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Introduction: Ferroptosis-driven tumor ablation strategies based on nanotechnology could be achieved by elevating intracellular iron 
levels or inhibiting glutathione peroxidase 4 (GPX4) activity. However, the intracellular antioxidative defense mechanisms endow 
tumor cells with ferroptosis resistance capacity. The purpose of this study was to develop a synergistic therapeutic platform to enhance 
the efficacy of ferroptosis-based tumor therapy.
Methods: In this study, a multifunctional nano-catalytic therapeutic platform (mFeB@PDA-FA) based on chemodynamic therapy 
(CDT) and photothermal therapy (PTT) was developed to effectively trigger ferroptosis in tumor. In our work, iron-based mesoporous 
Fe3O4 nanoparticles (mFe3O4 NPs) were employed for the encapsulation of L-buthionine sulfoximine (BSO), followed by the 
modification of folic acid-functionalized polydopamine (PDA) coating on the periphery. Then, the antitumor effect of mFeB@PDA- 
FA NPs was evaluated using Human OS cells (MNNG/HOS) and a subcutaneous xenograft model of osteosarcoma.
Results: mFe3O4 harboring multivalent elements (Fe2+/3+) could catalyze hydrogen peroxide (H2O2) into highly cytotoxic ˙OH, while 
the tumor microenvironment (TME)-responsive released BSO molecules inhibit the biosynthesis of GSH, thus achieving the 
deactivation of GPX4 and the enhancement of ferroptosis. Moreover, thanks to the remarkable photothermal conversion performance 
of mFe3O4 and PDA shell, PTT further synergistically enhanced the efficacy of CDT and facilitated ferroptosis. Both in vivo and 
in vitro experiments confirmed that this synergistic therapy could achieve excellent tumor inhibition effects.
Conclusion: The nanotherapeutic platform mFeB@PDA-FA could effectively disrupted the redox homeostasis in tumor cells for 
boosting ferroptosis through the combination of CDT, PTT and GSH elimination, which provided a new perspective for the treatment 
of ferroptosis sensitive tumors.
Keywords: ferroptosis, chemodynamic therapy, photothermal therapy, Fenton reaction, BSO

Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumor and the leading cause of cancer-related death in 
children and adolescents.1,2 At present, the common treatment methods of OS are surgical resection, systemic che-
motherapy and radiotherapy, but the therapeutic approaches are far from satisfactory due to chemotherapy resistance and 
postoperative distant metastasis.3–5 Hence, the development of new strategies that combine biomedicine with emerging 
nanotechnology to find alternative ways to stimulate cell death may overcome the current therapeutic dilemma.6

Ferroptosis, as a non-apoptotic form of programmed cell death, has received considerable attention due to its unique 
properties associated with various diseases, including cancer.7,8 Different from traditional apoptosis and necrosis, 
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ferroptosis is mainly characterized by iron-dependent ROS generation and lipid peroxidation (LPO), which is of great 
significance for killing tumor cells resistant to necrosis and apoptosis.9,10 Therefore, the intracellular redox active iron 
(Fe2+) level is the key elements in the process of inducing ferroptosis, which could catalyze the decomposition of 
hydrogen peroxide (H2O2) in the tumor microenvironment (TME) to generate highly toxic hydroxyl radicals (˙OH) based 
on Fenton reaction and promote the accumulation of lipid peroxides, thus causing damage to the structure and integrity of 
tumor cells.11–13 Thus, ferroptosis is expected to provide new treatment opportunities for cancers that are resistant to 
traditional therapies.

Of note, many studies have demonstrated that ferroptosis could inhibit the invasion and proliferation of OS to a large 
extent.14–16 Importantly, with the rapid development of nanotechnology in the field of biomedicine, a large number of 
iron-based nanomaterials have been designed to initiate the intracellular Fenton reaction to induce the intracellular 
generation of ROS and LPO.17–19 However, at high levels of intracellular GSH, tumor cells could use glutathione 
peroxidase 4 (GPX4) to convert lipid peroxides into non-toxic lipid alcohols, thereby protecting themselves from the 
effect of ferroptosis.20–22 In view of this, the inhibition of GPX4 activity or reduction of intracellular GSH levels while 
effectively delivering iron is expected to achieve effective ferroptosis in tumor cells. However, achieving this enhanced 
ferroptosis through amorphous iron nanoparticles present huge challenge due to their insufficient catalytic efficiency and 
limited drug delivery capacity. For this purpose, it is imperative to construct a multifunctional nano-catalysis treatment 
platform which can not only act as an iron donor to initiate Fenton reaction, but also inhibit GPX4 activity or consume 
GSH to effectively induce ferroptosis in tumor cells.

Considering the critical role of iron in inducing ferroptosis in tumor cells, a kind of iron oxide nanoparticles with 
mesoporous structure (mFe3O4 NPs) has received extensive attention due to its surface effect and quantum size effect 
similar to ordinary nanomaterials, as well as its excellent drug loading capability and biosafety.23,24 In the slightly acidic 
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tumor microenvironment, mFe3O4 could release Fe ions, which could catalyze the high concentration of H2O2 in TME to 
generate ˙OH in Fenton reaction, resulting in the generation of ROS and the occurrence of ferroptosis. In addition, the 
released Fe3+ could deplete intracellular GSH for enhanced ROS accumulation, however, this process is easily compen-
sated by the continuous synthesis of GSH.25,26 In order to inhibit the powerful antioxidant defense system of tumor cells, 
a small molecule L-Buthionine-sulfoximine (BSO) was utilized as an inhibitor of γ-glutamylcysteine synthase (γ-GCS), 
a key enzyme involved in GSH biosynthesis pathway, which could block the replenishment of GSH, leading to the 
inactivation of GPX4 and the accumulation of lipid peroxides.27–29 Based on the above consideration, it is reasonable to 
believe that the depletion of intracellular GSH by BSO delivered by mFe3O4 would be a promising strategy to disrupt 
intracellular redox homeostasis, leading to enhanced-ferroptosis for tumor therapy.

