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a b s t r a c t

Immunosuppressive tumor microenvironment (TME) is a key regulator in the high recurrence and metas-

tasis rate of breast cancer after microwave (MW) thermal therapy. Pyroptosis, a form of programmed cell

death initiated by inflammasomes, which can activate tumor immunogenicity and reprogram immune

TME. Here, we report an extremely simple Al-based metal-organic frameworks nano-immunoadjuvants

(AM NIAs) that programmatically activate nucleotide-binding domain, leucine-rich-containing family,

pyrin domain-containing-3 (NLRP3)-mediated pyroptosis to enhance MW-immunotherapy (MW-ICB). Af-

ter entering the TME, AM NIAs programmed activation of NLRP3-mediated pyroptosis by inducing mi-

tochondrial dysfunction, upregulating HSP90 and promoting lysosomal stress. Consequently, substantial

amounts of lactate dehydrogenase, interleukin-18 (IL-18), and calreticulin are released, which improves

immunosuppressive TME and hinders tumor cell proliferation by facilitating T-cell infiltration. The inte-

gration of immune checkpoint inhibitors with MW elicits potent immune responses, demonstrating high

inhibition of both primary and distant tumors. Thus, a simple yet effective nano-immunoadjuvant is de-

veloped to enhance MW-ICB in breast cancer simply by NLRP3-mediated pyroptosis and immunosuppres-

sion reversal.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Breast cancer has become one of the most prevalent malig-

nancies in women, with the highest mortality rate among female

cancer-related deaths [1]. Microwave (MW) thermal therapy is a

minimally invasive technique with several advantages of reduced

invasiveness, abbreviated treatment duration, deep tissue penetra-

tion, and minimal adverse effects, which has become the preferred

treatment option for breast cancer patients who are resistant to

radiotherapy/chemotherapy, in poor physical condition or inopera-
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ble [2–5]. However, larger or irregularly shaped tumors are prone

to sublethal thermal stress during MW thermal therapy, leading

to residual tumor [6,7]. This residual tumor often results in recur-

rence and metastasis, significantly threatening patient survival and

hindering the widespread clinical application of MW thermal ther-

apy [8–10].

Immunotherapy, including immune checkpoint blockade (ICB)

therapy, has demonstrated promising clinical potential in prevent-

ing tumor recurrence and metastasis by effectively activating the

patient’s own immune system to elicit a sustained and potent

antitumor response [11–13]. Consequently, the integration of im-

mune checkpoint inhibitors (ICIs) with MW thermal therapy holds

promise as an effective anticancer strategy. Nevertheless, the weak
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immune response elicited by thermal therapy and the complex im-

munosuppressive tumor microenvironment (TME) impede the effi-

cacy of ICIs in enhancing immune responses, potentially render-

ing the treatment ineffective [14–16]. Therefore, it is imperative to

investigate novel strategies capable of augmenting antitumor im-

mune responses and reprogramming the immunosuppressive TME

to mitigate the risk of tumor recurrence in MW-ICB therapy for

breast cancer.

Precisely modulating tumor cell inflammatory death, such as

cuproptosis, ferroptosis, necroptosis, and pyroptosis [17–20], has

emerged as a promising strategy for remodeling the immunosup-

pressive TME and augmenting the immunotherapy response. Py-

roptosis is a recently identified type of programmed cell death

characterized by cellular swelling, membrane rupture, DNA frag-

mentation, and the release of pro-inflammatory cytokines, which

is triggered by inflammatory caspase-mediated gasdermin cleavage

[21,22]. The pro-inflammatory cytokines (e.g., interleukin (IL)-18)

and damage-associated molecular patterns (DAMPs) released dur-

ing pyroptosis can elicit a strong inflammatory response [23,24],

conferring high immunogenicity to the tumor and resulting in

an effective antitumor immune response [25,26], such as en-

hanced tumor phagocytosis by tumor-associated macrophages and

increased function and number of CD8+ T cells [27,28]. Thus, py-

roptosis represents a novel approach to effectively enhance antitu-

mor immune responses, providing a new strategy to reduce tumor

recurrence and improve the efficacy of breast cancer therapy.

