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Purpose: Hepatocellular carcinoma (HCC) remains a major global oncological burden, with conventional therapies showing limited
efficacy. This study aimed to utilize pyroptosis to alleviate the tumor’s immunosuppressive microenvironment, enhance systemic
immunity, and improve immunotherapy efficacy, focusing on precise selection of pyroptosis inducers, immunotherapeutic agents, and
drug delivery strategies.

Methods: After synthesizing AE-FeMn/FA, its morphology, particle size, and Zeta potential were characterized. We evaluated its
catalytic performance in activating H,O, to produce -OH, ability to trigger cellular pyroptosis, and in vitro/in vivo anti-tumor effects.
Combined with BMS-202, we explored suppression of the PD-1/PD-L1 complex and synergistic induction of pyroptosis.

Results: Intravenous AE-FeMn/FA targeted HCC, with controlled AE release triggering pyroptosis and anti-tumor immunity. BMS-
202 alleviated immunosuppression, enhancing AE-FeMn/FA-induced anti-tumor responses, achieving synergistic immune-mediated
cancer cell elimination.

Conclusion: The synergistic approach of pyroptosis combined with an enhanced immunotherapy nanoplatform shows promise as an
effective HCC immunotherapy strategy, with significant clinical translation potential. Future studies will optimize the platform and
conduct clinical trials.
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Introduction

The development of immune checkpoint blockade therapy (ICB) has witnessed exponential growth in recent years,
translating into significant clinical benefits and novel treatment strategies for patients with advanced malignancies.'~
This treatment modality exerts dual - pronged anti - tumor effects: it directly targets cancer cells with cytotoxic activity
while concurrently activating and recruiting immune cells. By orchestrating this immunostimulatory cascade, it sig-
nificantly strengthens the host’s endogenous anti - tumor immune defenses.>* Despite significant advancements in cancer
therapy, numerous critical challenges persist in clinical practice: The response rate to single-agent ICB therapy remains
low among most patients with solid tumors. For instance, the response rate to single-agent ICB in hepatocellular
carcinoma is less than 20%, which is closely associated with low tumor immunogenicity and the influence of an
immunosuppressive microenvironment.” Additionally, systemic administration is prone to inducing immune-related
adverse events such as colitis and pneumonia, while primary or acquired drug resistance tends to emerge during long-
term treatment.® Furthermore, macromolecular ICB antibodies exhibit poor tissue penetration and fail to efficiently
accumulate in the deep microenvironment of solid tumors, thereby further restricting the full exertion of therapeutic
efficacy.” Notably, the tumor immune - suppressive microenvironment (TME) poses a significant hurdle, as it often
dampens the effectiveness of immunotherapeutic interventions, thereby limiting treatment outcomes.™” The TME harbors
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a unique set of conditions, including hypoxic stress, acidic extracellular environments, and limited nutrient availability.
These factors collectively modify immune cell activity and disrupt critical signal transduction networks in tumor cells,
thereby hindering the immune system’s capability to recognize and annihilate malignant cells.'®'" A novel mode of
inflammatory cell death, known as cell pyroptosis, has been reported as an immune-assisted strategy mediated by
gasdermin-induced cell lysis.'? This biological mechanism involves the breach of cell membrane integrity, causing the
following release of components within the cells. These released substances trigger the activation of cytotoxic lympho-
cytes, which then actively seek out and eliminate tumor cells.'*'* The interplay between cell pyroptosis and tumor
immunotherapy has become a focal point in oncology research. This mechanism has shown great potential as an effective
approach for improving cancer treatment outcomes, providing new insights into immunomodulatory strategies.

Metal ion-mediated immunotherapy, particularly utilizing transition metal ions Fe®" and Mn?®’, can interact with
hydrogen peroxide present in the tumor microenvironment to generate oxidative species, specifically reactive oxygen
species (ROS).">"'7 These ROS not only activate the inflammasome as a secondary signal but also facilitate chemody-
namic therapy and induce immunogenic cell death.'® During pyroptosis, the secretion of immunosuppressive cytokines
paradoxically facilitates robust immunogenic cell death. This process initiates the liberation of antigens associated with
tumors and specific to tumors, while simultaneously exposing “danger signals” that activate the immune system. This, in
turn, activates dendritic cell maturation, induces tumor-specific T cell immune responses, and ultimately eradicates tumor
cells.'”?® However, the rapid clearance of free Fe’" and Mn®" in the body, along with the abundant quantity of
glutathione in the neoplastic microenvironment, neutralizes the reactive oxygen species, limiting the efficacy of the
immune response.”'** To address this challenge, researchers have explored delivery strategies for Fe’" and Mn?",
particularly focusing on the development of nanoplatforms that enable targeted delivery and efficient release in the tumor
microenvironment.”> Metal-organic framework (MOF) nanoparticles have emerged as highly promising candidates for
serving as metal sources and drug transportation vehicles in ROS - initiated pyroptosis, mainly because of their
remarkably large specific surface area and unique porous structure. This unique structural feature endows them with
remarkable capabilities to encapsulate and deliver therapeutic agents efficiently, while also enabling the controlled
release of metals essential for triggering pyroptotic pathways.?**>

Aloe emodin (AE), an anthraquinone molecule extracted from a diverse range of plant species in nature, has risen to
prominence as a key area of scientific investigation. Its wide - ranging pharmacological properties, encompassing counter
- inflammatory, antioxidant, and tumor - inhibiting capabilities, have propelled it to the forefront of research in drug
discovery and therapeutic development.”®’ AE exhibits a wide range of anti-tumor properties by inhibiting the synthesis
of DNA, RNA, as well as proteins in malignant cells, blocking the growth progression of cancer cells, and restricting
cancer cell metastasis, thereby demonstrating its anti-tumor potential.*® > Current research has explored nanodelivery
systems for AE, such as liposomes and polymeric nanoparticles. These studies have confirmed that nanocarriers can
enhance the water solubility of AE, prolong its circulation time, and improve tumor accumulation.*' * Nevertheless, the
limited aqueous solubility and suboptimal bioavailability of AE currently pose significant obstacles to its translation into
clinical practice, hindering the realization of its full therapeutic potential.** Consequently, it is crucial to investigate
different approaches for increasing its solubility and optimizing its transport to the tumor location. Folate (FA),
a naturally occurring ligand that binds to the folate receptor (FR), has been extensively studied as a targeting ligand
for nanoparticle delivery owing to its high affinity, small size, and non-toxicity.>>’

Guided by the insights discussed earlier, this study employs FA-modified FeMn-MOF as the carrier: The FA ligand
can specifically bind to folate receptors highly expressed on tumor cells, enabling active targeted delivery of AE and
thereby reducing off-target toxicity; The porous structure of MOFs allows for efficient loading of AE and triggers precise
drug release by leveraging characteristics of the tumor microenvironment (such as acidic pH and high H,0, levels);
Meanwhile, the FeMn nanoskeleton possesses Fenton-like catalytic activity, which can induce ROS generation and
synergistically enhance antitumor efficacy with the inherent pharmacological effects of AE. The synthesis procedure is
schematically illustrated in Scheme 1. The nanoparticle synthesis process is simple and efficient, substantially enhancing
the solubility of aloe emodin, Fe’*, and Mn?" in water, while also exhibiting excellent biocompatibility. Upon
intravenous administration, AE-FeMn/FA nanoparticles can be transported and accumulated at the tumor site, where
the nanoparticles rapidly degrade due to the weak acidity and reductive conditions of the tumor microenvironment,
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Scheme | Schematic representation of the molecular mechanisms by which AE-FeMn/FA exerts antitumor effects through pyroptosis and immunoregulation.

releasing AE, Fe*", and Mn?*. These metal ions (Fe>* and Mn*") not only induce inflammasome activation through the
formation of ROS, caspase-3 cleavage, and pyroptosis induction in conjunction with AE but also enhance immunogenic
cell death triggered by ROS and pyroptosis. This mechanism triggers the recruitment of additional dendritic cells,
enabling them to efficiently recognize tumor cells. Subsequently, this process initiates antigen - specific T cellular
invasion into the neoplastic microenvironment, ultimately culminating in the establishment of a potent anti - tumor
immune reaction. Laboratory - based and animal model studies have demonstrated the significant advantages of our
engineered AE-FeMn/FA nanoparticles in inhibiting tumor growth, especially when integrated with the small molecule
PD-1/PD-L1 immunosuppressant BMS-202. As a result, the application of AE-FeMn/FA nanoparticles realizes the
synergistic immunotherapeutic effect of the bimetallic organic framework and AE-induced pyroptosis, enhancing

immunogenic cell death, and providing a new method for the treatment of immunosuppressed tumors.

