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Abstract: The polyol method has been used to synthesize CoNiFe and CoNiZn alloy nanoparti-
cles (NPs). The magnetic characteristics of the products have been measured by vibration sample
magnetometry (VSM) analysis. At the same time, the microstructure and morphology were in-
spected by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. Magnetic
measurement of samples by the VSM indicated that samples have soft ferromagnetic behavior.
Spherical-shaped grains for samples were confirmed by the SEM. MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) and lactate dehydrogenase (LDH) assays were used to determine
the cytotoxic effects of the synthesized NPs. Cytotoxic evaluations showed that treatment with 25 to
400 pg/mL of CoNiZn and CoNiFe NPs exerted a significant time- and concentration-dependent
toxicity in MCF7 and HUVEC cells and markedly enhanced the LDH leakage after 48 h of ex-
posure (p <0.05 compared with untreated cells). Furthermore, NPs with concentrations higher
than 12.5 ug/mL induced evident morphological changes in the studied cell lines. Treatment with
12.5 pg/mL of CoNiZn and CoNiFe NPs was safe and did not affect normal human cell survival.
The results of in vitro cytotoxicity assessments show promise in supporting the suitability of the syn-
thesized NPs to build high-performance theranostic nanoplatforms for simultaneous cancer imaging
and therapy without affecting normal human cells.

Keywords: nanomaterials; cytotoxicity; nanoparticles; magnetic; in vitro; biomedical applications;
cancer treatment

1. Introduction

Cancer is the deadliest disease in the world and is responsible for endangering human
survival. Owing to complications, high cost for treatment, and poor theranostics, it causes
around ~70% mortality in developing and under-developed countries [1]. Theranostics is
considered a concept of integrating cancer therapy and imaging into a unique platform
to overcome the obstacles in modern healthcare [2]. The diagnostic aspect of theranostics
is mainly focused on imaging mechanisms by the use of various contrast agents. A large
number of studies have been devoted to investigating the biocompatibility of magnetic
NPs for their use as contrast agents for magnetic resonance imaging (MRI) [3]. More-
over, nanomaterials have shown great promise in facilitating the treatment of a variety of
diseases [4] and have been applied in the field of oncology in the same way as in other
branches of biomedical nanotechnology. However, careful design and tailoring of the pro-
duction process are necessary to control the size and shape of nanomaterials in order to
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modulate their properties, avoid toxicity, and achieve high cost-effectiveness as well as
ease of synthesis [5].

Basically, nanoporous noble metal-based alloys have been suggested for their appli-
cation in electrocatalysts in fuel cells and electrochemical sensors [6]. On the other hand,
several modifications in the synthesis of nanocarriers for improving therapeutic efficacy
and theranostics are still to be done in the future. However, we observed that metallic alloy-
based ternary nanoparticles are gaining significant importance in biological applications,
such as bio-imaging, drug delivery, bio-catalysis, biosensing, and overall therapeutics [4],
while a firm understanding of their biocompatibility is still missing. It has been reported
that some metallic NPs have a wide range of potential reprotoxic effects depending on their
composition, synthesis method, and administration route [7,8]. In this respect, silver-gold
alloy NPs biofabricated by fungal xylanases exhibited potent biomedical applications due
to their antibacterial, antifungal, and antioxidant effects [9]. Recently, NPs of gold, silver,
iron oxide and gadolinium have been widely studied with the aim to discover an appropri-
ate one with the fewest cytotoxicity against normal human cells. These NPs can be used
in theranostics as contrast agents for MRI to highlight diseased tissue/cells in contrast to
normal tissue/cells.

Furthermore, it has been established that various properties of metallic NPs affect
their toxic potential [3]. Some magnetic alloys, including the combination of nickel
and chromium (Ni;_, Cry) particles in different concentration ratios, have been inves-
tigated as thermoseeds for localized and self-controlled cancer treatment [10]. Nickel
and copper magnetic alloys containing 71% nickel and 29% copper (by weight) were
also proposed for anticancer applications [11]. Specifically, these self-regulated mag-
netic alloys were used in magnetic hyperthermia for cancer treatment [12]. Furthermore,
CuFeSe; nanocrystals showed super-magnetism and effective reduction for X-rays, as well
as excellent water solubility, colloidal stability, biocompatibility, and multi-functionalized
groups [13]. These features further enabled these ternary alloys for multi-model imag-
ing, MRI, and guided photothermal therapy of cancer [14]. Moreover, gelatin-coated
magnetite/graphene quantum dot hybrid microspheres (Fe304/GQDs @GM) were advan-
tageous as they were proved to be a biodegradable and site-specific delivery agent eliciting
a strong anticancer activity [15].

