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Purpose: In this experiment, we constructed a magnetic targeting nano-diagnosis and treatment platform of doxorubicin (DOX)
combined with iron nanoparticles, and explored their application value and mechanism in the treatment of Triple Negative Breast
Cancer (TNBC), as well as its new diagnosis and treatment mode in Magnetic Resonance Imaging (MRI).

Patients and Methods: Hollow mesoporous nanoparticles (HFON) were synthesized by solvothermal method, and loaded the drug
DOX (DOX@HFON) to treat TNBC. The experiments in vivo and in vitro were carried out according to the characteristics of the
materials. In vitro experiments, the killing effect of the drug on cells was verified by cell viability CCK8, ROS generation level, LPO
evaluation and flow cytometry; the MRI effect and targeted anti-tumor therapy effect were studied by in vivo experiments; then the
tumor tissue sections were detected by Ki-67, CD31, ROS, LPO and TUNEL immunofluorescence detection; H&E staining and blood
biochemical tests were used to evaluate the biosafety of the materials.

Results: Through a series of characterization tests, it is confirmed that the nano-materials prepared in this experiment have positive
drug loading properties. MDA-MB-231 cells had great phagocytic ability to DOX@HFON under Confocal Laser Scanning
Microscope (CLSM). Experiments in vitro confirmed that DOX and Fe were released and concentrated in cells, and a large number
of ROS production and induction of LPO were detected by DCFH-DA and C11-BODIPY probes in cells. Apoptosis experiments
further confirmed that DOX@HFON induced apoptosis, autophagy and ferroptosis. In the vivo experiment, the anti-tumor therapy
effect of MAGNET@DOX@HFON group was the most significant, and in MRI also proved that the drug had great tendency and
imaging ability in tumor tissue.

Conclusion: The new magnetic targeting nano-diagnosis and treatment platform prepared in this experiment is expected to become
a new treatment model for TNBC.
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Introduction

In recent years, major breakthroughs have been made in cancer treatment research, but the harm caused by cancer still
seriously affects human health. Breast Cancer is the most common cancer in women, accounting for approximately 12—
14% of all cancer cases worldwide." Among them, TNBC is a special type of breast cancer that is widely known to occur
in premenopausal women. It is called TNBC because its Estrogen Receptors, Progesterone Receptors and Human
Epidermal Growth Factor Receptor 2 are all negative, The incidence of breast cancer accounts for 15-20% of all

subtypes of breast cancer,”

and the recurrence rate within three years after diagnosis is extremely high. The overall
prognosis of TNBC is poor due to the lack of typical molecular targets. For patients, chemotherapy is the only option.’

As a broad-spectrum antitumor drug, DOX can actively insert into cellular DNA and disrupt topoisomerase II-
mediated DNA repair,*> and is currently widely used in breast cancer, osteosarcoma, and lymphoma and other clinical

drugs.*'* Studies have shown that DOX can also activate Nicotinamide Adenine Dinucleotide Phosphate Oxidase
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(NADPH Oxidase, NOX) to generate H,O,.'""'? Although the effect of DOX in the tumors treatment is considerable, it
often causes serious adverse reactions and drug resistance.'® Therefore, it is a challenging goal to develop new cancer
treatment options that can not only effectively fight cancer but also reduce toxic and side effects.

The emergence of nanotechnology has attracted great attention of researchers. Nanoparticles are considered to be an
important way to selectively increase drug accumulation in tumor cells so as to reduce related side effects.'*'> Liposome,
as a microbubble formed in a lipid-like bilayer structure, can effectively protect drugs from hydrolysis or oxidative
degradation by its unique bilayer membrane, thus minimizing toxicity.'® Liposome drug delivery system has been widely
studied to improve the therapeutic effect of chemotherapy. Liposome doxorubicin has entered Phase II and III clinical
trials due to its great drug loading performance and stability, as well as low cytotoxicity. FDA approved clinical use in
MBC.'”'® However, there are still some problems, such as low drug loading, poor non-specificity and lack of controlled
release, which seriously affect the clinical application of liposome doxorubicin.'*?° It is worth noting that the application
of iron-based catalytic Fenton reaction in tumor therapy also in full swing.*'** The Fenton reaction is catalyzed by Fe*"
to consume H,O, to generate strong oxidizing *OH,** % and induce a large number of ROS production, and excessive
ROS can disrupt the redox homeostasis, resulting in irreversible production of lipids, mitochondria and nuclear DNA,
further lead to apoptosis, autophagy and ferroptosis, so as to achieve the purpose of tumor treatment.”®?’ Studies have
found that the unique cell proliferation, metabolic activity, DNA alternation and mitochondrial dysfunction of tumor cells
promote the overproduction of H,O,, which also provides a favorable environment for the occurrence of the Fenton
reaction.”® Therefore, the reaction of converting endogenous H,O, into highly toxic *OH can be applied to tumor therapy
by introducing nano-iron catalysts into tumor cells/tissues. Xu et al prepared Fe*" based Metal Organic Framework
(MOF) nanoparticles to release Fe** in response to pH degradation in acidic Tumor-Microenvironment (TME), enhan-
cing the Fenton reaction and the ability to generate ROS, thereby inducing tumor cell apoptosis.* " It can be seen that
the Fenton reaction induces excessive production of ROS, and then disrupts the redox homeostasis in tumor cells to
promote the cascade reaction of apoptosis, which has certain prospects in tumor therapy.>>* It is worth noting that the
content of iron in the human body is very low, and most of this iron is combined with some specific proteins to maintain
the basic homeostasis of the human body. Therefore, if the iron nanoparticles can be targeted and transported into tumor
cells, it can effectively promote the occurrence and development of the Fenton reaction, so as to achieve the purpose of
treating tumors.

