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Problem: Unhealthy dietary habits and inadequate existing treatment technologies have led to high mor-
bidity and mortality rates in patients with gastric cancer, and the research shows that curcumin has
excellent antitumor properties, however, the non-water-soluble characteristic of curcumin limits its
applications. To break the limitation, the targeted drug carriers become the urgent need to treat gastric
cancer.
Method: The heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles were obtained by rapid combustion
method with citric acid (CA) and ferric nitrate as raw materials and anhydrous ethanol as solvent and
fuel, and then modified with citric acid (CA) and chitosan (CTS), and loaded curcumin (Cur) to form a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.
Results: The particle sizes of heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles and a-Fe2O3/Fe3O4-
CA-CTS-Cur nanosystem were 24.9 nm and 35.6 nm, respectively, and their respective saturation magne-
tization were 70.9 emu/g and 30.3 emu/g. The magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem had
good stability, excellent drug release rate, and enhanced apoptosis to gastric cancer cells (SGC-7901)
through the caspase pathway and ferroptosis of cells.
Conclusions: The magnetic drug delivery nanosystem was successfully constructed, and revealed signif-
icant inhibitory and killing effects on SGC-7901 cells, and low toxic and side effects on normal cells.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Inorganic nanomaterials are vital tools in the toolkit of
researchers (Lee et al., 2018; Pei et al., 2023). Based on several
years of research, inorganic nanomaterials with unique small-size
effects (Nave et al., 2023; Wang et al., 2020), quantum effect
(Srivastava et al., 2021; B. Zhang et al., 2023; Zhao et al., 2021),
and surface effect have been applied in different fields (De Barros
et al., 2021; Feng et al., 2023), including electrochemistry
(Foroozandeh et al., 2023; Y.L. Zhang et al., 2023), enzyme immo-
bilization (Ma et al., 2023), energy (Joshi et al., 2022), environmen-
tal protection (Zou et al., 2022), and medicine (Da Silva et al., 2023;
Lin et al., 2021; P. Wang et al., 2021). Compared with conventional
chemotherapeutic drugs, inorganic nanomaterials have prominent
advantages in targeted delivery as well as in sustained and con-
trolled release of drugs, and they have excellent biocompatibility
and superior loading capacity as drug carriers (Mohamed et al.,
2020; Tang et al., 2022; Zhu and Li, 2023). To expand the applica-
tion of inorganic nanomaterials in the medical field, nanomaterials
with controllable preparation, low price, and excellent perfor-
mance need to be explored and developed.

Gold and silver nanoparticles have attracted great interest due
to their unique anti-cancer, antibacterial, and antifungal activities,
which can produce ROS (reactive oxygen species) and ATP (inhibi-
tion of adenosine triphosphate), thereby causing nucleic acid dam-
age (Shirzadi-Ahodashti et al., 2020; Lan et al., 2023). Gold
nanoparticles also have the function of Photothermal therapy and
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photoacoustic imaging (Zhan et al., 2023), but it is undeniable that
the cost of precious metals is relatively expensive, and whether
there is retention in the body remains to be studied.

Ferrite is extensively employed in the field of biomedicine due
to its affordability, ready availability, and straightforward prepara-
tion process. Fe3O4 nanoparticles are widely used for magnetic tar-
geting (X. Wang et al., 2023; Ni et al., 2023), drug delivery (Cui
et al., 2023; Liu et al., 2023), in vivo image-assisted therapy (Li
et al., 2023), magnetic hyperthermia (Khuyen et al., 2023), and
tumor detection (Li et al., 2022), for example, Wang et al. con-
ducted a study on the potential anti-cancer properties of Fe3O4-
NH2@CS/CuO nanocomplexes and their effects on gastric cancer
cell lines. (Y.P. Wang et al., 2021). At the same time as bringing
magnetism, aggregation is inevitable, so surface modification
methods must be used to reduce aggregation. Fe2O3 is also widely
used in oncology because of its extremely low magnetic properties.
For example, tumor marker detection (Prabhu et al., 2023), photoa-
coustic imaging (M.Q. Wang et al., 2023; Cao et al., 2022), tumor
treatment (Nascimento et al., 2023), etc., especially Fe2+ can pro-
mote the occurrence of intracellular Fenton reaction and promote
the process of iron death (Huang et al., 2023).

Saeed et al. combined Fe2O3 and Fe3O4 to obtain functionally
enhanced nanoparticles (Saeed at al., 2020). To improve the stabil-
ity of nanoparticles, researchers have proposed more and more
methods to prepare heterogeneous a-Fe2O3/Fe3O4 nanoparticles
instead of simple organic cross-linking or coating methods, such
as rapid combustion method, sol–gel method, hydrothermal syn-
thesis method, and pulsed AC electrochemical method (Z. Li
et al., 2021; Parauha et al., 2021; Peter et al., 2021). Importantly,
heterogeneous a-Fe2O3/Fe3O4 nanoparticles not only combine the
advantages of Fe2O3 and Fe3O4 but also prepare magnetic nanopar-
ticle complexes with target magnetic properties by different
preparation methods to overcome the aggregation effect caused
by too strong magnetic properties. Heterogeneous magnetic a-
Fe2O3/Fe3O4 nanoparticles, which possess both magnetism and dis-
persibility, also have good biocompatibility and stability, which are
lacking in single magnetite and hematite. They have potential as a
carrier in the field of precision therapy (AlSalhi et al., 2020;
Mahmoodabadi et al., 2018). In addition, their preparation method
is relatively simple; it involves rapid combustion, which is not as
demanding on equipment as the hydrothermal method and its
preparation cycle takes less time than that of the sol–gel method.
Only a calciner is needed to prepare large quantities of heteroge-
neous magnetic a-Fe2O3/Fe3O4 nanoparticles in a brief period.
Herein, the key parameters of the preparation process are compre-
hensively discussed. The amount of citric acid, the combustion
agent, the calcination temperature, the calcination time, and the
heating rate are optimized to obtain heterogeneous magnetic a-
Fe2O3/Fe3O4 nanoparticles with controllable sizes and saturation
magnetization.

The successful preparation of ideal inorganic nanocarriers is
only the first step; for improved drug delivery, the surface of the
nanocarriers needs to be modified to increase drug load. Citric acid
and chitosan can improve the dispersibility and biocompatibility of
heterogeneous nanoparticles, respectively (Asnani et al., 2020;
Bulatao et al., 2023; Jafari et al., 2023; Manna et al., 2023).

Curcumin, a natural plant polyphenol, has therapeutic proper-
ties. It not only has anti-inflammatory, antioxidant, antiviral, anti-
tumor, and other pharmacological properties but also has low
toxicity and minimal adverse reactions (Kah et al., 2023; S. Li
et al., 2021; Li et al., 2017). Furthermore, the carbonyl bond on cur-
cumin can be covalently connected to the amino bond of chitosan
by a Schiff base (Yang et al., 2014). The reaction is reversible, and
the bond easily breaks in an acidic environment to yield a pH-
sensitive magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.
2

In the present study, gastric cancer was selected as the research
model to explore the mechanism of the magnetic a-Fe2O3/Fe3O4-
CA-CTS-Cur nanosystem vector in SGC-7901 cells at the cellular
level. The controlled preparation of heterogeneous magnetic
nanoparticles and anticancer effects of dual-targeting intelligent
curcumin nanosystem were demonstrated in Scheme 1. Cancer
was the focus of scholars’ research, but also a major problem that
needs to be solved urgently. The investigation of the research could
illustrate the basic anticancer effect of drug-loaded nanomaterials
and promoted the application of inorganic nanomaterials in
biomedicine.
2. Experimental

2.1. Materials

Ferric nitrate nonahydrate (Fe(NO3)3�9H2O, 98.5 %), citric acid
monohydrate (C6H8O7�H2O, 99.5 %), anhydrous ethanol (CH3CH2-
OH, 99.7 %), acetic acid (CH3COOH, 99.5 %), sodium hydroxide
(NaOH, 96 %), curcumin (C21H20O6, 95 %), and chitosan (90 %
deacetylation) were purchased from Sinopharm Chemical Reagent
Co. Ltd. Chitosan was a biochemical reagent, while the other mate-
rials were analytical reagents.

Dulbecco’s modified Eagle’s medium (DMEM) was obtained
from HyCloneTM. Fetal bovine serum (FBS) and a prestained protein
ladder were purchased from Thermo Fisher Scientific. Trypsin, Tris-
Base, and cysteine were obtained from Biosharp. 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was pur-
chased from Aladdin. Phenylmethylsulfonyl fluoride and 5 � load-
ing buffer were purchased from Beyotime Biotechnology. RIPA
Lysis Buffer and antibodies were obtained from Amresco and
Abcam, respectively. Sodium dodecyl sulfate (CP), ammonium per-
sulfate (AR), methanol (AR), and isopropyl alcohol (AR) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
2.2. Preparation of heterogeneous magnetic a-Fe2O3/Fe3O4

nanoparticles

The preparation of heterogeneous magnetic a-Fe2O3/Fe3O4

nanoparticles could be divided into two stages: combustion and
calcination. First, various amounts of citric acid monohydrate
(0.5 g, 1.0 g, 1.5 g, 2.0 g, 2.5 g) were respectively dissolved in bea-
kers containing 20 mL of anhydrous ethanol to form uniform citric
acid alcohol solutions with concentrations of 25 g/L, 50 g/L, 75 g/L,
100 g/L, and 125 g/L (corresponding to 0.119 M, 0.238 M, 0.357 M,
0.476 M, and 0.595 M, respectively). Next, 10.5 g of ferric nitrate
nonahydrate was added to the beakers to form the solutions with
the concentration of 525 g/L (equivalent to 1.30 M). To ensure
homogeneity, magnetic stirring was conducted for 60 min until
the homogeneous solutions were achieved. Subsequently, the pre-
cursor reagents were transferred to a crucible and placed in a ven-
tilated place to ignite and burn until the flame naturally exited.
After combustion, the resulting intermediate materials were
placed in a temperature-controlled furnace and calcined at
400 �C for 2.0 h with a heating rate of 3 �C/min. The resulting prod-
ucts were then characterized to select the most appropriate dosage
of citric acid based on the desired properties and performance.

The chosen optimal amount of citric acid and ferric nitrate non-
ahydrate of 10.5 g were then dissolved in anhydrous ethanol,
resulting in various solutions with volumes of 20 mL, 30 mL,
40 mL, 50 mL, and 100 mL to form various solutions with different
concentrations of citric acid (75.0 g/L, 50.0 g/L, 37.5 g/L, 30.0 g/L,
and 15.0 g/L; e.i. 0.36 M, 0.24 M, 0.18 M, 0.14 M, and 0.07 M)
and ferric nitrate (525.0 g/L, 350.0 g/L, 262.5 g/L, 210.0 g/L, and
105.0 g/L; e.i. 1.30 M, 0.87 M, 0.65 M, 0.52 M, and 0.26 M). Through



Scheme 1. The preparation process and mechanism diagram of the heterogeneous magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.
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magnetic stirring, a uniform solution was achieved in each case.
The ideal amounts of anhydrous ethanol and ferric nitrate nonahy-
drate were determined based on the outcomes of the previous
experimental process.