Materials and Methods

Material

All chemicals, including aloe-emodin, anhydrous ethanol, and methanol, were purchased from the Chemical Company of
Chengdu Kelong. For biological assays, the ATP Assay Kit, along with Alexa Fluor 488- and Secondary antibodies
tagged with Cyanine 3 (Cy3), were sourced from Beyotime. The DyLight™ 680-conjugated fluorescent secondary
antibody was obtained by procurement from Cell Signaling Technology, Inc. (CST). Epizyme Biomedical Technology
Co., Ltd. For cell analysis, the FITC - conjugated Annexin V apoptosis assay kit, calcein acetoxymethyl/ propidium
iodide viability testing kit, 2',7'-dichlorodihydrofluorescein diacetate fluorescent probes, JC-1-based mitochondrial

membrane potential measurement kit, and extra radioimmunoprecipitation assay lysis buffer were procured from
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Beyotime located in Shanghai, China. Finally, NeoBioscience Biotechnology Co., LTD. provided ELISA kits for mouse
TNF-a, IL-1pB, IL-18, and IFN-y, enabling the quantification of key cytokines in the study.

Antibodies and Kits

True-Nuclear™ Mouse Treg Flow™ Kit (FOXP3 APC), catalog number [320029, BioLegend], was used at a dilution
ratio of 1:200. Brilliant Violet 510™-conjugated anti-mouse CD4 antibody (clone GK1.5), catalog number [320029,
BioLegend], was used at a dilution ratio of 1:200. PE-labeled anti-mouse/human CDl1lc antibody, catalog number
[FC0480, Signalway Antibody], was used at a dilution ratio of 1:300.HMGB1 rabbit monoclonal antibody (catalog
number ab79823, ABclonal) was used at a dilution ratio of 1:1000 for Western blot analysis and 1:500 for immuno-
fluorescence (IF) experiments.CRT rabbit monoclonal antibody (catalog number A20986, ABclonal) was used at
a dilution ratio of 1:500 for IF experiments. B-actin rabbit monoclonal antibody (catalog number 66009-1-Ig,
Proteintech Group) was used at a dilution ratio of 1:5000 for Western blot analysis.NLRP3 rabbit polyclonal antibody
(catalog number obtained from ABclonal official website) was used at a dilution ratio of 1:1000—1:2000 for Western blot
analysis and 1:100-1:300 for immunohistochemistry (IHC) experiments. It was utilized to detect the expression and
changes of NLRP3 protein, which is of great significance for studying inflammation-related signaling pathways.Caspase-
3 rabbit monoclonal antibody (catalog number obtained from ABclonal official website) was used at a dilution ratio of
1:1000-1:3000 for Western blot analysis and 1:50—1:200 for immunocytochemistry (ICC)/IF experiments. It was
employed to detect the activation and expression of Caspase-3 protein, which is closely related to the process of cell
apoptosis. GSDME rabbit monoclonal antibody (Cat. #40618S, Cell Signaling Technology) was used at a dilution ratio of
1:1000 for Western blot analysis.N-GSDME rabbit monoclonal antibody (Cat. #40618S, Cell Signaling Technology) was
used at a dilution ratio of 1:1000 for Western blot analysis.CD86 monoclonal antibody (catalog number 65592-1-MR,
Proteintech) was used at a dilution ratio of 1:200.CD80 monoclonal antibody (catalog number 98384-1-RR, Proteintech)
was used at a dilution ratio of 1:300.

Methods

Synthesis of AE-FeMn/FA

Briefly, FeCl3-6H,0 (2.5 mmol) and H,BDC (3.75 mmol) were dissolved in N, N-dimethylformamide (DMF, 15 mL)
and stirred at room temperature for 10 minutes using a magnetic stirrer. Subsequently, the mixture was stirred at 70°C for
24 hours. After the reaction, the mixture was centrifuged at 12,000 rpm for 10 minutes, and the resulting precipitate was
collected. The precipitate was sequentially washed with DMF (50 mL x 3), ethanol (50 mL x 3), and ultrapure water
(50 mL x 3), with centrifugation performed after each washing step to collect the precipitate. The collected precipitate
was redispersed uniformly in ultrapure water (40 mL) via ultrasonication. An appropriate amount of KMnO, solution
(10 mg/mL) was added dropwise to the above dispersion, and the reaction was allowed to proceed for 2 hours.
Subsequently, a suitable volume of citric acid solution (1.5 mg/mL) was added dropwise, and the mixture was stirred
at room temperature for 24 hours using a magnetic stirrer. The precipitate was then collected by centrifugation at
12,000 rpm for 10 minutes. The collected precipitate was redispersed uniformly in ultrapure water. AE (1 mg) was
dissolved in 1 mL of dimethyl sulfoxide (DMSO), and the AE solution was added to the precipitate dispersion. The
mixture was stirred at room temperature for 24 hours, followed by centrifugation at 13,000 rpm for 15 minutes to collect
the precipitate. The resulting precipitate was redispersed uniformly in ultrapure water via ultrasonication. Folic acid (FA,
5 mg) was dissolved in 1 mL of 0.1 M NaOH and diluted with 4 mL of ultrapure water. The pH was adjusted to 7.4 using
0.1 M HCI. Under sonication, the FA solution was added dropwise to the AE-FeMn dispersion. Subsequently, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC, 10 mg) and N-hydroxysuccinimide (NHS, 6 mg) were added to activate
carboxyl groups on FA for covalent conjugation to surface amino groups on FeMn-MOF. The reaction proceeded at room
temperature for 24 h under gentle stirring. The final product, AE-FeMn/FA, was collected by centrifugation (12,000 rpm,
10 min), washed thoroughly with ultrapure water to remove unreacted reagents, and stored at 4°C.

11650 ‘o= International Journal of Nanomedicine 2025:20



Xie et al

Determination of Drug Encapsulation Efficiency and Loading Capacity of AE
The encapsulation efficiency (EE) and drug loading capacity (LC) of AE were determined using high-performance liquid
chromatography (HPLC), with the specific procedures as follows:

After the synthesis of AE-FeMn/FA, unloaded free AE was separated from the nanoparticles by ultracentrifugation
(13,000 rpm, 15 minutes). The supernatant containing free AE was collected, and the precipitate was resuspended in
ultrapure water for subsequent analysis. Appropriate HPLC conditions were set. A series of AE standard solutions with
known concentrations were prepared, and their peak areas were measured to establish a linear regression equation
correlating peak area with AE concentration.

