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Abstract: Liposomes have become successful nanostructured systems used in clinical practices. These
vesicles are able to carry important drug loadings with noteworthy stability. The aim of this work
was to develop iron oxide-loaded stealth liposomes as a prospective alternative for the treatment
of lung cancer. In this study, citric acid iron oxide nanoparticles (IONPs-Ac) were synthesized and
encapsulated in stealth liposomes. Their cytotoxicity and selectivity against lung tumor cells were
assessed. Stealth liposomal vesicles, with relevant content of IONPs-Ac, named ferri–liposomes (SL-
IONPs-Ac), were produced with an average size of 200 nm. They displayed important cytotoxicity
in a human lung cancer cells model (A549 cells), even at low concentrations, whereas free IONPs-
Ac displayed adequate biocompatibility. Nevertheless, the treatment at the same concentration of
ferri–liposomes against HEK-293 cells, a normal human cell lineage, was not significantly cytotoxic,
revealing a probable lung tumor selectiveness of the fabricated formulation. Furthermore, from
the flow cytometry studies, it was possible to infer that ferri–liposomes were able to induce A549
tumor cells death through apoptosis/ferroptosis processes, evidenced by a significant reduction of
the mitochondrial membrane potential.

Keywords: iron oxide liposomes; A549 cells; lung cancer treatment; selective therapy

1. Introduction

Iron oxide nanoparticles are biocompatible nanostructured systems with noteworthy
chemical stability. They have drawn attention in the scientific field due to their remarkable
ability to act not only as a contrast agent in magnetic resonance imaging (MRI) procedures,
for both longitudinal (T1) and transverse (T2) relaxation times, and magnetic hyperthermia
techniques, but also as a drug delivery system [1–6]. Although presenting remarkable
effectiveness, these systems revealed some technical drawbacks, among which their particle
size stands out. This physicochemical parameter has remarkable importance, because
optimum superparamagnetic properties are only observed in nanoparticles smaller than
20 nm, impairing its use in several diseases, such as cancer [5].

In fact, this range of particle size induces a great elimination clearance of the particles
by the reticuloendothelial system. This leads to unsatisfactory tissue accumulation at the
target site and reduces the efficacy of iron oxide nanoparticles in cancer treatment.

Several approaches have been used in order to overcome these drawbacks. Surface
PEGylation or immobilization with folic acid and other targeting molecules have been
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adopted. Alternatively, ion-based liposomes have been also developed and showed promis-
ing applicability in cancer hyperthermia research [7–9]. In fact, liposomes are one the most
successful nanostructured systems used in clinical practices. In addition to the ability to
load large amounts of ions and drugs, liposomes are described as versatile biocompatible
delivery systems and have been used in different therapeutic approaches [10–12].

Based on this rationale, studies performed by Matsuoka and colleagues (2004) and
Peller and colleagues (2016) have described the anticancer efficacy of iron-based liposomes.
These authors revealed, using an in vivo experimental approach, that ferri–liposomes can
increase the temperatures of the tumor, leading to cancer cells death [13,14].

The main mechanism behind the cancer treatment with such carriers relies on the
enhanced permeability and retention (EPR) effect [7]. Cancer can be characterized by
the presence of cells with DNA changes that are able to quickly multiply themselves
and stimulate angiogenesis in order to nourish the tumor. In this regard, because tumor-
fenestrated capillary pores present an average diameter of 400 nm, nanostructured iron
oxide-loaded carriers may permeate through the capillaries and, consequently, improve
the tissue accumulation at the target site due to the EPR effect [7].

Indeed, after permeation into the cancer cells, this nanostructured system stimulates
the Fe2+.ions production, leading to a reactive oxygen species (ROS) overproduction.
Consequently, the high ROS levels promote mitochondrial dysfunctions, inducing the
cell’s death, triggered by apoptotic and/or necrotic mechanisms [15,16]. Moreover, the
aforementioned reports also observed that these responses are significantly dose- and
particle type-dependent, once different results were observed in different breast cancers
and endothelial cells, suggesting that ion-based liposomes are promising nanostructured
systems for medical applications [17]. Although showing remarkable activity against breast
cancer and endothelial cells, these ion-based liposomes have not yet been evaluated against
other tumors, such as lung cancer.

Lung cancer is the leading cause of cancer-related deaths in men and the second
leading cause for women, worldwide. It has been estimated that this disease displayed
more than 1.5 million new cases and deaths in 2012, alone, representing approximately
20% of all global cancer deaths [18]. Therefore, several therapeutic strategies have been
developed in this field. However, the current marketed medicines present, in addition to
several site effects (which significantly compromise the patient compliance), no specific
targeting to cancer cells, leading to a high toxicity degree and drug resistance [19].

In light of this evidence, it is possible to highlight the importance of novel anticancer
therapeutic approaches, such as the use of ion-based liposomes, for prospect lung cancer
therapy. Therefore, the aim of this work was to develop ion-loaded stealth liposomes
targeted to lung tumor cells as a potential alternative for treatment of lung cancer.

2. Materials and Methods
2.1. Materials

Ferrous sulfate heptahydrate (FeSO4·7H2O) and ammonium hydroxide (NH4OH, 27%
(w/v)) were provided by Sigma–Aldrich (São Paulo, Brazil). Iron chloride hexahydrate
(FeCl3·6H2O) and citric acid were provided by Dinâmica Química (Indaiatuba, Brazil). Am-
monium ferric sulfate dodecahydrate (Fe(NH4) (SO4)2·12H2O) (99% (w/v)) was purchased
from Merck (São Paulo, Brazil). Ultrapure water produced from a Smart2Pure 3 UV (Ther-
moScientific, Bremen, Germany) was used for all experiments. Dipalmitoylphosphatidyl-
choline (DPPC), distearoylphosphatidylcholine (DSPC), and distearoylphosphatidyleth-
anolamine-polyethyleneglycol2000 (DSPE-PEG2000) were from Lipoid GmbH (Ludwigshafen,
Germany). Chloroform was acquired from LabSynth (São Paulo, Brazil). HEPES (4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid) was supplied by Sigma Chemical Com-
pany (St. Louis, MO, USA). BD Horizon™; BD Horizon Fixable Viable Stain 450 reagent
and BD Horizon™ CFSE (carboxyfluorescein diacetate succinimidyl ester) were purchased
from BD (São Paulo, Brazil). All chemicals were of analytical grade and used without
further purification.
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2.2. Synthesis and Functionalization of Ions Particles (IONPs-Ac)

IONPs were synthesized based on the previous study conducted by Racuciu et al.
(2006), with some modifications [20]. Briefly, 1.12 g of FeSO4·7H2O and 2.16 g of FeCl3·6H2O
were dissolved in 60 mL of ultrapure water. Subsequently, 40 mL of NH4OH (27% (w/v))
was added to the mixture at a flow rate of 10 mL·s−1 under mechanical stirring (Fisatom
713, São Paulo, Brazil) at 40 ◦C and 4000 rpm. Next, the system was heated and maintained
at 60 ◦C for 30 min. The produced material was washed 8 times with ultrapure water,
reaching a neutral pH. Finally, the obtained nanoparticles were functionalized with citric
acid, by adding 1.0 mL of the organic acid (16.67 mg·mL−1). The system was maintained
under magnetic stirring at 85 ◦C and 120 rpm for 90 min. The produced functionalized
nanoparticles (IONPs-Ac) were washed with ultrapure water through centrifugation, at
room temperature (25,000× g, 10 min) using an Amicon® Ultra-4 (10 kDa MWCO, Millipore,
Billerica, MA, USA, EUA) apparatus until the obtaining of a dispersion with neutral pH.

