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ABSTRACT: Oxaliplatin (Oxa) is a commonly used chemotherapy drug in
the treatment of gastric cancer, but its toxic side effects and drug resistance
after long-term use have seriously limited its efficacy. Loading chemotherapy
drugs with nanomaterials and delivering them to the tumor site are common
ways to overcome the above problems. However, nanomaterials as carriers
do not have therapeutic functions on their own, and the effect of single
chemotherapy is relatively limited, so there is still room for progress in
related research. Herein, we construct Oxa@Mil-100(Fe) nanocomposites by
loading Oxa with a metal−organic framework (MOF) Mil-100(Fe) with high
biocompatibility and a large specific surface area. The pore structure of Mil-
100(Fe) is conducive to a large amount of Oxa loading with a drug-loading
rate of up to 27.2%. Oxa@Mil-100(Fe) is responsive to the tumor
microenvironment (TME) and can release Oxa and Fe3+ under external
stimulation. On the one hand, Oxa can inhibit the synthesis of DNA and induce the apoptosis of gastric cancer cells. On the other
hand, Fe3+ can clear overexpressed glutathione (GSH) in TME and be reduced to Fe2+, inhibiting the activity of glutathione
peroxidase 4 (GPX4), leading to the accumulation of intracellular lipid peroxides (LPO), and at the same time releasing a large
number of reactive oxygen species (ROS) through the Fenton reaction, inducing ferroptosis in gastric cancer cells. With the
combination of apoptosis and ferroptosis, Oxa@Mil-100(Fe) shows a good therapeutic effect, and the killing effect on gastric cancer
cells is obvious. In a nude mouse model of subcutaneous tumor transplantation, Oxa@Mil-100(Fe) shows a significant inhibitory
effect on tumor growth, with an inhibition rate of nearly 60%. In addition to its excellent antitumor activity, Oxa@Mil-100(Fe) has
no obvious toxic or side effects. This study provides a new idea and method for the combined treatment of gastric cancer.

■ INTRODUCTION
Gastric cancer is a common malignant tumor with the fifth-
highest incidence and fourth-highest mortality in the world.1

Due to the high degree of malignancy, most patients with
gastric cancer are at an advanced stage at the time of treatment,
and the best time for surgery has been missed. For these
patients, chemotherapy is the most commonly used clinical
treatment, and oxaliplatin-based drug chemotherapy is the
first-line protocol.2−4 However, traditional chemotherapy
involves systemic administration. On the one hand, it is
difficult to maintain a high concentration of chemotherapy
drugs in the tumor site for a long time, leading to a decrease in
the efficacy of chemotherapy and drug resistance in tumor
cells. On the other hand, systemic administration may lead to
severe side effects and adverse reactions, causing damage to
healthy tissues and organs.5−8 Therefore, it is of great research
significance to develop new tumor treatment methods and
skillfully combine them with traditional chemotherapy to
overcome the limitations of traditional chemotherapy and
improve its efficacy at the same time.
The formation of a large number of irregular neo-

vascularization in tumor tissues leads to impaired lymphatic
drainage, and macromolecular compounds are highly per-

meable to tumor tissues and can be retained in tumor tissues,
that is, enhanced permeability and retention (EPR) effect.9−11

Studies have shown that EPR effect can induce the
accumulation of not only macromolecular compounds but
also many nanomaterials, especially those with particle size
between 10 and 400 nm.12−14 In this context, the method of
loading chemotherapy drugs with nanomaterials of appropriate
size and delivering them to the tumor sites not only helps to
exert the efficacy of chemotherapy drugs but also reduces the
toxic and side effects of chemotherapy drugs to a certain
extent, showing good development prospects.15−18 However,
relevant studies also face the following problems: (1) the
loading rate of chemotherapy drugs is generally low; (2) it is
difficult to achieve controlled release of chemotherapy drugs at
the tumor sites; and (3) most of the carriers themselves have
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no therapeutic function, and the effect of single chemotherapy
is very limited.
Among many nanomaterials, the metal−organic framework

(MOF) structure formed by metal ions and organic ligands
through coordination bonds is a new type of porous
nanomaterial,19,20 which has the advantages of large specific
surface area,21 high porosity,22 adjustable size,23 and
biodegradability,24and can be used as a drug carrier, showing
good application potential in the biomedical field.25,26 At
present, a variety of MOFs, such as UiO-66,27 MIL-101,28 and
ZIF-8,29 have been used for the loading and delivery of
chemotherapy drugs. For example, Yin et al. used ZIF-8 as a
carrier, loaded with adriamycin and camptothecin, and showed
a significant therapeutic effect on drug-resistant liver cancer.30

