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Abstract Ferroptosis, as a newly discovered cell death form, has become an attractive target for pre-

cision cancer therapy. Several ferroptosis therapy strategies based on nanotechnology have been reported

by either increasing intracellular iron levels or by inhibition of glutathione (GSH)-dependent lipid hydro-

peroxidase glutathione peroxidase 4 (GPX4). However, the strategy by simultaneous iron delivery and

GPX4 inhibition has rarely been reported. Herein, novel tumor microenvironments (TME)-activated

metal-organic frameworks involving Fe & Cu ions bridged by disulfide bonds with PEGylation (FCSP

MOFs) were developed, which would be degraded specifically under the redox TME, simultaneously

achieving GSH-depletion induced GPX4 inactivation and releasing Fe ions to produce ROS via Fenton

reaction, therefore causing ferroptosis. More ROS could be generated by the acceleration of Fenton re-

action due to the released Cu ions and the intrinsic photothermal capability of FCSP MOFs. The over-

expressed GSH and H2O2 in TME could ensure the specific TME self-activated therapy. Better tumor

therapeutic efficiency could be achieved by doxorubicin (DOX) loading since it can not only cause
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apoptosis, but also indirectly produce H2O2 to amplify Fenton reaction. Remarkable anti-tumor effect of

obtained FCSP@DOX MOFs was verified via both in vitro and in vivo assays.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ferroptosis, an iron-dependent non-apoptotic form of regulated
cell death, which was termed in 2012 by Dixon et al.1. Numerous
researches have been carried out to uncover the mechanisms of
ferroptosis these years. Some regulation mechanisms and signal
pathways have already been identified, such as cystine/glutamate
antiporter system xc

‒ for cystine import2, the Acyl-CoA synthetase
long-chain familymember4 (ACSL4) enzyme about lipid meta-
bolism3, mevalonate pathway about the production of coenzyme
Q10 (CoQ10) for ferroptosis inhibition4, nicotinamide adenine
dinucleotide phosphate (NADPH) and selenium abundance for
ferroptosis resistance5,6. The defining feature of ferroptosis re-
quires for iron and accumulation of reactive oxygen species
(ROS). It is reported that the metabolism of iron impacts ferrop-
tosis sensitivity and the iron is required for the lipid peroxides
accumulation to cause the ferroptosis execution1,7,8. Moreover, the
glutathione (GSH)-dependent lipid hydroperoxidase glutathione
peroxidase 4 (GPX4) exerts a pivotal function on ferroptosis
through acting as a role of lipid peroxides detoxification with the
assistance of the cofactor, GSH9,10. Therefore, GSH depletion or
GPX4 inhibition could cause elevation of lipid peroxidation for
the onset of ferroptosis. Gradually, the non-apoptotic nature makes
ferroptosis-based cancer therapy expected to overcome the
drawbacks of apoptosis pathways-mediated therapy. Various
strategies, such as gene-knockdown technologies11,12, gene-
transfection13, and small molecular agents (sorafenib14,15, sulfa-
salazine16, artemisinin and its derivatives17,18) have been devel-
oped to achieve ferroptosis-based therapy by direct or indirect
influencing GPX4 activity.

In 2018, Dixon et al.19 concluded the major strategies to induce
cell ferroptosis as by increasing intracellular iron levels or direct/
indirect inhibition of the GPX4 activity. Emerging studies based
on nanotechnology were reported following these strategies uti-
lizing the unique physicochemical properties of nanomaterials20.
Several nanoplatforms have been developed by iron delivery,
inducing iron-based Fenton reaction21e23 with overexpressed
H2O2 in cancer cell24,25 to generate hydroxyl radical ($OH, one
kinds of most toxic ROS), such as ferromagnetic nanoparticles (g-
Fe2O3 or Fe3O4 NPs)26e28, iron nanometallic glasses29, iron-
containing upconversion nanoparticles30. The therapeutic strat-
egy by iron delivery to induce Fenton reaction was also known as
chemodynamic therapy31. Moreover, some nanoplatforms based
on Fe ions containing metal-organic frameworks (MOFs) were
also designed utilizing the flexibility and better tumor microen-
vironments responsiveness of MOFs compared with stable inor-
ganic nanomaterials32. For example, a metaleorganic network
combined with tannic-acid and ferric ions were encapsulated with
p53 plasmid (MON-p53), which performed significantly enhance
ferroptosis effect in vivo through synergetic ferroptosis/p53 gene
therapy33. In addition, a reduced iron MOF conjugated with folic
acid (rMOF-FA) had achieved folate-mediated tumor targeting
and acidic tumor microenvironments induced Fe release for tumor
specific ferroptosis34. However, researches on MOFs for ferrop-
tosis therapy, especially redox-sensitive MOFs, is still insufficient
and their promising future in ferroptosis remains worth exploring
further. As it has been reported, the catalytic efficiency of Fe-
dependent $OH generation could be further improved by auxil-
iary treatments, such as light35 and heat36. Copper (Cu)-based
materials with good photothermal conversion efficiency could
result in more $OH generation through accelerating Fe-based
Fenton reaction by laser-induced heat37,38. Interestingly, some
recent reports revealed that copper (Cu) ions could also induce the
production of $OH by Fenton-like reaction39. In other words, the
fabrication of Fe & Cu dual ions-based MOFs may achieve better
ferroptosis efficiency, which has rarely been reported.

Despite of the development of nanoplatforms to induce fer-
roptosis through iron-based Fenton reaction nanomaterials, some
attempts were also carried to induce ferroptosis by suppressing or
consuming the overexpressed GSH (up to 10 mmol/L in cancer
cell) to inactivate GPX4 indirectly. For instance, an engineered
cysteine enzyme was employed to block intratumoral GSH syn-
thesis through reducing L-cysteine, a precursor for the biosynthesis
of GSH, thereby obtaining a better therapeutic effect40. A tumor-
targeted manganese silicate nanobubbles (ASMNs) was success-
fully synthesized to indirectly induce ferroptosis by high efficient
GSH depletion41. Some attempts based on MnO2 nanosystems
were also reported to have the ability of consuming intracellular
antioxidant GSH for enhancing ROS induced oncotherapy42,43. On
the other hand, the depletion of GSH would not only induce fer-
roptosis, but also enhance the ROS-related therapy, such as radio-,
chemo-, and photodynamic therapies (PDT), as GSH was well-
known as intracellular antioxidant which would consume the
cytotoxic ROS to maintain the homeostasis44‒46. Meng et al.22

developed a Ce6-loaded glutathione responsive MOF which
could cause the intracellular GSH depletion via the disulfideethiol
exchange reaction, indirectly causing the GPX4 inactivation-
induced ferroptosis, therefore making contributions to the anti-
tumor effect of PDT. The therapeutic effect, however, still
mainly depended on the PDT effect of Ce6. It would be still
worthy to develop novel nanoplatforms for ferroptosis therapy by
GSH depletion.

