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ABSTRACT

Magnetic Fe;O, nanoparticles were prepared via a simple hydrothermal method and utilized to
load paclitaxel. The average particle size of Fe,0, nanoparticles was found to be 20.2+3.0nm,
and the calculated saturation magnetization reached 129.38 emu/g, verifying superparamagnetism
of nanomaterials. The specific surface area and pore volume were 84.756 m?/g and 0.265cm3/g,
respectively. Subsequently, Fe,0,@mSiO, nanoparticles were successfully fabricated using the Fe,O,
nanoparticles as precursors with an average size of 27.81 nm. The relevant saturation magnetization,
zeta potential, and specific surface area of Fe;0,@mSiO,-NH,-FA were respectively 76.3emu/g,
—14.1mV, and 324.410 m?/g. The pore volume and average adsorption pore size were 0.369 cm3/g
and 4.548 nm, respectively. Compared to free paclitaxel, the solubility and stability of nanoparticles
loaded with paclitaxel were improved. The drug loading efficiency and drug load of the
nanoformulation were 44.26 and 11.38%, respectively. The Fe;0,@mSiO,-NH,-FA nanocomposites
were easy to construct with excellent active targeting performance, pH sensitivity, and
sustained-release effect. The nanoformulation also showed good biocompatibility, where the cell
viability remained at 73.8% when the concentration reached 1200ug/mL. The nanoformulation
induced cell death through apoptosis, as confirmed by AO/EB staining and flow cytometry. Western
blotting results suggested that the nanoformulation could induce iron death by inhibiting
Glutathione Peroxidase 4 (GPX4) activity or decreasing Ferritin Heavy Chain 1 (FTH1) expression.
Subsequently, the expression of HIF-1a was upregulated owing to the accumulation of reactive
oxygen species (ROS), thus affecting the expression of apoptosis-related proteins regulated by
p53, inducing cell apoptosis.
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1. Introduction chemotherapeutic drugs anthracycline and taxane are widely
used in breast cancer and are the benchmark for future tar-
geted therapies (Wala et al,, 2022).

Paclitaxel (PTX), also known as taxol, is one of the most
outstanding natural anticancer drugs that has been found
(Yu et al., 2022a). It has been widely used in the clinical

treatment of breast, ovarian, and lung cancer. As a diter-

Breast cancer is a systemic disease with a strong malignancy
and a complicated cause (Mubarik et al., 2022; Yin et al,,
2022; Xie et al., 2022a). As of 2020, breast cancer has sur-
passed lung cancer as the most common cancer worldwide.
According to GLOBOCAN statistics in 2020, new cases of
breast cancer in women worldwide accounted for 24.5% of

all tumors. Breast cancer is caused by numerous factors
including the environment (Cheng et al., 2022), heredity (Lee
et al, 2022), and other factors (Ro et al., 2022). According
to a summary of relevant papers published by Chinese cli-
nicians on the treatment of breast cancer (Killelea et al., 2020;
He et al., 2021), the current clinical treatment methods
(Dinparvar et al., 2020; Liu et al., 2020) are mainly a combi-
nation of surgical treatment (Efetov et al., 2020; Jarvis et al.,
2020; Webster et al., 2020) and chemotherapy (Guay et al.,
2022; Karampinis et al., 2022), or radiotherapy (Yuan et al.,
2020; Hashida et al., 2021; Hata et al., 2021; Wei et al., 2021)
and targeted therapy (Chen et al.,, 2020). Currently, the

penoid alkaloid compound with anticancer activity, PTX has
been greatly favored by botanists, chemists, pharmacologists,
and molecular biologists owing to its novel and complex
chemical structure, extensive and significant biological activ-
ity, and unique mechanisms of action. Hence, it has become
an anti-cancer drug and a research focus since the second
half of the 20th century (Vergote et al., 2020). However, the
chemical structure of PTX is composed of several hydropho-
bic groups, making it extremely insoluble in water and dif-
ficult to inject intravenously. Hence, improving the
bioavailability of PTX has become the focus of current
research (Gade et al., 2022).
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At present, the most commonly used clinical drug prepara-
tion is a mixture of polyoxyethylene castor oil and ethanol,
which tends to precipitate as a result of solvent conversion.
Furthermore, polyoxyethylene castor oil may cause severe aller-
gic reactions, nephrotoxicity, and neurotoxicity when degraded
in vivo, posing a great risk to clinical use. Therefore, research
on new dosage forms of taxol with high efficiency and low
toxicity has been the focus of new drug research in recent
years (Suzuki et al., 2022; Vemuri et al.,, 2022; Zhang et al.,, 2022a).

Currently, new dosage forms of PTX mainly include emul-
sions (Li et al., 2022a), micelles (Abdallah et al., 2020), pre-
cursor drugs (Al-Hilfi & Walker, 2022), inclusion compounds,
liposomes (Duan et al., 2022), nanoparticles (Gulsu et al.,,
2022; Chen et al., 2022b; Li et al., 2022c), and drug-releasing
scaffolds (Obayemi et al., 2020). PTX nanoemulsion has many
advantages, such as improved therapeutic effects, reduced
side effects, maintained drug activity, and enhanced cell
uptake and biological activity; however, their effectiveness
and safety remain to be confirmed. Liposomes and micelles
are promising drug carriers; however, their targeting, stability,
and encapsulation efficiency remain to be improved (Alavi
& Nokhodchi, 2022). The Cyclodextrin inclusion complex pro-
vided a feasible scheme for the oral preparation of PTX. The
synthesis of precursor drugs is a complicated and expensive
process, and their pharmacodynamics and pharmacokinetic
properties may change unexpectedly. Regarding PTX prepa-
ration, nanoparticles have the advantages of high drug load-
ing, large specific surface area, significantly increasing water
solubility and reduced toxic and side effects (Fu et al., 2022;
Gulsu et al.,, 2022; Sakhi et al., 2022). Magnetic nanodrug
delivery systems have attracted increasing attention because
of their good biocompatibility and multifunctional carrying
capacity. Magnetic iron oxide nanoparticles have been
applied to magnetic drug delivery systems by many research-
ers owing to their perfect preparation technology and good
biocompatibility (Isiklan et al. 2022).