In the MOF structure, coordination bonds play a supporting
role as a skeleton, and the loading of chemotherapy drugs in
MOF is through physical adhesion or hydrogen bonding, π−π
interaction, etc.31−34 The above-mentioned supramolecular
weak interaction is not as stable as a covalent bond, which
provides a possibility for the responsive disintegration of the
MOF structure and the responsive release of chemotherapy
drugs. In addition, ferroptosis-related research has developed
rapidly in recent years, and has been well applied in the field of
tumor therapy.35−38 Ferroptosis is an iron-dependent pro-
grammed cell death involving intracellular iron accumulation,
oxidation−reduction (REDOX) imbalance, and lipid perox-
idation.39−42 Using iron-containing MOF as a chemotherapy
drug carrier is also expected to take advantage of the
interaction between iron ions and tumor microenvironment
(TME) components, resulting in excessive accumulation of
lipid peroxides (LPO) and reactive oxygen species (ROS),
resulting in a new therapeutic function of ferroptosis.
The responsive disintegration of the MOF structure requires

the stimulation of external factors, and TME is an internal

environmental network with extremely complex components.
It has been reported that a slightly acidic pH value,
overexpressed glutathione (GSH), hydrogen peroxide
(H2O2), and other substances in the TME can destroy the
coordination bonds in the structure of MOFs and stimulate
their disintegration.43−46 If an iron-containing MOF is loaded
with chemotherapeutic agents, the responsive disintegration of
the MOF in the TME can release chemotherapeutic agents and
Fe3+ ions.47−49 Chemotherapy drugs can kill tumor cells
through specific biological processes and mechanisms, and Fe3+
can induce ferroptosis of tumor cells through the clearance of
GSH and the generation of Fe2+ to achieve the treatment of
tumor cells.
Therefore, in this work, we constructed Oxa@Mil-100(Fe)

nanocomposites with oxaliplatin (Oxa) loaded onto Mil-
100(Fe), a MOF structure with high biocompatibility, large
specific surface area, and high porosity. Mil-100(Fe) can load a
large amount of Oxa and is responsive to the TME, releasing
Oxa and Fe3+ into the structure when stimulated. On the one
hand, Oxa can inhibit the synthesis of DNA and induce
apoptosis of gastric cancer cells.50 On the other hand, Fe3+ can
clear overexpressed GSH in the tumor microenvironment and
be reduced to Fe2+, inhibit the activity of glutathione
peroxidase 4 (GPX4), lead to the accumulation of intracellular
LPO, and release a large number of ROS through the Fenton
reaction, inducing ferroptosis in gastric cancer cells.51 Under
the combination of apoptosis and ferroptosis, Oxa@Mil-
100(Fe) showed a good therapeutic effect, and the killing
effect on gastric cancer cells was obvious. In a nude mouse
gastric carcinoma subcutaneous transplantation tumor model,
Oxa@Mil-100(Fe) showed good antitumor activity and had an
obvious inhibitory effect on tumor growth. At the same time,
Oxa@Mil-100(Fe) has no obvious toxic or side effects, and the
biological safety of the experiment is good. This study provides

Figure 1. (a) SEM image of Mil-100(Fe). (b) XRD pattern of Mil-100(Fe). (c) XPS Fe 2p spectra of Mil-100(Fe). (d) N2 adsorption−desorption
isotherms of Mil-100(Fe). (e) Pore size distribution of Mil-100(Fe). (f) SEM image of Oxa@Mil-100(Fe).
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a new idea and method for the combined treatment of gastric
cancer.

■ RESULTS AND DISCUSSION
Mil-100(Fe) prepared by the hydrothermal synthesis method
showed an irregular morphology, with an average diameter of
278 nm under SEM (Figure 1a). The X-ray diffraction (XRD)
patterns showed that the position and intensity of the
diffraction peak of the prepared Mil-100(Fe) were very
consistent with the standard peak position (Figure 1b). In
the X-ray photoelectron spectroscopy (XPS) spectrum, Fe
2p3/2 was found in the range from 716 to 708 eV, and the
characteristic peak at 712 eV represents the connection
between Fe and O,51 which proves that the structure of Mil-
100(Fe) is dominated by the coordination of the two (Figure
1c). This confirms the successful preparation of Mil-100(Fe).
The N2 adsorption/desorption isotherms and pore distribution
data showed that Mil-100(Fe) contained a large number of
pores (Figure 1d,1e). The pores were mainly distributed
between 2 and 20 nm, and the mesoporous structure was the
main structure. There were also a few pores that exceeded 50
nm, and the macroporous structure was supplemented (Figure
1d). The pore structure greatly improved the specific surface
area of Mil-100(Fe), which is 1577 m2/g, as calculated by the
Brunauer−Emmett−Teller (BET) method.
The high pore structure and large surface area of Mil-

100(Fe) are conducive to the loading of the chemotherapeutic
drug Oxa. The ultraviolet (UV) absorption of Oxa solution
with different concentrations was measured (Figure 2a). The
absorbance value at 250 nm was used to draw a standard curve
of the absorbance value against concentration (Figure 2b).