In this contribution, a multifunctional nano-catalytic therapeutic platform was prepared to achieve enhanced-ferroptosis 
in tumor treatment modality by simultaneously modulating tumor redox environment and enhancing ROS and lipid 
peroxides generation. In our work, biocompatible mFe3O4 NPs with fascinating surface area value and drug loading capacity 
were utilized as the core of Fenton reaction to achieve the persistent transformation of H2O2 to ˙OH and the loading of BSO. 
Furthermore, in order to avoid undesirable premature release of drug molecules in the blood circulation system and endow 
the nanoplatform with precise targeting capacity, the surface of the drug-loading nanoplatform was subsequently coated with 
folic acid (FA)-functionalized polydopamine (PDA) film (mFe3O4/BSO@PDA-FA, denoted as mFeB@PDA-FA). As a kind 
of nanomaterials that can be deposited on various substrates via oxidative polymerization, PDA could further improve the 
physiological stability of the nanoplatform and prevent the oxidation of mFe3O4 NPs, thus maintaining the stable occurrence 
of Fenton reaction in tumors. Interestingly, the intense absorption of PDA and mFe3O4 in the NIR region is expected to make 
mFeB@PDA-FA an ideal photothermal agent for tumor ablation, while accelerating the Fenton reaction velocity by 
increasing the temperature of the tumor region, thus exhibiting ideal synergism with ferroptosis. Moreover, the folate 
receptor (FOLR) is a cell surface receptor overexpressed in multiple tumor types. Therefore, the PDA-coated nanoparticles 
can be further modified by FA to enhance the iron delivery ability of mFeB@PDA-FA to tumor cells.30–32 As shown in 
Scheme 1, the nanoplatform could accumulate in tumor tissue and be effectively endocytosed by tumor cells through the 
enhanced permeability and retention (EPR) effect and FA active targeting effect. Then, the PDA coating was destroyed in the 
slightly acidic tumor microenvironment and resulted in the sustained release of BSO in the cytoplasm, while the exposed 
mFe3O4 could catalyze H2O2 to produce abundant ˙OH and cause severe LPO. Simultaneously, the local hyperthermia 
generated by the mFeB@PDA-FA under the irradiation of 808 nm laser significantly improved the efficiency of CDT. 
Collectively, our study innovatively integrates the strategies of mFe3O4-supported drug loading and iron ion release, BSO- 
mediated inhibition of GSH synthesis and the enhanced photothermal effect induced by the combination of PDA and 
mFe3O4, thus effectively promoting ferroptosis through multi-pathway synergistic effects.

Materials and Methods
Materials
Iron (III) chloride hexahydrate (FeCl3·6H2O), ethylene glycol (EG), sodium acetate, dopamine hydrochloride, 
L-buthionine sulfoximine (BSO, ≥ 97.0%) and 2.7-dichlorofluorescein diacetate (DCFH-DA) were purchased from 
Sigma-Aldrich. JC-1 staining kit, calcein-AM/propidium iodide (PI) staining kit were obtained from Beyotime 
Biotechnology. All chemicals were of analytical grade and were used without further purification.

The Human OS cells (MNNG/HOS), bone marrow stromal cells (BMSCs) and human umbilical vein endothelial cell 
line cells (HUVECs) were obtained from the cell bank of Chinese Academy of Sciences (Shanghai, China).

Synthesis of mFe3O4 NPs
Monodispersed mFe3O4 NPs were synthesised according to a previously reported hydrothermal method.33 Briefly, FeCl3 

·6H2O (1 g), sodium acetate (3 g) and sodium citrate dehydrate (0.6 g) were dissolved in EG (40 mL) under intense 
agitation to form a homogenous mixture. Afterwards, the mixed solution was transferred to a Teflon-lined stainless steel 
autoclave, heated to 200 °C and reacted for 8 h. The autoclave was then cooled to ambient temperature, the product was 
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collected and washed with deionized (DI) water and ethanol. The obtained mFe3O4 NPs were dispersed in DI water for 
subsequent use.

Synthesis of mFe3O4/BSO@PDA-FA NPs
In order to successfully implement the BSO loading, 5 mg of BSO was dispersed in 20 mL DI water containing 10 mg 
mFe3O4 NPs. The mixed solution was stirred at room temperature for 24 h and the precipitate was collected by 
centrifugation at 12000 rpm for 10 min, followed by gently washing 3 times with DI water to remove the free BSO. 
The yielded mFe3O4/BSO NPs were then dried with lyophilization and stored at 4 °C before further use.

The coating of PDA shell was achieved by a previously reported solution oxidation method.34,35 In brief, the 
synthesized mFe3O4/BSO NPs were dissolved in 40 mL Tris buffer solution (pH 8.5, 10 mM) containing 20 mg 
dopamine hydrochloride and stirred overnight at room temperature. Afterwards, the resultant product was isolated 
with a magnet followed by gently washing twice with DI water and then dried with lyophilization to obtain mFe3O4 

/BSO@PDA NPs (mFeB@PDA NPs).
To achieve the successful grafting of FA on the surface of the PDA shell, 10 mg of mFeB@PDA NPs and 10 mg of 

NH2-PEG-FA were dissolved in 10 mL Tris buffer solution (pH 8.5, 10 mM) and stirred at room temperature for 
6 h. After reaction, the resulting product was magnetically separated and washed with DI water to remove residual 
reactants and mFe3O4/BSO@PDA-FA NPs (mFeB@PDA-FA NPs) were obtained after lyophilization. The non-FA- 
grafted mFe3O4/BSO@PDA NPs were synthesised by following a similar protocol apart from replacing NH2-PEG-FA 
with NH2-PEG.

Scheme 1 Schematic illustration of the synthetic procedures of the mFeB@PDA-FA NPs with photothermal-enhanced chemodynamic process and glutathione inhibition for 
synergistic antitumor therapy.
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Characterizations
The morphology of the synthesised nanoparticles was observed by transmission electron microscopy (TEM, JEOL 
2100F, Japan) and scanning electron microscopy (SEM, ZEISS, Gemini 300). The valence of Fe element in mFe3O4 NPs 
was analyzed by X-ray photoelectron spectroscopy (XPS). The surface area and mesoporous structure of mFe3O4 NPs 
were detected by Brunauer-Emmett-Teller (BET) method. The zeta potential and hydrodynamic size were investigated by 
a Zetasizer Nano ZS system (Malvern, UK). The generation of ˙OH in different reaction systems was detected by an 
electron spin resonance (ESR) spectrometer (Bruker Germany).

In vitro Photothermal Performance
The in vitro photothermal performance of mFeB@PDA-FA was investigated by 808 nm laser irradiation. Different concen-
trations of mFeB@PDA-FA suspensions were irradiated with an 808 nm laser and the real-time temperature was recorded 
every 30 seconds using an infrared thermal imaging camera (Testo 865, Testo, Schwarzwald, Germany). The laser power 
density-dependent photothermal properties of mFeB@PDA-FA were further investigated by irradiating mFeB@PDA-FA 
suspension with different laser power densities (0.5, 1.0, 1.5, 2.0 W cm−2). In order to explore the thermal stability of NPs, 
mFeB@PDA-FA suspension was irradiated with 808 nm NIR laser (1.0 W cm−2) for five cycles and the temperature changes 
of suspension was measured. Furthermore, mFeB@PDA-FA suspension with a concentration of 200 μg mL−1 was irradiated 
with 808 nm laser and the temperature changes during the heating and natural cooling phases were monitored. The 
photothermal conversion efficiency was calculated according to the following formula:

where h represents heat transfer coefficient, S is the surface area of the vessel, Tmax is the maximum temperature of the 
sample solution, Tsurr is the surrounding temperature, the power density of 808 nm laser and the absorption value of the 
sample solution at wavelength 808 nm are denoted as I and Aλ, respectively. Qdis represents the heat loss from the light 
absorption of the quartz sample cell itself.