Based on the previous experimental process and results, the
optimal amounts of citric acid, anhydrous ethanol, and ferric
nitrate nonahydrate were 1.5 g, 30 mL, and 10.5 g. The ingredits
were mixed and formed the homogeneous ethanol solution after
magnetic stirring. The precursor was obtained by the rapid com-
bustion. Furthermore, the calcination process should be carried
out at a specified temperature and for a specific duration, consider-
ing the heating rate. This could be achieved by testing different
combinations of the calcination temperature of (150 �C, 200 �C,
250 �C, 300 �C, 350 �C, 400 �C, 450 �C, 500 �C, 600 �C, 700 �C,
800 �C), the calcination time of (0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h),
and the heating rate of (1 �C/min, 3 �C/min, 5 �C/min, 7 �C/min,
9 �C/min). These parameters could be adjusted to achieve the
desired characteristics of the heterogeneous magnetic a-Fe2O3/
Fe3O4 nanoparticles.
2.3. Synthesis of a-Fe2O3/Fe3O4-CA nanocomposites

Different concentrations of citric acid solution, namely 0.01 M,
0.03 M, 0.05 M, 0.07 M, and 0.09 M, were prepared. Subsequently,
50.0 mg of the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparti-
cles were dispersed in each of the citric acid solutions to form
nanomaterial solutions with a consistent concentration of
0.2 mg/mL. These solutions were used for further experiments or
analysis. After ultrasonic reaction at 50 �C for 30 min, the residual
citric acid was removed by washing and magnetic separation for
thrice with double-distilled water. The heterogeneous magnetic
a-Fe2O3/Fe3O4-CA nanocomposites were obtained after drying.
2.4. Construction of a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem

Citric acid-coated a-Fe2O3/Fe3O4 nanoparticles underwent
modification with chitosan to enhance their biocompatibility. The
3

process proceeded as follows: various concentrations of chitosan
solutions (0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, 0.8 mg/mL, 1.0 mg/
mL) were prepared by weighing the required quantity of chitosan
and dissolving it in a 100 mL acetic acid solution (V/V 1 %) while
stirring within a 60 �C water bath. Under ultrasonic conditions,
the heterogeneous magnetic a-Fe2O3/Fe3O4-CA nanocomposites
were added to the chitosan solution, and the mixture was incu-
bated for 30 min. Next, a W/V 1 % NaOH solution was added drop-
wise until the solution became neutral. The reaction system was
transferred to a cantilever mechanical stirrer for 3 h to obtain
the heterogeneous magnetic a-Fe2O3/Fe3O4-CA-CTS nanocompos-
ites after the alternate clean by double steaming water and anhy-
drous ethanol.

Curcumin (20.0 mg) was dissolved in 10 mL of anhydrous etha-
nol, and the magnetic a-Fe2O3/Fe3O4-CA-CTS nanocomposites
were added to this solution. The mixture was stirred overnight
using a cantilever mechanical agitator. Subsequently, the resulting
product was alternating washed with anhydrous ethanol and
double-distilled water, followed by centrifugation to eliminate
any remaining rawmaterials. Finally, the precipitate was subjected
to vacuum-drying, and the heterogeneous magnetic a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem was obtained.
2.5. Characterization

The phase composition, the grain size, and structure of the
heterogeneous nanomaterials prepared under different conditions
were investigated by X-ray diffraction (XRD) (ARL Advant’X, Ther-
moFisher, USA). The surface morphology and elemental analysis of
the nanomaterials before and after modification were obtained
using scanning electron microscopy (SEM) (JSM-7800F, JEOL,
Tokyo, Japan) and energy dispersive spectroscopy (EDS), respec-
tively. The ultrastructures of the nanomaterials before and after
modification were analyzed by transmission electron microscopy
(TEM) (JEM-2100(HR), JEOL, Tokyo, Japan). The in-situ analysis of
the sample, that is, the microscopic correspondence of electron
diffraction, was conducted through selected area electron diffrac-
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tion (SAED) analysis. The magnetic properties and hysteresis loops
of the materials were determined using vibrating sample magne-
tometry (VSM) (7404, Lake Shore, USA). A thermogravimetric ana-
lyzer (TGA, STA 449C, NETZSCH Scientific Instruments Trading Ltd.,
Germany) was employed to measure the relationship between the
mass and temperature of the samples under temperature control.
Qualitative characterizations of the chemical bond changes for
the nanomaterials at different modification stages were performed
by Fourier-transform infrared spectroscopy (FTIR) (IS50, Thermo-
Fisher, USA). The ultraviolet (UV) absorbancies of the materials
before and after drug loading were scanned at full wavelength
using a UV–vis spectrophotometer (1600).

2.6. Determination of encapsulation rate and drug load of drug
delivery nanosystem

For constructing the drug delivery nanosystem, the supernatant
was collected and its volume was measured after the complete
reaction of curcumin with the nanocomposites. Absorb a certain
amount of supernatant accurately and measure its absorbance at
422 nm. According to the standard curve of curcumin and the ratio
of supernatant to the total amount, the amount of unencapsulated
curcumin was calculated. The total mass of curcumin used is ‘M’
and the mass of the carrier in the system is ‘m’. The encapsulation
rate (EE) and drug load (LC) of the drug delivery nanosystem were
calculated according to the following formulas:

EE ¼ M �M1ð Þ=M � 100% ð1Þ

LC ¼ M �M1ð Þ= mþM �M1ð Þ � 100% ð2Þ
2.7. pH-dependent curcumin release

The drug release behavior of the heterogeneous magnetic a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem under different pH condi-
tions was investigated using dialysis. Dialysate (phosphate buffer
saline [PBS, pH of 7.4]: anhydrous ethanol = 1:1) at pH values of
1.2, 5.4, 6.8, and 7.4 were prepared. The a-Fe2O3/Fe3O4-CA-CTS-
Cur nanosystem (20 mg) and 2 mL of dialysate were placed in a
dialysis bag (MCWO: 2000 Da). The mouth of the bag was sealed
and immersed in a conical flask containing 18 mL of dialysis solu-
tion. Afterward, the flask was shaken in a thermostatic shock
chamber, and dialysis was performed at a speed of 100 rpm at
37 �C. At 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 24, 36, 48, 60, and 72 h, 3 mL
of the release mediumwas collected, and the same amount of fresh
dialysate was returned. The absorbance of the supernatant was
measured at 422 nm and the corresponding concentration was cal-
culated according to the standard curve of curcumin. The percent-
age of curcumin released was calculated according to the following
formula:

R ¼ 20Cn þ
Xn�1

i¼1

Ci

 !
=m� 100% ð3Þ

In the formula, R was the cumulative drug release amount; Cn
(lg/mL) was the drug concentration measured at the nth time
point; and m (mg) was the final complete drug release amount.

2.8. Cell experiment

2.8.1. MTT assay
In vitro, cytotoxicity test was performed using the MTT assay.

MTT was a yellow dye that absorbed light at 490 nm and could
be used as a colorimetric measure of cell viability. First, SGC-
7901 cells in the logarithmic growth phase were inoculated into
96-well plates at a cell density of 4 � 103 per well. After the cells
4

stably adhered to the dish bottom, they were treated with various
concentrations of the test materials for 24 h, 48 h, 72 h, and 96 h,
followed by the addition of 10 lL of freshly prepared MTT solution
to each well. After incubation for 4 h at 37 ℃ under 5 % CO2, blue-
purple formazan crystals were formed. The supernatant was dis-
carded, and 100 lL DMSO was added into a dissolved formazan.
The absorbance of formazan was measured by an enzyme-
labeled instrument (iMark, Bio-Rad, USA). Then, as the toxic effects
on tumor cells were explored, we also conducted in vitro toxicity
studies on normal cells (GES-1) through the above means.

2.8.2. Scratch test
The scratch test was an important means to detect the ability of

drugs to inhibit cell migration and invasion. The test was con-
ducted to determine if the prepared drug-loaded nanosystem could
inhibit the proliferation and migration of tumor cells. SGC-7901
cells were plated and incubated in six-well plates (1 � 105 cells/
well) for 24 h. The cells were streaked with a 1-mL pipette tip,
and the culture medium was changed. Subsequently, the 40 lM
of a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem was exposed to the cells
dish. It was important to note that the 40 lM concentration
referred to the curcumin content within the a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem, and this value was converted to the corre-
sponding weight of a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem based
on the drug loading rate. After 7 d of continuous administration,
the drug was terminated, and the cells were gently washed thrice
with fresh PBS. PBS (1 mL) was added to each well and cell migra-
tion was observed under an inverted microscope.

2.8.3. Electrochemical detection
SGC-7901 cells at the logarithmic growth stage were uniformly

planted in six-well plates at the density of 5 � 10 cells/mL. After
being cultured for 24 h, the SGC-7901 cells were treated with
100 lg/mL a-Fe2O3/Fe3O4, 100 lg/mL a-Fe2O3/Fe3O4 with mag-
netic field, 40 lM curcumin, 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur
with magnetic field, and DMEM. After 24 h of culture, the cells
were washed again with PBS and gently digested with trypsin.
The cells were prepared into a suspension with 500 lL of PBS
(pH 7.4).

The surface of the magnetic glassy carbon electrode (MGCE)
was polished with alumina, and the electrode was cleaned twice
with ultra-pure water under ultrasonic wave for 30 s each time.
Cell suspensions (10 lL) were randomly collected and dropped
onto the surface of the MGCE, and the potential changes were
detected after drying under a vacuum.

2.8.4. Cell colony formation experiment
SGC-7901 cells at the logarithmic growth stage were uniformly

seeded into six-well plates at a cell density of 3 � 103 per well.
After the cell adherence was stabilized, the cells were cultured
with 100 lg/mL a-Fe2O3/Fe3O4 nanoparticles with or without mag-
net, 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with or without magnet, or
40 lM curcumin for 10 d, and fresh drugs were added every 2 d. In
the control group, the cells were treated with only DMEM. After
terminating the culture, the drugs were fully and gently washed
away with fresh PBS, and the cells were fixed with pure methanol
for 15 min at 1 mL per well. Next, the cells were stained with fresh
Giemsa solution at 500 lL per well for 30 min, and the excess dye
was fully removed with flowing double-distilled water. The plates
were then photographed under natural light conditions.

2.8.5. Acridine orange-ethidium bromide assay
Acridine orange (AO) was an indicator of ion pump activity. It

could penetrate intact cell membranes and bind double-stranded
DNA to emit green fluorescence. Ethidium bromide (EB) was a
membrane-impermeable DNA probe that bound to DNA and emit-
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ted orange fluorescence in damaged cell membranes. So, the AO-EB
assay could be employed to detect apoptosis in cells. SGC-7901
cells were seeded at the density of 5 � 105 cells/well, and after
24 h culturing when the cells had stably attached to the dish bot-
tom, the cells were treated with 100 lg/mL a-Fe2O3/Fe3O4

nanoparticles with or without magnet, 40 lM a-Fe2O3/Fe3O4-CA-
CTS-Cur with or without magnet, and 40 lM curcumin. After treat-
ment for 24 h, the medium was removed, and the cells were
washed 2–3 times with fresh PBS for gentle washing. Twenty
microliters of working solution (AO: EB = 1:1) were added into
the cells, and incubated for 5 min at room temperature. Next, the
cells were washed 2–3 times with PBS to remove excess dye.
Finally, the state of the cells was observed using fluorescence
microscopy.

2.8.6. Prussian blue stain
Prussian blue staining test was used to determine if ferrite

entered the cells. The Fe ions presented in ferrite, which could be
separated by the addition of dilute hydrochloric acid, could react
with potassium ferrocyanide to form an insoluble blue compound.
If cells engulfed the prepared drug-loaded nanosystem, a stable
blue compound would be present in the interstitium of cells, which
could be observed under an inverted microscope. SGC-7901 cells
were seeded into the six-well plates at the density of 5 � 104 cells
per well, then the drugs were administered after the cells were sta-
bly attached to the dish bottom. After culturing for 24 h, the med-
ium was removed and fresh PBS was added several times for gentle
washing to ensure that the extracellular drugs were completely
removed. Next, 500 lL of 4 % paraformaldehyde was added to each
well, followed by fixing for 15 min. The samples were rinsed twice
with tap water and distilled water for 2 min each time. Freshly pre-
pared Perls stain (1 mL) was added to each well, followed by soak-
ing for 20 min. The stain solution was discarded, and the cells were
rinsed with distilled water for 3 min. The nuclear fast red staining
solution was added, the nuclei were stained for 8 min, and rinsed
with distilled water for 30 s. Finally, the cells were observed and
photographed with an inverted microscope.

2.8.7. Reactive oxygen species test
A 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) fluores-

cent probe was used to determine the level of reactive oxygen spe-
cies (ROS) through fluorescence microscopy and flow cytometry.
SGC-7901 cells (1 � 106 cells/well) were inoculated into the six-
well plates, followed by incubation overnight. Next, the cells were
cultured with 100 lg/mL a-Fe2O3/Fe3O4 nanoparticles with or
without a magnet, 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with or with-
out a magnet, or 40 lM curcumin for 24 h. The DCFH-DA probe was
diluted at the ratio of 1:1000 to a working concentration of
10 lmol/L, and 1 mL of the probe was added to each well. The
probe was incubated with SGC-7901 cells at 37 �C for 20 min. Sub-
sequently, the cells were counterstained with Hoechst 33,342 for
15 min and then washed to remove the residual probe. Fluores-
cence microscopy was used for observation and photography. For
flow cytometry, the cells were digested with trypsin and collected
for quantitative detection.