Combined with the UV absorption value of the liquid
supernatant of the drug-loading experiment, the drug-loading
rate of Oxa was further calculated to be 27.2%. A high drug-
loading rate contributed to the achievement of high chemo-
therapy efficacy. Besides, the loading of Oxa also resulted in a
noticeable change in the UV−visible (UV−vis) absorption
spectra of Mil-100(Fe) and Oxa@Mil-100(Fe) at around 250
nm (Figure S1). However, the loading of Oxa did not affect the
size and morphology of Mil-100(Fe) (Figure 1f). In addition,
Mil-100(Fe) and Oxa@Mil-100(Fe) could promote the
generation of ROS in a simulated tumor microenvironment
solution with a pH of 6.5, GSH concentration of 2 mmol/L,
and H2O2 concentration of 100 μmol/L. The four character-
istic peaks with an intensity ratio of 1:2:2:1 in the ESR
spectrum represent the generation of hydroxyl radicals (Figure
2c). However, under normal physiological conditions, Mil-
100(Fe) and Oxa@Mil-100(Fe) did not have the ability to
generate ROS (Figure S2). On account of the ability of ROS
generation in the tumor microenvironment, Mil-100(Fe) and
Oxa@Mil-100(Fe) have the potential to induce ferroptosis.
Before the systematic study of antitumor properties, the

colloidal stability of Oxa@Mil-100(Fe) was studied first. As
shown in Figure S3, before and after 3 days of storage in
deionized water, there was almost no significant change in the
hydrated particle size of Oxa@Mil-100(Fe) measured by
dynamic light scattering (DLS). In addition, in saline,
phosphate buffer solution (PBS), RPMI-1640 culture medium,
and RPMI-1640 culture medium containing 10% FBS, Oxa@
Mil-100(Fe) did not undergo precipitation or aggregation
before and after 3 days of incubation, and it was well dispersed
with gentle shaking (Figure S4a,b), indicating good colloidal

Figure 2. (a) UV−vis absorption spectra for different concentrations of Oxa. (b) Standard absorption curve of Oxa according to the concentration.
(c) ESR spectra of different groups under a simulated tumor microenvironment.

Figure 3. Relative cell viability of GES-1 cells (a) and HGC-27 cells (b) after cocultured with specific concentrations of Oxa@Mil-100(Fe) for 24
h.
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stability in several dispersants involved in subsequent experi-
ments.
Subsequently, in order to verify the antitumor ability of

Oxa@Mil-100(Fe), its cytotoxicity was assessed using the
CCK-8 assay. It was found that Oxa@Mil-100(Fe) was almost
nontoxic to human gastric mucosal cells GES-1 (Figure 3a),
whereas it produced higher toxicity in the human gastric cancer
cells HGC-27 in a concentration-dependent manner (Figure
3b). After coculture with Oxa@Mil-100(Fe) at 200 μg/mL for
24 h, the relative cellular activity of HGC-27 cells decreased to
45.9% (Figure 3b). The higher toxicity of Oxa@Mil-100(Fe)
to HGC-27 cells was due to the stimulation of overexpressed
GSH in the tumor microenvironment. As shown in Figure S5,

the intracellular GSH content in HGC-27 cells was 2.79 times
higher than that in the GES-1 cells. The higher GSH content in
the tumor microenvironment resulted in stronger Oxa and Fe3+
release (Figure S6b), whereas the release rates of Oxa and Fe3+
were significantly slower in normal physiological environments
with a lower GSH content (Figure S6a). The destruction of the
Oxa@Mil-100(Fe) structure by the tumor microenvironment
components leads to the release of Oxa and Fe3+, which can
induce apoptosis and ferroptosis of tumor cells at the same
time and play an antitumor biological role, which is the most
prominent innovation of this work.
On the one hand, it has been reported that Oxa could inhibit

the synthesis of DNA and induce the apoptosis of cancer cells.

Figure 4. Apoptosis induced by Oxa@Mil-100(Fe) in vitro. (a) Cell apoptosis assay after HGC-27 cells were cocultured with 0, 100, and 200 μg/
mL Oxa@Mil-100(Fe) for 24 h. (b) The protein expression levels of Bax and Bcl-2 of HGC-27 cells after cocultured with 0 and 200 μg/mL Oxa@
Mil-100(Fe) for 24 h. (c) Relative protein expression levels analyzed by ImageJ.