Magnetic nanomaterials have many unique advantages
(Liu et al., 2022; Zhang et al., 2022b) and have been used
in many aspects of production and life (Ni et al., 2022; Yu
et al., 2022b). Magnetic nanoparticles are primarily composed
of Fe, Ni, Co, Cu, and their oxides. Fe and its oxides are
widely used in the field of biomedicine owing to their good
biocompatibility and application prospects in targeted deliv-
ery, biological separation, medical imaging, and other fields
(Singh & Amiji, 2022; Zhao et al., 2022; Wang et al,, 2022a).
Fe,O, stands out from other magnetic nanoparticles because
of its simple and convenient preparation and unique phys-
iological and catalytic properties. The size, surface character-
istics, and magnetism of magnetic Fe,O, nanoparticles are
considered when they are applied in the biomedical field.
For instance, size mainly determines how the particle enters
cells and how long it circulates in the body, while the surface
characteristics determine their ability to bind to drugs, and
the active targeting effect of a drug is influenced by its
magnetic properties. Simple magnetic Fe;O, nanomaterials
often cannot meet the delivery requirements for various
drugs owing to their single surface groups. Therefore, various
surface modification methods have been proposed to
improve surface characteristics to achieve higher drug
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loading or other requirements (Dutta et al., 2022; Kovrigina
et al., 2022; Vieira et al., 2022). For example, it has been
reported that multicomponent composite nanomaterials have
been prepared by microwave-assisted synthesis (Kumar et al.,
2018; 2020; Kalia et al., 2022) or chemical coprecipitation
method (Tan et al,, 2020), which significantly improves their
electrochemical performance and promotes the development
of high-performance advanced energy storage materials.
Compared with the traditional physical method, the chemical
method is preferred because of its advantages of mass pro-
duction and low cost. Hence, chemical synthesis is the most
commonly used preparation method at present, which
includes coprecipitation (Arumugam et al.,, 2022; Caldera
et al,, 2022; Sulaiman et al.,, 2022), high temperature pyrolysis
(Li et al., 2022d), as well as hydrothermal (Yoko et al., 2022),
microemulsion and green biosynthesis methods (Zheng et al.,
2019; Chen et al., 2022a), etc. Compared with other methods,
the hydrothermal method utilized in this study can improve
the magnetic properties of Fe;O, nanomaterials at high tem-
perature. Meanwhile, the volatilization of each component
can be reduced in the high-pressure environment, thus
improving the purity and magnetism of the product.
Hydrothermal method has the advantages of simple opera-
tion, low raw materials and low pollution. To reduce the
self-agglutination phenomenon of magnetic Fe,O, nanopar-
ticles and overcome their shortcomings of being easily oxi-
dized and corroded, various surface modification methods
have been applied to modify iron oxide nanoparticles.
Common modification materials can be classified as organic
or inorganic, each is applied to meet different modification
requirements owing to their different characteristics. The
relevant materials for surface modification utilized in the
biomedical field mainly include metals and metal oxides,
silicon dioxide (Michatowska & Kudelski, 2022), carbon mate-
rials (Fukushima et al., 2022), high polymers (Wang et al,,
2022b), biological materials (Li et al., 2022b), and so on.
Polysaccharides (Gong et al., 2022), proteins, and peptides
are the most commonly used biomaterials for surface mod-
ification (Jiang et al., 2022). Polysaccharide, a biopolymer, is
used to modify the surface of the nanoparticles by embed-
ding covalent coupling. Hence, a hydrophilic coating can
improve the biocompatibility and stability of nanoparticles
(Deng et al.,, 2022). Polysaccharides are classified as neutral,
positively charged, or negatively charged owing to their sur-
face charge properties. Chitosan coating is commonly used
for surface modification because the positive charge on its
surface can absorb negatively charged tumor cells (Resen
et al., 2022; Shahdeo et al., 2022). Hyaluronic acid (Dong
et al,, 2022), a ligand of CD44, has also been used to modify
the surface of targeted delivery systems and improve their
targeting performance. The protein most widely used for
surface modification is bovine serum albumin (Araya-Sibaja
et al,, 2022), which can prolong circulation time in the body.
Other materials have been shown to improve the targeting
of nanomaterials, including folic acid (Shams et al., 2022),
glucose transporter, short peptide of arginine-glycine-aspar-
tate sequence, and sialic acid (Wu & Roy, 2022).

In this study, Fe;O, nanoparticles were prepared via a
hydrothermal process using ferric chloride, sodium acetate,
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and propylene glycol as raw materials. No complex operation
was required and economical materials with little toxicity were
employed in this method. The surface modification of Fe;O,
nanoparticles was completed to improve their agglomeration
and targeting performance of the nanodrug delivery platform.
The loading of the hydrophobic drug PTX was realized, and
a nanodrug delivery platform was utilized for the loading of
hydrophobic drugs. The antitumor effect of the targeted deliv-
ery platform under a magnetic field and the anti-tumor mech-
anism of magnetic Fe;O, nanoparticles loaded with PTX at
the molecular level were explored. PTX could achieve a
high-throughput load and slow release effect through a tar-
geted delivery platform. The chemotherapy effect of PTX was
enhanced, and the side effects of chemotherapy were reduced,
thus providing new ideas for the application of other antitu-
mor drugs and the treatment of breast cancer.

2. Experimental details
2.1. Preparation of magnetic Fe;0, nanoparticles

Ferric chloride (1.5g) and sodium acetate (4.1g) were
placed in 40 mL of propanediol. The mixture was then com-
pletely dissolved in propanediol by ultrasound for 10 min
and transferred to a glass conical flask. The mixture was
stirred vigorously in a water bath at 95°C for 30 min. The
stirred mixture was then transferred to a Teflon-lined stain-
less steel reaction kettle and heated at 170°C for 24 h. The
resulting black product was separated by an external mag-
netic field, cleaned three times with ethanol and water,
and dried overnight in a dynamic vacuum at 90°C to obtain
Fe;0, nanoparticles.

The morphology and microstructure of magnetic Fe,O,
nanoparticles were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). At the same time, the energy dispersive spectroscopy
(EDS) was employed to evaluate the elemental composition
of the nanoparticles. The crystal properties of the samples
were measured using X-ray diffraction (XRD), and the content
of each phase was analyzed by comparison with the XRD
data of the standard phase. The crystal sizes of the samples
were calculated using the Debye-Scherrer formula. The chem-
ical compositions of the samples were qualitatively analyzed
using Fourier transform infrared spectroscopy (FTIR). The
specific surface area and pore properties of the samples were
characterized using a Brunauer-Emmett-Teller (BET) analyzer,
and the hydrodynamic particle size distribution of the sam-
ples was measured using a laser particle size analyzer.

2.2. Synthesis of magnetic Fe;0,@mSiO, nanopatrticles

Cetyltrimethylammonium bromide (CTAB) (1.0g) was added
into 180 mL of deionized water containing 2mL ammonium
hydroxide and dissolved completely using ultrasound. Next,
35mL diethyl ether and 50 mL ethanol were added into the
mixture and stirred continuously at room temperature
(25°C). Magnetic Fe;O, nanoparticles (0.2 g) were dispersed
in anhydrous ethanol (10mL) by ultrasound. Tetraethyl
orthosilicate (TEOS) (2mL) was added after stirring for

10 min, followed by vigorous stirring at room temperature
for 2h. The obtained products were separated under an
external magnetic field, washed with deionized water and
ethanol, and vacuum dried at 70°C for 12h. The products
were then dispersed in 50mL of acidic ethanol and refluxed
for 8h (Fang et al. 2019). This process was repeated three
times. Magnetic Fe;0,@mSiO, nanocomposites were
obtained via centrifugation, washing, and drying. Acidic
ethanol contained 1% glacial acetic acid. The magnetic
Fe,0,@mSiO, nanocomposites were characterized using FTIR,
dynamic light scattering (DLS), SEM, TEM, BET, and vibrating
sample magnetometer (VSM).