2.8.8. Malondialdehyde test
Malondialdehyde (MDA) determination was widely performed

to assess the level of lipid oxidation. The cells were placed into
six-well plates (1 � 106 cells per well) and treated with 100 lg/
mL a-Fe2O3/Fe3O4 nanoparticles, 40 lM a-Fe2O3/Fe3O4-CA-CTS-
Cur with N-acetyl cysteine (NAC, 5 mM) and magnet, 40 lM Cur,
or 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with or without a magnet
after the cells stably attached to the dish bottom. After treatment
for 24 h, the medium was removed, and fresh PBS was added for
gentle washing. Next, the digested cells were collected after the
5

addition of trypsin. SGC-7901 cells obtained by centrifugation were
lysed and the supernatant was collected. 200 lL MDA detection
solution was thoroughly mixed with the supernatant, and the mix-
ture was heated for 30 min in a 100 �C water bath. After cooling
and centrifugation, the absorbance of each sample was measured
at 532 nm (A532) and 600 nm (A600) using an enzyme-labeled
instrument.

2.8.9. Superoxide dismutase test
Superoxide dismutase (SOD) activity was detected using the

WST-8 method. SGC-7901 cells were seeded in six-well plates at
the density of 1 � 106 cells/well and cultured overnight at 37 �C
with 5 % CO2. After cultured 24 h with 100 lg/mL a-Fe2O3/Fe3O4

nanoparticles, 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with NAC
(5 mM) and magnet, 40 lM curcumin, or 40 lM a-Fe2O3/Fe3O4-
CA-CTS-Cur with or without magnet, the cells were washed twice
with 4 ℃ pre-cooled PBS. The cells were fully lysed by adding
SOD sample preparation solution, and the lysate was centrifuged
at 12000 rpm for 5 min at 4 �C. The supernatant was collected,
and after the sample and control wells were set up, SOD working
solution was added to the samples, and cultured at 37 �C for
30 min. The absorbance of the samples at 450 nm was measured
on an enzyme-labeled instrument.

2.8.10. Glutathione peroxidase test
Glutathione peroxidase (GSH-Px) catalyzed the decomposition

of hydrogen peroxide and protected the structure and functional
integrity of the cell membrane (Gao et al., 2022). SGC-7901 cells
were seeded into six-well plates at the density of 1 � 106 cells/
well. After the cells stably adhered onto the dish bottom, they were
treated with 100 lg/mL a-Fe2O3/Fe3O4 nanoparticles, 40 lM a-
Fe2O3/Fe3O4-CA-CTS-Cur with NAC (5 mM), and magnet, 40 lM
curcumin, or 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with or without a
magnet. After 24 h cultured, the cells were washed twice with
pre-cooled PBS at 4 �C. The cells were digested with trypsin, fol-
lowed by centrifugation and fragmentation. Next, the supernatant
was collected and the GSH-Px working solution was added to the
sample. The absorbance of the mixture was measured at 412 nm
using an enzyme-labeled instrument.

2.8.11. Lactic dehydrogenase test
Cells at the rapid growth stage were seeded into a six-well plate

at the cell density of 1 � 106 cells/well. After the cells stably
adhered onto the dish bottom for 24 h, they were treated with
100 lg/mL a-Fe2O3/Fe3O4 nanoparticles, 40 lM a-Fe2O3/Fe3O4-
CA-CTS-Cur with NAC (5 mM) and magnet, 40 lM curcumin, or
40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with or without magnetic
action. After 24 h, the cells were removed from the incubator,
placed on ice to remove the medium, and washed twice with
pre-cooled PBS at 4 �C. The cells were collected by centrifugation
after trypsin digestion. Next, the extraction solution was added
to lyse the cells, followed by the addition of the detection solution.
Finally, the absorbance of the sample was measured with an
enzyme-labeled instrument.

2.8.12. Western blotting
SGC-7901 cells at the density of 1 � 106 cells/well were seeded

into six-well plates, and the cells adhered stably to the plates over-
night. Next, the cells were treated for 24 h with the various test
materials, followed by washing twice or thrice with ice-cold PBS,
and then the lysis buffer was added to lyse the cells. The cells were
scraped with a cell scraper, centrifuged at 12000 rpm at 4 �C for
15 min, and the supernatant was collected. Protein concentration
was determined by the bicinchoninic acid assay and gel elec-
trophoresis was carried out using 30 lg of total protein. The
polyvinylidene fluoride membrane, which had been successfully
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loaded with the protein, was incubated overnight at 4 �C with the
pre-prepared primary antibody. To prepare the primary antibody,
it was diluted 500 times with TBST diluent, and the PVDF mem-
brane was precisely immersed using a 200 lL pipette. Following
that, the cells were cultured with the corresponding secondary
antibody. The secondary antibody was diluted 1000 times with
TBST diluent, and the PVDF membrane was again immersed pre-
cisely using a 200 lL pipette. This incubation with the secondary
antibody lasted for 2.0 h before proceeding to exposure detection.
2.8.13. Flow cytometry
SGC-7901 cells (5 � 105 cells/well) were cultured in the six-well

plates, and after the cells stably attached to the dish bottom, they
were treated with blank, 100 lg/mL a-Fe2O3/Fe3O4 nanoparticles,
40 lM curcumin, or 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur with a mag-
net. After treatment of 24 h, the cells were washed twice or thrice
with PBS and digested with trypsin without EDTA. The cells were
collected and centrifuged at 8000 rpm for 5 min and resuspended
in 100 lL of diluted 1X Annexin V Binding Buffer. Annexin V-FITC
(2.5 lL) and propidium iodide (PI, 2.5 lL) were added into the cell
suspension, and after gentle mixing, the cells were cultured for
18 min at room temperature. Next, 400 lL of diluted 1X Annexin
V binding buffer was added, and the apoptosis of the cells was
determined by a flow cytometer.
3. Results and discussion

3.1. Controllable preparation of heterogeneous magnetic a-Fe2O3/
Fe3O4 nanoparticles

Fig. 1 illustrated the TEM image, SAED, and SEM morphology,
EDS spectra, XRD pattern, and hysteresis loops of the heteroge-
neous magnetic a-Fe2O3/Fe3O4 nanoparticles prepared at the calci-
nation temperature of 400 �C for 2.0 h with the heating rate of 3 �C/
min, 1.5 g citric acid, and 30 mL anhydrous. As shown in Fig. 1A,
the morphology of the nanomaterials was spherical, and the aver-
age particle size was approximately 24.9 nm. As shown in Fig. 1B,
the nanoparticles were polycrystalline materials with correspond-
ing crystal surfaces, which was consistent with the XRD results.
Fig. 1C showed the SEM image of the heterogeneous nanoparticles,
from which the particle structure could be observed. The particle
distribution was relatively uniform with an average particle size
of 24.9 nm, which was consistent with the TEM results. Therefore,
the obtained sample was quite ideal. The EDS spectrum of the
nanoparticles (Fig. 1D) showed that the proportion of oxygen and
Fe atoms was 58.43 % and 41.47 %, respectively. The Fe/O ratio of
single magnetite and hematite was 0.75 and 0.67, respectively,
while the element ratio of the prepared nanoparticles was 0.71,
which happened to be between the two values, indicating that
the prepared nanoparticles was a heterogeneous a-Fe2O3/Fe3O4

nanoparticles. Fig. 1E showed the XRD pattern of heterogeneous
magnetic a-Fe2O3/Fe3O4 nanoparticles, the Fe3O4 standard PDF
card (JCPDS No. 99–0073) and a-Fe2O3 standard PDF card (JCPDS
No. 33–0664). As could be seen from Fig. 1E, most of the sample
diffraction peaks corresponded to those of the standard PDF card
of a-Fe2O3. The characteristic peaks of Fe3O4 at diffraction angles
of 30� and 43� indicated the existence of Fe3O4. In addition, the
diffraction peak ratios at 33� and 64� were significantly lower than
those in the a-Fe2O3 standard PDF card, and there was a Fe3O4

diffraction peak at 35.6�, further confirming the presence of
Fe3O4. This indicated that the proposed heterogeneous a-Fe2O3/
Fe3O4 nanoparticles were successfully prepared. To determine the
magnetic properties of the nanoparticles, a vibrating sample mag-
netometer was employed to detect the hysteresis loops. As
depicted in Fig. 1F, the nanoparticles exhibited nearly no rema-
6

nence and coercivity, signifying its superparamagnetic nature.
The saturation magnetization of the nanoparticles was measured
at 70.9 emu/g, indicating superior magnetic properties and the
potential for achieving magnetic targeting (Hong et al., 2018;
Dafeh et al., 2019). However, it was worth noting that the satura-
tion magnetization of pure Fe3O4 was 90 emu/g. Notably, in the
heterogeneous a-Fe2O3/Fe3O4 nanoparticles, the saturation mag-
netization was reduced. This reduction could be attributed to the
presence of Fe2O3 in the heterogeneous system, as its saturation
magnetization was only approximately 0.8 emu/g (Suman et al.,
2021). Therefore, the decrease in saturation magnetization in the
heterogeneous a-Fe2O3/Fe3O4 nanoparticles could be due to the
presence of the Fe2O3 phase.

Fig. 2, Fig. 3, and Table 1 illustrated the XRD patterns and hys-
teresis loops of heterogeneous a-Fe2O3/Fe3O4 nanoparticles under
different reaction conditions. Fig. 2A and 3A showed the effects
of the different amounts of citric acid on heterogeneous a-Fe2O3/
Fe3O4 nanoparticles. The wide and low XRD peaks indicated that
the sample had a small crystal grain size. As shown in Fig. 2A,
the smallest crystal grain size was observed when the amount of
citric acid was about 1.5 g. The relative content of each phase could
be roughly obtained from the intensity of the characteristic peaks
in the XRD pattern. When the amounts of citric acid were 1.5 g
and 2.0 g, the ratios of peaks at 33� and 35.6� were low, indicating
that the contents of the Fe3O4 phase were high. A high Fe3O4 phase
ratio corresponded to a stronger saturation magnetization, which
was consistent with the hysteresis loops diagram. As shown in
Fig. 3A, the saturation magnetization of nanoparticles prepared
with 1.5 g and 2.0 g citric acid was relatively high. This was possi-
ble because citric acid formed a complex with iron ions, which pro-
moted dispersion, and it also provided more carbon sources for
reduction.

The amount of solvent affected the degree of sintering and dis-
persion. As shown in Fig. 2B and 3B, when the amount of anhy-
drous ethanol was low, the solute dispersity was low, resulting
in a large grain size and low saturation magnetization. However,
an excessive amount of anhydrous ethanol increased the degree
of sintering during the combustion process and was not conducive
to the formation of nanoparticles. Therefore, 30 mL of anhydrous
ethanol was selected for subsequent experiments.

Temperature markedly affected the magnetic properties of
heterogeneous a-Fe2O3/Fe3O4 nanoparticles. Twelve temperature
points were assessed in this research. As depicted in Fig. 2C and
2D, when the calcination temperature fell within the range of
150–400 �C, there was only a slight alteration in grain size, and
all nanoparticles’ grain sizes, calculated using Scherrer’s equation
(Mandal and Samanta, 2021), remained below 16 nm. Additionally,
Fig. 3C demonstrated minimal variations in the magnetic proper-
ties of the samples within this temperature range. Beyond
400 �C, there was a sharp increase in the grain size of the nanopar-
ticles. Concurrently, the saturation magnetization, as shown in
Fig. 3D, rapidly decreased several-fold. This phenomenon could
be attributed to the elevated temperature, leading to extensive sin-
tering and oxidation of the samples. However, it’s noteworthy that
there was a transformation in magnetism within the 400–450 �C
range. Analysis of the XRD pattern revealed a reduction in the
Fe3O4 phase, while the saturation magnetization of Fe2O3 was
notably low. At this point, Fe2O3 became the dominant component
within the heterogeneous a-Fe2O3/Fe3O4 nanoparticles, resulting
in significantly diminished saturation magnetization. At 350 �C,
the magnetic energy reached its peak, seemingly suggesting opti-
mal calcination conditions. However, upon closer examination
using XRD, it became evident that the Fe2O3 phase content within
the heterogeneous structure was quite low at this temperature.
This did not align with the desired heterogeneous structure. To
achieve full calcination of the nanoparticles while maintaining a



Fig. 1. Transmission electron microscopy (TEM) image (A), selected area electron diffraction (SAED) spectrum (B), scanning electron microscopy (SEM) image (C), energy
dispersive spectroscopy (EDS) image (D), X-ray diffraction (XRD) pattern of the magnetic a-Fe2O3/Fe3O4 nanoparticles (a), the Fe3O4 standard PDF card (b) and a-Fe2O3

standard PDF card (c) (E), and vibrating sample magnetometry (VSM) curve (F) of the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles, which was prepared at the best
condition: 1.5 g citric acid, 30 mL anhydrous ethanol, the calcination temperature of 400 �C, the calcination time of 2.0 h, and the heating rate of 3 �C/min.
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smaller grain size, the calcination temperature of 400 �C was
selected for subsequent experiments.