Figure 5. Ferroptosis induced by Oxa@Mil-100(Fe) in vitro. CLSM images of FerroOrange (a), BODIPY581/591-C11 (b), and DCFH-DA (c)
probes in different states in HGC-27 cells after cocultured with 0, 100, and 200 μg/mL Oxa@Mil-100(Fe) for 24 h. The fluorescence intensity in
(a−c) reflects the levels of Fe2+, LPO and ROS in HGC-27 cells, respectively. (d) The protein expression levels of FTH and GPX4 in HGC-27 cells
after cocultured with 0 and 200 μg/mL Oxa@Mil-100(Fe) for 24 h. (e) The relative protein expression levels were analyzed by ImageJ.
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Therefore, the apoptosis of HGC-27 cells was investigated first.
As shown in Figure 4a, the number of early and late apoptotic
cells gradually increased with increasing concentrations of
Oxa@Mil-100(Fe), and the percentages of apoptotic cells were
3.41, 13.24, and 30.03% at Oxa@Mil-100(Fe) concentrations
of 0, 100, and 200 μg/mL, respectively. Then, the effect of
Oxa@Mil-100(Fe) on the expression of intracellular apoptotic
proteins was investigated by Western blotting. After treatment
with Oxa@Mil-100(Fe), the expression level of the Bax protein
associated with promoting apoptosis was upregulated, while
the expression level of the Bcl-2 protein associated with the
inhibition of apoptosis was downregulated in HGC-27 cells
(Figure 4b). The corresponding quantitative analysis by
ImageJ software revealed that the expression level of the Bax
protein in HGC-27 cells cocultured with Oxa@Mil-100(Fe)
was 1.83 times that in the control group, while the expression
level of the Bcl-2 protein was 28% that in the control group
(Figure 4c). The above results indicated that apoptosis
occurred due to the action of Oxa@Mil-100(Fe) on the
HGC-27 cells, and the therapeutic effect of Oxa chemotherapy
could be achieved.
On the other hand, Fe3+ released by Oxa@Mil-100(Fe)

could effectively clear the intracellular GSH. As shown in
Figure S7, the content of GSH in HGC-27 cells decreased
gradually with an increase of Oxa@Mil-100(Fe) concentration.
Fe3+ could react with GSH to produce Fe2+, which greatly
improved the level of Fe2+ in the cells. FerroOrange probe was
used for intracellular Fe2+ fluorescence imaging, and the
relative intensity of the red fluorescence reflected the relative
content of Fe2+. Confocal laser scanning microscopy (CLSM)

revealed that the content of Fe2+ in HGC-27 cells gradually
increased with increasing Oxa@Mil-100(Fe) concentration
(Figure 5a). The clearance of GSH and the production of Fe2+
led to a decrease in GPX4 activity, which further led to the
accumulation of intracellular LPO and the release of a large
amount of ROS via the Fenton reaction. The BODIPY581/591-
C11 probe was used for intracellular LPO fluorescence
imaging, and the relative intensity of green fluorescence
reflected the relative content of LPO. As the concentration of
Oxa@Mil-100(Fe) increased, the relative content of LPO in
HGC-27 cells gradually increased (Figure 5b). The DCFH-DA
probe was used for intracellular ROS fluorescence imaging, and
the intensity of green fluorescence reflected the relative
content of ROS. The relative content of intracellular ROS in
HGC-27 cells gradually increased with an increase of Oxa@
Mil-100(Fe) concentration (Figure 5c). ImageJ software was
used to quantitatively analyze the red or green fluorescence
intensity values. Compared with the untreated control group,
after coculture with 200 μg/mL Oxa@Mil-100(Fe) for 24 h,
the content of Fe2+ in HGC-27 cells increased by 4.30 times,
the content of LPO increased by 8.86 times, and the content of
ROS increased by 3.78 times (Figures S8, S9 and S10). Flow
cytometry was also employed to detect the ROS in HGC-27
cells, and a similar result was obtained: Oxa@Mil-100(Fe)
could accelerate intracellular ROS production (Figure S11a,b).
The above experimental results proved that the two most
important signs of ferroptosis, excessive accumulation of LPO
and massive production of ROS in HGC-27 cells appeared,
and Oxa@Mil-100(Fe) induced ferroptosis in HGC-27 cells.

