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Purpose: Ferroptosis is a regulated form of cell death characterized by iron-dependent accumulation of associated lipid peroxides
(LPO), which can induce cell death when a certain level is reached. However, the extremely complex tumor microenvironment (TME)
has the characteristics of antioxidant, even if it induces ferroptosis of tumor cells, its killing effect on tumor cells is still very limited.
To solve this problem, we constructed a novel nanomaterials (GOx/EC@Fe;0,@CCM). We evaluated the anticancer effect of this
nanomaterial in inhibiting tumor growth through comprehensive in vitro and in vivo experiments.

Methods: We successfully synthesized GOX/EC@Fe3;0,4 by one-pan synthesis method, then coated the Hepatocellular carcinoma cell
membrane on its surface by co-extrusion technology, and finally synthesized the GOx/EC@Fe;04@CCM nanoplatforms. We
characterized the compounds in terms of morphology, particle size, and Zeta potential. In addition, we also studied the anti-tumor
effect of GOX/EC@Fe;04@CCM nanoplatforms from the following aspects, including the performance test of the nanoplatform, the
intracellular effect of the nanoplatform, the anti-tumor effect in vitro, the intracellular ROS analysis, the intracellular effect of EC, and
the anti-tumor effect in vivo.

Results: The iron-based carriers in GOx/EC@Fe;04,@CCM nanoplatforms are released and produce ferrous ions (Fe?") in an acidic
environment. Due to the limitation of the endogenous level of hydrogen peroxide (H,0,), we introduced GOx into the TME or tumor
cells. Under the catalysis of GOx, glucose reacted rapidly to produce a large amount of H,O,, which then combined with Fe** to
produce a large number of Hydroxyl radical (-OH). Its toxicity leads to dysfunction of cell membrane and organelles, and then causes
cell damage. EC inhibits Nuclear factor erythroid 2-related factor 2 (Nrf2) in cancer cells, which effectively down-regulates down-
stream gene products, including NAD(P)H quinone oxidoreductase 1 (NQO1) and heme oxygenase 1 (HMOX1). A series of chain
reactions reduce the escape effect of oxidative stress (OS) and effectively maintain a high level of intracellular oxidation. Furthermore,
it induces sustained and intense ferroptosis in tumor cells. Finally, the use of cancer cell membrane modified nanoplatforms due to the
homology of membrane protein components improves the tumor cell targeting of the nanoplatforms, showing significant tumor cell
inhibition and killing effect in vivo.

Conclusion: The results showed that the GOX/EC@Fe;04@CCM nanoplatforms successfully induced significant ferroptosis of
Hepatocellular carcinoma cells through a cascade effect, and finally effectively promoted cancer cell regression.

Keywords: ferroptosis, mesoporous Fe;Oy4, glucose oxidase, ethyl carbamate, Nrf2

Introduction

Hepatocellular carcinoma (HCC) is a common cancer and a common cause of death caused by cancer in the world.
Relevant studies predict that with the growth of the world’s population, the number of cases and deaths will gradually
increase in the next 20 years.' Therefore, there is an urgent need for some new effective treatment options to reduce the
pain and prolong the life of patients with HCC. Chemodynamic therapy (CDT) is an important treatment strategy for
patients with hepatocellular carcinoma, including ferroptosis, a newly discovered regulatory cell death mode in recent
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years, which has rapidly attracted wide attention in the field of liver diseases, especially in the field of liver cancer.” The
main feature of ferroptosis is the accumulation of reactive oxygen species (ROS) induced by iron, which leads to the
peroxidation of cells, in which Fenton reaction is the key link.** In simple terms, the typical Fenton reaction is: In an
acidic environment, H,O, reacts with Fe*" to generate -OH with strong oxidative capacity, and trigger more other ROS.
ROS act on cells, easily causing damage to cell membrane, nucleic acid, protein and a variety of metabolic enzymes to
achieve the degradation of organic matter, resulting in dysfunction of cancer cells and even ferrodeath of cancer cells.>®
As an important component of Fenton reaction, increasing the content of H,O, in the tumor site is conducive to
increasing the possibility of ferroptosis of tumor cells and further improving the efficiency of killing tumor cells.”®
However, tumor cells and their TME have a strong self-regulatory ability to quickly alleviate internal or external damage,
including excessive H,O,. Therefore, as the level of H,O, increases, cancer cells will activate their own antioxidant
system and release antioxidants to control them.”'® We hypothesized that increasing the level of H,O, and inhibiting the
antioxidant mechanism of cancer cells could be a potential solution to this problem.

Generally, Nrf2 is a transcription factor that plays a key role in OS response and plays an important role in inducing
the body’s antioxidant response, such as regulating REDOX balance, drug metabolism and excretion, energy metabolism,
iron metabolism, amino acid metabolism, survival, proliferation, autophagy, proteasome degradation, DNA repair, and
mitochondrial physiology.'" Generally, after OS, Nrf2 activates the expression of protective genes in cells, such as
HMOX]1 and NQOI.'*"* In summary, Nrf2 signaling pathway can effectively inhibit LPO and free iron accumulation
and prevent cell damage, including ferroptosis, by controlling its target genes.'* Relevant studies have shown that EC can
inhibit Nrf2, which can effectively reduce the antioxidant capacity of cancer cells and improve the sensitivity of tumor
cells to ferroptosis.'>'® In addition, the liver is prone to oxidative damage, and usually excessive iron accumulation is
one of the important features of most liver diseases, which provides an important physiological basis for ferroptosis in
hepatocellular carcinoma.'” Secondly, the endogenous content of H,O, in cells is very limited. Although inhibition of
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Nrf2 can increase the intracellular OS level to a certain extent, it is not enough to cause significant ferroptosis of cancer
cells. It is well known that enzymes, as efficient catalysts in chemical reactions, can greatly shorten the time of chemical
reactions and significantly improve the efficiency of reactions. In order to further increase the intracellular H,O, content,
some existing studies have shown that the intracellular H,O, level can be greatly increased by using GOx.'® The brief
process of the reaction is as follows: glucose, under the action of GOx, produces H,O, and gluconic acid. In the process
of this reaction, on the one hand, not only a large amount of H,O, is generated, which promotes the Fenton reaction, but
also consumes the glucose required by the cell on the other hand. A large number of studies have shown that rapidly
proliferating tumor cells require a large amount of energy, and the consumption of glucose also produces a starvation
effect on cancer cells to a certain extent, effectively inhibiting the rapid growth of cancer cells.'” 2! Finally, mesoporous
Fe;O4 is widely used as a drug carrier to carry various drugs for cancer treatment because of its rich porous
characteristics, which endow it with many advantages of sustained drug release and high drug loading rate.”*** Its
rich iron ions are also one of the important components of Fenton reaction, especially in the acidic environment of
tumors, Fe?" dissociated from Fe;O4 is more abundant.>*?° Other studies have shown that it is feasible to use
mesoporous Fe;O,4 nanoparticles to deliver GOx and other drugs, and this combination is a new direction for the
development of nanomedicine.¢

In this study, we synthesized the characteristics of HCC and the above characteristics of various drugs and carriers to
construct mesoporous Fe;O4 nanoplatforms carrying GOx and EC, and modified the surface of nanoplatforms with
cancer cell membrane to enhance their targeting effect on target cancer cells. Previous studies have demonstrated that
cancer cell membrane-modified nanoplatforms confer many unique properties to these nanoplatforms, including immune
evasion and homologous targeting functions. These nanoplatforms also exhibit many advantages such as prolonged
circulation time in vivo, good biocompatibility and minimal cytotoxicity to healthy organs.?” In brief, on the one hand,
GOx uses glucose to produce large amounts of H,O, on the other hand, EC inhibits Nrf2, thereby inhibiting its
downstream antioxidant system, furthermore, Fe3Oy, as an iron-based carrier, provides abundant F ¢?", which reacts with
H,0, to generate toxic ‘OH in an acidic environment. In addition, intracellular Glutathione (GSH) was converted to
Glutathione Oxidized (GSSG) under the action of nanoplatforms, and the expression of glutathione peroxidase (GPX4)
was down-regulated, further inhibiting the antioxidant system of cancer cells. Taken together, the nanoplatform
significantly accelerated the accumulation of LPO by up-regulating the intracellular OS level in tumor cells from the
above aspects. This series of cascade effects improves the efficiency of CDT, and finally promotes the strong Fenton
reaction of cancer cells to cause ferroptosis of cancer cells, which can effectively inhibit the growth of tumors and even

eliminate tumors, providing a new possibility for the treatment of liver cancer.

Materials and Methods

Material

FeCl5-6H,0, sodium citrate, ethylene glycol, glucose oxidase (GOx), ethyl carbamate (EC), PBS, Coomassie Brilliant
blue, 3.3',5,5'-tetramethylbenzidine (TMB), hydrogen peroxide (H,0,), HAc-NaAc buffer, 5.5-dithiyl-(2-nitrobenzoic
acid) (DTNB), Glutathione (GSH), rhodamine B (RhB), blocking buffer, PVDF membranes, and Cy5.5 were purchased
from Aladdin. Membrane protein extraction kit, trypsin, anhydrous glucose, glucose content detection kit, DAPI, EdU,
Calcein-AM/PI, standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT), Annexin V-FITC/PI, 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), Hoechst33342, ATP detection kit, JC-1 staining working solution,
RIPA lysis, MDA detection kit, GSH and GSSG detection kits were purchased from Beyotime. H,O, content detection
kit was purchased from Sangon Biotech. FerroOrange was purchased from Dojindo. The cell ferrous colorimetry test box
was purchased from Elabscience. -OH, C11-BODIPY, and GSH fluorescent probes were purchased from thermofisher.