Though successful attempts have been reported by either iron
delivery or GPX4 inhibition, only limited work utilized the two
strategies simultaneously in one platform for cancer ferroptosis
therapy. Liu et al.47 established core-corona SRF@FeIIITA (SFT)
nanoengineering for simultaneous ferrous-supply-regeneration
and sorafenib (a GPX4 inhibitor) to induce ferroptosis, thereby

http://creativecommons.org/licenses/by-nc-nd/4.0/
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achieving complete tumor elimination with the assistance of
imaging-guided PDT. Sang et al.48 constructed a novel GSH and
near infrared (NIR) sensitive micelles to release sorafenib, SPION
and NIR photosensitizer Cy7-Hex rapidly at the same time for
onset of ferroptosis and lipid hydroperoxides (LPO) burst. These
researches, however, still involve photosensitizers to generate
ROS and GPX4 inhibitor sorafenib to induce ferroptosis.

Herein, for the first time, redox tumor microenvironment
(TME)-activated metaleorganic framework were constructed with
Fe & Cu dual ions bridged by disulfide bonds with PEGylation
(FCSP MOFs). These FCSP MOFs can be accumulated in the
tumor site by the typical enhanced permeability and retention
(EPR) effect, where GSH depletion and the release of Fe & Cu
ions occurred due to the breakage of disulfide linkers under the
GSH overexpressed TME. With the assistance of GSH depletion,
more toxic ROS generated by the self-activated Fenton or Fenton-
like reaction between the large amount of the released Fe & Cu
ions and the endogenous H2O2 could take effect to achieve fer-
roptosis based chemodynamic therapy. Moreover, the depletion of
GSH resulted in the highly efficient GPX4 inactivation in tumor
cells. What’s more, the appeared adorable photothermal effect of
FCSP could be used not only for mild photothermal therapy, but
also to further accelerate the Fenton reaction and enhance the
therapeutic effect. To achieve better tumor therapeutic efficiency,
doxorubicin (DOX), a common chemotherapeutics, was loaded
into the structure, which could not only induce chemotherapy, but
also generate H2O2 to further amplify the ferroptosis based che-
modynamic therapy efficacy49. Taking the synergy of GSH-
depletion assistant GPX4 inactivation and iron-dependent Fenton
reaction induced ferroptosis, mild hyperthermia, and chemo-
therapy, excellent anti-tumor efficiency was achieved both in vitro
and in vivo with minimized damage to normal tissues.
2. Materials and methods

2.1. Materials and reagents

Iron (II) chloride tetrahydrate (FeCl2$4H2O), dimethyl sulfoxide
(DMSO), pyridine and triethanolamine (TEA) were purchased
from Macklin, Shanghai, China. Cupric chloride dihydrate
(CuCl2$2H2O) was purchased from Aladdin, Shanghai, China.
Dithiodiglycolic acid was produced by Xiya reagent, Shandong,
China. N,N-dimethylformamide (DMF) was obtained from
Chemical Reagent Factory, Guangzhou, China. Poly-
vinylpyrrolidone (PVP, MW Z 40,000) was from solarbio com-
pany in Beijing, China. Poly (ethylene glycol) methyl ether
(mPEG-NH2, MW Z 2000) was synthesized by Yare Biotech,
Shanghai, China. Poly-(maleic anhydride-alt-1-octadecene)
(PMHC18) was from SigmaeAldrich, USA. Doxorubicin hydro-
chloride (DOX) was obtained from Sangon Biotech Co., Ltd.,
Shanghai, China. The cell lines of 4T1 and MC3T3-E1 were
donated by the Research Center of Clinical Medicine in Nanfang
Hospital (Guangzhou, China). LIVE/DEAD Cell Imaging Kit was
from KeyGEN Biotech, Nanjing, China. Dichlorofluorescein
diacetate (DCFH-DA) was obtained from the company of Meilun
Biotech, Dalian, China. Anti-GPX4 antibody (ab125066) was
from Abcam and secondary antibody IgG/HRP (bs-0295G-HRP)
was from Beijing Biosynthesis biotechnology Co., Ltd. BODIPY
581/591 C11 was from Invitrogen, USA. Annexin V-FITC
apoptosis detection kit was purchased from Beyotime, Shanghai,
China. Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Gibco, Thermo Fisher, America. Other materials
and reagents were purchased from SigmaeAldrich, USA.

2.2. Preparation of Fe$Cu-SS (FCS) MOFs

A mixture of FeCl2$4H2O solution, CuCl2$2H2O solution (the
total amount of Fe2þ and Cu2þ was 42.5 mmol in DMF), PVP
(300 mg), dithiodiglycolic acid (52 mL, 100 mg/mL in DMF), and
different amount of triethylamine (TEA) was dispersed in a
graduated cylinder. DMF/ethanol solution was then added until
the volume reached up to 13 mL (VDMF/Vethanol Z 5/3). The so-
lution was then transferred to a 50 mL Teflon-lined stainless
autoclave after dispersed ultrasonically and reacted at 150 �C for
12 h. The final obtained FCS products were resuspended in ddH2O
after being washed and centrifugated with ethanol or water until
the supernatant was clear.

2.3. Drug loading and surface modification of FCS MOFs

Firstly, Fe$Cu-SS@DOX (FCS@DOX) were prepared by adding
DOX (5mg/mL, 200mL) into the 10mLFCSdispersion (0.5mg/mL
in ddH2O), then the obtained solution was stirred overnight under
light-sealed conditions. The C18PMH-mPEG was prepared as the
previous method50. 5 mL C18PMH-mPEG polymer (3 mg/mL in
chloroform)was sonicated for 30min in a round-bottomflask. Then,
thin film of C18PMH-mPEG was acquired by vacuum rotary
evaporation. Subsequently, FCS@DOX dispersion was dumped
into the round-bottom flask. After ultrasonic processing for 30 min,
the FCSP@DOX with surface modification were purified through
removing the residual reactants by centrifugation. In order to
calculate the loading capacity (Q) of DOX, the residual DOX con-
tent (RDOX, mg) of the collected supernatant was calculated by
UVeVis absorption at 480 nm. The DOX loading capacity (Q) was
then calculated as Q (%)Z (1000‒RDOX)/(6000‒RDOX) � 100.