Therefore, in this research, we synthesized CoNiFe and CoNiZn ternary metallic
alloy nanoparticles (NPs) via polyol method and characterized from biological (in vitro
tests) as well as magnetic viewpoints (through a VSM analyzer) [16]. We used the polyol
method for synthesizing ternary metallic alloy CoNiFe and CoNiZn NPs [17] because it
is a significant technique for preparing well-defined NPs with controlled shape and size
by managing the precipitation kinetics [18]. Polyol solvents used in the synthesis of these
NPs possess a high dielectric constant. Furthermore, it is known that ternary metallic alloy
CoNiFe and CoNiZn NPs can elicit synergistic effects due to hybrid characteristics, such as
photocatalytic properties and super-magnetism [19].

To the best of our knowledge, there are no data in the literature regarding the cytotoxi-
city of CoNiFe and CoNiZn NPs in cancer cells. Few works have been conducted to explore
the advantages and consequences of CoNiFe and CoNiZn nanoparticles on normal and can-
cer cell lines for potential use in hyperthermia and electrocatalysis [20]. In fact, CoNiFe
and CoNiZn NPs are involved in efficient, targeted killing of cancer cells and theranostics
via induction of self-controlled hyperthermia using non-invasive techniques [20]. These
ternary metallic alloys are potential thermoseeds, the surface of which can be modified to
prevent dissolution, early phagocytosis, and toxicity, as well as to improve the intensity
of fluorescent emitted signal and the affinity for target-specific tumor genomic sites with
great flexibility [21].

Ternary metallic alloys are also highly effective in killing the cancerous as well as
bacterial cells via utilizing their cytotoxic effects. In this regard, biogenically synthesized
ternary nanoformulation proved to be of greater potential to inhibit cancer cells better than
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raw plant ingredients or binary AgNPs. The beneficial effects of growth inhibition can be
contributed towards the enhanced stabilization and targeted action [22,23].

Ternary metallic alloys nanocomposite consisting of titanate nanotube (TNT)/CuFe;O4/Zn-
Fe MMO were investigated for their treatment efficacy and cytotoxicity potential. It was
concluded that these ternary alloys resulted in increased cellular uptake and followed a receptor-
independent delivery mechanism for entrance. Moreover, the intracellular distribution of
the tested nanocomposite and the potential toxicity of the tested ternary nanocomposite
was dose- and time-dependent, reflecting increased cellular uptake. All these features of
the TNT/CuFe;O4/Zn-Fe were basically proposed to induce cytotoxicity against cancer cells in
prostate cancer [22].

As a useful model for in vitro cancer researches, MCEF-7 cells have been considered
as the first hormone-responding breast cancer cell line and have been widely studied
because they retained numerous ideal characteristics particular to the mammary epithelium,
including the processing of estrogen, in the form of estradiol, by means of estrogen receptors
located in the cell cytoplasm [24]. On the other hand, the human umbilical vein endothelial
cells (HUVECs) are commonly used for pharmacological and physiological studies (e.g.,
angiogenesis, fibrinolysis, macromolecule transport, and blood coagulation). Furthermore,
HUVECs were previously used to examine the therapeutic efficacy of modified cationic
nanocarriers [25], silicon microparticles [26], and magnetic NPs [27]. Therefore, MCF7
and HUVEC cells are useful in vitro models for cytotoxicity assessments. The current
work investigates the potential in vitro toxicity of CoNiFe and CoNiZn NPs on different
cell types.