Nucleotide-binding domain, leucine-rich-containing family,

pyrin domain-containing-3 (NLRP3) proteins are key regulators

of pyroptosis, which restricts the occurrence of cell pyroptosis

[29,30]. Activating and regulating NLRP3 expression can induce

pyroptosis in tumor cells. Current efforts focus on developing

bioactive materials containing specific metal ions to activate

NLRP3-mediated pyroptosis [31,32]. For example, Cheng et al.

developed bioactive zinc-nickel hydroxide (ZnNi(OH)4) nanosheets,

which can effectively initiate a positive feedback cycle of pyrop-

tosis through a synergistic ionic effect to enhance the efficacy

of immunotherapy [23]. Despite encouraging advances in metal

ion-induced cellular pyroptosis to enhance immunotherapeutic

efficacy, while metal ion-induced pyroptosis lacks specificity, and

systemic administration of metal ions may cause uncontrolled

pyroptosis in normal cells [33,34]. Additionally, therapeutic strate-

gies involving the use of cytotoxic reactive oxygen species (ROS)

to activate NLRP3 face the challenge of efficient ROS production

[35,36]. Furthermore, there were few reports on microwave-

enhanced pyroptosis biomaterials in activating the NLRP3 pathway

to induce pyroptosis in tumor cells. Therefore, the development of

nano-immunoadjuvants tailored to the post-MW thermal therapy

TME, which possess both MW sensitization and activation of

NLRP3-mediated pyroptosis properties is essential to enhance the

synergistic antitumor effects of MW-ICB for breast cancer.

As a proof of concept, we demonstrated an extremely sim-

ple MW-immunosensitizing Al-based metal-organic frameworks

nano-immunoadjuvants (AM NIAs) that programmatically activate

NLRP3-mediated cell pyroptosis to elicit a potent antitumor im-

mune response for enhanced MW-ICB treatment of breast can-

cer (Scheme 1). Upon intravenous administration, AM NIAs were

efficiently internalized by tumor cells. Subsequently, AM NIAs

programmed to activate NLRP3-induced cell pyroptosis proceeds

through the following mechanisms: (1) MW thermal therapy

causes mitochondrial damage, leading to increased ROS production,

which activates the NLRP3 inflammasomes and enhances the se-

cretion of inflammatory cytokines, ultimately inducing pyroptosis;

(2) heat shock protein 90 (HSP90) acts as a stabilizing and acti-

vating factor for NLRP3. MW thermal therapy induces acute heat

stress, upregulating HSP90 expression to bolster cellular heat stress

resistance and activate the HSP90-NLRP3 pathway; (3) AM NIAs

Scheme 1. Schematic representation of the synthesis of MW-sensitive AM NIAs and

its enhancement of MW-ICB through programmed activation of NLRP3-mediated

pyroptosis. (A) The synthesis of AM NIAs. (B) Mechanism of programmed activa-

tion of NLRP3-mediated cell pyroptosis by AM NIAs combined with MW. (C) Mech-

anism of AM NIAs-triggered pyroptosis combined with αPD-L1 strategy to elicit a

potent antitumor immune response that effectively suppresses primary and distant

tumors.

Fig. 1. Fabrication and characterization of AM NIAs. (A, B) The TEM and SEM image

of AM NIAs. (C) The TEM-Mapping (C, O, and Al) of AM NIAs. (D-H) The dynamic

light scattering and zeta-potential value, EDS analysis, temperature rose curve and

thermal infrared diagram of AM NIAs (n=3). Data are presented as mean ± stan-

dard deviation (SD). ∗P<0.05, ∗∗∗P<0.001.

release highly reactive Al3+ ions upon structural disintegration in

the acidic TME. The interaction of aluminum-containing adjuvants

with lysosomes induces lysosomal stress, activating the NLRP3 in-

flammasomes and triggering intense pro-inflammatory cell death,

thus activating antitumor immunity. Importantly, this novel thera-

peutic strategy induced the release of IL-18 and calreticulin (CRT),

which promoted T cell infiltration and significantly inhibited tumor

cell proliferation, achieving a tumor suppression rate of 96.50%.

