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Lactate-Modulating Nanoreactors Facilitate Self-Amplifying
Pyroptosis and the cGAS-STING Cascade for Potentiated
Catalytic-Immunotherapy
Linzhu Zhang, Shumin Sun, Duo Wang, Nailin Yang,* Di Wang, Jihu Nie, Zifan Pei,
Juan Qin, Lei Zhang,* Haidong Zhu,* and Liang Cheng*

The strategic induction of pyroptosis, coupled with the targeted potentiation
of cGAS-STING activation, represents a promising immunostimulatory
approach. Herein, an intelligent lactate-depleting LOCoF2 nanoreactor system
is developed that orchestrated self-amplifying pyroptosis induction and
cGAS-STING signaling potentiation for enhanced catalytic immunotherapy.
This nanoplatform integrated cobalt fluoride (CoF2) nanoparticles with lactate
oxidase (LOx), endowing it with dual enzymatic capabilities. Therefore, the
LOCoF2 nanoreactor initially served as a pyroptosis activator, synergistically
inducing pyroptosis in cancer cells by catalyzing the sequential generation of
reactive oxygen species (ROS) while simultaneously inhibiting damage repair
mechanisms. Subsequently, it functioned as an intelligent STING agonist to
selectively detect pyroptosis-released mitochondrial DNA (mtDNA) and
augment the activation of the cGAS-STING pathway. In vivo evaluations
reveal that LOCoF2 administration provoked robust antitumor immunity, with
synergistic effects observed when combined with immune checkpoint
inhibitors, leading to significant regression of both primary and distant
lesions. Notably, the LOCoF2-lipiodol emulsion demonstrates exceptional
therapeutic performance in a rat orthotopic hepatocellular carcinoma model
when integrated with transcatheter arterial embolization (TAE) or transarterial
chemoembolization (TACE) treatments. Therefore, the adverse factor lactate is
ingeniously utilized to increase the activation of pyroptosis-STING via a
cascade reaction, ultimately achieving superior tumor control.
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1. Introduction

Hepatocellular carcinoma (HCC) repre-
sents a significant cause of cancer-related
mortality globally, with its disease bur-
den remaining consistently high.[1] Lo-
cal treatments such as transcatheter ar-
terial embolization (TAE) or transarte-
rial chemoembolization (TACE) are the
preferred therapeutic modalities for pa-
tients with intermediate to advanced stage
HCC.[2] TAE/TACE involves percutaneous
superselective catheterization of the hep-
atic arteries supplying hepatocellular car-
cinoma, followed by the administration
of embolic agents and chemotherapeutic
drugs.[3] This approach disrupts the tu-
mor’s blood supply and induces ischemic
necrosis. Despite frequent reductions in
tumor burden, complete oncologic con-
trol remains uncommon, with therapeu-
tic responses demonstrating significant in-
terpatient variability. The development of
chemoresistance, increased tumor inva-
siveness, and subsequent recurrence or
metastasis are prevalent, collectively lim-
iting objective response rates and long-
term survival outcomes. These challenges

L. Zhang, S. Sun, N. Yang, D. Wang, J. Nie, Z. Pei, L. Cheng
Institute of Functional Nano & Soft Materials (FUNSOM)
Jiangsu Key Laboratory for Carbon-Based Functional Materials & Devices
Soochow University
Suzhou 215123, China
E-mail: nlyang@suda.edu.cn; lcheng2@suda.edu.cn

Adv. Sci. 2025, e11144 e11144 (1 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
mailto:zhang_lei@seu.edu.cn
mailto:zhuhaidong@seu.edu.cn
https://doi.org/10.1002/advs.202511144
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:nlyang@suda.edu.cn
mailto:lcheng2@suda.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202511144&domain=pdf&date_stamp=2025-08-28


www.advancedsciencenews.com www.advancedscience.com

are largely attributable to incomplete ablation of malignant
tissue and suboptimal pharmacokinetic profiles of administered
agents.[4] Traditional lipiodol-based emulsions are hindered by
inadequate physicochemical stability and rapid drug elution,
impeding sustained locoregional drug delivery. In contrast,
Pickering emulsions, stabilized by solid nanoparticles, markedly
improve emulsion robustness and drug encapsulation, rep-
resenting a promising platform to optimize the efficacy of
TAE/TACE interventions.[5] In recent years, tumor immunother-
apy has undergone rapid advancements, pioneering a novel
domain in anti-tumor treatment by harnessing the immune
system to elicit a durable anti-tumor immune response.[6] Ther-
apeutic modalities such as immune checkpoint blockade (ICB)
antibody therapy have demonstrated significant clinical benefits
across various cancer types.[7] Unfortunately, the efficacy of im-
munotherapy for HCC patients is limited to 20%–30%, primarily
due to the intricate immunosuppressive tumor microenviron-
ment (TME).[8] Consequently, addressing the immunosuppres-
sive TME and enhancing the effectiveness of immunother-
apy represent critical challenges that require immediate
attention.
The cGAS-STING pathway constitutes a cytosolic DNA-

sensing mechanism that facilitates the production of type I inter-
ferons (IFNs) and other inflammatory cytokines, which play es-
sential roles in the initiation of antitumor immune responses.[9]

Metal ions play crucial roles in immune regulation, and metal-
loimmunotherapy has emerged as a promising approach for the
treatment of solid tumors.[10] To date, several metal ions, includ-
ing Mn2+, Zn2+, and Co2+, have been reported to exhibit signif-
icant cGAS-STING activation capabilities.[11] Notably, Co2+ en-
hances STING activity in a cGAMP-dependent manner; in the
absence of cGAMP, Co2+ fails to activate STING.[11a] This high-
lights the potential of Co-based STING agonists to preciselymod-
ulate the immune response, considering that aberrant activation
of the cGAS-STING pathway has been implicated in the develop-
ment of inflammatory and degenerative diseases. However, ele-
vated levels of aberrant metabolites, particularly lactate at con-
centrations ranging from 10 to 30 mm in tumor tissues, can
hinder the activation of the cGAS-STING pathway.[12] Specifi-
cally, lactate promotes the lactylation of cGAS, thereby inhibit-
ing the production of cGAMP and consequently attenuating in-
nate immune surveillance.[13] Moreover, lactate facilitates DNA
repair processes in cancer cells, further suppressing the activa-
tion of the cGAS-STING pathway.[14] Simultaneously, lactate pro-
duced through the Warburg effect functions as a pivotal intrin-
sic regulator of tumorigenesis, facilitating the enrichment of the
cancer stem cell compartment by inhibiting their differentiation
and reprogramming differentiated cancer cells toward a prolifer-
ative cancer stem cell phenotype.[15] Therefore, it is crucial to de-
velop efficacious strategies for the delivery of Co-based agonists
and tumor-specific exposure of mitochondrial DNA (mtDNA),
while simultaneously modulating lactate metabolism within the
TME.
Pyroptosis is a novel form of inflammatory programmed cell

