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Abstract Chemotherapy remains a primary treatment option for hepatocellular carcinoma (HCC), yet

its clinical benefits are often unsatisfactory. Utilizing arsenic trioxide (ATO) as a model, this study elu-

cidates the role of autophagy inhibition in modulating the cellular response to chemotherapy, shifting cell

death from apoptosis to pyroptosis via the caspase-3-GSDME pathway, thereby augmenting the anti-

tumor efficacy. Building upon these findings, an ATO nanomedicine delivery system capable of auto-

phagy inhibition to promote pyroptosis for enhanced tumor treatment was developed. Folic acid-

modified albumin served as the stabilizer for nano self-assemblies formed through ion pairing between

Mn2+ and ATO, encapsulating DNAzyme (Dz) targeting Beclin 1, a key autophagy regulator. Character-

ization studies confirmed efficient encapsulation of ATO and Dz within nanoparticles, designed to disin-

tegrate in the intracellular microenvironment, releasing the all-active components, i.e., ATO, Mn2+, and

Dz. Mn2+ acted as a metal cofactor to activate Dz for Beclin 1 mRNA cleavage, inhibiting autophagy and

augmenting ATO-induced cell pyroptosis. Elevated cell pyroptosis levels not only enhance ATO’s direct

tumor cell killing capacity but also trigger anti-tumor immune responses, synergistically enhancing effi-

cacy. Upon intravenous injection, the nanomedicine accumulated in tumor tissue and targeted liver cancer

cells. Compared to free ATO, the nanomedicine exhibited significantly improved in vivo anti-tumor
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effects, achieving a 100% 45-day survival rate in mice with favorable biosafety profiles. This study offers

novel insights into tumor chemotherapy sensitization and presents a promising strategy for ATO nanofor-

mulation development.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver cancer remains a significant global health concern, with

approximately 0.86 million new cases reported annually, ranking

as the third leading cause of cancer-related mortality1,2. Hepato-

cellular carcinoma (HCC) constitutes the predominant form of

liver cancer, representing approximately 90% of cases, often

diagnosed at advanced stages, resulting in unfavorable

prognoses3,4. Conventional therapeutic modalities exhibit limited

efficacy in advanced HCC cases, encountering challenges such as

treatment resistance and adverse drug reactions, leading to stag-

nant overall survival rates over the past decade5,6. Consequently,

there is an imperative to innovate novel therapeutic approaches to

overcome existing treatment bottlenecks and enhance liver cancer

management outcomes7,8.

Chemotherapy represents a cornerstone in cancer treatment,

primarily inducing cellular apoptosis via the caspase-3 pathway to

exert anti-tumor effects. However, the emergence of chemo-

resistance mediated by tumor cells poses a formidable challenge,

manifesting through various mechanisms such as the inhibition of

intracellular caspase-3 activity and blockade of the caspase-3

signaling cascade9,10. Consequently, there is a burgeoning inter-

est in exploring cell death mechanisms beyond apoptosis as

sensitization strategies for chemotherapy11—13. Pyroptosis, a

regulated form of programmed cell death mediated by members of

the Gasdermin (GSDM) protein family, has garnered attention due

to its high immunogenicity and potent inflammatory re-

sponses14,15. Pyroptosis not only directly eliminates tumor cells but

also elicits robust anti-tumor immune reactions, thereby impeding

tumor progression16—18. Recent investigations have unveiled

caspase-3 as an upstream regulator of the GSDME protein, wherein

its cleavage by caspase-3 transforms non-inflammatory cell

apoptosis into pyroptosis19,20. Hence, the caspase-3/GSDME

signaling axis represents a pivotal “switch” governing the equi-

librium between tumor cell apoptosis and pyroptosis, offering a

promising avenue for enhancing chemotherapy efficacy.

Autophagy emerges as a pivotal regulator influencing both cell

apoptosis and pyroptosis. While chemotherapy-induced apoptosis

activates the autophagy pathway, protective autophagy can confer

resistance to apoptosis by eliminating damaged organelles or

proteins21,22. On the other hand, heightened autophagy in solid

tumors may impair the activation of the caspase-3—GSDME

pathway, hampering pyroptosis induction23,24. Despite the sig-

nificant impact of autophagy on cell death modalities, the intricate

regulatory interplay between autophagy, apoptosis, and pyroptosis

remains incompletely understood. Given its profound implications

for tumorigenesis, autophagy represents a potential target for

modulating the balance between these modes of cell demise, albeit

underscoring a paucity of related investigations.

Arsenic trioxide (ATO), a traditional Chinese mineral medi-

cine, has emerged as a frontline therapeutic agent for advanced

HCC owing to its ability to promote liver cancer cell apoptosis via

p53 activation25,26. Recent insights reveal ATO’s capacity to

induce immunogenic cell death, rendering "cold” tumors suscep-

tible to immunotherapy27,28. Moreover, ATO elicits pyroptosis in

GSDME-expressing HCC cells, highlighting its potential as an

anti-tumor agent that promotes pyroptosis29. Nonetheless, clinical

ATO application is hampered by challenges such as rapid renal

clearance necessitating frequent administration and significant

toxicities associated with systemic distribution30,31. Consequently,

there is growing interest in developing targeted ATO delivery

systems to mitigate these drawbacks32—35. Recently, a

nanodiamond-based carrier has been developed for ATO delivery,

which could augment its anti-tumor efficacy by the intrinsic ac-

tivity of the nanodiamond to modulate autophagy36. Thus,

nanomedicine-based delivery strategies not only enhance ATO’s

pharmacokinetic properties, but also fine-tune its cell death mo-

dality induction, offering enhanced efficacy and reduced toxicity.

In this study, we elucidate the negative regulatory relationship

between autophagy and pyroptosis in liver cancer through bioin-

formatics analysis, and validate the modulatory role of autophagy

in ATO-induced apoptosis/pyroptosis balance using Hepa1-6 liver

cancer cells as a model. Suppression of autophagy could enhance

ATO-induced pyroptosis, thereby augmenting anti-tumor efficacy.

Capitalized on these facts, a metal salt precipitation-based ATO

nanoformulation strategy has been developed (Scheme 1A),

leveraging folate-modified albumin as a template to stabilize

Mn2+-ATO nanoprecipitates while encapsulating Beclin1 mRNA-

silencing DNAzyme (Dz). Such “one-pot method” is advanta-

geous for facile preparation and high drug loading capacity. The

nanosystem could target liver cancer cells post-intravenous

administration by exploiting the enhanced permeability and

retention (EPR) effect and folate-mediated receptor recognition

(Scheme 1B). Upon intracellular uptake, the nanosystem releases

ATO, Mn2+, and Dz, with Mn2+ activating Dz in situ to cleave and

silence Beclin1 mRNA, thereby inhibiting autophagy and

enhancing ATO-mediated pyroptosis. Cellular pyroptosis not only

intensifies tumor cell killing but also modulates the tumor immune

microenvironment, offering a synergistic therapeutic approach.

This study underscores the pivotal role of autophagy in regulating

apoptosis/pyroptosis balance, presenting a novel strategy to

enhance chemotherapy efficacy. Moreover, the metal salt

precipitation-based self-assembly strategy offers insights into

developing innovative ATO formulations.

2. Materials and methods

2.1. Materials, cells, and animals

Folic acid (FA), dimethyl sulfoxide (DMSO), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), dipotassium

ethylene diamine tetraacetate (EDTA-2K) and N-hydrox-

ysuccinimide (NHS) were purchased from Sinopharm Chemical
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Reagent Co., Ltd. (Shanghai, China). Beclin 1 DNAzyme (Dz),

Cy5.5-labeled Beclin 1 DNAzyme (Dz-Cy5.5) and FAM-labeled

Beclin 1 DNAzyme (Dz-FAM) (5′-TTCAATAAATGGC

TCTCCGAGCCGGTCGAACTCCTGAGTTAGCCT-3′), and

FAM-labeled substrate strand (5′-AGGCTAACTCAGGA-

GrAGGAGCCATTTATTGAA-3′) were purchased from Sangon

Biotech Co., Ltd. (Shanghai, China). Manganese chloride (MnCl2)

and Bovine serum albumin (BSA) were purchased from Aladdin

Co., Ltd. (Shanghai, China). Reactive oxygen species inhibitor N-

acetyl-L-cysteine (NAC) was from Ambeed (Shanghai, China).