Synthesis of Mesoporous Fe;O4
1.6 g FeCl;-6H,0, 0.90 g sodium citrate and 4 g sodium acetate were fully dissolved in 80 mL ethylene glycol. After
stirring well, the solution was transferred to an autoclave lined with Teflon and heated continuously at 200°C for 10 h. It
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was then allowed to cool naturally to room temperature, washed repeatedly with distilled water and absolute ethanol, and
purified by centrifugation (10000 rpm, 5 min) to obtain mesoporous Fe;O,.

Synthesis of GOx@Fe;O4

After 1 mg of GOx was fully dissolved in 1 mL of PBS, an additional 1 mg of Fe;0,4 nanoplatforms were added and
stirred overnight in the dark. It was purified by centrifugation (10000 rpm, 10 min) to obtain GOx@Fe;0y,.

Synthesis of EC@Fe;O4
After fully dissolving 550 mg EC in 1 mL of PBS, an additional 1 mg Fe;0,4 nanoplatforms were added and stirred

overnight in the dark. It was purified by centrifugation (10000 rpm, 10 min) to obtain EC@Fe;0,.

Synthesis of GOX/EC@Fe;O4

After fully dissolving 550 mg EC with 1 mg GOx in 1 mL PBS, an additional 1 mg Fe;0,4 nanoplatforms were added and
stirred overnight in the dark. GOx/EC@Fe;0, was obtained by purification by centrifugation (10000 rpm, 10 min).

Cell Membrane Isolation

The cell membranes of Huh7 and Hepal-6 were obtained by membrane protein extraction kit. In brief, Huh7 and
Hepal-6 cells (about 20—50 million) were cultured in large quantities, washed with PBS, digested with trypsin,
and centrifuged to obtain the cells. 1 mL of membrane protein extraction reagent A was added to the collected
Huh7 and Hepal-6 cells and resuspended fully, the cells were transferred to a glass homogenizer, and thoroughly
ground on ice about 60 times. The resulting mixture was then centrifuged (3000 rpm, 10 min, 4°C) and the
supernatant was removed. The collected supernatant was centrifuged again (13000 rpm, 30 min, 4°C), and the
resulting precipitate was the cell membrane. The cell membrane was resuspended in PBS and stored at —80 ° C for
further use.

Synthesis of GOX/EC@Fe;O4@CCM
The above synthesized GOx/EC@Fe;04 was stirred thoroughly with Huh7 or Hepal-6 cell membranes, respectively, and

then encapsulated by physical co-extrusion method.

Morphology Observation and Zeta Potential Measurement

The morphology of the nanoplatforms was observed by transmission electron microscopy (TEM Tecnai G2 F30), and the
particle size of the nanoplatforms was measured. The Zeta potential of the nanoplatforms was measured using a Zetasizer
Nano-zs90 (Malvern, UK) instrument.

Membrane Protein Characterization

In this study, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS—PAGE) was used to investigate the types
of membrane proteins in Huh7 cells, the membrane of Huh7 cells, and the GOX/EC@Fe;04@CCM nanoplatforms
coated with the membrane of Huh7 cells, and the membrane of Hepal-6 cells, Hepal-6 cells, and the GOx/EC@Fe;04
@CCM nanoplatforms coated with the membrane of Hepal-6 cells. Total proteins were extracted from Huh7 or Hepal-6
cells using RIPA lysis buffer, and protein quantification was performed with the cell membrane and membrane-coated
GOx/EC@Fe;04@CCM nanoplatforms, respectively. Proteins were then analyzed by polyacrylamide gel electrophoresis
in both cell types separately. At the end of electrophoresis, the gels were removed, stained uniformly with Coomassie
Brilliant blue on a shaker, and washed thoroughly with PBS after 30 min. Finally, it was placed in the gel imaging system
to scan the protein bands in the gel.
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Detection of GOx and EC

GOx has a characteristic absorption peak at 276 nm. The absorption peaks at 276 nm of GOx, EC@Fe;0,4 and
GOx/EC@Fe;0,4 were detected by ultraviolet spectrophotometer (UV-1800). EC was detected by liquid chromatography-
mass spectrometer (LCMS Agilent 129011-6460).

Test of Hemolysis

Blood compatibility or biosafety was determined by assessing the compatibility between red blood cells (RBC) and
GOx/EC@Fe;04@CCM nanoplatforms. 800 pL of normal saline (negative control group), ultrapure water (positive
control group) and various concentrations of GOX/EC@Fe;04@CCM nanoparticle suspension (experimental group)
were added to 200 uL of RBC. When all erythrocytes in ultrapure water (positive control group) were hemolytic, they
were centrifuged at 2000 rpm for 5 minutes in a centrifuge. Then photos were taken, and 100 pL of each supernatant was
placed in the microplate, and the absorbance of the supernatant at 540 nm was measured by ultraviolet spectro-
photometer. Finally, the hemolysis rate was calculated according to the following formula:

Hemolysis rate = (A — B)/(C — B) x100%

In this equation, A is the absorbance of the experimental group, B is the absorbance of the negative control group, and
C is the absorbance of the positive control group.

POD-Like Activity

This experiment was used to verify whether the GOX/EC@Fe;04@CCM nanoplatforms have the ability to perform
peroxidase like activity. First, 100 pL of GOXx/EC@Fe;04@CCM nanoplatforms (1 mg/mL), 100 uL of TMB (10 mM),
and 300 uL of H,O, (10 mM) were added to 500 uL. of HAc-NaAc buffer (pH=4.5, 5.0, 6.5, and 7.4), respectively. After
10 min of reaction, the reaction was detected in a UV spectrophotometer. The POD-like activity of the material at
different pH conditions was evaluated by recording the absorbance at 652 nm. Secondly, the POD-like activity of the
nanomaterials at different concentrations (0, 20, 40, 60, 80, 100 pg/mL) in HAc-NaAc buffer (pH=5.0) was also tested.

GSH-OXD-Like Activity

The GSH-OXD-like activity of GOx/EC@Fe;04@CCM nanoplatforms was determined by colorimetry using DTNB as
the staining substrate. 100 puL of nanoparticle solution (1 mg/mL) and 100 puL of GSH solution (10 mM) were added to
800 pL of PBS solution (pH=8.0) and mixed thoroughly. The cells were placed at room temperature in the dark and set at
different time points (0, 1, 2, 3, and 4 h). Then 100 puL of each of the above solutions were added to 880 puL of PBS
followed by 20 pL of DTNB (5 mM). The GSH-OXD-like activity of the GOX/EC@Fe;04@CCM nanoplatforms was
measured for 4 h. In brief, a test solution of GOX/EC@Fe;04@CCM nanoplatforms was prepared with PBS solution. At
the end of each time point, the absorption peak of the solution at 412nm was detected by UV spectrophotometer.

Release Tests of GOx, EC, and Fe**

Firstly, different concentrations of GOx solution were configured, and the standard curve of GOx solution was made
according to the absorbance values of different concentrations of GOx. 1 mL of GOx/EC@Fe;04@CCM nanoplatforms
(1 mg/mL) were placed in a dialysis bag and shaken in PBS solution at pH=5.0. The dialysis device was set at different
time points (0, 0.5, 1, 2, 4 h), and 1 mL PBS was collected. The absorbance value of all collected PBS was measured by
ultraviolet spectrophotometer, and then the absorbance value was substituted into the concentration standard curve, and
the obtained value was the GOx concentration released by GOx/EC@Fe;04@CCM nanoplatforms at the same time
point. EC release was detected as described above by passing 1 mL of collected PBS through LCMS separately. PBS was
collected at different time points (0, 10, 20, 40, 80h) and Fe?" release was measured by ICP-OES (Agilent 730).

The Optimal pH for the Catalytic Reaction
An appropriate amount of anhydrous glucose was weighed and fully dissolved in PBS solution (pH=7.4) and PBS
solution (pH=5.0), respectively, and prepared into 1500 mg/dL glucose solution. Take 900 pL from each of the above
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glucose solutions, add 100 uL of GOx/EC@Fe;04@CCM nanoplatforms (1 mg/mL) respectively, after standing at room
temperature for 2 h, take 5 pL from each tube to detect the glucose concentration in the solution using the glucose content
detection kit, and the obtained concentration is the remaining glucose concentration in the solution after the reaction. The
glucose consumption ability of GOXx/EC@Fe;04@CCM nanoplatforms under different pH solution conditions was

known by the glucose concentration changes in the solution before and after the reaction and compared.

Measurement of the Ability to Consume Glucose

First, an appropriate amount of anhydrous glucose was weighed, and the 1500 mg/dL glucose solution was fully
dissolved with PBS before use. 900 pL glucose solution prepared above was added to 100 pL PBS group,
EC@Fe;0,4, GOx@Fe;04, GOX/EC@Fe3;0,4 and GOX/EC@Fe;04@CCM at a concentration of 1 mg/mL. After standing
at room temperature for 2 h, 5 uL of each sample was taken to detect the glucose concentration in the solution after the
reaction using the glucose content detection kit, and the concentration obtained was the concentration of glucose in the
remaining solution after the reaction. The glucose consumption ability of each group was known through the concentra-
tion change and compared.