Figure 6. In vivo antitumor efficacy of Oxa@Mil-100(Fe). (a) Tumor volume curves of the different groups. (b) Average body weight curves of the
different groups. (c−e) Photographs of representative tumor-bearing mice on day 14 after different treatments.
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FTH proteins play a key role in iron metabolism to maintain
iron homeostasis, and GPX4 proteins play a key role in
maintaining REDOX homeostasis. As important markers in the
ferroptosis process, the expression of FTH and GPX4 in HGC-
27 cells was also detected by western blotting. It was shown
that the levels of FTH and GPX4 proteins were downregulated
in HGC-27 cells after Oxa@Mil-100(Fe) treatment (Figure
5d). Compared with the untreated control group, after
coculture with 200 μg/mL Oxa@Mil-100(Fe) for 24 h, the
contents of FTH and GPX4 in HGC-27 cells decreased to
18.2, and 29.3%, respectively (Figure 5e). The disruption of
intracellular iron homeostasis and REDOX homeostasis leads
to the downregulation of related protein expression, which
again confirms the occurrence of ferroptosis from a biological
mechanism.

In addition, both apoptosis and ferroptosis affect the
function of mitochondria. Therefore, the mitochondrial
membrane potential was examined by CLSM and flow
cytometry using the JC-1 probe, whose red fluorescence of
aggregates changed to the green fluorescence of monomers
when the mitochondrial membrane potential decreased. The
CLSM images showed a gradual decrease in the mitochondrial
membrane potential of HGC-27 cells as the concentration of
Oxa@Mil-100(Fe) increased (Figure S12), and the flow
cytometry results were similar (Figure S13). This suggested
that Oxa@Mil-100(Fe) caused a change in mitochondrial
membrane permeability on HGC-27 cells, disrupting the
cellular antioxidant capacity, causing mitochondrial damage,
and exerting a positive effect on the development of apoptosis
and ferroptosis. By combining chemotherapy and ferroptosis,

Figure 7. (a) H&E-stained tumor slices from each group. The scale bar is 100 μm. Protein expression was detected by immunofluorescence,
including ferroptosis-related proteins (b) FTH and (c) GPX4 and apoptosis-related proteins (d) Bax and (e) Bcl-2. The scale bar is 50 μm.
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Oxa@Mil-100(Fe) showed excellent antitumor effects on
HGC-27 cells.
Before investigating the in vivo antitumor effects of Oxa@

Mil-100(Fe), biocompatibility was first examined by a
hemolysis assay. The results showed that no obvious hemolysis
occurred after coincubation of erythrocytes with different
concentrations of Oxa@Mil-100(Fe) (Figure S14), which
indicated that Oxa@Mil-100(Fe) had good biocompatibility.
Subsequently, biosafety tests were performed, including
routine blood and biochemical examinations (liver and renal
functions, ions, blood lipids, and blood glucose). The indexes
of the mice injected with Oxa@Mil-100(Fe) were basically at
the same level as that of the healthy mice of the same age as
the control mice, indicating that the biosafety of Oxa@Mil-
100(Fe) was good (Figures S15−S19). H&E staining of the
heart, liver, spleen, lungs, and kidneys showed that the cellular
morphology and structure of each organ were normal (Figure
S20), indicating that Oxa@Mil-100(Fe) had a favorable
biosafety profile.
During the 14-day treatment period, the tumors in the

control group maintained the fastest growth rate, reaching an
average tumor volume of 837 mm3 after 14 days (Figure
6a,6c). Mil-100(Fe) and Oxa@Mil-100(Fe) showed certain
inhibitory effects on tumor growth. The effects of Mil-100(Fe)
were due to ferroptosis, with an average tumor volume of 489
mm3 at day 14 and a tumor inhibition rate of 42% (Figure
6a,6d). The effect of Oxa@Mil-100(Fe) was caused by both
chemotherapy and ferroptosis. Under their combined action,
the average tumor volume at day 14 was only 342 mm3, and
the tumor inhibition rate was as high as 59% (Figure 6a,6e).
Figure 6c−e shows two randomly selected mice from each
group, and the size of the tumors once again proves that the
combination of chemotherapy and ferroptosis was effective.
The body weight of mice in the control group fluctuated, while
that in the Mil-100(Fe) and Oxa@Mil-100(Fe) groups showed
a steady and continuous increase as a whole, which proved that
the growth and development of mice were good and the
experiment was safe (Figure 6b).
H&E staining was performed on the anatomically obtained