Penicillin-streptomycin solution and fetal bovine serum (FBS)

were purchased from Gibco Life Technologies (Gaithersburg,

MD, USA). Dulbecco’s modified Eagle’s medium (DMEM) and

trypsin lysate were purchased from Procell Life Science &

Technology (Wuhan, China). The Annexin V-FITC/PI double

staining Kit was obtained from BestBio (Shanghai, China). Cell

Counting Kit-8 (CCK-8) was obtained from Biosharp (Hefei,

China). BCA protein quantification kits was obtained from

Beyotime Institute of Biotechnology (Jiangsu, China). Urea was

from BioFRoxx (Guangzhou, China). Ac-DEVD-CHO (DEVD, a

caspase-3 inhibitor) was obtained from MACKLIN (Shanghai,

China). ECL chemiluminescence detection kit was obtained from

Biosharp (Hefei, China). The antibodies of p-JNK, P38 MAPK,

HMGB1 and calreticulin polyclonal antibody were from Pro-

teintech Group Inc. (Wuhan, China). The antibodies of GAPDH,

GSDME, GSDME-N-terminal, CD4, CD86 and CD8 were from

Affinity (Yangli, China). Caspase-3 antibody was from Cell

Signaling Technology (Boston, USA). Mouse tumor necrosis

factor α (TNF-α) ELISA kit, mouse interleukin 6 (IL-6) ELISA

kit, mouse interleukin 1ß (IL-1ß) ELISA kit instruction and

mouse high mobility group protein B1(HMGB1) were from

MEIMIAN (Wuhan, China). APC Anti-Mouse CD11c Antibody,

PE Anti-Mouse CD86 Antibody, FITC Anti-Mouse CD3 Anti-

body, APC Anti-Mouse CD4 Antibody, PE Anti-Mouse CD8a

Antibody and Purified Anti-Mouse CD16/32 Antibody were from

Elabscience (Wuhan, China).

2.1.1. Cells

Hepa1-6 cells were obtained from Meisen CTCC (Jinhua, China).

AML12 cells were obtained from Procell Life Science & Tech-

nology (Wuhan, China). HepG2 cells and Bel-7402 cells were

kindly provided by Prof. Pan Chen from The Affiliated Cancer

Hospital of Xiangya School of Medicine, Central South Univer-

sity. The cells were cultured with 5% CO2 at 37 ◦C using DMEM

complete medium with 10% fetal bovine serum, 1% streptomycin

and 1% penicillin.

2.1.2. Animals

C57BL/6 mice (4 to 6 weeks old) were obtained from Hunan SJA

Laboratory Animal Co., Ltd. (Changsha, China). All experimental

procedures were carried out in accordance with the plan approved

by the Animal Protection and Use Committee of the Third

Xiangya Hospital of Central South University (No. 2022-S307).

2.2. Single cell sequencing analysis to examine the correlation

between autophagy and pyroptosis

The gene expression data from the GEO database (Gene Expres-

sion Omnibus, https://xenabrowser.net/datapages/) for liver cancer

tissue samples and adjacent normal tissue samples were analyzed

Scheme 1 Nanoparticle-mediated autophagy inhibition enhances arsenic trioxide chemotherapy in hepatocellular carcinoma by shifting cell

death from apoptosis to pyroptosis. (A) Schematic showing the preparation process of AsMn/Dz@BSA-FA, and (B) the anti-tumor mechanisms of

the nanomedicine.
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using RNA sequencing (ID: GSE 149614) with the Seurat v3

method. Enrichment analysis was conducted to compare the

expression of autophagy- and pyroptosis-related genes in normal

liver tissues and tumor tissues.

2.3. Synergistic impact of autophagy inhibitors (CQ) and ATO

First, the cytotoxicity of Hepa1-6 cells was assessed at varying

concentrations of ATO and ATO + CQ using the CCK-8 method.

Subsequently, Hepa1-6 cells were seeded at a density of

2 × 105 cells/well in 6-well plates and divided into four groups:

Control, CQ, ATO, and ATO + CQ intervention cells for a

duration of 48 h. The cellular morphology of each group was

observed under an optical microscope. The expression levels of

Beclin 1, LC3, P62, GSDME, GSDME-N, caspase-3, p-JNK and

P38 MAPK were analyzed through Western blotting (WB), with

particular emphasis on verifying the combined effect of ATO and

CQ. Furthermore, LDH release in different hepatoma cell lines

(HepG2, Hepa1-6 and Bel-7402) following various treatments was

determined using an LDH cytotoxicity assay kit. Annexin V-FITC/

PI double staining was employed to analyze pyroptosis in Hepa1-

6 cells after exposure to different treatment conditions. Finally,

ROS production in Hepa1-6 cells treated with different prepara-

tions was analyzed by flow cytometry, while the rescue effect of

NAC on ATO + CQ-induced cytotoxicity was assessed using the

CCK-8 assay.

2.4. Transcriptome sequencing

Hepa1-6 cells were seeded in 6-well plates with 2 × 105 cells/

well, incubated overnight, and then treated with Control, ATO and

ATO + CQ for 48 h. After treatment, the cells were collected for

transcriptome sequencing.

2.5. Preparation of the AsMn/Dz@BSA-FA

First, BSA-FA was synthesized using our previously established

method37. Subsequently, a 200 μL solution of Dz was slowly

added to the BSA-FA solution and stirred at 37 ◦C for 1 h.

Following this, a 200 μL solution of MnCl2 (50 mol/L) was added

and stirred at 37 ◦C for 2 h. Then, a 200 μL ATO solution

(100 mol/L) was introduced and stirred for an additional duration

of 10 min before centrifuging at 17,800×g for 10 min to eliminate

any unreacted BSA-FA and inorganic ions, resulting in the for-

mation of AsMn/Dz@BSA-FA. To optimize the final concentra-

tions of BSA (0.33, 0.67, 1, 1.33 and 1.67 mg/mL), MnCl2 (4.17,

8.33, 16.67, 25 and 33.33 mol/L), as well as ATO (4.17, 8.33, 12.5

and 16.67 mol/L), we assessed the particle size and PDI values

associated with each set of nanoparticles.

2.6. Screening of Dz

Hepa1-6 cells were seeded at a density of 2 × 105 cells/well in 6-

well plates and incubated for 24 h. Subsequently, Lip3000-

incubated Dz and Mn2+ were added to the cells. After a 6-h in-

cubation, the culture medium was discarded, and the cells were

washed with PBS before protein collection. The expression of

Beclin 1 protein in each group was analyzed using WB.

2.7. Characterization of AsMn/Dz@BSA-FA

The particle size and ζ potential of nanoparticles were determined

through dynamic light scattering (DLS) analysis using the Mal-

vern Zetasizer Nano series (Nano ZS, Malvern instruments). The

morphology and elemental distribution of AsMn/Dz@BSA-FA

were observed via transmission electron microscopy-energy

dispersion spectrometry (TEM-EDS, Titan G2 60-300, FEI).

UV—Vis spectra of BSA, BSA-FA, FA, ATO, AsMn@BSA, and

AsMn/Dz@BSA-FA were measured using a UV—Vis spectro-

photometer. Inductively coupled plasma-optical emission spec-

trometry (ICP-OES) was employed to determine the drug loading

capacity (LC%) and encapsulation efficiency (EE%) of ATO. In a

darkroom, the verification of Dz (FAM-labeled) loading onto the

nanoparticles was conducted by capturing fluorescence images

under 470 nm LED excitation. To determine the loading capacity

of Dz, AsMn/Dz@BSA-FA complexes were prepared using FAM-

labeled Dz at varying concentrations (0.5, 1, 2, and 4 μmol/L).