Detection of the Capacity to Produce H,0O,

The reaction of H,0O, and titanium sulfate formed a yellow titanium peroxide complex, which had a characteristic
absorption peak at 415 nm detected by ultraviolet spectrophotometer. An appropriate amount of anhydrous glucose was
weighed and fully dissolved in PBS, and glucose solutions were set at concentrations of 100, 200, 400, 600, and 800 mg/
dL, respectively. 900 uL of each glucose solution with different concentrations was added to 100 uL of GOX/EC@Fe;0,
@CCM with a concentration of 1 mg/mL. After standing at room temperature for 2 h, H,O, in the liquid was detected by
the H,O, content detection kit. In addition, an appropriate amount of anhydrous glucose was weighed, fully dissolved in
PBS, and prepared into 1500 mg/dL glucose solution for later use. 100 pL PBS and 1 mg/mL EC@Fe;04, GOX,
GOx@Fe304, GOX/EC@Fe;04, GOXx/EC@Fe;04@CCM nanoplatforms were added to 900 pL of the above prepared
glucose solution and left for 2 h at room temperature. H,O, in the liquid was detected by H,O, content detection kit. The
concentration of H,O, in each sample solution was calculated and compared to know the ability of each group to
consume glucose to produce H,0,.

Cell Culture

Huh7 (human hepatoma cells) and Hepal-6 (mouse hepatoma cells) were from MeisenCTCC (China). Cells were
cultured in plain DMEM supplemented with 10% FBS and 1% streptomycin — penicillin, and the conditions of the
incubator were 37°C and 5% carbon dioxide.

Analysis of Drug Uptake Behavior

1 mg rhodamine B (RhB) was fully dissolved in 1 mL PBS, and 1 mg GOXx/EC@Fe;0,@CCM nanoplatforms were
added and stirred overnight in the dark. RhB-labeled GOx/EC@Fe;O04@CCM was purified by centrifugation
(10000 rpm, 10 min). Huh7 and Hepal-6 cells were seeded in climbing sections of 24-well plates at a density of
1x10° cells /mL and incubated for 24 h. Cells were then incubated with RhB-labeled GOx/EC@Fe;04@CCM nanoplat-
forms at intervals of (0, 15, 30, 60, 120, 240 min). Cells were washed three times with PBS and then fixed in 4%
formaldehyde for 30 min before staining the nuclei with DAPI. Finally, the images were imaged under a fluorescence
microscope with the red channel excited at 561 nm and collected between 590 and 640 nm, and the purple channel was
excited at 350 nm and collected at 461 nm. Alternatively, cells were seeded at a density of 1x10° cells /mL in 12-well
plates and incubated with the same RhB-labeled GOX/EC@Fe;04@CCM nanoplatforms. Subsequently, the cells in each
group were digested with trypsin, centrifuged (1000 rpm, 5 min), and resuspended in PBS for further use. Finally, cells
treated with drugs at different time points were analyzed by means of flow cytometer (Beckman Coulter, USA).
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Determination of Intracellular Fe** Content

FerroOrange was used as a probe to measure the amount of Fe** in the cells. Huh7 and Hepal-6 cells were seeded in
2.0 cm confocal dishes (2.0x10° cells per dish) and incubated for 24 h. Five groups (Control, GOx@Fe;0,, EC@Fe;0.,
GOx/EC@Fe;04, GOX/EC@Fe;04@CCM) were set and treated with drugs for 24 h. Nuclei were first stained with DAPI
and intracellular Fe** was stained 15 min later with a FerroOrange fluorescent probe. Finally, cells were photographed by
a fluorescence microscope with the red channel excited at 561 nm and collected between 590 and 640 nm, and the purple
channel was excited at 350 nm and collected at 461 nm. Fe*" was combined with the probe in cell ferrous colorimetry kit.
The resulting substance had a strong absorption peak at 593 nm wavelength, and its optical density was linearly related to
Fe*' concentration within a certain range. Huh7 and Hepal-6 cells were seeded in 6-well plates at a density of 1x10°
cells /mL and incubated for 24 h. Then, after the same drug treatment for 24 h, the collected cells were collected and the
Fe?* content in the cells was detected by the cell ferrous colorimetry test box. Finally, the absorbance of each sample was
measured at 593 nm in the microplate reader, and the standard fitting curve of Fe** was made. Finally, the optical density
(OD) value of each sample was substituted into the standard curve, which was the detection result.

EdU Incorporation and Staining

Huh7 and Hepal-6 cells were seeded in 48-well plates at a density of 2x10* cells /mL, respectively. After the cells were
cultured overnight to adhere to the wall and return to the normal state, five groups were set (Control, GOx@Fe;0y,
EC@Fe;0,4, GOX/EC@Fe;04, GOX/EC@Fe;04@CCM), and the drug was incubated for 12 h. Then the cells in each
group were stained according to the method of EdU cell proliferation assay kit, and finally, the proliferation of cells was
observed under a fluorescence microscope. The red channel was excited at 561 nm and collected between 590 and 640
nm. The excitation wavelength of the purple channel was 350 nm and the acquisition wavelength was 461 nm.

Calcein-AM/PI Staining Analysis

Huh7 and Hepal-6 cells were seeded in 12-well plates at a density of 1x10° cells /mL, respectively. Five groups were set
up (Control, GOx@Fe;04, EC@Fe;04, GOX/EC@Fe;04, GOX/EC@Fe;04@CCM) and treated with corresponding
drugs for 24 h. Then 1 pL of Calcein-AM and 1 uL of propidium iodide (PI) were added directly into the culture
medium. After incubation at 37°C for 30 min, cells were imaged under a fluorescence microscope. The green channel
was excited at 488 nm and collected between 500 and 550 nm. The red channel was excited at 561 nm and collected
between 590 and 640 nm.

MTT Cytotoxicity Assay

The cytotoxicity of Huh7 and Hepal-6 cells in vitro was detected by MTT assay. Huh7, Hepal-6 and THLE-2 cells were
seeded uniformly in 96-well plates at a density of 5x10° cells/well, respectively. The Control group and different
concentrations of GOx@Fe;0,4, EC@Fe;04, GOX/EC@Fe;04, GOX/EC@Fe;04@CCM nanoplatforms (20, 40, 60, 80,
100, 120 pg/mL) were set up in DMEM medium and deposited in an incubator. After 24 h, the original medium was all
removed, and 100 pL MTT assay solution (980 pL complete medium: 20 uL. MTT) was added to each well to set up the
blank group, which was then cultured in the incubator for 2 h. Finally, the absorbance at 490 nm was measured in a UV
spectrophotometer. Relative cell viability was calculated as follows:

Cell viability(%) = (A—-C)/(B—C) x 100%

Where A is the absorbance of the experimental group, B is the absorbance of the Control group, and C is the
absorbance of the blank group.

Annexin V-FITC/PI Apoptosis Assay

Huh7 and Hepal-6 cells were seeded in 6-well plates at a density of 1x10° cells /mL and cultured for 24 h. Five groups
(Control, GOx@Fe;0,4, EC@FFe;04, GOX/EC@Fe;0,4, GOX/EC@Fe;04@CCM) were set and cultured for another
24 h. The culture medium of each group was collected, the washing solution was collected after washing with PBS,
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trypsinized, centrifuged, stained with Annexin V-FITC/PI double staining apoptosis detection kit in 1x binding buffer,
and detected by flow cytometer.

Measurement of Intracellular Glucose Content

Huh7 and Hepal-6 cells were seeded in 6-well plates at a density of 2x10° cells /mL, respectively. Five groups were set
up (Control, GOx@Fe;04, EC@Fe;04, GOX/EC@Fe;04, GOX/EC@Fe304@CCM) and incubated for 24 h. The culture
was continued for 24 h after drug treatment. The culture medium was removed and washed three times with an
appropriate amount of PBS. 200 puL of lysate was added to each well, and after full lysis, the mixture was centrifuged
at 12,000xg for 5 min in a centrifuge, and the supernatant was used as the sample to be tested. The concentration of
protein in each sample was detected, and 120 pL of each sample was used to detect the concentration of glucose in cells
using the glucose content detection kit. Finally, the content of glucose per mg protein was calculated.

Intracellular ROS Determination

The Fenton reaction produces a large amount of ROS. Huh7 and Hepal-6 cells were seeded in 12-well plates at a density
of 1x10° cells /mL, and five groups were set up (Control, GOx@Fe;04, EC@Fe;04, GOX/EC@Fe304, GOX/EC@Fe;04
@CCM) and incubated for 24 h. Then, the cells were treated with the drugs of each group for 24 h, washed 3 times with
PBS, added serum-free medium and stained with DCFH-DA for 30 min. Next, cells were washed three times with PBS to
remove excess dye, nuclei were stained with 500 uL of 1xHoechst33342 configured in PBS, and excess dye was removed
with PBS after 15 min. Finally, cells were imaged under a fluorescence microscope with an excitation wavelength of 488
nm and an acquisition wave of 500 to 550 nm for the green channel and an excitation wavelength of 350 nm and an
acquisition wave of 461 nm for the purple channel. Flow cytometric analysis of ROS levels was performed using flow
cytometer.

Intracellular ‘OH Determination

-OH is one of the important components of ROS. Huh7 and Hepal-6 cells were seeded in 12-well plates at a density of
1x10° cells /mL, and five groups (Control, GOx@Fe;0,, EC@Fe;04, GOX/EC@Fe;0,4, GOX/EC@Fe;0,@CCM) were
set up and treated with different treatments. After 24 h, the medium was replaced with serum-free medium and stained
with -OH fluorescent probe for 30 min. Then, the cells were washed three times with PBS, 500 uL of 1xHoechst33342
was added to stain the nuclei, and 15 min later, the cells were washed with PBS. Cells were imaged under a fluorescence
microscope with the red channel excited at 561 nm and collected between 590 and 640 nm and the purple channel excited
at 350 nm and collected at 461 nm.