Furthermore, when combined with ICB therapy, this innovative

approach elicited a robust systemic immune response, effectively

suppressing both primary and distant tumors. Collectively, these

findings suggested that AM NIAs can serve as an innovative and

efficient platform for MW-enhanced pyroptosis, facilitating the in-

tegration of MW thermal therapy with immunotherapy to achieve

systemic antitumor therapeutic effects initiated by local MW ther-

mal treatment.

In this work, we have prepared AM NIAs by a simple one-step

hydrothermal synthesis using Al3+ as the central metal ion and

1,4-dicarboxybenzene as the organic ligand. Subsequently, we ob-

served the morphological features of AM NIAs by scanning electron

microscopy (SEM) and transmission electron microscopy (TEM). As

shown in Figs. 1A and B, AM NIAs presented a regular spherical

nanoflower structure with good dispersion. TEM-mapping and en-

ergy dispersive X-ray spectra (EDS) results demonstrated the pres-
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ence and distribution of the elements C (73.62%), O (19.88%) and

Al (6.49%) in AM NIAs (Figs. 1C and F). Afterwards, the particle

size and potential of AM NIAs were measured by Malvern Zeta-

sizer nano-ZSE, which showed an average hydrated diameter of

220.2 nm and a zeta-potential of 6.59±0.73mV (Figs. 1D and E).

Furthermore, the X-ray diffraction spectra of AM NIA showed many

peaks, especially sharp peaks at 5.01°, 9.11°, 15.27°, and 17.59° (Fig.
S1 in Supporting information). Taken together, these results vali-

date the successful synthesis of AM NIAs.

After that, we investigated the MW thermal sensitization per-

formance of AM NIAs. As shown in Fig. 1G, we found that under

MW irradiation (5min, 0.6W/cm2), the temperatures of AM NIAs

(0, 5, 10, and 15mg/mL) solutions with different mass concentra-

tions increased to 17.6, 19.4, 20, and 21.47 °C, respectively, indicat-
ing that AM NIAs had good MW thermal sensitization, which was

more visualized by the results of forward-looking infrared imaging

(Fig. 1H). Therefore, AM is expected to act as a pyroptosis nano-

immunoadjuvant to improve the efficacy of tumor MW thermal

therapy.

Next, we assessed the biosafety of AM NIAs. Firstly, we exam-

ined the cytotoxicity of AM NIAs by methyl thiazolyl tetrazolium

(MTT) solution. As shown in Fig. 2A, AM NIAs still showed excel-

lent biosafety with 82.59% cell viability at mass concentrations up

to 1000μg/mL. Then, we tested the acute toxicity of AM NIAs in

vivo. The results demonstrated that when the concentration of AM

NIAs reached 100mg/kg, the mice displayed no significant abnor-

malities in body weight changes (Fig. 2B), blood routine examina-

tion (Fig. 2C), and major tissue hematoxylin-eosin (H&E) staining

analysis (Fig. S2 in Supporting information). Moreover, the hemo-

compatibility of AM NIAs was further assessed by hemolysis as-

say. The supernatants were essentially transparent and colorless,

Fig. 2. Biosafety and cell inhibition of AM NIAs. (A) Viability of 4T1 cells under

incubation with different mass concentrations of AM NIAs (n=5). (B, C) Changes

in body weight and routine blood tests of mice in each group after injection of

different mass concentrations of AM NIAs (n=3). (D) Hemolytic test results of AM

NIAs (n=3). (E) Viability of 4T1 cells under different treatments (n=5). (F) Relative

amount of LDH released by different treatment (n=5). (G) Fluorescence images of

4T1 cells in different treatment groups co-stained with calcein-AM and PI. Data are

presented as mean ± SD. ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

at mass concentrations of 0, 200, 400, 500, and 1000μg/mL, re-

spectively (Fig. 2D and Fig. S3 in Supporting information). Hemol-

ysis rate of AM NIAs was detected by ultraviolet-visible (UV–vis)

spectroscopy as 0.69%, 1.00%, 1.71% and 2.58%, respectively, which

showed outstanding hemocompatibility.