2.3. Ferri–Liposomes (SL-IONPs-Ac) Production

IONPs-loaded stealth liposomes (SL-IONPs-Ac) were prepared by the reverse phase evap-
oration technique following procedures previously developed by our research group [21]. A
fresh formulation was prepared for each independent experiment to avoid stability-related
errors during the experiments. The formulation was prepared from chloroform aliquots of
DPPC, DSPC, and DSPE-PEG2000 in lipid molar ratio of 80:15:5 (a total of 40 mmol·L−1 of
lipids content). The organic solvent was evaporated using an IKA Labortechnik HB4 rotary
evaporator (Staufen, Germany) until a lipid film was obtained. Subsequently, the film was
dissolved in diethyl ether (10 mL), previously treated with a solution of HEPES buffer
at 10 mmol·L−1. After the complete dissolution of the lipids, an aqueous suspension of
IONPs-Ac at 1840 µg·mL−1 was added to maintain an aqueous:organic suspension phase
ratio of 1:3. Then, the achieved mixture was vortexed for 5 min (at room temperature)
in order to produce a water in oil (W/O) emulsion, following the production of large
unilamellar vesicles by diethyl ether elimination using the rotary evaporator. Finally, the
produced liposomes were calibrated using 5 cycles of extrusion (Extruder T 001, Lipex
Biomembranes, Vancouver, BC, Canada) on polycarbonate membranes of 0.4 and 0.2 µm
pore sizes, under nitrogen pressure. The possible presence of precipitates and agglomerates
after the extrusion process was evaluated by DLS analysis (Section 2.5).

Blank liposomes (without IONPs-Ac) were produced by the same experimental proto-
col, except for the step of addition of the nanoparticles suspension, which was replaced
by the addition of 10 mmol·L−1 HEPES buffer. A total of 3 independent experiments
were performed.

2.4. Physical and Chemical Characterization—X-ray Diffractometry and Fourier Transform
Infrared Spectroscopy

In order to evaluate the IONPs crystallinity profile, samples were characterized by
X-ray diffractometry. The analyses were conducted using a Rigaku model Geigerflex
equipment (Tokyo, Japan) and an interval from 10 to 70◦ (2θ) and a rate of 4◦ per minute.

Fourier transform infrared spectroscopy (FTIR) was performed in order to characterize
the typical chemical bonds of the samples. An ATR spectrophotometer (PerkinElmer, Model
Frontier, Norwalk, CT, USA) was used, and analyses were conducted at room temperature.
The samples were uniformly placed in a ZnSe crystal, and the spectra was recorded from
4000 to 400 cm−1, with resolution of 4 cm−1 and 20 scans. The experiment was performed
in triplicate.

2.5. Physicochemical Characterization—Particle Size Distribution Evaluation

The average diameter and the polydispersity index (PDI) of the IONPs and vesicles
were determined by dynamic light scattering (DLS) using a Nano ZS 90 Zetasizer (Malvern
Instruments, Malvern, England) at 25 ◦C and fixed angle at 90◦. The measurements were
performed in triplicate. The samples were previously diluted in HEPES buffer (ratio at
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1:20 (v/v)) The results were expressed as the mean ± standard deviation (SD) of three
different batches of each formulation.

2.6. Encapsulation Efficiency Study

The encapsulation efficiency was determined using a method previously developed
by Breitkreitz et al. (2014), with modifications. It allowed us to quantify the iron content
of a solution through a complexation reaction between iron(II) ions and the chelation
agent, Phenanthroline (Ph) [22]. Initially, a standard solution of Fe–Ph (4000 µg/mL) was
prepared by a complexation reaction between O-phenanthroline and Fe(NH4)(SO4)2·12H2O
(50 mg·mL−1), in an equal molar ratio. Ascorbic acid was used as a reducing agent. The
maximum absorbance of the Fe–Ph complex was determined by UV/Vis spectrometry
wavescan from 400 to 600 nm (n = 3) (UV-2600 Shimadzu, Tokyo, Japan). Subsequently, 6
different standards ranging from 0.5 to 5.0 µg/mL of Fe–Ph were prepared to construct a
calibration curve.

In order to separate the non-entrapped IONPs-Ac from the vesicles, SL-IONPs-Ac
formulations were previously purified by centrifugation (Megafuge 16R ThermoScientific,
Darmstadt, Germany) at 15,000× g and 4 ◦C for 15 min. The supernatant was removed,
and the pellet was resuspended using purified water (1 mL). The encapsulation efficiency
evaluation was performed using the aforementioned method, in which the replicates of
purified SL-IONPs-Ac samples (1 mL) were placed into 15 mL polystyrene tubes containing
5 mL of isopropyl alcohol (HPLC grade) in order to promote the prompt release of IONPs-
Ac from the vesicles. Posteriorly, 1 mL of a solution of O-phenanthroline (6 mg·mL−1) and
1 mL of ascorbic acid (6 mg·mL−1) were added, homogenized, and then the encapsulated
iron oxide into the liposomes was quantified (wavelength set at 510.6 nm). The supernatant
obtained in the purification process, containing the non-entrapped nanoparticles, was also
used to determine, indirectly, the encapsulation efficiency of the vesicles and, thus, to
confirm/corroborate the obtained data. All analyses were performed in triplicate.

2.7. Physicochemical Stability Evaluation

The SL-IONPs-Ac sample was stored at 10 ± 2 ◦C, and its particle size distribution was
monitored over 31 days in triplicate. Liposomes aliquots (50 µL) were diluted with saline
solution (1:20 v/v), and the analyses were performed as described in the physicochemical
characterization section.

2.8. In Vitro Biological Evaluation
2.8.1. Cytotoxicity Evaluation

To investigate the cytotoxicity profile of the IONPs-Ac and SL-IONPs-Ac, two human
cell lines were used (an embryonic kidney cell model—HEK-293-ATCC® CRL-1573—and a
lung adenocarcinoma cell model—A549-ATCC® CCL-185). The cell lines were cultured in
appropriate cell culture flasks of 50 mL. Eagle modified by Dulbecco (DMEM) (4500 mg·L−1

glucose; 4 M; glutamine; 11 mg·L−1; sodium pyruvate; 3.7 g·L−1 sodium bicarbonate)
(Sigma–Aldrich, São Paulo, Brazil) supplemented with fetal bovine serum at 10% and
streptomycin 1% was used as the culture medium. The cells were incubated at 37 ◦C in a
CO2 incubator model 311 (Thermo Fisher Scientific, Asheville, NC, USA) with controlled
atmosphere (95% O2; 5% CO2) and humidity. After suitable confluence, approximately
1.0 × 108 cells were transferred to cell culture plates with 12 wells, in which they remained
for 24 h to properly adhere to the ground of the plate.

The samples were dispersed in PBS solution and incubated into the culture plate
wells. This procedure was performed for each cell line. The following experimental groups
were established (n = 2/group): (i) sterile NaCl solution (0.9% (w/v)) as negative control,
(ii) DMSO solution (20%) as positive control, (iii) IONPs-Ac (150 µg·mL−1), (iv) blank
liposomes (total lipid concentration of 40 mM), (v) SL-IONPs-Ac (3.8 µg·mL−1), (vi) SL-
IONPs-Ac (1.9 µg·mL−1), and (vii) SL-IONPs-Ac (0.9 µg·mL−1). All experiments from cell
culture and flow cytometry assays were carried out following the biosecurity standards
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described by the ISO 10993-5 (2009). All used materials were previously sterilized, and all
step processes of cell manipulation were performed in a biological safety cabinet BIOSEG
12, Class II type A1 (Veco Group, São Paulo, Brazil).