2. Materials and Methods
2.1. Materials

All the chemicals used for NP synthesis, i.e., NiCly-6H,0O, Co(CH3COO),-4H,0,
Zn(CH3CO0),-4H,0, FeCl,-4H;0, and propylene glycol (PG), were of high purity analyti-
cal grade purchased from Merck and used as the received without further purification.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and trypsin
were provided by Sigma-Aldrich (Taufkirchen, Germany). Culture mediums, Dulbecco’s
modified Eagle’s medium (DMEM) was procured from Gibco (Rockville, MD, USA),
and 0.4% Trypan blue solution was obtained from Gibco (Paisley, UK). Fetal bovine
serum (FBS) was purchased from Biochrome (Berlin, Germany). Streptomycin, penicillin,
and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (Steinheim am Albuch,
Germany). The LDH assay kit was purchased from Kalazist (KLDH96, Tehran, Iran).

2.2. Preparation of NPs

The polyol method was used in a typical synthesis of CoNiFe NPs [28]. Specifi-
cally, 3 mmol (0.713 g) NiCl,-6H,0O, 4 mmol (0.795 g) FeCl,-4H,0, and 3 mmol (0.747 g)
Co(CH3COO0),-4H,0 were homogeneously mixed and ground using mortar and pestle.
Then, 60 mL of propylene glycol was heated to the boiling point (170 °C), and the mixed
precursors were added to this hot solvent. After about 5 s, 3.5 g NaOH pellets were also
added under vigorous stirring. The color of the solution darkened and eventually turned
black. In this time, the heater was turned off, and the solution was then centrifuged,
washed several times with distilled water, and finally dried in an oven. Under identical
conditions, CoNiZn NPs were synthesized by using Zn(CH3COO),-4H,0.

2.3. Characterization

X-ray diffraction measurements were performed on the annealed (200 °C) sam-
ples with a Rigaku D-max C III X-ray diffractometer using Ni-filtered Cu Kal radiation
(A ~ 1.5418 A). Microscopic morphology of products was visualized by a LEO 1455VP
scanning electron microscope (SEM). The magnetic measurement was carried out on a
vibrating sample magnetometer (VSM) (Magnetic DaneshPajoh, I. R. Iran). The results of
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the reflection loss were recorded by a vector network analyzer (VNA Agilent Technologies
Inc.) in the frequency range of 8 to 12.5 GHz.

2.4. Cell Culture and Exposure of NPs

HUVEC cells were procured from the National Cell Bank of Iran (Tehran, Iran) and se-
lected as a widely used in vitro model of normal cells. Michigan Cancer Foundation-7
(MCF-7) human breast cancer cells, obtained from the same cell repository, were chosen
as an appropriate in vitro model of solid tumors. Cells were cultivated in DMEM culture
medium supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin-streptomycin,
and preserved under standard conditions (5% CO,, 37 °C). At 80% confluence, cells were
detached from culture flasks using Trypsin 0.25% and sub-cultured into 75 cm? flasks,
96-well microplates for further assessments. CoNiFe, and CoNiZn NPs were suspended
in culture medium and diluted to appropriate concentrations (0, 12.5, 25, 50, 100, 200,
and 400 pg/mL).

2.5. Cytotoxicity Evaluation and Morphological Observation

An MTT assay was used to investigate the cell-killing effect of the synthesized mag-
netic NPs as described before [29]. Briefly, 5 x 103 cells/well were seeded in 96-well mi-
croplates and exposed to increasing concentrations (0, 12.5, 25, 50, 100, 200, and 400 pg/mL)
of CoNiFe and CoNiZn NPs for 24 and 48 h. At the end of the exposure, the culture medium
was carefully discarded, and 200 puL of MTT solution (0.5 mg/mL) was added to each
microwell and kept in an incubator for 3 h at 37 °C. Then, the supernatant was replaced
with 200 puLL of DMSO to allow complete dissolving of formazan crystals. The plates were
kept on a shaker for 15 min at 25 °C and analyzed using a SpectraMax multi-plate reader
(Molecular Devices, Sunnyvale, CA, USA) at 570 nm. Results were expressed as percentages
of viable cells calculated by dividing the optical density (OD) measured for treated cells
by the OD measured for untreated cells x 100. The half-maximal inhibitory concentration
(ICs50) was calculated using GraphPad Prism 7.0Aa (San Diego, CA, USA) software.