Following centrifugation at 17,800×g for 10 min, the unencap-

sulated Dz in the supernatant was collected and quantified through

gel electrophoresis. The gel images were captured using a con-

ventional camera. To investigate the colloidal stability, AsMn/

Dz@BSA-FA was subjected to incubation in water, 10% FBS,

and DMEM media supplemented with 10% FBS. The particle size

was assessed at various time points including 0, 1, 2, 4, 8, and 24,

and 48 h. Equilibrium dialysis was employed to investigate the

in vitro release of AsMn/Dz@BSA-FA. A volume of 1 mL of

AsMn/Dz@BSA-FA solution was introduced into a pre-treated

dialysis bag, which was then placed inside a 50 mL centrifuge

tube containing 19.0 mL of various release media. Samples were

collected at specified time intervals (0, 0.5, 1, 2, 4, 6, 8, 12, and

24 h) and subsequently analyzed using ICP-OES to determine the

drug concentration and calculate the cumulative release of ATO in

each medium.

2.8. Stability analysis of AsMn/Dz@BSA-FA in serum

Free Dz or AsMn/Dz@BSA-FA was incubated with FBS (5%,

10%, or 20%) at 37 ◦C for 3 h, followed by denaturation of FBS

through heating at 95 ◦C for 10 min. Subsequently, the samples

were introduced into Tris buffer containing EDTA and urea to

liberate the encapsulated Dz, and the extent of Dz degradation was

assessed using gel electrophoresis.

2.9. Cleavage activity assay of Dz

The cleavage activity of Dz was assessed using gel electropho-

resis. A mixture containing Dz (10 μmol/L), substrate chain

(10 μmol/L, FAM-labeled), and metal ions at various concen-

trations (0, 0.1, 0.2, 0.5, and 1 mmol/L) was prepared in a

50 mmol/L MES buffer (pH 7.0) to initiate the reaction. After

incubation for 1 h, the reaction was quenched by adding urea

(8 mol/L), and the resulting cleaved substrate fragments were

separated and analyzed using gel electrophoresis. For the self-

activation experiment of Dz, AsMn/Dz@BSA-FA was incubated

with GSH (10 mmol/L). Subsequently, it was mixed with a

substrate concentration of 1 μmol/L at a temperature of 37 ◦C for

1 h followed by analysis of its lysis activity using similar

methods as described above.
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2.10. Cellular uptake

Hepa1-6 cells were seeded onto 6-well plates at a density of

2 × 105 cells/well. After treatment with various preparations for

4 h, the cells were washed three times with PBS, enzymatically

digested and collected, and subsequently resuspended in PBS for

quantitative analysis using flow cytometry. Additionally, confocal

laser scanning microscopy (CLSM, LSM780 NLO, Zeiss, Ger-

many) was employed to visualize cellular uptake in each experi-

mental group. To investigate the mechanism of uptake, the cells

were pre-treated with free FA at a concentration of 1 mmol/L for

1 h prior to incubation with the nanoparticles.

Hepa1-6 and AML12 cells were seeded onto 6-well plates at a

density of 2 × 105 cells/well, treated with AsMn/Dz@BSA-FA for

4 h, washed three times with PBS to collect cells, and finally

resuspended in PBS for flow cytometry analysis.

2.11. Lysosome escape of AsMn/Dz@BSA-FA

Hepa1-6 cells were inoculated in confocal dishes at a density of

5 × 104 cells per dish and incubated overnight. Subsequently,

FAM-labeled AsMn/Dz@BSA-FA was added and incubated for 1

or 8 h. After washing with PBS 3 times, LysoTracker Red was

added to stain the lysosome for 30 min, and DAPI (1 μg/mL) was

added to stain the nucleus for 10 min. Finally, the colocalization of

AsMn/Dz@BSA-FA with the lysosome was observed by CLSM.

2.12. In vitro cytotoxicity

Hepa1-6 cells were seeded in 96-well plates at a density of

5000 cells/well. Following incubation and adhesion, various

concentrations of ATO, AsMn@BSA, AsMn/Dz@BSA, and

AsMn/Dz@BSA-FA were added and incubated for 48 h. Subse-

quently, CCK-8 solution was introduced for an additional 2 h.

Finally, the absorbance at 490 nm was measured using a micro-

plate reader (TECAN) to determine cell viability. The cytotoxicity

of AsMn/Dz@BSA-FA towards AML12 cells was assessed using

the identical procedure.

2.13. WB

After treatment with various formulations, cells were collected

and lysed using RIPA buffer. Following quantification by the BCA

protein kit, proteins were isolated via gel electrophoresis and

transferred onto a polyvinylidene fluoride (PVDF) membrane

before being blocked with 5% skim milk. Primary antibodies

against Beclin 1, LC3, P62, GSDME, GSDME-N, caspase-3,

CD4, CD8, CD86, HMGB1 and GAPDH were then added and

incubated overnight at 4 ◦C. Subsequently labeled secondary an-

tibodies containing HRP were added and incubated for an hour at

room temperature. Finally, protein bands were detected using a

chemiluminescence imager (BioSpectrum 300; UVP).

2.14. Annexin V-FITC/PI double staining analysis

Hepa1-6 cells were seeded in 6-well plates at a density of

2 × 105 cells/well and cultured overnight. Subsequently, the cells

were treated with various preparations for 48 h. After treatment,

the cells were harvested, washed with PBS, and resuspended in PI

and FITC-Annexin binding solution. Finally, flow cytometry was

employed to analyze the cellular samples.

2.15. LDH and IL-1ß release

Hepa1-6 cells were seeded in 96-well plates at a density of

5 × 103 cells/well overnight, followed by incubation with various

preparations for 48 h. Subsequently, LDH levels were measured

using an LDH kit, IL-1ß was quantified using an IL-1ß ELISA kit,

and ATP released from the supernatant of each experimental

group was performed using an ATP detection kit.

2.16. In vitro cell viability and LDH release after addition of

DEVD

Hepa1-6 cells were seeded in 96-well plates at a density of

5 × 103 cells/well overnight. Subsequently, the cells were treated

with various preparations supplemented with DEVD for 48 h. The

control group was treated without DEVD. Cell viability of Hepa1-

6 cells was assessed using the CCK-8 method to determine rela-

tive cell viability. LDH release in Hepa1-6 cells with and without

DEVD was detected by LDH kit.

2.17. In vitro CRT expression

Hepa1-6 cells were seeded onto 6-well plates at a density of

2 × 105 cells/well and incubated overnight. Subsequently, the

cells were treated with various preparations for 48 h. Following

this treatment, anti-CRT was introduced to the cell culture and

allowed to incubate for an additional hour. FITC-labeled rabbit

secondary antibodies were then added and incubated for half an

hour before analysis using flow cytometry techniques. At the same

time, the expression level of CRT protein on the cell membrane

was analyzed by WB.

2.18. In vitro HMGB1 release

Hepa1-6 cells were seeded in 6-well plates at a density of

2 × 105 cells/well and incubated overnight. Following a 48-h

treatment with various preparations, the concentration of

HMGB1 in the cell supernatant was quantified using an enzyme-

linked immunosorbent assay (ELISA), while the protein expres-

sion level of HMGB1 was assessed by WB analysis.

2.19. In vitro BMDCs stimulation

Bone marrow-derived dendritic cells (BMDCs) were isolated from

8-week-old female mice according to the established protocol38.

Hepa1-6 cells were seeded in the upper compartment of a

Transwell pore plate, while the lower chamber was seeded with

BMDCs and incubated overnight. After the cells were attached to

the wall, the upper chamber containing Hepa1-6 cells was treated

with various preparations. Simultaneously, it was co-incubated

with lower BMDCs for 48 h. Subsequently, the DCs were

stained with anti-CD86-PE and anti-MHC II-APC and then

analyzed by flow cytometry to assess their level of maturity.