Calculations:

Encapsulation Efficiency (EE, %)= ToldE=FreedEs 1 (0%,

TotalAE
Drug Capacity (LC, %)= LoadE=FreedE 1oy

Mass of nanoparticles
All measurements were performed in triplicate, and the results are expressed as mean + standard deviation.

AE Release Kinetics Assay

Exactly 5 mg of AE-FeMn/FA nanoparticles were accurately weighed and dispersed in 5 mL of release medium, which
included phosphate-buffered saline (PBS, pH 7.4) and acetate buffer (pH 5.5, simulating the intracellular lysosomal
environment). The dispersion was transferred into a dialysis bag (molecular weight cutoff: 3.5 kDa), which was then
sealed and immersed in a centrifuge tube containing 45 mL of the corresponding release medium. The centrifuge tube
was placed in a constant-temperature shaker at 37°C with continuous oscillation at 100 rpm. Samples (5 mL each) were
collected at 0, 1, 2, 4, 8, 12, and 24 hours, and an equal volume of fresh release medium was replenished immediately
after each sampling to maintain a constant total volume. The concentration of AE in the released medium was determined
using HPLC, and the cumulative release rate was calculated accordingly. Each pH group was performed in triplicate, and
the results are expressed as mean + standard deviation.

Characterizations

The size and shape of FeMn and AE-FeMn/FA nanoparticles were examined by transmission electron microscopy
(TEM), meanwhile, the DLS - based size distribution and the Zeta potential were quantified with a Malvern Zetasizer.
The absorbance of FeMn, AE, AE-FeMn, and AE-FeMn/FA in the wavelength range of 250—600 nm was identified by
means of ultraviolet - visible spectrometers (Metash, UV - 5500PC). Additionally, the UV-visible absorption spectra of
AE and AE-FeMn/FA were also obtained.

Cell Lines and Animals

The Hepal - 6 and Hepal - 6 - Luci hepatocellular carcinoma cell lines were acquired from Wuhan Pricella Biotechnology
Co., Ltd. Hepal - 6 - Luci and Hepal - 6 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin - streptomycin mixture. These cell cultures were maintained under
a humidified environment at 37°C with 5% CO, to ensure optimal growth conditions. Four - week - old C57BL/6 mice were
acquired from the Experimental Animal Center of Guilin Medical University. All procedures involving animals were
executed according to the standards and provisions approved by the Ethics Committee of Hospital of Guilin Medical
University (Approval No. GLMC202303112). In subsequent cell experiments, unless otherwise specified, the concentra-
tions of the drugs used are as follows: AE at 10 uM; FeMn, AE-FeMn, and AE-FeMn/FA at 25 pg/mL. For animal
experiments, the dosages are as follows: AE at 30 mg/kg; FeMn, AE-FeMn, and AE-FeMn/FA at 80 mg/kg; and BMS-202
at 5 mg/kg.

Cell Viability Assays

The Hepal - 6 and THLE - 2 cell cultures were placed in 96 - well plates at a density of 7000 cells per well and left to
grow overnight. According to the experimental design, different concentrations of FeMn, AE-FeMn, and AE-FeMn/FA
were introduced into the cells, followed by 24 hours for incubation. The drug-free control group was included as
a baseline for comparison. The CCKS8 assay was employed to determine cell viability. The results were statistically
analyzed by utilizing GraphPad Prism 9 software.
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Cellular Uptake

To assess the uptake of AE-FeMn/FA nanoparticles by Hepal-6 cells, we seeded the cells in multi-well plates and
allowed them to attach. FCM - based cell analysis and inverted fluorescence microscopy were utilized to systematically
analyze the cellular uptake of AE-FeMn/FA. Specifically, 1 mg of AE-FeMn/FA was combined with 1 mg of Rhodamine
B (RhB), followed by vigorous stirring and centrifugation to generate RhB-encapsulated AE-FeMn/FA nanoparticles.
Hepal-6 cells were subsequently incubated together with RhB-loaded AE-FeMn/FA nanoparticles at specified time
points (0 h, 1 h, 2 h, 4 h, and 8 h) to determine the temporal pattern of nanoparticle uptake. Post-incubation, the cells
received a sequence of washings with fresh PBS to eliminate extracellular nanoparticles. Intracellular localization of AE-
FeMn/FA was evaluated by means of an inverted fluorescence microscope. For better visualization of cellular structures,
The cell nuclei underwent staining with Hoechst 33342 at a concentration of 10 pg/mL for 10 minutes before
microscopic observation. Additionally, cells incubated with RhB-loaded AE-FeMn/FA at the same time points as in
the previous experiment were subjected to fluorescence intensity measurement using FCM. For the experimental
arrangement, the excitation wavelength was adjusted to 488 nm and the emission wavelength to 525 nm in order to
accurately record the fluorescence signals. This measurement allowed for a quantitative assessment of the internalized
AE-FeMn/FA.

Alive/Dead Cell Staining Experiment

Hepal - 6 cell lines were plated in 6 - well plates at a seeding density of 100,000 cells per well and incubated overnight.
Subsequently, the cells were separated into various treatment groups.: I) Control; II) FeMn; III) AE; IV) AE-FeMn; V)
AE-FeMn/FA. After incubating the cells for 24 hours, they underwent staining with calcein - AM and propidium iodide
(PI) over 15 minutes. Ultimately, the stained cell samples were subjected to detailed observation and quantitative analysis
with the employment of an inverted fluorescence microscope. This method enabled the accurate discrimination between
viable and non - viable cells based on their distinct fluorescence characteristics.

EdU - Based Cell Proliferation Assay

Hepal - 6 cells were plated in 48 - well plates at a seeding density of 1.5x10° cells per well. After allowing the cells to
attach, they were treated differently and cultured for a duration of 24 hours. To assess cell proliferation, the cells were
labeled according to the EdU kit guidelines. Subsequently, the cells were immobilized with a 4% paraformaldehyde
solution to preserve cell morphology. The proliferating cells were labeled with the EdU reagent, while the nuclei were
stained with the DAPI reagent. Fluorescent pictures of the dyed cells were captured via an inverted fluorescence
microscope. Subsequently, Image]J software was employed to perform a measurement - based analysis of Cells positive
for EdU, enabling the determination of relative cell multiplication levels across various treatment conditions.

TUNEL Staining Analysis

The Hepal-6 cell specimens were seeded in 24-well plates and remained for 24 hours to adhere. After this initial
incubation, the cells were given treatments as per the experimental protocol. Next, the cells were flushed with PBS and
then preserved using 4% paraformaldehyde for 25 minutes. To facilitate antibody penetration, the cells’ permeability was
induced using a 0.3% Triton X-100 PBS solution. Subsequently to permeabilization, 100 puL of a thoroughly mixed
TUNEL detection reagent was introduced into each well, and the plates were cultivated at 37 degrees Celsius in the dark
for 60 minutes. To eliminate residual, unbound reagents, the cells experienced three successive cleansings with PBS.
Next, inverted fluorescence microscopy was employed to visualize and identify apoptosis - exhibiting cells, which were
characterized by the occurrence of fragmented DNA.

Assay for Cell Apoptosis

Hepal-6 cells (1x10° cells per well) were inoculated into 6 - well plates and grown for 24 hours. Following the
incubation period, the cells were subjected to different treatments, resulting in the following groups: I) Control; IT) FeMn;
III) AE; IV) AE-FeMn; V) AE-FeMn/FA. Subsequently, the culturing medium was carefully aspirated, and the cells
underwent a gentle washing with PBS. After trypsinization, the cells were collected by centrifugation and then suspended
again in generate a homogeneous suspension of individual cells. For the assessment of apoptosis, the cells were treated
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with 5 pL of Annexin V - FITC solution and kept in the dark for 15 minutes. Following this, 10 pL of PI solution was
introduced, and the cells were stained at 4°C for 10 minutes. Apoptotic cells were then quantitatively analyzed by means
of a flow cytometer.