Flow cytometry analysis was performed using the reagent kit Fixable Viability Stain®

450 (V450, BD Biosciences, São Paulo, Brazil), which was able to discriminate living
cells from unviable ones. For each sample, 50,000 events were acquired to perform the
appropriate statistical treatment.

The cells’ morphology was evaluated using an Olympus BX43 light microscope
equipped with a DP-73 camera (Olympus, Shanghai, China). Blue trypan was used as a
stain, and the assays were performed in triplicate.

2.8.2. Cell Death Mechanism Evaluation

The cell death mechanism was evaluated in A549 cell line through the use of FITC an-
nexin V apoptosis detection kit and the 7-amino-actinomycin dye (7-AAD, BD Biosciences,
São Paulo, Brazil). Cells were seeded into a 12-well plate (2.0 × 105 cells/well) and treated
with SL-IONPs-Ac for 48 h (iron concentration of 3.8 µg·mL−1). Next, cells were washed
(2×) with PBS solution and resuspended with 400 µL of a stain buffer (Pharmingen, BD Bio-
sciences, São Paulo, Brazil). Subsequently, the cells were incubated in a dark environment
with 5 µL of FITC annexin V apoptosis detection kit for 15 min and stained with 10 µL of
7AAD dye for an additional 5 min. Finally, the cells were washed with PBS buffer solution
(2×) and analyzed by flow cytometry (FacsVerse, BD, São José, CA, USA). All procedures
were conducted at 10 ◦C. Cells treated with PBS solution and 12 µM of camptothecin
(pharmaceutical standard, Sigma–Aldrich, São Paulo, Brazil) were used as negative and
positive control, respectively.

2.8.3. Mitochondrial Membrane Potential Evaluation

The mitochondrial membrane potential (∆Ψm) was assessed by the tetramethyl–
rhodamine ethyl ester (TMRE) (MitoStatus-BD Biosciences, São Paulo, Brazil) reagent.
A549 cells were treated with SL-IONPs-Ac at 3.8 µg·mL−1 (n = 8) for 48 h. A total of 50 mM
of a freshly prepared stock solution of TMRE was added to 3.0 × 106 cells (n = 8). The cell
suspensions were transferred to 15 mL polypropylene tubes and incubated for 25 min at
37 ◦C, protected from the light. Subsequently, the samples were centrifuged (1800 RPM,
3 min, room temperature) and washed using PBS. The flow cytometry analyses were used
to evaluate the ∆Ψm from a total of 50.000 events.

2.9. Statistical Analysis

Data of liposome characterization were evaluated through ANOVA test, followed by
Tukey’s test. Data of the cytotoxicity study were evaluated by ANOVA test, followed by
Bonferroni’s test. For all analyses, differences were considered significant when the p-value
was lower than 0.05. All statistical analyses were performed using the Prism 5.0 software
(GraphPad Software Inc., La Jolla, CA, USA).

3. Results and Discussion

In order to ensure the successful production of the formulation, the visual charac-
terization of the IONPs, IONPs-Ac, and SL-IONPs-Ac was performed. The synthesized
IONPs were obtained as a fine black-dark powder. The presence of citric acid had a funda-
mental role in the dispersion of the iron oxide nanoparticles: once, it was observed that
a uniform dispersion without precipitates and agglomerates was maintained, even after
60 days. Indeed, the high stability of the system can be attributed to the presence of citric
acid molecules covalently linked to IONPs nanoparticles. Furthermore, the iron oxide
nanoparticles-loaded liposomes (SL-IONPs-Ac) presented as a milky-aspect dispersion,
like blank liposomes (control), differing only by the light-brown color due to the IONPs-Ac
presence. In addition, a single uniform phase was observed, indicating a homogeneous
production of the system.
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3.1. Physical and Chemical Characterization

The XRD diffractogram of the IONPs samples (Figure 1A) revealed six main peaks,
which were attributed to the following crystalline planes (220), (311), (400), (422), (511), and
(440). This investigation was conducted in samples without citric acid functionalization.
The XRD patterns were compared to the standards from the powder diffraction files (PDF),
which corroborated the files 19-1629 and 39-1346 from magnetite and maghemite crystals,
respectively. The average crystallite size was calculated by the Scherrer’s equation, and the
full width at half maximum (FWHM) value was determined through the Origin Software
(OriginLab, Northampton, MA, USA).
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FTIR analyses were performed in order to evaluate the citric acid functionalization
in samples of IONPs-Ac, which presented a band at 1390 cm−1 (Figure 1B), attributed
to the asymmetric stretch of C-O bond. FTIR of the pure citric acid revealed a stretch of
the C=O bond at 1700 cm−1. However, in Figure 1B, a slight offset of this band can be
observed, since the stretch of the C=O bond was visualized at 1615 cm−1. This data can be
explained by the fact that the carboxylate group is linked to the surface of the iron oxide
nanoparticles, which promoted the C=O band shift [23]. In addition, a strong and wide
band at 3414 cm−1 was attributed to O-H stretch, which might be related to the surface
water absorption and the hydroxyl groups of the citric acid [24], as suggested in Figure 1C.
Finally, the band at 575 cm−1 was attributed to Fe-O bonds.

The data of the average hydrodynamic size and polydispersity index of IONPs-Ac and
SL-IONPs-Ac samples (Table 1) were determined through dynamic laser scattering (DLS)
technique. The obtained data revealed that small and polydisperse IONPs nanoparticles,
reaching approximately 13 nm, were obtained through the proposed synthetic route. On
the other hand, monodisperse liposomes with size of around 200 nm, loaded with IONPs,
were produced. Such results are in agreement with the work of Lu et al. 2019, who
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developed similar systems, wherein Camptosar (CPT-11) was co-encapsulated with citric
acid-coated magnetic Fe3O4 nanoparticles and the formulation was surface-conjugated
with Cetuximab. Their results revealed a particle size of around 180 nm, showing that our
method is in agreement with the magnetic liposomes’ researched formulations.

Table 1. Size distribution results of IONPs-Ac and SL-IONPs-Ac samples.

Sample Average Size (nm) PdI

IONPs-AC 23.2 ± 1.1 0.31 ± 0.03
SL-IONPs-AC 189.2 ± 12.2 0.08 ± 0.01

3.2. Encapsulation Efficiency Study

The encapsulation efficiency was quantified by UV/Vis spectroscopy technique (UV-
2600 Shimadzu, Tokyo, Japan). The photometric scanning of the iron(II)–Phenanthroline
(Fe–Ph) complex revealed that a maximum absorbance was obtained at 510.6 nm. There-
after, the calibration curve was obtained using six different standards ranging from 0.5 to
5.0 µg·mL−1 of Fe–Ph, and the spectrophotometer was set up at 510.6 nm.

The IONPs-Ac encapsulation efficiency in the liposomal vesicles was calculated from
the absorbance results obtained in triplicates, considering the dilution process. A total of
228.5 ± 9 µg·mL−1 of iron was found on the IONPs-Ac, which corresponds to an encapsu-
lation efficiency of 12.45 ± 0.76%. Similar data was reported by Lu et al. (2019), who devel-
oped thermosensitive magnetic liposomes to be applied to brain tumor chemotherapy and
showed an encapsulation efficiency of 9.7 ± 1.4% [25]. In the mentioned study, the authors
prepared the liposomes with a suspension of iron oxide nanoparticles at 1000 µg·mL−1,
whereas in our study, a suspension of IONPs-Ac was prepared at 1840 µg· mL−1, which
allowed a reasonable increase in the encapsulation efficiency.