To further explore the controllable preparation of the heteroge-
neous magnetic a-Fe2O3/Fe3O4 nanoparticles, the experimental
conditions such as the calcination time and the heating rate were
analyzed. The XRD analysis in Fig. 2E(d) and 2F(b) revealed the
presence of the smallest grain size, accompanied by the lowest
XRD peak, under the conditions of a 2.0 h calcination time and a
heating rate of 3 �C/min. Fig. 3E and 3F showed that the saturation
magnetization decreased with the duration of calcination, which
was caused by the increasing degree of oxidation. However, the
heating rate had little influence on the magnetic properties.
Because the calcination time was related to the oxidation and sin-
7

tering of nanoparticles, a short calcination time was not conducive
to the formation of products, while a long calcination time
increased the oxidation degree of products. Therefore, 2.0 h was
selected as the calcination time. Different heating rates affect the
stability of the production process. When different nanoparticles
were subjected to the same calcination temperature, the same
degree of oxidation was observed for all the nanoparticles. The
influence of the heating rate was greater than that of the saturation
magnetization on particle size formation. Thus, a heating rate of
3 �C/min was selected based on a thorough consideration of both
parameters.

In summary, based on the dynamic particle size measurements
under different conditions in Fig. 4 and Table 1, it could be



Fig. 2. X-ray diffraction (XRD) patterns of the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles prepared with various amounts of citric acid (A) and anhydrous ethanol
(B) at different calcination temperatures (C and D) for different calcination times (E) with different heating rates (F).

Fig. 3. Hysteresis loops of heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles prepared with various amounts of citric acid (A) and anhydrous ethanol (B) at different
calcination temperatures (C and D) for different calcination times (E) with different heating rates (F).
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observed that the optimal hydrated particle size was achieved
when using 1.0 g of citric acid and 20 mL of anhydrous ethanol.
When varying the calcination temperature between 150 and
400 �C, the hydrodynamic size of the nanoparticles displayed an
initial phase of nearly constant size, followed by an increase, and
finally a decrease. This trend was a result of the combined effects
of the magnetic properties and grain size of the nanoparticles. Fur-
8

thermore, at the calcination temperature of 400 �C, the hydrody-
namic size reached its minimum value of 203.1 nm, which was
considerably larger than the particle size observed using transmis-
sion and scanning techniques. This phenomenon could be attribu-
ted to the high surface energy of the nanoparticles, making them
prone to aggregation and attraction to one another. Additionally,
the strong saturation magnetization property of the prepared



Table 1
Hydrodynamic size and saturation magnetization of nanoparticles with different preparation schemes.

Preparation scheme Hydrodynamic size
(nm)

Saturation magnetization
(emu/g)

Citric acid
(g)

Anhydrous ethanol
(mL)

Calcination temperature
(�C)

Calcination time
(h)

Heating rate (�C/
min)

0.5 20 400 2 3 114.91 19.82
1.0 20 400 2 3 99.01 35.68
1.5 20 400 2 3 203.14 53.8
2.0 20 400 2 3 142.65 68.90
2.5 20 400 2 3 220.98 51.97
1.5 30 400 2 3 211.66 70.33
1.5 40 400 2 3 289.82 68.88
1.5 50 400 2 3 316.55 83.80
1.5 100 400 2 3 112.29 2.70
1.5 30 150 2 3 327.07 77.19
1.5 30 200 2 3 301.42 72.68
1.5 30 250 2 3 300.29 82.86
1.5 30 300 2 3 441.48 82.92
1.5 30 350 2 3 333.01 85.41
1.5 30 400 2 3 211.66 70.33
1.5 30 450 2 3 41.22 3.39
1.5 30 500 2 3 72.64 1.39
1.5 30 600 2 3 48.09 0.85
1.5 30 700 2 3 13.45 0.78
1.5 30 800 2 3 226.63 0.44
1.5 30 400 0.5 3 – 87.23
1.5 30 400 1 3 – 83.68
1.5 30 400 1.5 3 – 77.95
1.5 30 400 2.5 3 – 58.46
1.5 30 400 2 1 – 71.33
1.5 30 400 2 5 – 76.18
1.5 30 400 2 7 – 65.63
1.5 30 400 2 9 – 77.83
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nanoparticles also contributed to their agglomeration. It was worth
noting that the particle size measured by the particle size analyzer
included the influence of water molecules, leading to an overesti-
mation of the hydrodynamic size. Taking into account the compre-
hensive SEM, VSM, and DLS results, the optimal preparation
conditions were determined as follows: 1.5 g of citric acid, 30 mL
of anhydrous ethanol, the calcination temperature of 400 �C, the
calcination time of 2.0 h, and the heating rate of 3 �C/min. Under
these conditions, the average particle size of the magnetic a-
Fe2O3/Fe3O4 heterogeneous nanoparticles was 24.9 nm, with a sat-
uration magnetization of 70.9 emu/g, indicating superparamag-
netic behavior.
3.2. Construction and drug release behavior of magnetic a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem

Fig. 5 displayed the SEM, TEM, EDS images, and VSM curves of
the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles modified
with citric acid and chitosan and loaded with curcumin (magnetic
a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem). As shown in Fig. 5A, the
modification could not destroy the structure of nanoparticles.
Moreover, most of the particle sizes were approximately
35.6 nm, which was slightly higher than that of the naked hetero-
geneous magnetic nanoparticles, mainly due to the encapsulation
of chitosan. These results confirmed that the prepared nano-drug
delivery system could be miniaturized and had the potential for
application in the biological field. Fig. 5B showed the transmission
diagram of the drug-loaded nanosystem. An encased shell com-
posed of citric acid and chitosan, as well as heterogeneous
nanoparticle nuclei, could be observed. The average thickness of
the shell and the size of the middle core of the prepared nanosys-
tem were 9.5 nm and 25.2 nm, respectively. The EDS map of the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem showed that carbon, iron,
and oxygen were detected (Fig. 5C). In addition, the Fe/O ratio
decreased significantly, indicating the presence of organic com-
9

pounds in the drug-loaded nanosystem. This result was consistent
with the scanning results, indicating the effective modification of
citric acid and chitosan on heterogeneous nanoparticles. Fig. 5D
showed the VSM diagram of the drug-loaded nanosystem. Com-
pared with the bare magnetic a-Fe2O3/Fe3O4 nanoparticles
(Fig. 1F), the magnetic properties of the drug-loaded nanosystem
with encapsulated shells significantly decreased. The saturation
magnetization of the nanosystem was also reduced to 30.3 emu/
g. This reduction in magnetic properties was expected because
the organic matter had no magnetic properties, and the magnetic
properties of drug-loaded nanosystem inevitably decreased when
encapsulated by organic matter. Fig. 5E showed the full spectrum
analysis of heterogeneous nanoparticle elements, from which it
could be seen that the elements contained in the drug-loaded
nanosystem were iron, oxygen, and carbon. Iron and oxygen were
undoubtedly attributed to heterogeneous magnetic a-Fe2O3/Fe3O4

nanoparticles. Element carbon should belong to the organic matter
of the envelope. Fig. 5 F showed the spectral peak division of Fe2p.
Iron was divided into five peaks, which were located at 710.2 eV
and 712.1 eV, 717.9 eV, 724.4 eV, and 729.4 eV corresponding to
Fe2p3/2 in Fe3O4, Fe2p3/2 in a-Fe2O3, Fe3O4 in a-Fe2O3, and
Fe2p3/2 in Fe3O4, respectively Fe2p1/2, Fe2p1/2 in a-Fe2O3 (Fiore
et al., 2022), the appearance of these peaks indicated that the
entire encasing process did not change the chemical valence state
of the element, and the position of the peak was slightly shifted to
a small angle, which might be due to the presence of a large num-
ber of carboxyl groups around the iron element. Because citric acid
first entered the inclusion system, it contained a large number of
carboxyl electron-absorbing groups, resulting in a slight change
in the chemical environment around the iron. These results pro-
vided evidence for the successful preparation of magnetic a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.

Fig. 6 contained TGA curves, derivative thermogravimetric
(DTG) curves, full-wavelength scanning, FTIR images, and the
hydrodynamic dimension of the heterogeneous magnetic a-



Fig. 4. Hydrodynamic dimensions of the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles prepared at different proportions of citric acid (A), anhydrous ethanol volume
(B), and calcination temperature (C and D).
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Fe2O3/Fe3O4 nanoparticles modified with citric acid and chitosan
and loaded with curcumin (magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem). Fig. 6A depicted the TGA curve illustrating the mass
changes of the drug-loaded nanosystem as the temperature varied
under controlled conditions. This analysis allowed for the determi-
nation of the nanocomposites ’s thermal stability and composition.
The results indicated that the drug-loaded nanosystem exhibited a
minor weight loss stage ranging from 29 �C to 137 �C, resulting in a
10.9 % reduction in mass. This decrease was primarily attributed to
the evaporation of the nanosystem’s water content. Between
224 �C and 572 �C, a significant weight loss of 34.9 % occurred, pri-
marily due to the decomposition of curcumin and citric acid, with
the main chain of chitosan also starting to break down at this stage.
Additionally, a relatively rapid weight loss of 14.6 % was observed
within the temperature range of 572–654 �C, which could be
attributed to the complete decomposition of chitosan. Fig. 6B
depicted the first differential TGA curve of the drug-loaded
nanosystem. The weight loss rate curve of the measured nanosys-
tem concerning temperature was also known as the DTG curve.
This curve provided insights into the specific temperature during
weightlessness, and the inflection point of the TGA curve indicated
the temperature value. This temperature value corresponded to the
peak of the DTG curve, representing the maximum rate of weight
loss. Therefore, it could be easily seen from Fig. 6B that the weight
loss rate of water molecules was the fastest at 72 �C, whereas the
fastest decomposition of curcumin and chitosan was observed at
262 �C and 594 �C (Fazeli et al., 2022), respectively, which was con-
10
sistent with the results in Fig. 6A. Fig. 6C depicted the detection of
magnetic a-Fe2O3/Fe3O4 nanoparticles, curcumin, and drug-loaded
nanosystem by a full spectrum scan. There was a chromophore (a
benzene ring) on curcumin. Hence, its UV absorption peak could be
seen when it was scanned at full wavelength (Fig. 6C). The maxi-
mum absorption wavelength of curcumin was 422 nm. The suc-
cessful loading of curcumin was confirmed by scanning the UV
absorption spectra of the three nanomaterials. As shown in the
spectrogram of the magnetic a-Fe2O3/Fe3O4 nanoparticles, there
was no UV absorption peak in the visible band. However, the
drug-loaded nanosystem had the same UV absorption peak as cur-
cumin in the range of 400–450 nm, with a maximum absorption
peak at 422 nm. This indicated that curcumin was present in the
drug-loaded nanosystem, which further provided evidence for
the successful loading of curcumin. Fig. 6D showed the infrared
spectra of magnetic a-Fe2O3/Fe3O4 nanoparticles, citric acid, cur-
cumin, chitosan, a-Fe2O3/Fe3O4-CA, a-Fe2O3/Fe3O4-CA-CTS, and
a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. It could be seen from the
infrared spectrum of the magnetic a-Fe2O3/Fe3O4 nanoparticles
that only the peaks at 560 cm�1 and 455 cm�1 belonging to the
ferro-oxygen bond exist in the spectrum, and there were no addi-
tional miscellaneous peaks. The results illustrated that heteroge-
neous a-Fe2O3/Fe3O4 nanoparticles were obtained at the
experimental scheme: 1.5 g citric acid, 30 mL anhydrous ethanol,
the calcination temperature of 400 �C, the calcination time of
2.0 h, and the heating rate of 3 �C/min. As could be seen from
the infrared image of citric acid, the C = O bond on the special car-