Fig. 3. AM NIAs trigger NLRP3 to induce pyroptosis and enhance antitumor immunity. (A) Schematic diagram of AM NIAs triggering NLRP3 to induce apoptosis and enhance

anti-tumor immunity. (B-E) Fluorescence images of �ψm, ROS production, HSP90 expression, and lysosomal stress. (F) Fluorescence results of NLRP3 expression after 24h

incubation with different mass concentrations of AM NIAs. (G-I) Fluorescence results of NLRP3 expression, IL-18 expression, and CRT exposure under different treatments.
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Fig. 4. Evaluation of AM NIAs-induced cell pyroptosis to enhance antitumor efficacy in vivo. (A) Schematic diagram of MW thermal therapy and monitoring in mice (n=4).

(B, C) Distribution of Al3+ in tumor, heart, liver, spleen, lungs and kidneys at 3, 6, 9 and 12h of injection (n=3). (D–F) The results of thermal imaging image, temperature

change curves and final temperature indifferent groups of tumors under MW irradiation. (G–K) The tumor volume curves, tumor growth curves, tumor tissues, tumor mass,

and tumor inhibition rates in different groups (n=4). (L, M) Body weight change curves and H&E staining results of tumor tissues within 16 days after different treatment

(n=4). Scale bar: 100μm. Data are presented as mean ± SD. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

Afterwards, we investigated the inhibitory effect of AM NIAs in

vitro. As shown in Fig. 2E, the cell viability was similar in the AM

NIAs alone group and the control group, which confirmed its good

biosafety. After introducing MW, the cell viability of the MW group

decreased to 74.25%. While the AM NIAs+MW group had the low-

est cell viability of only 39.42%, which had the best tumor thera-

peutic effect. Subsequently, we further analyzed the tumor cell via-

bility of different treatment groups using calcitonin and propidium

iodide (calcein-AM/PI, Fig. 2G and Fig. S4 in Supporting informa-

tion). The results demonstrated that the AM NIAs+MW group had

the strongest red fluorescence, indicating that its inhibitory effect

on 4T1 cells was the most obvious and most of the tumor cells

died. Therefore, AM NIAs-mediated MW thermal therapy can sig-

nificantly kill tumor cells.

The occurrence of pyroptosis releases intracellular contents, in-

cluding lactate dehydrogenase (LDH), pro-inflammatory cytokines

(such as IL-18), and DAMPs. In this work, we demonstrated that

AM NIAs can programmed activation of NLRP3 by several aspects

such as mitochondrial dysfunction, HSP90 expression and lysoso-

mal stress (Fig. 3A), which in turn induced tumor cells to undergo

pyroptosis.

Firstly, LDH is one of the important markers of content leak-

age after tumor cells undergo pyroptosis. As shown in Fig. 2F, the

LDH release in the MW-treated group was higher than that in the

control group, while the AM NIAs+MW group showed the high-

est LDH release, indicating that AM NIAs could effectively induce

pyroptosis in 4T1 cells. Secondly, we examined mitochondrial dys-

function caused by MW thermal therapy. As shown in Fig. 3B, JC-1

staining results displayed that AM NIAs could cause minor mito-

chondrial damage, and MW treatment could aggravate the damage,

while AM NIAs combined with MW showed serious mitochondrial

membrane potential (�ψm) decline. These results demonstrated

that the mitochondrial polarization induced by AM NIAs after MW

treatment was conducive to the effective promotion of cell py-

roptosis. Next, we assayed mitochondrial dysfunction-induced in-

tracellular ROS production (Fig. 3C) to promote cell pyroptosis.