The morphology of MCF7 and HUVEC cells were monitored after exposure to
100 pg/mL of CoNiFe and CoNiZn NPs for 48 h using an inverted phase-contrast mi-
croscope (IX70, Olympus, Tokyo, Japan).

2.6. Lactate Dehydrogenase Leakage Assay

The release of cytoplasmic lactate dehydrogenase (LDH) into the culture medium
was determined using a colorimetric LDH-based in vitro toxicity assay kit, according
to the manufacturer’s protocol. HUVEC and MCF-7 cells were treated with increasing
concentrations (0, 12.5, 25, 50, 100, 200, and 400 pug/mL) of CoNiFe and CoNiZn NPs for 24
and 48 h. After exposure, 100 uL samples from the centrifuged culture media were added
to each well of a 96-well microplate for evaluation. The LDH leakage (% of positive control)
was expressed as the percentage of (ODtest — ODpjank)/(ODpgsitive — ODplank), where
ODxtest shows the OD of control or NP exposed cells, ODpqgitive is the OD of the control
positive cells, and ODy,,k is the OD of the wells without cells. The ODs were read at
540 nm against 592 nm as background using a SpectraMax multi-plate reader (Molecular
Devices, Sunnyvale, CA, USA).

2.7. Statistical Analysis

All statistical analyses were performed using SPSS version 22.0 software (SPSS Inc,
Chicago, IL, USA). Results were expressed as mean =+ standard deviation (SD). The sig-
nificance of difference was examined using ANOVA and Bonferroni’s tests; p < 0.05 was
considered significant.
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3. Results and Discussion
3.1. Characterization of NPs

The XRD pattern of CoNiFe showed (111), (200), and (220) reflections (Figure 1a), which
matched with the standard JCPDS data for FeNi with the lattice parameter a =b = ¢ = 3.5450 A
(No: 00-038-0419). The crystal structure was also found to be face-cubic centered (FCC) with
the main peaks (111), (200), and (220) revealed by XRD pattern. The crystal structure of the CoNiZn
sample was found to be FCC as well (JCPDS 89-4307) with the main peaks (111), (200), and (220),
as shown in Figure 1b. The crystalline sizes were calculated to be around 12.0 nm using the Debye-
Scherrer formula based on the full width at half maximum (FWHM) of the main diffraction
peak (111).

150
b (111)
(111)

(220) 100 J
% (220)

(200) =1

38
50 (200) |

MMWM W‘J
04 _
4]0 5[0 (:';O 7I0 80 10 2I0 3I0 4IO 5|0 GIO TIO 80
Position [2 Theta] Position [2 Theta]

Figure 1. XRD patterns of the synthesized (a) CoNiFe, and (b) CoNiZn samples.

The SEM images of the prepared ternary alloys CoNiFe and CoNiZn are shown in
Figure 2. The related size distribution diagrams were also prepared by the Digimizer
software. Some sub-micrometric spheres can be seen in both figures; such spheres are
composed of assemblies of smaller nanoparticles aggregated due to different reasons, such
as the magnetic interaction between the magnetic nanoparticles [13,22]. According to
Figure 2b, the average particle size of the CoNiFe sample was 8 nm, while it was about
17 nm in Figure 2d for CoNiZn. So, the average particle size, as well as the diameter of
the spheres, of CoNiFe NPs was smaller than of CoNiZn.

A vibrating sample magnetometer (VSM) was used to measure the magnetic properties
of the prepared samples. In brief, the synthesized sample was placed in an applied positive
magnetic field H. Then, the sample was vibrated vertically, and the induced magnetic
field was created so that the induced current was proportional to the magnetization of
the sample. After the magnetization of the sampled saturated up to Ms, the magnetic field
was decreased to zero, but a little magnetization remained in the ferromagnetic sample.
So, a negative magnetic field was applied to remove the remanent magnetization, which
is called coercive field H.. By repeating this cycle, the M-H curve was obtained with a
hysteresis loop.