Intracellular ROS Detection

To evaluate the cellular oxidative stress status, FCM and fluorescence microscopy were employed as analytical tools.
Specifically, the Hepal - 6 cells were categorized into five experimental groups: I) Control; II) FeMn; III) AE; IV) AE-
FeMn; V) AE-FeMn/FA. Following the treatment, the cells were incubated with the 2',7" - dichlorofluorescein diacetate
(DCFH - DA) probe for half an hour to measure the production of ROS. Following the incubation with the DCFH - DA
probe, FCM was employed to measure the fluorescence intensity. The wavelengths for excitation and emission were
accurately adjusted to 488 nm and 525 nm respectively, respectively, to accurately detect the signals generated by the
probe. For a more detailed microscopic analysis, the cell samples were subjected to further processing. First, they were
incubated with DAPI for 10 minutes to selectively stain the cell nuclei. This step allowed for clear visualization of the
nuclear structure within the cells. After staining, the samples were gently rinsed two times with PBS to remove any
unbound DAPI, ensuring that the background fluorescence was minimized. Finally, the prepared specimens were
examined using a fluorescence microscope. Through analyzing the fluorescence configurations and magnitudes, we
were able to assess the extent of oxidative stress within the cells. This dual - approach using FCM and microscopic
examination provided a comprehensive understanding of the cellular oxidative stress response to the different treatments.

GSH Assay

The glutathione content within Hepal-6 cells was measured using Sulfur Trace™ Violet. Hepal - 6 cells were inoculated
in 24 - well plates and kept for a 24 - hour incubation period. Following the experimental design, the cells underwent
various treatments: I) Control; II) FeMn; IIT) AE; IV) AE-FeMn; V) AE-FeMn/FA. Subsequently, the cells were dyed
using Thiotracker™ violet staining solution at a concentration of 20 pM in the dark for 30 minutes and subsequently
rinsed with PBS to eliminate any non - attached dye. In order to assess the GSH level, the intracellular fluorescence was
detected using a reversed fluorescence microscope.

Mitochondria Integrity Assay in vitro

To assess mitochondrial integrity, initially, Hepal-6 cells were seeded within 24 - well culture dishes and incubated for
one night. Subsequently, those cells were divided into five treatment groups: I) Control; II) FeMn; III) AE; IV) AE-
FeMn; V) AE-FeMn/FA. Following the treatment, the existing growth medium was carefully eliminated, and those cells
were gently cleansed using PBS prior to the addition of fresh medium. Finally, each well received 1 mL of JC - 1 staining
solution to evaluate mitochondrial transmembrane potential. Subsequently, the stained cells were transferred to a cell
incubator maintained at 37°C for continued incubation. Once the incubation was complete, those cells were rinsed three
times with the JC-1 staining buffer to remove any unbound dye molecules. Finally, an inverted fluorescence microscope
was employed to visualize and analyze the morphological and functional alterations in mitochondria.

Western Blot Assay

Hepal - 6 cells were plated in 6 - well plates and grown until fully adherent before being subjected to various treatments.
The experimental setup included five groups: I) Control; II) FeMn; III) AE; IV) AE-FeMn; V) AE-FeMn/FA. Upon
completion of the treatment, the culture medium was discarded, and those cells were washed thoroughly with PBS. To
extract cellular proteins, Proteases were added to the RIPA lysis buffer. An equivalent quantity of protein (ranging from
20 to 50 pg) from each group were fractionated by polyacrylamide gel electrophoresis at 200 V for 30 minutes.
Subsequently, the resolved proteins were transferred to polyvinylidene difluoride (PVDF) membranes with a constant
current of 400 mA for a duration ranging from 20 to 60 minutes. Once blocking was completed, the membranes were left
to incubate at 4°C throughout the night with particular primary antibodies. After washing, the membranes were probed
with Label the fluorescent secondary antibody in the dark. B - actin was selected as the internal reference. Finally, the
expression of the target protein was visualized for detection. ImagelJ software (version 2.0.0) was employed to conduct
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semi - quantitative analysis of the protein bands, enabling the comparison of protein expression levels among different
experimental groups.

Immunofluorescence Staining

Hepal - 6 cell lines were inoculated within 24 - well culture plates and incubated for one day to permit cell attachment
and early growth. Following the established experimental design, the cells were treated with the designated agents. After
the treatment cycle, the culture substrate was carefully aspirated, and gently rinse the cells with PBS. Next, fix the cells
with 4% paraformaldehyde for 30 minutes. Subsequently, incubate the cells with the primary antibody overnight.
Following this, the cells were incubated with Cy3-coupled secondary antibodies (Beyotime, cat. no. A0516 and
A0423) at room temperature for 1 hour. To visualize the cell nucleus, DAPI dye was applied for 10 minutes. Finally,
capture fluorescent images using a confocal microscope, and measure the relative fluorescence intensity of each image
with ImageJ software.

Assay of ATP

Hepal - 6 cells were inoculated into 6 - well plates and then subjected to diverse treatment conditions: I) Control, II)
FeMn, IIT) AE, IV) AE-FeMn, and V) AE-FeMn/FA. After 24 hours, the cell supernatant was collected and centrifuged.
The amount of extracellular ATP was measured according to the instructions provided by the ATP detection kit.

Detection of LDH

LDH (lactate dehydrogenase) activity was determined with a commercial LDH detection kit as per the manufacturer’s
guidelines. Briefly, the assay involved the transformation of lactate into pyruvate catalyzed by LDH, with the con-
comitant conversion of NAD" into NADH. The speed of NADH generation was determined by spectrophotometry at
a wavelength of 340 nm. The LDH activity was computed according to the alteration in absorbance over time and
expressed as units per liter (U/L) of enzyme activity.

In - Body Fluorescence Imaging of Tumor Tissues

Five - week - old C57BL/6 mice bearing tumors were randomly split into two groups. They were given an injection of
Cy5.5-FeMn or Cy5.5-FeMn/FA (dose: 5 mg/kg) through the tail vein. Fluorescent images were captured at different
times using an infrared imaging system. Upon the humane termination of the mice, vital organs such as the cardiac tissue,
hepatic parenchyma, splenic pulp, pulmonary lobes, renal cortex, and neoplastic growths were carefully excised. These
specimens were then prepared for ex vivo fluorescence imaging to assess nanoparticle accumulation and distribution.

Bioluminescence Imaging
Tumor volume dynamics in C57BL/6 mice were monitored using bioluminescence imaging (PerkinElmer, USA).
Specifically, 20 puL of the Lucl substrate (DTZ solution) was administered via intraperitoneal injection to tumor -
bearing mice. Three minutes after injection, the mice were put under anesthesia with tribromoethanol. Subsequently, the
anesthetized animals were carefully placed in the imaging chamber, and bioluminescence images were captured and
stored for further analysis.