Weak fluorescence was detected after AM treatment alone. Both

MW and AM NIAs+MW treatments showed bright green fluo-

rescence compared to controls, verifying that the introduction of

MW accelerated mitochondrial dysfunction and induced more in-

tracellular ROS production. Subsequently, we examined the expres-

sion of HSP90 in different treatment groups (Fig. 3D). The cellu-

lar immunofluorescence results confirmed that MW thermal ther-

apy could upregulate the expression of HSP90, and the introduc-

tion of AM NIAs could further enhance its expression. Finally, we

also tested the lysosomal stress response of cells in different treat-

ment groups. As shown in Fig. 3E, the red fluorescence gradually

diminished and green fluorescence was enhanced after AM NIAs

treatment compared with the control group. While almost no red

fluorescence was observed in the AM NIAs combined with MW,

which confirmed the occurrence of lysosomal stress response. The

above results indicate that AM NIAs-mediated MW thermal ther-
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apy can cause mitochondrial dysfunction, upregulate HSP90 ex-

pression, and trigger lysosomal stress, which is beneficial to pro-

grammed activation of NLRP3 inflammasome to induce tumor cell

pyroptosis.

Afterwards, we investigated the effect of AM NIAs combined

with MW on the activation of the NLRP3 pathway. Fig. 3F showed

that the green fluorescence gradually increased with increasing

mass concentration of AM NIAs, which indicated that the expres-

sion of NLRP3 inflammasome increased with the increase of AM

NIAs mass concentration. Correspondingly, the longer the incuba-

tion time with AM NIAs, the brighter the green fluorescence of

NLRP3 inflammasome (Fig. S5 in Supporting information). In ad-

dition, the expression of NLRP3 was significantly increased under

MW irradiation (Fig. 3G), suggesting that AM NIAs in combination

with MW can programmed activation of NLRP3 pathway to induce

tumor cell pyroptosis.

Afterwards, we investigated the expression level of IL-18 pro-

tein, one of the important markers of cell pyroptosis. The cell flu-

orescence results in Fig. 3H showed that AM NIAs induced the

release of the inflammatory cytokines IL-18 produced by cell py-

roptosis. The introduction of MW can accelerate the release of IL-

18, and the AM NIAs+MW treatment group had the highest flu-

orescence intensity, which indicated that AM NIAs combined with

MW could effectively induce the release of IL-18. Subsequently, we

further verified the cellular pyroptosis-mediated immunogenic cell

death (ICD) effect, and we measured the exposure of CRT. As de-

picted in Fig. 3I, the green fluorescence of CRT was enhanced af-

ter treatment with AM NIAs. While the green fluorescence of CRT

was significantly increased under MW irradiation, suggesting that

AM NIAs+MW induced ‘eat-me’ signals in tumor cells, which en-

hanced the immune response.

Based on the promising antitumor properties of AM NIAs in

vitro under MW irradiation, we further evaluated the antitumor

efficacy of AM NIAs combined with MW in 4T1 tumor-bearing

mice (Fig. 4A). During animal experiments, we strictly followed the

Guidelines for Assessment and Approval of Laboratory Animal Care

(No. IACUC-IPC-23094) approved by the Laboratory Animal Man-

agement Committee of TIPC, CAS. Firstly, we investigated the op-

timal time of MW treatment of AM NIAs after injection. Fig. 4B

showed the results of AM NIAs enrichment within the tumors of

mice, and it can be observed that the highest concentration of en-

richment was observed at 6h (8.28%), which suggested that the

optimal time for MW treatment was 6h after injection. Further-

more, we also investigated the biodistribution of AM NIAs in dif-

ferent organs. As shown in Fig. 4C, within 12h of injection, AM

NIAs was mainly concentrated in the liver, spleen, lungs, and kid-

neys which was responsible for removing AM NIAs.