2.3. Construct of magnetic Fe;0,@mSiO, -NH,-FA
nanocomposites

Fe;0,@msiO, (0.2g) was added into ethanol (40 mL ethanol
containing 0.5 mL aminopropyltriethoxysilane) and stirred at
room temperature for 24 h. Fe,0,@mSiO,-NH, nanocompos-
ites were successfully fabricated after being alcohol-washed
for 3h and dynamically dried at 80°C. T1-ethyl-3-(
3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
(86 mg) and N-hydroxysuccinimide (NHS) (77 mg) were dis-
solved in 27mL DMF/DI (3:1) solution and stirred for 24h.
Next, 300mg FA was added into activate folic acid (FA).
Fe;0,@mSiO,-NH, (250 mg) nanocomposite was added into
a solution of activated folic acid and stirred overnight at
room temperature under anhydrous conditions. Fe;0,@
mSiO,-NH,-FA nanocomposites were obtained after washing
with water and ethanol several times, and were characterized
by FTIR, DLS, SEM, TEM, BET, and VSM.

2.4. Loading and release of PTX carrier

In the process of drug loading, 20mg of Fe,0,@mSiO,-NH,-FA
nanocomposites was dispersed in 10mL PBS by ultrasound
for 10 min. Next, 2mg PTX dispersed in 10mL anhydrous
ethanol was added, stirred at room temperature for 12h,
centrifuged under an external magnetic field, and washed
with PBS three times. The supernatant and washing solution
were combined and the ratio of PBS to anhydrous ethanol
was adjusted to 1:1. The absorbance of residual PTX in the
mixture was measured by UV-Vis spectrophotometer at
270nm. Drug loading and encapsulation rates were calcu-
lated as follows:
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where L was the drug loading amount of PTX (ug/mg) on
the prepared nanocomposites, E was the encapsulation effi-
ciency of PTX, M, was the initial amount of PTX (ug), ¢ was
the concentration of PTX in the mixture (ug/mL), V was the



volume of the mixed liquid (mL), and M was the mass of
the magnetic Fe,0,@mSiO,-NH,-FA nanocomposite (mg).

Magnetic Fe;0,@mSiO,-NH,-FA nanocomposites (10 mg)
were transferred to a dialysis bag with a molecular weight
of 2000 Da. The dialysis bag was placed in a triangular flask
and 20mL of PBS solution (pH 7.4) was added. The triangular
flask was oscillated in a water bath at 37°C, and 2mL of the
dialysate was removed for UV-vis analysis according to the
time interval. The PTX release curve was plotted according
to the measured changes in PTX concentration. The pH value
of the PBS solution was adjusted to 5.5, 6.5, and the above
process was repeated.

2.5. Cell culture

Frozen MCF-7 cells were quickly rewarmed in a water bath
at 37°C. The cells were then transferred to a plate after cen-
trifugation. The medium was renewed one day later to remove
the influence of dimethyl sulfoxide (DMSO) on cells as much
as possible. Cell culture was performed when the cells reached
80-85% of the dish. The cells were digested with trypsin until
they became round and bright under a microscope. Digestion
was terminated with a serum-containing medium. The col-
lected cells were centrifuged at 1000rpm for 5min, resus-
pended again, and kept in a CO, incubator for cultivation.

2.6. In vitro toxicity assay of nanopatrticles

To verify the low toxicity of nanomaterials, MCF-7 cells were
seeded in a 96-well cell culture plate and cultured with the
nanomaterials and nanoformulation at various concentrations
in a CO, incubator for 24 h. Different concentrations of drugs
or materials were dispersed in the medium to examine their
effects on cell viability. After the culture medium was
removed using an oil pump, 100 L of hyclone medium was
added into each well and cultured at 37°C for various times
(24, 48, 72, and 96 h). Then, 20 pL 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) solution (5mg/mL)
was added into each well and incubated at 37°C for 4h.
DMSO (100 L) was added into each well to dissolve formazan
after discarding the culture medium and shaking for 15min
under dark conditions until the violet crystals were fully dis-
solved. Optical density (O.D.) was measured at 570nm using
a microplate reader. A blank control was set in each exper-
iment with a cell activity of 100%. The cell viability was
calculated based on the O.D. value.

2.7. Cellular uptake test

MCF-7 cells were co-incubated with magnetic Fe;0,@
mSiO,-NH,-FA nanocomposites (40 ug/mL) in a petri dish for
24 h. Subsequently, Prussian blue staining was performed.
After the culture medium was carefully discarded, the cells
were washed 3-5 times with PBS to eliminate the influence
of the material itself on the staining results. The cells were
treated with 4% paraformaldehyde for 15 min, washed to
3 -5 times with deionized water, stained with Prussian blue
staining reagent for 20min, and then washed with deionized
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water for 3 min. Finally, the cells were washed with deionized
water after staining with a nuclear fast red solution for
15min. The uptake of the intracellular nanocarriers was
observed using an optical microscope.

Three dishes of MCF-7 cells in the same generation were
cultured under different conditions: normal culture and 40 ug/
mL Fe;0,@mSiO,-NH,-FA medium with or without a magnetic
field. After incubation for 24 h, the material was digested with
trypsin and centrifuged. The supernatant was discarded and
resuspended in 10 L of deionized water. The electrochemical
behavior of the materials was evaluated by cyclic voltamme-
try. Cyclic voltammetry has a scanning range of —0.3 to 0.6V,
a scanning rate of 100mV/s, and a sensitivity of 1 0 A/V.

2.8. Detection of intracellular ROS level

The 2',7'-Dichlorofluorescin diacetate (DCFH-DA) probe was
used to analyze the intracellular ROS levels. MCF-7 cells were
seeded in a 6-well plate at a density of 1x 10 cells per well
and cultured in a 5% CO, incubator at 37°C. Cells were cul-
tured for 24h under various conditions: control, Fe;O,,
Fe,0,@mSiO,-NH,-FA, Fe;0,@mSiO,-NH,-FA-TAX (without
magnetic field), free TAX, and Fe;0,@mSiO,-NH,-FA-TAX
(magnetic field). The cells were then washed with PBS for 3
times after removing the medium, stained with DCFH-DA,
and incubated for 30min at 37°C in the dark. Nuclei were
stained with Hoechst 33342 dye at 37°C for 20 min. The cells
were observed by fluorescence microscopy after the back-
ground was removed using PBS.

2.9. Apoptotic analysis

MCF-7 cells in logarithmic growth were seeded in 6-well plates
to investigate the influence of the control group and 40uM
drug dose group on MCF-7 cells, which were incubated for
24h. The cells were washed twice with PBS buffer to remove
any residual medium and unattached cells. Next, TmL of 4%
paraformaldehyde fixative was added and allowed to react
for 10min before removal. Working solution (60uL) (AO and
EB solutions mixed equally) was added after rinsing the cells
twice with PBS buffer. Cells were stained for 5min at room
temperature and observed under a fluorescence microscope.

MCF-7 cells in the logarithmic growth phase were selected
and seeded in different media: blank medium, Fe,O,, Fe,0,@
mSiO,-NH,-FA, Fe;0,@mSiO,-NH,-FA-TAX (without magnetic
field), free TAX, and Fe;0,@mSiO,-NH,-FA-TAX (magnetic field).
After culturing for 24h, the cells were digested with trypsin
and washed with PBS 3 times after collection. Next, 100 L 1x
binding buffer was added into the resuspended cells. The cell
suspension was mixed with 5uL FITC-Annexin V at 37°C for
30min in the dark. Then 10pL Pl was added for 5min. The
level of apoptosis was monitored by flow cytometry within 2h.