In - vivo Therapeutic Experiment

C57BL/6 mice were subcutaneously inoculated with Hepal-6-Luci cells. Therapeutic interventions were initiated when
tumor volume reached approximately 100 mm?, ensuring a standardized baseline for evaluating treatment efficacy. First
set of tumor treatment efficacy experiments: A total of 5 groups (n=6 per group): I) Control, IT) FeMn, III) AE, IV) AE-
FeMn, and V) AE-FeMn/FA. Different formulations were administered via tail vein injection on days 0, 3, 6, 9, 12, and
15. Throughout the treatment period, tumor size and weight were monitored regularly. In addition to caliper measure-
ments, bioluminescence imaging (PerkinElmer, USA) was used to assess dynamic changes in tumor volume. On day 19
of the experiment, mice were humanely euthanized in accordance with approved ethical guidelines. Tumor tissues and
major organs (heart, liver, spleen, lungs, and kidneys) were carefully harvested for subsequent histological, biochemical,
and pathological analyses. Tumor tissues were evaluated using immunofluorescence staining (TUNEL, NLRP3, Cleaved-
Caspase-3, HMGB1) and flow cytometry (CD11c, CD80, CD86, CD3, CD8). Harvested heart, liver, spleen, lungs, and
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kidneys were processed for histopathological examination with hematoxylin-eosin (H&E) staining, a standard method for
visualizing tissue morphology and cellular architecture. Meanwhile, serum samples were collected from experimental
animals and prepared for enzyme-linked immunosorbent assay (ELISA) to quantify specific blood biomarkers.

Second set of combination therapy and survival analysis experiments: A total of 4 groups: G1) Control, G2) BMS-
202, G3) AE-FeMn/FA, and G4) AE-FeMn/FA+ BMS-202. On days 0, 3, 6, 9, 12, and 15, PBS or AE-FeMn/FA was
administered via the caudal vein. BMS-202 was injected into the G2 and G4 groups from days 1 to 9. On day 19, the
mice were terminated, then tumor tissue and blood specimens were gathered. For the survival analysis subgroup, each
group included 10 mice (n=10). Furthermore, the survival of administered with the various drugs mentioned above G1)
Control, G2) BMS-202, G3) AE-FeMn/FA, and G4) AE-FeMn/FA+ BMS-202) was analyzed. From each group, ten mice
with tumors were chosen and observed for 45 days. The experimental endpoint was reached when the size of the tumor

hit 1500 mm? or in the event of the mice’s demise.

Flow Cytometric Analysis

Surgical excision was performed on the inguinal and axillary lymph nodes of tumor - carrying mice, and then they were
instantly soaked in 1 mL of PBS. Using the end of a 1 - mL syringe, the lymph nodes were gently pulverized until the
solution became turbid, facilitating the release of cells. The cell suspension that resulted from the process was then
passed across a 40 - micrometer cell strainer to eliminate tissue remnants, followed by centrifugation at 1000 g for
3 minutes. Subsequently, filtered out tissue fragments and blocked with 5% bovine serum albumin (BSA) for 20 minutes
to minimize unspecific binding. Those cells were then incubated with flow cytometry antibodies against CD11c, CDS8O0,
and CD86 for 20 minutes. Ultimately, flow cytometry was carried out to evaluate the activation state of DCs in the lymph
nodes of mice.

Tumor tissues harvested from mice were immersed in 2 mL of RPMI 1640 medium. Using sterile scissors, the tissue
samples were finely minced and subsequently transferred to a digestion solution composed of collagenase IV (1 mg/mL),
hyaluronidase (0.2 mg/mL), and DNAse I (0.2 mg/mL). Subsequently, this blend was placed in a water bath maintained
at 37°C and left for 60 minutes. Following digestion, the cell suspension formed was filtered via a 40 - micrometer cell
strainer to eliminate unliquefied tissue residues, subsequently, the fluid obtained from filtration was centrifuged at 800
times the force of gravity for 5 minutes to sediment the cells. The cell suspension was slowly introduced to the individual
cell dispersion at a volume ratio of 2:1, into a centrifuge tube pre-filled with the individual working solution, and
centrifuged at 20°C for 30 min. The underlying cells were removed, washed once with PBS, closed with 5% BSA
solution for 20 minutes, subsequently, it was dyed using anti - CD3 and anti - CD8 antibodies for flow cytometry for half
an hour. The invasion of immune cells into the tumor was detected by flow cytometry.

Cytokine Detection

After administering the different treatments, orbital venous blood specimens were obtained from the mice. The blood
specimens were allowed to coagulate for 60 minutes. Then, spun at 3000rpm for 15 minutes to isolate the blood serum
for experimental analysis. The levels of cytokines in mouse serum samples were quantified using commercially available
ELISA kits. All procedures were meticulously performed in strict compliance with the detailed instructions provided by
the kit manufacturers to ensure accurate and reliable results.

Hemolytic Test

To evaluate the hemolytic potential of AE - FeMn/FA, blood specimens were obtained from the orbital cavity of mice.
The mice were treated with AE - FeMn/FA with differing concentrations (0, 50, 100, 150, 200, 250, 300 ug/mL). After
collection, the blood samples were spun at 3500 rpm for 10 minutes to obtain the upper liquid layer. The optical density
of each supernatant was determined at 540 nm by employing a spectrophotometer. The rate of hemolysis was computed
in accordance with the formula: Hemolysis rate (%) = (A - A0)/(Aw - A0) x100%, in which A denotes the absorbance of
the AE - FeMn/FA - treated group, A0 represents the absorbance of the control group using PBS, meanwhile, Aco
represents the absorbency of the deionized - water - based control group.
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Safety Evaluation of Biology

To evaluate the biological safety of the nanomaterials in C57BL/6 mice (n=3), blood specimens were obtained from
tumor-bearing mice for biochemical analysis of hepatic and renal function, including ALT, AST, CREA, UREA, CK-MB,
LDHI, among others. Following collection, the most important organs were immediately placed in a 4% formaldehyde
method for appropriate fixation, which maintained the structural integrity of the tissues. After the fixation process, the
organs were stained with hematoxylin and eosin.

Data Analytics

GraphPad Prism software (Version 9) was utilized to conduct all statistical analyses. For multi - group comparisons, one -
way ANOVA or two - way ANOVA was employed, whereas the student’s 7 - test was used to conduct pairwise comparisons
between two groups. The experimental data are reported as the average plus or minus the standard deviation. Significant
statistical difference was signified as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Results
Synthesis and Characterization of AE-FeMn/FA

A metal-organic framework (FeMn-MOF) was synthesized by reducing potassium permanganate (KMnO4) doped manga-
nese with citric acid (CA), resulting in the successful preparation of FeMn-MOF.'” Subsequently, AE was loaded into the
FeMn-MOF framework via physical adsorption, and FA was coated on its surface through amide bond conjugation,
ultimately forming AE-FeMn/FA nanoparticles. TEM analysis revealed that AE-FeMn exhibited a typical rhomboidal
crystalline structure with clear edges, good dispersibility, and no obvious aggregation. After FA modification, AE-FeMn
/FA retained the rhomboidal core structure, with a uniform particle size distribution (average particle size: 147 nm) and stable
dispersion state (Figure 1A and B). Further elemental distribution analysis demonstrated that Fe and Mn elements in AE-
FeMn/FA were uniformly distributed in the core region of the rhomboidal particles, while N elements (a characteristic
element derived from FA) were mainly enriched on the particle surface. This elemental evidence confirms the successful
synthesis of the FeMn metal framework and the effective modification of FA (Figure 1C). AE’s UV absorption spectra
displayed prominent characteristic peaks at 450 nm (Figure S1), while FeMn-MOF alone did not show any AE characteristic
peaks, confirming the successful encapsulation of AE (Figure 1D). The high-performance liquid mass spectrometer measured
a loading ratio of AE at 40.55%. Particle size and potential analysis indicated that the particle size of AE-FeMn/FA was
approximately 147.7 nm, with a negative charge, suggesting its relative stability in blood circulation (Figure 1E and F). Drug
release behavior of AE-FeMn/FA was studied using dialysis in tumor and physiological environments. In pH 7.4 PBS
representing the physiological environment, AE release was minimal, reaching only 12.7% within 24 hours, indicating its
stability in blood. Conversely, in the acidic pH 5.5 environment simulating the tumor, AE release was rapid, with
a cumulative release of 74.28% within 24 hours, suggesting the rapid degradation of AE-FeMn/FA under acidic conditions
and laying the foundation for controlled drug release (Figure 1G). FeMn-MOF could generate acutely noxious ROS, through
the Fenton reaction.”®* In vitro experiments using tetramethylbenzidine (TMB) demonstrated effective ROS production by
FeMn-MOF, which increased with higher AE-FeMn/FA concentration (Figure 1H and I). AE-FeMn/FA also exhibited
increased ROS generation under acidic conditions, high TMB concentration, and excess H,O, (Figure 1J-L, respectively). In
tumor cells, ROS production is often accompanied by the consumption of glutathione (GSH) to regulate REDOX balance.
Due to the presence of Fe and Mn, intracellular GSH was further depleted. GSH consumption was assessed through the
DTNB experiment, which showed that the amount of GSH consumed by AE-FeMn/FA gradually increased over time
(Figure 1M). Comparing the GSH consumption capacity of various nanoparticle groups, it was observed that at the same
concentration, AE-FeMn/FA exhibited significantly higher GSH degradation than FeMn alone, indicating its effective
consumption of GSH (Figure S2).