2.4. Characterization

A JEOL JEM-2100 F TEM was applied for transmission electron
microscopy (TEM) and High-angle annular dark-field scanning
TEM (HAADF-STEM)-based elemental mapping at an accelera-
tion voltage of 200 kV. The size distribution of the MOFs was
carried out by using a Malvern Zetasizer Nano ZS instrument
(Malvern Instruments, Malvern, UK). An UV-2600 UVeVis
spectrophotometer from Shimadzu was applied to note the
UVeVis absorption spectra. An absorption analyzer Quantach-
rome instruments (Florida, USA) was used to performed N2

adsorption/desorption isotherms (BET). X-ray diffraction (XRD)
was detected by a Thermo Fisher ARL EQUINOX 3000 X-ray
diffractometer. Fourier transform infrared spectroscopy (FTIR)
was applied by a Thermo Fisher Nicolet 6700.

2.5. Photothermal performance of FCS MOFs

To determine the photothermal effect, 200 mL FCS MOFs with
different concentrations were exposed to an 808 nm laser
(Shanghai Xilong Optoelectronics Technology Co., Ltd., China)
for 5 min at different laser powers density. An infrared thermal
imaging system (FLIR E50, USA) was used to note the temper-
ature changes of the solutions. Finally, photothermal stability of
FCS MOFs was determined by irradiating FCS MOFs PBS solu-
tion for five lasers oneoff cycles. Ultimately, the influence of
10 mmol/L GSH to the photothermal property of FCSP MOFs was
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explored by irradiating 200 mL 62.5 mg/mL FCSP at different laser
power density before and after incubation with 10 mmol/L GSH.

2.6. In vitro TME-activated experiment

For exploring GSH-triggered cleavage of the FCSP MOFs struc-
ture, FCSP MOFs solutions were incubated in PBS with or
without 10 mmol/L GSH. At predetermined time intervals, the
structures were observed by TEM (JEOL). For exploring the GSH
depletion capability of FCSP MOFs, FCSP MOFs solutions were
incubated with 10 mmol/L GSH. At predetermined time intervals,
10 mL supernatant was taken out for analysis of GSH and oxidized
glutathione (GSSG) amount by Liquid chromatography-mass
spectrometry (ThermoFisher Scientific, Prelude SPLC þ TSQ
LC‒MS/MS, USA).

The Rhodamine B (RhB) were applied to test the $OH gen-
eration ability of FCSP MOFs because RhB could be transformed
into colorless substance after being degraded by $OH. The change
at 553 nm absorbance was recorded to measure the RhB degra-
dation. The potential influence from FCSP MOFs on the absor-
bance was avoided by centrifugation before measurement and the
absorbance was normalized to the control.

Considering DOX would be released along with the breakage
of MOFs structure, drug release kinetics of FCSP@DOX with
varying condition were then researched. 1 mL FCSP@DOX (DOX
concentration: 0.5 mg/mL) in a dialysis bag (MWCO 14800) was
on dialysis in 100 mL PBS under light-sealed conditions at room
temperature with or without 10 mmol/L GSH at pH Z 7.4 or 5.8.
At predetermined time intervals, the medium (1 mL) was taken
out for analysis by UVeVis spectrometer at 480 nm (Shimadzu),
meanwhile the same volume of fresh PBS solutions were
supplemented.

2.7. In vitro cellular experiment

Cytotoxicity of the materials was evaluated using the methyl
thiazolyl tetrazolium (MTT) assay in 4T1 and MC3T3-E1 cells.
Typically, under a humidified atmosphere with 1% O2, 5% CO2,
94% N2 at 37

�C, 4T1 and MC3T3-E1 cells were seeded in a 96-
well culture plates at a density of 1 � 104 cells per well. After the
cells were attached to the plates, various concentrations of FCSP
MOFs in 100 mL culture media were used to replace the previous
medium. With another 24 h incubation, the mixture of 10 mL MTT
(5 mg/mL in PBS) and 100 mL culture media were added to
replace the previous culture media, and then the cells were incu-
bated for another 4 h. After replacing the media with 150 mL
DMSO per well, a BioTek microplate reader (BioTek, USA) was
applied to monitor the absorbance of formazan at 495 nm.

GPX4 protein expression level was analyzed by Western blot.
In brief, 4T1 cells were seeded on a 6-well plate at 37 �C over-
night in an atmosphere of 1% O2/5% CO2/94% N2. Different
concentrations of FCSP MOFs were added and cultured for 24 h.
The collected cell lysates were evaluated by polyacrylamide gel
electrophoresis.

Subsequently, lipid peroxidation levels were assessed by
BODIPY 581/591 C11 dye. Cells were seeded in 6-well plates in
triplicate 24 h prior to treatment, pretreated with different con-
centrations of FCSP MOFs for 24 h, and then 1 mmol/L BODIPY
581/591 C11 in fresh culture medium was added to each well.
After incubation for 30 min, the cells were observed by a fluo-
rescent microscope (Nikon Eclopse T1-U, Tokyo, Japan). Lipid
peroxidation levels were further analyzed by flow cytometry using
a flow cytometry (BD LSRFortessaTM Cell Analyzer, USA). In
order to further explore the mechanism of FCSP MOFs, the cell
apoptosis was assessed by flow cytometry using an Annexin V-
FITC apoptosis detection kit.

To further explore the intracellular ROS generation, a ROS
probe, DCFH-DA was applied. For fluorescent microscope, 4T1
cells (3 � 105 per well) in 2 mL of medium were seeded into a 6-
well culture plates at 37 �C in an atmosphere of 1% O2, 5% CO2,
94% N2. After being attached to the plates, cells were incubated
with 2 mL fresh medium of DMEM, FCSP, FCSPþ10 mmol/L
GSH, FCSP@DOX, FCSP@DOXþ10 mmol/L GSH, then with or
without 808 nm laser irradiation (5 min, 0.7 W/cm2) respectively
after another 4 h incubation, followed by staining of DCFH-DA
assay kit for 2 h. Lastly, a fluorescent microscope was used to
observe the cells. For the analysis of flow cytometry, 4T1 cells
were harvested and washed with PBS for flow cytometry after
being disposed as mentioned above. As for ROS generation ability
of single FCSP, DCFH-DA assay kit was used to detect the
amount of ROS generated by different concentration of FCSP in
4T1 cells.