3.3. Preliminary Formulation Stability

The stability of the liposome formulation (SL-IONPs-Ac) was evaluated for the sam-
ples stored at 10 ◦C for 31 days (Figure 2A). The results revealed a suitable stability of the
vesicles, since the average hydrodynamic diameter remained stable over 14 days, in which
the PdI values did not present statistically significant differences (p < 0.01). Nonetheless,
it is important to note a slight, but not statistically different, decrease in PdI between
day 1 and day 2. This can be explained by the Ostwald ripening phenomenon, normally
observed in the first 24 h after the production of the dispersed systems. Ostwald ripening
can be described by the incorporation of free molecules or smaller particles/droplets to
higher ones, resulting in changes (mostly decreases) in PdI values [26]. In addition, after
21 days, it was possible to verify a significant increase in the PdI values (from 0.083 to
0.151) and a reduction in the average hydrodynamic diameter of the liposome (from 189
to 179 nm) (p < 0.05). This behavior is suggestive of IONP-Ac release from SL-IONPs-Ac,
since two populations of particles were observed, ranging from 20–25 nm and 200–230 nm,
attributed to the IONPS-Ac samples and liposomes, respectively (Figure 2B). After 31 days,
no significant change was observed in the system, compared to the change that occurred
after 21 days. Further investigations still need to be conducted regarding the release profile
of this formulation and how it could affect the formulation stability and pharmacological
parameters in vitro and in vivo.

It is important to highlight that, throughout the storage stability study, the PdI was
below 0.3, which ensures a homogeneous distribution of the vesicles. Based on these results,
the physicochemical characterization remained under acceptable scientific criteria. Hence,
it is possible to affirm that the SL-IONPs-Ac was successfully produced and presented
suitable particle size distribution, morphological features, and stability.
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3.4. Cytotoxicity and Selectivity Evaluation

Initially, the cytotoxicity of samples, IONPs-Ac (150 µg·mL−1) and blank liposomes
was evaluated in A549 tumor cells through the flow cytometry technique and optical
microscopy. Figure 3A shows the micrograph of A549 cells treated with NaCl solution
(0.9% (w/v)) used as a negative control and the parameter for the flow cytometry gating
(amplification of 900×). The cells were treated with IONPs-Ac for 48 h, and the results
revealed that, even at high concentrations of IONPs-Ac, only a single population of living
cells was detected, which is characterized by the peak in the flow cytometry histogram of
Fixable Viable Stain-450 (V-450) emissions (Figure 3B). Similar data can be also observed
in Figure 3C (amplification of 2000×), which represents A549 cells treated with blank
liposomes, allowing the suggestion of the absence of relevant cytotoxicity.
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revealing the majority one single population, which was attributed to healthy cells. Data obtained
from the count of 50,000 events. (C) Micrograph of treated A549 cells in amplification of 2000×.

The performed assay used the V450-A, a staining compound that has a maximum
emission at 450 nm. This molecule binds, covalently, with amine radicals of the cell’s
surface and, in minor quantities, in the intracellular medium, allowing us to observe the
fluorescence levels from the cells. Indeed, the fluorescence evidenced by this assay allowed
us to correlate the presence of dead and live cells, once dead cells ones showed increased
fluorescence compared to living cells. Based on this rationale, it is possible to suggest that
the low fluorescence level, observed in the Figure 3B, is an indicative of living cells.

Iron oxide nanoparticles have drawn the attention of researchers due to their biomedi-
cal applications, magnetic properties, and remarkable biocompatibility [27–30]. However,
limited studies using iron oxide nanoparticles, specifically as a potential agent against
cancer, have been disclosed. Watanabe et al. (2013) studied the cytotoxicity of magnetic
iron oxide nanoparticles (size ranging from 200–450 nm) against A549 tumor cells and
showed minimal effect in cells viability, at concentrations up to 100 µg·mL−1. At this
concentration, a small percentage of cells (2.5% of the cells) underwent oxidative dam-
age and apoptosis [31]. Therefore, the overall data of the mentioned study corroborates
our findings, wherein no significant effects were observed in the A549 cells treated with
IONPs-Ac at 150 µg·mL−1.

A549 tumor cells were also treated with SL-IONPs-Ac (iron oxide concentrations
at 3.8 µg·mL−1, 1.9, and 0.9 µg·mL−1) for 48 h. The results revealed a dose-dependent
cytotoxicity profile (Table 2).



Pharmaceutics 2021, 13, 712 10 of 17

Table 2. Cytotoxicity evaluation of different SL-IONPs-Ac concentrations.

SL-IONP-Ac Concentration (µg·mL−1) Cell Death (%)

3.8 75.3 ± 6.4
1.9 58.3 ± 5.3
0.9 31.4 ± 2.7

Because the highest cell death percent was obtained after treatment with the high-
est dose, such concentration was chosen to be further investigated in this study. Thus,
Figure 4A shows the flow cytometry panel (side scatter versus forward scatter—SSC vs.
FSC), wherein the SSC and the FSC are associated with the cells’ granulometry parameters
and to the cell’s diameter of the cells treated with SL-IONP-Ac at the 3.8 µg·mL−1 concen-
tration. This figure reveals a wide distribution of sizes and variable internal granulometry,
which indicates the presence of cells with different morphological characteristics, such as
living cells, dead cells, or even cellular debris. This hypothesis can be correlated to the high
number of dead cells (Figure 4B) on which was observed a characteristic peak with high
intensity degree in 104, in contrast to living cells that showed a peak of low intensity (103)
as presented in Figure 3A.
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Based on the intensity of V450-A emissions, two main cell populations can be iden-
tified, as showed in the Figure 4C: (i) 76.3% of high fluorescence level, suggesting dead
cells, and (ii) 17.7% of low intensity, indicative of living cells. It is important to notice
that the IONPs-Ac were not able to promote any cytotoxic effect, whereas its delivery by
a liposomal formulation, the SL-IONPs-Ac, was responsible for a remarkable reduction
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in the A549 tumor cells’ viability. This can be associated with the presence of iron oxide
nanoparticles, which can be carried by liposomes to the cytosol of A549 cells, modifying,
significantly, the exposition mode of the nanoparticles to the tumor cells.

In addition to the flow cytometry analyses, the morphological evaluation of treated
A549 tumor cells may corroborate with the obtained data from the flow cytometry study
(Figure 4). In this regard, A549 cells treated with NaCl solution (0.9% (w/v)), taken as a
negative control, showed a well-adherent and pebble-like growth; long fusiform shape;
low quantity of cytoplasmic granules; and a clear cell boundary (Figure 5A). On the other
hand, the morphology of the A549 cells treated with SL-IONPs-Ac (iron concentration of
3.8 µg·mL−1) for 48 h presented a completely different morphology (Figure 5B–D).
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Figure 5. Micrographs of A549 cells cytotoxicity study (amplification of 900×). (A) Negative control
(cells treated with NaCl solution (0.9% (w/v)). (B–D) Cells treated with SL-IONPs-Ac (3.8 µg·mL−1

of iron) revealing cells in possible apoptosis process (blue arrows), blebbing rounding up of the dead
cells (green arrows), and possible autophagy processes (red arrows).