Evaluation of Michaelis-Menten Kinetics
A typical TMB colorimetric analysis was conducted to evaluate the Fenton reaction activity of mFe3O4 NPs. Briefly, the mFe3O4 

NPs (100 μg mL−1) and TMB (1 mM, 1 mL) were added to PBS solution (pH 5.5) containing 5 mm H2O2 and reacted at different 
temperatures (25 °C, 45 °C) for 10 min. The absorbance of different reaction systems was measured by UV-vis absorption 
spectroscopy. Furthermore, the steady-state kinetic assays of mFe3O4 NPs were investigated by monitoring the absorbance 
change of TMB at 652 nm with different concentrations of H2O2 (5, 10, 20, 50 mM) as substrate. The corresponding initial 
velocities (v0) of ˙OH production were calculated by the Beer-Lambert law (Eq (2), ε =39000M−1 cm−1, l = 10 mm) and the 
Michaelis-Menten kinetic curves were obtained by plotting v0 against the corresponding H2O2 concentrations (Eq (3)). 
Furthermore, the Michaelis-Menten constant (Km) and maximum reaction velocity (Vmax) were determined according to 
a linear double reciprocal plot (Lineweaver-Burk plot, (Eq (4)).

Detection of Intracellular Oxidation Levels
For intracellular GSH level detection, the MNNG/HOS cells were seeded into 6-well plate (1 × 105 cells per well) and 
cultured overnight at 37 °C. Subsequently, the cells were treated with different formulations for 6 h: (1) control, (2) 
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mFe3O4, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. Then, the cells were harvested and the cellular GSH content 
of each group was detected using a glutathione assay kit according to the manufacturer’s protocol. The percentage of 
GSH in each group was obtained by comparing with that in the untreated cells. For the detection of intracellular LPO 
generation, the MNNG/HOS cells were inoculated into a 6-well plate at a density of 1×105 cells per well and incubated 
overnight. After receiving different treatments, the LPO level in each group was evaluated by measuring MDA content 
through a LPO MDA assay kit according to established methods.36

Cellular Uptake Experiments
The cellular uptake behavior was monitored using an inverted fluorescence microscope. MNNG/HOS cells were 
seeded into a 24 well plate and incubated at 37 °C for 12 h. Then, the original culture was replaced with 500 μL of 
fresh medium containing Ce6-labeled nanocomposites and further incubation at 37 °C for 4 h. For competitive 
inhibition experiments, the cells were pretreated with serum-free medium containing free FA for 2 h and then 
incubated with mFe3O4@PDA-FA/Ce6 NPs (mFe@PDA-FA/Ce6 NPs) for 2 h. After that, the cells were gently rinsed 
with PBS three times to remove excess nanocomposites, followed by incubation with Hoechst 33342 (10 μg mL−1) for 
20 min. Finally, the cells were washed twice with PBS and fluorescence imaging of the cells was performed by 
inverted fluorescence microscope.

Live-Dead Staining Experiments
The calcein AM/PI dual-color fluorescence staining was conducted to evaluate the synergistic killing effect. In brief, 
MNNG/HOS cells were seeded in 24 well plate at a density of 5×104 cells per well and cultured overnight. The cells 
were divided into 4 groups: (1) control, (2) mFe3O4, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. After complete 
adherence, the old medium was replaced with fresh medium containing aforementioned formulations and cultured for 
24 h. Finally, the cells were stained with calcein-AM (2 μM) and PI (2 μM) for 10 min, followed by washing with PBS 
twice and imaged by a fluorescence microscopy.

Detection of Intracellular ˙OH Generation
The intracellular ˙OH production was detected by fluorescence change of DCFH-DA. Briefly, MNNG/HOS cells 
were seeded in a 6-well plate (1 × 105 cells per well) and incubated at 37 °C in a humidified atmosphere of 5% CO2 

for 24 h. After removing the old medium, fresh medium containing different formulations were added according to 
the following groups: (1) control, (2) mFe3O4, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. After incubation 
for another 6 h, the old medium was replaced with fresh medium again, and the illumination group was irradiated 
with 808 nm laser (1 W cm−2) for 5 min. Then, the cells were gently rinsed with PBS and incubated with DCFH- 
DA (10 mM) for 30 min. Finally, the intracellular ˙OH generation was evaluated by an inverted fluorescence 
microscope.

Mitochondrial Membrane Potential Detection
The changes of mitochondrial membrane potential were measured by JC-1 staining. In brief, MNNG/HOS cells were 
seeded into a 24-well plate at a density of 5×104 cells per well and cultured at 5% CO2 at 37 °C for 12 h. Afterwards, 
according to the above grouping, the cells were incubated with serum-free medium containing different formulations for 
6 h, followed by irradiating with 808 nm laser (1 W cm−2) for 5 min in the illumination group. Then, the cells were 
stained with 1 mL of JC-1 solution (10 μg mL−1) for 30 min in dark. After washing three times with PBS, the cells were 
incubated with DAPI for 10 min and the fluorescence intensity of monomers and aggregates was observed using 
fluorescence microscopy.

Hemolysis Assay
The fresh blood samples were collected from healthy BALB/c nude mice through heart puncture. Then, the blood 
samples were centrifuged at 3000 rpm and 4 °C for 5 min to obtain red blood cells (RBCs), which were subsequently 
washed three times with PBS and diluted in PBS at a ratio of 1:10. Subsequently, 100 μL of RBCs suspension was mixed 
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with 900 μL of DI water (positive control), PBS (negative control), and mFeB@PDA-FA PBS suspensions with various 
concentrations (25–800 μg mL−1). After incubation at 37 °C for 2 h, the upper supernatant was obtained by centrifugation 
at 3000 rpm for 5 min and the absorbance was measured at 570 nm using a microplate reader.