In this study, we prepared a hollow mesoporous ferric oxide nanoparticle HFON based on a solvothermal method,
combined with the drug DOX (DOX@HFON), and simultaneously targeted and transported HFON to tumors by
introducing an exogenous magnetic field Intracellular (MAGNET@DOX@HFON), further enhancing its ability to kill
tumor cells. Not only that, we also use HFON unique imaging technology to verify the distribution of the drug in the
body and its role in disease-specific diagnosis, and conduct a new tumor synergistic treatment model for TNBC
(Figure 1).

Materials and Methods

Materials

FeCl; (10025-77-1), Ethylene Glycol (E103319), Ammonium acetate (10534-59-5), Doxorubicin (23214-92-8) was
purchased from Aladdin (Shanghai, China). Ethanol anhydrous (64—17-5) was purchased from Macklin (Shanghai,
China). High temperature drying oven (XMTD8222) was purchased from Jinghong (Shanghai, China). FBS and
penicillin/streptomycin were purchased from BI (CA, USA). The DMEM cell culture media were purchased from
Solarbio (Beijing, China).

Preparation of Nanoparticles

Prepare an ethylene glycol solution with a solute content of 19.28 mg/mL FeCls, add the corresponding content of CH;
COONH; to neutralize free chloride ions, shake and mix with an ultrasonic device, continue hydrothermal reaction in
a drying box for 16.5 h, and reduce to routine temperature. Collection using magnetic properties. After washing with
anhydrous ethanol four times, the above operation was repeated with deionized water, and stored in a refrigerator at
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Figure | Schematic illustration of the process of DOX@HFON for cancer therapy.

4°C for later use, and finally HFON was obtained.

Subsequently, 1 mL (10 mg of solute) of HFON and 40 uL (1 mg of solute) of DOX were placed on a shaker and
incubated at 100 rpm for 2 h, and the free DOX was filtered out by magnetic properties, and finally suspended in
deionized water and placed at 4°C store in the refrigerator for later use, and obtain the nanoparticles DOX@HFON.

Characterization

The DOX@HFON was loaded into a centrifugal tube and dried into powder in a freeze dryer, then the morphology was
analyzed by SEM (Ultra Plus, Zeiss, Germany) and BET (ASAP2460, Mike, USA) to analyze the specific surface area of
nanoparticles, the appropriate amount of DOX@HFON solution was analyzed by TEM (Tecnai G2 USA) for energy
spectrum and element analysis; the particle size and potential of HFON and DOX@HFON were detected by DLS (Zeta
Plus, Brookhaven, USA); The chemical elements and distribution of DOX@HFON were analyzed by EDS (GENESIS
XM, EDAX, USA) and XPS (ESCALAB 250Xi, Thermo Fisher, USA); the absorbance of DOX@HFON at different
concentrations was calculated by detecting the UV-Vis of DOX@HFON, and further draw a standard curve; the
characteristic signals of *OH was acquired via ESR spectrometer (A300-10/12, Bruker, German); description of crystal-
line structure of HFON by XRD (Brucker D8 Advance, German); DOX@HFON was diluted with quantitative standards
of different Fe concentrations, and then scanned by GE 3.0T MRI. Scanning conditions: TR: 2000ms, TE: 76.74, FOV.:
19x15cm, Matrix: 320% 256; and the T2 relaxation time of each sample was measured, and the image was drawn
according to the inverse T2 relaxation time and the corresponding iron concentration; VSM (PPMS-9, Quantum Design,
USA) was used to evaluate the superparamagnetic properties of DOX@HFON; at routine temperature the DOX@HFON
solution was placed on a shaker for continuous shaking, and the absorbance of the supernatant was measured at different
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time points, and finally the in vitro release curve of DOX drawn; Fe release were performed using an iron assay kit
(Abcam, USA). At routine temperature the HFON was inoculated with Fe probe, and measurement of total iron (Fe*",
Fe’") were performed following the manufacturer’s instructions; DOX@HFON was dissolved in PBS and 10% FBS at
routine temperature, then placed on a shaker for continuous shaking, and the supernatant was determined at different time
points to detect the stability of DOX@HFON in different solutions.

Cell Line and Culture Condition

The cells used in this experiment were Human Breast Cancer Cells MDA-MB-231 and Human Umbilical Vein
Endothelial Cells (HUVEC), which were purchased from Guangzhou Yeshan Biotechnology Co. Ltd. HUVEC and
MDA-MB-231 cells were grown in DMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin
solution. All cell were grown at 37 °C in the presence of 5% CO,.

CCK8 Assays

The toxic effect of DOX@HFON on MDA-MB-231 cells was detected by Cell Counting Kit-8 (CCKS8) (35002,
DOJINDO, Japan). MDA-MB-231 cells grown in logarithmic phase were seeded in a 96-well plate at a density of
5000 cells per well, and incubated overnight in a 5% CO, incubator. The next day, cells were replaced with different
concentrations of DOX@HFON (five duplicate wells were set), and incubated again in the incubator for 24 h. Then, add
10 uL of CCK-8 reagent to each well and incubate for 4 h in the dark in a 5% CO, incubator. Finally, the absorbance at
450 nm of each well was detected under a microplate reader (multiscan MK3, Thermo Fisher, USA), and the data was
analyzed by GraphPad.