In fact, after the treatment, A549 cells presented relevant modification in their shape,
assuming a circular form (blue arrows), which can be correlated to apoptotic or ferroptotic
process, which is dose-dependent, as it was observed in the present study [32,33]. In
addition, the presence of the cytoplasmic granules, blebs, and blebbing rounding up the
dead cell (green arrows), viewed at Figure 5C,D, which are typical features of the apoptosis
process, reinforce this hypothesis. However, additional tests (e.g., Western blot analysis)
should be conducted to further investigate and to validate these observations.

Furthermore, possible autophagy processes were also identified (red arrows) in a low
extension, compared to the suggestive apoptotic process. Therefore, based on the present
results, it is possible to suggest that the cytotoxicity of SL-IONPs-Ac may be associated
with the apoptosis induction.

3.5. Cell Death Mechanism Evaluation

Taking together, the morphological characteristics of the A549 cells treated with SL-
IONPs-Ac by light microscopy allow us to suggest that their cytotoxicity may be related
to the apoptosis or ferroptosis induction. Indeed, these phenomena have generated mor-
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phological features. The cells, during the ferroptosis process, present a lack of rupture
and blebbing of the plasma membrane with normal nuclear size and lack of chromatin
condensation. On the other hand, cells in the apoptotic process display plasma mem-
brane blebbing, rounding up of the cell cytoplasm, reduction of the nuclear volume, and
chromatin condensation [34].

Because the morphological investigation conducted in this study revealed the co-
existence of different dead cell mechanisms that occurred in different proportions, an
additional evaluation by flow cytometry was conducted in A549 tumor cells treated with
SL-IONPs-Ac (3.8 µg·mL−1) for 48 h. In fact, the results suggest that the SL-IONPs-Ac
were able to promote the apoptosis induction in A549 cells (Figure 6). The data available in
the lower right quadrant of Figure 6 reveal a significant number of cells in early apoptosis
or ferroptosis, affecting 77.94% of the tested population. Since both processes, ferroptosis
and early apoptosis, are characterized by the lack of rupture of membrane, their individual
contribution was determined by this method. In addition, the upper right quadrant shows
A549 cells in late apoptosis or already dead, representing 20.74% of cell population. The
lower left quadrant, which represents the living cells, reaches only 1.32% of the total.
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This data ensures the apoptotic potential of the SL-IONPs-Ac system. However, it did
not specify how this liposomal system can trigger the apoptosis process in the A549 cells.
Indeed, this cell death process is complex and can be triggered by several phenomena, such
as (i) oxidative stress, which leads to mitochondrial dysfunction; (ii) caspase-activation;
(iii) intracellular signaling pathway, which leads to apoptosis induction; or even by (iv) mi-
tochondrial damage, which facilitates the cytochrome C release to cytosol, leading to
apoptosis [35].

Accordingly, in order to investigate possible mitochondrial changes in A549 cells
treated with SL-IONPs-Ac (3.8 µg·mL−1) for 48 h, the mitochondrial membrane potential
was evaluated using the tetramethyl–rhodamine ethyl ester (TRME). TRME allows us to
evaluate the mitochondria membrane potential (∆Ψm), because it can become depolarized
in cells that are undergoing apoptosis, oxidative stress, necrosis, and other processes that
affect the mitochondrial ions balance. Indeed, TMRE is readily sequestered by the active



Pharmaceutics 2021, 13, 712 13 of 17

mitochondria of healthy cells due to the ∆Ψm. Therefore, cells in apoptosis/necrosis
process, mediated by relevant oxidative, display loss of ∆Ψm and do not accumulate
relevant amounts of TMRE dye. Accordingly, the low TMRE fluorescence level of the
treated cells can indicate a loss of ∆Ψm, ensuring the apoptosis process.

The results of this study revealed two different populations of cells (Figure 7): (i) cells
that have a significant reduction in the ∆Ψm, probably due to induction of ferroptosis or
apoptosis processes (93.13%), and (ii) healthy cells (4.21%). These results confirm that not
only the tested tumor cells were susceptible to the SL-IONPs-Ac but also that this system
induces the cell death by an apoptotic pathway triggered by the mitochondrial dysfunction.
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In general, the cells may die from accidental cell death (ACD) or regulated cell
death (RCD), which represents an essential mechanism closely related to normal cel-
lular metabolism, tissue development, and homeostasis [36,37]. Apoptosis, necroptosis,
autophagy, ferroptosis, and pyroptosis are processes related to RCD. It is important to
highlight that ferroptosis is an emerging term that has been used to describe the cell death
process due to the intracellular accumulation of high amounts of iron, which can occur
specifically in tumor cells [38]. Furthermore, apoptosis and ferroptosis share the same
feature regarding the ∆Ψm, wherein both are characterized by the dissipation and loss of
∆Ψm [34,39]. However, ferroptosis was first observed in 2012 as a novel cell death process,
observed in tumor cells [38].

Recent researches have correlated the ferroptosis process to the TP53 gene, which,
at the end, reveals a possible role of the P53 protein in the regulation of the ferroptosis
process [40,41]. Since the TP53 tumor suppressor is the most frequently mutated gene in
human cancers, a pivotal relationship between ferroptosis, p53 protein, and tumor cells
can be established and can be used to help understand the selective behavior observed in
this study [42,43].

In 1997, Mukhopadhyay and Roth conducted an interesting study in which A549
cells were induced to apoptosis after the activation of the wild type p53 by methoxy–
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estradiol. In this study, the authors detected a high level of wild type p53 in A549 cells
undergoing apoptosis [44]. Other recent studies have evidenced that reactive oxygen
species (ROS) can upstream the effects of p53 in some model systems, while in others
studies, ROS production can downstream the effects of p53 activation, revealing a dual
important relationship between p53 and intracellular ROS level [45,46].

Considering the context herein discussed, it was possible to note that SL-IONPs-
Ac system was able to induce cell death in A549 tumor cells. Therefore, it could be
hypothesized that these ferri–liposomes were able to induce apoptosis/ferroptosis from
the release of IONPs-Ac in the cells’ cytosol, promoting mitochondrial dysfunction that
may lead to the apoptosis/ferroptosis.

3.6. Selectiveness Cytotoxicity Study

The main disadvantage of drugs and medicines used for antineoplastic treatment
is their poor selectiveness, which impairs their use due to several side effects that are
reported from antitumor drugs. Therefore, antitumor therapy uses different approaches
for targeting tumor cells. However, despite the plethora of nanotechnological devices that
have been developed, the target to specific tumor cells remains a challenger.

During the pre-formulations studies to produce new medicines in the cancer therapy
field, it is important to evaluate not only its effectiveness but also the safety and/or
selectiveness of the developed system. To this regard, to evaluate the ability of the SL-
IONPs-Ac ferri–liposomes formulation to selectively kill tumor cells instead of normal
cells, HEK-293 cells were treated with SL-IONPs-Ac at 3.8 µg·mL−1 of iron oxide for 48 h.

The results revealed that an important percentage of cells remained viable (Figure 8),
even after being submitted to the same treatment protocol in which a significant number of
A549 cells were conducted to the death (Figure 7). Indeed, although the flow cytometry
panel of treated HEK-293 cells (contour plot of FSC vs. V450) revealed the presence of
two different populations of cells, only 14.87% was associated with dead ones (Figure 8A),
while 85.13% indicates the percentage of healthy cells.
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(A) Contour plot of FSC vs. V450-A in which the percentage of dead cells was quantified as 14.87%. (B) Density plot of SSC
vs. V450-A in which the healthy population can be identified, reaching 85.13%. Data obtained from a count of 50,000 events.

