at 5.00 kV. The average particle size was measured using the
freeware NIH ImageJ [44,45]. Transmission electron microscopy (TEM)
and energy dispersive spectroscopy (EDS) analysis were carried out on
an FEI microscope (model Tecnai G2 F20, USA) operating at 200 kV and
15 kV, respectively.

3.2. Optical response

Ultraviolet-visible (UV-vis) spectroscopy was performed on a Varian
spectrophotometer (model Cary 5G, USA) in diffuse reflectance mode.
The optical bandgap energy (Egq,) was graphically determined based on
the Kubelka-Munk equation (Eq. (1)):

ahv=C\ (R (hvV — Egq)") €h)

where «a is the linear absorption coefficient, h Planck’s constant (h =
41357 x 10" evs™), v the frequency of the light, C; is a constant, and
R, is the reflectance for an infinitely thick sample. Note that n can as-
sume specific values depending on the electronic transition (n = 1/2, 3/
2, 2 or 3 for direct allowed, indirect forbidden, direct forbidden, and
indirect forbidden, respectively) [46]. The best linear fit obtained for the
(othv)2 vs. Energy (hv) plots (Tauc plots) were used to estimate the op-
tical bandgap energy of the samples.

3.3. Magnetic response

The magnetic measurements were carried out in the Vibrating
Sample Magnetometer (VSM) (model Quantum Design PPMS DynaCool)
at four different temperatures for each sample (5, 200, 300, and 390 K)
exposed to a dc magnetic field up to +30 kOe. Zero-field cooled (ZFC)
plots were obtained cooling the samples without applying a magnetic
field. Analogously, to obtain the field cooled (FC) plots the samples were
cooled from room temperature to temperatures close to zero while a
0.005 T magnetic field was applied. The magnetization was measured as
a function of temperature.

3.4. Biological response

The S-NiFe,04 sample was tested against the anti-angiogenic activ-
ity in a chicken embryo chorioallantoic membrane (CAM) in the bio-
logical medium and NaCl solution (0.9%). Silanization is a two-stage
process. First, an ethanol solution of the organosilane is added to an
acidic medium, acting as a catalyst. Then, a combination of hydrolysis
and condensation reactions form a silane polymer. In the hydrolysis
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Fig. 1. XRPD patterns and Rietveld refinement for samples (a) NiFe;O4 and (b)
S-NiFe,;04 obtained at room temperature. The inset (c) shows NiFe;O4 (311)
peak displacement/broadening.