Cellular Uptake

MDA-MB-231 cells pretreated with DOX@HFON were collected at low temperature, and 2.5% glutaraldehyde fixative
was added overnight at 4 °C after low-speed centrifugation. The next day, the samples were washed and put into different
concentrations of ethanol and acetone in turn for dehydration, so that the cells could be fully embedded. Ultrathin
sectioning was then performed under a microscope with a thickness of 60 nm. The uranyl acetate dye was dropped on
wax paper, and the sections were immersed in the dye solution for 15 min, and then washed with water. After drying,
they were observed and photographed using a TEM (Tecnai G2 F30, FEI).

In addition, in order to further prove the drug targeting and the phagocytosis level of the drug, MDA-MB-231 cells
were inoculated into laser confocal special petri dishes and incubated overnight in hypoxia incubator, and DOX@HFON
was added to the petri dishes at different time points the next day. Then, the supernatant was absorbed and washed with
PBS for 3 times. The nucleus was stained with 80 pL. Hoechst 33,342 for 15 min, then washed again for 3 times. Finally,
the cells were observed by CLSM (Leica SP8, Germany) imaging.

Detection of Iron Concentration

In this experiment, Prussian blue staining kit (DJ0001, Leigen, China) was used to detect the ability of cells to uptake Fe.
Cells grown in logarithmic phase were seeded in 6-well plates at a density of 1x10° cells per well, and the experiments
were divided into Control group, HFON group, and DOX@HFON group, and incubated overnight in a 5% CO,
incubator; respectively, in the supernatant add 50 pg/mL HFON and DOX@HFON to the solution for 24 h. Cells
were washed with PBS and fixed with 4% paraformaldehyde for 20 min. Treat with Perls stain mixture for 10 min, wash
off excess mixture, add nuclear fast red staining solution to lightly stain cell nuclei, rinse for 5 s, mount with neutral gum
and observe under microscope.

Detection of ROS Generation

In vitro ROS generation assay was performed using the fluorescent probe DCFH-DA (S0033-1, Beyotime, China). Cells
grown in logarithmic phase were seeded in 6-well plates at a density of 1x10° cells per well. The experiments were
divided into Control group, HFON group, and DOX@HFON group, and incubated overnight in a 5% CO, incubator; 50
pg/mL HFON and DOX@HFON were added to the cells and incubated for 2 h, DCFH-DA diluted 1:1000 was added to
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each well, incubated in the dark for 20 min, washed 3 times with PBS, and photographed with an inverted fluorescence
microscope. The excitation wavelength was 488 nm, and the emission wavelength is 525 nm.

In vitro LPO Evaluation

The above experiments confirmed the level of drug uptake by cells and the production of ROS, and then we observed the
mechanism of drug action by LPO experiments in vitro. The cells growing in logarithmic phase were inoculated in 6-well
plate with the density of 1x10° cells per well. The experimental groups were divided into Control group, HFON group
and DOX@HFON group, which were incubated overnight in 5% CO, incubator. 50 pg/mL HFON and DOX@HFON
were added to each hole to incubate overnight, and then 1:1000 diluted C11-BODIPY (D3861, Thermo, Fisher, USA)
was added to each well for 30 min. Washing by PBS for 3 times without light. The photo was taken with an inverted
fluorescence microscope with excitation wavelength of 581 nm and emission wavelength of 591 nm.

Cell Apoptosis Assay

The cells grown in logarithmic phase were seeded in a 6-well plate at a density of 1x10° cells per well, and the
experiments were divided into Control group, HFON group, and DOX@HFON group, and incubated overnight in a 5%
CO; incubator; Add 50 ug/mL HFON and DOX@HFON to incubate for 24 h; digest with 0.25% trypsin without EDTA,
collect and wash cells, resuspend in buffer, add 1.25 uL Annexin V-FITC at 4°C. Cells were fluorescently labeled with 10
pL Propidium Iodide, and finally analyzed by flow cytometry (CALIBUR, BD, USA), and the data was processed by
FlowJo software.

Angiogenesis Assay

HUVEC cells grown in logarithmic phase were seeded in 6-well plates at a density of 1x10° cells per well. The
experiments were divided into Control group, HFON group, and DOX@HFON group, and incubated overnight in a 5%
CO, incubator. After freezing and thawing, Matrigel (354,230, BD, USA) was added to a 48-well plate at 200 uL per
well, and placed in an incubator to incubate until coagulation; when the cells grew to 80-90%, digest the cells and use
2x10* cells per well. The cells were seeded in Matrigel 48-well plates, and 50 pg/mL HFON and DOX@HFON were
added to each well for incubation for 24 h; the formation of blood vessels was observed after 6 h. Finally, the 5x10*
growing in logarithmic phase was inoculated in 96-well plate, and the above steps were repeated. The inhibitory effect of
the drug on angiogenesis was analyzed by detecting its OD value.