The safety and the potentiality of nanostructured systems intended for antineoplastic
treatment at concentrations lower than the pure drug has been evidenced by several
authors, such as Amaral-Machado et al. (2016) and Zatta et al. (2018). Amaral-Machado
et al. (2016) developed an emulsified nanostructured system able to induce melanoma
cell death without promoting expressive cytotoxicity in healthy fibroblasts [47]. Zata et al.
(2018) showed that nanoparticles with 5-fluorouracil were able to promote the death of
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different metastatic melanoma cells in concentrations up to 4.3-fold lower than the pure
5-fluorouracil, suggesting the safety of the developed system [48].

The aforementioned studies reinforce not only the importance of investigations re-
garding the safety/selectiveness of novel nanostructured systems in antineoplastic therapy
but also corroborate the findings herein obtained, in which the selective cytotoxicity induc-
tion of tumor cells from SL-IONPs-Ac was observed. Overall, the results here presented
showed that the liposomal system was able to carry the IONPs-Ac, presenting suitable
physiochemical features, desirable stability and, also, a remarkable specific cytotoxic effect
on lung adenocarcinoma cells.

4. Conclusions

The developed ferri–liposomes formulation revealed important storage stability and
displayed a relevant selective cytotoxic profile against human lung adenocarcinoma cells,
in which the apoptosis/ferroptosis were attributed as the possible main mechanisms of
death. On the other hand, citric acid–iron oxide nanoparticles, alone, appeared to be
practically innocuous to the same cells under the same treatment conditions. It could be
suggested from the present study that ferri–liposomes enabled a significant increase in
the iron oxide nanoparticles internalization in A549 cells that culminated in the imbalance
of the ∆Ψm and, by consequence, induced cells death. Another interesting result was
achieved when HEK-293 cells, normal human embryonic kidney cells, were submitted to
the same treatment. The tested samples did not induce any significant cytotoxicity effect,
revealing an important antitumor selectiveness. The search for more selective agents against
cancer must be the focus for the development of better treatments that, fundamentally,
can provide a better quality of life to the patients. Accordingly, further studies may reveal
more details regarding the biochemical pathways involved in the cytotoxic activity of the
ferri–liposomes in tumor cells. Therefore, the overall results open a new perspective for
liposome-based therapy to be used for lung cancer. This carrier revealed to be a potential
antitumor nanosystem with remarkable selectivity against lung adenocarcinoma cells.

Author Contributions: Conceptualization, D.C.F.S. and M.L.T.; Methodology and Investigation,
M.G.F.d.S. and F.N.d.J.G.; Writing—Original draft preparation, M.G.F.d.S. and F.N.d.J.G.; Review
and Editing, É.d.N.A., L.A.-M., and E.S.T.d.E.; Supervision, D.C.F.S., M.L.T., and A.L.B.d.B.; Funding
acquisition, D.C.F.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico), the FAPEMIG (Fundação de Amparo à Pesquisa do Estado de Minas Gerais—Grant Code:
PPM-00125-18), and the CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors also thank the Centro de Microscopia of the Universidade Federal
de Minas Gerais for TEM analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zarepour, A.; Zarrabi, A.; Khosravi, A. Spions as nano-theranostics agents. In SPIONs as Nano-Theranostics Agents; Springer:

Berlin/Heidelberg, Germany, 2017; pp. 1–44.
2. Liu, Q.; Song, L.; Chen, S.; Gao, J.; Zhao, P.; Du, J. A superparamagnetic polymersome with extremely high T2 relaxivity for MRI

and cancer-targeted drug delivery. Biomaterials 2017, 114, 23–33. [CrossRef]
3. Kalber, T.L.; Ordidge, K.L.; Southern, P.; Loebinger, M.R.; Kyrtatos, P.G.; Pankhurst, Q.A.; Lythgoe, M.F.; Janes, S.M. Hyperthermia

treatment of tumors by mesenchymal stem cell-delivered superparamagnetic iron oxide nanoparticles. Int. J. Nanomed. 2016, 11,
1973–1983. [CrossRef] [PubMed]

4. Akal, Z.Ü.; Alpsoy, L.; Baykal, A. Biomedical applications of SPION@ APTES@ PEG-folic acid@ carboxylated quercetin nanodrug
on various cancer cells. Appl. Surf. Sci. 2016, 378, 572–581. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2016.10.027
http://doi.org/10.2147/IJN.S94255
http://www.ncbi.nlm.nih.gov/pubmed/27274229
http://doi.org/10.1016/j.apsusc.2016.03.217


Pharmaceutics 2021, 13, 712 16 of 17

5. Kandasamy, G.; Maity, D. Recent advances in superparamagnetic iron oxide nanoparticles (SPIONs) for in vitro and in vivo
cancer nanotheranostics. Int. J. Pharm. 2015, 496, 191–218. [CrossRef] [PubMed]

6. Ittrich, H.; Peldschus, K.; Raabe, N.; Kaul, M.; Adam, G. Superparamagnetic iron oxide nanoparticles in biomedicine: Applications
and developments in diagnostics and therapy. In Proceedings of the RöFo-Fortschritte auf dem Gebiet der Röntgenstrahlen und
der Bildgebenden Verfahren, Stuttgart, Germany, 27–31 August 2013; pp. 1149–1166.

7. Hayashi, K.; Nakamura, M.; Sakamoto, W.; Yogo, T.; Miki, H.; Ozaki, S.; Abe, M.; Matsumoto, T.; Ishimura, K. Superparamagnetic
nanoparticle clusters for cancer theranostics combining magnetic resonance imaging and hyperthermia treatment. Theranostics
2013, 3, 366–376. [CrossRef] [PubMed]

8. Yu, M.K.; Park, J.; Jon, S. Targeting strategies for multifunctional nanoparticles in cancer imaging and therapy. Theranostics 2012,
2, 3–44. [CrossRef]

9. Kulshrestha, P.; Gogoi, M.; Bahadur, D.; Banerjee, R. In Vitro application of paclitaxel loaded magnetoliposomes for combined
chemotherapy and hyperthermia. Colloids Surf. B Biointerfaces 2012, 96, 1–7. [CrossRef]

10. Shen, S.; Huang, D.; Cao, J.; Chen, Y.; Zhang, X.; Guo, S.; Ma, W.; Qi, X.; Ge, Y.; Wu, L. Magnetic liposomes for light-sensitive drug
delivery and combined photothermal–chemotherapy of tumors. J. Mater. Chem. B 2019, 7, 1096–1106. [CrossRef]

11. Jose, G.; Lu, Y.-J.; Chen, H.-A.; Hsu, H.-L.; Hung, J.-T.; Anilkumar, T.S.; Chen, J.-P. Hyaluronic acid modified bubble-generating
magnetic liposomes for targeted delivery of doxorubicin. J. Magn. Magn. Mater. 2019, 474, 355–364. [CrossRef]

12. Hardiansyah, A.; Yang, M.-C.; Liu, T.-Y.; Kuo, C.-Y.; Huang, L.-Y.; Chan, T.-Y. Hydrophobic drug-loaded PEGylated magnetic
liposomes for drug-controlled release. Nanoscale Res. Lett. 2017, 12, 1–11. [CrossRef]