In vivo Imaging
The tumor-bearing mouse model was established by subcutaneous injection of 200 μL MNNG/HOS cells (1 × 107 

cells mL−1) into the right flank of 4-week-old BALB/c nude mouse. When the tumor volume reached ~ 100 mm3, Ce6- 
labeled nanocomposites were injected into the tumor-bearing mice through the tail vein, and then the fluorescence images 
were captured using the IVIS system (PerkinElmer, Caliper Life Sciences, MA, USA) at specific time points (0, 1, 3, 6, 
12, 24 h). Subsequently, after 24 h of injection, the mice were sacrificed and the major organs (heart, liver, spleen, lung, 
kidney) and tumor tissues were harvested for ex vitro fluorescence imaging and fluorescence semi-quantitative statistical 
analysis.

In vivo Photothermal Performance and Antitumor Efficacy
Female BALB/c nude mice (4 weeks old) were purchased from HFK Bioscience Co., LTD and maintained under 
pathogen-free conditions. All of the experimental procedures were performed in accordance with the Institutional Animal 
Care and Use Committee guidelines approved by the Animal Laboratory Center of the Fourth Hospital of Hebei Medical 
University (W2023001). The MNNG/HOS tumor-bearing mice were randomly divided into four groups (n = 5) and 
received the following treatments: (1) control, (2) mFe3O4, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. According 
to the treatment regimen, 200 μL of PBS, mFe3O4 solution, and mFeB@PDA-FA solution were injected into the mice 
every four days through the tail vein. At 6 h after intravenous administration, the tumor-bearing mice in the group (4) 
received 808 nm laser irradiation at a power density of 1.0 W cm−2 for 5 min. The tumor volumes and body weights for 
each mouse were recorded every other day during the 14-day treatment period. At the end of the treatment, all mice were 
sacrificed and the major organs (heart, liver, spleen, lung, kidney) were collected for hematoxylin and eosin (H&E) 
staining to evaluate the biosafety of the nanocomposites. Furthermore, H&E staining, Ki-67 and GPX4 immunofluor-
escence staining were performed on tumor sections in each group to evaluate the performance of synergistic therapy.

Statistical Analysis
Each experiment was repeated at least three times in parallel and the experimental results were presented as mean ± 
standard deviation (SD). Student’s t-test and one-way analysis of variance were used to analyze the significant 
differences of the results, where *p < 0.05, **p < 0.01, ***p < 0.001 were considered statistically significant differences.

Results and Discussion
Preparation and Characterization of mFeB@PDA-FA NPs
In this study, a multifunctional nanomedicine system was developed to effectively amplify the intratumor oxidative stress 
by combining the inhibition of GSH biosynthesis with photothermal-enhanced CDT therapeutic strategy. The fabrication 
process of mFeB@PDA-FA is shown in Figure 1A. First, monodisperse Fe3O4 NPs with mesoporous structure were 
fabricated and the size and morphology of mFe3O4 NPs were explored by transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM). As shown in Figure 1B and Figure S1, the SEM and TEM images revealed that the 
synthesised mFe3O4 NPs were approximately spherical in shape and uniform in size with an average diameter of ~ 165 
nm. Furthermore, the clearly visible ordered mesoporous structure of the NPs was also observed in the TEM image, 
indicating that mFe3O4 NPs could serve as an excellent nano-vehicle for the encapsulation of BSO molecules. This 
observation was also confirmed by the N2 adsorption-desorption analysis of mFe3O4, from which the BET surface area 
and pore size were determined to be 37.81 m2 g−1 and 11.84 nm, respectively (Figure 1D and E). The crystal structure of 
mFe3O4 was investigated by the X-ray diffraction (XRD) analysis. As shown in Figure S2, the characteristic X-ray 
diffraction peaks of mFe3O4 NPs matched well with the standard peak of magnetite (JCPDS 97-002-7899), indicating the 
successful preparation of mFe3O4 NPs. Furthermore, the X-ray photoelectron spectroscopy (XPS) was performed to 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S480586                                                                                                                                                                                                                       

DovePress                                                                                                                      
11929

Dovepress                                                                                                                                                             Song et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=480586.docx
https://www.dovepress.com/get_supplementary_file.php?f=480586.docx
https://www.dovepress.com
https://www.dovepress.com


investigate the elemental composition of mFe3O4 as well as the mixed valence of Fe. As shown in Figure 1F and Figure 
S3, the fully scanned XPS spectra exhibited distinct spectra for C (1s), O (1s) and Fe (2p) at 284.64, 531.27 and 710.38 
ev, respectively. In the high-resolution XPS spectrum of Fe (2p), the peaks located at 709.5 and 722.6 ev could be 
attributed to the the 2p3/2 and 2p1/2 split orbitals of Fe2+ ions, while the peaks located at 711.4 and 725 eV could be 
attributed to the the 2p3/2 and 2p1/2 split orbitals of Fe3+ ions (Figure 1G). After the drug loading, in order to avoid 
unnecessary leakage of drugs under physiological circulation conditions and endow the nanotherapeutic platform with 
ideal tumor targeting ability, the drug-loading NPs were immersed in a dopamine Tris solution and a PDA shell was 
wrapped on the surface of the nanoparticles by the self-polymerization of dopamine under alkaline conditions, followed 
by folic acid modification (Figure 1C and Figure S4). The loading and encapsulation rate of BSO were determined by 
high performance liquid chromatography (HPLC) to be 8.2% and 23.7%, respectively. Meanwhile, the results of precise 
elemental mapping exhibited the homogeneous distribution of Fe, O, C, N and S in the mFeB@PDA-FA NPs, which 
further confirmed the successful loading of the drug and the coating of PDA (Figure S5). The dynamic light scattering 
(DLS) results showed that the hydrodynamic diameter of mFeB@PDA-FA was larger than that of mFe3O4 NPs, which is 
consistent with the SEM results (Figure S6). Moreover, the coating process was monitored by determining the zeta 
potential of nanoparticles during preparation. As shown in Figure S7, the negative zeta potential was mainly due to the 
presence of carboxyl groups on the surface of mFe3O4 NPs. After coating the PDA shell, the zeta potential changed from 
−30.27 ± 2.03 mv to −18.07 ± 1.27 mv for the existence of catechol groups on the surface of mFeB@PDA. After folic 

Figure 1 (A) Schematic overview of the preparation process of mFeB@PDA-FA NPs. SEM images of (B) mFe NPs and (C) mFeB@PDA-FA NPs. (D) N2 adsorption- 
desorption isotherm and (E) the corresponding Barrett-Joyner-Halenda (BJH) pore size distribution of mFe NPs. (F) XPS survey spectra of mFe NPs. (G) Fe 2p XPS spectra 
of mFe NPs.
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acid grafting, the zeta potential of mFeB@PDA-FA eventually stabilized at about −15.57 mv, which not only allowed it 
steadily dispersible in aqueous solution but also effectively avoided the scavenging effect of phagocytes and prolonged 
blood circulation in vivo, thus effectively accumulating into tumor tissues. In addition, after the coupling of mFeB@PDA 
NPs with FA-PEG-NH2, a characteristic vibration peak of C-O-C was observed at 1112 cm−1 in the Fourier transform 
infrared (FTIR) spectra of mFeB@PDA-FA, which is specific to FA-PEG-NH2, confirming the successful grafting of FA 
molecules (Figure S8).37 More importantly, the constructed nanoparticles could form stable suspensions under various 
physiological conditions. After 5 days of incubation with PBS and serum, the particle size and the zeta potential of 
mFeB@PDA-FA exhibited no significant change, indicating excellent stability for long blood circulation (Figure S9).