Intracellular ATP Content Was Measured

Changes in ATP levels can affect the function of cells and indirectly reflect the state of cells. Huh7 and Hepal-6 cells
were seeded in 6-well plates at a density of 1x10° cells /mL, respectively. After the cells were cultured overnight to
adhere to the wall and return to the normal state, five groups (Control, GOx@Fe;0,4, EC@Fe;04, GOX/EC@Fe304,
GOx/EC@Fe;04,@CCM) were set and treated with drugs for 24 h. Then, the cells were washed three times with PBS and
lysed by adding 200 pL of lysate to each well. After complete lysis, the cells were centrifuged at 12000 g for 5 min at
4°C in a centrifuge, and the supernatant was removed and used for subsequent determinations. The ATP standard and
samples were prepared by ATP detection kit, and the RLU values of the standard and samples were measured by
chemiluminescence instrument, and the concentration standard curve of ATP standard was made. At the same time, the
protein concentration of each sample was detected, and the amount of ATP per mg protein in the sample was calculated.

Assessment of Mitochondrial Damage

Huh7 and Hepal-6 cells were seeded in 6-well plates at a density of 1x10° cells /mL, respectively, and incubated for
24 h to make the cells adhere to the wall. Five groups (Control, GOx@Fe;04, EC@Fe304, GOX/EC@Fe30y,
GOx/EC@Fe;0,4,@CCM) were set up. After 24 h of drug incubation, the cells were washed once with PBS, and 1 mL
JC-1 staining working solution was added to each well and mixed thoroughly. The cells were incubated for 20 min at
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37°C in a cell incubator. At the end of the incubation period, the cells were washed twice with JC-1 staining buffer (1x),
and 2 mL of serum-free medium was added. The excitation wavelength of the green channel was 488 nm, the acquisition
wave was 500-550 nm, and the red channel was excited at 561 nm and collected at 590—640 nm.

Western Blot

Huh7 and Hepal-6 cells were seeded in 6-well plates (2x10° per well) and incubated for 24 h. Five groups (Control,
GOx@Fe304, EC@Fe;04, GOX/EC@Fe;04, GOX/EC@Fe;04,@CCM) were set and incubated for 24 h with drugs. The
cells were then washed three times with PBS and lysed using RIPA lysis buffer on ice. Protein concentration after
cleavage was measured. Proteins were separated by 10% SDS-PAGE and transferred to PVDF membranes. PVDF
membranes were treated with blocking buffer for 1h on a shaker, followed by three washes with washing buffer. They
were then incubated with anti-Nrf2, HMOX1, NQO1, GPX4 and B-actin antibodies overnight at 4°C on a shaker. After
that, PVDF membranes were washed three times and incubated for 1 h with fluorescent secondary antibodies. Finally, it
was placed in a gel imaging system for detection.

Lipid Oxidation Determination

C11-BODIPY was used as a probe to measure the accumulation of LPO in the cells. Huh7 and Hepal-6 cells were seeded
in 12-well plates at a density of 1x10° cells /mL, respectively, and incubated for 24 h to make the cells adhere to the wall.
Five groups (Control, GOx@Fe;04, EC@Fe30,4, GOx/EC@Fe304, GOX/EC@Fe;04@CCM) were set up, and after
24 h of drug incubation, the cells were washed three times with PBS. 1 mL of serum-free medium was added, stained
with C11-BODIPY for 30 min in the dark, and again washed three times with PBS. Finally, cells were imaged under
a fluorescence microscope with excitation wavelength of 488 nm and acquisition wave between 500 and 550 nm for the
green channel and excitation at 561 nm and acquisition between 590 and 640 nm for the red channel.

Determination of MDA Content

In the experiment, Huh7 and Hepal-6 cells were seeded in 6-well plates at a density of 1x10° cells /mL, respectively, and
incubated for 24 h to make the cells adhere to the wall. Five groups (Control, GOx@Fe;04, EC@Fe;0y,
GOXx/EC@Fe;04, GOX/EC@Fe;0,@CCM) were set up, and after 24 h of drug incubation, the cells were washed
three times with PBS. The cells of each group were collected, and the content of lipid oxidation (MDA) in each group
was detected by MDA detection kit. Protein concentrations were measured for each sample, and MDA per mg of protein
was calculated separately.

Intracellular GSH and GSSG Content

Huh7 and Hepal-6 cells were seeded in 24-well plates at a density of 1x10° cells /mL, respectively. After the cells were
cultured overnight to return to the normal state, five groups (Control, GOx@Fe;0,4, EC@Fe;04, GOX/EC@Fe304,
GOXx/EC@Fe;04@CCM) were set and incubated for 24 h with drugs. Next, the cells were washed three times with PBS
and serum-free medium was added. Then, GSH fluorescent detection probe was added and incubated in the dark for
20 min. Cells were again washed 3 times with PBS and serum-free medium was added to maintain viability. The
consumption of GSH in each group was observed under a fluorescence microscope. The excitation wavelength of the
purple channel was 350 nm, and the acquisition wavelength was 461 nm. Similarly, Huh7 and Hepal-6 cells were seeded
in 6-well plates at a density of 1x10° cells /mL, respectively, and incubated for 24 h, and then treated with the same drugs
for 24 h. The cells were washed three times with PBS, and the intracellular GSH content was measured by GSH and
GSSG detection Kkits.

In vivo Fluorescence Imaging

1 mg Cy5.5 was fully dissolved in 1 mL PBS, and 1 mg GOXx/EC@Fe;04@CCM or GOx/EC@Fe;0,4 nanoplatforms
were added and stirred overnight in the dark. Cy5.5-labeled GOX/EC@Fe;04@CCM or GOx/EC@Fe;04 was purified by
centrifugation (10000 rpm, 10 min). All animal experiments were approved by the Ethics Committee of the Animal
Laboratory of Guilin Medical College under the approval number GLMC201903208. The ethical review of laboratory
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animals was in accordance with the Guiding Opinions on the Good Treatment of Laboratory Animals issued by the
Ministry of Science and Technology of the People’s Republic of China and the national standard GB/T35892-2018
Laboratory animal - Guideline for ethical review of animal welfare. Firstly, a large number of cells were cultured for
subcutaneous tumor formation to establish Hepal-6 hepatocellular carcinoma model in BALB/c nude mice. The age was
4 weeks. After the subcutaneous tumor model was successfully established, 100 puL Cy5.5-labeled GOX/EC@Fe;0,4
@CCM nanoplatforms (1 mg/mL) were injected into the tail vein. After various time points (0, 0.5, 1, 2, 4, 8, 16, and
24 h), mice were anesthetized and imaged by a small animal in vivo imaging system (PerkinElmerIVIS instrument
Waltham, MA, USA). After 24 h, mice were euthanized, and tumors and major organs (including: heart, liver, spleen,
lung, kidney) were dissected and removed, washed with PBS, and then fluorescent images were acquired by an in vivo
imaging system.

Bioluminescence Imaging

Firstly, Luciferase labeled Hepal-6 cells were cultured and a subcutaneous tumor model was constructed to investigate
the anti-tumor ability of GOX/EC@Fe;04@CCM nanoplatforms in vivo. In this part, 1x10° Hepal-6 cells were injected
into the right buttock of each male BALB/c nude mouse, and the age was 4 weeks. After 7 days, uniform tumors were
formed under the skin of the mice, and 25 nude mice were randomly divided into 5 groups (5 mice in each group):
Control, GOx@Fe;0,4, EC@Fe304, GOx/EC@Fe304, GOX/EC@Fe304@CCM group. The mice in each experimental
group were treated with 100 uL (1 mg/mL) of the corresponding drug each time, and the mice were anesthetized the
next day for imaging in the bioluminescence imaging system.

In vivo Tumor Treatment Evaluation

During the treatment of the mice, the tumor volume and the body weight of the mice were promptly recorded. After 14
days of treatment, all mice were euthanized and tumors and major organs (including heart, liver, spleen, lung, and
kidney) were collected. Tumors were weighed and photographed for H&E staining, Nrf2 immunohistochemistry, and
Ki67 and GPX4 fluorescence analysis. At the same time, the venous blood of mice was collected, and the blood cells and
serum were separated timely after centrifugation. The serum was collected for liver and kidney function analysis.

Statistical Analysis

Statistical analysis was performed using a Student’s #- test, and differences between test and control groups were judged
to be significant at 0.01 < *P < 0.05 and extremely significant at **P < 0.01, ***P < 0.001 and ****P < 0.0001. There
was no difference between two groups if P > 0.05.

Results and Discussion
Preparation and Characterization of GOX/EC@Fe;O4@CCM Nanoplatforms

Firstly, mesoporous Fe;O, was synthesized by hydrothermal method and used as the carrier of nanoplatforms
(Figure 1A). Secondly, Fe;04-loaded GOx and EC nanoplatforms were prepared. Mesoporous Fe;O,4 has a unique and
abundant mesoporous structure, which makes it have very superior adsorption and drug release ability. The method used
here is a one-pot synthesis method, in simple terms, appropriate amount of GOx and EC is taken, fully dissolved with
PBS, and fully stirred with Fe;0y,, so that GOx and EC can enter the Fe;O4-rich mesopores as much as possible to realize
the combination of carrier and drug.