Both fluorescent microscope and flow cytometer were applied
to examine the cellular uptake experiments of FCSP@DOX.
Firstly, to confirm the intracellular GSH-induced DOX release of
FCSP@DOX in high level GSH cancer cells, two cell lines,
including a cancer cell (4T1) with higher GSH concentration and a
normal cell line (MC3T3-E1) with lower GSH were chosen.
Detailly, 4T1 cells and MC3T3-E1 cells were seeded in 6-well
plates (2 � 105 cells per well). After being cultured for 24 h, 2 mL
fresh medium containing FCSP@DOX was used to replace the
medium. After 12 h, the fluorescence intensity of cells was
detected by fluorescent microscope and flow cytometry analysis.
Next, the influence of NIR against the cellular uptake was further
explored, 4T1 cells were seeded in 6-well plates (2 � 105 cells per
well). After being cultured for 24 h, 2 mL fresh medium con-
taining FCSP@DOX and FCSP@DOX þ NIR was used to replace
the medium. After 4 h, 808 nm laser was applied to the cells of the
irradiation groups (NIR, 0.7 W/cm2) for 5 min. After incubation
for another 2 h, the fluorescence intensity of cells was evaluated
by fluorescent microscope and a flow cytometer. To measure the
cancer cells treatment efficiency in vitro, 4T1 cells were seeded
into 96-well culture plates at a density of 1 � 104 cells per well.
Then, the following treatments were exposed to the cells: control,
NIR, FCSP, FCSP þ NIR, FCSP þ10 mmol/L GSH, FCSP
þ10 mmol/L GSH þ NIR, FCSP@DOX, FCSP@DOX þ NIR,
FCSP@DOX þ10 mmol/L GSH, FCSP@DOX þ10 mmol/L
GSH þ NIR. After incubation for 4 h, 808 nm laser was applied to
the cells for 5 min (0.7 W/cm2) in the laser irradiation groups
(NIR). After incubation for another 24 h, the viability of cells was
then measured via the MTT assay.

2.8. In vivo cancer treatment

Thirty-six female 4e6 weeks old BALB/c mice were purchased
from Southern Medical University Laboratory Animal Center
(Guangzhou, China). All animal experiments procedures were
performed in accordance with the regulations of Animal Ethics
Committee based on Southern Medical University Animal Studies
Committee. 5 � 106 4T1 cells in PBS were subcutaneously
injected on the right rear leg to initiate the tumors. These mice
were randomly divided into six groups (n Z 6, each group) when
the volume of tumors reached 50 mm3: control, FCSP,
FCSP þ NIR, FCSP@DOX, FCSP@DOX þ NIR, and free DOX.
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24 h post-injection of different medicaments, the NIR treatment
groups were irradiated by 808 nm for 10 min (0.7 W/cm2) with the
observation of an IR thermal camera. A digital caliper was used to
monitor the length and width of the tumors. Then the anti-tumor
effectiveness was assessed by calculating the tumor volumes
(V) Z Length � Width2/2. V/V0 � 100% was defined as relative
tumor volume, where V0 was the initial tumor volume pre-
treatment. Body weights were also monitored every 2 days post-
treatment. After treatment, tumor tissues of each group were
stained with hematoxylin and eosin (H&E) and TUNEL to
observe tumor morphology and apoptosis. In order to affirm the
biosafety of FCSP MOFs, the main tissue pathological staining
from PBS and FCSP@DOX þ NIR group were obtained on the
third day after the treatment. As for validating the mechanism of
FCSP MOFs, the GPX4 level of tumor in every group was
measured by Western blot.

2.9. In vitro and in vivo magnetic resonance (MR) and
photoacoustic (PA) imaging

For in vitro MR/PA imaging, MOFs were dissolved with 1% agar
solution to create different concentrations FCSP. Samples were
transferred into 1.5 mL Eppendorf tubes and allowed to set when
the mixture was fully dissolved. A Bruker Biospin MRI GmbH
scanner (PharmaScan70/16 US, WI, USA) with scanning
sequence for fast field echo FFE (TR Z 2500, TE Z 35, slice
thickness Z 1.0 mm), were used to obtained MR image. The
photoacoustic imaging system (VEVO 2100, FUJIFILM Visual
Sonics, USA) were employed to gain photoacoustic imaging of
various MOFs concentrations. In vivo MR/PA images of 4T1
tumor-bearing mice were obtained before and after intratumoral
injection of FCSP solutions.

3. Results and discussion

3.1. Synthesis and characterization of FCSP@DOX MOFs

The TME self-activated biodegradable MOFs (FCSP@DOX) for
synergetic ferroptosis based chemodynamic/photothermal/chemo
therapy is schematically described in Scheme 1. Hydrothermal
method was employed to synthesize FCS MOFs with Fe & Cu dual
ions bridged by disulfide bonds. According to the transmission
electron microscopy (TEM) images, FCS MOFs showed flower-
like structures and a homogeneous size distribution of
127.53 � 24.47 nm (Fig. 1A). High-angle annular dark-field
scanning TEM (HAADF-STEM)-based elemental mapping
revealed that the as-prepared FCS MOFs contained Fe, Cu and S
elements (Fig. 1A). X-ray diffraction patterns (XRD) were used to
demonstrate the structure of the as-prepared FCS MOFs. The
Scheme 1 Schematic illustration of the synthesis of TME self-activat

photothermal/chemo therapy.
results showed that the diffraction pattern matched with CuFe2S3
without any other representative phases detected (Supporting In-
formation Fig. S1). The formation of the FCS MOFs structures
could be influenced by the Fe/Cu ratio and TEA concentration. As
shown in Supporting Information Fig. S2, the average size of FCS
MOFs varied along with different proportion of Fe and Cu, and had
a general trend of increasing with the increase of Fe. The flower-
like MOFs structures could be obtained when the Fe/Cu value
was larger than 1. With the constant Fe/Cu ratio, the average size of
FCS MOFs would decrease from 200 nm to 50 nm along with
increasing TEA amount (Supporting Information Fig. S3). Thus,
the average size of these MOFs can be simply tuned by varying the
ratio of Fe/Cu or the TEA amount. Subsequently, MOFs with
average diameter about 100 nm were chosen for subsequent ex-
periments because of its good morphology and structure. N2