2.20. Biocompatibility of AsMn/Dz@BSA-FA

The biocompatibility of AsMn/Dz@BSA-FA was evaluated by

assessing its hemolytic activity using H2O as a positive control

and 0.9% NaCl as a negative control. Erythrocytes (red blood

cells, 2% (v/v)) were incubated with various concentrations of

AsMn/Dz@BSA-FA at 37 ◦C for 3 h followed by centrifugation.

Subsequently, the supernatant’s absorbance at 540 nm was

ATO-based nanoparticles activate pyroptosis 6005



measured using a microplate reader (TECAN) to determine the

extent of hemolysis.

2.21. In vivo antitumor efficacy

To establish a liver cancer model, Hepa1-6 cells were harvested

and resuspended in PBS (1 × 107 cells/mL). The cell suspension

was then combined with an equal volume of Matrigel and sub-

cutaneously injected into the right axilla of mice at a dosage of

100 μL/animal. To study the distribution of organisms, when the

tumor volume reached approximately 200 mm3, the tumor-bearing

mice were intravenously administered with free Dz-Cy5.5, AsMn/

Dz-Cy5.5@BSA or AsMn/Dz-Cy5.5@BSA-FA. Subsequently,

the mice were imaged using the IVIS Lumina XRMS Series III

system (PerkinElmer, Waltham, MA) at 1 and 24 h post-injection.

Major organs and tumors were then extracted from the mice and

imaged ex vivo for further analysis.

To assess the in vivo anti-tumor efficacy of nanoparticles, when

the tumor volume reached approximately 100 mm3, the mice were

randomly allocated into five groups and administered intrave-

nously with PBS, ATO, AsMn@BSA, AsMn/Dz@BSA, and

AsMn/Dz@BSA-FA (ATO:1 mg/kg) on Days 0, 3, 6, and 9

respectively. Tumor volume was assessed every two days during

treatment to generate a tumor growth curve. On Day 20, tumor

tissue was collected for photography and weighing. Hematoxylin

and eosin (H&E) staining was performed on the tumor tissues and

major organs. The expression of GSDME, GSDME-N, caspase-3,

Beclin1, LC3 and P62 proteins in tumor tissues was detected by

WB. The weight fluctuations of the mice during treatment were

recorded. Serum levels of alanine aminotransferase (ALT),

creatinine (CRE), aspartate aminotransferase (AST), and urea

nitrogen (BUN) were quantified using standardized assay kits. To

assess the immune effect, flow cytometry was used to detect the

activation of DCs and T cells in tumor tissue. The levels of IL-6

and TNF-α in mouse tumor tissues were measured using

ELISA. The expression of CD86, CD4, and CD8 proteins within

the tumor was analyzed via WB. Immunofluorescence was

employed to evaluate the expression of immune-related proteins

within the tumor.

2.22. Survival rate analysis

When the tumor volume reached approximately 100 mm3, the

mice were randomly divided into five groups and administered

with PBS, ATO, AsMn@BSA, AsMn/Dz@BSA, and AsMn/

Dz@BSA-FA via caudal vein on Days 0, 3, 6, and 9 respec-

tively (ATO:1 mg/kg). The mice were continuously monitored

for a period of 45 days following the initiation of treatment on

Day 0. Mice with a tumor volume exceeding 2000 mm3 were

considered deceased. Ultimately, all surviving mice were

euthanized.

2.23. Statistical analysis

The mean ± standard deviation (SD) was used to present all

quantitative data. Student’s t-test and one-way analysis of variance

(ANOVA) were employed to assess the differences between two

groups and among multiple groups, respectively. Statistical sig-

nificance was considered when P < 0.05 (*P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001).

3. Results and discussions

3.1. Inhibiting autophagy enhances ATO-induced cell

pyroptosis in liver cancer

To investigate the interplay between autophagy and pyroptosis, we

conducted bioinformatics analysis assessing the expression of

pyroptosis-related genes (GSDME, GSDMD) and autophagy

markers (P62, LC3) in normal liver tissue and HCC tumor tissue.

GSDME and GSDMD are pivotal mediators of inflammatory cell

death, termed "cell pyroptosis executors", which are cleaved by

caspases to generate N-terminal domains targeting cell mem-

branes and inducing pyroptosis39. P62 serves as a selective auto-

phagy substrate, with its expression inversely correlated with

autophagy activity40. Our analysis revealed elevated expression

levels of GSDME (DFNA5), GSDMD, and P62 (SQSTM1) in

HCC tumor tissues compared to normal tissues (Supporting

Information Fig. S1). Moreover, a positive correlation was

observed between P62, GSDME, and GSDMD expression levels

(Supporting Information Fig. S2), suggesting a negative regulatory

relationship between autophagy and pyroptosis.

To validate these findings, we employed ATO to stimulate

Hepa1-6 cells and monitored pyroptosis and autophagy levels.

Previous studies have demonstrated ATO-induced upregulation of

autophagy in tumor cells, contributing to enhanced drug resistance

in solid tumors41. Conversely, inhibiting autophagy has been

shown to potentiate the therapeutic efficacy of ATO in liver

cancer36. We observed a concentration-dependent reduction in cell

viability following ATO treatment (Fig. 1A), concomitant with

induction of autophagy as evidenced by P62 downregulation

(Fig. 1B). To modulate autophagy, we utilized the autophagy in-

hibitor chloroquine (CQ). Within the tested concentration range

(5 μmol/L), CQ did not significantly impact cell viability

(Supporting Information Fig. S3), yet markedly enhanced the anti-

tumor activity of ATO, leading to a threefold decrease in IC50

values (Fig. 1C). Treatment with CQ effectively abrogated ATO-

induced autophagy, evidenced by upregulated levels of LC3-I/II

and P62 (Fig. 1B and Supporting Information Fig. S4), impli-

cating autophagy inhibition in augmenting ATO-mediated

cytotoxicity.

Subsequent morphological assessments revealed a notable in-

crease in bubble-shaped cells indicative of pyroptosis following

ATO + CQ treatment compared to ATO alone (Fig. 1D and

Supporting Information Fig. S5). Quantitative analysis via

Annexin V-FITC/ PI dual staining confirmed a significant

augmentation of pyroptotic cells in the ATO + CQ group relative

to ATO treatment alone (Fig. 1E and Supporting Information

Fig. S6). Furthermore, measurement of lactate dehydrogenase

(LDH) release, a marker of cell rupture and pyroptosis, demon-

strated increased LDH levels upon ATO treatment, with a signif-

icant enhancement observed in the ATO + CQ group (Supporting

Information Fig. S7). WB analysis showed that there was no

significant change in GSDMD after ATO treatment, and the levels

of cleaved caspase-3 and GSDME-N increased, indicating the

activation of caspase-3/GSDME pathway after ATO treatment

(Fig. 1F, Supporting Information Figs. S8 and S9). Remarkably,

co-treatment with ATO and CQ further potentiated pyroptosis

pathway activation, corroborating the synergistic effect of auto-

phagy inhibition on ATO-induced cell pyroptosis.