In vitro Photothermal Performance
The photothermal conversion performance of the synthesized mFeB@PDA-FA NPs was evaluated using a NIR laser with 
a wavelength of 808 nm and the real-time temperature changes of different preparations were recorded by an IR thermal 
imaging camera. As shown in Figure 2A, the temperature of both mFe and mFe-based nanocomposites exhibited 
a significant elevation compared to DI water. Furthermore, the encapsulation of the PDA enhanced the photothermal 
responsiveness of the nanocomposites, which could be attributed to the ideal photothermal conversion property of the 
PDA shell. As expected, the η value of mFeB@PDA-FA was calculated to be 49.1% (Figure 2D and E) at 808 nm, which 

Figure 2 (A) Temperature elevation curves of DI water, mFe NPs and mFeB@PDA-FA NPs under 808 nm laser (1.0 W cm−2) irradiation for 5 min. The heating and cooling 
curves of (B) mFeB suspension and (D) mFeB@PDA-FA suspension under 808 nm laser irradiation. The liner relationship between -lnϴ and time of (C) mFeB suspension 
and (E) mFeB@PDA-FA suspension in the cooling stage. (F) Infrared thermal images corresponding to different concentrations of mFeB@PDA-FA solution under 808 nm 
laser (1.0 W cm−2) irradiation. (G) Temperature elevation curves of mFeB@PDA-FA solution with different concentrations under 808 nm laser (1.0 W cm−2) irradiation. 
(H) Temperature elevation curves of mFeB@PDA-FA solution for different laser power densities.
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was higher than that of mFe3O4 suspensions (Figure 2B and C). Moreover, mFeB@PDA-FA NPs exhibited obvious 
concentration-dependent photothermal conversion properties under 808 nm laser (1W cm−2, 5 min) irradiation. As shown 
in Figure 2F and G, compared with the negligible temperature increase in the DI water group, the temperature of the 
mFeB@PDA-FA suspension with a series of concentration gradients showed a significant concentration- and time- 
dependent elevation after 5 min of 808 nm laser irradiation. Meanwhile, the NIR induced thermal effect of mFeB@PDA- 
FA was further investigated under 808 nm laser irradiation with different power densities (0.5, 1.0, 1.5, 2.0 W cm−2), 
which exhibited a strong laser power-dependent photothermal heating effect for mFeB@PDA-FA NPs with a maximum 
temperature elevation of up to 63.1 °C (Figure 2H). More importantly, given that the nanocomposites may be subjected to 
multiple photoheating processes throughout the entire treatment process, the photothermal stability of mFeB@PDA-FA 
NPs was detected by recording the temperature changes during 5 cycles of ON/OFF irradiation. As shown in Figure S10, 
no discernible temperature decay or obvious change in the temperature variation curves was observed after 5 successive 
cycles of irradiation. Based on the above results, it is reasonable to believe that mFeB@PDA-FA NPs with excellent 
photothermal conversion performance and photothermal stability is an ideal photothermal agent for biological PTT.

After confirming the excellent photothermal properties of mFeB@PDA-FA NPs, the release of Fe ions in vitro under 
different pH values and 808 nm laser irradiation conditions was further investigated. As shown in Figure S11, the release 
of Fe2/3+ ions from mFeB@PDA-FA NPs exhibits a slow release profile at pH level of 7.4, with only 0.82% of the Fe2/3+ 

ions being released within 24 h. In contrast, the amount of Fe2/3+ ions released from mFeB@PDA-FA NPs at pH 6.0 was 
significantly higher than that of pH 7.4, reaching 2.54% within 24 h. This phenomenon can be attributed to the acid- 
responsive depolymerization of the PDA shell and mFe3O4 NPs are more easily decomposed into Fe2/3+ ions in an acidic 
environment. This result further confirmed the specific response of the mFeB@PDA-FA NPs to the slightly acidic tumor 
environment. More importantly, the release behavior of Fe2/3+ ions can be further enhanced under 808 nm laser 
irradiation, thereby enabling the release of more Fe2/3+ ions in the tumor microenvironment to trigger the Fenton reaction 
to kill tumor cells.

Biocompatibility Evaluation of mFeB@PDA-FA NPs
Good biocompatibility is one of the important prerequisites for the application of nanocomposites in vivo. Therefore, 
a hemolysis assay was performed to assess the hemocompatibility of mFeB@PDA-FA. As shown in Figure S12, 
a significant hemolysis was observed in DI water, whereas the RBCs incubated with various concentrations of 
nanocomposites did not show obvious damage with the hemolysis rate less than 5% even at the highest concentration 
(800 μg mL−1). Furthermore, the cytotoxicity of mFeB@PDA-FA was evaluated in bone marrow stromal cells (BMSCs) 
and human umbilical vein endothelial cell line cells (HUVECs) by CCK8 assay. As shown in Figure S13, there was no 
significant decrease in the survival rates of HUVECs and BMSCs after incubation with different concentrations of 
mFeB@PDA-FA for 24 or 48 h. These results confirmed that mFeB@PDA-FA with desirable hemocompatibility and 
excellent biocompatibility could be used as a nanotherapeutic platform for systemic intravenous administration.

Evaluation of Chemodynamic Performance
The Fenton reaction follows a quasi-first-order kinetic model, accompanied by a certain activation energy barrier. The 
increase of temperature can boost the energy of reactant molecules and promote the effective collision, thereby 
accelerating the reaction rate and resulting in an increased amount of ˙OH generated per unit time. In order to explore 
the promotion effect of hyperthermia on the catalytic performance of nanocomposites, the ability of mFe3O4 to catalyze 
H2O2 to produce ˙OH at different temperatures was further investigated. Electron spin resonance (ESR) spectroscopy 
could be regarded as a convincing means to identify ˙OH generation by using 5.5-dimethyl-1-pyrroline N-oxide (DMPO) 
as the probe to capture the short-lived ˙OH. As shown in Figure 3B, considerable levels of ˙OH were produced in 
mFe3O4 + H2O2 group under mildly acidic and hyperthermia conditions as demonstrated by the characteristic 
1:2:2:1·˙OH signal in the ESR spectrum. These results revealed that the local high temperature could accelerate the 
Fenton reaction of Fe ions to produce a large amount of ˙OH in the tumor mildly acidic microenvironment.