The hysteresis loop observed in Figure 3 indicates the soft ferromagnetic behav-
ior for the prepared samples. CoNiFe sample showed the higher magnetic saturation
M =94 emu/g in comparison with CoNiZn (M = 46.6 emu/g), while it had the lower
coercive field H. value of about 68.7 Oe. This can be due to the smaller particle grains of
the CoNiFe sample. The magnetic element Fe caused a higher magnetization of CoNiFe
compared with CoNiZn. On the other hand, the non-magnetic element Zn segregated
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between Fe and Co elements and led to a reduced magnetostatic interaction as well as a
higher Hc value compared to that of CoNiFe.
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Figure 2. (a,b) SEM images and size distribution of the synthesized CoNiFe sample, respectively;
(c,d) SEM images and size distribution of the synthesized CoNiZn samples, respectively.
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Figure 3. The magnetic hysteresis loops of the prepared samples.
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3.2. Determination of Cell Sensitivity to NPs

We assessed MTT reduction and LDH leakage as determinants of mitochondrial
function and membrane damage, respectively. Compared with untreated cells, MTT results
demonstrated a time- and concentration-dependent toxicity and a significant reduction in
survival of MCF7 and HUVEC cells after exposure to either CoNiZn (Figure 4) or CoNiFe
(Figure 5) NPs (p < 0.05). The percentages of viable HUVEC cells after 48 h exposure
at concentrations 12.5, 25, 50, 100, 200, and 400 pg/mL of CoNiZn NPs were 88%, 79%,
76%, 71%, 44%, and 24%, while the percentage of viable MCF7 cells treated with the same
concentrations of CoNiZn NPs within the given time period was 80%, 71%, 47%, 40%,
38%, and 17% (Figure 4). Similarly, the percentages of viable MCF7 cells following 48 h
treatment with concentrations 12.5, 25, 50, 100, 200, and 400 ng/mL of CoNiFe NPs were
75,71, 65, 48, 37, and 14%, while these percentages were 88%, 79%, 70, 52%, 35%, and 19%
for HUVEC cells (Figure 5). ICsq values for exposure of cells to CoNiZn NPs were 211.8
and 163.5 ng/mL (after 24 and 48 h for HUVEC cells), and 89.24 and 64.06 ng/mL (after
24 and 48 h for MCF7 cells), respectively. Furthermore, the ICs5y concentrations of CoNiFe
NPs were 228.2 and 106.5 pg/mL (after 24 and 48 h for HUVEC cells), and 124.3 and
82.71 pg/mL (after 24 and 48 h for MCF7 cells). We observed that MCF7 cells were more
susceptible to the prepared NPs, indicated by lower ICsgs. It can be concluded that CoNiZn
and CoNiFe NPs induced higher toxicity on cells derived from the human breast tissue
and exerted less toxicity on normal human cells (ICsp > 100 pg/mL).

MCF7 HUVEC
100 100
W 24h
r 48 h T a2 3; :
804 . 804 T *T' wh
: i
=3
E B0 ¢ é.' 60-
= — = o
= L e . K 7
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0- 0. . . s : .
o % © ) o Q o
Q° 9 é" o o o o ° o o o © S o
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Figure 4. Time- and concentration-dependent toxicity of CoNiZn NPs on Michigan Cancer Foundation-7 (MCF7) and human
umbilical vascular endothelial cells (HUVEC) using MTT colorimetric assay following 24 and 48 h incubation. Data
are expressed as mean + SD from one representative of three independent experiments. (** p < 0.05 compared with
untreated cells).

LDH enzyme release assay is widely used in in vitro toxicological studies. Therefore,
we measured LDH leakage in MCF7 and HUVEC cells exposed to 12.5, 25, 50, 100, 200,
and 400 pg/mL of the synthesized NPs for 48 h. Compared with untreated cells, exposure
of HUVEC cells with 12.5 ug/mL of CoNiZn and CoNiFe NPs did not enhance LDH
leakage (p > 0.05). However, with increasing NP concentration, significant LDH leakage
was observed in both cell lines as compared with untreated cells (p < 0.05) (Figure 6).
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Figure 5. Time- and concentration-dependent toxicity of CoNiFe NPs on Michigan Cancer Foundation-7 (MCF7) and human
umbilical vascular endothelial cells (HUVECs) using MTT colorimetric assay following 24 and 48 h incubation. Data
are expressed as mean + SD from one representative of three independent experiments. (** p < 0.05 compared with
untreated cells).
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Figure 6. LDH leakage caused by CoNiZn and CoNiFe NPs following 48 h of exposure. Data are expressed as mean + SD
from one representative of three independent experiments (** p < 0.05 compared with untreated cells).