death mediated by gasdermin (GSDM) family proteins.[16] This
process is characterized by cytoplasmic swelling, culminating
in membrane rupture and the subsequent release of intracel-
lular contents, thereby eliciting an immune response.[17] Be-

fore plasma membrane disruption, GSDMD-N translocates and
damages mitochondria, leading to the release of mtDNA, which
serves as a critical activator of the cGAS-STING pathway.[18] Con-
sequently, inducing high-efficiency pyroptosis in cancer cellsmay
serve as an upstream event that triggers cGAS-STING activation.
Emerging evidence indicates that specific metal ions (including
Zn2+ and Co2+) and reactive oxygen species (ROS) can effectively
induce pyroptosis in malignant cells.[19] Tumor catalytic therapy
has emerged as a promising strategy that harnesses exogenous
triggers or TME responses to transform relatively benign en-
dogenous biomolecules into potent cytotoxic ROS through pre-
cisely controlled catalytic reactions, enabling tumor-specific cy-
totoxicity with spatiotemporal precision.[20] In this strategy, the
Co-based nanocatalyst demonstrates TME-activated cascade cat-
alytic functionality, effectively orchestrating catalase-like func-
tions to convert endogenous hydrogen peroxide (H2O2) into
ROS, thereby triggering self-amplifying oxidative damage cas-
cade for tumor-specific eradication.[21] However, the limited avail-
ability of H2O2 in the TME constrains the sustained efficacy
of this therapeutic approach.[22] More critically, elevated levels
of lactate facilitate the ability of cancer cells to repair damaged
DNA, maintain genomic stability, promote tumor cell stemness,
and potentially inhibit pyroptosis.[14,23] Therefore, the develop-
ment of efficient strategies to modulate lactate levels and in-
crease H2O2 concentrations within tumors, thereby increasing
ROS generation, is beneficial for inducing pyroptosis in tumor
cells.
While lactate-deleting nanoreactors have been developed for

the treatment of tumors, limited attention has been given to the
potential interactions between lactate and key biological path-
ways, including STING signaling and pyroptosis.[12b,c,24] Draw-
ing upon these bottlenecks and challenges, we engineered in-
telligent lactate-depleting nanoreactors that effectively mediated
the induction of self-reinforced pyroptosis and cGAS-STING sig-
naling cascades, thereby increasing the efficacy of catalytic im-
munotherapy (Scheme 1). Specifically, the LOCoF2 nanoreactor,
constructed by integrating cobalt fluoride (CoF2) nanocatalysts
with lactate oxidase (LOx), exhibited both LOx and peroxidase-like
activities. Consequently, the LOCoF2 nanoreactor initially func-
tions as a pyroptosis activator. LOx metabolized lactate within
the TME, generating H2O2 that served as a substrate for CoF2-
mediated ROS production while simultaneously inhibiting dam-
age repair mechanisms. Subsequently, the LOCoF2 nanoreactor
was further employed as an intelligent STING agonist to selec-
tively detect pyroptosis-released mtDNA and augment the activa-
tion of the cGAS-STING pathway. The administration of LOCoF2
into tumors elicited a robust immune response, providing sub-
stantial support for antitumor therapy. Therefore, the combi-
nation of LOCoF2 with ICB resulted in significant suppression
of both primary and metastatic tumors. Moreover, the LOCoF2-
lipiodol dispersion demonstrated remarkable efficacy when used
in conjunction with TAE/TACE in a rat orthotopic liver tumor
model. This innovative approach leverages the metabolic prop-
erties of tumors to transform lactate, a key immunosuppressive
metabolite, into a therapeutic asset through a series of catalytic re-
actions, thereby enhancing pyroptosis-STING coordination and
ultimately achieving superior tumor control, offering new in-
sights into tumor therapy.
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Scheme 1. Schematic representation of LOCoF2 lactate-modulating nanoreactors enabling self-amplifying pyroptosis and cGAS-STING cascade activa-
tion for enhanced catalytic immunotherapy.

2. Results and Discussion

2.1. Lactate Augmented DNA Repair and Conferred Resistance to
DNA-Damaging Therapy in HCC

To investigate the potential relationship between lactate and
the efficacy of DNA-damaging therapies such as chemother-
apy, oxaliplatin (Oxa) was administered to H22 tumor-bearing
mice. Among the ten mice treated with Oxa for 21 days,
six exhibited relatively rapid tumor growth (designated as the
chemotherapy-resistant group), while the remaining four exhib-
ited slower tumor progression (designated the chemotherapy-
sensitive group) (Figure 1A). Tumor tissues were subsequently
extracted for non-targeted metabolomics analysis, which iden-
tified lactate as one of the most abundant metabolites in drug-
resistant tumors (Figure 1B). To further validate the aforemen-
tioned findings, we conducted Oxa chemotherapy on a cohort
of 20 mice. Following a 21-day treatment regimen, the tumor
volume in 10 mice presented relatively rapid growth, which we
designated the chemotherapy-resistant group, while the remain-
ing 10 mice presented slower tumor growth, which we desig-
nated as the chemotherapy-sensitive group (Figure 1C,D; Figures
S1,S2, Supporting Information). The tumor volume and weight
in the chemotherapy-sensitive group were significantly lower

than those in the treatment-resistant group. Lactate levels in tu-
mor tissues were measured via a lactate assay kit, demonstrat-
ing significantly lower concentrations in chemotherapy-sensitive
tumors than in resistant tumors (Figure 1E), corroborating the
metabolomics results. DNA-damaging chemotherapy induces
double-strand breaks (DSBs), triggering rapid phosphorylation of
histoneH2AX at serine 139 (𝛾H2AX) at break sites.[14] Compared
with sensitive tumors, the chemotherapy-resistant tumors pre-
sented markedly elevated 𝛾H2AX expression (Figure 1F; Figures
S3,S4, Supporting Information). The results suggested that lac-
tate was involved primarily in homologous recombination (HR)-
mediated DNA repair. Flow cytometry analysis revealed that
the proportion of CD8+ T cells was significantly greater in the
treatment-sensitive group than in the treatment-resistant group
(Figure 1G,I; Figure S5, Supporting Information). Addition-
ally, the number of regulatory T cells (Tregs), which exert im-
munosuppressive functions, was lower in the treatment-sensitive
group than in the treatment-resistant group (Figure 1H,J; Figure
S6, Supporting Information). These findings suggested that lac-
tate may contribute to resistance to Oxa chemotherapy by pro-
moting HR-mediated DNA repair and promoting a tumor im-
munosuppressive microenvironment.[14]