solid tumors, and the results show that the tumor cells in the
control group were basically normal. A small number of dead
cells appeared in the Mil-100(Fe) group due to ferroptosis. In
the Oxa@Mil-100(Fe) group, a large number of tumor cells
died, which was the result of the combined effects of
chemotherapy and ferroptosis (Figure 7a). To further
demonstrate that the in vivo antitumor effect of Oxa@Mil-
100(Fe) was a combined effect of apoptosis and ferroptosis,
immunofluorescence staining was employed to assess the
expression of apoptosis- and ferroptosis-related proteins. The
results showed that ferroptosis-related GPX4 and FTH
proteins were significantly downregulated in the tumor tissues
of the Mil-100(Fe) and Oxa@Mil-100(Fe) groups compared
to the control group, suggesting that both Mil-100(Fe) and
Oxa@Mil-100(Fe) induced ferroptosis in vivo (Figure 7b,7c).
Meanwhile, apoptosis-related Bax protein was upregulated and
Bcl-2 protein was downregulated in the tumor tissues of the
Oxa@Mil-100(Fe) group. This indicated that Oxa@Mil-
100(Fe) induced apoptosis by releasing Oxa at the tumor
sites, while Mil-100(Fe) could not play this role (Figure
7d,7e). The above results indicate that Oxa@Mil-100(Fe)
could achieve the combined effect of chemotherapy and
ferroptosis while ensuring biosafety, exerting excellent
antitumor efficacy in vivo.

■ CONCLUSIONS
Taking advantage of the large surface area, high porosity, and
good biocompatibility of the MOF structure, we prepared
Oxa@Mil-100(Fe) nanocomposites by using Mil-100(Fe) as
the carrier loaded with the chemotherapeutic drug Oxa. Oxa@
Mil-100(Fe) is responsive to the tumor microenvironment and
is able to release Oxa and Fe3+ upon stimulation. On the one
hand, Oxa can inhibit the synthesis of DNA and induce
apoptosis in gastric cancer cells. On the other hand, Fe3+ can
clear overexpressed GSH in the tumor microenvironment and
be reduced to Fe2+, inhibiting the activity of glutathione
peroxidase 4 (GPX4), leading to the accumulation of
intracellular LPO, and releasing a large amount of ROS
through the Fenton reaction, inducing ferroptosis in gastric
cancer cells. With the combination of apoptosis and
ferroptosis, Oxa@Mil-100(Fe) showed a good therapeutic
effect on gastric cancer cells. In a subcutaneous transplantation
tumor model, Oxa@Mil-100(Fe) showed good antitumor
activity and had an obvious inhibitory effect on tumor growth.
At the same time, Oxa@Mil-100(Fe) has no obvious toxic or
side effects. This combination therapy may provide a new
strategy for the treatment of gastric cancer.

■ EXPERIMENTAL SECTION
Materials. FeCl3·6H2O, 1,3,5-trimesic acid (H3BTC),

anhydrous ethanol, and oxaliplatin (Oxa) were purchased
from Aladdin. RPMI-1640 medium and fetal bovine serum
(FBS) were purchased from Gibco. The human gastric cancer
cell line (HGC-27), human gastric mucosa cell line (GES-1),
phosphate-buffered saline (PBS), and trypsin-EDTA solution
were provided by Servicebio. The cell counting kit-8 (CCK-8)
and annexin V-FITC/PI apoptosis analysis kits were purchased
from Beijing Solarbio Science & Technology Co., Ltd. GSH
and GSSG assay kits, mitochondrial membrane potential assay
kit with JC-1, immunostaining permeabilization buffer with
Triton X-100, BCA protein assay kit, RIPA lysate, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample loading buffer, protease and phosphatase
inhibitor cocktail, SDS-PAGE gel quick preparation kit,
poly(vinylidene fluoride) (PVDF) membrane, and hyper-
sensitive ECL chemiluminescence kit were purchased from
Beyotime. The FerroOrange probe, BODIPY581/591-C11 probe,
and DCFH-DA probe were purchased from Dojindo. BALB/c
nude mice were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. Recombinant antiferritin anti-
body (FTH) and recombinant antiglutathione peroxidase 4
(GPX4) were purchased from Abcam. Recombinant anti-Bax
antibody (Bax), recombinant anti-Bcl-2 antibody (Bcl-2),
recombinant anti-β-actin antibody (β-actin), and HRP-labeled
goat antirabbit IgG H&L were purchased from Proteintech.
Preparation of Mil-100(Fe). 1.622 g of FeCl3·6H2O and

1.387 g of H3BTC were added to 5 mL of water. Then, the
mixture was transferred to a poly(tetrafluoroethylene)-lined
autoclave (25 mL) and reacted at 130 °C for 72 h. After the
reaction, the reactor was cooled naturally. Finally, the product
was transferred to a centrifuge tube, and centrifuged at a speed
of 8000 rpm for 10 min. The solid product obtained after
discarding the supernatant was Mil-100(Fe). After washing 2
times with anhydrous ethanol, the prepared Mil-100(Fe) was
stored in anhydrous ethanol for further use.
Preparation of Oxa@Mil-100(Fe). An ethanol solution

with a concentration of 2 mg/mL Mil-100(Fe) and an ethanol
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solution with a concentration of 2 mg/mL Oxa were prepared.
The two solutions were mixed in equal volumes and stirred for
24 h in the dark. The product was then transferred to a
centrifuge tube, and centrifuged at a speed of 8000 rpm for 10
min. The solid product obtained after discarding the
supernatant was Oxa@Mil-100(Fe). After washing 2 times
with anhydrous ethanol, the prepared Oxa@Mil-100(Fe) was
stored in anhydrous ethanol for further use.
Cytotoxicity Assay. RPMI-1640 medium containing 10%