Tumor Cell Uptake and Cytotoxicity of AE-FeMn/FA

Based on the successful synthesis of AE-FeMn/FA, the nanoparticle exhibits small size, stability in the blood, and the
capacity to catalyze the creation of ROS and consume GSH. Next, the cytotoxicity in a laboratory setting the prepared
material was assessed using Hepal-6 mouse hepatoma cells. To elucidate the interplay of the nanoscale particles with cancer
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Figure | Synthesis and Characterization of AE-FeMn/FA Nanoparticles. (A) TEM image of FeMn. (B) TEM image of AE-FeMn/FA. (C) Elemental mapping of AE-FeMn/FA.
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cells, Rhodamine-labeled AE-FeMn/FA was co-cultured with Hepal-6 cells. Fluorescence inverted microscopy analysis
showed that the strength of intracellular red fluorescence steadily rose as time elapsed. Specifically, the fluorescence attained
its maximum after 8 hours of incubation, suggesting that the nanomaterials efficiently accumulated within the tumor cells
(Figure 2A). This result indicated successful uptake of the nanoparticles by Hepal-6 cells, laying the foundation for further
cytotoxicity studies. The quantitative data obtained from cytometric flow assay analysis validated the results of fluorescence
microscopy observations, as shown in Figure 2B. Prompted by the remarkable cellular uptake ability, we evaluated the
cytotoxicity of different drugs targeted at tumors against Hepal - 6 cells. Live cell/dead cell staining demonstrated the
significant killing effect of AE-FeMn/FA on Hepal-6 cells (Figures 2C and S3). Following 24 hours of cultivation, the
survival ability of cells after AE - FeMn and AE - FeMn/FA treatment was considerably lower compared to that of the FeMn
group, evidencing that the targeted synergistic effect of AE and FA enhanced the killing effect of tumor cells (Figure 2D).
Co-incubation with normal hepatocytes THLE-2 revealed that AE-FeMn/FA had no effect on THLE-2 cell viability,
indicating tumor-specific cytotoxicity (Figure S4). Additionally, cell proliferation assays (Figure 2E and F) and Tunel
staining (Figure 2G and H) further confirmed the significant killing and proliferation inhibition effects of AE-FeMn/FA on
tumor cells. Flow cytometry results also supported this conclusion (Figure 21 and J). Collectively, these data demonstrate that
AE-FeMn/FA can selectively target Hepal-6 cells and induce ROS in the intracellular acidic environment.
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Figure 2 Cellular Uptake and Cytotoxicity of AE-FeMn/FA Nanoparticles. (A) Inverted fluorescence microscopy images and (B) flow cytometry analysis demonstrating the
time-dependent uptake of AE-FeMn/FA by Hepal-6 cells. (C) Inverted fluorescence microscopy images of live/dead cell staining, showing viability (Calcein-AM, green signal)
and cell death (Pl, red signal) in Hepal-6 cells following treatment. (D) Cytotoxicity assessment of Hepal-6 cells after 24-hour incubation with various drug formulations.
Cell proliferation images (E) and (F) fluorescence quantification results indicating the proliferation of Hepal-6 cells treated with different formulations.(G) TUNEL staining
images and (H) fluorescence quantification results demonstrating apoptosis in Hepal-6 cells treated with various formulations.(I) Flow cytometry analysis illustrating
apoptosis in Hepal-6 cells post-treatment and (J) fluorescence quantification results.Scale bar: 40 pm. (n=3, *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001). (I: Control;
Il: FeMn; 1lI: AE; IV: AE-FeMn; V: AE-FeMn/FA).

AE-FeMn/FA Induced Pyrodeath of Hepal-6 Cells, Which Resulted in Immunogenic
Cell Death

Motivated by the anti-tumor effects of AE-FeMn/FA observed in vitro, we conducted investigations into the intracellular
mechanisms in Hepal-6 cells. It has been demonstrated that in the acidic milieu of tumors, transition metal ions including
Fe?" and Mn?" interact with H,O,, resulting in the production of significant quantities of ROS (eg, -OH) through Fenton
or Fenton-like reactions. These reactions play a crucial role in tumor tissue and can influence cytotoxicity mediated by
chemodynamic therapy (CDT).***! Transition metal ions effectively induce tumor cell death.** To explore the ROS
production capacity of AE-FeMn/FA in tumor cells, we employed a DCFH-DA probe. The results demonstrated that AE-
FeMn/FA significantly catalyzed ROS production in tumor cells compared to the other groups (Figure 3A and B),
indicating its ability to promote ROS production. Similarly, flow cytometry results showed stronger ROS fluorescence
signals in tumor cells treated with AE-FeMn/FA (Figures S5 and S6). Due to the presence of Mn>" and Fe*', the
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generation of -OH is accompanied by the consumption of GSH, maintaining a dynamic redox equilibrium.*® The
experimental results showed consistent GSH consumption and -OH production in the solutions treated with different
nanoparticles (Figure 3C and D). In summary, AE-FeMn/FA can regulate the redox status in tumor cells and modulate
Hepal-6 cells by promoting ROS production and inhibiting GSH levels. Next, we employed JC-1 fluorescent dyes to
examine the mechanism of cellular demise and monitor alterations in MMP. JC-1 accumulates and fluoresces red in
normal mitochondria, while it appears as a monomer in damaged mitochondria, resulting in a change of red fluorescence
to green (Figure 3E). The fluorescence intensity ratio (G/R) of the control group and the AE-FeMn/FA group was
approximately 0.14 and 0.96, respectively (Figure 3F), reflecting the mitochondrial state of the cells and unveiling an
important mechanism in the process of cellular demise. Pyroptosis is defined by cellular expansion, cell membrane lysis,
and the expulsion of intracellular components.**** Furthermore, AE can trigger pyroptosis through gasdermin
E (GSDME), and its activation is mediated by caspase-3 cleavage to form pores.*> Upon treatment of Hepal-6 cells
with AE-FeMn/FA, NLRP3 was significantly upregulated, indicating the activation of pyroptosis (Figure 3G and H). As
shown in Figure 4A, after AE-FeMn/FA treatment, the plasma membrane of Hepal - 6 cells exhibited significant
swelling, leading to cytoplasmic membrane rupture and the liberation of intracellular substances (Figure 4B and C).
Subsequently, we analyzed the mechanism related to pyroptosis in Hepal-6 cells through Western blotting, and the
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Figure 4 AE-FeMn/FA Induces Pyroptosis and Immunogenic Cell Death in Hepal-6 Cells Through Redox Regulation. (A) Microscopic observations of morphological
changes in Hepal-6 cells following different treatments, with red arrows indicating large bubbles characteristic of pyroptosis cells. (B) LDH release from tumor cells
after various treatments. (C) ATP release from Hepal-6 cells detected in the supernatant. (D)Western blot analysis of pyroptosis related proteins in Hepal-6 cells
subjected to different treatments. (E) Representative immunofluorescence images of HMGBI in Hepal-6 tumor cells post-treatment, accompanied by quantitative
analysis (F). (G) Representative immunofluorescence images of CRT in Hepal-6 tumor cells after various treatments, with corresponding quantitative analysis (H).
Scale bar: 40 pm. (n = 3, *P < 0.05, ¥***P < 0.0001). (I: Control; Il: FeMn; lll: AE; IV: AE-FeMn; V: AE-FeMn/FA).