To further investigate whether the consumption of excess lac-
tate in tumors can increase the effectiveness of DNA-damaging
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Figure 1. Elevated lactate levels enhanced DNA repair and promoted resistance to DNA-damaging therapies in HCC. A) Schematic diagram of non-
targeted metabolomics analysis of H22 tumor tissue. B) Volcano plot of metabolomic differences between Oxa-resistant (n = 6) and Oxa-sensitive
(n = 4) H22 tumor tissues. C,D) Oxa-resistant and Oxa-sensitive H22 tumor volume C) and tumor weight D). E) Lactate content in Oxa-resistant and
Oxa-sensitive H22 tumors. F) The expression levels of 𝛾-H2AX in Oxa-resistant and Oxa-sensitive tumor tissues were detected via Western blot analysis.
G) Flow cytometric analysis of CD45+CD3+CD8+ T cells. H) Flow cytometry analysis of Tregs (CD3+CD4+Foxp3+) in Oxa-resistant and Oxa-sensitive
tumors. I) Statistical data of (G). J) Statistical data of (H). K) Schematic illustration of the in vivo therapeutic regimen. L) Tumor volume changes after
different treatments. M) Tumor weight variation after different treatments. N) Lactate contents in tumor tissues after different treatments. O) Western
blot analysis of 𝛾-H2AX expression in tumors subjected to different treatments. P) Statistical data of CD45+CD3+CD8+ T cells in tumor tissues after
different treatments. Q) Statistical data of CD3+CD4+Foxp3+ T cells in tumor tissues after different treatments. R) Flow cytometry assessment of CD3+

CD4+ Foxp3+ cells within tumors after different treatments. The data represent mean ± SD, n = 10 biologically independent samples in (D, E, I–J),
n = 6 biologically independent samples in (M–N, P–Q). one-way analysis of variance (ANOVA) was used for multiple comparisons among three or more
groups. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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therapies such as chemotherapy, we employed a strategy that
combined LOx with Oxa. H22 tumor-bearing mice were ran-
domized into four experimental groups: group I, the control
group; group II, the LOx group; group III, the Oxa group; and
group IV, the LOx + Oxa group. Every three days, the mice
were intraperitoneally injected with Oxa and intratumorally in-
jected with LOx (Figure 1K). The results of the tumor volume
and weight analysis demonstrated that LOx or Oxa alone had
a moderate inhibitory effect on tumor growth compared with
that of the control group, whereas the combined administra-
tion of LOx and Oxa resulted in a significantly increased in-
hibitory effect on tumor growth (Figure 1L,M; Figures S7,S8,
Supporting Information). Further analysis revealed that LOx sig-
nificantly diminished lactate levels in tumor tissues, potentially
enhancing the efficacy of therapeutic interventions (Figure 1N).
One of the primary mechanisms by which lactate confers re-
sistance to therapeutic effects is through its ability to enhance
DNA damage repair. Western blot analysis revealed markedly at-
tenuated DNA damage repair capacity in the LOx + Oxa group
compared with the Oxa monotherapy group (Figure 1O; Figures
S9,S10, Supporting Information). These findings indicated that
the consumption of lactate led to a decrease in DNA repair ef-
ficiency, thereby improving the chemotherapeutic effect of Oxa.
Flow cytometry analysis revealed a significantly greater propor-
tion of CD8+ T cells in the LOx + Oxa group than in the Oxa
group (Figure 1P; Figure S11, Supporting Information), while
the number of immunosuppressive Tregs was notably lower in
the LOx + Oxa group than in the Oxa group (Figure 1Q,R).
These findings suggested that the reduction in lactate in tumor
tissues not only inhibited DNA damage repair and enhanced
the efficacy of chemotherapy but also reversed tumor-associated
immunosuppression.

2.2. Preparation and Characterization of LOx@CoF2 (LOCoF2)
Nanoreactors

First, rod-shaped CoF2 was prepared via high-temperature ther-
mal decomposition using cobalt acetylacetonate and ammonium
fluoride (NH4F) as the cobalt and fluorine precursors. Sub-
sequently, DSPE-PEG2000-NH2 modification facilitated the elec-
trostatic interaction-driven self-assembly of LOx on the CoF2
surface, resulting in the formation of LOCoF2 nanoreactors
(Figure 2A). Transmission electron microscopy (TEM) revealed
that the CoF2 nanoparticles (NPs) exhibited a uniform size dis-
tribution and a rod-like morphology (Figure 2B). Energy disper-
sive X-ray spectroscopy (EDS) elemental mapping analysis indi-
cated that Co and F were homogeneously distributed through-
out the nanoparticles (Figure 2C). In addition, the crystal struc-
ture diffraction peaks of the CoF2 NPs were characterized by X-
ray diffraction (XRD). The obtained diffraction patterns matched
those of CoF2 (JCDPS 33-0417), confirming the successful syn-
thesis of CoF2 (Figure 2D). X-ray photoelectron spectroscopy
(XPS) was subsequently employed to investigate the surface el-
emental composition and electronic states of CoF2 (Figure 2E;
Figure S12, Supporting Information). The observed peaks at
797.88 and 781.48 eV corresponded to Co 2p1/2 and Co 2p3/2, re-
spectively, with accompanying shake-up satellite peaks at 803.38
and 787.18 eV, which were consistent with previously reported

XPS spectra for Co (II). Additionally, the presence of the F 1s
peak at ≈684.18 eV indicated the formation of an F-metal bond.
These results indicated that rod-like CoF2 NPs were success-
fully synthesized through a high-temperature thermal decom-
position method. To further integrate CoF2 and LOx, DSPE-
PEG2000-NH2 modification was employed to develop LOCoF2
nanoreactors. The CoF2 modified with DSPE-PEG2000-NH2 ac-
quired a pronounced positive charge, enabling the adsorption of
LOx onto its surface through electrostatic interactions, thereby
forming LOCoF2. Zeta potential and dynamic light scattering
(DLS) measurements collectively verified the effective conjuga-
tion of LOx with CoF2 NPs (Figures S13,S14, Supporting Infor-
mation). UV–vis spectra revealed a distinct LOx absorption peak
for LOCoF2, whereas no absorption signature was observed for
CoF2 (Figure 2F). Furthermore, Fourier transform infrared spec-
troscopy (FT-IR) analysis demonstrated that LOCoF2 displayed
C═O bond peaks, with a distinctive absorption band within the
1500–1700 cm−1 region, closely resembling the spectral features
observed for LOx (Figure 2G).[25] To further investigate the po-
tential impact of CoF2 on LOx activity, lactate was separately co-
incubated with both LOx and LOCoF2. Both LOx and LOCoF2 sig-
nificantly decreased the concentration of lactate, suggesting that
CoF2 does not alter the catalytic activity of LOx (Figure S15, Sup-
porting Information). All these results demonstrated the success-
ful synthesis of LOCoF2 nanoreactors with enzyme-like activity,
indicating their promising application potential in cancer ther-
apy.
Next, we systematically investigated the enzyme-like activity of