Considering the effect of thermal enhancement on promoting ˙OH generation, the catalytic activity of mFe3O4 was further 
evaluated by a colorimetric reaction based on 3,3,5,5-tetramethyl-benzidine (TMB). The peroxidase-like activity of Fe ions 
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could disintegrate H2O2 into ˙OH, which could oxidize TMB to blue-colored oxTMB, accompanied by an increase in the 
characteristic absorbance at 652 nm (Figure 3A). The temperature of the reaction system with or without 808 nm laser 
irradiation was simulated by a water bath with different temperatures (25 °C, 45 °C). As shown in Figure S14, there was no 
obvious absorbance changes in the pure PBS and PBS + H2O2 group, while characteristic absorption peak at 652 nm was 
observed in the mixed solution containing mFe3O4 NPs, TMB and H2O2. As expected, the absorbance of the reaction system 
at 652 nm was further increased at higher temperature, indicating the positive promoting effect of hyperthermia on Fe2+- 
dependent peroxidase-like activity.

In order to further clarify the catalytic performance of mFe3O4 NPs, the typical Michaelis-Menten steady-state kinetics of 
the reactions between mFe3O4 and H2O2 was determined using biue-colored oxTMB as an indicator of ˙OH generation. 
Initially, the time-dependent absorbance curves were obtained by adding H2O2 to mFe3O4 suspension with a fixed concentra-
tion at different temperatures (Figure 3C and F). The initial reaction rate (v0) corresponding to different H2O2 concentrations 
was calculated using the Beer-Lambert law (Eq (2)) according to the change of absorbance at 652 nm in a specified time 
period. Subsequently, the scatter diagram was plotted with various concentrations of H2O2 as the abscissa and the correspond-
ing v0 as the ordinate, followed by fitting with the Michaelis-Menten curve (Eq (3) and Figure 3D). Furthermore, the Km and 
Vmax of the catalytic reaction at room temperature were calculated to be 18.76 mM and 2.86×10−8 M s−1, respectively by 
Lineweaver-Burk plot (Eq (4) and Figure 3E). In addition, considering the promotion effect of local high temperature on 

Figure 3 (A) Schematic illustration of colorimetric reaction induced by the catalysis of mFe NPs. (B) ESR spectra of different reaction systems using DMPO as the spin trap. 
(C and F) Time-course absorbance changes at 652 nm as a result of the catalyzed oxidation of TMB at (C) 25 °C and (F) 45 °C with the addition of elevated concentrations 
of H2O2. (D, E, G and H) Michaelis-Menten kinetics and Lineweaver-Burk plotting of mFe NPs with elevated concentrations of H2O2 as the substrate at (D and E) 25 °C 
and (G and H) 45 °C.
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peroxidase-like activity, the catalytic performance of mFe3O4 was further investigated by TMB-induced colorimetric reaction 
at 45 °C with different concentrations of H2O2 as substrate. As expected, the catalytic reaction at high temperature also 
followed the Michaelis-Menten behavior and the Km and Vmax were determined to be 16.21 mM and 4.35×10−8 M s−1, 
respectively, according to aforementioned procedure (Figure 3G and H). Compared with Vmax at room temperature, the 
elevated Vmax promoted by the hyperthermia demonstrated that PTT could achieve more ideal anti-tumor efficacy by 
facilitating the Fenton reaction.

Cellular Uptake Assay
The effective endocytosis of nanocomposites by tumor cells is one of the prerequisites for the realization of tumor 
synergistic therapy.38 Thanks to the red fluorescence of Ce6, the cellular uptake behavior of free Ce6 or Ce6-labeled 
nanocomposites by MNNG/HOS cells was investigated by a fluorescence microscopy. As shown in Figure 4A, after 
incubation of free Ce6 with MNNG/HOS cells for 4 h, only weak red fluorescence signal was observed, indicating that 
Ce6 was not effectively taken up by tumor cells due to its poor solubility. In contrast, the fluorescence intensity in 
mFe@PDA/Ce6 group was stronger than that in the free Ce6 group, which could be attributed to the improvement of cell 
uptake behavior due to the presence of PDA shell. More importantly, due to the overexpression of folate receptor on 

Figure 4 (A) Fluorescence microscopy images of MNNG/HOS cells after incubation with (1) free Ce6, (2) mFe@PDA/Ce6, (3) mFe@PDA-FA/Ce6, (4) mFe@PDA-FA/Ce6 + free 
FA. (B) The cell viability of MNNG/HOS cells after co-incubation with mFe, mFeB@PDA-FA and mFeB@PDA-FA + NIR. (C) Intracellular GSH level of MNNG/HOS cells after 
treated with mFe, mFeB@PDA-FA and mFeB@PDA-FA + NIR. (D) DCFH-DA staining, (E) calcein-AM/PI double staining and (F) JC-1 staining of MNNG/HOS cells after different 
treatments: (1) control, (2) mFe, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. (G) Bio-TEM images of micromorphological changes of MNNG/HOS cells after different 
treatments. The blue and red arrows indicate relative normal and damaged mitochondria, respectively.
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various tumor cells surface, the FA modification significantly increased the uptake efficiency of MNNG/HOS cells for 
mFe@PDA-FA/Ce6, which could be confirmed by the brightest red fluorescence in the mFe@PDA-FA/Ce6 group. In 
addition, a competitive inhibition assay of FA molecule was further conducted to explore the targeting ability of FA. As 
expected, pretreatment with free FA molecules significantly reduced the fluorescence intensity of MNNG/HOS cells 
compared to the stronger fluorescence signal in mFe@PDA-FA/Ce6 group, demonstrating that FA is one of the critical 
factors in mediating cell endocytosis.

In vitro GSH Elimination and Synergistic Cytotoxicity
The in vitro cytotoxicity of different formulations on MNNG/HOS cells was evaluated by the typical CCK-8 assay. As 
shown in Figure 4B, mFe3O4-based nanocomposites exhibited obvious dose-dependent cytotoxicity. Among all treatment 
groups, the mFeB@PDA-FA group exhibited remarkable tumor inhibition efficiency after irradiation with 808 nm laser 
(1 W cm−2) for 5 min, with a inhibition rate up to 83.7% at a concentration of 200 μg mL−1. These results could be 
attributed to the synergistic enhancement of PTT-induced hyperthermia on ferroptosis.