2.10. Western blotting analysis

MCF-7 cells were seeded on 6-well plates and incubated with
medium containing the Fe;0,@mSiO,-NH,-FA-TAX nanocom-
posite at 37°C for 24h. After the culture medium was
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carefully discarded, 100 uL of lysate was added and the cells
were shaken for 30 min at 4°C. The collected lysate was cen-
trifuged at 12000 rpm for 15min and the total protein con-
centration was measured using a BCA protein assay Kkit.
Protein samples were separated by 10% SDS-PAGE and elec-
trophoretically transferred onto a polyvinylidene difluoride
(PVDF) membrane. The PVDF membrane was blocked with
block solution (2.5g skim milk powder + 50 mL TBST) for 2h
and then incubated with 3mL primary antibodies overnight.
The membrane was washed with TBST three times to remove
the antibodies and then incubated with a secondary antibody
(1:1000) for 1h. After incubation, the strips were washed
several times with TBST and subjected to the exposure solu-
tion. The target proteins were detected by western blotting.

2.11. Analysis of intracellular SOD and MDA levels

The cells were treated with the 100 upg/mL carrier and 40 uM
preparation group for 24h. After removing the cell culture
fluid, the cells were washed with pre-cooled PBS and digested
with trypsin. The cells were then lysed using a cell crusher
and centrifuged at 10000rpm at 4°C for 5min. The

supernatant was then collected for further testing. The activ-
ity of antioxidant enzymes and content of lipid peroxidation
products were determined strictly in accordance with the
manufacturer’s instructions.

2.12. Statistical analysis

All results are expressed as mean +standard deviation (X %S).
All experiments were repeated at least thrice under the same
conditions. A standard t-test was used to compare the mean
of the control group. The symbols *" and “**' stood for the
comparison with the control group while the symbols ‘#' and
‘##’' stood for comparison between experimental groups. The
difference was relatively significant when P<.05 and
extremely significant when P<.01.

3. Results and discussion
3.1. Characteristics of magnetic Fe;O, nanoparticles

As shown in Figure 1(A) and (B), the prepared nanoparticles
were approximately spherical with an average particle size
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Figure 1. SEM morphology (A), TEM image (B), XRD pattern (C), XPS survey scan spectrum (D), XPS spectra of Fe2p (E), Hysteresis loop (F), FTIR spectra
(G), EDS spectrum (H), and BET measurement (I) of magnetic Fe;0, nanoparticles heated at 170°C for 24h with a heating rate of 3°C/min.
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Figure 2. TEM image of Fe,0, nanoparticles heated at 170°C for 24h (A) and Fe;0,@mSiO, nanoparticles (B), and the FTIR spectra of the process of magnetic

Fe,0, nanoparticles coated with silica (C).

of 20.2+3.0nm, and the size distribution was uniform with
agglomeration (Figure S1). The XRD pattern of the prepared
nanoparticles in Figure 1(C) showed that the diffraction peaks
at the (220), (311), (400), (511), and (533) crystal planes cor-
respond to the diffraction peaks of the standard card
NO.19-0629, which proved that the prepared nanoparticles
were composed of Fe;O,. The XPS spectra in Figure 1(D)
suggested that the elements in the substance contained Fe
and O. The valence state of iron in the magnetic products
was further analyzed, and the results of peak fitting were
shown in Figure 1(E). The Fe 2p peaks corresponding to Fe
2p3/2 and Fe 2p1/2 were located at 710.6 and 724.1eV,
respectively. The mean relative areas of each constituent
peak assigned to Fe?* and Fe3* were calculated. The ratio of
Fe?*:Fe3* was theoretically 1:2 because the stoichiometric
magnetite phase could be expressed as FeO-Fe,0,. The results
of the deconvoluted peaks showed that the ratio of Fe?*:Fe3*
was calculated to be 0.37:0.63. This value was clearly that of
the stoichiometric oxide within the uncertainty of the calcu-
lations. The above experimental results verified the existence
of Fe;0,. The saturation magnetization of Fe,O, nanoparticles
in Figure 1(F) was 129.38emu/g, suggesting that it was a
kind of superparamagnetic material. According to the FTIR
spectrum analysis of nanoparticles in Figure 1(G), it could
be seen that the vibration peak at 3404cm™' belonged to
the hydroxyl group while the vibration peak at 590 and
438cm™! were attributed to the Fe-O bond. The absorption
band at 1624cm™" was assigned to bending vibration of OH
bonds (Santos et al., 2021). The elements of the nanoparticles
shown in Figure 1(H) included Fe and O, among which Fe
accounted for 37.69% and O accounted for 51.68% (the char-
acteristic peak of Au was due to the gold-spraying treatment
during the scanning electron microscopy to increase the
conductivity). The nitrogen adsorption-desorption curve and
pore size distribution of the magnetic Fe;O, nanoparticles
were depicted in Figure 1(l). The adsorption-desorption nitro-
gen isotherm of the nanoparticles at low pressure exhibited
a type Il adsorption isotherm. The calculated specific surface
area and pore volume were found to be 84.756 and
0.265cm?3/g, respectively, and the average adsorption pore
size was 11.973nm, which was close to the particle size of
the nanoparticles. This might be due to the agglomeration
of the nanoparticles. The curve showed a rapid upward trend
under high pressure, and the nitrogen adsorption type was
H3. The above characterization verified that the prepared

magnetic nanoparticles were Fe;O, nanoparticles, and their
saturation magnetization reached 129.38emu/g with the
characteristic of agglomeration. To successfully load insoluble
drugs, it was necessary to modify the surface of nanoparticles
to improve their agglomeration and enhance their ability to
load drugs.

3.2. Modification of magnetic Fe;O, nanoparticles

From the TEM images of Fe;O, nanoparticles and Fe;0,@
mSiO, nanocomposite in Figure 2(A) and (B), it could be seen
that the surface of the nanoparticles was successfully coated
with a silica shell. The mesoporous silica shell did not change
the original morphology of the magnetic nanoparticles, and
the nanocomposites coated with silica were still spherical
with an average particle size of 27.81 nm, which was larger
than that of magnetic Fe;O, nanoparticles. The increased
particle size was attributed to the mesoporous silica shell,
and the dispersion of the magnetic Fe;0,@mSiO, nanocom-
posites coated with mesoporous silica was improved.
Figure 2(C) showed the infrared spectra of the different
nanoparticles during the preparation process. A template
agent (CTAB) was added to the mesoporous silica coating
process. Subsequently, the template agent should be
removed to make the silica coating appear mesoporous. In
the infrared spectrum of Fe;0,, the characteristic peaks at
590 and 438cm™' belonged to Fe-O bonds, while the char-
acteristic peak at 3404cm™' was attributed to the hydroxyl
group. The infrared spectra of the nanocomposites with CTAB
showed that the characteristic peaks at 2922cm™' and
2851 cm™' were attributed to CTAB, and the peaks at
1066 cm™~' were attributed to Si-O bonds, indicating the suc-
cessful coating of silica. After 24h of acidic ethanol reflux,
the characteristic peak of CTAB disappeared, indicating its
successful removal. It was evident that the characteristic peak
at 1084cm™" was due to the Si-O bond and the characteristic
peak at 462cm~" was attributed to the Fe—O bond, verifying
the successful preparation of Fe;0,@mSiO, nanocomposites
with the removal of CTAB.