3.3. Morphological Changes

Treatment of HUVEC and MCF7 cells with concentrations less than 25 ug/mL of
CoNiZn and CoNiFe NPs did not induce noticeable morphological alterations after 48 h.
Exposure of HUVEC cells to 100 pg/mL of the prepared NPs for 48 h moderately decreased
the cell viability without causing evident morphological changes. At the same time,
the number of alive MCF7 cells treated with CoNiZn NPs was reduced, cells were shrunk,
and apoptotic bodies were formed. In comparison with CoNiZn-treated MCF7 cells,
CoNiFe-treated MCF7 cells were less affected. However, cell shrinkage, detachment of cells
from culture plate, and formation of vacuolated cells were evident hallmarks of MCF?7 cells
treated with CoNiFe NPs at the given concentration (Figure 7).

In the current study, CoNiFe and CoNiZn alloy NPs were synthesized by the polyol
method and then characterized by XRD, SEM, and VSM analyses. Generally, because of
the excellent magnetic and physical properties, such as superior corrosion resistance, low co-
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ercivity, and high resistivity, the ternary alloys of CoNiFe are interesting materials for many
high-added-value applications [30]; for example, Koay et al. used nanocrystalline CoNiFe
to protect stainless steel from a sodium chloride environment [31]. Recently, various types
of superparamagnetic and ferromagnetic nanoparticles heated with alternating magnetic
fields have been used in novel cancer therapies [32]. It was reported that the power loss in
single-domain magnetic nanoparticles with a specific size range was significantly greater
than that in multi-domain nanoparticles [33]. The CoNiFe NPs synthesized in this work,
with the average crystalline size of 12.1 nm, showed the magnetic saturation Mg = 94 emu/g.
This sample can be fully saturated under the applied field because of its low coercive field
(68.7 Oe). However, the spherical-shaped particles and the internal coupling interactions
between the magnetic moments may influence the response to the applied alternating mag-
netic field [34]. Our in vitro cytotoxicity measurements revealed that CoNiZn and CoNiFe
NPs induced time- and concentration-dependent toxicity and enhanced the LDH leakage
in cancerous (MCF7) and non-cancerous (HUVEC) cell lines. However, unlike cancer cells,
normal human cells were less affected during exposure to either CoNiZn or CoNiFe NPs.

Figure 7. Optical microscopy images of cells treated with NPs for 48 h. (A) untreated Michigan
Cancer Foundation-7 (MCF?7) cells; (B) MCF7 cells treated with 100 ug/mL of CoNiZn NPs; (C) MCF7
cells treated with 100 pg/mL of CoNiFe NPs; (D) untreated human umbilical vascular endothelial
cells (HUVECs); (E) HUVEC cells treated with 100 ug/mL of CoNiZn NPs; (F) HUVEC cells treated
with 100 ug/mL of CoNiFe NPs.

Nanotechnology has emerged as a novel field with potentially high research and clini-
cal impact [35,36]. In this respect, metallic alloy NPs have been introduced as a promising
strategy to enhance therapeutic efficacy against cancer cells through enhancing the re-
uptake, increasing reactive oxygen species production in cells, and, therefore, causing
mitochondrial damage [37]. It has also been established that Au—Ag alloy NPs prepared
via green synthesis could be applied as beneficial growth inhibitors for several biomedical
applications [38]. Green synthesis of hollow CoPt alloy NPs has brought new insights in
utilizing biocompatible NPs for theranostic applications [39]. Patskovsky et al. reported
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that single Au, Ag, and Au/Ag alloy NPs have considerable advantages for NP imaging
in the cellular environment, a highly diffusing medium [40]. In a similar study, Karthika
and coworkers studied the cytostatic and antimicrobial effects of newly prepared Ag, Au,
and Ag/Au alloy NPs. The biosynthesized NPs had spherical shape, demonstrated good
catalytic activity and exerted desirable cytotoxic effects against Hela cervical cancer cells. In
their study, the ICsy of Ag/Au alloy NPs were found to be 24.83 uM, being the most active
at concentration of 100 uM as cell viability reaches 47.50% [41]. These findings highlight
the benefits of preparing metallic alloy NPs as cheap sources to establish new and safe
anti-proliferative agents.