13. Peller, M.; Willerding, L.; Limmer, S.; Hossann, M.; Dietrich, O.; Ingrisch, M.; Sroka, R.; Lindner, L.H. Surrogate MRI markers for
hyperthermia-induced release of doxorubicin from thermosensitive liposomes in tumors. J. Control. Release 2016, 237, 138–146.
[CrossRef] [PubMed]

14. Matsuoka, F.; Shinkai, M.; Honda, H.; Kubo, T.; Sugita, T.; Kobayashi, T. Hyperthermia using magnetite cationic liposomes for
hamster osteosarcoma. Biomagn. Res. Technol. 2004, 2, 1–6. [CrossRef] [PubMed]

15. Mahmoudi, M.; Laurent, S.; Shokrgozar, M.A.; Hosseinkhani, M. Toxicity evaluations of superparamagnetic iron oxide nanoparti-
cles: Cell “vision” versus physicochemical properties of nanoparticles. ACS Nano 2011, 5, 7263–7276. [CrossRef] [PubMed]

16. Risom, L.; Møller, P.; Loft, S. Oxidative stress-induced DNA damage by particulate air pollution. Mutat. Res. Mol. Mech. Mutagen
2005, 592, 119–137. [CrossRef] [PubMed]

17. Poller, J.M.; Zaloga, J.; Schreiber, E.; Unterweger, H.; Janko, C.; Radon, P.; Eberbeck, D.; Trahms, L.; Alexiou, C.; Friedrich, R.P.
Selection of potential iron oxide nanoparticles for breast cancer treatment based on in vitro cytotoxicity and cellular uptake. Int. J.
Nanomed. 2017, 12, 3207–3220. [CrossRef] [PubMed]

18. Torre, L.A.; Siegel, R.L.; Jemal, A. Lung cancer statistics. Lung Cancer Pers. Med. 2016, 1–19. [CrossRef]
19. Hong, Y.; Che, S.; Hui, B.; Yang, Y.; Wang, X.; Zhang, X.; Qiang, Y.; Ma, H. Lung cancer therapy using doxorubicin and curcumin

combination: Targeted prodrug based, pH sensitive nanomedicine. Biomed. Pharmacother. 2019, 112, 108614. [CrossRef]
20. Răcuciu, M.; Creangă, D.E.; Airinei, A. Citric-acid-coated magnetite nanoparticles for biological applications. Eur. Phys. J. E 2006,

21, 117–121. [CrossRef]
21. Maia, A.L.C.; Silva, P.H.R.D.; Fernandes, C.; Silva, A.; Barros, A.L.B.D.; Soares, D.C.F.; Ramaldes, G.A. Chemometric-Assisted

Hydrophilic Interaction Chromatographic Method for the Determination of Gadolinium-Based Magnetic Resonance Imaging
Contrast Agent in Liposomes. J. Braz. Chem. Soc. 2018, 29, 2426–2440. [CrossRef]

22. Breitkreitz, M.C.; Souza, A.M.D.; Poppi, R.J. Experimento didático de quimiometria para planejamento de experimentos:
Avaliação das condições experimentais na determinação espectrofotométrica de ferro II com o-fenantrolina. Um tutorial, parte III.
Quím Nova 2014, 37, 564–573. [CrossRef]

23. Cheraghipour, E.; Javadpour, S.; Mehdizadeh, A.R. Citrate capped superparamagnetic iron oxide nanoparticles used for
hyperthermia therapy. J. Biomed. Sci. Eng. 2012, 5, 715–719. [CrossRef]

24. Ferreira, R.V.; Silva-Caldeira, P.P.; Pereira-Maia, E.C.; Fabris, J.D.; Cavalcante, L.C.D.; Ardisson, J.D.; Domingues, R.Z. Bio-
inactivation of human malignant cells through highly responsive diluted colloidal suspension of functionalized magnetic iron
oxide nanoparticles. J. Nanoparticle Res. 2016, 18, 92. [CrossRef]

25. Lu, Y.-J.; Chuang, E.-Y.; Cheng, Y.-H.; Anilkumar, T.S.; Chen, H.-A.; Chen, J.-P. Thermosensitive magnetic liposomes for alternating
magnetic field-inducible drug delivery in dual targeted brain tumor chemotherapy. Chem. Eng. J. 2019, 373, 720–733. [CrossRef]

26. Mondal, N.; Samanta, A.; Pal, T.K.; Ghosal, S.K. Effect of different formulation variables on some particle characteristics of poly
(DL-lactide-co-glycolide) nanoparticles. Yakugaku Zasshi-J. Pharm. Soc. Jpn. 2008, 128, 595–601. [CrossRef]

27. Tebaldi, M.L.; Oda, C.M.R.; Monteiro, L.O.F.; de Barros, A.L.B.; Santos, C.J.; Soares, D.C.F. Biomedical nanoparticle carriers
with combined thermal and magnetic response: Current preclinical investigations. J. Magn. Magn. Mater. 2018, 461, 116–127.
[CrossRef]

28. Alipour, A.; Soran-Erdem, Z.; Utkur, M.; Sharma, V.K.; Algin, O.; Saritas, E.U.; Demir, H.V. A new class of cubic SPIONs as a
dual-mode T1 and T2 contrast agent for MRI. Magn. Reson Imaging 2018, 49, 16–24. [CrossRef] [PubMed]

29. Silva, A.H.; Lima, E., Jr.; Mansilla, M.V.; Zysler, R.D.; Troiani, H.; Pisciotti, M.L.M.; Locatelli, C.; Benech, J.C.; Oddone, N.; Zoldan,
V.C. Superparamagnetic iron-oxide nanoparticles mPEG350–and mPEG2000-coated: Cell uptake and biocompatibility evaluation.
Nanomedicine 2016, 12, 909–919. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2015.10.058
http://www.ncbi.nlm.nih.gov/pubmed/26520409
http://doi.org/10.7150/thno.5860
http://www.ncbi.nlm.nih.gov/pubmed/23781284
http://doi.org/10.7150/thno.3463
http://doi.org/10.1016/j.colsurfb.2012.02.029
http://doi.org/10.1039/C8TB02684J
http://doi.org/10.1016/j.jmmm.2018.11.019
http://doi.org/10.1186/s11671-017-2119-4
http://doi.org/10.1016/j.jconrel.2016.06.035
http://www.ncbi.nlm.nih.gov/pubmed/27364227
http://doi.org/10.1186/1477-044X-2-3
http://www.ncbi.nlm.nih.gov/pubmed/15040804
http://doi.org/10.1021/nn2021088
http://www.ncbi.nlm.nih.gov/pubmed/21838310
http://doi.org/10.1016/j.mrfmmm.2005.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16085126
http://doi.org/10.2147/IJN.S132369
http://www.ncbi.nlm.nih.gov/pubmed/28458541
http://doi.org/10.1007/978-3-319-24223-1_1
http://doi.org/10.1016/j.biopha.2019.108614
http://doi.org/10.1140/epje/i2006-10051-y
http://doi.org/10.21577/0103-5053.20180120
http://doi.org/10.5935/0100-4042.20140092
http://doi.org/10.4236/jbise.2012.512089
http://doi.org/10.1007/s11051-016-3400-7
http://doi.org/10.1016/j.cej.2019.05.055
http://doi.org/10.1248/yakushi.128.595
http://doi.org/10.1016/j.jmmm.2018.04.032
http://doi.org/10.1016/j.mri.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/28958878
http://doi.org/10.1016/j.nano.2015.12.371