reaction, alkoxide groups (O-CHs) are replaced by the hydroxyl group,
OH, to form the silanol group (H3Si—-OH), which condenses with other
silanol groups to produce siloxane (Si-O-Si) bonds. Methanol and water
are produced as by-products of condensation. Polymer-nanoparticle
association occurs in the second stage through covalent bonding due
to the presence of OH groups. Polymer adsorption on the surface of NPs
occurs through dehydration. 2-hydroxyethyl methacrylate monomer
(HEMA, Aldrich) was used as received. The concentration of ammonium
persulfate (PSA, ~0,05%) and tetramethyl ethylenediamine (TEMED,
~0,015%) were based on the total number of moles of HEMA monomer.
TEMED reduces PSA half-life by accelerating the formation of free
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radicals and, hence, the HEMA polymerization reaction. Methyl-ethyl-
ketone (MEK) and cyclohexane (CH) were used as a solvent and a
non-solvent, respectively. Gelatin (1 wt%) and NaCl (2 wt%) were used
as suspending agents to promote the “salting out” effect. To obtain the
aqueous phase (AP), an S-NiFe,04 suspension was dissolved in a sodium
chloride solution (NaClq)) at 4°C, mechanically stirred (~800 rpm).
Analogously, to obtain the organic phase (OP), PSA was dissolved in
HEMA at room temperature. The OP was pre-polymerized at 50 °C for
30 min under mild magnetic stirring and, then added to the diluent
mixture, MEK/CH, and homogenized. The organic phase was added to
the aqueous phase at a 5: 1 ratio (v: v) under constant stirring for 20 min.
Then, the mixture was heated to 30°C for 24 h and constantly stirred at
800 rpm. To assess the anti-angiogenic activity of the samples, Gallus
domesticus (Ross lineage) embryonic eggs were incubated at 37°C and
60% relative humidity horizontally on an automatic digital incubator
(Premium Ecological®). On the third day of embryonic development, a
2.0 cm circular incision was made in the eggshell air chamber. Non-
embryonic eggs were discarded. The inner eggshell membrane was
removed, exposing the chick embryo chorioallantoic membrane (CAM).
Then, the eggs were sealed with transparent adhesive tape. The eggs
were placed on a vertical styrofoam support inside the incubator, where
they remained for two more days, until the fifth day of embryonic
development. The dose-response curve was obtained inoculating 20 pL
of a suspension containing S-NiFe;O4 nanoparticles (NPs) in standard
cellulose discs previously placed on the CAM. Inoculations were per-
formed on the fifth and sixth days of embryonic development. The
experiment was divided into four experimental groups, varying NPs
concentrations: (1) Sterile physiological saline (0.9% w/V) — negative
control; (2) NPs (1.00 pg/mL); (3) NPs (10.0 pg/mL; and (4) NPs (20.0
pg/mL). On the seventh day of embryonic development, 48 h after the
first NP suspension inoculation, the CAMs were extracted with a 3.7%
formaldehyde solution for 10 min. The results were subjected to analysis
of variance (ANOVA) followed by post-test Bonferroni or Newman-Keuls
for multiple comparisons. The statistical analyzes were performed using
the Graphpad Prism 5.0 software to Windows (Graphpad Software Inc.,
California, USA). The data were expressed as average =+ standard devi-
ation (SD), and the level of significance established was p < 0.05. A
digital camera (Leica Application Suite V 3.3.0, Germany) coupled to a
stereomicroscope (Leica, model DM4000B, Germany) was used to re-
cord the images. The freeware NIH Image J was used to analyze the
blood vessels in the images. The saline solution [NaCl 0.9% w/V
(negative control)] results were fixed as 100% for calculating blood
vessels’ reduction (in %). The anti-angiogenic activity was evaluated in
the S-NiFe;O4 NPs, which exhibited lower agglomeration and smaller
NPs (particle size ~ 28.64 + 6.51 nm) in comparison to the NiFe,O4
sample.

4. Results and discussion
4.1. (Micro)structural characterization

Fig. 1(a and b) displays the XRPD patterns for the samples synthe-
sized without (NiFe»04) and with surfactant (S-NiFey0y4) treated using
the Rietveld method. In both samples, all diffraction peaks are associ-
ated with the NiFe,O4 phase (ICSD #28108) with a spinel structure and
Fd-3mS space group [47]. No secondary phase peaks were identified.
The geometric and Rietveld parameters obtained for the samples are

Table 1
Rietveld Refinement data of NiFe,O,4 powders crystallized in a conventional furnace in static air at 500 °C for 4 h in static air in the presence and absence of CTAB as a
surfactant.
Sample Geometric parameters Rietveld parameters
Strain Crystallite size (nm) a=b=c(A) V (A% phase % RBragg Rexp Rup R, X2
NiFe,04 0.026 24.7 8.34 580.2 100.0 7.658 6.54 7.88 5.63 1.21
S-NiFe;04 0.269 14.5 8.35 581.4 100.0 10.35 5.96 7.19 5.45 1.21
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Fig. 2. (a) FT-IR and (b) Raman spectra for samples NiFe;O, and S-NiFe;04
obtained at room temperature.

shown in Table 1. The Rietveld parameters (Rexp, Rwp, Rp, and )(2) indi-
cate a coherent fitting of the XRD data [48-50]. Sepelak et al. [51]
associated the intensity ratio of peaks (220) to (222) with Ni/Fe site
inversion in spinel structures. An inverse spinel structure is character-
ized by Fe3* occupying the tetrahedral A site and Ni®* ions occupying
the octahedral B sites. Thus, peaks (220) and (222) represent sites A and
B contributions alone, whose structure factor is defined by Egs. (2) and