CoF2 and LOCoF2, considering the elevated levels of lactate and
H2O2 within the TME. We evaluated the catalytic performance of
both CoF2 and LOCoF2 NPs with a 1,3-diphenylisobenzofuran
(DPBF) probe to detect the generation of superoxide anions
(O2

•−). Specifically, DPBF, which is green in color, reacts with
O2

•− to produce a colorless product (Figure 2H). As expected,
only the DPBF in the H2O2 + CoF2 group presented a signifi-
cant reduction in UV–vis absorption at ≈420 nm with increas-
ing reaction time, demonstrating efficient generation of O2

•−

(Figure 2I; Figure S16, Supporting Information). Furthermore,
nitro blue tetrazolium (NBT) was employed to assess the pro-
duction of O2

•–. A time-dependent reduction in NBT absorbance
was detected in the H2O2 + CoF2 group after 15 min, demon-
strating efficient O2

•− generation (Figure 2J; Figure S17, Sup-
porting Information). Subsequently, theDPBF probewas utilized
to investigate the catalytic conversion of lactate by LOx to H2O2,
which was subsequently decomposed by CoF2 to yield O2

•−. No-
tably, the UV–visible absorbance of DPBF at 420 nm markedly
decreased over time exclusively in the lactate + LOCoF2 group,
confirming the generation of O2

•− via the reaction between lac-
tate and LOCoF2 (Figure 2K; Figure S18, Supporting Informa-
tion). Similarly, the absorbance of NBT at about 260 nm was
significantly reduced (Figure 2L; Figure S19, Supporting Infor-
mation). Additionally, 3,5,3′,5′-tetramethylbenzidine (TMB) was
used as a chromogenic substrate to quantitatively evaluate the
peroxidase-mimetic activity of the LOCoF2 nanoreactor by mon-
itoring its capacity to catalyze the formation of hydroxyl radi-
cals (·OH) from H2O2 (Figure 2M). The H2O2 + CoF2 group
exhibited a pronounced absorption peak at ≈652 nm, substan-
tiating the peroxidase-like catalytic function of CoF2 nanoparti-
cles (Figure 2N; Figure S20, Supporting Information). Similarly,
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Figure 2. Synthesis and characterization of LOCoF2. A) Schematic diagram of the synthesis of LOCoF2. B) TEM images of the CoF2 NPs. C) HAADF-
STEM image and CoF2 element distribution (F, Co). D) XRD patterns of CoF2 and LOCoF2. E) XPS spectrum of CoF2. F) UV–vis spectra of LOx, CoF2,
and LOCoF2. G) FT-IR spectra of LOx, CoF2, and LOCoF2. H) Diagram of the reaction of green DPBF with O2

•− to form a colorless product. I) Time-
dependent oxidation of DPBF with different treatments. J) Time-dependent oxidation of NBT by the CoF2 under H2O2. K) Time-dependent oxidation of
DPBF by LOCoF2 NPs under lactate. L) Time-dependent oxidation of NBT by the LOCoF2 under lactate. M) Diagram of ·OHmediated TMB oxidation to
blue oxTMB. N) Time-dependent oxidation of TMB with different treatments. O) The OPD probe was used to study the time-dependent changes in the
·OH generation efficiency of CoF2 under H2O2. P) Time-dependent oxidation of TMB by LOCoF2 NPs under lactate. Q) The time-dependent changes of
·OH generation efficiency of the LOCoF2 in the presence of lactate were investigated using a OPD probe. R) Schematic diagram of lactate catalyzed by
LOx to generate H2O2, which was then oxidized into ROS by CoF2 NPs.
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Figure 3. LOCoF2 induced cell death by amplifying oxidative stress and simultaneously attenuated cancer stemness. A) Relative concentrations of
lactate after different treatments. G1: Ctrl., G2: LOx, G3: CoF2, G4: LOCoF2. B) Relative viability of H22 cells after various treatments. C) Confocal
microscope images of ROS in H22 cells subjected to different treatments. D) Flow cytometric assessment and E) quantitative analysis of ROS levels in
H22 cells after various treatments. F) Flow cytometric assessment and G) quantitative analysis of the mitochondrial membrane potential in H22 cells
after various treatments. H) Flow cytometry analysis and I) quantification of CD133+ cells. J) Flow cytometry analysis and K) quantification of CD44+

cells. L) The expression levels of 𝛽-catenin, NANOG, OCT4 and SOX2 in H22 cells were detected by western blotting. M) A sphere formation assay was
used to evaluate the in vitro self-renewal ability. N) The diagram illustrates the mechanism by which LOCoF2 kills tumor cells and inhibits stemness by
consuming lactate to produce ROS. The data represent mean ± SD, n = 3 biologically independent samples in (A, D–G), n = 5 biologically independent
samples in (B, H-K). ANOVA was used for multiple comparisons among three or more groups. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. LOCoF2 induced pyroptosis and cascaded to activate the cGAS-STING pathway. A) Confocal fluorescence images showing the pyroptosis in
H22 cells. G1: Ctrl., G2: LOx, G3: CoF2, G4: LOCoF2. B) Biological TEM images showing the mitochondria of H22 cells. C) The expression levels of
Gasdermin D, Caspase-1, C-Gasdermin D, and C-Caspase-1 in H22 cells were detected via western blotting analysis. D) ATP release levels in H22 cells.
E) LDH release levels in H22 cells. F) Secretion levels of IL-1𝛽 from H22 cells after different treatments detected by ELISA. G) quantification of CRT
expression in H22 cells. H) quantification of HMGB1 release in H22 cells. I) The concentration of IFN-𝛽 in the supernatant of BMDCs following various
treatments was quantified using ELISA. J) Comet assay images showing DNA damage in H22 cells after different treatments. EB: Ethidium Bromide,
AO: Acridine Orange. K) The expression levels of p-TBK1, TBK1, p-IRF3, IRF3, p-STING, and STING in H22 cells were detected via WB analysis. L) The
diagram illustrates that LOCoF2 induces tumor cell pyroptosis by consuming lactate to produce ROS and cascade to activate the STING pathway. The
data represent mean ± SD, n = 3 biologically independent samples in (D–I). ANOVA was used for multiple comparisons among three or more groups.
*p < 0.05, **p < 0.01, ****p < 0.0001.
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the characteristic absorbance of o-phenylenediamine (OPD) in-
creased significantly over time in the H2O2 + CoF2 group, fur-
ther indicating robust ·OH generation (Figure 2O; Figure S21,
Supporting Information). To evaluate the cascade catalytic perfor-
mance of LOCoF2, a distinct TMB absorption peak was observed
solely in the lactate + LOCoF2 group (Figure 2P; Figure S22,
Supporting Information), a finding corroborated by additional
OPD probe assays (Figure 2Q; Figure S23, Supporting Informa-
tion). Collectively, these findings indicated that LOCoF2 nanore-
actors could function as self-reinforcing catalysts to significantly
increase the production of ROS within the TME by increasing
the concentration of H2O2 through the utilization of lactate as a
substrate (Figure 2R), indicating excellent biomedical application
prospects.