results demonstrated that AE-FeMn/FA-induced pyroptosis was more pronounced (Figure 4D). Pyroptosis belongs to the
inflammatory category mode of cellular demise that releases various inflammatory factors and activates an anti-tumor
immune response.lz’46 To validate the in vitro immune activation effect of AE-FeMn/FA, we evaluated the ICD effect, as
well as the expression of HMGB1 and CRT as biomarkers. The results showed that AE-FeMn/FA significantly enhanced
the ICD effect (Figure 4E-H). Additionally, the manifestation of HMGBI1 in Hepal-6 cells was consistent with the
immunofluorescence results obtained through Western blot analysis (Figure S7).

In vivo Anti-Tumor Effects of AE-FeMn/FA

The accumulation of pyrogenic inducers in tumors is crucial for enhancing the anti-tumor effect and triggering an
immune response.*’ To assess the effectiveness of in vivo tumor therapy, we labeled AE-FeMn and AE-FeMn/FA with
the fluorescent probe CyS5.5 and monitored their biodistribution in Hepal-6 tumor-bearing mice using IVIS spectroscopy
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(Figures 5A, B, and S8). The results demonstrated that AE-FeMn/FA accumulated more rapidly and to a greater extent at
the tumor site compared to AE-FeMn, and it persisted for 48 hours after injection (Figure S9). Additionally, major organs
were collected 48 hours after injection for bioluminescence imaging analysis (Figure S10). The tumor site exhibited
higher fluorescence intensity for AE-FeMn/FA compared to AE-FeMn, indicating the good tumor-targeting and sustained
retention effect of AE-FeMn/FA, which established the foundation for subsequent treatment experiments. In Hepal-6
tumor-bearing mice, we further evaluated the anti-tumor efficacy of the metal nanoparticles to explore their potential as
an immunotherapy strategy for solid tumors. After inoculation with Hepal-6 tumors, different therapeutic agents (PBS,
FeMn, AE, AE-FeMn, AE-FeMn/FA) were intravenously injected every three days (Figure 5B), moreover, the size of
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tumors and the weight of mice were measured on a daily basis. The results showed that tumor volume continued to
increase in the group treated with PBS, whereas tumor progression occurred significantly inhibited in the AE-FeMn/FA
group (Figure SC—E). Tumor weighing results after treatment demonstrated that the weight of tumors in the AE - FeMn/
FA group was markedly less than that in the PBS group and the group with single - metal nanoparticles (Figure 5F),
further confirming the enhanced antineoplastic effectiveness of combination therapy. To assess the biosafety of the
nanoparticles, we monitored the weight of the murine bodies, which showed minimal alteration throughout the therapy
(Figure 5G). Furthermore, in vitro hemolysis experiments demonstrated that AE-FeMn/FA did not cause hemolysis
(Figure S11). HE staining was utilized to evaluate the influence of nanoparticles on major organs of mice, and the results
showed no significant lesions (Figure S12). Moreover, biochemical indexes of the AE-FeMn/FA group did not show
significant differences compared to the control group (Figure S13). These findings indicate that AE-FeMn/FA exhibits
good biosafety. To elucidate the antineoplastic mechanism of AE-FeMn/FA, we executed histological staining with
hematoxylin and eosin and TUNEL - based immunofluorescence staining on tumor specimens. The findings indicated
that the area of tissue damage in the AE-FeMn/FA group was the largest, consistent with the changes in tumor volume
(Figure SH). TUNEL staining further confirmed the severe destruction of tumor tissue (Figures 6A and S14).

Study on Pyrodeath Mechanism of AE-FeMn/FA in Vivo

To further elucidate the mechanism by which AE-FeMn/FA exerts tumor suppression through pyroptotic cell death in
animal models, we performed immunofluorescence analysis of NLRP3 and cleaved Caspase-3 (C-Caspase-3) proteins on
post-treatment tumor sections. Results showed that the red fluorescent signals of NLRP3 and C-Caspase-3 were
significantly upregulated in tumor tissues of the AE-FeMn/FA group (Figures 6B, C and S15, S16). Concurrently,
based on the significant ICD effect observed in vitro, we examined the expression of HMGBI in tumor tissues of Hepal-
6 tumor-bearing mice. Immunofluorescence results revealed a higher degree of extracellular HMGBI release in the AE-
FeMn/FA treatment group (Figures 6D and S17), indicating that the nanoparticles also exert ICD efficacy in vivo.
Furthermore, ELISA detection of pyroptosis-related inflammatory factors demonstrated that serum levels of IL-18 and
IL-1pB in the AE-FeMn/FA treatment group were significantly elevated (Figure 6E and F). These findings further support
the conclusion that the metal nanoparticles exert tumor-suppressive effects through pyroptosis, which is consistent with
the anti-tumor data observed in vitro. When the ICD effect occurs in tumor cells, it triggers the maturation process of
dendritic cells and facilitates their ability to present antigens to T cells, thereby activating the effector T cell response.*®”
Y In the present study, ELISA assays demonstrated that the AE-FeMn/FA group induced the release of the cytokine
TNF-q, a result that could further activate the proliferation of cytotoxic T cells (Figure 6G). Subsequent flow cytometry
analyses confirmed that the number of mature dendritic cells (DCs) was significantly increased in the AE-FeMn/FA
group (Figure 6H and I), with a concurrent substantial elevation in the proportion of CD8" T cells (Figures S18 and S19).

AE-FeMn/FA Combined with Immunosuppressant BMS-202 Enhanced Anti-Tumor

Immunity

PD - 1 is present during T lymphocyte activation and expansion, and it reduces the functionality of effector T - lymphocytes
by regulating intracellular signaling, thus producing negative modulation of the tumor immune reaction and leading to
immune escape of tumor cells.’’>* Studies have indicated that the small molecule inhibitor BMS-202 can hinder the PD - 1/
PD - L1 engagement and boost T cell activation.”*>* To investigate the effect of the combined application of AE-FeMn/FA
and BMS-202 on anti-tumor immunity, we developed a tumor-bearing murine model of Hepal-6-Luc and arbitrarily
partitioned it into four subgroups (n=6): control, BMS-202, AE-FeMn/FA, and AE-FeMn/FA+BMS202. The model
establishment and treatment plan are depicted in Figure 7A. In every group, the tumor dimensions and the body weights
of the animals were assessed at three - day intervals. The findings indicated that the mixture of AE-FeMn/FA and BMS-202
remarkably inhibited tumor growth, as confirmed by the bioluminescent imaging system tumor volume assessment at
different time points (Figure 7B). This outcome was further supported by tumor volume changes (Figure 7C). Moreover, the
survival rate of the control group was 0% on day 45, while the survival rate of the combination therapy group remained at
80% by the end of the observation period (Figure 7D), and had little effect on the mass of the mice (Figure S20). The mass of
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Figure 6 In vivo antitumor effects of AE-FeMn/FA. Immunofluorescent staining of tumor sections from treated groups showing (A) TUNEL (red), (B) NLRP3 (red), (C)
C-Caspase-3 (red), and (D) HMGBI (red). Levels of pyroptosis-related cytokines (E and F) and immune-related cytokines (G) in the serum of Hepal-6 tumor-bearing mice
following antitumor treatment. Representative flow cytometry results of mature dendritic cells (CD 1 lc+, CD80+, CD86+) in tumor tissues after different treatments (H),
along with corresponding quantitative analysis (I). Among them: UL (CD80 CD86"), UR (CD80"CD86"), LR (CD80"CD86 ), LL(CD80 CD86). Scale bar: 100 um. (n=3,
*P < 0.05, #P < 0.01, ¥**P < 0.0001). (I: Control; Il: FeMn; IlI:AE; IV:AE-FeMn; V:AE-FeMn/FA).