Anticancer Therapy in vivo

All animal experiments were approved by the Institutional Animal Care and Use Committee of the Cancer Hospital
Affiliated to Guangxi Medical University, Approval number: LW2022144. Animal ethics review follows the Guiding
Opinions on the Treatment of Laboratory Animals issued by the Ministry of Science and Technology of the People’s
Republic of China and the Laboratory Animal-Guideline for Ethical Review of Animal Welfare issued by the National
Standard GB/T35892-2018 of the People’s Republic of China.

Based on the superparamagnetic characteristics of HFON, we use strong magnetic sheets to fix the tumor to target and
attract the drugs to gather at the tumor site to enhance the curative effect and reduce the toxic and side effects of
chemotherapeutic drugs. All 4-week-old nude mice were randomly divided into 4 groups (n=5), and received different
treatments: Control group, HFON group, DOX@HFON group, MAGNET@DOX@HFON group. MDA-MB-231 cells
(5%10° cells in 100 pL of PBS per mice) were subcutaneously inoculated on the back of the mice; when the tumor grew
to 4-5 mm, 100 pL drug treatment was started through the tail vein, among which MAGNET@DOX@HFON after the
administration of the group, a magnetic block was fixed at the tumor site. Each treatment interval was 2 days, a total of 3
times; the body weight and tumor size of the mice were measured once every 3 days, and the volume was calculated,
such as the formula:

length * width * width 3
- ()

volume =
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On the 18th day of treatment, mice were sacrificed by cervical dislocation and tumor tissues and major internal organs
(heart, liver, spleen, lung and kidney) were collected for immunofluorescence, TUNEL and H&E staining analysis.

In vivo MR Imaging

4-week-old nude mice were randomly divided into two groups (n=3): DOX@HFON group and MAGNET@DOX@HFON
group; MDA-MB-231 cells (5x10° cells in 100 pL of PBS per mice were subcutaneously inoculated on the back of the
mice; when the tumor grows to be suitable for imaging, after administration through the tail vein, the magnetic block was
fixed at the tumor of the mice in the MAGNET@DOX@HFON group, and GE3.0T MRI was used for MRI T2-weighted
imaging studies at different time points (0 h, 2 h, 4 h, 6 h after injection).

Iron Enrichment in Mouse Tumor

The transplanted tumor was fixed in 4% paraformaldehyde fixative solution for 24 h, then immersed in alcohol from low
to high concentration for dehydration, and then the tissue was placed in xylene for transparency, and then placed in
melted paraffin for embedding after cooling and solidification, it was fixed on a microtome, cut into 5-um thick sections,
and pasted on a glass slide to successfully prepare paraffin sections. Next, the paraffin sections of mice tumors were
deparaffinized according to conventional methods, and stained with Prussian blue after hydration. Images were observed

and photographed using a biofluorescence inverted microscope (BX63, Olympus).

Immunofluorescence Staining
Collect mice tumors to prepare paraffin sections (deparaffinized and hydrated according to the above method), Ki-67
Polyclonal Antibody (PA5-19,462, Thermo Fisher USA) was used for Ki-67 staining, dilution ratio: 1:1000; DCFH-DA
(S0033-1, Beyotime, China) was used for ROS staining, dilution ratio: 1:1000; C11-BODIPY (D3861, Thermo, Fisher,
USA) was used for LPO staining, dilution ratio: 1:1000; and Rabbit was used for CD31 staining anti-CD31 (ab218582,
ABCAM, China), dilution ratio: 1:100, DAPI was used to stain nuclei. Finally, the immunohistochemical staining images
were captured and photographed with a biofluorescence microscope.

The pretreatment of tumor paraffin sections was the same as above. After deparaffinization, 20 pg/mL Proteinase
K was added dropwise to the sections to prepare Proteinase K working solution, and then incubated in a 37°C incubator
for 20 min. The sections were washed 3 times with PBS, and then 50 ul of the prepared TUNEL detection solution was
added dropwise evenly. After incubation in the dark for 1 h, the PBS was taken out and washed three times. After DAPI
staining and mounting, the images were observed and photographed under a fluorescence microscope.

Biological Safety Evaluation

Twelve tumor-bearing mice were randomly divided into 4 groups (Control group, HFON group, DOX@HFON group,
MAGNET@DOX@HFON group), 3 mice in each group, and were administered with tail vein injection every 2 days.
The dose was the same as that in vivo anti-tumor experiment, and then the main organs (heart, liver, spleen, lung and
kidney) of the mice were collected at different time points for H&E staining, and serum samples were collected for
biochemical analysis (TBIL, DBIL, AST, ALT, CREA, UREA, UA).

Statistics

Each experiment was repeated at least 3 times. The numerical results were expressed as mean + SD, statistical
significance between the groups was compared by Student’s t-test (two-sided) or one-way analysis of variance
(ANOVA). All statistics are conducted with SPSS 24.0 (IBM Corporation, USA). The pictures were drawn using
GraphPad Prism 8.0 (San Diego, CA). (n.s: not significant, *P < 0.05, ** P < 0.01, and *** P < 0.001).
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Results
Preparation and Characterization of HFON Before and After DOX Conjugation