To coat the GOXx/EC@Fe;0, surface with cancer cell membranes, we extracted membranes from Hepal-6 and Huh7
cells, respectively, and coated GOx/EC@Fe;04 nanoplatforms with these membranes. In the method of cell membrane
modification on the surface of nanoplatforms, the use of co-extrusion technology can well wrap the cell membrane on the
surface of nanoplatforms.?” Cell membrane-derived vesicles were mechanically extruded to fuse with nanoplatforms
several times through pores with a diameter of 200 nm. The mechanical force applied during extrusion promotes the
fusion of cell membrane vesicles on the nanoplatforms to achieve the encapsulation and modification of the nanoplat-
forms. Using TEM, we compared the TEM images of GOx/EC@Fe;04 and GOx/EC@Fe;04@CCM nanoplatforms and
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Figure | Characterization of GOX/EC@Fe3;O, nanoplatforms. Schematic representation of mesoporous Fe;O, synthesis (A). TEM image of GOx/EC@Fe3O4 nanoplat-
forms (B). TEM image of GOX/EC@Fe;04@CCM nanoplatforms (C). Zeta potential of GOx/EC@Fe;O4@CCM nanoplatforms (D). Size distribution of
GOX/EC@Fe304@CCM nanoplatforms (E). SDS-PAGE analysis of GOX/EC@Fe;04@CCM nanoplatforms modified with Heapl-6 as well as Huh7 cell membranes
(F). UV-vis absorption spectrum of GOXx/EC@Fe;04@CCM nanoplatforms (G). Hemolysis assay analysis of GOX/EC@Fe3;04@CCM nanoplatforms (H). Scale bar: 50
nm. |: Hepal-6, Il: Hepal-6 cell membrane, Ill: GOX/EC@Fe;04@CCM (Hepal-6), i: Huh7, ii: Huh7 cell membrane, ii: GOX/EC@Fe;O04@CCM (Huh7).

found that GOx/EC@Fe;0,4 successfully fused with the cancer cell membrane, showing a clear core-shell structure,
indicating the existence of a monolayer of cancer cell membrane on the GOX/EC@Fe3;0,4 nanoplatforms. This proved the
successful synthesis of GOX/EC@Fe;04@CCM nanoplatforms (Figure 1B and C). After coating the cell membrane, the
Zeta potential of the GOX/EC@Fe;04@CCM nanoplatforms was altered, reaching —24.67 mV, which may be related to
the surface charge of the cell membrane, indicating that the nanoplatforms successfully coated the cell membrane
(Figure 1D). The particle size of the nanoplatforms was measured to be 134.54+0.82nm (Figure 1E). SDS-PAGE was
used to verify whether the protein on the membrane of tumor cells remained intact after coating GOX/EC@Fe;0,@CCM
nanoplatforms. The results showed that the protein bands of Hepal-6 and Huh7 membrane-coated GOx/EC@Fe;0,
@CCM nanoplatforms were consistent with those of Hepal-6 and Huh7 cell membranes, respectively, indicating that the
nanoplatforms did not destroy membrane proteins during the preparation process (Figure 1F). The composition of the
original membrane protein of Hepal-6 and Huh7 cell membrane was retained. Because of the homology of the
components between the cell membrane and the cell membrane, the cancer cell membrane provided the potential
homologous targeting effect for the prepared nanoplatforms, and the nanoplatforms were well fused and engulfed
when they contacted with the corresponding cancer cell membrane.”® This potential advantage may lead to new
directions for clinical research in the future. GOx has strong light absorption characteristics in the UV region, and its
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absorption peak is located at 276 nm. A characteristic absorption peak at 276 nm was detected by the UV spectro-
photometer, so it can be inferred that the Fe;O,4 carrier successfully carried GOx (Figure 1G). In addition, the supernatant
obtained by centrifugation during nanoparticle preparation was collected and the EC content was determined by LCMS.
From the test results (Figure S1), we found that the content of free EC in the solution of preparing nanoplatforms was less
than before, and we knew that a part of EC was carried in the mesopores of Fe;O,.

Blood compatibility is one of the important indicators to evaluate whether nanoplatforms have biological safety,
which provides a reference for in vivo drug experiments.”’ To test the blood compatibility of GOx/EC@Fe;0,@CCM
nanoplatforms, we extracted venous blood from mice with different concentrations of GOx/EC@Fe;04@CCM nanoplat-
forms from low to high. After treatment, no obvious hemolysis occurred in the blood of each group (Figure 1H). These
results indicate that even high concentration of nanoplatforms does not cause obvious hemolysis of red blood cells, which
indicates that the nanoplatforms have good biological safety and can be safely used for intravenous injection in mice.

Performance Testing of Nanoplatforms

In the presence of H,O, as well as Fe*", a large amount of -OH was produced. In short, it is caused by Fenton reaction.
Iron ions released by GOX/EC@Fe;04@CCM nanoplatforms react with H,O, under acidic conditions, resulting in
a large amount of OH, which further combines with TMB substrate to form blue dimer. A UV spectrophotometer was
used to observe the characteristic absorption peak of the dimer at 652 nm (Figure 2A).*° In essence, the peroxidase-like
activity of nanoplatforms can consume H,O, to produce -OH. Through this experiment, the GOx/EC@Fe304@CCM
nanoplatforms were verified to have peroxidase-like activity in acidic environment. Moreover, with the continuous
decrease of pH in the reaction environment, the production of -OH also increases, which simulates that more -OH can be
produced under acidic TME. In addition, we also examined -OH production in the environment of different concentra-
tions of GOx/EC@Fe;04@CCM nanoplatforms. According to the detection and analysis, with the increase of the
concentration of GOX/EC@Fe;04,@CCM nanoplatforms in the reaction environment, the characteristic absorption
peak of the solution is constantly rising under the detection of the UV spectrophotometer, and the content of -OH is
constantly increasing (Figure 2B). -OH is one of the important components of ROS, which has a strong ability to remove
organic matter, affect the metabolism and genetics of cells, and then kill cells, providing the basis for tumor therapy.

GSH is a very important link in the cellular antioxidant system. We also tested whether GOx/EC@Fe;04@CCM
nanoplatforms have GSH-like oxidase activity. GSH reacts with DTNB to produce yellow 2-nitro-5-mercolobinic acid
and glutathione disulfide (GSSG). 2-nitro-5-mercolobinic acid has a characteristic absorption peak at 412 nm, and the
content of reduced GSH can be detected by detecting the change of its absorbance value by ultraviolet
spectrophotometer.®’ We found that the characteristic absorption peak in the system decreased with the increase of
reaction time, indicating that GSH can be consumed by GOx/EC@Fe;04@CCM nanoplatforms (Figure 2C). In
summary, GOXx/EC@Fe;04@CCM nanoplatforms have GSH oxidase-like activity and GSH consumption is time-
dependent.

The GOXx/EC@Fe;04@CCM nanoplatforms were placed in a dialysis bag to mimic the release of GOx and EC from
the carrier in tumor cells. The release of GOx is shown in Figure 2D. Before 2 h, GOx is rapidly released from the carrier,
while after 2 h, the concentration of released GOx has tended to the horizontal state, reaching 71%. At the subsequent
time point of 4 h, the concentration of GOx released was almost identical to that of 2 h, reaching 72%. Thus, we learned
that most of the GOx could be released from the carrier. As shown in Figure 2E, EC was rapidly released from the carrier
before 1 h, while after 1 h, the rate of EC release was significantly slowed down, and the release rate of 2 h and 4 h was
about 50%, and about half of EC was released from the carrier. The release of GOx and EC reflected that mesoporous
Fe;04 had a rich mesoporous structure to carry drugs, and it could also release drugs from the mesoporous, which
verified the drug loading ability of mesoporous Fe;O,. In addition, we extended the release time and found that Fe** was
slowly released from Fe;O4 (Figure S2), which provides an important condition for promoting the Fenton reaction.

According to the reaction equation of GOx, we learned that H,O, was produced in the process of glucose catalyzed
by GOx, which is an important substance required for this study.>* Therefore, we studied the generation of H,O, by
GOx/EC@Fe;04,@CCM and other nanoplatforms. As the amount of glucose in the reaction solution increased, the
generation of H,O, by GOx/EC@Fe;04@CCM nanoplatforms also increased continuously (Figure 2F), which is
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a typical dose dependence in chemical reactions, that is, the first-order reaction in enzymatic reactions. Under constant
other conditions, the pH of the environment in which the enzyme reacts can affect the degree of dissociation of the
enzyme molecules, especially the essential groups of the active center, the degree of dissociation of the substrate and the
coenzyme, and the combination of the enzyme and the substrate, so as to affect the reaction rate of the enzyme.
Therefore, we know that each enzyme has its own unique optimal reaction pH, which is one of the important conditions
to give full play to the catalytic effect of the enzyme. Relevant studies have shown that GOx can play a better catalytic
performance in an appropriate acidic environment.>* We configured glucose solution with pH 5.0 and 7.4 respectively to
simulate the glucose catalysis of GOx carried by GOX/EC@Fe;0,@CCM nanoplatforms in acidic TME and normal
environment, and further studied the optimal pH required for its reaction environment. By comparing the amount of
glucose left in the solution of GOXx/EC@Fe;04@CCM nanoplatforms after reaction at different pH, we found that
GOx/EC@Fe;04@CCM nanoplatforms consumed more glucose in acidic solution than in neutral solution. This indicates
that acidic conditions are more favorable for GOx in GOX/EC@Fe;04@CCM nanoplatforms to play the role of glucose
consumption (Figure 2G). In addition, when GOx uses glucose to produce H,O,, gluconic acid will also be produced. On
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the one hand, this will further reduce the pH value of the reaction environment, thus promoting the continuous and
effective progress of the catalytic reaction. On the other hand, Fenton reaction is usually carried out in an acidic
environment, which provides a favorable basis for Fenton reaction.