The surface amination and folic acid activation of Fe;0,@
mSiO, nanocomposites were successively carried out to
improve the possibility of subsequent drug loading and tar-
geting of the nanodrug delivery system (Liu et al.,, 2021). As
shown in the infrared spectrum in Figure 3(A), the character-
istic peaks at 1541 and 1507cm™' belonged to the amino
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group. After the activation of folic acid, the characteristic peak
at 3078cm~" was attributed to the amide group. The charac-
teristic peaks at 668 and 1529cm™~" were respectively attributed
to the amide | and amide Ill bands, respectively. This reason
was that an amide bond was formed during the crosslinking
of folic acid. The magnetic properties in Figure 3(B) also con-
firmed the success of the surface modification of the nanopar-
ticles. The saturation magnetization decreased from 129.38
to 76.3emu/g after the activation of folic acid. During the
surface modification process, the zeta potential was measured
at each step of the product. The results in Figure 3(C) also
verified the success of the surface modification. The zeta
potential of Fe,0, was positive under acidic conditions (Zhang
et al., 2022). In Figure 3(C), the zeta potential of Fe,O,
nanoparticles was 67.1mv, which might be because acidic
raw materials were utilized to prepare Fe,O, nanoparticles.
Magnetic Fe,0, nanoparticles changed from positive charge
to negative charge after coating with silica, which might be
caused by the hydroxyl groups on the surface of silica. After
modification by amination with APTES, the nanocomposites
exhibited positive electric properties owing to the presence
of amino groups. After the activation of folic acid, the nano-
composite became electronegative because folic acid was
electronegative. The above characterization results verified
the success of the surface modification of the nanoparticles.
Although the stability decreased slightly as the absolute value
of the zeta potential decreased, the agglomeration process
was clearly improved. Figure 3(D) and (E) showed the nitrogen
adsorption-desorption curve and pore size distribution of the
Fe;0,@mSiO,-NH,-FA nanocomposites. The calculated specific
surface area was 324.410 m?/g. The pore volume was
0.369cm3/g and the average pore size was 4.548 nm. The

nitrogen adsorption-desorption curve of Fe;0,@mSiO,-NH,-FA
nanocomposites could be classified as type IV adsorption
isotherms, which belonged to mesoporous materials (Calzaferri
et al, 2021). The specific surface area and pore volume of
Fe,0,@mSiO,-NH,-FA nanocomposites experienced signifi-
cantly higher increases than those of Fe;O, nanoparticles. The
average pore size of the Fe;0, nanoparticles was 11.973nm,
which was close to the particle size. This might be caused
by the agglomeration of the nanoparticles. After surface mod-
ification, the nanoparticles formed a mesoporous structure.
Hence, the improved agglomeration phenomenon and
increased specific surface area provided a material basis for
subsequent drug loading.

3.3. The loading and release of PTX

The standard curve of the corresponding absorbances of PTX
at various concentrations measured at an ultraviolet wave-
length of 270nm was shown in Figure S2. The drug loading
efficiency and drug loading capacity of the nanocomposites
were 44.26 and 11.375%, respectively. As depicted in
Figure S2(B), the cumulative PTX release rates of the Fe,0,@
mSiO,-NH,-FA-TAX nanodrug increased by 53.2, 76.4, and
80.1% at pH 7.4, 6.5, and 5.5, respectively, indicating that
the nanocomposite exhibited a certain pH sensitivity. The
cumulative release rate in the pH of tumor microenvironment
was more than 80%. The drug release of the nanocomposite
showed a sustained release effect according to the curve
analysis, which might be caused by the interaction between
the drug and the nanocarrier. The higher drug release effi-
ciency of nanomaterials in acidic environments might be
attributed to the destruction of the carrier structure of
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nanomaterials, resulting in a higher release rate of PTX. As
an anti-tumor drug, PTX could be released more in the tumor
microenvironment, which was conducive to its enhanced
anti-tumor effect.

3.4. The assay of cytotoxicity and magnetic targeting
of carriers

The viability of MCF-7 cells after treatment was determined
by the MTT assay to evaluate the effect of nanomaterials.
As shown in Figure 4(A), when the concentration of Fe;0,
reached 800 pug/mL and the incubation time exceeded 72h,
the cell viability was 56.6%, verifying the effects of nano-
materials on cell viability. After incubation for 48h, cell
viability was still above 95%. As depicted in Figure 4(B),
cell viability was still greater than 95% when the concen-
tration reached 1200 pg/mL and the incubation time was
48h. Cell viability remained at 73.8% after incubation for
72 h. Because the silica coating and folic acid improved the
biocompatibility of the nanocomposites, the cell viability
was enhanced with an increase in the concentration. To
study the effect of the magnetic field on the toxicity of
the nanomaterials, breast cancer cells were co-incubated
with Fe;0,@mSiO,-NH,-FA with or without a magnetic field.
After incubation for 24 h, the results in Figure 4(C) showed
that the toxicity of nanomaterials was enhanced by the
magnetic field. Most importantly, although the
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nanomaterials exhibited biological toxicity when incubated
at a certain concentration for a certain time, these concen-
trations were far beyond the material concentration required
for subsequent experiments. Therefore, it was feasible to
utilize nanomaterials with good biocompatibility for drug
loading.

Prussian blue staining could reflect the uptake capacity
of magnetic Fe;0,@mSiO,-NH,-FA nanocomposites. Compared
with the blank control group (Figure 5(A) and (C)), blue par-
ticles were observed in the cytoplasm of the group contain-
ing Fe;0,@mSiO,-NH,-FA and MCF-7 cells (Figure 5(B) and
(D)), because trivalent iron could react with ferrous potassium
to produce insoluble blue products (Guari et al., 2022). The
nanoparticles could aggregate within the cells after
co-incubation, theoretically releasing the drug into the
cytoplasm.

The electrochemical method could also be used to
detect the cellular uptake of nanoparticles (Figure S3).
Whether an applied magnetic field promoted cellular
uptake could also be assessed electrochemically. Cyclic
voltammetry was the most common electrochemical
method for assessing the electron conductivity. The peak
current of the bare electrode was larger than that of the
Fe,0,@mSiO,-NH,-FA nanocomposite because the Fe;0,@
mSiO,-NH,-FA nanocomposite prevented Fe(CN) > from
reaching the electrode surface. The peak current decreased
after the co-incubation of Fe;0,@mSiO,-NH,-FA and MCF-7
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cells, which was attributed to the deposition of cells on
the electrode surface and obstruction of electron conduc-
tion. The current of the applied magnetic field decreased
further compared with that without a magnetic field, indi-
cating that more nanomaterials were absorbed by cells with
a magnetic field.