2.3. In Vitro Catalytic Therapy via LOCoF2 Nanoreactors

The superior lactate consumption and ROS generation capabili-
ties of LOCoF2 nanoreactors endow them with significant poten-
tial for effectively eliminating cancer cells. First, the alterations in
lactate levels in H22 cells were quantified 12 h post-treatment, as
effective cellular lactate consumption is crucial for the efficacy
of the treatments. Both LOx and LOCoF2 markedly decreased
the lactate concentration in H22 cells (Figure 3A). The results
of the CCK8 assay demonstrated that LOx had only a minor in-
fluence on cell viability, while both CoF2 and LOCoF2 dimin-
ished cell activity, with LOCoF2 exhibiting a more pronounced
effect (Figure 3B). To validate ROS induction, H22 cells were
subjected to 2′,7′ dichlorodihydrofluorescein diacetate (DCFH-
DA) fluorescence assay. H22 cells treated with CoF2 displayed
robust green fluorescence, while those exposed to LOCoF2 pre-
sented the most intense green fluorescence, indicating efficient
intracellular ROS generation (Figure 3C). Flow cytometry analy-
sis further confirmed these findings, demonstratingmarkedly el-
evated intracellular ROS in LOCoF2-treated cells (Figure 3D&E).
Excessive intracellular ROS can induce mitochondrial dysfunc-
tion, ultimately resulting in extensive cell death. The mitochon-
drialmembrane potential was further assessed via the JC-1 probe.
During the damage process, JC-1 transitioned from red fluores-
cent aggregates to green fluorescent monomers. As expected, af-
ter incubation with CoF2, the monomer ratio in H22 cells in-
creased from ≈7.32% to ≈26.8%, while this ratio significantly
increased to ≈87.3% in the LOCoF2 group (Figure 3F,G). Fur-
thermore, flow cytometric quantification of annexin V-FITC/PI
double-stained H22 cells confirmed the substantial induction of
cell death following LOCoF2 treatment (Figures S24,S25, Sup-
porting Information). Elevated levels of lactate contribute to
increased proliferation of cancer stem cells, resulting in im-
munosuppressive effects and enhanced resistance to therapeutic
interventions.[15a,23a] Therefore, we further examined the regula-
tory effects of the LOCoF2 system on the stemness characteristics
of H22 cells.[26] Quantitative flow cytometric analysis revealed a
21.7% decrease in CD133 expression and a significant 8.7% re-
duction in CD44 expression in H22 cells following LOCoF2 treat-
ment (Figure 3H–K; Figures S26,S27, Supporting Information).
To further validate the inhibitory effect of LOCoF2 on tumor stem-
ness, H22 cells were co-incubated with LOCoF2 for 24 h. Subse-
quently, cellular proteins were extracted and subjected to West-

ern blot analysis to assess alterations in the expression levels of
proteins associated with cell stemness. The results demonstrated
that treatment with LOCoF2 significantly diminished the expres-
sion of key stemness markers, including 𝛽-catenin, NANOG,
OCT4, and SOX2 (Figure 3L; Figures S28,S29, Supporting In-
formation). Additionally, the sphere formation assay revealed
that the diameter of H22 cell spheres following LOCoF2 treat-
ment was restricted to 6–14 μm, in contrast to the control group,
where spheroid diameters reached 117–190 μm (Figure 3M;
Figure S30, Supporting Information). The findings suggested
that LOCoF2 effectively suppressed the in vitro self-renewal
capacity of H22 cells. Collectively, the results demonstrated
that LOCoF2 was a highly efficient, self-reinforcing nanore-
actor that regulated lactate metabolism and produced ROS
through a cascade mechanism (Figure 3N), thereby efficiently
inhibiting H22 cell stemness expression and eliminating tumor
cells.

2.4. LOCoF2 Induced Pyroptosis and Cascaded to Activate the
cGAS-STING Pathway

Given the potential for ROS overproduction in the cellular en-
vironment and the ability of LOCoF2 to jointly induce acute
inflammation and pyroptosis, we conducted a more detailed
analysis of the modes of cell death. First, the morphological
changes in H22 cells were evaluated via annexin V-FITC/PI co-
staining to investigate potential membrane disruption and loss
of integrity associated with pyroptosis. Phospholipids on the cell
membrane can bind to annexin V, while PI penetrates the com-
promised membrane to facilitate nuclear staining. A significant
number of protruding bubbles, which are distinctive morpholog-
ical features indicative of pyroptosis, were observed on the sur-
face of LOCoF2-treated cells via confocal microscopy (Figure 4A).
Biological-TEM further revealed that LOCoF2 treatment induced
substantial structural damage, characterized by mitochondrial
swelling and cavitation, which was also concordant with the char-
acteristics of pyroptosis (Figure 4B). Moreover, the expression
of pyroptosis-associated proteins in LOCoF2-treated cells was as-
sessed.Western blot analysis demonstratedmarked upregulation
of the expression of cleaved-Caspase-1 (C-Caspase-1) and cleaved-
Gasdermin -D (C-Gasdermin D), key proteins involved in the
classical pathway of pyroptosis, following LOCoF2 treatment
(Figure 4C; Figures S31,S32, Supporting Information). Specifi-
cally, C-caspase-1 cleaves gasdermin family proteins, generating
N-terminal fragments that oligomerize into plasma membrane
pores, thereby facilitating cytoplasmic content release and py-
roptosis. Consequently, H22 cells treated with LOCoF2 exhibited
markedly increased ATP and LDH release compared with CoF2-
treated cells (Figure 4D,E). In addition, LOCoF2-triggered pyrop-
tosis significantly enhanced the secretion of the inflammatory cy-
tokine interleukin (IL)-1𝛽 (Figure 4F). These findings confirmed
that LOCoF2 effectively induced significant pyroptosis through a
cascade of lactate depletion and ROS generation. The intracellu-
lar contents released during pyroptosis possess immunomodu-
latory properties and can elicit the activation of the immune sys-
tem, resulting in an inflammatory response.[27] This form of im-
munogenic cell death (ICD) can potentiate immune responses
and has significant implications for tumor regulation. To fur-

Adv. Sci. 2025, e11144 e11144 (9 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202511144 by zhang linzhu - Soochow

 U
niversity , W

iley O
nline L

ibrary on [28/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 5. LOCoF2-mediated tumor growth suppression and immune microenvironment remodeling. A) Schematic of the murine treatment protocol. B)
Changes in the growth curve of H22 subcutaneous tumor after various treatments. G1: Ctrl., G2: LOx, G3: CoF2, G4: LOCoF2. C) Images of tumor sections
after H&E, Ki67, OCT4, SOX2 and NANOG staining obtained from mice subjected to different treatments. D) Changes in the growth curve of HuH7