To elucidate the correlation between autophagy and pyroptosis,

RNA transcriptome sequencing was performed on Hepa1-6 cells

treated with control, ATO, and ATO + CQ. Differential gene

6006 Shengmei Wang et al.



expression analysis revealed distinct gene expression profiles

among the intervention groups, with the Venn plot highlighting

differentially expressed and co-expressed genes (Supporting

Information Fig. S10). Utilizing the Geecards database, we iden-

tified genes associated with both pyroptosis and autophagy,

visualizing differentially expressed genes related to autophagy

downregulation and pyroptosis upregulation via heat map visual-

ization (Fig. 1G). Pathway enrichment analysis using the Kyoto

Encyclopedia of Genes and Genomes (KEGG) database demon-

strated enrichment of differentially expressed genes primarily in

the MAPK signaling pathway (Fig. 1H). The MAPK pathway,

comprising JNK and P38-MAPK branches, regulates Beclin-1

expression, a key autophagy promoter implicated in

autophagosome formation42. Previous studies have implicated

JNK and P38 MAPK in GSDME-dependent cell pyroptosis43,44,

suggesting their role in modulating the balance between auto-

phagy and pyroptosis. Therefore, we further examined the protein

expression levels of p-JNK and P38 MAPK via WB. The results

demonstrated that, compared to the ATO group, the ATO + CQ

group exhibited significantly increased phosphorylation of JNK

and enhanced expression of P38 MAPK protein, suggesting

that autophagy inhibition enhances pyroptosis via activation of

the JNK/P38 MAPK signaling pathway (Supporting

Information Fig. S11). As reported in the literature, ROS/JNK

signaling cascade-mediated activation of caspase-3 can amplify

pyroptosis45. To explore this, we further monitored the dynamic

Figure 1 Synergistic effects of CQ and ATO. (A) Cell viability of Hepa1-6 cells treated with different concentrations of ATO and ATO + CQ

for 48 h. (B) Expression of P62 and LC3 proteins after different treatments. (C) IC50 values of Hepa1-6 cells treated with different concentrations

of ATO and ATO + CQ for 48 h. Data are presented as mean ± SD (n � 3). **P < 0.01. (D) Cell morphology, Scale bar: 50 μm, (E) Annexin

V/PI double staining analysis and quantification, and (F) expression of GSDEM, GSDEM-N, and caspase-3 proteins after different treatments. (G)

Heat map of differentially expressed genes related to autophagy downregulation and pyroptosis upregulation. (H) KEGG pathway enrichment

analysis of differentially expressed genes in Fig. 1G.
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changes in ROS levels following autophagy inhibition by CQ. The

data showed that intracellular ROS levels in the ATO + CQ group

were markedly elevated compared to the ATO and CQ mono-

therapy groups (Supporting Information Fig. S12A and S12B). To

validate the role of ROS, we introduced the ROS inhibitor NAC,

which significantly restored cell viability in the ATO + CQ group,

confirming that ROS overaccumulation plays a crucial regulatory

role in activating the GSDME-dependent pyroptosis pathway

(Fig. S12C).

3.2. Preparation and characterization of AsMn/Dz@BSA-FA

The above results indicate that inhibiting autophagy can promote

cell pyroptosis. However, autophagy inhibitor CQ is a lysosomal

alkalizing agent, which can be affected by the acidic tumor

microenvironment and entail toxicity concerns46. Therefore,

modulating autophagy genetically may offer a more efficient and

specific approach. We have previously designed a DNAzyme (Dz)

capable of silencing Beclin 1 mRNA, effectively blocking

autophagy (Supporting Information Fig. S13)47. Dz, a catalytic

functional nucleic acid, can be activated by specific metal ion

cofactors (e.g., Mg2+, Mn2+, Zn2+) to hydrolyze and cleave target

mRNA, thus mediating gene silencing48,49. To this end, we

developed a drug delivery system for co-delivery of ATO and anti-

Beclin 1 Dz via a nanoprecipitation method. The specific process

is illustrated in Scheme 1A, wherein bovine serum albumin (BSA)

acts as a stabilizer, facilitating the formation of ATO insoluble salt

with Mn2+ while encapsulating Dz to construct AsMn/Dz@BSA

nanoparticles. Optimization of BSA, ATO, and Mn2+ concentra-

tions based on particle size and polydispersity index (PDI) yielded

final concentrations of 1 mg/mL, 8.33 mmol/L, and 4.17 mmol/L,

respectively (Supporting Information Fig. S14). To further explore

the combination of Mn2+ and ATO, we found that in the absence

of BSA, ATO and Mn2+ spontaneously form a precipitate (AsMn),

indicating a strong interaction and the formation of a stable

complex. The addition of EDTA resulted in the dissolution of the

precipitate, suggesting that the interaction between ATO and

Mn2+ is based on metal coordination, and that EDTA chelates

with Mn2+ or ATO, disrupting the AsMn structure (Supporting

Information Fig. S15).

Quantitative assessment of Dz and calculation of encapsula-

tion efficiency were conducted through fluorescence labeling of

Figure 2 The characterizations of AsMn/Dz@BSA-FA. (A) Particle size characterization of each formulation, (B) ζ Potential, and (C) UV—Vis

spectrum. (D) Elemental mapping of AsMn/Dz@BSA-FA nanoparticles. (E) Gel electrophoresis depicting Dz substrate cleavage under various

conditions. (F) Gel electrophoresis showing the degradation of free Dz or Dz in AsMn/Dz@BSA-FA incubation with varying FBS concentrations.

(G) Colloidal stability of AsMn/Dz@BSA-FA after 48 h of incubation in H2O, 10% FBS, and DMEM cell culture medium (containing 10% FBS).

(H) Drug release profiles of AsMn/Dz@BSA-FA under different conditions.
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Dz. Encapsulation of Dz by nanoparticles was confirmed by a

significant reduction in fluorescence signal compared to free Dz,

indicating fluorescence quenching (Supporting Information

Fig. S16). Additionally, gel electrophoresis quantitatively char-

acterized the encapsulation efficiency, demonstrating efficient Dz

encapsulation within the range of 0.5 to 4 μmol/L Dz feed con-

centrations (Supporting Information Fig. S17), attributed to

strong metal ion-DNA coordination. Following Dz encapsulation,

nanoparticles exhibited a slight increase in particle size and

enhanced surface negativity (Fig. 2A and B). Quantification of

ATO was achieved via ICP-OES, revealing drug loading and

encapsulation efficiencies of 34.4% and 54.21%, respectively. To

confer tumor-targeting properties to the nanostructure, folate-

modified BSA (BSA-FA) was employed to fabricate targeted

nanoparticles termed AsMn/Dz@BSA-FA. The characteristic

absorption peaks of FA at 280 and 360 nm can be observed in

BSA-FA via UV spectroscopy, and the BSA modified by FA

changes from colorless to yellow, confirming the successful

synthesis of BSA-FA (Fig. 2C and Supporting Information

Fig. S18). Utilizing BSA-FA as a stabilizer, AsMn/Dz@BSA-

FA nanoparticles exhibited a particle size of approximately

200 nm, a ξ potential of ∼ —16 mV, with no significant differ-

ences compared to AsMn/Dz@BSA nanoparticles in terms of

properties (Fig. 2A and B).

The TEM results indicated that AsMn/Dz@BSA-FA exhibit a

stable, well-defined morphology, probably attributed to the pres-

ence of BSA on the surface (Supporting Information Fig. S19).

The nanoparticle composition was characterized via Energy

Dispersive X-ray Spectroscopy (EDS), revealing characteristic

elemental peaks corresponding to As, P/N, and S of ATO, Dz, and

BSA, alongside signals of Mn element (Fig. 2D). Mn2+ serves

both as a structural component and a cofactor for Dz within the

nanoparticles. To assess Dz catalytic activity in the presence of

Mn2+, we evaluated Dz cleavage under various conditions. While

intracellular Mg2+ can also serve as a cofactor for Dz activation,

its efficiency is comparatively lower. At physiological concen-

tration (1 mmol/L), the cleavage rate after a 1-h reaction was only

∼50%. However, the addition of Mn2+ significantly enhanced Dz

cleavage activity, with an ∼80% cleavage rate achieved under

0.1 mmol/L Mn2+ conditions (Fig. 2E). Notably, nanoparticles

serve as Mn2+ reservoirs, releasing Mn2+ upon glutathione (GSH)

treatment to achieve Dz self-activation, exerting a cleavage effect

equivalent to free Mn2+.