GOx was successfully carried by GOx@Fe;04, GOXx/EC@Fe;04, and GOX/EC@Fe;04,@CCM nanoplatforms.
Therefore, we investigated whether the catalytic properties of GOx were changed after being carried in each group of
nanoplatforms. Under the same experimental conditions, the GOx@Fe;04 and GOXx/EC@Fe;0, nanoplatforms showed
the same glucose catalysis and consumption as pure GOx, so the catalytic performance of GOx was not changed even
when loaded in nanoplatforms, and its performance was reliable. However, the GOx/EC@Fe;04@CCM nanoparticle
group did not catalyze and consume glucose as much as the GOx group, possibly because the outer covering cell
membrane prevented the release of GOx from the carrier (Figure 2H). In addition to this, we also investigated the
catalytic effect of EC@Fe;04 nanoplatforms on glucose to exclude the catalytic effect of EC on glucose. It was found
that EC@Fe;04 nanoplatforms did not catalyze glucose, which was similar to PBS in this respect. Based on the above
results, we know that among all the nanoplatforms, only the GOX-loaded nanoplatforms have the catalytic and
consumption effects on glucose.

In the above experiments, we investigated the catalytic activity of each group of nanoplatforms on glucose. Next, we
tested the ability of each group of nanoplatforms to generate H,O, in the catalytic reaction. Under the same conditions,
the pure GOx group, GOx@Fe;04 and GOx/EC@Fe;0,4 nanoplatforms produced the same amount of H,O, after
reacting with glucose (Figure 2I), which further verified that the catalytic performance of GOx could still be guaranteed
even when loaded in nanoplatforms. The same GOx/EC@Fe;04@CCM group produced a lower level of H,O, than the
GOx group, a result similar to the glucose-consuming capacity test described above, mainly due to the effect of the outer
layer of the nanoparticle coating on the cell membrane. Moreover, EC@Fe;0,4 nanoplatforms cannot generate H,O, in
glucose solution because they do not catalyze glucose.

Role of Nanoplatforms in Cells

The homology between cell membranes of the same cells has unique advantages in targeting. Inspired by this, firstly,
we will label the GOXx/EC@Fe;04@CCM nanoplatforms encapsulated in Huh7 and Hepal-6 cell membranes with red
RhB, respectively. Next, we incubated Huh7 and Hepal-6 cells with these fluorescently labeled nanoplatforms and
observed them using fluorescence microscopy. The results showed that around the blue DAPI-stained nuclei, there
were red fluorescence signals from RhB, and these signals were time-dependent. At 2 h, the endocytosis of
GOx/EC@Fe;04@CCM nanoplatforms was saturated, and at 4h, the red fluorescence signal in the cells almost did
not increase, indicating that the cells had a good endocytosis of the nanoplatforms wrapped in the cell membrane
(Figures 3A and S3A). The cellular targeting and uptake of the GOX/EC@Fe;04@CCM nanoplatforms were further
assessed by means of flow cytometry, and the results were consistent with those of the fluorescence experiments
described above (Figures 3B and S3B).

Fe?" is one of the important indicators of ferroptosis, and overloading Fe*" can cause cell function loss or even cell
death.*® The Fe** content of the GOX/EC@Fe;04@CCM group was the highest, and was significantly higher than that
of the control group (Figures 3C-E and S4), as observed by fluorescence microscopy after staining with FerroOrange,
a Fe*" fluorescent probe. This was also observed by measuring the amount of Fe** in the cells (Figure 3F and G), and
cellular endocytosis of nanoplatforms increased intracellular Fe**. From the results, we inferred that the addition of
GOx@Fe;0,4 and EC@Fe;0,4 could significantly increase the degree of ferroptosis, and the cascade of GOx with EC
and Fe;04 could further effectively trigger ferroptosis in Huh7 and Hepal-6 cells.

Antitumor Effect in vitro

We hypothesized that the intracellular overload of Fe*" and the reduction of energy and the formation of OS would
affect the proliferative behavior of cancer cells. EQU can be incorporated into the newly synthesized DNA instead of
thymidine during DNA synthesis. The newly synthesized DNA will be labeled with the corresponding fluorescent
probe, and the red fluorescence represents the proliferation signal. In the experiment, we found that the fluorescence
signal of the group treated with GOX/EC@Fe;04@CCM nanoplatforms was the weakest among all groups by
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Figure 3 Role of nanoplatforms in cells. Fluorescence images of the uptake of RhB-labeled GOX/EC@Fe;O4@CCM nanoplatforms by Huh7 cells at different time
points (A), as well as flow cytometry (B). Intracellular FerroOrange fluorescence staining images of Huh7 cells after different treatments (C). Quantitative analysis of
the corresponding FerroOrange fluorescence intensity of Huh7 and Hepal-6 cells after different treatments (D and E). Intracellular ferrous ion content of Huh7 and
Hepal-6 cells after different treatments (F and G). Scale bar: 50 um. n=3, ***p < 0.0001. GI: Control, G2: GOx@Fe3;O04, G3: EC@Fe3;0,4, G4: GOX/EC@Fe;0,,
G5: GOX/EC@Fe;04,@CCM.

fluorescence microscopy (Figures 4A—C and S5A), which indicated that the proliferation of cancer cells in this
group was strictly limited, which verified our conclusion. Secondly, the distribution of live cells and dead cells in
each experimental group can be observed more intuitively and compared by using fluorescent dyes and fluorescence
microscope. Huh7 and Hepal-6 cells were treated with different drugs and then stained with Calcein-AM and PI.
Under the action of the dye, the live cells showed green fluorescence, while the dead cells showed red fluorescence
as observed by the fluorescence microscope. The results showed that cells without any treatment (control group)
grew very well, while cells treated with GOx@Fe;0,4 nanoplatforms showed a small amount of damage, and dead
cells treated with EC@Fe;04 showed a further increase (Figures 4D and S5B). Remarkably, almost all of the cells
died after treatment with GOX/EC@Fe;0,4 or GOX/EC@Fe;04,@CCM. The glucose oxidation triggered by GOx
during the reaction not only cuts off the vital energy supply of cancer cells and starves them, but also provides
abundant H,O, for the subsequent Fenton reaction, which causes damage to cancer cells. The in vitro cytotoxicity of
the GOx/EC@Fe;04@CCM nanoplatforms was determined by MTT assay on Huh7 and Hepal-6 cells, respectively
(Figures 4E and F), and the cascade effect of these factors made the GOX /EC@Fe;04@CCM nanoplatforms the
most toxic in each group. Increasing the concentration of the drug further increased the apoptosis rate of Huh7 and
Hepal-6 cells. At the same time, we found that normal hepatocyte THLE-2 was safer for these nanoparticles
compared to Hepal-6 and Huh7 cells (Figure S6). Flow cytometry combined with Annexin-V647/PI double staining
was used to analyze the apoptosis of Huh7 and Hepal-6 cells after drug treatment. For Huh7 cells, when the
concentration of drug was 52.7 pg/mL, the apoptosis rate of GOx@Fe;O,4 nanoplatforms was 16.03%. Group
EC@Fe;04 (19.58%), GOX/EC@Fe;04 (56.9%), and GOx/EC@Fe;04@CCM (56.1%). For Hepal-6 cells, when
the concentration of drug was 55.88 pg/mL, the apoptosis rate of GOx@Fe304 nanoplatforms was 23.61%.

EC@Fe;04 group (35.96%), GOx/EC@Fe;04 group (47.6%) and GOx/EC@Fe;04@CCM group (56.3%)
(Figures 4G-J).
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Figure 4 Cytotoxicity assays. Images of intracellular EdU staining of Huh7 cells after different treatments (A). Quantitative analysis of corresponding EdU fluorescence
intensity in Huh7 and Hepal-6 cells (B and C). Calcein AM/PI staining images of Huh7 cells after different treatments (D). In vitro cytotoxicity of Huh7 and Hepal-6 cells
under incubation conditions at various concentrations of PBS, GOx@Fe;04, EC@Fe304, GOX/EC@Fe304, and GOX/EC@Fe;04@CCM (E and F). Flow cytometry was
used to analyze Huh7 and Hepal-6 cells after different treatments (G-J). Scale bar: 200 pum. n=3, ***p < 0.0001, ***p < 0.001. GI: Control, G2: GOx@Fe;O4, G3:
EC@Fe;04 G4: GOX/EC@Fe;04, G5: GOX/EC@Fe;0,@CCM.

Taken together, we hypothesized that the ‘OH produced by GOx/EC@Fe;04@CCM nanoplatforms induced and
maintained high levels of OS in cells, which, coupled with starvation effect and Fenton reaction, enhanced CDT induced

by cancer combination therapy, ultimately contributed to its enhanced cytotoxicity and induction of apoptosis.