Pharmaceutics 2021, 13, 712 17 of 17

30. Neuberger, T.; Schöpf, B.; Hofmann, H.; Hofmann, M.; Von Rechenberg, B. Superparamagnetic nanoparticles for biomedical
applications: Possibilities and limitations of a new drug delivery system. J. Magn. Magn. Mater. 2005, 293, 483–496. [CrossRef]

31. Watanabe, M.; Yoneda, M.; Morohashi, A.; Hori, Y.; Okamoto, D.; Sato, A.; Kurioka, D.; Nittami, T.; Hirokawa, Y.; Shiraishi, T.
Effects of Fe3O4 magnetic nanoparticles on A549 cells. Int. J. Mol. Sci. 2013, 14, 15546–15560. [CrossRef]

32. Li, J.; Cao, F.; Yin, H.-L.; Huang, Z.-J.; Lin, Z.-T.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis.
2020, 11, 1–13. [CrossRef]

33. Xia, Y.; Liu, S.; Li, C.; Ai, Z.; Shen, W.; Ren, W.; Yang, X. Discovery of a novel ferroptosis inducer-talaroconvolutin A- killing
colorectal cancer cells in vitro and in vivo. Cell Death Dis. 2020, 11, 1–18. [CrossRef] [PubMed]

34. Xie, Y.; Hou, W.; Song, X.; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and function. Cell Death Differ. 2016,
23, 369–379. [CrossRef] [PubMed]

35. Amaral-Machado, L.; Oliveira, W.N.; Alencar, É.N.; Cruz, A.K.M.; Rocha, H.A.O.; Ebeid, K.; Salem, A.K.; Egito, E.S.T. Bullfrog
oil (Rana catesbeiana Shaw) induces apoptosis, in A2058 human melanoma cells by mitochondrial dysfunction triggered by
oxidative stress. Biomed. Pharm. 2019, 117, 109103. [CrossRef] [PubMed]

36. Wang, S.; Luo, J.; Zhang, Z.; Dong, D.; Shen, Y.; Fang, Y.; Hu, L.; Liu, M.; Dai, C.; Peng, S. Iron and magnetic: New research
direction of the ferroptosis-based cancer therapy. Am. J. Cancer Res. 2018, 8, 1933. [PubMed]

37. Yuan, J.; Kroemer, G. Alternative cell death mechanisms in development and beyond. Genes Dev. 2010, 24, 2592–2602. [CrossRef]
38. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,

W.S. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef]
39. Lewerenz, J.; Ates, G.; Methner, A.; Conrad, M.; Maher, P. Oxytosis/Ferroptosis-(Re-) Emerging Roles for Oxidative Stress-

Dependent Non-apoptotic Cell Death in Diseases of the Central Nervous System. Front. Neurosci. 2018, 12, 214. [CrossRef]
40. Mou, Y.; Wang, J.; Wu, J.; He, D.; Zhang, C.; Duan, C.; Li, B. Ferroptosis, a new form of cell death: Opportunities and challenges in

cancer. J. Hematol. Oncol. 2019, 12, 34. [CrossRef]
41. Fernandez-Medarde, A.; Santos, E. Ras in cancer and developmental diseases. Genes Cancer 2011, 2, 344–358. [CrossRef]
42. Gnanapradeepan, K.; Basu, S.; Barnoud, T.; Budina-Kolomets, A.; Kung, C.P.; Murphy, M.E. The p53 Tumor Suppressor in the

Control of Metabolism and Ferroptosis. Front. Endocrinol. 2018, 9, 124. [CrossRef]
43. Jiang, L.; Kon, N.; Li, T.; Wang, S.J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-mediated activity during tumour

suppression. Nature 2015, 520, 57–62. [CrossRef]
44. Mukhopadhyay, T.; Roth, J.A. Induction of apoptosis in human lung cancer cells after wild-type p53 activation by methoxyestra-

diol. Oncogene 1997, 14, 379–384. [CrossRef] [PubMed]
45. He, Z.; Simon, H.-U. A novel link between p53 and ROS. Cell Cycle 2013, 12, 201. [CrossRef] [PubMed]
46. Maillet, A.; Pervaiz, S. Redox regulation of p53, redox effectors regulated by p53: A subtle balance. Antioxid. Redox Signal. 2012,

16, 1285–1294. [CrossRef]
47. Amaral-Machado, L.; Xavier, F.H., Jr.; Rutckeviski, R.; Morais, A.R.; Alencar, E.N.; Dantas, T.R.; Cruz, A.K.; Genre, J.; da

Silva, A.A., Jr.; Pedrosa, M.F.; et al. New Trends on Antineoplastic Therapy Research: Bullfrog (Rana catesbeiana Shaw) Oil
Nanostructured Systems. Molecules 2016, 21, 585. [CrossRef] [PubMed]

48. Zatta, K.C.; Frank, L.A.; Reolon, L.A.; Amaral-Machado, L.; Egito, E.S.T.; Gremiao, M.P.D.; Pohlmann, A.R.; Guterres, S.S. An
Inhalable Powder Formulation Based on Micro- and Nanoparticles Containing 5-Fluorouracil for the Treatment of Metastatic
Melanoma. Nanomaterials 2018, 8, 75. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jmmm.2005.01.064
http://doi.org/10.3390/ijms140815546
http://doi.org/10.1038/s41419-020-2298-2
http://doi.org/10.1038/s41419-020-03194-2
http://www.ncbi.nlm.nih.gov/pubmed/33203867
http://doi.org/10.1038/cdd.2015.158
http://www.ncbi.nlm.nih.gov/pubmed/26794443
http://doi.org/10.1016/j.biopha.2019.109103
http://www.ncbi.nlm.nih.gov/pubmed/31203130
http://www.ncbi.nlm.nih.gov/pubmed/30416846
http://doi.org/10.1101/gad.1984410
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.3389/fnins.2018.00214
http://doi.org/10.1186/s13045-019-0720-y
http://doi.org/10.1177/1947601911411084
http://doi.org/10.3389/fendo.2018.00124
http://doi.org/10.1038/nature14344
http://doi.org/10.1038/sj.onc.1200835
http://www.ncbi.nlm.nih.gov/pubmed/9018125
http://doi.org/10.4161/cc.23418
http://www.ncbi.nlm.nih.gov/pubmed/23287470
http://doi.org/10.1089/ars.2011.4434
http://doi.org/10.3390/molecules21050585
http://www.ncbi.nlm.nih.gov/pubmed/27144557
http://doi.org/10.3390/nano8020075
http://www.ncbi.nlm.nih.gov/pubmed/29385692

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis and Functionalization of Ions Particles (IONPs-Ac) 
	Ferri–Liposomes (SL-IONPs-Ac) Production 
	Physical and Chemical Characterization—X-ray Diffractometry and Fourier Transform Infrared Spectroscopy 
	Physicochemical Characterization—Particle Size Distribution Evaluation 
	Encapsulation Efficiency Study 
	Physicochemical Stability Evaluation 
	In Vitro Biological Evaluation 
	Cytotoxicity Evaluation 
	Cell Death Mechanism Evaluation 
	Mitochondrial Membrane Potential Evaluation 

	Statistical Analysis 

	Results and Discussion 
	Physical and Chemical Characterization 
	Encapsulation Efficiency Study 
	Preliminary Formulation Stability 
	Cytotoxicity and Selectivity Evaluation 
	Cell Death Mechanism Evaluation 
	Selectiveness Cytotoxicity Study 

	Conclusions 
	References