(3):

|Faso|* = 2(fi + 4focos *4mu)’ )

|Fyoal* = 8(fs + 2fosin 34n'u)2 3)

where fy, fp, and fo are the atomic structure factors of sites A, B, and
oxygen, respectively, and u indicates the lattice’s oxygen positions.
While Ni/Fe site inversion does not affect peaks (220) and (222) relative
intensity, oxygen coordinate changes (u) have a significant effect on it.
The XRD results show that on S-NiFe;O4 NPs, the disorder is induced by
site inversion generating a strained, contracted lattice compared to the
NiFe,O4 NPs. The percentage of iron ions in site B increases with grain
size reduction. Rietveld analysis shows minor changes related to Ni/Fe
site inversion. However, the intensity of peaks (220) and (222) decreases
significantly, which can be associated with oxygen coordinate changes
[52,53].
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Table 2

Structural data of NiFe,O4 powders crystallized in a conventional furnace in
static air at 500 °C for 4 h in static air in the presence and absence of CTAB as a
surfactant.

Motion description Observed wavenumber

(em™)
FTIR Fe-O stretching in FeOg octahedra 413
530
Ni/Fe—O stretching in Ni(Fe)O4 610
tetrahedra
co* 860
C—O stretching vibrations 1065
CO—H vibrations 1380
1440
OH bending vibrations of H,O 1630
OH stretching vibrations of H,O 3435
Mode Motion description Observed wavenumber
(em™)
Raman Fag(1) Ni/Fe—O translation in Ni(Fe)O4 151
tetrahedra
Fag(2) Fe—O asymmetric stretching in FeOg 224
octahedra
Eg Ni/Fe—O symmetric bending in Ni 390
(Fe)O,4 tetrahedra
Foe(3) Fe—O bending in FeOg octahedra 551
Agg Ni/Fe—O symmetric stretching inNi 691

(Fe)O,4 tetrahedra

Additionally, sample S-NiFe;04 (d31; = 14.5 nm) presented smaller
crystallites compared to NiFe;04 (d311 = 24.7 nm). This effect suggests
the formation of a reverse spinel structure, in which crystallite size
reduction occurs as a result of nickel ions moving from site B to site A,
while an equal amount of iron ions move from site A to B, which be-
comes more significant as particle size decreases [53]. Hence, crystallite
size reduction may be associated with higher structural strain in the
nanoparticles synthesized with the presence of a surfactant (CTAB),
observed in the form of a slight peak shift/broadening. Fig. 1 (c) shows
that the peak related to the plane (311) shifts towards smaller Bragg
angles, indicating the occurrence of uniform strain in the S-NiFe;O4
lattice in comparison to NiFe,O4 NPs. Additionally, peak (311) also
becomes broader, suggesting non-uniform lattice strain, causing lattice
contraction.

Fig. 2(a) displays the FT-IR spectra obtained for the NiFe,O4 and
S-NiFey04 samples. Two main absorption bands below 1000 em ! are
common to all spinel ferrite structures. The band at ~413 cm ™! may be
ascribed to the stretching vibration of Fe3* — 0%~ bonds in the Ni(Fe)Og
octahedra. 610-530 cm™! band is related to the intrinsic vibrational
stretching mode of Fe> — 0%~ bonds in the Ni(Fe)Og octahedra [29,54].
The difference in absorption frequency for octahedral and tetrahedral
clusters in the NiFe;O4 crystals results from bond length differences for
the Fe>* — 0%~ bonds in octahedral and tetrahedral sites [54]. The in-
tensities of the absorption bands are found to increase for sample
S-NiFe;04 compared to NiFe;O4, suggesting that the use of CTAB in-
creases ferrite’s structural order. Vibrational bands at 1065/860 cm ™
and 1380/1440 cm ™! may be associated with carbonates (CO>7) and
CO-H bending vibrations in the carbon chains, respectively [55].
Finally, absorption bands at 1630 and 3435 cm ™" are related to bending
and stretching vibration of OH bonds of free/absorbed water molecules
[27]. At 1440, 1065, and 860 cm ™!, the bands practically disappear in
the S-NiFe;04 sample, indicating the formation of pure spinel structure
NiFep0O4 without CTAB contaminants. Table 2 summarizes each bands’
absorption frequency and vibrational mode associated. Fig. 2 (b) shows
the Raman spectra collected at room temperature for samples NiFesO4
and S-NiFe304. According to the group theory, there are 16 vibrational
groups possible for NiFesO4: A1g, Eg, F1g, 3 Fag, 2 Aoy, 2 Ey, 4 F1y, 2 Fay,
of which five (Ajg + Eg + 3 Tag) are Raman active [50,56,57]. All
NiFe;0O4 vibrational modes show a shoulder-like feature at the lower
wavenumber, indicating a doublet-like feature [57]. The broad modes
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Fig. 3. (a) NiFe,04 and (b) S-NiFe,04 FE-SEM; (c) NiFe;O4 and (b) S-NiFe,O4 HRTEM. (the red lines show the NPs measured in imageJ for determining the average
particle size); and (e) NiFe,O4 and (f) S-NiFe,O4 SAED micrograph images for the samples calcined in a conventional furnace under a static air atmosphere at 500 °C
for 4 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