3.5. Cell cytotoxicity and apoptotic assay

Figure 6(A)—(C) respectively depicted the viability of MCF-7
cells at different times with different doses of magnetic
Fe,0,@mSiO,-NH,-FA-TAX nanoformulation. As shown in
Figure 6(A), when the drug concentration was higher than
10 uM, the cell viability increased from high to low in Fe,0,@
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Figure 7. The AO/EB double staining fluorescence images of MCF-7 cells treated with blank control (A), Fe;0,@mSiO,-NH,-FA-TAX nanocomposites without MF
(B), free TAX (C), and Fe;0,@mSiO,-NH,-FA-TAX nanocomposites with MF (D) for 24 h.

mSiO,-NH,-FA-TAX nanoformulation without a magnetic field,
free TAX, and Fe;0,@mSiO,-NH,-FA-TAX nanoformulation with
a magnetic field. The cell viability of the nanoformulation
group without a magnetic field was higher than that of the
free TAX group because of the slow release effect of the
nanoformulation. The killing rate of the nanoformulation on
cells was more than 50% at 24h with a magnetic field, indi-
cating that the nanoformulation had good anti-tumor effects.
The applied magnetic field effectively increased the targeting
of nanoformulation and the uptake and intracellular release
of nanomaterials. The cell viability of the free TAX group was
the lowest when the concentration was lower than 10uM,
which might be due to the precipitation of PTX in the
medium. The killing effect of MCF-7 cells in all groups grad-
ually increased over time (Figure 6(B) and (C)). When the
concentration of the drug was 80uM and the incubation
time was 72 h, the killing rate of cells co-incubated with the
nanoformulation reached nearly 70% under an external mag-
netic field, indicating the good antitumor effect of the
nanoformulation.

The main modes of cell death included apoptosis, iron
death, autophagy (Ketelut-Carneiro & Fitzgerald, 2022; Wang
et al,, 2021b), and autophagy. As shown in Figure 7, AO/EB
staining was used to evaluate cell apoptosis during treatment
with the nanoformulation. After staining, the cells were
divided into four groups under the microscope: living cells,
early apoptotic cells, late apoptotic cells, and dead cells
(Kuang et al., 2021). No dead cells were observed in the
control group (Figure 7(A)), while the cells treated with
Fe,0,@mSiO,-NH,-FA-TAX showed apoptosis and were
orange-red (Figure 7(B)). The cells exhibited extensive apop-
tosis under a microscope after treatment with free PTX
(Figure 7(C)) and Fe;0,@mSiO,-NH,-FA-TAX (Figure 7(D)) under

a magnetic field. Free PTX showed a stronger killing effect
on cells than the nanoformulation, which might be attributed
to the slow-release effect of the nanoformulation. These
results were consistent with the above results for cell viability.
In addition, the killing effect of nanomaterials under a mag-
netic field was better than that of free drugs, which was
consistent with the above cytotoxicity results. This phenom-
enon might be caused by an increase in the targeting of
nanomaterials under a magnetic field.

AO/EB staining, as a qualitative test for the detection of
apoptosis, had certain limitations. Hence, flow cytometry was
used to quantitatively evaluate the level of apoptosis (Kumari
et al., 2022). When the cells were in an apoptotic state, PS
flipped to the surface of the cell membrane, which could
bind to FITC-annexin V and emit strong fluorescence.
However, since this probe could also be labeled on the sur-
face of necrotic cells, another probe should be introduced
to distinguish cells at different apoptotic stages from necrotic
cells. Pl could not pass through the living cell membrane,
and only when the membrane permeability increased, it
could enter the cell and bind to DNA. Therefore, Annexin
V-FITC/PI double staining divided cells into 4 categories: live
cells (-/-), early apoptotic cells (+), late apoptotic cells (+/+)
and necrotic cells (-/+). As shown in Figure 8(A), the overall
apoptotic rate in the control group reached 10.52%, owing
to the utilization of trypsin. Trypsin induced apoptosis.
However, this ratio was within the acceptable range. As
depicted in Figure 8(B) and (C), after co-incubating Fe;O0,
and Fe;0,@mSiO,-NH,-FA with cells, the overall apoptotic
rates were 11.07 and 10.56%, respectively. The apoptotic rate
was not significantly different from that in the control group,
and the slightly lower overall apoptosis rate in the Fe;0,@
mSiO,-NH,-FA group might be due to the improved



74 Y.NIET AL.

(A) ] (B) ] (C) ] 0, 0,
1 Q2-UL(1.61%) Q2-UR(8.96%) 1 Q2-UL(1.50%) Q2-UR(9.31%) Q2-UL(1.66%) Q2-UR(8.94%)
oo 4 (DO ; 0‘9 4
< 7 < ] < ]
&< ] &< 7 B ]
23 = 23
(3] 1 ™ 7 [} 7
=R 2 2 4
o, JQ2-LL(87.87%) " Q2-LR(1.56%) o, JQ2-LL(87.44% " Q2-LR(1.76%) o, JQ2LL 1 Q2-LR(1.62%)
— 1 U — T T T T T T T T T ~ 1 T T TTI T T T T T 1T - 1 T T T T T T T T,
102 108 104 10° 108 102 108 104 10° 108 102 108 104 10° 108
FITC-A FITC-A FITC-A
D)7 = o (E)7 ” I E
1Q2-UL(0.69%) Q2-UR(11.88%) Q2-UL(0.49%) Q2-UR(10.35%) 1 Q2-UL(0.44%) Q2-UR(13.64%)
‘o . “© _: © _:
xne ; g _: o ;
< < <
W A W W
& 23 &% E 0%
mo _; (*)O ; «JO 7
. w . 3 Y . ) K : _. E
o, ] Q2-LL(75.809 Q2-LR(11.63%) o, JR2LL(73.91% Q2-LR(15.24%) o TQ2-LL(69:21%) Q2-LR(16.71%)
p=t LB L1 e B0 ) e RN & LIBLELEE L B 1) R L = T T
102 108 104 10° 108 102 108 104 10° 108 102 108 104 108 108
FITC-A FITC-A FITC-A

Figure 8. Flow cytometry scatter plots of Annexin V-FITC/PI apoptosis staining: (A) Control, (B) Fe;0,, (C) Fe;0,@mSiO,-NH,-FA, (D) Fe,0,@mSiO,-NH,-FA-TAX,

(E) Free TAX, and (F) Fe,0,@mSi0,-NH,-FA-TAX + MF.

biocompatibility of the material by surface modification. After
co-incubation with Fe;0,@mSiO,-NH,-FA-TAX in Figure 8(D),
the overall apoptotic rate reached 23.51%, which was higher
than that of the control group, indicating that the nanofor-
mulation could induce cell death through the apoptotic
pathway. The apoptosis rate of the free TAX group in Figure
8(E) was higher than that of the nanoformulation group,
reaching 25.59%, which might be attributed to the
sustained-release effect of the nanoformulation. However,
the apoptosis rate of the nanoformulation group with the
applied magnetic field was higher than that of the free TAX
group (30.35%), reflecting the effect of magnetic
field-enhanced targeting (Figure 8(F)).