In this experiment, nanomaterials were synthesized by solvothermal method. In TEM, BET and SEM images (Figures 2A
and S1A-C), it can be seen that HFON is a hollow spherical particle with uniform size, and there is no obvious change in
particle size before and after freeze drying; the particle size and potential changes of HFON before and after drug loading
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Figure 2 Characterization and detection of HFON and DOX@HFON: (A) SEM images of HFON and the inserted picture is HFON cross section SEM image; (B and C)
DLS and Zeta detection results of HFON and HFON loaded with DOX; (D) EDS spectrum and quantitative analysis results of DOX@HFON; (E) XPS spectrum of
DOX@HFON; (F) Mapping result of DOX@HFON, including Fe, O, N and C element; (G) ESR detection of HFON and DOX@HFON: ability to generate * OH; (H)
Standard curve of DOX@HFON; (I) T2 relaxation rate of DOX@HFON, and T2-weighted images under different iron concentrations (mM); (J) The hysteresis curve of
DOX@HFON. (K) DOX@HFON release curve in vitro; (L) Stability detection of DOX@HFON in PBS and 10% FBS.
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were detected by DLS (Figure 2B and C). The particle size of HFON was 486 + 63 nm and the Zeta potential was —26.2
+ 0.4 mV (P > ns), while the particle size and Zeta potential of DOX@HFON only changed slightly after loading the
drug, which were 513 £ 57 nm and —24.0 £ 0.4 mV, respectively, confirming that the successful loading of the drug has
not affected the properties of the carrier itself; EDS, XPS and MAPPING (Figure 2D-F) confirmed that the four elements
Fe, O, C and N are uniformly distributed in DOX@HFON and successful loading of drugs, among which Fe and O have
the highest atomic content, its percentage is very similar to Fe;Oy4; The crystalline structure of HFON was confirmed by
X-Ray Diffraction (XRD) pattern (Figure S1D); 5-dimethyl-1-pyrrolidine N-oxide (DMPO) was used to measure the
ability of DOX@HFON to produce *OH in vitro. It is observed in Figure 2G that DOX@HFON showed strong
characteristic *OH signal in H,O, environment. Therefore, we think that DOX@HFON can effectively catalyze H,O,
in tumor to produce cytotoxic *OH; The characteristic absorption peak of DOX@HFON detected by UV-Vis is about 480
nm, and the standard curve is drawn according to the absorbance of different concentrations of DOX@HFON, as shown
in Figure 2H. The entrapment efficiency and drug loading rate are 60.04% and 6.00%, respectively; in MRI T2-weighted
imaging (Figure 2I), it could be found that with the increase of Fe concentration, the T2 signal intensity gradually
weakened, and it was calculated that r’=129.7 FemM 's ', it reflects the perfect MRI imaging performance of
DOX@HFON; at the same time, the magnetic induction intensity of DOX@HFON increases with the increase of the
applied magnetic field intensity, and the magnetic induction intensity begins to saturate when the applied magnetic field
intensity reaches about 2000 (Oe) (Figure 2J); As shown in Figure 2K, L and S1E, the cumulative release of DOX and Fe
in H,O, both showed a gradually increasing trend, and the release rate could reach 88.56%, 62.74% by 24 h, at the same
time, the particle size of DOX@HFON in PBS and 10% FBS solutions did not change significantly. The stability of
DOX@HFON, good drug delivery performance and MRI imaging effect were confirmed by characterization test.

Cellular Uptake Under TEM

The ingestion and phagocytosis of nanoparticles by tumor cells is an important prerequisite for the anti-tumor effect. In
this experiment, TEM and CLSM were used to detect the phagocytosis of DOX@HFON by MDA-MB-231. As shown in
Figure 3A, deep-stained metal particles can be seen in the cells of the final group, indicating that MDA-MB-231 cells can
engulf DOX@HFON by endocytosis. DOX@HFON was delivered to the cytoplasm to play a role. At the same time, the
changes in the cell structure after the drug treatment in each group were observed under TEM. From Figure 3B, we found
that the cells in the Control group had complete morphological structure, loose chromatin, complete intracellular
mitochondrial structure, and clear outline of mitochondrial cristae. In the HFON group, there were multiple microvesicles
and autophagolysosomes, and mitochondria were vacuolated, indicating that Fe can induce autophagy induced by
changes in the mitochondrial structure of tumor cells. The cells in the DOX@HFON group showed budding phenom-
enon, the nucleus was pyknotic and irregular in shape, the intracellular mitochondria appeared vacuolated and the
mitochondrial cristae partially disappeared, and autophagosomes with multi-layer membrane structure were seen. This
further confirmed the mechanism by which DOX@HFON could induce autophagy and apoptosis in tumor cells.

At the same time, through the observation of drug uptake by cells under CLSM (Figure 3C), it was found that only
uniform blue stained nuclei could be seen at 0 h after the addition of the drug. With the increase of time, the gradually
enhanced red fluorescence (DOX) surrounded the nucleus in the DOX@HFON group. The drug had entered the cell at 2
h, and the red fluorescence was the strongest at 6 h, indicating that DOX@HFON could be efficiently swallowed by
MDA-MB-231 cells. It has laid a good foundation for the follow-up tumor treatment.

In vitro Iron Distribution

The accumulation of high concentrations of intracellular iron ions is the key to the occurrence of Fenton reaction.
Prussian blue staining is a qualitative and intuitive method to observe the distribution of iron ions in cells. It can be seen
from Figure 4A that the blue-stained nanomaterial in MDA-MB-231 cells indicate that HFON and DOX@HFON are
largely taken up by cells through endocytosis, resulting in an increase in the concentration of intracellular Fe. It can be
seen that there is a large amount of Fe in the cells after treatment with HFON and DOX@HFON, which provides
favorable conditions for the Fenton reaction to generate highly toxic ROS and further complete tumor treatment.