suggest low short-range order. At 224 and 551 cm ™!, modes F2g(2) and
F2¢(3) are associated with Fe-O asymmetric stretching and bending in
the Ni(Fe)Og octahedra, respectively. Vibrational modes Fa4(1), Eg, and
Ag (at 151, 390, and 691 em™ ) may be ascribed to translation, sym-
metric bending, and symmetric stretching of Ni/Fe—O bonds in FeO4
tetrahedra [50,58]. On S-NiFe;O4 samples, the peak-shift towards
higher wavenumbers for all vibrational modes indicates lattice expan-
sion, corroborating the Rietveld analysis. Table 2 summarizes each
modes’ wavenumber and vibrational motion associated.

Fig. 3(a and b) displays micrograph images of both samples. On
sample S-NiFe,04, the surfactant causes the dispersion of the agglom-
erated particles, which may strongly affect its magnetic response. Higher
dispersion decreases the anisotropy characteristic of nickel ferrite sys-
tems, favoring the physical properties’ homogeneity in different di-
rections. In the sample crystallized in the presence of CTAB, the higher
dispersion of the NPs may favor the effect of an external magnetic field,
improving the system’s magnetic response. The micrograph image of
sample NiFe;O4 (Fig. 3a) shows highly agglomerated NPs (average

particle size ~ 36.75 nm). Particles with nanometric dimensions tend to
agglomerate due to lower surface energy associated with this spatial
configuration and as a result of the van der Waals forces caused by the
nucleation process at higher OH- concentration with no separation of
particles. CTAB plays a key role in particle nucleation and growth ki-
netics by reducing the surface tension in the solution during the syn-
thesis of nickel ferrite. Hence, the system needs a smaller amount of
energy to crystallize, reducing the particle size. Fig. 3(c and d) displays
TEM micrograph images for a clearer view of the size, morphology, and
crystallinity of the prepared NPs at high resolution. The micrograph
images show highly agglomerated NPs of irregular morphologies, which
drastically change with CTAB addition. Agglomeration may be ascribed
both to the particles’ magnetic nature and to the surface energy mini-
mization effects associated with NPs. The particles have some size dis-
tribution as judged by the individual particles (see red arrows in Fig. 3c
and d), suggesting that the particle size is smaller than 50 nm.

Besides morphology changes, the addition of CTAB to the PPM so-
lution leads to the formation of slightly smaller NPs - NiFepO4 (particle
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Fig. 4. Tauc plots for samples (a) NiFe,O, and (b) S-NiFe,O,, calcined in a
conventional furnace under a static air atmosphere at 500 °C for 4 h.

size ~ 36.75 + 10.76 nm) and S-NiFe,O4 (particle size ~ 28.64 + 6.51
nm). Smaller S-NiFe;04 NPs appear less agglomerated in the powder,
corroborating to FE-SEM analysis (Fig. 3a and b), which may be an effect
associated with CTAB. Furthermore, one can observe better-defined
particle contours on sample S-NiFe;Oy, indicating that the surfactant
significantly affects particle morphology and crystallinity in the nickel
ferrite systems. Hence, it may be possible to develop synthetic routes for
morphological control. SAED images (Fig. 3e and f) indicate highly
crystalline samples with well-defined lattice fringes. The position/in-
tensity of the lines in the SAED pattern suggests polycrystalline nano-
particles’ samples, confirming a high purity single-phase NiFe,O4 spinel
structure, corroborating the Rietveld analysis. The spacing between
neighboring lattice fringes was measured and linking to the corre-
sponding plane using ICSD card number 86-2267.