adsorption/desorption isotherm curves (BET) analysis indicated
that FCSMOFs had a pore volume of 0.287 cm3/g, a surface area of
71.05 m2/g, and adsorption average pore width of 8.36 nm,
respectively (Fig. 1B), suggesting their great potential to be applied
for drug loading and delivery. DOX, a typical chemotherapy drug,
was therefore loaded into the pores of FCS MOFs through hydro-
phobic interaction (FCS@DOX). Afterwards, C18PMH-mPEG
was therefore be applied to modify the surface of the FCS MOFs
and FCS@DOX MOFs (named as FCSP and FCSP@DOX), as it
has been reported that properly modification with amphiphilic
surfactant might endow the as-prepared MOFs with good water
solubility and biocompatibility, avoiding rapid removal by the
body’s immune system, leading to high tumor intake through the
enhanced permeability and retention (EPR). To verify the suc-
cessful surface modification of PEG on FCS MOFs, the Fourier
transform infrared (FTIR) spectra of the FCS, C18PMH-mPEG and
FCSPwere obtained. As showed in Supporting Information Fig. S4,
the FCSPMOFs owned both the characteristic peaks of FCSMOFs
and C18PMH-MPEG, which illustrated the successful modification
of C18PMH-mPEG. After being modified with C18PMH-mPEG,
FCSP showed greater dispersibility and suspensibility than FCS
after PEGylation as could be seen from the appearance changes
after storage in PBS along with time (Supporting Information
Fig. S5). The UVeVis spectra demonstrated that FCSP@DOX
exhibited an absorption peak at 480 nm (Fig. 1C), the same as the
characteristic absorption peaks of DOX, confirming the successful
loading of DOX into the MOFs. The drug loading capacity of DOX
were calculated as 8.92%. In addition, the FCSP@DOXMOFs also
displayed strong absorbance in the NIRwindow (Fig. 1C), denoting
that they may have promising photothermal performance. To
evaluate the photothermal ability of the as-prepared MOFs, the
temperature changes versus different concentrations FCSP@DOX
aqueous dispersions were recorded under 808 nm laser irradiation
within 5 min. Remarkable photothermal stability of the FCSP
MOFs was demonstrated within at least five laser oneoff cycles
ed FCSP@DOX MOFs for ferroptosis based cancer chemodynamic/



Figure 1 (A) TEM images of FCS MOFs and STEM-EDS elemental maps of FCSP MOFs. (B) Nitrogen adsorptionedesorption isotherms of

FCS MOFs. (C) UVeVis spectra of FCSP MOFs, FCSP@DOX MOFs and free DOX. (D) Photothermal stability of FCSP MOFs within five

cycles of NIR laser irradiation. (E) Temperature change curses of the FCSP MOFs aqueous dispersion at different power density at the same

concentrations of 250 mg/mL. (F) Temperature change curses of the FCSP MOFs aqueous dispersion at different concentrations at the power

density of 0.7 W/cm2.
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(Fig. 1D). The temperature of the FCSP@DOX MOFs aqueous
dispersions presented concentration and power density dependent
temperature increases under 808 nm laser irradiation as shown in
Fig. 1E and F, and Supporting Information Fig. S6.

3.2. In vitro TME-activated GSH depletion and fenton reaction

Considering the existence of GSH-sensitive disulfide bonds in the
MOFs, it could be presumed that a redox TME-triggered GSH
depletion and cleavage of the MOFs structure might happen. To
verify this, the as-prepared MOFs were incubated in PBS with or
without 10 mmol/L GSH to proof the redox TME responsiveness.
As expected, a time-dependent MOFs decomposition could also be
observed in PBS with 10 mmol/L GSH while no obvious
morphology change could be observedwithout GSH as shown in the
TEM pictures (Fig. 2A and Supporting Information Fig. S7). At the
same time, it could be discovered by the liquid chromatography-
mass spectrometry (LC‒MS) results that GSH depletion was acti-
vated spontaneously as GSH was gradually transformed into
oxidized glutathione (GSSG) along with times (Fig. 2B). These
results indicated that the as-prepared MOFs could activate the
depletion of GSH together with the decomposition of the meso-
porous structure, leading to the release of dual ions and drugs.

As the TME-activated MOFs degradation happened, Fe and Cu
dual ions would be simultaneously released for the production of
toxic $OH via Fenton or Fenton-like reaction. The ability of the Fe
& Cu dual ions to generate $OH was then investigated by the
rhodamine B (RhB) decolorization experiment because the red
color RhB could be degraded into colorless by $OH. Apparent
RhB degradation in Fe2þ/Cu2þ group could be observed (w4.9%)
suggesting that Fe & Cu ions could indeed react with H2O2 to
generate $OH via Fenton and Fenton-like reaction (Fig. 2C and
D). After the addition of GSH, the $OH generation was largely
suppressed (w85.1%), indicating that generated $OH was
captured by the antioxidant GSH. FCSP MOFs, on the other hand,
could only generate a little amount of $OH due to the reaction of
the surface ions without the existence of GSH (w75.2%). Acti-
vated by the GSH-rich environment, FCSP MOFs showed much
more $OH generation (w43.8%) since the GSH-induced release
of Fe & Cu ions exposure to H2O2 and the depletion of GSH.
These results demonstrated that the MOFs could exhibit specific
redox-TME activated generation of toxic $OH for ferroptosis-
based cancer chemodynamic therapy. Moreover, to investigate
whether external stimuli could accelerate the Fenton reaction for
more $OH generation, the temperature of the solutions was firstly
increased to 46 �C. The absorbance of RhB exhibited further
decrease for either H2O2þFCSP (w75.2%) or
H2O2þFCSP þ GSH (w43.8%) (Fig. 2E and F), illustrating that
hyperthermia can efficiently promote Fenton reaction for more
$OH generation. Then, the addition of Cu2þ into H2O2þFCSP or
H2O2þFCSP þ GSH groups further facilitated the decolourization
of RhB to 59.0% and 29.1%, respectively (Fig. 2E and F), which
demonstrated that the addition of Cu2þ could lead to more $OH
generation, and the fabrication of Fe & Cu dual ions into FCS
MOFs was conducive to achieve better ferroptosis effect.
Noticeably, it could also be seen that only very slight changes
could be observed in photothermal performance of the MOFs after
being incubated with 10 mmol/L GSH (Supporting Information