3.6. The detection of intracellular ROS, SOD,
and MDA levels

Nanoformulation, an exogenous substance, might stimulate the
production of ROS in cells, leading to physiological and patho-
logical reactions in cells (Patel et al., 2020). As a result, the
level of intracellular oxidative stress might change, leading to
cytotoxicity. Hoechst 33342, a nucleic acid dye, induced a blue
fluorescence in the nucleus. The DCFH-DA fluorescent probe
could enter cells and be hydrolyzed into DCFH by intracellular
enzymes. However, DCFH could not cross the cell membrane
and was oxidized to DCF in the presence of reactive oxygen
species (ROS), emitting green fluorescence. The fluorescence
level of DCF positively correlated with the level of intracellular

ROS. Therefore, the DCFH-DA fluorescence probe could be used
to detect ROS accumulation in MCF-7 cells. As shown in Figure
9(A1-A3), the nuclei showed blue fluorescence with uniform
staining, and no green fluorescence was observed in the con-
trol, Fe;0, and Fe;0,@mSiO,-NH,-FA treated cells. However,
the cells treated with Fe,0,@mSiO,-NH,-FA-TAX (Figure 9(A4))
showed obvious green fluorescence, however its intensity was
weaker than that of the free PTX group (Figure 9(A5)), which
might have been caused by the slow-release effect of the
nanoformulation. Under an external magnetic field, the fluo-
rescence intensity of the cells treated with Fe,0,@
mSiO,-NH,-FA-TAX was higher than that of the free drug group,
indicating that the magnetic field enhanced the targeting effect
of the nanoformulation (Figure 9(A6)).

SOD, an active substance with antioxidant properties,
could catalyze the disproportionation reaction of free radicals
and generate oxygen and hydrogen peroxide, which played
a critical role in the oxidative balance of the body (Kumar &
Clair, 2021). The decrease in SOD levels reflected the weak-
ened antioxidant and free radical scavenging capacity of the
cells, indicating that the cells were damaged. As shown in
Figure 9(B1), the SOD activities of the control, Fe,O,, and
Fe;0,@mSiO,-NH,-FA groups were similar without significant
differences, indicating that Fe;O, and Fe;0,@mSiO,-NH,-FA
did not cause cell damage. However, SOD activity decreased
significantly after treatment with free PTX and the nanofor-
mulations with/without a magnetic field. This led to accu-
mulation of free radicals and cell damage. The SOD activity
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Figure 9. Detection of ROS in MCF-7 cells treated by blank control group (A1), Fe;0, (A2), Fe;0,@mSiO,-NH,-FA (A3), Fe,0,@mSiO,-NH,-FA-TAX (A4), free
TAX (A5), and Fe;0,@mSiO,-NH,-FA-TAX with magnetic field (A6), respectively. Detection of SOD level (B1) and MDA level (B2) in MCF-7 cells treated by
blank control group, Fe,0, (M), Fe;0,@mSi0,-NH,-FA (M-FA), free TAX, Fe;0,@mSiO,-NH,-FA-TAX (M-FA-TAX), and Fe,0,@mSiO,-NH,-FA-TAX with MF, respectively
(n=3, ** P<.01, compared with the control group, ## P<.01, comparison between groups).

of the nanoformulation group without a magnetic field was
higher than that of the free PTX group because of the slow
release effect of the nanoformulation. In contrast, the SOD
activity of the nanoformulation group under a magnetic field
was lower than that of the free PTX group, because the
magnetic field increased the targeting effect of the nanofor-
mulation. MDA, an indicator of the degree of cell membrane
damage, could reflect the degree of lipid oxidation (Wang
et al., 2018). As shown in Figure 9(B2), compared to the
control group, the level of MDA in the Fe;O, group and
Fe,0,@mSiO,-NH,-FA group showed no significant difference,
indicating that Fe;0, and Fe;0,@mSiO,-NH,-FA did not cause
cell damage. However, MDA levels were significantly increased
after treatment with free PTX and the nanoformulation with/
without magnetic field, indicating that the degree of cell
membrane damage was aggravated after drug administration.
The above experimental results demonstrated that the levels
of ROS and MDA increased, while the level of SOD decreased
after drug administration, indicating that the nanoformulation
could affect the viability of MCF-7 cells by changing the level
of oxidative stress.

3.7. Influence of nanoformulation
on protein expression

Figure 10(A) showed the effects of the nanoformulation on
the expression of apoptotic proteins in MCF-7 cells.
Apoptosis, which was characterized by cell shrinkage, nucle-
osome formation, and DNA fragmentation, was a type of
programmed cell death. Caspase, a member of the cysteine
protease family, was the core regulatory factor in apoptosis
(Gan et al., 2022). Caspase 3 was the executor of apoptosis
and could directly degrade proteins that caused apoptosis.
Caspase 8 and caspase 9 were the promoters of apoptosis,
which could be activated by self-shearing after receiving
the signal, and then caused a cascade reaction to amplify
the apoptotic signal. Caspase 8 and caspase 9 could bind
closely to pro-apoptotic signals when apoptotic signal trans-
duction occurred, with cleaved caspase 9 being the acti-
vated form. After self-shear activation, caspase 8 and
caspase 9 could activate the downstream executor caspase
3, which forms cleaved caspase 3. Subsequently, apoptosis
was induced by protein degradation. As shown in Figure
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10(A), caspase 8 was downregulated after continuous cleav-
age and activation, while cleaved caspase 9 was upregulated
after introducing the apoptosis signal. As a result, cell apop-
tosis was induced and that cleaved caspase 3 was contin-
uously up-regulated by cleaved caspase 9.
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Figure 11. Effect of MCF-7 cell activity treated by Fe;0,@mSiO,-NH,-FA-TAX
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P53 protein was a transcription factor that was widely pres-
ent in tumor cells and played a critical role in the initiation of
apoptosis. When cell damage was irreversible, p53 played dif-
ferent roles, depending on the degree of DNA variation. When
the degree of DNA variation was controlled, the p53 gene
promoted cell repair, acting as a repairman. In contrast, the
p53 gene induced apoptosis if the DNA changed too much to
be salvaged. These two functions were regulated by multiple
upstream and downstream genes in dynamic equilibrium (Xie
et al.,, 2022b). The expression levels of HIF-1a and p53 increased
after MCF-7 cells were treated with the nanoformulation (Figure
10(A)). P53 could regulate various apoptosis-related cytokines,
such as the apoptosis precursor protein Bax and anti-apoptotic
cytokine Bcl-2. As shown in Figure 10(A), the expression of Bax
increased, while the expression of Bcl-2 decreased owing to
the upregulation of P53, and the ratio of Bax/Bcl-2 increased
after treatment with the nanoformulation, indicating that the
nanoformulation could induce cell apoptosis through the apop-
totic pathway. The ratio of Bax/Bcl-2 increased when a magnetic
field was applied, suggesting that the applied magnetic field
could enhance the apoptotic effect of the nanoformulation on
cells by targeting the nanoformulation.