108 https: Breast Cancer: Targets and Therapy 2023:15

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=387793.docx
https://www.dovepress.com/get_supplementary_file.php?f=387793.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

A CONTROL

o

7/ 8

B CONTROL DOX@HFON
a0 b > \"“Y.’a 3 "‘.. P .; nd p :, 3 T 'gv‘ 5y ¥ 2% ’TI-.".

C

=

<

(=]

X

2

=

=

-

=

S

Figure 3 (A) Phagocytosis of DOX by MDA-MB-231 cells under TEM; (B) Under TEM, the changes of cell structure after drug action; (C) Phagocytosis of drug by cells
under confocal microscope.

ROS Generation Assay and LPO Evaluation

HFON and DOX@HFON generate a large amount of ROS in cells through the Fenton reaction, which induces tumor cell
apoptosis. Since ROS is the main effector product of the Fenton reaction, we examined the generation of intracellular
ROS. As shown in Figures 4B and S2, the fluorescence intensity of cells treated with HFON was significantly stronger
than that of the Control group (***P<0.001), which verifies that the lipid peroxidation of cells through the Fenton
reaction disrupts the redox homeostasis and promotes the production of ROS. It is worth noting that compared with the
HFON group and the Control group, the green fluorescence of the DOX@HFON group was the strongest, and the results
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Figure 4 (A) Prussian blue staining image of cells treated with HFON and DOX@HFON; (B) ROS generate levels of MDA-MB-231 cells in vitro; (C) Fluorescence images
of DOX@HFON treated cells after staining by C|1-BODIPY.
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of the targeted group and the HFON group were statistically different. This also confirms the hypothesis that DOX in
DOX@HFON can efficiently generate *OH and catalyze the generation of a large amount of ROS through the Fenton

reaction.
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Lipid peroxidation can cause serious damage to cell membrane, lipoprotein and other lipid-containing structures,
including damage to DNA and proteins, and then affect the normal function of cells. The process of LPO is the process of
oxidation of cell membrane by ROS, which leads to the change of cell structure and function. C11-BODIPY, as
a fluorescent probe with both oxidation sensitivity and LPO specificity, is compatible with cell membrane structure.
Combined with the production of ROS, we evaluated LPO. During the oxidation reaction, the fluorescence group on the
C11-BODIPY probe will change from red to green, and there is strong red fluorescence in the cells in Figure 4C control
group, which is the state of redox dynamic equilibrium, and the gradually enhanced green fluorescence signal and
weakening red fluorescence signal can be seen in HFON group, indicating the occurrence of oxidation reaction. The
strong green fluorescence signal in the final group indicated that DOX@HFON could induce lipid peroxidation and lead
to changes in the structure and function of tumor cells. This is consistent with the production level of ROS, the
accumulation of intracellular iron ions and the joint effect of ROS, which further confirms that DOX@HFON induces
autophagy and apoptosis of tumor cells through the mechanism of ferroptosis.

In vitro Cytotoxic Effects
In this experiment, the killing effect of DOX@HFON on MDA-MB-231 cells (Figure S3) was determined by CCK-8. It
can be seen that DOX@HFON group can inhibit the activity of MDA-MB-231 cells in varying degrees, and the activity
of MDA-MB-231 cells decreases gradually with the increase of drug concentration, which reflects the feasibility of
chemotherapy combined with Fenton reaction in tumor treatment.

Then, we detected the apoptosis level of MDA-MB-231 cells. It can be seen from the results (Figures SA and S4) that
the apoptosis level of the cells in the HFON group has a tendency to increase compared with the control group
(**P<0.01), which confirms that HFON has a certain pro-apoptotic effect on tumor cells. DOX@HFON Compared

A CONTROL HFON DOX@HFON
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Figure 5 (A) poptosis levels of the cells in different groups. (B) The levels of angiogenesis in different treatment groups.
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with the Control group and HFON group, the apoptosis level of the cells in the group was significantly increased, which
means that the Fenton reaction effectively promoted the tumor cells to produce ROS-induced apoptosis with a killing
effect.

As we all know, blood vessels are the lifeblood of the growth and development of malignant tumors. If the
angiogenesis in the tumor tissue can be inhibited, it will cut off the tumor nutrition supply and achieve the effect of
tumor starvation treatment. Therefore, we explored the effects of HFON and DOX@HFON on angiogenesis. HUVEC,
whose full name is Human Umbilical Vein Endothelial Cells, is usually selected as a cell model in vascular endothelial
experiments. In this experiment, HUVEC cells were selected as the research object of the effect of drugs on angiogenesis,
that is, the toxic effects of HFON and DOX@HFON on HUVEC cells. From Figures 5B and S5, we unexpectedly found
that both HFON and DOX@HFON had a certain inhibitory effect on proliferation of HUVEC cells (***P<0.001), and
the inhibitory effect of DOX@HFON group was very significant. Compared with the Control group, the DOX@HFON
group reduced about 90% of angiogenesis by inhibiting the proliferation of HUVEC cells, thus reducing the level of
angiogenesis.