FBS was used for the cell experiments. GES-1 and HGC-27
cells were inoculated in 96-well plates at a density of 10,000
cells per well. After 24 h, the cells were completely attached to
the wall, and the culture medium was replaced with a culture
medium containing Oxa@Mil-100(Fe) at concentrations of 0,
50, 100, 200, and 400 μg/mL for another 24 h. The optical
density (OD) value at 450 nm of each well was determined
using a microplate reader using the CCK-8 method, and the
relative viability of the cells was calculated.
Intracellular GSH Assay. HGC-27 cells were inoculated

into 6-well plates at a density of 300,000 cells per well. After 24
h, the cells were completely attached to the wall, and the
culture medium was replaced with a culture medium
containing Oxa@Mil-100(Fe) at concentrations of 0, 100,
and 200 μg/mL for another 24 h. The intracellular GSH
content in each group was detected using GSH and GSSG
assay kits.
Intracellular Fe2+ Assay. HGC-27 cells were inoculated in

confocal cell culture dishes at a density of 150,000 cells per
dish. After 24 h, the cells were completely attached to the wall,
and the culture medium was replaced with a culture medium
containing Oxa@Mil-100(Fe) at concentrations of 0, 100, and
200 μg/mL for another 24 h. After washing with serum-free
RPMI-1640 medium and adding 1 mL of FerroOrange probe
at a concentration of 1 mmol/L to each dish, the dishes were
incubated in a thermostatic incubator for 30 min in the dark.
Intracellular Fe2+ levels were observed using CLSM at an
excitation wavelength of 543 nm.
Mitochondrial Membrane Potential Assay. HGC-27

cells were inoculated in confocal cell culture dishes at a density
of 150,000 cells per dish and incubated for 24 h. After 24 h, the
cells were completely attached to the wall, and the culture
medium was replaced with a culture medium containing Oxa@
Mil-100(Fe) at concentrations of 0, 100, and 200 μg/mL for
another 24 h. After washing with serum-free RPMI-1640
medium and adding a mixture of 0.5 mL medium and 0.5 mL
JC-1 working solution to each dish, the dishes were incubated
in a thermostatic incubator for 20 min in the dark. The dishes
were washed with JC-1 staining buffer and then observed using
CLSM at excitation wavelengths of 490 and 525 nm.
Quantitative analysis was performed by using flow cytometry.
Cellular Lipid Hydroperoxide Assay. HGC-27 cells were

inoculated in confocal cell culture dishes at a density of
150,000 cells per dish. After 24 h, the cells were completely
attached to the wall, and the culture medium was replaced with
a culture medium containing Oxa@Mil-100(Fe) at concen-
trations of 0, 100, and 200 μg/mL for another 24 h. After
washing with serum-free RPMI-1640 medium and adding 1
mL of BODIDPY581/591-C11 probe at a concentration of 2
mmol/L to each dish, the dishes were incubated in a
thermostatic incubator for 30 min in the dark. The intracellular
LPO levels were observed using CLSM at an excitation
wavelength of 488 nm.

Cellular ROS Assay. HGC-27 cells were inoculated in
confocal cell culture dishes at a density of 150,000 cells per
dish. After 24 h, the cells were completely attached to the wall,
and the culture medium was replaced with a culture medium
containing Oxa@Mil-100(Fe) at concentrations of 0, 100, and
200 μg/mL for another 24 h. After washing with serum-free
RPMI-1640 medium and adding 1 mL of DCFH-DA probe at
a concentration of 10 μmol/L to each dish, the dishes were
incubated in a thermostatic incubator for 30 min in the dark.
The intracellular ROS levels were observed using CLSM at an
excitation wavelength of 488 nm. Quantitative analysis was
performed using flow cytometry.
Apoptosis Assay. HGC-27 cells were inoculated in 6-well

plates at a density of 300,000 cells per well. After 24 h, the cells
were completely attached to the wall, and the culture medium
was replaced with a culture medium containing Oxa@Mil-
100(Fe) at concentrations of 0, 100, and 200 μg/mL for
another 24 h. The cells were collected after washing with PBS.
Then, the cells were resuspended in a buffer for staining with
Annexin V-FITC and PI and analyzed by flow cytometry.
Western Blotting. HGC-27 cells were inoculated in 6-well