Intracellular ROS Analysis

GOx carried in GOx@Fe;0,4, GOX/EC@Fe;04, and GOXx/EC@Fe;04@CCM nanoplatforms all showed good catalytic
performance on glucose, which provided an important basis for the Fenton reaction (Figure 5A). Therefore, we tested
whether they had the same effect at the cellular level by treating Hepal-6 and Huh7 cells with each drug group.
Subsequently, we detected the intracellular glucose content. We found that the intracellular glucose level of cells treated
with GOx@Fe;04, GOX/EC@Fe;04, and GOX/EC@Fe;04@CCM nanoplatforms was significantly lower than that of
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Figure 5 Intracellular reactive oxygen species analysis. The role of GOx in cells (A). Measurement of intracellular glucose content in Huh7 cells (B). Relative ATP
content of Huh7 cells after different treatments (C). Intracellular DCFH-DA staining images of Huh7 cells after different treatments (D). Huh7 cells after different
treatment of hydroxyl radicals dyeing images in the cell (E). Intracellular DCFH-DA flow cytometry images and corresponding fluorescence intensity quantitative
analysis of Huh7 cells after different treatments (F and G). Quantitative analysis of fluorescence intensity of intracellular hydroxyl radical staining in Huh7 cells after
different treatments (H). Mitochondrial membrane potential of Huh7 cells after different treatments was shown by JC-| fluorescent probe (l). Scale bar: 50 pm. n=3,
*Hkp < 0.0001, **p < 0.001, *p < 0.01, *p < 0.05. GI: Control, G2: GOx@Fe;04, G3: ECQFe;04, G4: GOX/EC@Fe;04, G5: GOX/EC@Fe;O,@CCM.

the control group (Figures 5B and S7). The GOX-containing nanoplatforms still maintained the catalytic effect on
glucose and were well released into the cells. In addition, we saw that the EC@Fe;04 nanoparticle group could also
reduce the intracellular glucose content in the Huh7 cell experiments. This result should be attributed to the fact that
EC@Fe3;0,4 nanoplatforms cause OS to a certain extent in cells. Under this stress state, the way of energy metabolism in
cells changes, so that glucose is metabolized more through other pathways, and therefore, the level of glucose in cells can
also be reduced.”> However, the overall effect of EC@Fe;0, nanoplatforms on intracellular glucose levels was slight and
far less effective than other experimental groups. Taken together, the decrease of intracellular glucose level was mainly
due to the GOx carried in the nanoplatforms. In addition, we hypothesized that GOx catalysis on glucose, which is an
important raw material for intracellular ATP production, would fundamentally reduce ATP production. By testing the
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content of intracellular ATP, we found that the level of ATP in the cells of each treatment group decreased, and the
content of GOx@Fe;0,4 was lower than that of EC@Fe;04. Among them, the decreasing trend after GOX/EC@Fe;0,4
@CCM nanoparticle treatment was the most significant, which was significantly lower than that of the untreated group
(Figures 5C and S8). Thus, the presence of GOx clearly reduced intracellular ATP production, and the cascade of EC and
GOx and Fe;04 further reduced intracellular ATP content.

The synergistic effect of multiple drugs in GOX/EC@Fe;04@CCM nanoplatforms clearly improves the efficiency
of CDT, and the Fenton reaction is enhanced, which can lead to an increase in the overall ROS level of the cell. ROS
levels in Hepal-6 and Huh7 cells treated with different drugs were evaluated using ROS fluorescent probes. In the
experiment, we observed that the green fluorescence signal of the GOx@Fe;0,4 treatment group was stronger than that
of the EC@Fe;0,4 treatment group, which was due to the oxidation of glucose by GOx in GOx@Fe;04 nanoplatforms
and the production of a large amount of ROS (Figures 5D and S9A-C). Although the EC@Fe;0, treatment group
could inhibit the cellular antioxidant mechanism to a certain extent and increase the intracellular ROS level, it was not
the main factor in ROS production. In each group, the group treated with GOx/EC@Fe;04@CCM nanoplatforms had
the strongest green fluorescence, which indicated that the synergistic effect of GOx with EC and Fe;O,4 resulted in the
highest ROS content in cells, thus causing the greatest damage to cells. Moreover, the fluorescence signal of ROS can
reflect its fluorescence level, so we also detected the fluorescence signal of intracellular ROS by flow cytometry. In the
detected results, the fluorescence signals of ROS in each group were consistent with the results of fluorescence
microscopy (Figures 5F, G and S9D-F), so our conclusion was further verified. It is well known that -OH is also
included in ROS. In the Fenton reaction, the reaction of Fe** with H,O, can produce -OH, for this purpose, we used
a ‘OH fluorescent probe to detect it. In Hepal-6 and Huh7 cells, after drug treatment, GOx in the nanoplatforms
utilized the intracellular glucose to continuously generate H,O», and had a strong Fenton reaction with Fe?". Through
the staining of fluorescent probe and observation under fluorescence microscope, we found that the fluorescence signal
of GOx@Fe;04, GOX/EC@Fe;04, GOX/EC@Fe;04@CCM nanoparticle treatment groups was more significant,
among which the fluorescence signal of GOX/EC@Fe;04,@CCM group was the most obvious. It also shows that
the nanoplatforms, in the presence of GOX, produced a large amount of H,O,, which was eventually converted to -OH
(Figures SE, H and S10A, B). The results of ‘OH fluorescence experiment were consistent with those of ROS
fluorescence experiment, which indicated that the ROS produced in this study were mainly -OH, which verified our
conjecture above.

Generally speaking, mitochondria are important organelles for the energy source of cells, and the energy generated is
mainly ATP.*® Usually cell apoptosis, necrosis or toxicity of some conditions, the level of ATP in the cell will decline, and
indicates that the function of mitochondrial damage or fall, in the experiments we found through the GOX/EC@Fe;0,@CCM
nanoplatforms treatment, a significant reduction in the content of ATP in the cell. At the same time, in the above studies, we
found that GOX/EC@Fe;0,@CCM nanoplatforms can increase the intracellular Fe** and H,O, levels, and promote the
conversion of H,O, to -‘OH through the Fenton reaction, thereby inducing intracellular OS, which is likely to lead to
mitochondrial dysfunction in cancer cells. Taking these factors together, we suspect that significant mitochondrial damage
may have occurred. Normally JC-1 forms J-polymers in the mitochondrial matrix and emits red fluorescence. When
mitochondrial function is impaired, the integrity of the mitochondrial membrane is disrupted, in which case JC-1 forms
monomers that emit green fluorescence. The decrease of mitochondrial membrane potential is a hallmark event in the early
stage of apoptosis, which can be easily detected by the transition of JC-1 dye from red to green fluorescence, indicating that
mitochondria are damaged.?” To this end, after co-incubation of cells with the corresponding drugs for 24 h, we found that the
mitochondrial membrane potential showed a progressive decrease, manifested as enhanced green fluorescence and weakened
red fluorescence, with the strongest red fluorescence in the Control group and the strongest green fluorescence in the
GOx/EC@Fe;04@CCM nanoparticle treatment (Figures 51 and S11). Therefore, mitochondria were damaged to varying
degrees after drug treatment, and the most obvious damage was observed after GOX/EC@Fe;04@CCM nanoparticle

treatment.
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Figure 6 Intracellular effects of EC. Role of EC in cells (A). Western Blot was used to detect the expression of Nrf2, HMOXI, NQOI, GPX4, and B-actin in Huh7 cells (B).
Intracellular CI1-BODIPY fluorescent probe staining images of Huh7 cells after different treatments (C). Corresponding ThiolTracker™ Violet fluorescent probe staining
images of Huh7 and Hepal-6 cells after different treatments (D and E). Relative intracellular GSH content of Huh7 and Hepal -6 cells after different treatments (F and G).
MDA content of Huh7 and Hepal-6 cells after different treatments (H and ). Scale bar: 50 pm. n=3, ***p < 0.001, **p < 0.0, *p < 0.05. GI: Control, G2: GOx@Fe;0,, G3:
EC@Fe;04, G4: GOX/EC@Fe;04, G5: GOX/EC@Fe;0,@CCM.

Intracellular Effects of EC

The addition of EC will affect the action of the intracellular Nrf2 antioxidant system, and eventually lead to ferroptosis of
cells (Figure 6A). To this end, the protein expression of Nrf2 and its downstream gene products, HMOX1 and NQOI,
was detected by Western blot. As shown in Figures 6B and S12, the expression of Nrf2, HMOX1, and NQO1 proteins
was significantly down-regulated in the GOX/EC@Fe;0,4@CCM nanoparticle group in all experimental groups. We also
examined the expression of GPX4 protein, which was significantly downregulated in the GOx/EC@Fe;04,@CCM
nanoparticle group in all experimental groups. Taken together, these results further confirmed that the cascade effect
of EC, GOx and Fe;0,4 successfully induced ferroptosis, which enhanced the anti-tumor activity of the nanoplatforms at
the cellular level.

Due to the large presence of ROS, it usually leads to the production and accumulation of intracellular LPO
inevitably.”® Therefore, with the LPO fluorescent probe, we found that the green fluorescence representing the oxidized
state of the C11-BODIPY probe gradually increased, while the red fluorescence representing the reduced state of the C11-
BODIPY probe gradually decreased (Figures 6C and S13). This is because the oxidized LPO is continuously formed
from the reduced lipid due to the oxidation of ROS. In the final analysis, it is mainly under the action of GOx that leads
to the generation and accumulation of intracellular peroxide, so the results of LPO experiments are similar to those of
ROS. In summary, through the above experiments, it is not difficult to see that GOX/EC@Fe;04@CCM nanoplatforms
produce a large amount of ROS in cells, which causes severe OS in cells.