Fig. 5. Scanning electron microscopy (SEM) image (A), transmission electron microscopy (TEM) image (B), energy dispersive spectroscopy (EDS) image (C), vibrating sample
magnetometry (VSM) curve (D), XPS spectrum of survey scan (E) and deconvolution of Fe 2p (F) of the heterogeneous magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.
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boxyl group of citric acid peaks appeared at 1731 cm�1, and the O–
H bond on the carboxyl group peaks appeared at 3295 cm�1. More-
over, the carbonyl peak of a-Fe2O3/Fe3O4-CA at 1731 cm�1

remained, whereas the peak of the O–H bond at 3295 cm�1 disap-
peared. This was because, in the modification process, the H atom
was removed after the hydrolysis of citric acid, and the electron-
withdrawing group COO– appeared for better modification of the
surface of the nanoparticles. The peak of the ferro-oxygen bond
indicated that citric acid was successfully modified on the surface
of the magnetic a-Fe2O3/Fe3O4 nanoparticles. According to the
11
infrared spectra of chitosan, the characteristic peaks of the amino
group appeared at 3440 cm�1 (N–H) and 1090 cm�1 (C-N). The
absorption of the hydroxyl group in the infrared region also con-
tributed to the wide peak at 3440 cm�1, and the peak at
1640 cm�1 could be attributed to the water. Notably, in the FTIR
spectrum of a-Fe2O3/Fe3O4-CA-CTS, the peak at 3440 cm�1 disap-
peared, and the carbonyl peak was slightly redshifted. This phe-
nomenon was likely caused by the reaction between chitosan
and citric acid. In the infrared spectrum of curcumin, the peaks
of the ether and carbonyl bonds at 1222 cm�1 and 1627 cm�1 were



Fig. 6. Thermogravimetric analysis (TGA) image (A), derivative thermogravimetric (DTG) (B), full wavelength scanning patterns of the heterogeneous magnetic a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem, curcumin, and the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles (C), fourier-transform infrared spectroscopy (FTIR) spectra of the
heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles, citric acid monohydrate (CA), curcumin (Cur), chitosan (CTS), a-Fe2O3/Fe3O4-CA, a-Fe2O3/Fe3O4-CA-CTS, and a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem (D), hydrodynamic dimensions of heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles at different proportions of citric acid (E) and chitosan
(F).
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visible. However, in the infrared spectrum of the a-Fe2O3/Fe3O4-
CA-CTS-Cur nanosystem, the peak of the carbonyl bond changed
to the peak of the C = N bond in the Schiff base, and the peak posi-
tion also changed to 1598 cm�1, but the ether bond peak remained
unchanged (Eddarai et al., 2022; Ren et al., 2022; Sornsumdaeng
et al., 2021). This result confirmed that the carbonyl group of cur-
cumin and the primary amine group of chitosan could be cova-
lently linked by the Schiff base. The reaction was reversible and
12
could be hydrolyzed under weakly acidic conditions, which facili-
tated the pH-sensitive release of drugs from the nanosystem. In
addition, the infrared image of the final product also showed that
the peak at 1090 cm�1 was attributed to chitosan, the peaks at
560 cm�1 and 455 cm�1 were for heterogeneous magnetic a-
Fe2O3/Fe3O4 nanoparticles, and the peak at 3430 cm�1 was for
water. These results confirmed the successful preparation of the
a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. In addition, the hydrody-



M. Ma, Z. Lv, Y. Li et al. Arabian Journal of Chemistry 16 (2023) 105352
namic sizes (Fig. 6E and 6F) of the citric acid and chitosan-coated
heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles were mea-
sured in different proportions, the optimum conditions were inves-
tigated. The optimal drug carrier was prepared under the
conditions of citric acid 0.05 M and chitosan 0.2 mg/mL. As shown
in Table 2, the encapsulation rate and drug-loading rate of the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem were 48.5 % and 9.7 %,
respectively.

Fig. 7 described the drug release curves of the drug-loaded
nanosystem as measured by dialysis at four different pH values.
The released amount of the drug was measured according to the
standard curve of curcumin (Fig. S1). As shown in Fig. 7A, at the
simulated pH of gastric juice (pH 1.2), the results of the drug
release test indicated that curcumin release was slow, and the final
equilibrium release was relatively small, which was also reflected
in Fig. S2. This was because in a highly acidic environment, cur-
cumin had poor stability and its carbonyl group underwent a
nucleophilic reaction, which caused its decomposition. Therefore,
once curcumin was released into a strongly acidic solution, it
decomposed. Therefore, the least amount of curcumin was
detected by UV at pH 1.2 (Fig. 7A). At pH 5.4 (Fig. 7B), the release
rate of curcumin increased significantly, which was faster than that
at pH 6.8 (Fig. 7C) and 7.4 (Fig. 7D), indicating that the weakly
acidic environment was conducive to the release of curcumin from
the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. In addition, as shown
in Fig. S2, the final release amount of curcumin in the tumor tissue
microenvironment simulation solution at pH 5.4 was larger than
that in other pH environments, indicating that the release amount
of curcumin in the simulated tumor intracellular matrix (pH 5.4)
was greater than those in the tumor extracellular setting (pH 6.8)
and normal physiological environment (pH 7.4). This phenomenon
confirmed the pH sensitivity of the prepared drug-loaded nanosys-
tem, which was caused by the instability of the covalent bond of
the Schiff base linking curcumin to chitosan in a weakly acidic
environment, leading to easy hydrolysis for curcumin release. To
further investigated the drug release property of the a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem, the zero-order kinetic equation of
drug release at a constant rate, first-order kinetic equation of drug
release at a constant proportion per unit time, and Higuchi kinetic
equation of drug release following Fick’s law was used to analyze
the drug release data. The representative equations were as follows
(Bian et al., 2022; Gupta et al., 2023; Nematollahi et al., 2021):

Mt ¼ aþ bt ð4Þ
Mt ¼ M � ð1� e�k1tÞ ð5Þ
Mt ¼ ct1=2 þ d ð6Þ
Where Mt was the cumulative drug release rate at t time, and a

and b were the parameters of the zero-order equation. M was the
total cumulative release rate and k1 was the parameter of the
first-order equation. c and d were parameters of Higuchi’s equa-
tion. It could be seen from the fitting results in Table 3 that the cor-
relation coefficient fitting of the first-order kinetic equation to the
experimental data exceeded 0.95, and at pH 5.4, the correlation
coefficient fitting of the first-order kinetic equation reached 0.99,
but the fitting results of other equations to the drug release data
at all pH values were lower than 0.85. These results suggested that
the simulated curcumin release behavior of the drug-loaded
nanosystem was in line with the first-order kinetic equation. This
indicated that the prepared drug-loaded nanosystem was a sus-
tained release system. Moreover, the amount of curcumin released
was related to the total amount of drug in the body, and the half-
life of release was constant.
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Figure S3 showed the stability of magnetic a-Fe2O3/Fe3O4

nanoparticles and magnetic a-Fe2O3/ Fe3O4-CA-CTS-Cur drug
delivery nanosystem in DMEM medium for 10 min, 24 h, and
48 h. It was obvious from the figure that even if the nanoparticles
were stored in the DMEM medium for 10 min, a small amount of
magnetic a-Fe2O3/Fe3O4 nanoparticles had been deposited at the
bottom of the bottle. After 48 h, a large number of magnetic a-
Fe2O3/Fe3O4 nanoparticles were deposited at the bottom of the
bottle. The magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur drug delivery
nanosystem dispersed very evenly at 10 min and could remain dis-
persed for a short time. At 24 h and 48 h, a small amount of drug-
loaded nanosystem was deposited at the bottom of the bottle, but
the bottle could be evenly dispersed by gently shaking it. The
above results showed that the prepared magnetic a-Fe2O3/Fe3O4-
CA-CTS-Cur nanoparticles drug delivery system had relatively good
dispersion in DMEM medium, and might be applied in the field of
nanomedical medicine.

3.3. In vitro study of drug-carrying nanosystems

To explore the effects of different nanomaterials on the viability
of SGC-7901 and GES-1 in different environments and to confirm
the effectiveness of the drug-loaded nanosystem, the MTT method
was adopted to investigate the cytotoxicity of magnetic a-Fe2O3/
Fe3O4 nanoparticles, curcumin, and the a-Fe2O3/Fe3O4-CA-CTS-
Cur nanosystem with or without magnetic field assistance as
shown in Fig. 8. Fig. 8A and 8E showed the MTT results obtained
when magnetic a-Fe2O3/Fe3O4 nanoparticles were applied to
SGC-7901 and GES-1 cells for 24 h at different concentrations.
The results suggested that even at 800 lg/mL, the viability of
SGC-7901 cells was up to 95 % and the GES-1 was up to 99 %, indi-
cating that magnetic a-Fe2O3/Fe3O4 nanoparticles were not toxic to
normal and cancer cells at the selected concentration, reflecting
the excellent biocompatibility of magnetic a-Fe2O3/Fe3O4 nanopar-
ticles. Fig. 8B depicted the changes in cell viability of 100 lg/mL
magnetic a-Fe2O3/Fe3O4 nanoparticles with or without a magnetic
field over time. The figure clearly described that under the action of
a magnetic field, magnetic a-Fe2O3/Fe3O4 nanoparticles had few
impacts on cell viability. This might be because the magnetic field
promoted the entrance of more nanomaterials into the cell interior,
leading to the induction of cell apoptosis. However, even after 96 h
of culture, the viability of SGC-7901 cells was 80 %. In addition,
under the same conditions, the survival rate of normal cells GES-
1 could reach more than 90 % after 96 h of treatment (Fig. 8F), indi-
cating that the magnetic a-Fe2O3/Fe3O4 nanoparticles had excel-
lent biological compatibility. It also showed the killing effect of
nanoparticles on tumor cells from the side, which might be
involved in the iron death pathway mediating apoptosis. Fig. 8C
and 8G showed a comparison of the effects of drug-loaded
nanosystem with or without magnetic field induction and free cur-
cumin on SGC-7901 and GES-1 cell viability at varying concentra-
tions. As could be seen from the figure, both the drug-loaded
nanosystem and free curcumin had concentration-dependent
effects on SGC-7901 and GES-1 cells, and the drug-loaded nanosys-
tem under the action of a magnetic field had a stronger inhibitory
effect on the viability of SGC-7901 cells than free curcumin, and
the drug-loaded nanosystem without the action of a magnetic
field. This was because the release of curcumin by the nanosystem
was slow. When an identical mole of curcumin was encapsulated
in the nanosystem, the actual release amount was lower than that
of free curcumin; hence, the inhibitory effect of the drug-loaded
nanosystem on cells was not as strong as that of free curcumin.
However, under the action of a magnetic field, there was an
improved cell localization and uptake of drug-loaded nanosystem.
Therefore, more drug-loaded nanosystem entered cells with the
action of the magnetic field, and the inhibitory effect on the viabil-



Table 2
Encapsulation efficiency and Drug loading rate of magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.

Formula Argument Result

M M1 m

Encapsulation efficiency EE ¼ M�M1
M � 100% 20.0 mg 10.3 mg 90.0 mg 48.5 %

Drug loading rate LC ¼ M�M1
mþM�M1

� 100% 20.0 mg 10.3 mg 90.0 mg 9.7 %

Fig. 7. Fitting curves of the zero-order kinetic model, first-order kinetic model, and Higuchi kinetic model about the heterogeneous magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem release curcumin with the dialysate pH of 1.2 (A), 5.4 (B), 6.8 (C), and 7.4 (D).

Table 3
Fitting parameters of the drug release kinetics of magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem at 37 �C and 100 r/min.