Adv. Sci. 2025, e11144 e11144 (10 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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ther substantiate the ICD effect mediated by pyroptosis, we an-
alyzed the effects of exposure to calreticulin (CRT) and the re-
lease of high-mobility group box 1 (HMGB1) following various
treatments. Flow cytometric analysis revealed a marked upreg-
ulation of CRT expression in H22 cells following LOCoF2 treat-
ment, with levels rising from 1.08% to 24.1%. (Figure 4G; Figure
S33, Supporting Information). In addition, HMGB1 release in
LOCoF2-treated cells was limited to just 39.6%, a value markedly
reduced compared to the other experimental groups (Figure 4H;
Figure S34, Supporting Information). Therefore, LOCoF2 treat-
ment significantly promoted the generation of “eat me” signal,
potentially enhancing the immune response through induced
pyroptosis.
Pyroptosis-induced DNA damage results in the upregulation

of 𝛾-H2AX. Compared with those in the control group, both
CoF2 and LOCoF2 resulted in substantial increases in 𝛾H2AX
levels (Figure S35, Supporting Information). Considering that
Co2+ enhanced STING activity in a cGAMP-dependent manner
(Figure 4I), LOCoF2 can act as a STING agonist, selectively pro-
moting the activation of the cGAS-STING signaling cascade.[11a,d]

Furthermore, the comet assay revealed that the tail moment of
LOCoF2-treated cells was significantly longer than that of both
control and CoF2-treated cells at the 6 h time point, suggest-
ing that LOCoF2 treatment induced more severe DNA damage
(Figure 4J; Figure S36, Supporting Information). Pyroptosis leads
to the extracellular release of substantial amounts of mtDNA,
which is a potent activator of the cGAS-STING pathway. Western
blot analysis revealed that treatment with CoF2 and LOCoF2 led
to a significant increase in the phosphorylation levels of TBK1,
IRF3, and STING proteins (p-TBK1, p-IRF3, and p-STING). No-
tably, the LOCoF2 group exhibited higher phosphorylation levels
than did the CoF2 group (Figure 4K; Figures S37,S38, Support-
ing Information). The evidence presented underscored the criti-
cal role of LOCoF2 in stimulating the cGAS-STING pathway. In
summary, the specificmechanism by which LOCoF2 induced cell
pyroptosis and ICD, caused DNA damage, and subsequently syn-
ergistically activated the cGAS-STING signaling pathway was as
follows (Figure 4L): LOCoF2 initially increased ROS generation
through an intracellular lactate cascade, which subsequently ac-
tivated caspase 1 to cleaveGSDMD into its N-terminal fragments.
These fragments were translocated to the cell membrane to form
pores that facilitated the release of cellular contents, thereby driv-
ing pyroptosis and inducing DNA damage in tumor cells via the
ROS pathway. Concurrently, the released cellular contents, partic-
ularly mtDNA, were recognized as signaling molecules by cGAS,
leading to the activation and amplification of the cGAS-STING
pathway. Therefore, LOCoF2 modulated lactate metabolism
and activated the pyroptosis-STING signaling pathway, thereby
reversing the immunosuppressive TME and enhancing the
immune response, thus improving the efficacy of tumor
therapy.

2.5. In vivo Antitumor Therapy and Immune Evaluation

Encouraged by the significant in vitro killing effect of LOCoF2
on tumor cells, we further evaluated the in vivo antitumor effects
of LOCoF2. When the tumor volume reached ≈120 mm3, H22
subcutaneous tumor-bearingmicewere randomized into four ex-
perimental groups: 1) control, 2) LOx, 3) CoF2, and 4) LOCoF2.
The tumor status was monitored and recorded every other day
(Figure 5A). Analysis of tumor volume revealed that LOx alone
had a moderate inhibitory effect compared with that in the con-
trol group. Both CoF2 and LOCoF2 demonstrated significant an-
titumor activity, with LOCoF2 showing particularly pronounced
efficacy (Figure 5B; Figure S39, Supporting Information). These
findings show the potential of LOCoF2 nanoreactors in regulat-
ing tumor lactate metabolism to improve cancer therapy. No-
tably, the LOCoF2 group exhibited significantly prolonged sur-
vival comparedwith the other treatment groups (Figure S40, Sup-
porting Information). Specifically, five mice exhibited complete
tumor regression with sustained remission after 60 days. In ad-
dition, no significant deviation in body weight fluctuation was ob-
served among the treatment groups during the treatment period
(Figure S41, Supporting Information). Furthermore, histological
analysis of major organs in mice treated with LOCoF2 via hema-
toxylin and eosin (H&E) staining at various treatment intervals
revealed no significant tissue damage or inflammatory response,
demonstrating the outstanding biocompatibility of the LOCoF2
based approach (Figure S42, Supporting Information). Consis-
tently, serum biochemical parameters in the LOCoF2 treated co-
hort remained within physiological limits and were comparable
to those observed in the control group, suggesting the absence of
notable systemic toxicity (Figure S43, Supporting Information).
To further elucidate the mechanism of LOCoF2 treatment, tu-
mor sections were subjected toH&E staining to assess treatment-
induced cellular damage. Notably, significant shrinkage and a re-
duced number of nuclei were observed in the LOCoF2 group, in-
dicating severe damage. Additionally, Ki-67 immunofluorescence
staining revealed a substantial decrease in cell proliferation in
the LOCoF2 group, suggesting a pronounced inhibitory effect on
tumor growth. Immunofluorescence staining for OCT4, SOX2,
and NANOG, which are markers of tumor stemness, revealed
significant decreases in the expression levels of these genes in
the LOCoF2 group, corroborating the above In Vitro findings and
indicating the potent suppression of tumor recurrence and pro-
liferation (Figure 5C). Furthermore, it is noteworthy that LOCoF2
demonstrated considerable therapeutic efficacy in the human-
ized HuH7 xenograft nude mouse model (Figure 5D; Figures
S44,S45, Supporting Information). Although the therapeutic out-
come was not as pronounced as in the H22 tumor model, this
may be attributed to the compromised immune system of nude
mice. Collectively, these results demonstrated that LOCoF2 not
only significantly reduced the tumor burden but also markedly