Figure 2 (A) TEM images of biodegradable FCSP MOFs immersed in 10 mmol/L GSH aqueous solution for Days 0, 1, 3 and 5. (B) Liquid

chromatography-mass spectrometry (LCeMS) results about the reaction between FCSP MOFs and GSH after 0, 3, and 5 days. (C) UVeVis

analysis of the Fenton reaction for RhB decolorization of different groups to demonstrate the ability of $OH generation and (D) their relative

quantification at 553 nm. (E) UVeVis analysis of the Fenton reaction for RhB decolorization of different groups to demonstrate the ability of heat

and Cu2þ enhanced $OH generation and (F) their relative quantification at 553 nm. (G) Release kinetics of DOX from FCSP@DOXMOFs in PBS

at different pH without or with 10 mmol/L GSH and (H) their relative quantification of DOX release at 72 h. Date are presented as mean � SD

(n Z 3).
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Fig. S8), demonstrating that the photothermal property of FCSP
MOFs would not be influenced by the GSH-induced degradation
of the MOFs. These results suggest that the NIR-induced hyper-
thermia could always be achieved as long as the MOFs were
accumulated in the tumor site, whether the degradation of MOFs
happened or not. Therefore, the NIR-induced hyperthermia could
also be applied to accelerate Fenton reaction for more $OH gen-
eration, enhancing the ferroptosis based cancer chemodynamic
therapy.
Simultaneously with the GSH-triggered breakage of the MOFs
and enhanced ferroptosis based chemodynamic therapy, the
loaded DOX might also be gradually released, fulfilling the redox-
activated drug release. In vitro drug release of FCSP@DOX under
various conditions was then carried out. The release efficiency of
FCSP@DOX MOFs was evaluated under PBS with or without
10 mmol/L GSH (pH 7.4 and pH 5.8). As expected, drug release
was dramatically increased in the presence of GSH, due to the
disassembly of the MOFs structures (Fig. 2G and H). The release



Figure 3 (A) Cell viabilities of MC3T3-E1 or 4T1 cells after incubation with FCSP MOFs at different concentration, date are presented as

mean � SD (n Z 6). ***P＜0.001. (B) Western blot results of GPX4 expression level in 4T1 cells after treatment with different concentration

FCSP MOFs. (C) DCFH-DA assay of 4T1 cells treated with different concentration FCSP (0, 62.5, and 125 mg/mL), scale bar Z 200 mm, and (D)

their corresponding flow cytometry analyses and (E) relative fluorescence intensity (a.u.). Date are presented as mean � SD (n Z 3). (F)

Fluorescence images of 4T1 cells treated with different MOFs formulations, C11-BODIPY was used to assess lipid peroxidation. Scale

bars Z 100 mm (G) Their corresponding flow cytometry analyses. The panel from left to right represented the fluorescence intensity of reduced

lipid, oxidized lipid, and relative fold changes of lipid peroxidation in Oxidized/Reduced, respectively. Date are presented as mean � SD (nZ 3).
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amount of DOX under the condition of 10 mmol/L GSH solution
reached more than 85% whether at pH 5.8 or pH 7.4 after 72 h,
which was much higher than that without GSH (70% or 57%). In
addition, the release of DOX at acid condition (pH 5.8) was also
slightly higher than that at neutral condition (pH 7.4), suggesting a
pH-responsive drug release ability, which might be resulted from
the decrease of the electrostatic interaction between FCSP@DOX
and DOX under the acid environments, similar to that in other
nano-delivery platforms. Taking into account of the redox and acid
tumor microenvironments, the GSH/pH dual-responsive DOX
release property of FCSP@DOX MOFs was preferred for
achieving specific tumor site release, therefore enhancing the
therapeutic efficiency.

3.3. In vitro cellular experiments of redox TME self-activated
ferroptosis based chemodynamic/photothermal/chemo therapy

As it is well-known, biocompatibility is the basic factor prior to
bio-application. In our experiment, MTT assay was firstly imple-
mented to assess the cytotoxicity of the as-prepared FCSP MOFs
in murine normal cells MC3T3-E1 and murine breast cancer cells
4T1. No significant inhibition of the cell viability could be found
at the experimental concentration for MC3T3-E1 cells, while
much greater cytotoxicity against 4T1 cancer cells was observed
(Fig. 3A), indicating that the FCSP MOFs possessed well
biocompatibility to normal cells and showed specific toxicity to
the cancer cells. Cell apoptosis was then assessed and the results
showed that the proportion of apoptosis was less than 20% even in
the highest concentration FCSP MOFs group, which demonstrated
that apoptosis was not the main reason causing cell death (Sup-
porting Information Fig. S9). As it is known to all, GSH level in
solid tumor cells is higher than that in normal cells. Since the
ability of FCSP in consuming GSH had been verified above, the
cytotoxicity to 4T1 cells might be caused by the GPX4
inactivation-induced ferroptosis, as GSH depletion could inacti-
vate GPX4 and prevent the reduction of lipid hydroperoxides. The
GPX4 expression level of 4T1 cells was then determined by
Western blot. As expected, the GPX4 protein expression level
decreased along with the increased concentration of FCSP
(Fig. 3B), showing that FCSP can down-regulate GPX4 expression
through depleting its cofactor GSH. As it was designed, the as-
prepared MOFs could induce ferroptosis therapy by simulta-
neously GPX4 inhibition and iron delivery for ROS generation via
Fenton reaction. The generation of ROS was then assessed by
using an ROS probe DCFH-DA. As shown in Fig. 3C, the green
fluorescence from DCF become brighter and brighter along with
increasing FCSP concentrations, demonstrating the generation of
ROS under the tumor microenvironment. The level of ROS was
further quantified by flow cytometry analysis and was consistent
with the fluorescence images (Fig. 3D and E). As it has been
concluded, the accumulation of lipid peroxidation is the hallmark
of ferroptosis19. Herein, lipid peroxidation induced by FCSP
MOFs in 4T1 cells was assessed (Fig. 3F and G). As it could be
noted, the green fluorescence of oxidized lipid became more and
more evident along with increasing FCSP concentrations while the
red fluorescence of reduced lipid had no significant change,
demonstrating that the level of lipid peroxidation had increased
with increasing FCSP concentrations. The results of flow cytom-
etry analysis further verified that FCSP could increase lipid per-
oxidation. In general, the FCSP MOFs possess the potential to be
used as ferroptosis inducer.