Modal Parameters pH

1.2 5.4 6.8 7.4

Mt ¼ aþ bt a 20.372 21.0818 18.2059 20.7090
b 0.0752 0.4563 0.4126 0.3486
R2 0.2461 0.5799 0.7168 0.7209

Mt ¼ M � ð1� e�k1 tÞ k1 0.3610 0.2257 0.2006 0.2425
M 23.6435 41.8606 39.8931 36.1794
R2 0.9593 0.992 0.9875 0.9844

Mt ¼ ct1=2 þ d c 0.9584 4.6020 4.1542 3.3944
d 18.1032 13.5018 11.3683 14.4665
R2 0.3705 0.7478 0.8464 0.8468
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ity of SGC-7901 cells was stronger. At a concentration of 40 lM, the
viability of SGC-7901 cells treated with the a-Fe2O3/Fe3O4-CA-CTS-
Cur nanosystem without a magnetic field, free curcumin, and a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem under magnetic field were
83 %, 66 %, and 57 %, respectively. In addition, the inhibitory effect
of the drug-loaded nanosystem on SGC-7901 cells showed a rela-
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tively uniform concentration dependence regardless of the mag-
netic field, while the effect of free curcumin on SGC-7901 cells
was not very strong at lower than 20 lM. However, when the con-
centration of free curcumin reached 40 lM, SGC-7901 cell viability
decreased significantly, which may be attributed to the low solu-
bility and poor stability of curcumin. In addition, the a-Fe2O3/



Fig. 8. Toxicity of gastric cancer cells (SGC-7901) (A-D) and normal cells (GES-1) (E-H) in vitro. Cytotoxicity of (A and B) the heterogeneous magnetic a-Fe2O3/Fe3O4

nanoparticles (MN) at different concentrations. Cytotoxicity of MN (100 lg/mL) at different treatment times, with or without magnetic field (B and F). Cytotoxicity of MN-CA-
CTS-Cur nanosystem, curcumin, and MN-CA-CTS-Cur nanosystem assisted by a magnetic field at different concentrations (C and G), and MN-CA-CTS-Cur nanocarriers,
curcumin, MN-CA-CTS-Cur nanocarriers assisted by a magnetic field at the concentration of 40 lM for different period times (D and H). (n = 3, *P < 0.05, comparison within
groups; **P < 0.01, ***P < 0.001 comparison within groups；##P < 0.01, comparison among groups).
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Fe3O4-CA-CTS-Cur nanosystem continuously released curcumin,
thereby exerting a continuous inhibitory effect on SGC-7901 cells.
Therefore, a drug-loaded nanosystem could not only improve the
inhibitory effect of curcumin on SGC-7901 cells but also improve
its stability in practical applications. However, in normal cells, free
curcumin exhibited strong cytotoxicity, and this greatly limited the
application of curcumin in vivo. Surprisingly, nanoparticles loaded
with curcumin could effectively resist the cytotoxic effects brought
by free curcumin, could greatly improve biocompatibility, and
showed a strong ability to be applied in vivo.

Fig. 8D and 8H showed that cell viability changed over time
when 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem and free cur-
cumin were applied to SGC-7901 and GES-1 cells. The effect of the
magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem on SGC-7901
cells was time-dependent, with or without a magnetic field. Free
curcumin also inhibited the viability of SGC-7901 cells in a time-
dependent manner. The survival rate of the a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem to SGC-7901 cells treated for 96 h under a
magnetic field was 33 %, indicating that the prepared a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem had an excellent ability to inhibit
SGC-7901 cell viability under the action of the magnetic field. After
96 h, the survival rate of the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosys-
tem to GES-1 cell still reached up to 70 %, showing that while kill-
ing tumor cells, normal cells would also be damaged, but the
survival rate of normal cells had been greatly improved, and the
toxic side effects of drugs had been greatly reduced.

To investigate the inhibitory effect of the drug-loaded nanosys-
tem on cell migration as shown in Fig. 9, the expression of CD44
protein in SGC-7901 cells was investigated under the action of
the heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles, cur-
cumin, and a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem with magnetic
field, and the results were displayed in Fig. 9A and S4. The figures
showed that the CD44 protein, which was an adhesion molecule,
was highly expressed in the control cancer cells. Because the
CD44 protein not only promoted the growth of tumor cells but also
played a significant role in the invasion and migration of SGC-7901
cells, a high expression level of CD44 promoted the development of
cancer (Zer et al., 2023). After the treatment of SGC-7901 cells with
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the three drugs, the expression level of CD44 protein decreased
successively, and the drug-loaded nanosystem had the strongest
inhibitory effect on CD44 expression under the magnetic field.
These results indicated that drug-loaded nanosystem could signif-
icantly reduce the expression level of CD44 protein under a mag-
netic field, suggesting that they might inhibit the proliferation
and migration of tumor cells. Therefore, a scratch experiment
was employed to visually examine the inhibitory effect of a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, under a magnetic field, on
the migration of SGC-7901 cells. Fig. 9C and 9D displayed the com-
parison results of scratch experiments in the control group and the
a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem (40 lM) assisted by a
magnetic field. It was observed that the drug-loaded nanosystem
assisted by the magnetic field significantly inhibited cell migration.
The scratches in the control group became increasingly narrow in
the cell culture stage, whereas those in the drug-loaded nanosys-
tem assisted by the magnetic field group were almost twice as
wide as those in the control group. In addition, the cell density in
the control group was high, and the cells gradually migrated to
scratch. However, in the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem
assisted by the magnetic field, the gaps between cells were visible,
and the cell density was much lower than that of the control group.
Therefore, the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, assisted by
a magnetic field, not only inhibited the migration of SGC-7901 cells
but also had a marked inhibitory effect on cancer cell proliferation.
In conclusion, the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, assisted
by a magnetic field, had great inhibitory potential against SGC-
7901 cells.

MGCE generated electron transfer between the anionic probe in
the electrolyte and the electrode surface, resulting in the appear-
ance of electrode potential. After treating the cells with the differ-
ent test nanomaterials, they were co-incubated and connected to
the electrode surface, and the change in potential was detected
to determine if there was uptake of nanomaterials by the cells.
Fig. 9B showed the cyclic voltammetry curve of the MGCE elec-
trode co-incubated with cells treated with the different test nano-
materials. From the curve, the smallest current response was
observed in the control group without drug action because the sur-



Fig. 9. CD44 expression of SGC-7901 cells (A). CV curves of the bare electrode, electrode with cells (control), the electrode with cells MN-treated cells, the electrode with MN-
treated cells assisted with a magnetic field, the electrode with curcumin-treated cells, electrode, and cells treated with MN-CA-CTS-Cur nanocarriers assisted with magnetic
field (B). the scratch wound of control group (C) and MN-CA-CTS-Cur nanocarriers assisted by a magnetic field (D). Colony formation assay results (E) of SGC-7901 cells
treated with blank (a), MN-CA-CTS-Cur nanosystem assisted by a magnetic field (b), MN-CA-CTS-Cur nanosystem (c), curcumin (d), MN assisted by a magnetic field (e) and
MN (f).
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face of the electrode was attacked by cancer cells after incubation
with the cells. The negative charge density on the surface of normal
cancer cells was high; hence, the anionic probe in the solution had
less contact with the surface of the MGCE electrode owing to elec-
trostatic repulsion. In addition, the presence of cancer cells on the
surface of the electrode also caused steric hindrance, making it dif-
ficult for the anionic probe to reach the surface of the MGCE elec-
trode for electron transfer. Therefore, the current response was the
lowest. However, for a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem
under magnetic field auxiliary treatment of SGC-7901 cells, the
potential slightly increased. This was because, under the magnetic
field condition, SGC-7901 cells absorbed more a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem, which destroyed the cell integrity. Some a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem adhered to the cell surface
and neutralized some of the negative potentials, and the electro-
static repulsion decreased slightly, resulting in a slight increase
in the current response in the control group. Greater cell uptake
was observed for heterogeneous a-Fe2O3/Fe3O4 nanoparticles with
a magnetic field than that without the magnetic field. Moreover,
the positive potential on the surface of the magnetic nanoparticles
was strong, which neutralized the negative potential on the cell
surface to a greater extent, such that more anionic probes could
reach the surface of the MGCE electrode. However, steric hindrance
also increased simultaneously. Therefore, under the combined
action of the increase in steric hindrance and a decrease in electro-
static repulsion, the current response of a-Fe2O3/Fe3O4 nanoparti-
cle assisted by the magnetic field was between the response of the
drug-loaded nanosystem assisted by the magnetic field and that of
the bare a-Fe2O3/Fe3O4 nanoparticle group. For the group of cells
treated with heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles
and incubated on the surface of the MGCE electrode, the negative
potential on the cell surface was slightly neutralized by the posi-
tively charged magnetic nanomaterials. Moreover, due to the low
uptake of magnetic nanomaterials by SGC-7901 cells, the steric
hindrance caused by the magnetic a-Fe2O3/Fe3O4 nanoparticles
was also small. Therefore, the current response of magnetic a-
Fe2O3/Fe3O4 nanoparticles was higher when the cells were treated
without a magnetic field than that of cells treated with a magnetic
field. Among all the experimental groups, the group treated with
curcumin showed the highest current response on the co-
incubated MGCE electrode. This was possibly caused by the
destruction of the cell membrane of some SGC-7901 cells after
treatment with free curcumin, which resulted in reduced electro-
static repulsion. However, in comparison with the bare MGCE elec-
trode, the current response performance declined because the
curcumin had a negative charge, and the surface of some SGC-
7901 cells was negative. The negative charge and the anionic probe
in the electrolyte were mutually exclusive, leading to less contact
with the surface of the MGCE electrode probe and a lower current
response.

The proliferation ability and population dependence of SGC-
7901 cells treated with the different test samples were evaluated
using cell cloning experiments. Fig. 9E showed the results of the
gastric cancer colony formation experiment after 10 days in the
control group (a), 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem
assisted by magnetic field group (b), 40 lM a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem without magnetic field group (c), 40 lM free
curcumin group (d), 100 lg/mL a-Fe2O3/Fe3O4 nanoparticles
assisted by magnetic field (e), and a-Fe2O3/Fe3O4 nanoparticles
without magnetic field group (f). As observed in the control group,
SGC-7901 cells with adhered growth could proliferate and form
colonies. As shown in Fig. 9E(f), the colony-forming ability of the
a-Fe2O3/Fe3O4 nanoparticles group was almost the same as that
of the control group, indicating that a-Fe2O3/Fe3O4 nanoparticles
exerted a slight effect on SGC-7901 cells and had strong biocom-
patibility, which was consistent with the MTT results. As shown
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in Fig. 9E(e), after the magnetic a-Fe2O3/Fe3O4 nanoparticles were
applied to SGC-7901 cells under the action of a magnetic field, the
number of small colonies generated was higher than that of large
colonies. This was possible because the magnetic field promoted
the uptake of magnetic a-Fe2O3/Fe3O4 nanoparticles by SGC-7901
cells, which reduced cell proliferation. Fig. 9E(b) and 9E(c) showed
colony formation in SGC-7901 cells treated with the a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem with and without magnetic field
induction. The drug-loaded nanosystem could completely inhibit
cell survival for a long time with or without the magnetic field.
SGC-7901 cells treated with free curcumin had several small colo-
nies (Fig. 9E(d)) possibly because SGC-7901 cells became resistant
to curcumin under long-term drug action. This result was slightly
different from that of the MTT assay because the maximum dura-
tion of treatment in the MTT assay was only 96 h; hence, the short-
term action of the drug was deficient to trigger the resistance of
cancer cells to free curcumin (Jin et al., 2020). However, in the cell
colony formation experiment, the 10-day induction period allowed
the stronger cells to survive and develop drug resistance; hence,
small colonies were observed in this group. The drug-loaded
nanosystem had a sustained and long-term effective inhibitory
effect on the proliferation of SGC-7901 cells. Therefore, the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem prepared in this study not
only had a good ability to inhibit the proliferation of SGC-7901
cells but also reduced resistance to anticancer drugs. The latter
aspect was worthy of in-depth research in the field of anticancer
therapy.