plates at a density of 300,000 cells per well. After 24 h, the cells
were completely attached to the wall, and the culture medium
was replaced with a culture medium containing Oxa@Mil-
100(Fe) at concentrations of 0, 100, and 200 μg/mL for
another 24 h. The cells were washed twice with ice-cold PBS,
and RIPA lysate containing 1% protease inhibitor and 1%
phosphatase inhibitor was added. Then, cells were collected
and centrifuged, and the supernatant was used as the protein
sample, which was assayed by the BCA method to determine
the protein concentration of the sample. Protein samples were
diluted to the same concentration with an SDS-PAGE upload
buffer. Then, a metal bath treatment (100 °C, 10 min) was
performed to completely denature and depolymerize them.
Sequentially, electrophoretic membrane transfer, closure,
incubation with primary and secondary antibodies, and
PVDF membranes were photographed using a fully automated
chemiluminescence imaging system.
Hemolysis Assay. A 2% percent red blood cells (RBCs) of

mice were mixed with final concentrations of 0, 100, 250, 500,
and 1000 μg/mL Oxa@Mil-100(Fe). The samples were
incubated in a 37 °C water bath for 1 h. Triton X-100 and
PBS buffer were used as positive and negative controls,
respectively. After incubation, all of the samples were
centrifuged at 3000 rpm for 10 min. The supernatant was
collected, and the OD value at 570 nm was measured using a
microplate reader to calculate the hemolysis rate according to
the formula Hemolysis Ratio (%) = (ODsample−ODnegative)/
(ODpositive− ODnegative) × 100%.
Safety In Vivo. 50 μL of Oxa@Mil-100(Fe) solution (5

mg/mL) was injected into 15 healthy nude mice via the tail
vein. Another 15 healthy nude mice were injected with the
same dose of saline as the control group. After 1 day of
injection, 5 mice were randomly selected from the control and
experimental groups, and whole blood was collected for
routine blood examination. After 7 days of injection, 5 mice
were randomly selected from the control and experimental
groups, and whole blood was collected and centrifuged to
obtain serum for biochemical examination. After 14 days of
injection, the remaining 5 mice in the control and experimental
groups were euthanized, and the major organs were dissected
and stained with H&E for further histological observation.
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Animal Experiments. All animal experiments in this work
were approved by the Animal Ethics Committee of the First
Hospital of Jilin University. To construct a subcutaneous
transplanted tumor model of gastric cancer, 1 × 107 HGC-27
cells in 200 μL of PBS were injected subcutaneously into the
right buttocks of the mice. When the tumor volume (V = (L ×
S2)/2, where L is the long axis and S is the short axis of the
tumor) reached 100 mm3, the mice were randomly divided
into three groups: the control group, Mil-100(Fe) group, and
Oxa@Mil-100(Fe) group. A 100 μL of the corresponding
solution (at an equivalent concentration of 5 mg/mL Oxa@
Mil-100(Fe)) was injected intravenously via the tail vein. The
body weights and tumor volumes of mice were also recorded.
Fourteen days later, the mice were euthanized and dissected to
obtain tumors for H&E staining. Immunofluorescence staining
was also performed to assess the expression of proteins
associated with ferroptosis (FTH and GPX4) and apoptosis
(Bax and Bcl-2). Under fluorescence microscopy, the cell
nuclei were stained blue with DAPI, and the target proteins
appeared green.
Statistical Analysis. Fluorescence intensity and gray value

analyses were performed using ImageJ software, and all data
are expressed as mean ± standard deviation. The t-test was
used for comparisons between two groups, and one-way
ANOVA was used to test the statistical differences for multiple
group comparisons, which were expressed as P < 0.05 (*), P <
0.01 (**), P < 0.001 (***), and P < 0.0001 (****).
Characterization. SEM images were obtained using a

Hitachi Regulus 8100 scanning electron microscope. X-ray
diffraction (XRD) images were obtained using a Palytical B.V.
Empyrean X-ray diffractometer. X-ray photoelectron spectros-
copy (XPS) spectra were obtained using a PREVAC R3000 X-
ray photoelectron spectroscope. Optical density (OD) values
were obtained using an RT-6000 microplate reader. Confocal
laser scanning microscope (CLSM) images were obtained with
an Olympus FV3000 microscope. Western blot bands were
visualized using a Tanon 5200 automatic chemiluminescence
image analysis system. Flow cytometry analysis was performed
using a Beckman Coulter CytoFLEX flow cytometer. H&E
staining images were obtained using an OTICS BDS300
inverted microscope.
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