As it has been reported, the intracellular high level GSH in
cancer cells would promote the intracellular release of drug after
endocytosis in GSH-responsive drug-loaded nanoparticles51e53.



Figure 4 (A) Fluorescence images of 4T1 cells treated with different MOFs formulations with or without NIR, DCFH-DA was used to detect

ROS generation. Scale bars Z 200 mm and (B) their corresponding flow cytometry analyses and (C) relative fluorescence intensity (a.u.). (D) Cell

viabilities of 4T1 cells after treatment with different MOFs formulations with or without NIR. Date are presented as mean � SD (n Z 3).
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Considering the GSH-responsive DOX release property of
FCSP@DOX MOFs has been well confirmed above (Fig. 2G and
H), two cell lines, including a cancer cell (4T1) with higher GSH
concentration and a normal cell line (MC3T3-E1) with lower GSH
were chosen to confirm the intracellular GSH-induced DOX
release of FCSP@DOX in high level GSH cancer cells. The re-
sults in the Supporting Information Fig. S10 show that the fluo-
rescence intensity of 4T1 was significantly stronger than that of
MC3T3-E1 cells, indicating that the DOX could not output
enhanced signals with lower GSH in the normal MC3T3-E1 cells.
Therefore, these stimuli-responsive FCSP@DOX MOFs might
have promising potential for highly efficient intracellular drug
delivery and controlled drug release in cancer therapy. Subse-
quently, the fluorescence images of the FCSP@DOX were taken
after being incubated with 4T1 cells for 6 h to explore NIR-
promoted DOX uptake. As shown in Supporting Information
Fig. S11, the red fluorescence intensity in FCSP@DOX group
slightly improved after NIR irradiation was applied, implying that
the temperature increase caused by NIR could improve the
permeability of the cellular membrane for easier DOX uptake
through affecting the fluidity of the membrane, molecular move-
ment and the stability of the membrane54,55. The successful de-
livery of DOX could not only achieve cancer chemotherapy, but
also generate H2O2 through the catalysis of the NADPH,
amplifying tumor-specific H2O2 level
49. The amplified H2O2 was

verified following a reported method by using DCFH-DA. The
increasing green fluorescence in 4T1 cells indicated the generation
of H2O2 with the accumulation of DOX (Supporting Information
Fig. S12).

Afterward, the anti-tumor effect of the FCSP@DOX MOFs
was identified by incubating them with 4T1 cells under different
conditions. The ROS generation was firstly determined. As shown
in Fig. 4A, compared with the control group and NIR only group,
increasing green fluorescence in the FCSP MOFs group could be
observed. After the addition of 10 mmol/L GSH, the ROS level in
MOFs group was remarkably enhanced. This phenomenon can be
attributed to that GSH can lead to degradation of MOFs, releasing
Fe and Cu dual ions to activate Fenton or Fenton-like reaction. In
addition, the green fluorescence became much brighter after NIR
irradiation, proving that photothermal can promote Fenton reac-
tion to generate more $OH, which was beneficial to strengthen the
therapeutic effect of ferroptosis based chemodynamic therapy. The
flow cytometric analysis (Fig. 4B and C), which were consistent to
the results of fluorescence images, further verified that FCSP
MOFs possessed the ability of ROS generation through Fenton
reaction and the level of ROS generation could be further
enhanced by GSH-induced degradation of MOFs and NIR
irradiation.



Scheme 2 Schematic illustration of the TME self-activated FCSP@DOX MOFs for ferroptosis based cancer chemodynamic/photothermal/

chemo therapy. Ferroptosis based chemodynamic therapy would be activated by the redox tumor environment due to GSH depletion induced

GPX4 inhibition and Fe/Cu ions involved Fenton reaction. More ROS could be generated by the acceleration of Fenton reaction due to the

intrinsic photothermal capability of FCSP MOFs. Moreover, the released DOX could not only induce chemotherapy, but also indirectly produce

H2O2 to further enhance the ferroptosis based cancer chemodynamic therapy.
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The anticancer therapeutic efficacy of the FCSP@DOX MOFs
under different conditions was then assessed by MTT assay
(Fig. 4D). Comparing with slightly toxic 62.5 mg/mL FCSP group,
FCSP in the exist of 10 mmol/L GSH possessed significant effi-
ciency to inhibit cancer cells, illustrating that the disassembly of
FCSP MOFs triggered by GSH increased Fe and Cu ions exposure
to cancer cells for $OH generation. In addition, the anti-tumor
effect became more evident with NIR irradiation, suggesting
that NIR-induced hyperthermia can not only produce photo-
thermal therapy, but also promote Fenton reaction to generate
more $OH for enhancing Fenton reaction and inducing ferroptosis
(the temperature was kept at around 46 �C monitored by an
infrared thermal imaging system). On the other hand,
FCSP@DOX could suppress cells growth with the cell viability
about 70%, indicating that DOX had been successfully wrapped
inside the MOFs and there was only limited leakage without other
stimulation. The GSH-triggered cleavage could not only release
metal ions for ferroptosis based chemodynamic therapy, but also
fulfill chemotherapy due to the release of DOX, and therefore
better therapeutic effect could be obtained. Further treatment with
NIR irradiation could perform the best anti-tumor effect due to the
synchronous ferroptosis-based chemodynamic/photothermal/
chemo therapy (FCSP@DOX þ10 mmol/L GSH þ NIR group).
The schematic illustration of the TME self-activated FCSP@DOX
MOFs for ferroptosis based cancer chemodynamic/photothermal/
chemo therapy was concluded and shown in Scheme 2.