Biodegradation poses a significant challenge to in vivo appli-

cation of Dz as a nucleic acid. Our previous studies have indicated

that encapsulation of Dz in nanoparticles significantly enhances its

stability50—52. To this end, we investigated the protective effect of

AsMn/Dz@BSA-FA nanoparticles on Dz. Incubation of free Dz

with FBS resulted in observable degradation bands in gel elec-

trophoresis, with complete degradation observed in 20% FBS. In

contrast, AsMn/Dz@BSA-FA nanoparticles exhibited minimal

degradation, indicative of their protective effect on Dz (Fig. 2F).

The colloidal stability and storage stability of nanoparticles were

evaluated by monitoring the dynamic changes in particle size.

There was no significant change in the particle size after 48 h of

incubation in water, 10% fetal bovine serum, or DMEM cell

culture medium containing 10% fetal bovine serum (Fig. 2G).

Moreover, the nanoparticles maintained their size stability even

after 15 days of storage at 4 ◦C (Supporting Information Fig. S20).

Furthermore, in vitro drug release profiles demonstrated slow

release under pH 7.4 conditions without burst release, facilitating

prolonged drug circulation during in vivo delivery. Upon pH

reduction to 5.5, drug release significantly accelerated, further

enhanced upon GSH addition due to nanoparticle disintegration,

facilitating intracellular drug release and Dz self-activation

(Fig. 2H).

Figure 3 Cellular uptake of AsMn/Dz@BSA-FA. (A) CLSM images post-incubation of Hepa1-6 cells with different formulations. Scale bar:

200 μm. (B) Evaluation of cellular uptake of various formulations and their (C) quantitative analysis via flow cytometry. Data are presented as

mean ± SD (n � 3). *P < 0.05, ***P < 0.001.
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Figure 4 The in vitro antitumor effects and mechanisms of AsMn/Dz@BSA-FA. (A) Assessment of cell viability and (B) determination of IC50

values for various preparations incubated with Hepa1-6 cells for 48 h using the CCK-8 method. Data are presented as mean ± SD (n � 3).
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3.3. In vitro cell targeting characteristics of AsMn/Dz@BSA-FA

Subsequently, we investigated the cellular uptake behavior of

AsMn/Dz@BSA-FA nanoparticles, leveraging the active targeting

properties conferred by folate modification within their structure.

First, we determined the expression of folate receptor α (FRα) in

Hepa1-6 cells and normal hepatocytes (AML12 cells) using

ELISA. The results demonstrated that FRα expression in Hepa1-

6 cells was significantly higher than that in normal hepatocytes

(Supporting Information Fig. S21A). Therefore, the high FRα-

expressing Hepa1-6 hepatocellular carcinoma cell model was

selected to investigate the cellular uptake mechanism of the

nanoparticles. To facilitate nanoparticle tracking, Dz was fluo-

rescently labeled and observed using confocal laser scanning

microscopy (CLSM) (Fig. 3A). Free Dz exhibited negligible

intracellular fluorescence, while the AsMn/Dz@BSA group dis-

played only marginal fluorescence, indicative of limited cellular

uptake. In contrast, the AsMn/Dz@BSA-FA group exhibited

robust fluorescence signals, underscoring the efficacy of active

targeted uptake. To further confirm folate receptor-mediated

nanoparticle uptake, cells were pretreated with free FA to satu-

rate folate receptor binding. Consequently, intracellular fluores-

cence in the AsMn/Dz@BSA-FA group was markedly diminished,

corroborating the pivotal role of FA modification in targeted de-

livery. Subsequent quantification of fluorescence signals via flow

cytometry (Fig. 3B and C) corroborated enhanced fluorescence

intensity in the AsMn/Dz@BSA-FA group compared to the

AsMn/Dz@BSA group, indicative of targeting capability.

Notably, pretreatment with free FA attenuated AsMn/Dz@BSA-

FA uptake efficiency to AsMn/Dz@BSA levels. To further vali-

date the targeting specificity of AsMn/Dz@BSA-FA, the normal

hepatocyte cell line AML12 was selected as a control. The results

demonstrated that the cellular uptake of AsMn/Dz@BSA-FA was

significantly higher in Hepa1-6 hepatocellular carcinoma cells

compared to AML12 cells (Fig. S21B and S21C). Collectively,

flow cytometry results aligned with CLSM observations, reaf-

firming targeted nanoparticle delivery to tumor cells facilitated by

FA mediation. To track the transport of nanoparticles within the

cells, lysosomes were co-stained with LysoTracker Red. The re-

sults showed minimal overlap between FAM (nanoparticles) and

LysoTracker Red, indicating that most nanoparticles escaped from

the lysosomes within 1 h (Supporting Information Fig. S22). With

prolonged incubation, the green fluorescence increased due to

greater nanoparticle internalization, while the co-localization with

the red fluorescent lysosomes remained low. This confirms that

ATO nanoparticles are efficiently delivered into cells, achieving

lysosomal escape and the subsequent release of fully active

components.

3.4. In vitro anti-tumor effects of AsMn/Dz@BSA-FA

Following the demonstration of tumor-targeted delivery, we pro-

ceeded to investigate the cytotoxic effects of nanoparticles on

Hepa1-6 cells utilizing the CCK-8 method. After a 48-h

incubation period, all formulations exhibited dose-dependent

cytotoxicity (Fig. 4A), with subsequent calculation of IC50

values (Fig. 4B). Results indicate that AsMn@BSA displayed

stronger cytotoxicity compared to free ATO, potentially attributed

to enhanced cellular uptake of nanoparticles. Particularly note-

worthy is the observation that encapsulation of Dz further

potentiated the anti-tumor activity of nanoparticles, likely due to

Dz’s silencing effect on Beclin 1 protein. Notably, AsMn/

Dz@BSA-FA demonstrated the most robust anti-tumor effect,

underscoring the advantages of targeted nanoparticles.

Subsequently, we explored the mechanisms of the nano-

formulation’s anti-tumor effects. In our design, Dz-mediated

silencing of Beclin 1 is leveraged to inhibit autophagy, thereby

augmenting ATO’s ability to induce cell pyroptosis. Initially, we

assessed the expression of Beclin 1 across treatment groups.

Compared to ATO and AsMn@BSA, both AsMn/Dz@BSA and

AsMn/Dz@BSA-FA effectively silenced Beclin 1, with AsMn/

Dz@BSA-FA exhibiting superior efficiency. Beclin 1 silencing

notably increased P62 protein and LC3-II expression, corrobo-

rating the inhibitory effect on cell autophagy (Fig. 4C and

Supporting Information Fig. S23). To elucidate the induction po-

tential of autophagy inhibition on cell pyroptosis, morphological

changes in Hepa1-6 cells were observed using an inverted mi-

croscope (Fig. 4D). Post-AsMn/Dz@BSA-FA treatment, signifi-

cant cellular swelling and the emergence of bubble-like structures

were evident. Subsequent annexin V-FITC/PI double staining

analysis, LDH release, and IL-1ß measurements provided quan-

titative assessments of cell pyroptosis (Fig. 4E—H), with AsMn/

Dz@BSA-FA exhibiting the highest pyroptosis induction.

To explore the cell pyroptosis pathway, the cells were pre-

treated with DEVD, a caspase-3 inhibitor. DEVD administration

markedly attenuated the anti-tumor activity of each treatment

group (Fig. 4I), with a notable reduction in LDH release (Fig. 4J).

Notably, AsMn/Dz@BSA-FA demonstrated the most pronounced

impact, indicating its reliance on the caspase-3 pathway for anti-

tumor efficacy. Subsequent WB revealed elevated expression

levels of cleaved caspase 3 and GSDME-N in Hepa1-6 cells post-

treatment with Dz-loading nanoparticles, further affirming the

pro-pyroptotic effect of Dz (Fig. 4K). Quantitative protein analysis

underscored AsMn/Dz@BSA-FA’s superior cell pyroptosis in-

duction (Supporting Information Fig. S24). Additionally, nano-

particle toxicity on normal AML12 cells was investigated, with

AsMn/Dz@BSA-FA exhibiting a 9-fold increase in Hepa1-6 cell

IC50 compared to AML12 cells, highlighting nanoparticles’ se-

lective tumor cell killing ability (Supporting Information

Fig. S25). This selectivity is attributed to both the high GSDME

expression in tumor tissue, facilitating ATO-induced cell pyrop-

tosis, and folate-mediated tumor-targeted delivery.