The fabricated synergistic nanotherapeutic platform mFeB@PDA-FA was designed to elevate intratumor oxidative 
stress level by promoting ROS generation and inhibiting GSH biosynthesis. Given that BSO-blocked GSH replenishment 
is a critical factor in ROS accumulation, the intracellular GSH level of different groups were detected by a GSH and 
GSSD assay kit. As shown in Figure 4C, after co-incubation with BSO-containing nanocomposites, the intracellular GSH 
level in MNNG/HOS cells showed a significant decrease compared to the control group, and with the intervention of 808 
nm laser irradiation, the GSH content in mFeB@PDA-FA + NIR group showed a further decline. These results suggested 
that the increased endocytosis of nanocomposites and hyperthermia-enhanced nanocatalytic therapy could significantly 
reduce the intracellular GSH level. More importantly, the consumption of GSH can lead to the inactivation of GPX4, 
which deprives GPX4 of its ability to catalyze lipid peroxides reduction. Therefore, the GPX4 activity in different groups 
was evaluated by monitoring the decrease in absorbance of nicotinamide adenine dinucleotide phosphate (NADPH) at 
340 nm. As shown in Figure S15, the GPX4 activity decreased significantly in the mFeB@PDA + NIR group, which was 
confirmed by the change of NADPH content over time.

Excessive production and accumulation of ROS could lead to intracellular redox imbalance and ferroptosis.39 Therefore, 
the intracellular ROS content in different groups were detected by a ROS-sensitive probe DCFH-DA, which could be oxidized 
by ROS to produce 2.7-dichlorofluorescein (DCF) with green fluorescence.40 As shown in Figure 4D, compared with the 
negligible green fluorescence in the control group, there was an obvious green fluorescence signal in the mFeB@PDA-FA 
group, which intensity could be further enhanced after 808 nm laser irradiation.

Furthermore, encouraged by the aforementioned GSH elimination and effective ROS accumulation, the effect of this 
combination therapy on LPO performance was further evaluated in vitro. The lipid peroxidation sensor C11- 
BODIPY581/591 was used to evaluate the lipid peroxide levels after different treatments. As shown in Figure S16, the 
cells of mFeB@PDA-FA + NIR group showed stronger fluorescence intensity than those of other groups, which indicated 
the effectiveness of mFeB@PDA-FA in inducing LPO. In addition, the typical LPO process involves ROS attacking 
unsaturated lipids to form lipid radicals, followed by the production of lipid peroxy radical in the presence of oxygen. 
Finally, lipid peroxides breaks down into small molecular by-products, in which malondialdehyde (MDA) fragments are 
considered to be one of the main end products (Figure S17).41,42 As shown in Figure S18, the MDA content in the 
mFeB@PDA-FA + NIR treatment group increased significantly compared with the other three groups, indicating that the 
combination of GSH elimination and photothermal-enhanced ROS generation could promote the occurrence of LPO for 
activating ferroptosis.

Ferroptosis refers to a form of cell death that relies on iron and LPO, which is mainly characterized by iron 
accumulation and increased lipid peroxides, resulting in the destruction of cell membrane structure and cell death. The 
combination of hyperthermia-enhanced Fenton reaction and GSH inhibition can accelerate the ˙OH oxidation of 
intracellular liposomes, thus causing irreversible damage to cells and significantly enhancing ferroptosis. Therefore, in 
order to more intuitively exhibit the killing effect of synergistic nanocatalytic therapy on tumor cells, Calcein-AM/PI 
staining was performed on MNNG/HOS cells after different treatments. As shown in Figure 4E, compared with the large 
area of green fluorescence in the control group, a gradual decrease in the green fluorescence region and a gradual increase 
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in the red fluorescence region were observed in the three subsequent treatment groups, demonstrating the powerful tumor 
killing effect of this synergistic therapy. Moreover, the close relationship between mitochondrial dysfunction and cell 
apoptosis has been confirmed by many studies.43 The depolarization of mitochondrial membrane potential of MNNG/ 
HOS cells after different treatments was monitored by a JC-1 fluorescent probe, which could emit red fluorescence in the 
form of aggregates in the normal mitochondrial matrix while emit green fluorescence in the form of monomer in the 
unhealthy mitochondria.44,45 As shown in Figure 4F, a bright red fluorescence signal of the JC-1 aggregates was observed 
in the control group, which intensity gradually decreased in the subsequent treatment, accompanied by the gradual 
enhancement of green fluorescence of JC-1 monomer, These results indicated that the treatment of mFeB@PDA-FA + 
NIR could lead to the reduction of mitochondrial membrane potential of MNNG/HOS cells. Further, the morphological 
changes of mitochondria after different treatments were observed by bio-TEM. As indicated, the mitochondrial mor-
phology in mFeB@PDA-FA + NIR group showed dramatic changes, including volume reduction, increased membrane 
density and mitochondrial ridges destruction (Figure 4G). Collectively, all the results indicated that mFeB@PDA-FA 
could effectively disrupt redox homeostasis through PTT-enhanced Fenton reaction and BSO-blocked GSH biosynthesis, 
thus achieving desirable tumor killing effect.

In vivo Biodistribution and Photothermal Performance
The specific tumor targeting of nanocomposites is one of the prerequisites for their synergistic treatment of tumors.46 

Therefore, the biodistribution of nanocomposites in MNNG/HOS tumor-bearing mice was investigated by in vivo 
fluorescence imaging. As shown in Figure 5A, the fluorescence signal of the tumor region gradually increased with 
time and reached a plateau at 6 h post-injection, which provided a basis for us to select the optimal illumination time. 
Interestingly, residual fluorescence signal was still detectable in the tumor region 24 h after intravenous injection, 
indicating that the nanocomposites were able to achieve a high degree of retention within the tumor. At 24 h after 
intravenous injection, the mice were sacrificed and tumor tissues and major organs (heart, liver, spleen, lung, kidney) 
were collected for ex vivo fluorescence imaging (Figure 5B). The results of semiquantitative mean fluorescence intensity 

Figure 5 (A) Fluorescence distribution images of MNNG/HOS tumor-bearing mice intravenously injected with mFe@PDA-FA/Ce6 at different time points. (B) Ex vivo 
fluorescence images of major organs (heart, liver, spleen, lung and kidney). (C) Fluorescence semiquantitative analysis of tumor tissues and major organs (heart, liver, spleen, 
lung and kidney). (D) Schematic illustration of in vivo photothermal effect of mFeB@PDA-FA NPs under 808 nm laser irradiation. (E) Infrared thermal images and (F) 
corresponding temperature elevation curves at the tumor region of MNNG/HOS tumor-bearing mice after intravenous injection of PBS or mFeB@PDA-FA NPs followed by 
808 nm laser (1.0 W cm−2) irradiation.
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(MFI) analysis showed that the fluorescence signal was mainly concentrated in the tumor and stronger than that in the 
major organs, which further demonstrated the high tumor uptake and retention ability of the nanocomposites (Figure 5C).