4.2. Optical response

Fig. 4(a and b) presents the ultraviolet-visible (UV-Vis) spectra
collected at room temperature in diffuse reflectance mode for the
NiFep0O4 nanoparticles. The Kubelka-Munk mathematical model (Eq.
(1)) was applied to obtain the («hv)? vs. Energy curves. Both samples
behaved as expected for the nickel ferrite system with a spinel structure,
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NiFesO4 (Eggp ~ 2.77 €V), and S-NiFe;04 (Eggp ~ 2.93 V) [59]. For a
perfect crystal of NiFeyO4, it was expected to observe a well-defined
absorption curve and, thus, an E; value of ~2.7 eV; however, the den-
sity of defects present in the NPs promotes a reduction in Eg. The
S-NiFe;04 showed the highest bandgap energy. This value is justified by
the higher structural strain in the NPs synthesized with the presence of a
surfactant (CTAB), which can be observed in the form of slight peak
shift/broadening. Therefore, the crystallization of NiFe;O4 based ma-
terials with CTAB changed the average size of nanocrystals. The sur-
factant’s chemical nature (polarity, dielectric properties, solubility)
interacts differently with the dissolved ions, influencing crystals’ crys-
tallization, and growth processes. Therefore, these tails indicate that
there are electronic levels located within the prohibited band, which are
associated with defects such as distortions and vacancies that cause a
structural lattice disorder, as previously observed in XRPD measure-
ments. Such energy gap value is associated with electronic transitions
between oxygen 2p with d orbitals of Ni and Fe elements. The different
energy levels are governed by the orbital overlapping of d and p orbital
projected in NiFeyO4-based material near the Fermi level, generating
electron transitions from the valence to the conduction band. Hence,
both NiFe;04 samples showed medium-range disorder behavior.

4.3. Magnetic response

Fig. 5(a) shows room temperature (300 K) hysteresis loops for sam-
ples NiFe;O4 and S-NiFe;04. NiFe;04 NPs displayed lower magnetiza-
tion saturation (M) in comparison to S-NiFe204, 24.81, and 61.84 emu/
g, respectively. Additionally, sample S-NiFeyO4 presents higher
magnetization remanence (M, ~ 4.30 emu/g) and coercivity (H, ~
0.475 kOe) (see the inset in Fig. 5a) in accordance with the released
literature [60]. This behavior may be associated with oxygen vacancies
in spinel structured NiFe;Oy4, leading to the formation of magnetic mo-
ments. Therefore, the different magnetic responses may be associated
with spin moments from [Ni/FeOg] octahedral and [FeOy4] tetrahedral
clusters in the disordered NiFepOy4 lattice, which significantly affect the
exchange coupling and magnetic properties of the as-prepared NPs.

The Rietveld analysis suggests a reverse spinel structure is formed in
the S-NiFepO4 samples, which may explain smaller crystallites
compared to NiFe;O4 samples. For NPs with a spin-glass-like surface
layer and ferrimagnetically lined-up core spins become smaller, the
surface layer spins’ disorder generates a higher associated M. The spin-
glass (SG) effect is more prominent in the S-NiFe;O4 NPs due to the
strain generated by site inversion compared to NiFe,O4 NPs. The SG
effect in oxides is generally associated with oxygen vacancies and pro-
duces broken bonds [61]. These free-radicals induce spin disorder,
generating randomness in exchange interactions. Oxygen vacancies
promote cationic redistribution within the lattice. Additionally, the
CTAB restores the electron state density and crystalline field on the
surface of nanocrystals for those atoms near the surface layer, affecting
spin moments of [Ni/FeOg] octahedral and [FeOy4] tetrahedral clusters
in the disordered NiFe,O4 lattice [62]. Therefore, our results suggest
that oxygen vacancies generated by CTAB addition may be the main
reason for the SG effect, influencing the NPs’ magnetic response and,
hence, surface adhesion.