3.5. Activation of anti-tumor immunity by AsMn/Dz@BSA-FA

through promotion of cell pyroptosis

Previous investigations have underscored the role of cell pyrop-

tosis in enhancing exposure to tumor antigens, thereby

*P < 0.05, **P < 0.01. (C) Evaluation of LC3, Beclin1, and P62 protein expression in Hepa1-6 cells post-treatment with various preparations.

(D) Morphological examination of Hepa1-6 cells following treatment with various preparations, Scale bar: 200 μm. (E, F) Analysis of Annexin

V/PI double staining, (G) quantification of LDH release, and (H) measurement of IL-1ß release in Hepa1-6 cells treated with various preparations.

Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Post-DEVD addition, (I) relative cell viability

of Hepa1-6 cells and (J) LDH release in each formulation treatment group were evaluated. Data are presented as mean ± SD (n � 4). *P < 0.05,

**P < 0.01, ****P < 0.0001. (K) Expression levels of GSDME, GSDME-N, and caspase-3 proteins after different treatments.
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augmenting the tumor immune microenvironment and potenti-

ating the efficacy of immunotherapy53,54. In light of this, we

characterized the immunogenic cell death (ICD) of cells. Each

treatment group exhibited heightened exposure to calreticulin

protein (CRT) and released ATP and HMGB1 (Fig. 5A—C,

Supporting Information Figs. S26 and S27). Notably, AsMn/

Dz@BSA demonstrated stronger promotion of ICD compared to

AsMn@BSA, indicative of the synergistic effect of Dz and ATO.

The optimal effect was achieved with AsMn/Dz@BSA-FA,

attributed to surface modification with folic acid. CRT exposure

on the cell surface serves as an “eat me” signal to immune cells,

facilitating dendritic cell (DC) maturation and phagocytosis of

tumor cells55. Concurrently, HMGB1 and ATP release enhances

tumor cell immunogenicity, recruiting immune cells, fostering

immune cell differentiation and maturation, and thereby bolstering

antigen-presenting activity56—58. Subsequently, co-culturing of

Hepa1-6 cells treated with various formulations with mouse bone

marrow-derived dendritic cells (BMDCs) allowed for in vitro

analysis of DC maturation by assessing MHC II and CD86 co-

stimulatory molecule expression using flow cytometry. Consis-

tent with the above results, all formulations promoted DC antigen-

presenting molecule and co-stimulatory molecule expression, with

enhanced efficacy observed post-Dz encapsulation (Fig. 5D and

Supporting Information Fig. S28). Thus, autophagy inhibition

fosters cell pyroptosis, thereby augmenting tumor cell

immunogenicity.

To validate this assertion, RNA sequencing analysis was con-

ducted. Following ATO treatment, upregulation of genes related to

inflammatory cytokines, antigen processing, and presentation was

observed (Supporting Information Fig. S29A), pivotal in facili-

tating ICD. Moreover, autophagy inhibition intensified the in-

duction effect of ICD. KEGG pathway enrichment analysis

unveiled signaling pathways of differentially expressed genes

post-autophagy inhibition, including “Intestinal immune network

for IgA production”, “Inflammatory mediator regulation of TRP

channels”, and “Cell adhesion molecules” (Fig. S29B), reaffirm-

ing the regulatory impact of autophagy inhibition on immune-

related genes.

3.6. In vivo targeting and anti-tumor activity of AsMn/

Dz@BSA-FA

Following the confirmation of nanoparticle functionality in cells,

we further investigated their in vivo properties utilizing Hepa1-6

tumor-bearing mice. Preliminary blood compatibility experi-

ments confirmed that within the concentration range of 1000 μg/

mL, AsMn/Dz@BSA-FA exhibited a hemolysis rate of less than

2% (Supporting Information Fig. S30), rendering it suitable for

intravenous injection. Initially, we examined the in vivo distribu-

tion of nanoparticles by labeling Dz with Cy5.5 fluorescence and

employing small animal in vivo imaging techniques. After 1 h of

intravenous injection, the nanoparticles exhibited widespread

distribution throughout the body (Fig. 6A and Supporting

Information Fig. S31). Over a 24-h period, the fluorescence

signal notably decreased, indicative of nanoparticle metabolic

elimination. Particularly noteworthy was the significant enhance-

ment of nanoparticle fluorescence at the tumor site after 24 h,

attributable to the enhanced permeability and retention (EPR)

effect of the tumor. Subsequent ex vivo imaging and intensity

quantification of main organs and tumor tissue validated these

findings (Fig. 6B and C). Consistent with the aforementioned

observations, nanoparticle intensity at the tumor site surpassed

that of free Cy5.5, with folate-modified nanoparticles exhibiting

optimal tumor-targeting enrichment, approximately 3.6 times

higher than the fluorescence signal of free Cy5.5. These results

underscore the active targeting properties of AsMn/Dz@BSA-FA,

which benefits for enhancing drug anti-tumor efficacy and miti-

gating toxic side effects.

Having established tumor-targeted nanoparticle delivery, we

then evaluated the in vivo anti-tumor efficacy of AsMn/Dz@BSA-

Figure 5 The immune response mediated by AsMn/Dz@BSA-FA in vitro. Exposure of (A) CRT and release of (B) ATP and (C) HMGB1 in

Hepa1-6 cells treated with various formulations. (D) Proportions of BMDCs co-expressing CD86 and MHC II post-co-culture with Hepa1-6 cells

treated with various formulations. Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ****P < 0.0001.
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FA. Tumor-bearing mice were randomly divided into five groups

and administered different formulations every three days for a

total of four injections. Tumor tissue was measured every two days

to assess anti-tumor effects. Moderate inhibition of tumor growth

was observed with free ATO, while AsMn@BSA exhibited su-

perior tumor inhibition, attributed to the tumor enrichment effect

of nanoparticles. Incorporation of Dz nanoparticles further

augmented tumor growth inhibition, indicative of the synergistic

effect of Dz with ATO. Following folate modification, AsMn/

Dz@BSA-FA demonstrated the most potent anti-tumor effect,

nearly completely inhibiting tumor growth (Fig. 6D and

Supporting Information Fig. S32). Direct evaluation of anti-

tumor efficacy via measurement of tumor weight corroborated

these findings (Fig. 6E and Supporting Information Fig. S33), with

AsMn/Dz@BSA-FA exhibiting the most pronounced anti-tumor

effect, followed by AsMn/Dz@BSA, AsMn@BSA, and free

ATO. Pathological evaluation of tumor tissue via H&E staining

revealed marked cell necrosis and nuclear reduction in the AsMn/

Dz@BSA-FA group, underscoring its exceptional anti-tumor

efficacy (Fig. 6F). Survival experiments on tumor-bearing mice

further underscored the long-term efficacy of nanoparticles, with

AsMn/Dz@BSA-FA-treated mice exhibiting a 100% survival rate

at 45 days, significantly higher than other treatment groups, thus

confirming the synergistic anti-tumor effect of Dz and ATO

(Fig. 6G).

3.7. Validation of the in vivo anti-tumor mechanism of AsMn/

Dz@BSA-FA

Encouraged by the outstanding in vivo anti-tumor efficacy of

AsMn/Dz@BSA-FA, we further elucidated its underlying anti-

tumor mechanism in vivo. In our design, the release of Mn2+

and Dz by nanoparticles within cells inhibits autophagy by cata-

lyzing the cleavage of Beclin 1 protein, thereby promoting cell

pyroptosis. Tumor cell pyroptosis subsequently releases tumor

antigens, modulates the tumor immune microenvironment, and

activates anti-tumor immunity. We validated these mechanisms

in vivo. Compared to AsMn@BSA, AsMn/Dz@BSA, and AsMn/

Figure 6 The biodistribution and antitumor activity of AsMn/Dz@BSA-FA in vivo. (A) In vivo and (B) ex vivo fluorescence images of tumor-

bearing mice treated with various formulations, along with (C) fluorescence quantification. Data are presented as mean ± SD (n � 3).