subcutaneous tumor after various treatments. E) Flow cytometry analysis of DCs maturation (CD11c+CD80+CD86+) within lymph node populations
across treatment groups and F) statistical data. G) Statistical data of CD45+CD3+CD8+ T cells after various treatments. H) Flow cytometry analysis
of CD45+CD3−CD49b+ cells after various treatments and I) statistical data. J) Statistical data of Foxp3+ CD4+ Tregs among CD3+ CD45+ T cells after
various treatments. K) Flow cytometry analysis of MDSC (CD45+Gr-1+CD11b+) cells and L) statistical data. M-P) Concentrations of IL-1𝛽 M), TNF-𝛼
N), IFN-𝛾 O), and INF-𝛽 P) in the supernatant after various treatments. The data represent mean ± SD, n = 6 biologically independent samples in (B,
C), n = 5 biologically independent samples in (E–P). ANOVA was used for multiple comparisons among three or more groups. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Figure 6. RNA-sequencing analysis and combined 𝛼-PD-1 immunotherapy. A) Volcano plots and B) statistical data of the downregulated genes and
upregulated genes of LOCoF2 compared with those of the control group. C) Results of the KEGG pathway enrichment analysis of differentially expressed
genes between cells treated with LOCoF2 and those treated with PBS. D) GO and KEGG analyses of the differentially expressed genes in the LOCoF2
group and control group (BP, biological process; CC, cellular components; MF, molecular function). E) Schematic illustration of the In vivo treatment
procedure in mice. F) Changes in the volume of primary and G) distant H22 tumors after different treatments. G1: Ctrl., G2: 𝛼-PD-1, G3: LOCoF2, G4:
LOCoF2 + 𝛼-PD-1. H) Primary and I) distant tumor weights after different treatments. J) Fluorescence staining of H22 liver tumors from various groups
for CD45 and CD8. The data represent mean ± SD, n = 5 biologically independent samples in (F-I). ANOVA was used for multiple comparisons among
three or more groups. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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extended the survival of the mice, suggesting a promising thera-
peutic strategy based on LOCoF2 for solid tumors.
Ideally, the goal of tumor therapy is not only to eliminate

local tumors but also to activate the systemic immune system,
thereby reversing the immunosuppressive TME and ultimately
inhibiting the metastasis and recurrence of tumor cells.[28]

Consequently, further investigations into antitumor immunity
were undertaken to elucidate the mechanisms underlying the
superior therapeutic efficacy of LOCoF2. After a 7-day treatment
period, tumor tissues and draining lymph nodes were harvested
and homogenized for comprehensive immunological analysis.
The maturation status of dendritic cells (DCs) in these lymph
nodes was evaluated by flow cytometry. In comparison to alterna-
tive interventions, CoF2 and LOCoF2 treatments demonstrated a
markedly enhanced capacity to induce dendritic cell maturation,
as evidenced by a substantial elevation in the proportion of
mature dendritic cells from 9.21% to 33.5% within tumor tissues
of mice administered LOCoF2 (Figure 5E,F; Figure S46, Support-
ing Information). These findings were important for promoting
the subsequent antigen presentation process. In addition,
comprehensive evaluation of T cell infiltration within the TME
revealed that the proportion of CD8+ cytotoxic T lymphocytes
increased markedly by 25.5% and 40.4% following adminis-
tration of CoF2 and LOCoF2, respectively (Figure 5G; Figures
S47,S48, Supporting Information). This finding underscored the
robust activation of antitumor immune responses. Additionally,
LOCoF2 markedly enhanced the infiltration of natural killer
(NK) cells into the TME (Figure 5H,I; Figure S49, Supporting
Information), further highlighting its potent therapeutic efficacy.
Notably, we detected a 12.9% reduction in Treg populations and
a marked 20% decrease in myeloid-derived suppressor cell
(MDSC) levels following LOCoF2 administration (Figure 5J–L;
Figures S50–S52, Supporting Information). Given their potent
immunosuppressive functions, the reduction in MDSCs and
Tregs corroborated the effective activation of antitumor immu-
nity and positively influenced the outcomes of immunotherapy.
Furthermore, alterations in cytokine levels were quantified via
enzyme-linked immunosorbent assay (ELISA). Importantly, IL-
1𝛽, a pivotal proinflammatory cytokine involved in the canonical
pyroptosis signaling cascade, exhibited a marked elevation in the
LOCoF2-treated cohort (Figure 5M). In addition, this therapeutic
intervention elicited the release of various cytotoxic cytokines, in-
cluding tumor necrosis factor-alpha (TNF-𝛼), interferon-gamma
(IFN-𝛾), and IFN-𝛽 (Figure 5N–P). Overall, LOCoF2 promoted
immune cell infiltration and upregulated proinflammatory
cytokines by consuming the lactate-mediated pyroptosis cascade
in tumors, thereby facilitating an effective antitumor immune
response.

2.6. RNA Sequencing and Bilateral Tumors Combined With
𝜶-PD-1 Therapy

To further elucidate the potential therapeutic mechanism of
LOCoF2 nanoreactors in HCC, we conducted a transcriptomic
analysis to evaluate mRNA variations in H22 tumor tissues
bothwith andwithout treatment.Unsupervised hierarchical clus-
tering revealed that samples within the same treatment group
were clearly clustered, indicating high reliability of the RNA se-

quencing data (Figure S53, Supporting Information). A total of
400 differentially expressed genes (DEGs) were identified be-
tween the LOCoF2-treated group and the control group, with 115
genes downregulated and 285 genes upregulated (Figure 6A,B;
Figure S54, Supporting Information). Following the acquisition
of diverse RNA sequencing results, gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were conducted to elucidate the alterations in mRNA biological
functions and the associated pathways (Figure 6C). The analy-
sis revealed that genes that were differentially expressed follow-
ing LOCoF2 treatment were significantly enriched in inflamma-
tory signaling pathways, including the NF-𝜅B signaling pathway,
cytokine-cytokine receptor interaction, PI3K-Akt signaling path-
way, JAK-STAT signaling pathway, and Toll-like receptor signal-
ing pathway. These findings underscored the intimate associa-
tion between LOCoF2-induced lactate depletion in tumor tissues
and oxidative stress-mediated pyroptosis-induced inflammation
(Figure 6D). Notably, metabolic pathways and HIF-1 signaling
pathways were also enriched, suggesting potential changes in
energy metabolism and oxygen levels within tumor tissues post-
treatment.
Despite the transformative impact of immunotherapy involv-