Therapeutic Effect in vivo

From cell experiments, we found that DOX@HFON mediates the killing effect of Fenton reaction on MDA-MB-231 cells. In
order to further test the effect of DOX@HFON in vivo, we treated tumor-bearing mice and observed tumor cells. Growth and
weight changes of mice. Figure 6A shows the model of tumor-bearing mice combined with exogenous magnetic field targeted
therapy. After 18 days of treatment, it could be observed that the mean tumor volume of the MAGMET@DOX@HFON group
was significantly smaller than that of the other three groups (Figures S6 and S7) (***P<0.001). In the process of monitoring the
tumor volume and weight of mice, it was found that compared with the Control group, the HFON group, DOX@HFON group
and MAGMET@DOX@HFON group had different degrees of inhibition on tumor growth on the 6th day of treatment. With the
progress of the treatment, the tumors in the HFON group showed a slow growth trend, which was due to the EPR effect. When
HFON reached the tumor site, it could react with H,O, to generate ROS to inhibit tumor growth. Compared with the HFON
group, DOX@HFON and MAGMET@DOX@HFON significantly inhibited tumor growth, and the treatment effect of the
MAGMET@DOX@HFON group was particularly significant (Figure 6B-D), because the exogenous magnetic field could
efficiently aggregate DOX@HFON in vivo to the tumor. In the tissue, while releasing DOX to kill the tumor by chemotherapy,
HFON provides a large amount of iron ions, which induces the generation of ROS and causes tumor cell apoptosis and necrosis.
During the treatment period, there was no obvious abnormality in the body weight of the mice (Figure 6E). The results of in vivo
treatment experiments showed that: HFON, DOX@HFON and MAGMET@DOX@HFON can inhibit tumors, the inhibition
ability is sequentially enhanced, and has great biological safety.

In vivo Biodistribution of Nanoparticles

In order to explore the DOX@HFON MRI imaging effect in vivo, this experiment used GE 3.0T MRI to conduct
imaging research on mice. As can be seen from Figures 7A and S8, compared with the T2 signal intensity of tumor tissue
at 0 h, the tumor tissue of DOX@HFON group and MAGNET@DOX@HFON group has a darkening trend with time,
and the MAGNET@DOX@HFON group has a significant trend of darkening over time. This result confirms the great
MRI imaging effect of DOX@HFON in mice tumors, and the feasibility of the nano-diagnosis and treatment platform
with additional exogenous magnetic field for targeted tumor therapy.

In vitro experiments found that there was a large amount of Fe enrichment in MDA-MB-231 cells treated with HFON
and DOX@HFON. Therefore, the enrichment of iron ion in tumor tissue was further detected in animal experiments. As
shown in Figure 7B, it can be found that no Fe were detected in the tumor tissue of the Control group, while a small
amount of blue staining was found in the tumor tissue of the DOX@HFON group. It is worth noting that a large amount
of blue staining was detected in the tumor tissue sections of the MAGNET@DOX@HFON group, which further
confirmed the effectiveness of the nano-diagnosis and treatment platform, and provided a solid and powerful basis for

the occurrence of Fenton reaction.
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Figure 6 Evaluation of treatment effect in tumor-bearing mice in vivo: (A) Magnetic targeting model of tumor-bearing mice; (B) Pictures of the mice at the end of treatment;
(C) Anatomical image of tumors in different groups of mice after 21 days of treatment; (D) Tumor volume curve of tumors during treatment; (E) Treatment process changes
in body weight of mice.

Histological Significance of Tumors

To understand the tumor-killing mechanism of MAGNET@DOX@HFON, we performed H&E staining, CD31, Ki-67,
ROS, LPO immunofluorescence and TUNEL apoptosis detection on mice tumor sections (Figures 8 and S9). The
changes of cell integrity and tissue morphology were observed by H&E staining. The edge of tumor tissue in the Control
group was clear and no obvious necrosis was found, while in the MAGNET@DOX@HFON group after targeted therapy,
the apoptotic and necrotic areas in the tumor tissue were significantly increased; CD31 represents the level of tumor
angiogenesis, and the expression level in the MAGNET@DOX@HFON group is significantly lower than the other three
groups, reflecting that MAGNET@DOX@HFON also has a very significant effect in inhibiting angiogenesis; prolifera-
tion can be observed in the Control group; the high expression level of the marker Ki-67, while there is little red
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Figure 9 (A) H&E staining of the main organs of mice; (B) Blood biochemical examination of tumor-bearing mice after different treatments.

fluorescence signal in MAGNET@DOX@HFON, indicates that MAGNET@DOX@HFON can effectively inhibit the
proliferation of cancer cells; ROS staining showed that the expression of ROS in the tissue increased gradually, and the
green fluorescence signal was the strongest in the MAGNET@DOX@HFON group; LPO fluorescence staining showed
a wide range of green fluorescence staining in the tumor tissue treated with MAGNET@DOX@HFON, which confirmed
that high concentration of Fe enriched in the tumor tissue and produced a large amount of ROS, which further enhanced
lipid peroxidation and induced ferroptosis; TUNEL staining was used to evaluate the apoptosis of tumor cells. In the final
group, a large number of green fluorescence signals confirmed the ability of MAGNET@DOX@HFON to efficiently
promote apoptosis. It can be seen that DOX@HFON has a strong killing effect on tumor tissue, and the therapeutic effect
is more significant after adding an exogenous magnetic field to guide targeting, which once again verifies the effective-
ness of the combination of chemotherapy drugs based on Fenton reaction on tumor treatment.