Fig. 10A depicted the AO-EB staining diagram of SGC-7901 cells
treated with DMEM, magnetic a-Fe2O3/Fe3O4 nanoparticles, mag-
netic a-Fe2O3/Fe3O4 nanoparticles with magnetic field assistance,
curcumin, a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem with magnetic
field assistance, and a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. As
could be seen from the first three groups, the effect of 100 lg/mL
magnetic a-Fe2O3/Fe3O4 nanoparticles, with or without a magnetic
field, on the apoptosis of SGC-7901 cells was similar to that of the
control group, which was negligible. Apoptosis was observed in
SGC-7901 cells treated with 40 lM curcumin. The early apoptotic
cells (round green shape) and a small number of late apoptotic
cells (orange) were clearly shown in Fig. 10A. In the 40 lM drug-
loaded nanosystem assisted by magnetic field treatment group,
the number of cells in the early and late apoptotic states signifi-
cantly increased, and they were visible. Moreover, a small number
of necrotic cells could also be observed, suggesting that it had a
stronger ability to promote the apoptosis of SGC-7901 cells than
free curcumin. However, compared with those in the free curcumin
group, the early and late apoptotic cells with ball-shaped morphol-
ogy were reduced in the drug-loaded nanosystem group with no
magnetic field induction (Kuang et al., 2021). These results indi-
cated that 40 lM of a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, with-
out magnetic field localization, or the free curcumin could not
promote the apoptosis of SGC-7901 cells as the nanosystem with
the magnetic field, which was expected and consistent with the
MTT results.

The inhibition of cancer cell growth through apoptosis was a
common drug effect as shown in Fig. 10. Annexin V-FITC and PI
double staining were used to detect apoptosis induced by the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. Fig. 10B and S5 showed the
apoptosis of the control group (B1), 100 lg/mL magnetic a-
Fe2O3/Fe3O4 nanoparticles group (B2), 40 lM free curcumin group
(B3), and 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem magnetic
field-assisted group (B4). As revealed in Fig. 10(B1), the proportion
of living SGC-7901 cells after undergoing the whole staining pro-
cess was 90.18 %. As shown in Fig. 10(B2), the proportion of living
cells in the group treated with the magnetic a-Fe2O3/Fe3O4

nanoparticles was only 82.35 %. The low proportion of living cells
in the a-Fe2O3/Fe3O4 nanoparticles group could be attributed to



Fig. 10. Acridine orange-ethidium bromide double staining fluorescence pictures (A) of SGC-7901 cells treated with blank, a-Fe2O3/Fe3O4 nanoparticles (MN), MN assisted by
a magnetic field, curcumin, MN-CA-CTS-Cur nanosystem assisted by magnetic field, MN-CA-CTS-Cur nanosystem. Annexin V-FITC/propidium iodide flow cytometry analysis
(B) of SGC-7901 cells treated with blank, MN, curcumin, and a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem assisted by a magnetic field. Western blot analysis (C) of SGC-7901 cells
treated with the different test materials.
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the limited uptake of magnetic nanomaterials by cells, as most of
the nanomaterials were on the outside of the cells. Therefore, when
the nanomaterials that did not enter the cells were washed away
by PBS, some cells died due to mechanical damage, and the propor-
tion of living cells in the magnetic a-Fe2O3/Fe3O4 nanoparticles
group was less than that in the control group. The group treated
with a drug-loaded nanosystem under the influence of a magnetic
field exhibited a higher number of cells undergoing apoptosis com-
pared to the group treated with free curcumin (Fig. S5). Specifi-
cally, the percentage of SGC-7901 cells in the early apoptosis
stage increased significantly by up to 16.76 % after 24 h. These
results indicated that the drug-loaded nanosystem mainly caused
programmed injury and death of SGC-7901 cells. In the free cur-
cumin group, the early apoptosis of SGC-7901 cells was relatively
low, whereas the late apoptotic and necrotic cells were relatively
higher. Programmed cell death did not cause inflammation and
had minimal effects on surrounding cells. Therefore, the a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem assisted by a magnetic field, which
was mainly used to induce programmed death of SGC-7901 cells,
18
could not only improve the anticancer effect of curcumin but also
reduce the side effects. To further investigate the molecular mech-
anism of the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem on SGC-7901
cells under a magnetic field condition, the expression of various
proteins in SGC-7901 cells was investigated. Fig. 10C and S6 dis-
played the expression of key proteins in the caspase pathway. As
could be seen from the figures, when the drug-loaded nanosystem
stimulated SGC-7901 cells under the action of a magnetic field, the
expression level of P53 significantly increased, compared with that
in the other groups. As P53 could promote the expression of Bax, it
could be seen in Fig. 10C that the amount of Bax/Bcl-2 in the drug-
loaded nanosystem assisted by the magnetic field was significantly
higher than that in the other groups, revealing that the a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem had a stronger apoptotic effect
under the magnetic field condition. With a high expression level
of the pro-apoptotic protein, cytochrome C was gradually released
into the cytoplasm through the mitochondrial outer membrane
channel (Gao et al., 2019; Wang et al., 2017), resulting in the max-
imum expression level of cytochrome C in the magnetic field-
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assisted a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem. The high expres-
sion level of cytochrome C caused a caspase cascade reaction,
which increased the level of apoptosis.

Caspase 9 was a priming caspase, and most of it appeared in the
form of pro-caspase 9 with minimal apoptotic stimulation (Wang
et al., 2019). Therefore, the cleaved-caspase 9 content was low in
the control group and the magnetic a-Fe2O3/Fe3O4 nanoparticles
group. However, in the drug-loaded nanosystemwith the magnetic
field-assisted group, the activation of cleaved-caspase 9 was signif-
icantly high because its effect on SGC-7901 cells was more intense
and its apoptotic effect was higher than that of free curcumin (Gan
et al., 2022; Li et al., 2020). The associated mechanism was illus-
trated in Scheme 2. In addition, the expression level of cleaved-
caspase 3 in the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem assisted
by the magnetic field was approximately 2.5 folds higher than that
for the control group (Fig. 10C). These results suggested that drug-
loaded nanosystem could significantly increase caspase 3 activa-
tion and promote cell apoptosis. In addition, the a-Fe2O3/Fe3O4-
CA-CTS-Cur nanosystem assisted by a magnetic field had a signifi-
cantly higher inhibitory effect on anti-apoptotic proteins and pro-
moted the expression of other proteins conducive to apoptosis
than single ferrite and free curcumin. The results indicated that
the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem designed in this exper-
iment could combine the advantages of single ferrite and free cur-
cumin for improved pro-apoptotic effect. These results confirmed
that the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem could induce
apoptosis through the caspase pathway in the presence of a mag-
netic field.

To confirm that the prepared nanosystem played a role after
entering the cells as shown in Fig. 11, Prussian blue staining was
used to stain the cells treated with the different test nanomaterials
(Fig. 11A). As revealed in Fig. 11(A1), the SGC-7901 cells presented
an epithelioid structure. Fig. 11(A2) showed the Prussian blue
staining results of SGC-7901 cells treated with 100 lg/mL mag-
netic a-Fe2O3/Fe3O4 nanoparticles. A small number of cells were
observed with blue particles inside, as indicated by the arrow in
the figure. This indicated that the magnetic a-Fe2O3/Fe3O4

nanoparticles could also enter the cell interior, but the amount that
entered was limited. Fig. 11(A3) showed SGC-7901 cells treated
with 40 lM free curcumin; a small number of cells were damaged,
with their contents spilled, and cells with volume shrinkage were
also observed. The effect of free curcumin on SGC-7901 cell death
was also explored. Fig. 11(A4) showed the Prussian blue staining
results of SGC-7901 cells treated with 40 lM a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem assisted with a magnetic field. The results
showed that many cells incorporated the blue compound. As be
seen from the magnified image in the lower left corner of Fig. 11
(A4), SGC-7901 cells incorporated a large amount of the drug-
loaded nanosystem, confirming the assertion that drug-loaded
nanosystem entered the cell and played a role. Moreover, many
pyknotic cells could be observed in the figure, indicating that a
drug-loaded nanosystem assisted by a magnetic field could pro-
mote the apoptosis of SGC-7901 cells.

The results of the Prussian blue staining confirmed that iron
was present in the cells treated with the drug-loaded nanosystem.
Therefore, to further explore the mechanism, the levels of
ferroptosis-related proteins in the cells after drug treatment were
determined (Fig. 11B). As shown in Fig. 11C, D, and E after the cells
were treated with 40 lM curcumin and a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem assisted by magnetic field, the levels of FTH1 and
GPX4 decreased significantly, compared with those in the control
and magnetic a-Fe2O3/Fe3O4 nanoparticles group. Moreover, the
lowest levels of the two proteins were observed in SGC-7901 cells
treated with the drug-loaded nanosystem under a magnetic field
condition. FTH1 deficiency led to the destruction of iron homeosta-
sis in cells, and the increase in iron content in cells was conducive
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to ferroptosis. GPX4 was one of the most important antioxidant
enzymes associated with ferroptosis. Therefore, low GPX4 levels
inhibited the ability of cells to reduce peroxide bonds, which
increased toxic peroxide lipids and reactive oxygen species in cells
and ultimately caused cell death. Free curcumin also significantly
stimulated lipid peroxidation, and FTH1 and GPX4 were downreg-
ulated in the free curcumin group, but the effect was not as strong
as that in the drug-loaded nanosystem group with magnetic field
assistance (Mou et al., 2019; H.Y. Wang et al., 2021). As shown in
Fig. 11D, the activity of COX2 increased significantly in the pres-
ence of free curcumin and drug-loaded nanosystem assisted by a
magnetic field. This triggered an inflammatory response within
the cell, which in turn induced cell death. The induction effect of
free curcumin on COX2 was slightly stronger than that of the
drug-loaded nanosystem assisted by the magnetic field possibly
because free curcumin did not only show anticancer and anti-
inflammatory functions but also needed antioxidant effects. After
direct contact with SGC-7901 cells, they entered the cells and stim-
ulated oxidative stress responses in a variety of ways, and in a
short period, the concentration of free curcumin became very high,
and more COX2 was produced. However, the amount of COX2 pro-
duced in the drug-loaded nanosystem assisted by magnetic field-
treated SGC-7901 cells was also about threefold higher than that
of the control group. The mechanism was illustrated in Scheme 2.
These results confirm that the drug-loaded nanosystem could
induce cell death through the ferroptosis pathway (Kong et al.,
2021; Zhu et al., 2021).

MDA was a natural product of lipid oxidation in living organ-
isms as shown in Fig. 12. When there was oxidative stress in cells,
lipid peroxidation occurred owing to the action of free radicals.
After oxidation, some fatty acids gradually decomposed into a ser-
ies of complex compounds, including MDA (Wang et al., 2018).
Therefore, MDA had been widely applied as an indicator of lipid
oxidation. Fig. 12A showed the expression levels of MDA in SGC-
7901 cells treated with 100 lg/mL magnetic a-Fe2O3/Fe3O4

nanoparticles, 40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur assisted with
NAC (5 mM) (Lu et al., 2016) and magnetic field, 40 lM curcumin,
40 lM a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, and 40 lM a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem assisted with a magnetic
field. The MDA content of the control group and the magnetic a-
Fe2O3/Fe3O4 nanoparticles group changed slightly after they were
treated with SGC-7901 cells, indicating that magnetic a-Fe2O3/
Fe3O4 nanoparticles hardly increased the level of lipid peroxidation
in SGC-7901 cells. Drug-loaded nanosystem with or without the
help of a magnetic field could produce strong lipid peroxidation,
even higher than that under the action of free curcumin, probably
because of the release of iron ions by ferrite in the drug-loaded
nanosystem and the increase in intracellular lipid peroxidation
induced by ferroptosis. MDA not only affected the mitochondrial
respiratory chain and its key enzymes but also aggravated mem-
brane damage when its expression level increased (Du et al.,
2019). Therefore, the drug-loaded nanosystem had the most
intense damage effect on SGC-7901 cells assisted by a magnetic
field. NAC was an antioxidant that protects cells from the damage
caused by oxidative stress. Therefore, the addition of NAC signifi-
cantly reversed the mediating effect of the drug-loaded nanosys-
tem assisted by the magnetic field on cell oxidative stress, which
confirmed that a drug-loaded nanosystem assisted by a magnetic
field could promote cell oxidation and cause cell damage.

Superoxide dismutase (SOD) was a metalloprotease present in
living organisms. It catalyzed the disproportionation of superoxide
anion radicals, generated hydrogen peroxide and oxygen, and
played a crucial role in the balance between oxidative stress and
the antioxidant system (Kumar and Clair, 2021). The reduction in
SOD level could weaken the inhibitory effect of superoxide anion
free radicals and cause cancer cell damage. Fig. 12B showed SOD



Scheme 2. Schematic diagram of the mechanism of action of the heterogeneous magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.