ing ICB therapy for cancer treatment, its clinical efficacy remains
constrained by ICB resistance.[29] Leveraging pyroptosis as a po-
tential strategy to increase immune system activation is antici-
pated to improve the effectiveness of immunotherapy. Motivated
by the superior performance of LOCoF2, the In vivo systemic an-
titumor effect in combination with 𝛼-PD-1 therapy was investi-
gated. Mice bearing bilateral H22 tumors were divided into four
groups: 1) control, 2) 𝛼-PD-1, 3) LOCoF2, and 4) LOCoF2 + 𝛼-
PD-1. In these groups, the right tumor served as the primary
tumor (receiving treatment), while the left tumor remained un-
treated to serve as a distant tumor. LOCoF2 was administered
intratumorally to the primary tumors of groups 3 and 4 on day
0. For groups 2 and 4, 𝛼-PD-1 was administered intravenously
(i.v.) on days 1, 4, and 7 (Figure 6E). As anticipated, the combi-
nation of LOCoF2 and 𝛼-PD-1 antibody was the most effective
therapeutic outcome for primary tumors, with ≈40% of tumors
being completely eradicated. These findings indicated that the
combined treatment strategy had a substantial therapeutic advan-
tage (Figure 6F–H; Figures S55,S56, Supporting Information).
Moreover, the administration of LOCoF2 to primary tumors not
only reduced the growth of distant tumors but also significantly
enhanced the inhibitory effect on distant tumors when syner-
gistically combined with 𝛼-PD-1 therapy (Figure 6G,I; Figures
S57,S58, Supporting Information). In addition, no significant
deviation in body weight fluctuation was observed throughout
the treatment duration (Figure S59, Supporting Information).
Moreover, immunofluorescence-stained images of H22 tumors
were obtained to elucidate the underlying mechanisms driving
this synergistic antitumor effect (Figure 6J). The LOCoF2 + 𝛼-
PD-1 combination therapy group markedly increased infiltration
of CD8+ T cells and CD45+ immune cells, thereby modulating
the immunosuppressive TME to enhance cancer cell eradication.
These findings suggested that the catalytic metalloimmunother-
apy strategy, which utilized the self-cascaded pyroptosis-STING
initiator LOCoF2 in conjunction with ICB, effectively augmented
the immune response to inhibit both primary and metastatic tu-
mor growth.
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Figure 7. In vivo evaluation of LOCoF2-mediated TACE in an orthotopic N1-S1 hepatoma model. A) Experimental timeline for TAE/TACE intervention in
tumor-bearing rats. B) T2-weighted contrast-enhancedMR image of N1-S1 tumors post-treatment. L: Left, R: Right, A: Anterior, P: Posterior. C) Individual
growth curves of N1-S1 tumors. D) Changes in the tumor growth curves. E) Representative images of H&E and Ki67 staining of mouse tumor sections.
F) The fluorescence intensity of ki67 after various treatments. The data are presented as the mean values ± SD. G) Fluorescence staining of N1-S1 liver
tumors from various groups for CD45. The data represent mean ± SD, n = 5 biologically independent samples in (C, D). ANOVA was used for multiple
comparisons among three or more groups. *p < 0.05, **p < 0.01, ****p < 0.0001.
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2.7. LOCoF2-Mediated TAE/TACE Treatment of Rat Orthotopic
N1-S1 Tumors

TAE and TACE are established as first-line treatments for unre-
sectable HCC.[2a] In TACE therapy, embolic agents such as Li-
piodol or polymer beads are combined with chemotherapeutic
agents and administered directly into liver tumors via the hep-
atic artery.[2c,30] Nevertheless, this strategy continues to encounter
challenges due to the immunosuppressive nature of the TME,
which substantially limits therapeutic efficacy. Given that the de-
veloped LOCoF2 demonstrated remarkable advantages in mod-
ulating the immunosuppressive TME in mice during synergis-
tic immunotherapy, we subsequently dispersed LOCoF2 in Lip-
iodol to achieve synergistic TAE/TACE therapy. The experiment
utilized a rat orthotopic N1-S1 liver cancer model in which N1-S1
cells were injected directly into the left lobe of the liver. Seven days
post-inoculation, the rats were subjected to the following treat-
ments: Group I: control, Group II: TAE with Lipiodol; Group III:
TAE with Lipiodol + LOCoF2; and Group IV: TACE with Lipiodol
+ LOCoF2 + Oxa (Figure 7A). Tumor volume images acquired
via a 7.0 T small animal magnetic resonance (MR) imaging sys-
tem on days 0, 4, 7, and 14 post-treatment demonstrated that the
growth of N1-S1 tumors was partially inhibited following bare
Lipiodol TAE compared with that of untreated controls. Notably,
the tumor inhibition effect of Lipiodol + LOCoF2 treatment was
more significant, and the tumor inhibition effect was greatly en-
hanced after Lipiodol + LOCoF2 + Oxa treatment (Figure 7B–D).
In addition, orthotopic rat liver tissue sections were subjected to
staining on day 7. H&E and Ki67 staining of tumor tissue sec-
tions revealed that the treatments involving Lipiodol + LOCoF2,
with or without Oxa, induced the most substantial tumor cell
damage and the lowest proliferation rates (Figure 7E,F). Further
immunofluorescence staining analysis revealed significantly in-
creased infiltration of CD45+ immune cells in tumors treated
with Lipiodol + LOCoF2 or Lipiodol + LOCoF2 + Oxa, thereby
modulating the immunosuppressive TME to enhance cancer cell
eradication (Figure 7G). Therefore, these results indicated that
LOCoF2 could be used for TAE/TACE therapy for liver cancer in
addition to direct intratumoral injection, providing a viable and
practical option for clinical application.

3. Conclusion

In summary, we developed an innovative lactate-depleting
nanoreactor, LOCoF2, designed to mediate self-reinforced pyrop-
tosis and amplify cGAS-STING signaling cascades, thereby en-
hancing catalytic immunotherapy. The LOCoF2 nanoreactor op-
erates through a dual mechanism: initially, it acts as a pyropto-
sis activator by catalyzing ROS production, inducing pyroptosis
in cancer cells while simultaneously inhibiting damage repair
pathways. Subsequently, it functions as an intelligent STING ag-
onist, selectively detecting pyroptosis-released mtDNA and aug-
menting cGAS-STING pathway activation. When administered
to tumors, LOCoF2 elicited a robust immune response, signifi-
cantly enhancing antitumor efficacy. Notably, combining LOCoF2
with ICB resulted in potent suppression of both primary and
metastatic tumors.
Local delivery of the LOCoF2 nanoreactor, a potent immune-

stimulating agent, has emerged as the most viable strategy for

eliciting a robust antitumor immune response whileminimizing
the risk of systemic immune activation and associated cytokine
storms. Furthermore, we demonstrated that LOCoF2 can en-
hance TAE/TACE therapy, a first-line treatment for unresectable
HCC. By leveraging the metabolic properties of tumors, LOCoF2
transforms lactate, a key immunosuppressive metabolite, into a
therapeutic asset through a series of catalytic reactions. This ap-
proach enhances pyroptosis-STING coordination, achieving su-
perior tumor control and offering novel insights into tumor ther-
apy. The present study not only underscores the therapeutic po-
tential of metabolic reprogramming in immunotherapy but also
provides a blueprint for designing nano-catalytic systems that ex-
ploit tumor-specific vulnerabilities. The successful application of
LOCoF2 in TAE/TACE therapy further validates its clinical fea-
sibility, paving the way for next-generation interventional im-
munotherapies for advanced malignancies.

4. Experimental Section
Statistical Analysis: The experimental results are expressed as mean ±

SD and analyzed by GraphPad Prism 8 software. The P values indicated
in the figure were determined by employing the two-tailed student’s t-test,
and one-way analysis of variance (ANOVA) was used for multiple compar-
isons among three or more groups. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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