Biosafety Experiment

As can be seen from Figure 9A and B, no obvious abnormal pathological changes were found in the heart, liver, spleen,
lung and kidney tissues of the mice in the Control group, HFON group, DOX@HFON group and
MAGMET@DOX@HFON group. In addition, the detection of blood biochemical indexes in mice showed that there
was no significant difference between the results of each experimental group and the control group (P > ns). It is further
confirmed that the nanomaterials prepared in this experiment has great biological safety.

Discussion

In recent years, various drug-loaded nanoparticles have been widely used in tumor therapy.®* ¢ Compared with magnetic
targeting of tumor-specific ligands, the magnetically guided nanotherapeutic platform is not limited to the type of tumor
surface receptors, making it potentially useful in the treatment of solid tumors. In addition, a large number of studies have
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shown that Fe;O,4 has the potential to be used as a contrast agent for MRI T2-weighted imaging, which can be used for
imaging evaluation of tumor sites by adjusting the relaxation rate, so as to achieve the purpose of tumor screening and
diagnosis.’”° With reference to many nanomaterials, we have prepared HFON with high drug loading/release rate, great
stability in vitro, superparamagnetic and biological safety as an effective carrier for this experiment, which has laid
a great foundation for the tumor treatment.

HFON can also mediate the occurrence of Fenton reaction for tumor therapy.***' Liang et al reported a new strategy
to stabilize Fe via Fe/Fe;04 (PYSNPs) under normal physiological conditions and promote the occurrence of Fenton
reaction by controlling the release of Fe in the TME to improve the efficacy of tumor therapy.*? Similar to the study of
Liang et al, a large amount of Fe accumulation was observed in the cells and tumor tissues of the DOX@HFON group in
this experiment. It is converted to highly toxic *OH through the Fenton reaction, resulting in irreversible oxidative
damage to lipids, proteins and DNA.** At the same time, hypoxia and acidity are notable characteristics of TME. Weak
acidity TME can effectively promote the rapid separation of Fe*" and Fe’" from HFON, which further induces the
occurrence of Fenton reaction. It is worth noting that in this experiment, in addition to the occurrence of the acidic
environment stimulation reaction in the TME, the loaded chemotherapeutic drug DOX can also generate H,O, during
tumor treatment, it was also confirmed by ESR detection that there was an additional cytotoxic OH in DOX@HFON,

4244 play a certain synergistic

providing a steady stream of raw materials for the occurrence of the Fenton reaction,
therapeutic effect.

Studies have shown that excessive production of ROS can disrupt redox homeostasis, limit the functional structure of
mitochondria, and lead to cell apoptosis.*> Both DOX and ROS have been reported to induce autophagy and death of
tumor cells.*®*” Morphologically, Scott J and Feng et al found that mitochondrial volume was significantly reduced after

48,49 . . .
d,”™" and an increase in autophagic lyso-

autophagy, mitochondrial cristae decreased and membrane density increase
somes was also reported that related to excess ROS,’* % and these views have been verified in this experiment, with
certain reliability and authenticity. In addition, through the results of TEM, we also found that MDA-MB-231 cells had
changes in cell membrane morphology, nuclear pyknosis, and cytoplasmic vacuolization, which was mainly attributed to
DOX@HFON ability to effectively induce autophagy in tumor cells apoptosis. At the same time, the production of
a large number of ROS breaks the original redox dynamic balance in the body, which further induces the occurrence and
development of LPO, resulting in serious damage to protein and DNA, as well as changes in cell structure, and
accelerates apoptosis, autophagy and ferroptosis of tumor cells.

Targeted therapy, also known as “biological missile”, can specifically select carcinogenic sites in the body for
binding, and then play a role in therapy, causing specific death of tumor cells without affecting the normal tissues
around the tumor. Wang et al constructed a Fe;04,@C@MIL-100(Fe) nanocomposite, which was guided by an exogenous
magnetic field to target the tumor site for the purpose of targeted therapy.>® In this way, the efficient killing effect of
MAGNET@DOX@HFON on tumors is due to the fact that DOX is targeted and delivered to tumor cells, causing
damage to tumor cell DNA and generating ROS, and at the same time increasing the concentration of H,O, in TME,
promoting the on the other hand, it is attributed to HFON “amplifying” the reaction between Fe and H,O, in cells,
thereby further increasing the production of ROS in the environment of exogenous magnetic field. Interestingly, during
the research process, we also discovered the great potential of DOX@HFON in inhibiting angiogenesis, which can
effectively cut off the nutrient supply of tumors to achieve the purpose of starvation treatment, which is also the targeted
therapy for TNBC by the nano-diagnosis and treatment platform provides a new idea.

Conclusion

We have successfully constructed a novel nano-diagnosis and treatment platform, using the hollow and porous
characteristics of HFON to successfully load DOX. The nanoparticles are effectively delivered to the tumor site by
magnetic targeting to achieve specific infusion in the tumor tissue, induce autophagy, apoptosis and of tumor cells in the
environment of high concentration of Fe, kill tumor tissue, cooperate with Fenton reaction, and rely on the great MRI
imaging effect of HFON, so that this study has a certain clinical application value and development prospect in the field
of tumor therapy. It also brings hope for the treatment of TNBC!
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