Fig. 11. Prussian blue staining experiment (A) of SGC-7901 cells treated with blank (A1), a-Fe2O3/Fe3O4 nanoparticles (A2), curcumin (A3), and MN-CA-CTS-Cur nanosystem
(A4) assisted by a magnetic field. Western blot analysis (B) of SGC-7901 cells induced by the different test materials. Relative expression levels of FTH1 (C), COX2 (D), GPX4
(E). (n = 3, **P < 0.01, comparison within groups; ##P < 0.01, comparison among groups).
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Fig. 12. Malondialdehyde (MDA) (A), superoxide dismutase (SOD) (B), glutathione peroxidase (GSH-Px) (C), reactive oxygen species (ROS) (D), and lactate dehydrogenase
(LDH) levels (E) of SGC-7901 cells treated with blank, a-Fe2O3/Fe3O4 nanoparticles (MN), MN-CA-CTS-Cur nanosystem with magnet and NAC, Cur, MN-CA-CTS-Cur
nanosystem, and MN-CA-CTS-Cur nanosystem assisted by magnetic field. The expression levels of apoptosis-related proteins (F) and ferroptosis-related proteins (G) before
and after NAC treatment. ROS in SGC-7901 detected by DCFH-DA probe (H). (n = 3, **P < 0.01, comparison within groups; ##P < 0.01, comparison among groups).
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expression in SGC-7901 cells under six different conditions. The
SOD content in the control group was the highest because SGC-
7901 cells produced many free radicals during rapid growth. Next,
the cells spontaneously increased the SOD content to maintain
rapid growth and balance the generation and elimination of free
radicals, which was conducive to cell growth. After adding NAC,
the SOD content in the cells of the drug-loaded nanosystem under
a magnetic field increased significantly, compared with that in cells
not treated with NAC. This was because NAC could increase the
capture of free radicals in cells, leading to the spontaneous gener-
ation of more SOD in SGC-7901 cells to offset the influence of drug-
loaded nanosystem assisted with a magnetic field and eliminate
more free radicals, and this was conducive to the survival of
SGC-7901 cells. In the free curcumin and drug-loaded nanosystem
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with or without magnetic field assistance, the inhibitory ability of
SOD was strong. The drug-loaded nanosystem with a magnetic
field inhibited SOD production in SGC-7901 cells, and the SOD
expression level was more than two times lower than that in the
control group. These results indicated that the a-Fe2O3/Fe3O4-CA-
CTS-Cur nanosystem, under the action of a magnetic field, could
help to disrupt the balance of free radical production and scaveng-
ing in SGC-7901 cells and reduce SOD, leading to an increased free
radical content and cell damage.

Glutathione peroxidase (GSH-Px) was an important enzyme
that catalyzed the decomposition of hydrogen peroxide. It could
catalyze the conversion of glutathione (GSH) to oxidized glu-
tathione (GSSG) and reduce toxic peroxides to non-toxic hydroxyl
compounds, which could play a role in protecting the structure and
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functional integrity of cell membranes (M.L. Zhang et al., 2020;
Feng et al., 2016; H.Y. Zhang et al., 2020). Fig. 12C depicted the
changes in GSH-Px content in SGC-7901 cells under the effects of
six different test nanomaterials. The changes of GSH-Px in SGC-
7901 cells were minimal after treatment with magnetic a-Fe2O3/
Fe3O4 nanoparticles. This was due to the strong biocompatibility
of magnetic a-Fe2O3/Fe3O4 nanoparticles and the low intake of
magnetic nanomaterials by SGC-7901 cells. Therefore, the original
physiological balance of the cells was not damaged after treatment
with magnetic a-Fe2O3/Fe3O4 nanoparticles. However, the level of
GSH-Px in the cells was significantly decreased by treatment with
curcumin, the drug-loaded nanosystem, and the drug-loaded
nanosystem assisted with a magnetic field. In addition, the drug-
loaded nanosystem with magnetic field assistance had the stron-
gest inhibitory effect on GSH-Px expression in SGC-7901 cells.
These results revealed that the drug-loaded nanosystem assisted
by a magnetic field could not only reduce the antioxidant capacity
of glutathione but also reduced the energy metabolism of SGC-
7901 cells, thereby enhancing the level of intracellular free radicals
and promoting cell death. However, after the addition of NAC, the
level of free radicals in SGC-7901 cells was closer to the steady
state, and the expression level of GSH-Px increased. These findings
indicated that under a magnetic field condition, the a-Fe2O3/Fe3O4-
CA-CTS-Cur nanosystem exerted a strong ability to inhibit GSH-Px
production, which was approximately 3.6 folds lower than that of
the control group. Consequently, the structure and function of the
cells were no longer intact, prompting the cells to enter the death
stage.

ROS were oxygen-containing and active substances produced in
the body. ROS was the main medium through which phagocytes
played a role in phagocytosis and killing. However, excessive ROS
could cause cell damage (Jelic et al., 2021; Xu et al., 2011).
Fig. 12D showed the ROS content of SGC-7901 cells stained with
DCFH-DA using flow cytometry. As shown in Fig. 12D, the ROS con-
tent in SGC-7901 cells was only slightly increased after treatment
with magnetic a-Fe2O3/Fe3O4 nanoparticles, indicating that this
nanomaterials had almost no effect on ROS levels in SGC-7901 cells
and that their biocompatibility was excellent. ROS content
increased greatly in curcumin, drug-loaded nanosystem, and
drug-loaded nanosystem assisted by a magnetic field. In particular,
the ROS content of the drug-loaded nanosystem under a magnetic
field increased nearly twice as much as that of the control group.
Reactive oxygen species attacked cells, causing oxidative damage
and promoting cell death. Therefore, the most severe damage
was observed under the action of the a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem assisted with magnetic assistance. In addition, with
NAC, the ability of the drug-loaded nanosystem assisted with a
magnetic field to promote ROS production in SGC-7901 cells was
inhibited, indicating that NAC could remove ROS, which confirmed
the mediating effect of the drug-loaded nanosystem assisted by the
magnetic field on ROS generation. To further detect the ROS levels
under the action of the different test nanomaterials, confocal laser
microscopy was used to observe the staining of SGC-7901 cells. As
shown in Fig. 12H, Hoechst 33,342 was a blue fluorescent dye that
could penetrate the membranes of living cells and interact with
genetic nanomaterials. DCFH-DA was a fluorescent dye used for
the detection of reactive oxygen species, which could emit green
fluorescence only when it was hydrolyzed and oxidized into DCF
after entering the cells. As shown in Fig. 12H, magnetic a-Fe2O3/
Fe3O4 nanoparticles produced very little amount of ROS with or
without a magnetic field, which might be attributed to an increase
in oxidation caused by the release of iron ions from ferrites. How-
ever, in the curcumin group, the drug-loaded nanosystem, and
drug-loaded nanosystem assisted with a magnetic field, and the
green fluorescence in the corresponding figure was significantly
enhanced, indicating that these three drugs had a mediating effect
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on the increase in ROS level. In addition, under the action of a mag-
netic field, SGC-7901 cells produced the strongest fluorescence
with the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem, indicating the
maximum ROS content at this time.

Lactate dehydrogenase (LDH) was an important enzyme in gly-
colysis, and its level was related to cell damage. A high LDH con-
tent was associated with severe cell damage (Forkasiewicz et al.,
2020). Therefore, the LDH content in the cells treated with a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem under a magnetic field was
significantly higher than that in the other groups, indicating that
the highest intensity of cell damage occurred in this group
(Fig. 12E). The LDH content in the magnetic a-Fe2O3/Fe3O4

nanoparticles group was higher than that in the control group,
which was caused by mechanical damage in the washing process.
NAC inhibited the production of ROS and reduced oxidative stress
and cell damage. Therefore, NAC could reduce cell damage caused
by the drug-loaded nanosystem assisted by a magnetic field. Nota-
bly, in the magnetic field-assisted group, the content of the drug-
loaded nanosystem entering the cells increased significantly due
to the targeting effect of magnetic fields, and the loaded curcumin
in the drug-loaded nanosystemwas hydrolyzed and released in the
acidic environment of SGC-7901 cells, causing damage to the cells.
Moreover, ferrite in the a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem
released iron ions, which was conducive to ferroptosis, resulting
in intensified oxidative stress and serious cell damage. This result
was consistent with the previous findings. In summary, the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem promoted cell damage under
a magnetic field, and it had the potential to suppress SGC-7901
cells.

As an antioxidant, NAC, a precursor of reduced glutathione,
could increase the scavenging of free radicals in cells and protect
them from oxidative stress damage. If the expressions of proteins
associated with apoptosis and ferroptosis were significantly influ-
enced by the addition of NAC, the mechanism of the a-Fe2O3/
Fe3O4-CA-CTS-Cur nanosystem assisted by a magnetic field could
be further confirmed in the flank direction (Sun et al., 2018).
Fig. 12F and S7 showed the results of the western blotting analysis
of P53, Bax, Bcl-2, Cyto C, cleaved-caspase 9, and cleaved-caspase 3
of the drug-loaded nanosystem assisted by a magnetic field with or
without NAC addition. The expression level of P53 protein was sig-
nificantly reduced after the addition of NAC. In this case, the acti-
vating effect of P53 on the pro-apoptotic protein Bax and the
inhibitory effect of the anti-apoptotic protein Bcl-2 was low. There-
fore, the lower levels of pro-apoptotic proteins were not conducive
to the release of cytochrome C. The activation of caspase 9 and cas-
pase 3, two key proteins in the caspase pathway, was reduced.
These results indicated that the presence of antioxidant NAC
reduced the apoptotic effect of drug-loaded nanosystem on SGC-
7901 cells, which confirmed that the a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem assisted by a magnetic field could induce apoptosis
through the caspase pathway.

Fig. 12G and S8 display the effect of the magnetic field-assisted
a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem on proteins associated
with ferroptosis in SGC-7901 cells with or without NAC involve-
ment. With the addition of NAC, the reduction in FTH1 content
caused by the stimulation of the drug-loaded nanosystemwas alle-
viated, indicating that NAC facilitated the maintenance of intracel-
lular iron balance. In addition, GPX4 content was significantly
increased under the action of NAC, indicating that NAC reduced
the effect of a drug-loaded nanosystem assisted by a magnetic field
on the accumulation of peroxide products in SGC-7901 cells. This
was consistent with the effects of NAC on MDA, SOD, GSH, and
ROS. The addition of NAC could significantly reduce ferroptosis,
which was characterized by lipid peroxidation caused by the a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem under a magnetic field. Fur-
thermore, we confirmed that a drug-loaded nanosystem with a
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magnetic field could induce cell death through the ferroptosis
pathway.

4. Conclusions

The heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles were
successfully prepared via the rapid combustion process, the aver-
age particle size and saturation magnetization of the heteroge-
neous nanoparticles calcined at 400 �C for 2.0 h with the heating
rate of 3 �C/min were 24.9 nm and 70.9 emu/g, respectively.
Heterogeneous magnetic a-Fe2O3/Fe3O4 nanoparticles were modi-
fied with citric acid and chitosan, and loaded curcumin to success-
fully construct magnetic a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem.
The average thickness and size of the magnetic core were 9.5 nm
and 25.2 nm, respectively, and the saturation magnetization was
30.3 emu/g.

The a-Fe2O3/Fe3O4-CA-CTS-Cur nanosystem had stable pH-
sensitive drug release capability, effectively enabled curcumin to
enter the cells for action, exhibited a robust inhibitory effect on
the proliferation, invasion, and migration of SGC-7901 cells, pro-
moted oxidative damage and apoptosis in SGC-7901 cells through
caspase and ferroptosis mechanisms, and demonstrated low toxic
side effects on normal tissue GES-1 cells.

The successful construction of a-Fe2O3/Fe3O4-CA-CTS-Cur
nanosystem not only provided basic data for vivo research, but also
established a model for the delivery of insoluble drugs; owing to
their facile entering into cells, it expanded the space of new mate-
rials applications in cancer treatment, and also provided a new idea
for breaching the blood–brain barrier (BBB) of drug carry. The a-
Fe2O3/Fe3O4-CA-CTS-Cur nanosystem would have a promis-
ing prospect in the biomedical field.
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