A multidomain magnetic structure may arise on sample NiFe;O4 due
to significant particle agglomeration, which leads to a mean particle size
larger than the single critical domain. It may also be argued that the
increase in M;, M,, and H, may be due to changes associated with the
materials’ domain structure (e.g., critical diameter, crystal anisotropy,
etc.), which may result from particle size decrease [14,49,63,64], as
indicated in the microstructural analysis. On sample NiFe;04, a weaker
magnetic response may be ascribed to its higher degree of agglomera-
tion, increasing average particle size distribution (36.75 + 10.76 nm)
and generating larger domains, which play a key role in a multidomain
magnetic structure such as nickel ferrite. It is well established that the
presence of oxygen vacancies in spinel structure NiFe;O4 can generate
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Table 3

Magnetic parameters of NiFe,O4 powders crystallized in a conventional furnace
in static air at 500 °C for 4 h in static air in the presence and absence of CTAB as a
surfactant.

Sample Temperature (K) H, (kOe) M; (emu/g) M; (emu/g)
NiFe,04 5 4.150 10.54 29.03

200 0.768 2.17 27.11

300 0.318 1.00 24.81

390 0.130 0.40 22.26
S-NiFe;04 5 2.815 21.06 68.93

200 1.065 8.68 66.10

300 0.475 4.30 61.84

390 0.140 1.58 56.83

magnetic moments. Hence, the difference in the magnetic moment of the
[FeOgl, [NiOgl, and [FeO4] clusters in the NiFe;O4 and S-NiFey04
samples may be a result of CTAB addition, enhancing the exchange
coupling and magnetic response in the as-prepared samples.

In Fig. 5(b and c), the hysteresis loops in a dc magnetic field up to +3
kOe obtained at different temperatures for each sample (5, 200, 300, and
390 K) revealed a soft ferrimagnetic response. At 5 K, one can observe a
large area hysteresis loop in both samples (S-NiFe3O4 and NiFe304),
indicating higher M, and H.. The hysteresis area decreases with
increasing temperature (200-390 K), indicating superparamagnetism at
390 K [59,60]. All magnetic parameters determined from the hysteresis
loops are summarized in Table 3. It is important to keep in mind the
effect of chemical composition and crystalline structure in the saturation
magnetization (M) of NPs [61]. Fig. 5 (d) shows the zero-field cooled
(ZFC) and field cooled (FC) plots obtained for samples NiFe;O4 and
S-NiFe;04. Both samples exhibit a behavior that is typical for NPs
smaller than 50 nm [50]. A peak in the Mz plot indicates the blocking
temperature (Tp), above which the material becomes paramagnetic [65,
66]. Both samples exhibit maximum magnetization at ~390 K, around
Tp, which is expected for superparamagnetic materials. Below Tp the
material exhibits a ferromagnetic response. Furthermore, ZFC/FC
analysis suggests that the Curie temperature (T¢y) for both samples
(NiFe304 and S-NiFep04) is higher than 400 K in accordance with the

Chorioalantoic
membrane (CAM)
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literature (Tcyrie (NiFe204) ~ 790-843 K) [61]. The thermal hysteresis
below the blocking temperature (Tg) evidenced in the ZFC/FC curves is
typical of magnetic NPs. The ZFC/FC plots also reveal that the main
differences in the magnetization values found in the curve can be
attributed to the higher dispersion of the nanoparticles crystallized in
the presence of CTAB, as previously demonstrated by FE-SEM and TEM
analyses.

4.4. Biological properties

Fig. 6 shows that the introduction of NiFe304 (1.0, 10.0, and 20.0 pg)
reduced the average blood vessel percentage area that remained in the
CAM drastically decreased (55.59 + 5.84, 65.36 + 3.89, 67.91 + 10.24,
respectively) in comparison with the negative control. A ~50% decrease
in angiogenesis was observed for a concentration of 1 pg/mL S-NiFezO4,
which may be associated with high blood vessel affinity and anti-
angiogenic activity, meaning that these NPs effectively concentrate on
tumoral vessels, which may enhance drug effectivity and enable
simultaneous treatments, image diagnosis of solid tumors, etc. The
observed difference is statistically significant (p < 0.0001) in the groups
treated with nanoparticle dispersions when compared to the control
group. Thus, the anti-angiogenic behavior of nickel ferrite NPs is clearly
shown, inhibiting angiogenesis in vivo (CAM model), which indicates
that future in vivo tests may be very promising.