Our in vitro findings of CoNiZn and CoNiFe NPs indicated that the CoNiZn NPs
exerted more desirable cytotoxicity against breast cancer cells, confirmed by lower ICsgs.
On the other hand, NPs exhibiting magnetic properties are highly appealing for can-
cer treatment. Magnetic NPs possess unique physicochemical properties, which attract
many researchers to perform in vitro investigations about their beneficial applications
in medicine [42]. In this regard, cancer therapy and hyperthermia treatment are two of
the most promising applications of magnetic NPs that have recently shown promising
outcomes [43]. Furthermore, these NPs have shown great advantages in cancer nanoth-
eranostics, as they can play an important role as MRI probes [44]. Still, the synthesized
magnetic NPs must be safe when applied to normal human tissues. Based on MTT results,
we found that exposure of normal human cells to 12.5 pg/mL of CoNiZn and CoNiFe NPs
did not induce any significant cytotoxicity. Furthermore, no evident morphological alter-
ation and membrane damage was noticed when HUVEC cells were treated with the given
dose of the NPs for 48 h. Therefore, we believe that it would be appropriate to consider
12.5 ng/mL as the safe dose for both NPs for further assessments and future applications.

Peymani-Motlagh et al. examined the cytotoxic effects of Cog5Nig5Prg 1Fe; 9O4 mag-
netic NPs on the Hela cell line. They found that these NPs did not exert cytotoxic any
significant effects in human lung cancer cells at concentrations of up to 500 pug/mL after
24 h exposure [45]. In contrast with these findings, we observed potent cell-killing effects
on MCF7 cells after 24 h and 48 h exposure to prepared NPs at concentrations higher
than 12.5 pg/mL. The observed difference between our findings and Peymani-Motlagh
et al.’s results might be due to the composition of the studied NPs (presence of Yb3*-
and Pr¥*-substituted cobalt-nickel ferrite NPs in the latter) and the type of the studied cell
lines. Still, our NPs had negligible or non-cytotoxic effects at 12.5 ug/mL. By performing
both MTT and trypan blue exclusion assays, Martinez-Rodriguez and coworkers assessed
the in vitro toxicity of zinc and nickel ferrite NPs in human erythrocytes and peripheral
blood mononuclear (PBM) cells. After treatment with 50 or 200 pg/mL of ferrite NPs for
24 h, the number of alive PBM cells was not decreased, and, thus, nickel, zinc, nickel-zinc
ferrite magnetic NPs did not significantly induce cell death in normal human cells [46].

4. Conclusions

Two famous ternary alloys CoNiFe and CoNiZn NPs were prepared by the polyol
chemical method. SEM investigations revealed spherical-shaped grains for both samples;
however, the grains of the CoNiZn were seen to be more aggregated with a larger average
diameter. The obtained magnetic loops by the VSM characterization of samples demon-
strated the Ms = 94 emu/g and H. = 68.7 Oe for the CoNiFe sample, and M; = 46.6 emu/g
and Hc = 68.7 Oe for the CoNiZn. The magnetic element Fe causes a higher magnetization
of CoNiFe compared with CoNiZn. On the other hand, the non-magnetic element Zn
segregates between Fe and Co elements and leads to a reduced magnetostatic interaction
as well as a higher H, value rather than that of CoNiFe, and this is the differences between
CoNiZn and CoNiFe NPs.

Many studies have been conducted to ensure the efficiency, safety, and basic and clin-
ical implications of metallic alloy NPs. Our in vitro findings suggested that the CoNiZn
and CoNiFe treatment with the dose of 12.5 ng/mL was safe and did not affect the sur-
vival of normal human cells. These early biological results motivate further research on
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the prepared NPs, in the effort to build high-performance theranostic nanoplatforms for
simultaneous cancer imaging and therapy without affecting normal human cells.
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