the excised tumors also supported these results (Figure 7E), suggesting that the combined immunoagent further enhanced
the anti-tumor effect of AE-FeMn/FA. BMS-202 alleviates immunosuppression mainly by inhibiting the assembly of the
PD - 1/PD - L1 aggregate. To further validate the immunotherapy efficacy of AE-FeMn/FA+BMS202, we examined serum
relevant cytokines following various therapies. The outcomes demonstrated that TNF-a and IFN- levels were significantly
higher in the AE-FeMn/FA+BMS202 group than in the other groups, stimulating cytotoxic T cell infiltration and inducing
a systemic immune response (Figure 7F and G). Next, we used flow cytometry to assess the impact of AE-FeMn/FA
combined with BMS-202 on the proportion of CD8'T cells. The findings indicated that the proportion of CD8" T cells
reached 43% in the AE-FeMn/FA+BMS202 group, which was significantly higher than the 35.5% in the AE-FeMn/FA
group, indicating that the combination treatment significantly increased the level of CD8" T cell infiltration (Figures 7H
and S21).

Discussion

In conclusion, we successfully developed an acid-responsive metal-organic delivery nanoparticle, AE-FeMn/FA, which
effectively activates the NLRP3-mediated pyroptosis pathway. Through the release of tumor-specific metal ions, this
nanoparticle induces the generation of cytotoxic ROS, inducing cell - programmed death in neoplastic cells.
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Figure 7 Evaluation of the antitumor effects of AE-FeMn/FA combined with BMS-202 immunotherapy. (A) Schematic illustration of the combined treatment with AE-FeMn
/FA and BMS-202 to inhibit tumor growth. (B) In vivo bioluminescent imaging captured to track tumor growth on days 0, 3, 9, and 18. (C) Tumor growth curves in mice
following various treatments (n = 6). (D) Survival curves of mice bearing Hepal-6-Luc tumors (n = 10). Median survival (day): G1:21.5, G2:27, G3:39.5, G4: not reached
(NR). (E) Tumor weights measured on day 19 (n = 6). Serum levels of immune-related cytokines following different treatments: (F) TNF-a and (G) IFN-y (n=3).
Representative flow cytometry results for CD8+ T cells (CD8+, CD3+) in tumor tissues after various treatments (H) along with corresponding quantitative analysis (H)
(n=3, ¥*P < 0.01, **P < 0.001, ***P < 0.0001). (GI: Control; G2: BMS-202; G3:AE-FeMn/FA; G4: AE-FeMn/FA+ BMS202).

Additionally, the loaded AE further enhances the pyroptosis effect, causing the liberation of cytoplasmic contents
associated with ICD. This process stimulates dendritic cell maturation, thereby inducing immunogenicity. Furthermore,
the addition of BMS-202, a small molecule immune checkpoint inhibitor, further boosts the anti - neoplastic immune
response stimulated by AE-FeMn/FA by inhibiting the PD-1/PD-L1 interactions. This combined strategy, which
combines pyroptosis with the use of a small molecule immune checkpoint inhibitor, activates the innate immune
response and transforms the immunosuppressed tumor microenvironment into an immunogenic one. These discoveries
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offer a novel strategy for immunotherapy in HCC and hold significant potential for clinical translation. This work has
important clinical implications and provides novel concepts and orientations for future research. Although this study
confirms the therapeutic potential of AE-FeMn/FA in hepatocellular carcinoma, the safety of its clinical translation
requires careful evaluation. It is noteworthy that the neurotoxicity of high-concentration Mn?" has been reported in

several previous studies,”*¢

which reminds us of the need to strictly define the scope of its safe application. Although
the current data of this study show that Mn?" causes no obvious damage to other major organs, there are still certain
limitations: first, no more specific safety assessment has been conducted for the central nervous system; second, the
lack of a long-term exposure model may fail to rule out the risk of chronic cumulative nerve damage. However, the
concentration of Mn>" used in this study has relatively high safety under the current experimental conditions. Fan
et al®’ successfully remodeled the hypoxic and immunosuppressive tumor microenvironment using light-triggered
nanozymes, which provides valuable insights for our research: we propose to introduce a light-triggered mechanism
into the MOF-mediated delivery system in future studies to achieve precise and controllable drug release. This design
not only enhances therapeutic efficacy but also helps mitigate the potential neurotoxic effects of Mn?". Nevertheless,
we fully recognize the necessity of conducting systematic evaluations on the central nervous system. Therefore, future
research will further focus on its long-term safety to provide more comprehensive evidence for the clinical application
of Mn?",

In addition, compared with macromolecular ICBs antibodies such as pembrolizumab, BMS-202 has the advantages of
small molecular weight and strong tissue penetrability, making it more easily enriched in the deep part of solid tumors via
nanocarriers. However, it has a short half-life and is prone to causing off-target effects. Therefore, in this study, the AE-
FeMn/FA nano-platform was used for delivery to prolong the action time through sustained release and reduce the impact
on normal tissues through targeting. For future translational research, we plan to advance along the pathway from specific
validation at the cellular level to long-term toxicity evaluation in animal models, and then to preclinical pharmacokinetic
optimization. Nevertheless, practical challenges such as the biocompatibility standards of nanocarriers and the batch
stability between small molecules and carriers need to be addressed, which will be the key breakthrough directions in
subsequent studies. Luo et al>® constructed a biomimetic targeted co-delivery system with excellent targeting ability and
biocompatibility. This biomimetic design strategy can be adapted for the MOF-mediated aloe-emodin delivery system.
For example, MOF materials could be coated with membrane components derived from tumor cells or related cells;
alternatively, MOFs could be modified to specifically recognize surface markers of hepatocellular carcinoma cells. Such
modifications would enable more precise targeted delivery, enhance the accumulation of aloe-emodin at tumor sites, and
thereby improve therapeutic efficacy.

Meanwhile, the conclusion that “combined immunosuppressive therapy alleviates immunosuppression” in this study
is primarily supported by indirect evidence. A major limitation of the current research lies in the failure to directly detect
phenotypic changes in regulatory T cells (Tregs) and tumor-associated macrophages (TAMs), as well as the lack of direct
measurement of PD-L1 expression levels in tumor tissues. To address these limitations, we plan to further validate the
regulatory mechanism of the combined therapy on the PD-1/PD-L1 pathway and tumor immune microenvironment in
future studies. Specifically, we will detect PD-L1 protein and mRNA expression levels in tumor tissues, perform PD-L1
neutralization experiments, and supplement phenotypic analyses of Tregs and TAMs to achieve a more comprehensive
verification.
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