The results indicate that the size, shape, and magnetic response of
NPs contribute to its pharmacokinetic profile. In this work, the anti-
angiogenic effect of S-NiFe304 NPs in a chicken embryo model was
demonstrated using different concentrations, suggesting the endothelial
cells, main targets of anti-angiogenic drugs, effectively internalized the
NPs. The S-NiFe;04 NPs act via subtle obstructing effects in the chick
embryo CAM’s microcirculation, inhibiting the vascular endothelial
growth factor (VEGF) - induced cell proliferation. S-NiFe;O4 NPs
effectively suppressed neovascularization in the microcirculatory sys-
tem, induced by VEGF without losing embryo viability, being associated
with partial preservation of capillary diameters and connectivity. After
the test, CAM structure treated with toxic dosages of NPs appeared to be
clustered with a few cellular extensions and vessel formations; hence,
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Fig. 6. (a) Effect of treatment with S-NiFe304-NPs (1.0 pg/mL, 10.0 pg/mL and 20.0 pg/mL) on angiogenesis in a chorioallantoic membrane assay and (b) NC:
Negative control (saline). The values were calculated by setting the NC to 100%. The columns represent the mean + SD of the vascularized area (***p < 0.0001 in

relation to the NC group; ANOVA followed by Bonferroni test; n = 5-10/group).
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cell-spreading patterns were restricted compared to the control groups.
This may be due to disturbances in the cytoskeletal functions due to NP
treatment, suggesting that the S-NiFe,O4’s anti-angiogenic effect may
not be related to any cytotoxic-related effects since there was no sig-
nificant death of chicken embryos during the experiments.

The literature shows similar results for semiconductor zinc oxide
(ZnO) nanoparticles with anti-angiogenic properties [66,67]. The au-
thors demonstrated that ZnO’s anti-angiogenic effect depends on con-
centration and, at low concentrations, ZnO displayed cytotoxic activity
against Gram-negative pathogenic bacteria Pseudomonas aeruginosa,
pathogenic fungus Candida albicans, and hepatocarcinoma tumor cells
[68-70]. To fully comprehend the anti-angiogenic mechanism in
NiFe;04, magnetic hyperthermia (MH) treatment could be employed to
evaluate the effect on thermo-induced killing in vitro, which would help
in the development of complementary cancer treatment.

5. Conclusions

In this work, the influence of a surfactant on the order/disorder
relationship of the NiFe;O4 NPs synthesized using the polymeric pre-
cursor method was evaluated. S-NiFepO4 NPs exhibited a higher-strain
structure with less agglomerated, smaller NPs (particle size ~ 28.64
+ 6.51 nm) in comparison to the NiFe;O4 sample. The room temperature
magnetic response was significantly enhanced on sample S-NiFepO4
compared to sample NiFe»O4, which was associated with changes to the
materials’ domain structure as a result of particle size decrease.
S-NiFe;O4 NPs displayed dose-dependent effects in the chorioallantoic
membrane (CAM). All S-NiFe;O4 NPs concentrations resulted in
vascularization reduction around the solid tumor, contributing signifi-
cantly to antitumor therapy’s effectiveness. Hence, our results indicate
the possibility to explore S-NiFe;O4 NPs as drug delivery agents in
targeted cancer therapy. The use of CTAB to synthesize NiFe;O4 NPs is
an effective way to tune the magnetic response of nickel ferrite, making
it an interesting alternative to iron oxides (FesO4 or y-FepO3) due to its
excellent biocompatibility, high bulk saturation magnetization, and low
magnetic anisotropy. The polymeric precursor method is very cost-
effective and environmentally friendly through which a single-phase
spinel structure can be obtained without generating any toxic by-
products. Furthermore, this method can be extended to the synthesis
of other spinel ferrite nanoparticles of interest.
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