3.4. In vivo anti-tumor activity by redox TME self-activated
ferroptosis based chemodynamic/photothermal/chemo therapy

Encouraged by the excellent outcomes in vitro, in vivo TME self-
activated ferroptosis based chemodynamic/photothermal/chemo
therapy of the MOFs was investigated. 4T1 tumor-bearing mice
were intravenously injected by different FCSP@DOX formulation
and control formulations, with or without 808 nm laser irradiation.
Tumor volume and relative body weights were calculated to assess
the anti-tumor effect every two days (Fig. 5A and B). The tumors
in FCSP group possessed mild tumor growth inhibition compared
with PBS group, indicating the FCSP MOFs had the ability to
induce ferroptosis for cancer therapy by GSH depletion and ROS
generation. The synergistic ferroptosis based chemodynamic/
chemo therapy treatment group (FCSP@DOX group) had the
increased tumor suppression than mono-therapy groups (FCSP
and free DOX groups), which demonstrated that synergistic fer-
roptosis based chemodynamic/chemotherapy can reinforce thera-
peutic efficiency. When the NIR (808 nm) irradiation was applied,
the temperature of the tumor area in either FCSP or FCSP@DOX
group could increase and kept around 46 �C (Supporting Infor-
mation Fig. S13), which is much higher than PBS group and
enough to accelerate Fenton reaction to generate more $OH for
ferroptosis based chemodynamic therapy. The involving of mild-
photothermal had more significant cancer inhibition than that
without NIR irradiation, due to the enhanced ferroptosis-based
chemodynamic therapy. The tumors of FCSP@DOX þ NIR
group were evidently inhibited both in volume (Fig. 5A and
Supporting Information Fig. S14) and in weight (Fig. 5C).
FCSP@DOX þ NIR group achieved the best growth inhibition
rate of tumor. Based on these results, FCSP@DOX MOFs have
shown an excellent anti-tumor ability in vivo via TME-activated
ferroptosis based chemodynamic/photothermal/chemo therapy.
There were no significant differences in weight loss of the mice in
each group (seen in Fig. 5B), demonstrating that the FCSP@DOX
MOFs have no obvious system toxicity. After treatment, tumor
tissues of each group were removed and stained with hematoxylin
and eosin (H&E) and TUNEL to observe tumor morphology and
apoptosis (Fig. 5D and Supporting Information Fig. S15). There



Figure 5 (A) The relative tumor growth curves (date are presented as mean � SD (nZ 5), *P < 0.05, **P < 0.01, ***P < 0.001) and (B) mice

body weights change during the different treatments during the 18 days study period. (C) Tumor weight from sacrificed animals at the end of the

experiment. Date are presented as mean � SD (n Z 5), *P < 0.05, **P < 0.01, ***P < 0.001. (D) H&E stained images of tumors tissues after

different treatments (scale bar Z 200 mm). (E) Western blot results of GPX4 expression level in 4T1 tumor tissue after different treatments, and

(F) their relative quantification (n Z 3).
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was no apparent cell apoptosis in the PBS group and FCSP MOFs
groups, while a slight cell apoptosis in the DOX group (Fig. S15)
indicating that FCSP MOFs did not induce apoptosis. Cell
apoptosis increased significantly in the combined groups
(FCSP@DOX), indicating FCSP@DOX achieved higher drug
availability and targeted delivery efficiency than free DOX. When
NIR were employed, the H&E and TUNEL results showed the
significantly improved therapeutic effect of tumor as it has been
already well confirmed that photothermal therapy could not only
induce apoptosis itself, but also lead to the deeper drug penetration
by increased intratumoral blood flow through NIR-induced
increasing temperature56e59. Furthermore, H&E staining of the
major organs (heart, liver, spleen, lung, and kidney) in
FCSP@DOX þ NIR group indicated that there was not tissue
necrosis, demonstrating that no significant adverse effects were
noted for these treatments (Supporting Information Fig. S16). As
for validating the mechanism of FCSP MOFs, the GPX4 level of
tumor in every group was measured by Western blot. The results
found that the GPX4 protein expression level decreased in all the
groups containing FCSP MOF, demonstrating that FCSP MOF can
down-regulate GPX4 expression by depleting its cofactor GSH to
induce ferroptosis therapy while the DOX did not influence the
expression of GPX4 (Fig. 5E and F).

3.5. Magnetic resonance (MR) and photoacoustic (PA) imaging
properties

To our delight, FCSP@DOX also showed good magnetic reso-
nance (MR) and photoacoustic (PA) Imaging capabilities. In de-
tails, FCSP@DOX samples showed a concentration-dependent
signal changing with a linear correlation between concentration
and the T2 relaxivity value under T2-weighted in vitro MR im-
aging (Supporting Information Fig. S17A). Then, FCSP@DOX
was intratumorally injected into 4T1 tumors in BALB/c mice. As
shown in Figs. S17C and S17D, the MR imaging signals achieved
a four-fold change after/before injection in the tumor area under
T2-weighted in vivo MR imaging. PA imaging property of
FCSP@DOX MOFS was also assessed in vitro and in vivo. Ac-
cording to Fig. S17B, FCSP@DOX showed a concentration-
dependent rise of PA signal. There was a linear correlation be-
tween concentration and PA value. Moreover, the PA signals
increased significantly in the tumor area after intratumoral injec-
tion of FCSP@DOX (Figs. S17E and S17F). These results indi-
cated that the FCSP@DOX showed great potential to be MR and
PA imaging agents.
4. Conclusions

In conclusion, for the first time, tumor microenvironment activated
FCSP@DOX MOFs were constructed for ferroptosis-based cancer
chemodynamic/photothermal/chemo therapy. The as-prepared
FCSP@DOX MOFs could be accumulated in the tumor site
through EPR effect, and disintegrated in overexpressed GSH
tumor microenvironment because of GSH-induced breakage of
disulfide bonds, therefore inducing ferroptosis by inhibition of
GPX4 expression. Meanwhile, disintegration of FCSP@DOX
MOFs leaded to gradually release of Fe, Cu ions and DOX. The
release Fe & Cu dual ions could catalyze overexpressed H2O2 to
toxic $OH via Fenton or Fenton-like reaction. The inhibition of
GPX4 and Fenton or Fenton-like reaction generated ROS together
contributed to abundant lipid peroxidation, fulfilling ferroptosis
based chemodynamic therapy. Furthermore, the intrinsic photo-
thermal property could accelerate Fenton reaction for more $OH
generation. Moreover, the co-delivered DOX could not only ach-
ieve chemotherapy by blocking topoisomerase II, but also
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generate H2O2 which may further amplify the therapeutic efficacy.
This system could be specifically activated by the redox tumor
microenvironment achieving excellent anti-tumor effect both
in vitro and in vivo by taking the synergy of GSH-depletion as-
sistant GPX4 inactivation and iron-dependent Fenton reaction
induced ferroptosis, mild hyperthermia, and chemotherapy.
Overall, the inherent TME-activated MOFs for non-apoptotic
ferroptosis therapy would be significant for their potential clin-
ical translation to assist or solve the problems of tumor apoptosis.
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