When the iron-dependent accumulation of lipid peroxidation in cells reaches a lethal level, intracellular GSH will be
depleted, eventually leading to the inactivation of GPX4 and further accumulation of LPO, to a certain extent, cell death
can be induced. GSH consumption levels in test cell, produce iron indirectly reflects the cell death. EC dissociated from
the GOXx/EC@Fe;04@CCM nanoplatforms prepared in this study, on the one hand, inhibits the effect of Nrf2, on the
other hand, it can oxidize GSH to GSSG in TME, so the dual combined effect can effectively destroy the antioxidant
mechanism of cancer cells.>'® In order to evaluate a GOX/EC@Fe;04@CCM nanoplatforms of intracellular GSH
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consumption ability, respectively Hepal-6 and Huh7 cells through the different drugs incubation, after using GSH
fluorescent staining on each cell. By fluorescence microscopy observation, we found that the addition of EC significantly
reduced the fluorescence signal of GSH in cells (Figures 6D, E and S14). The same results were obtained by detecting
intracellular GSH content using GSH and GSSG content detection kits (Figure 6F and G). In summary, this is because
EC can significantly reduce the GSH content in cells and convert it to GSSG, which ultimately reduces the antioxidant
capacity of cancer cells.

Through the above experiments, we know that the content of LPO increases significantly after drug treatment. In
addition, MDA, as an important degradation product of LPO, is often used as an important indicator to evaluate
ferroptosis.>® This substance can cause cross-linking and polymerization of proteins, nucleic acids and other macro-
molecules, and its production can also aggravate the damage of cell membrane. So now we also studied the MDA content
in each cell after drug treatment. As shown in Figure 6H and I, among the groups of Hepal-6 and Huh7 cells, the MDA
content of the GOx/EC@Fe;04@CCM treatment group was the highest, which was significantly higher than that of the
control group, indicating that the GOX/EC@Fe;04@CCM treatment group induced significant ferroptosis of cells.

Antitumor Effect in vivo

Based on the in vitro results, the anti-tumor effect of different nanoplatforms in vivo was further investigated. In order to
exclude the influence of the immune system in the mice, we used immunodeficient Balb/c nude mice to establish human
hepatoma-related animal models. Hepal-6 cells were injected into the right buttocks of the mice, and the tumor model
was successfully constructed 1 week later. Firstly, we tested the targeting and enrichment effects of GOx/EC@Fe;04 and
GOx/EC@Fe;04@CCM nanoplatforms in tumors and major organs (heart, liver, spleen, lung, kidney) before drug
treatment. The GOX/EC@Fe;0,4 and GOX/EC@Fe;04@CCM nanoplatforms were labeled with Cy5.5, and the mice in
the two groups were imaged at the same time points (0, 0.5, 1, 2, 4, 8, 16, 24 h) by in vivo imaging system after injection
of the respective drugs. The imaging results showed that the fluorescence signal of the GOx/EC@Fe;04,@CCM
nanoparticle group was stronger than that of the GOx/EC@Fe;0,4 nanoparticle group at the tumor site, and a little
fluorescence was also observed in the liver and lung at the later stage (Figure 7A). This result is closely related to the
cancer cell membrane covered by the surface of GOx/EC@Fe;04@CCM nanoplatforms, which improves the tumor
targeting of the nanoplatforms in mice. In the GOx/EC@Fe;0,4 nanoplatforms group, fluorescence signals were mainly
concentrated in the liver and lung, indicating that nanoplatforms were enriched in the liver and lung, and metabolized
through the liver, which is usually the general pathway of drug metabolism.*® However, the drug is enriched in the lung,
which is mainly related to the abundant capillaries in the lung, which prolongs the retention time of the drug. Finally, the
mice were euthanized, and then the tumors and major organs (including: heart, liver, spleen, lung, kidney) were dissected
and removed for imaging in the imaging system. Consistent with these results, the fluorescence signal was strongest in
the tumor site for the GOX/EC@Fe;04@CCM nanoparticle group and was most pronounced in the lung and liver for the
GOx/EC@Fe;0,4 nanoparticle group (Figure 7B).

Next, Luciferase labeled Hepal-6 cells were injected into the right hip of the mice for bioluminescence imaging, and
the tumor model was successfully established 1 week later, and the mice were treated immediately (Figure 7C). The trend
of tumor size changes during treatment was visually observed by the bioluminescence images of the mice (Figure 7D).
Both the fluorescence intensity, and the fluorescence range, the GOx/EC@Fe;04@CCM nanoparticle group was the
smallest among the groups. The analysis of tumor volume, which was closely monitored during treatment (Figures 7E
and S15), showed that after the end of treatment, tumor volumes were smaller in each treatment group than in the control
group, indicating that each agent had varying degrees of tumor inhibition, with the GOX/EC@Fe3;0,4@CCM nanoparticle
having the most significant effect. At the end of treatment, we euthanized the mice and removed the tumor from each
mouse. After photographing and weighing the tumors in each group, we found that the tumor weight of the
GOx/EC@Fe;04@CCM nanoparticle group was the lowest among all groups (Figures 7F and S16), which further
proved that the nanoparticle had a good tumor inhibition effect.

The situation of tumor cell necrosis can be better understood from the cellular level. As can be seen in the H&E
staining diagram (Figure S17), the cells of the control group still maintained a good nuclear structure and a complete cell
membrane, which indicated that the tumors of the mice in this group maintained a high activity and invasiveness. The
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Figure 7 Antitumor effects of nanoplatforms in vivo. The distribution of Cy5.5-labeled GOX/EC@Fe30,4 or GOX/EC@Fe3;04@CCM in vivo can be observed using an
in vivo imaging system after intravenous administration (A). Representative fluorescence images of dissected organs and tumors 24h after injection of Cy5.5-labeled
GOX/EC@Fe;04 or GOX/EC@Fe304 @ccm (B). Treatment flow chart (C). Bioluminescence images of mice receiving different treatments (n = 5) (D). Volume of the
tumor during treatment (n = 5) (E). Weight measurement of the tumor mass (n=5) (F). Body weight of mice during treatment (n = 5) (G). n=3, ¥*p < 0.0001, *p < 0.05.
GI: Control, G2: GOx@Fe;0,4, G3: EC@Fe;04, G4: GOX/EC@Fe3;04, G5: GOX/EC@Fe;0,@CCM.

H&E stained tumor sections of the mice treated with each drug showed different degrees of cell membrane rupture,
nuclear pyknosis, nuclear fragmentation, and nuclear lysis. Among them, the GOX/EC@Fe;04@CCM nanoparticle
group had the most extensive and complete degree of tumor cell necrosis. So the GOX/EC@Fe;04@CCM nanoplatforms
effect on tumor destruction is most significantly, the treatment effect was the best. Moreover, we performed H&E
staining of the major organs (including heart, liver, spleen, lung, and kidney) in each group of mice, and no obvious
histological changes were observed, indicating that the systemic toxicity of each drug to mice was low, which further
indicated that this study not only ensured good efficacy in the treatment of tumors in mice, but also ensured the biosafety
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and histocompatibility of the drugs in mice. We assessed the proliferative capacity of tumors by detecting Ki67
fluorescence in tumor sections. Under the fluorescence microscope (Figure S18), we observed that the Ki67 fluorescence
signal of tumor cells in the GOX/EC@Fe;04@CCM nanoparticle group was the weakest, indicating that the proliferation
ability of tumor cells in this group was significantly inhibited. In the results of immunohistochemistry and immuno-
fluorescence (Figures S19 and S20), we found that the expression of Nrf2 and GPX4 was also significantly down-
regulated. In addition, there was no significant change in the body weight of the mice throughout the treatment
(Figure 7G). At the end of the experiment, we also collected the blood of the mice for liver and kidney function
examination, and the examination results showed that the liver and kidney function indexes of the mice in each group
were within the safe range (Figure S21). In conclusion, the treatment regimen in this study has good tumor suppression
effect and good biosafety.

Limitations

In this study, GOx/EC@Fe;04@CCM nanoplatforms were developed using mesoporous Fe;O4 as a carrier, and although
they significantly promoted hepatocellular carcinoma cell regression from the ferroptosis pathway, the effect was single if
combined with other treatment options, such as: Immunotherapy or activation of the cGAS-STING pathway may

eventually make the anti-HCC effect more obvious.***!

Conclusion

In summary, this study has developed a nanoplatform to promote ferroptosis in HCC cells through a cascade
effect. In this study, we prepared mesoporous Fe;O,4 as the carrier of the nano platform, loaded with GOx and EC
in the mesoporous, and coated the HCC cell membrane on the surface of nanoplatforms to prepare
GOx/EC@Fe;0,@CCM nanoplatforms for targeted therapy of HCC. GOx produced a large amount of H,O, by
consuming glucose in the TME, and the gluconic acid produced was also beneficial to maintain the acidic
environment of the TME. In addition, the decrease of glucose content also achieved starvation treatment of
cancer cells. In an acidic environment, Fe;O, provides abundant iron ions, which stimulate ‘OH generation
through an efficient Fenton reaction with H,O, produced by GOx. The release of EC inhibits Nrf2 and consumes
GSH, limiting the role of intracellular antioxidant system, avoiding the removal of ROS such as H,O, and -OH by
cells, and effectively maintaining a high level of OS in cells. In summary, the multiple cascade effects of GOx,
EC and Fe;04 lead to a strong intracellular Fenton reaction and OS, which effectively induces ferroptosis in liver
cancer cells and leads to regression of liver cancer cells. This study provides a new treatment strategy for
promoting ferroptosis in liver cancer cells.
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