Iron death, distinguished from other cell death modes,
was an iron-dependent, non-apoptotic form of cell death
characterized by iron overload and lipid peroxidation, which
could be inhibited by various antioxidants (Wang et al,
2021a). The phospholipid hydrogen peroxide glutathione
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Figure 13. Effects of apoptosis and ferroptosis related protein expression levels in MCF-7 cells treated by Fe;0,@mSiO,-NH,-FA-TAX under the action of magnetic
fields with and without NAC treatment. (—) means not treated by NAC, (+) means treated by NAC (n=3, **P<.01, comparison between groups).

peroxidase (GPX4), a key regulator of iron death, could
reduce the toxicity of lipid peroxides to maintain cell mem-
brane homeostasis (Zhu et al., 2021). When GPX4 was inhib-
ited or inactivated, the accumulation of lipid peroxides in
the cells induced iron death. P53 could inhibit the activity
of GPX4, which was associated with iron death. Ferritin
(FTH1), the stored form of iron in the body, participated in
iron metabolism. However, iron death occured when the
amount of ferritin in the body was reduced, and the intra-
cellular iron balance was disturbed under physiological or
pathological conditions (Kong et al., 2021).

The results of Prussian blue staining showed that the nano-
formulation could release Fe3*, which was associated with cell
iron death. To further explore the mechanism of cell death
induced by the nanoformulation, the expression levels of
iron-death-related proteins were evaluated. As shown in Figure
10(B), the expression level of p53 was upregulated, whereas
those of GPX4 and FTH1 were downregulated. Downregulation
of GPX4 expression resulted in the inhibition of intracellular
lipid peroxide clearance and accumulation of intracellular ROS,
leading to iron death. P53 could inhibit GPX4 expression to
induce iron death. FTH1, ferritin in the human body, induced
iron death if its expression level was downregulated. The
changes in the levels of these three proteins suggested that
the nanoformulation could induce cell death through the iron
death pathway. The results also indicated that this effect could
be enhanced by an applied magnetic field, which was asso-
ciated with the targeting of magnetic fields.

3.8. The antitumor mechanism of magnetic
nanomaterials on MCF-7 cells

According to the experimental results of intracellular ROS,
MDA, and SOD levels, the nanoformulation could change
the intracellular oxidative stress level. The accumulation of
ROS in cells was necessary for iron death. ROS levels in
cells increased abnormally under hypoxia and mitochondria
were the main source of ROS production. Mitochondrial
ROS not only participated in the activation of the HIF-1a
upstream signal but also activated the PI3K/AKT (phospha-
tidylinositol 3 kinase-protein kinase B) signaling pathway,
thus upregulating HIF-1a. ROS also played an important
role in apoptosis and iron death. To confirm that the change
in the oxidative stress level in vivo was the molecular mech-
anism of cell death induced by the nanoformulation, further
experiments were needed.

To prove the relationship between ROS and HIF-1a, p53,
Bax, Bcl-2, GPX4, and FTH1, related protein levels were
detected after ROS levels were downregulated by the ROS
scavenger N-acetylcysteine (NAC). MCF-7 cells were treated
with the Fe,0,@mSiO,-NH,-FA-TAX nanocomposite under the
same conditions after the addition of the ROS scavenger
NAC, and the cell viability increased significantly (Figure 11).
The cell viability of the control group did not change before
and after NAC incorporation, whereas that of the nanofor-
mulation group increased significantly, indicating that NAC
could enhance cell viability by scavenging ROS.



The experimental results shown in Figure 12 demonstrated
that the incorporation of NAC significantly reduced intracellular
ROS levels. With the addition of the ROS scavenger, NAC, the
intracellular ROS expression level of MCF-7 cells treated with
Fe;0,@mSiO,-NH,-FA-TAX was significantly reduced.

The effects of the Fe,0,@mSiO,-NH,-FA-TAX nanocomposite
on the expression levels of related proteins in MCF-7 cells with
a magnetic field before and after NAC treatment were shown
in Figure 13. The expression level of HIF-1a in the NAC-treated
group was downregulated compared with that in the non-NAC-
treated group, suggesting that NAC could downregulate the
expression level of HIF-1a by scavenging ROS. Since mitochon-
drial ROS could upregulate the expression of HIF-1a by acti-
vating the upstream signals of HIF-1q, the level of HIF-1a was
downregulated after ROS clearance. As shown in Figure 13,
NAC down-regulated the expression of p53, possibly because
p53 was regulated by HIF-1a under hypoxic conditions. After
NAC treatment, the levels of Bax and cleaved caspase 3 were
downregulated, whereas the level of Bcl-2 was upregulated
due to the downregulation of p53 after ROS clearance. These
results indicated that the antioxidant NAC could reduce the
promoting effect of the nanoformulation on MCF-7 cell apop-
tosis, which verified that the nanoformulation could indeed
induce cell death through the apoptotic pathway. The levels
of GPX4 and FTH1 were upregulated after NAC treatment,
which was related to the stabilization of intracellular iron con-
tent and decrease in intracellular lipid peroxides after ROS
clearance. The above results indicated that the antioxidant
NAC could reduce the promoting effect of the nanoformulation
on iron death in MCF-7 cells, which confirmed that the nano-
formulation could indeed induce cell death through the iron
death pathway. The results of intracellular oxidative
stress-related indicators and changes in cell viability and pro-
tein expression levels after incorporation of NAC suggested
that the molecular mechanism of cell death induced by nano-
formulation might be the change in the oxidative stress level.

4. Conclusions

In this study, magnetic Fe,O, nanoparticles were successfully
fabricated, and their biocompatibility was improved by sur-
face modification. A magnetic nano-delivery system was suc-
cessfully constructed by loading PTX onto the surface of the
nanocomposite, thus improving the stability and solubility
of PTX. The mechanism of induction of breast cancer cell
death by the magnetic Fe,0,@mSiO,-NH,-FA-TAX nanocom-
posites was elucidated. The main conclusions were as follows.

1. Fe;0, nanoparticles were successfully prepared by a
hydrothermal method using ferric chloride, sodium
acetate, and propylene glycol as raw materials. The
average size of the nanoparticles was found to be
20.2+3.0nm. The saturation magnetization reached
129.38 emu/g, showing superparamagnetism. The spe-
cific surface area and pore volume were 84.756 m?/g
and 0.265 cm?/g, respectively.

2. Fe;0,@0mSiO,-NH,-FA nanocomposites were con-
structed with a saturation magnetization of 76.3emu/g
and zeta potential of —14.1mV. The drug loading
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efficiency and drug loading capacity of the nanocar-
riers were 44.26 and 11.375%, respectively. The cumu-
lative release rates of PTX in PBS were 53.2, 76.4, and
80.1% at pH 7.4, 6.5, and 5.5, respectively. The nano-
carriers exhibited pH sensitivity and sustained release.

3. Fe;0,@mSiO,-NH,-FA nanocomposites had the advan-
tages of good biocompatibility and excellent active
targeting performance in magnetic fields. The nano-
formulation also showed a good killing effect on
MCF-7 cells, which could have a slow-release effect,
and its targeting ability could be enhanced by an
external magnetic field.

4. Fe;0,@mSiO,-NH,-FA-TAX nanoparticles inhibited
GPX4 activity or reduced FTH1 expression, resulting
in ROS accumulation and iron death. At the same
time, ROS accumulation could upregulate HIF-1q,
affected the expression of apoptosis-related proteins
regulated by p53, and induced cell apoptosis, thus
showing an anti-tumor effect.
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