**P < 0.01, ***P < 0.001. (D) Tumor growth curves of mice treated with various formulations. Data are presented as mean ± SD (n � 5).

**P < 0.01, ****P < 0.0001. (E) Visual images of tumors in each group at the end of treatment. (F) H&E staining for pathological evaluation of

tumor tissue, Scale bar: 100 μm. (G) Survival rate of mice treated with various formulations (n � 6).
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Figure 7 Immunomodulatory effects of AsMn/Dz@BSA-FA. Analysis of the proportion of (A) CD11c+CD86+ cells, (B) CD3+CD4+ cells,

and (C) CD3+CD8+ cells in tumor tissues of each group of mice using flow cytometry. (D) Immunofluorescence detection of changes in CD86,

CD11c, CD8, and CD4 in tumor tissue after treatment with different formulations, Scale bar: 100 μm. (E) Expression levels of CD86, CD8, and

CD4 in tumor tissue after treatment with different formulations. Changes in (F) TNF-α and (G)IL-6 levels in tumor tissue after treatment with

different formulations. Data are presented as mean ± SD (n � 5). **P < 0.01, ***P < 0.001, ****P < 0.0001.

6014 Shengmei Wang et al.



Dz@BSA-FA significantly downregulated the expression of

Beclin 1 protein (Supporting Information Fig. S34A and S34B),

confirming intracellular Dz activation and its mRNA-targeting

silencing effect. Subsequent Beclin 1 protein silencing led to

significant upregulation of LC3 and P62 (Figs. S34A, S34C, and

S34D), confirming autophagy inhibition. Concurrently, the

expression of cleaved caspase-3 and GSDME-N in tumors also

increased (Fig. S34E—S34G), with AsMn/Dz@BSA-FA exhibit-

ing the most pronounced regulatory effect. This underscores

AsMn/Dz@BSA-FA’s capacity to enhance cell pyroptosis by

inhibiting autophagy, thereby achieving a synergistic effect of Dz

and ATO.

Subsequently, we investigated the activation effect of cell

pyroptosis on anti-tumor immunity, evaluating mature dendritic

cells (mDCs) and tumor-infiltrating T cells through flow cytom-

etry analysis. Compared with the control group, the proportion of

activated DC cells (CD86+CD11c+) in tumor tissue significantly

increased after treatment with AsMn/Dz@BSA and AsMn/

Dz@BSA-FA, positively correlating with the level of cell pyrop-

tosis (Fig. 7A, Supporting Information Figs. S35 and S36). Since

DCs are essential for antigen presentation to T cells, their

enhanced maturation indicates that AsMn/Dz@BSA-FA effec-

tively overcomes the immunosuppressive TME by priming an

antigen-specific immune response. We then examined T cell

infiltration, and the results showed that AsMn/Dz@BSA-FA

treatment led to a substantial increase in tumor-infiltrating cyto-

toxic T lymphocytes (CTLs, CD3+CD8+) and helper T cells (Ths,

CD3+CD4+) (Fig. 7B and C, Figs. S35 and S36). This demon-

strates that pyroptosis not only directly kills tumor cells but also

fosters a pro-inflammatory TME conducive to T-cell recruitment

and activation. Additionally, immunofluorescence assays

confirmed significant enhancement of CD86, CD11c, CD4, and

CD8 expression in tumor tissue after AsMn/Dz@BSA-FA treat-

ment (Fig. 7D and Supporting Information Fig. S37). WB analysis

of related proteins CD86, CD4, and CD8 corroborated the results

obtained from immunofluorescence assays (Fig. 7E and

Supporting Information Fig. S38), indicating initiation of an

adaptive immune response by AsMn/Dz@BSA-FA treatment.

Additionally, activated T cells secrete pro-inflammatory cytokines

such as TNF-α and IL-6, which play crucial roles in sustaining

Figure 8 The biosafety of AsMn/Dz@BSA-FA in vivo. (A) Dynamic monitoring of weight changes during treatment. Evaluation of

(B) hepatotoxicity and (C) nephrotoxicity of each formulation by measuring serum levels of ALT, AST, BUN, and CRE after treatment. Data are

presented as mean ± SD (n � 4). ns, not significant. (D) Representative H&E staining images of major organs including the heart, liver, spleen,

lungs, and kidneys after treatment with different formulations, Scale bar: 100 μm.
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antitumor immunity. Consistent with this, ELISA assays revealed

significantly higher levels of TNF-α and IL-6 in AsMn/Dz@BSA-

FA-treated tumors (Fig. 7F and G). These cytokines contribute to

direct tumor cell killing while further amplifying immune acti-

vation, reinforcing the antitumor response. Therefore, AsMn/

Dz@BSA-FA not only induced tumor cell pyroptosis to directly

eliminate tumors, but also achieved anti-tumor immunotherapy by

promoting DC maturation, initiating T cell infiltration and acti-

vation, and cytokines excretion.

3.8. Biosafety assessment of AsMn/Dz@BSA-FA

Given the remarkable therapeutic effects observed, we conducted

a thorough evaluation of the biosafety of the nanosystem.

Throughout the treatment period, no significant fluctuations in

body weight were observed, indicating the absence of acute

toxicity associated with the different dosage forms (Fig. 8A).

Furthermore, we assessed blood biochemical indicators including

aspartate transaminase (AST), alanine transaminase (ALT), blood

urea nitrogen (BUN), and creatinine (CRE) levels after treatment

(Fig. 8B and C). The levels of these parameters remained within

the normal range, suggesting the absence of hepatotoxicity or

nephrotoxicity associated with each treatment. To comprehen-

sively investigate systemic toxicity, we conducted histological

examination via H&E staining of major organs (Fig. 8D). No

pathological changes were observed in the heart, liver, spleen,

lungs, or kidneys following treatment with any of the formula-

tions. These findings collectively affirm the biocompatibility of

the nanosystems for in vivo applications.

4. Conclusions

In conclusion, our study elucidated the intricate interplay be-

tween autophagy, apoptosis, and pyroptosis in HCC cells,

revealing a negative correlation between autophagy and pyrop-

tosis. By inhibiting autophagy, we successfully redirected

ATO-induced cell death from apoptosis to pyroptosis, thus

enhancing its anti-tumor effects. Leveraging these insights, we

engineered a nanomedicine comprising ATO, Mn2+, and anti-

Beclin 1 Dz, utilizing BSA as a stabilizer. This nanomedicine

exhibited straightforward preparation, high drug loading capac-

ity, and responsive drug release, accumulating in tumor tissues

and selectively targeting liver cancer cells. Upon cellular uptake,

the nanoparticles disassembled, releasing their active constitu-

ents. Mn2+ activated Dz to cleave Beclin 1, inhibiting autophagy

and promoting ATO-induced pyroptosis, thereby directly elimi-

nating tumor cells. Additionally, the nanoparticles displayed

remarkable targeting specificity, with 9 times greater cytotoxicity

against tumor cells compared to normal cells, owing to the

overexpression of folate receptors and GSDME proteins in tumor

cells. Furthermore, pyroptosis induced ICD, activating anti-

tumor immunity characterized by tumor antigen release, den-

dritic cell maturation, T cell infiltration and activation, and pro-

inflammatory cytokine secretion. In preclinical models, the

nanomedicine exhibited potent anti-tumor activity, achieving

complete tumor growth inhibition and 100% survival at 45 days.

Importantly, the nanoparticles demonstrated excellent biocom-

patibility and safety profiles, underscoring their potential for

clinical translation. Our findings highlight the promise of

nanotechnology-based strategies for precise cancer therapy and

advocate for further exploration of the clinical application of our

nanomedicine in cancer treatment.
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