Encouraged by the specific targeted tumor accumulation and ideal photothermal conversion properties of the 
mFeB@PDA-FA NPs, we further investigated whether mFeB@PDA-FA could achieve desired high temperature at the 
tumor site to kill tumors after laser irradiation. After 6 h of intravenous injection of mFeB@PDA-FA suspension in tumor- 
bearing mice, the tumor region was subjected to 808 nm laser irradiation for 5 min and the real-time temperature changes 
were recorded by an infrared thermal camera (Figure 5D). As shown in Figure 5E and F, the temperature of the tumor region 
increased slightly in the control group, while the temperature of the mFeB@PDA-FA + NIR group showed a significant 
increase from 37.4 °C to 47.6 °C within 5 min. This result indicated that mFeB@PDA-FA could accumulate at the tumor 
site through the EPR effect and the active targeting effect of FA, and then generate hyperthermia under 808 nm laser 
irradiation by virtue of its excellent photothermal conversion performance to enhance the effect of synergistic therapy.

In vivo Antitumor Efficacy
Encouraged by the excellent therapeutic effects in vitro and favorable photothermal conversion performance of 
mFeB@PDA-FA in vivo, the synergistic anti-tumor effect of mFeB@PDA-FA in vivo was further explored. As shown in 
the Figure 6A, MNNG/HOS tumor-bearing mice were randomly divided into four groups (n = 5) and injected with 

Figure 6 (A) Schematic illustration of the creation of MNNG/HOS tumor-bearing mice and the procedures of anticancer treatment. (B) Changes in the relative tumor 
volume of tumor-bearing mice during 14 days-treatment (****P < 0.0001). (C) Representative images of tumor-bearing mice and (D) digital photographs of tumors after 
various treatments: (1) control, (2) mFe, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. (E) Tumor weights in different treatment groups. (F) Changes in body weight of 
tumor-bearing mice during treatment (***P < 0.001, ****P < 0.0001). (G) H&E staining, (H) Ki-67 immunofluorescence staining and (I) GPX4 immunofluorescence staining 
of tumor tissue sections from different treatment groups: (1) control, (2) mFe, (3) mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR.
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corresponding preparations through the tail vein when the tumor grew to an appropriate size: (1) control, (2) mFe3O4, (3) 
mFeB@PDA-FA, (4) mFeB@PDA-FA + NIR. The tumor-bearing mice in group (4) were subjected to 808 nm (1 W cm−2) 
laser irradiation for 5 min at 6 h post-intravenous injection of mFeB@PDA-FA according to the results of biodistribution 
in vivo. Throughout the treatment period, the mice received repeated treatment on days 0, 4, 8, 12, respectively, and the 
tumor volumes and body weights of mice were recorded every other day. As shown in Figure 6B, mFe3O4 treatment inhibited 
tumor growth to a certain extent in mice compared to uncontrolled tumor growth after intravenous administration of PBS, 
implying that mFe3O4 was able to achieve in vivo antitumor efficacy by converting H2O2 in the TME into highly toxic ˙OH 
through Fe2+-dependent peroxidase-like activity. Unsurprisingly, BSO-blocked GSH biosynthesis and FA-mediated active 
targeting endowed mFeB@PDA-FA with more desirable anti-tumor effect, which was confirmed by the more pronounced 
tumor inhibition efficiency in the group (3). More importantly, the best tumor inhibitory effect was achieved by 
mFeB@PDA-FA + NIR, confirming that photothermal effect could effectively enhance the tumor inhibition effect of the 
synergistic nanocatalytic therapy in vivo. After 14 days of treatment, the mice were sacrificed and the excised tumors in each 
group were weighted and photographed. As seen from the visual photographs of tumor-bearing mice and harvested tumors 
(Figure 6C and D), mFeB@PDA-FA + NIR treatment possessed the most obvious tumor inhibitory effect, which was 
consistent with the tumor weight results (Figure 6E). In addition, the body weight of the tumor-bearing mice treated with 
different formulations did not fluctuate obviously throughout the treatment period, indicating that mFeB@PDA-FA pos-
sessed good biological safety in vivo and had no significant influence on the growth and development of mice (Figure 6F). 
Furthermore, H&E staining were performed on tumor slices to investigate the pathological changes of tumor tissues after 
different treatments. As shown in Figure 6G, a small fraction of necrosis of tumor cells was observed in the mFe3O4 

treatment group, while the necrotic regions at the tumor sites gradually increased with the progress of nanocatalytic therapy, 
especially after receiving laser irradiation. Additionally, the cell proliferation in tumor sections was evaluated by Ki-67 
immunofluorescence staining. As expected, cell proliferation was significantly inhibited in the mFeB@PDA-FA + NIR 
treatment group, as evidenced by the lowest Ki-67 antigen expression (Figure 6H). Next, the expression of ferroptosis marker 
GPX4 in different treatment groups was examined. As shown in Figure 6I, mFeB@PDA-FA + NIR mediated GSH 
elimination and oxidative damage amplification could effectively reduce the GPX4 level in tumor tissue. These results 
fully revealed the enhancement effect of photothermal effect on the nanocatalytic therapy. Finally, H&E staining was 
performed on the major organs (heart, liver, spleen, lung, kidney) of all treatment groups and no significant histological 
changes were observed (Figure S19). Meanwhile, the blood biochemistry analysis showed no abnormalities in liver function 
markers (alanine aminotransferase (ALT), aspartate aminotransferase (AST)) and renal function markers (blood urea nitrogen 
(BUN), creatinine (CREA)) on day 14 after intravenous injection of mFeB@PDA-FA (Figure S20). These results confirmed 
that mFeB@PDA-FA had a desirable biosafety and deserved to be an ideal candidate for in vivo synergistic tumor therapy.

Conclusions
In summary, a TME-responsive nano-catalytic therapeutic platform (mFeB@PDA-FA NPs) was developed to improve 
the efficiency of ferroptosis in tumor treatment through photothermal-enhanced Fenton reaction and the inhibition of 
GSH biosynthesis. This nanotherapeutic platform not only achieved high tumor inhibition efficiency but also provided 
a new perspective for the subsequent design and development of novel synergistic therapeutic platforms.
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