After that, we conducted an antitumor therapy. Figs. 4D–F

showed that the temperature of the tumor region increased by

21.75 °C in the MW group and 33.38 °C in the AM NIAs+MW

group, further proving the accumulation of AM NIAs in the tu-

mor tissues and its excellent MW sensitizing properties. At the

end of the treatment, we measured the tumor volume and body

weight of the mice every two days. The tumor volume results

showed a slight delay in tumor growth in the AM NIAs group of

mice compared to the control group (Figs. 4G and H). MW induced

cell pyroptosis, resulting in moderate tumor growth inhibition in

the MW group. Due to AM NIAs enhanced MW thermal therapy-

induced cell pyroptosis and activation of immune response, the

tumor inhibition was the most obvious in AM NIAs+MW group.

Figs. 4I and J displayed the tumor size and mass of the mice in

each treatment group, and it can be clearly observed that the AM

NIAs combine with MW had the smallest tumor remnants, where

even 3 mice were completely cured of their tumors. Moreover, it

can be seen from Fig. 4K that the tumor inhibition rate of AM

NIAs+MW group was up to 96.50%, which further confirmed that

Fig. 5. Sensitization of MW-αPD-L1 immunotherapy via AM NIAs. (A) Schematic

diagram of treatment for bilateral tumor model. (B) Body weight change curves in

mice within 20 days after different treatment. (C–F) The tumor tissues, tumor vol-

ume curves, tumor mass of primary tumors, and tumor volume curves of distant

tumors in different group. (G–J) Flow cytometry results of CD8+ T cells and CD4+ T

cells in spleen and distant tumors of each group. Data are presented as mean ± SD

(n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

AM NIAs enhanced cell pyroptosis and activated the immune re-

sponse induced by MW thermal therapy to achieve a good tumor

inhibition effect. No significant abnormalities were found in body

weight, tissues and organs of mice in each treatment group (Fig.

4L and Fig. S6 in Supporting information), which verified the ex-

cellent biosafety of AM NIAs. Fig. 4M showed the H&E staining re-

sults of tumor tissues in each treatment group. The results showed

that the tumor cells in the AM NIAs+MW group were the most

severely damaged compared with the other groups, indicating that

AM NIAs enhanced the antitumor effect.

Inspired by the outstanding performance of AM NIAs+MW, the

in vivo systemic antitumor efficacy of combined anti-PD-L1 anti-

body (αPD-L1) therapy was investigated (Fig. 5A). Mice with bi-

lateral 4T1 tumors were randomly divided into 6 groups, with the

right tumor subjected to treatment defined as primary tumor and

the left tumor remained untreated defined as distant tumor. Fig.

5B displayed that mice did not experience significant abnormal-

ities in body weight after the various treatments, suggesting the

absence of any notable side effects associated with the combina-

tion treatment. As expected, the AM NIAs+MW+αPD-L1 group

had the best therapeutic efficacy against the primary tumor, indi-

cating a significant therapeutic advantage of the combination strat-

egy (Figs. 5C–E). Furthermore, the application of AM NIAs+MW to

the treatment of primary tumors resulted in a partial reduction of

distant tumor growth. And when combined with αPD-L1, it syner-

gistically enhanced the inhibitory effect on distant tumors (Fig. 5F).

Subsequently, we analyzed the expression of CD8+ T and CD4+ T

cells in the spleens, primary tumors and distant tumors of mice by

flow cytometry (Figs. 5G–J and Fig. S7 in Supporting information).

The results revealed that the AM NIAs+MW+αPD-L1 group had

the highest expression of both CD8+ and CD4+ T cell, leading to

the most pronounced tumor suppression effect, which was like the

tumor volume curve. Therefore, the combination of AM NIAs+MW
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with ICIs holds promise for suppressing the proliferation of both

primary tumors and distant tumors.

In summary, we have successfully constructed and prepared an

extremely simple AM NIAs nano-immunoadjuvant that enhances

MW-ICB in breast cancer by programmatically activating NLRP3-

mediated pyroptosis to trigger a potent antitumor immune re-

sponse. The programmed activation of NLRP3 by AM NIAs un-

der MW irradiation involved the following mechanisms: (1) MW

thermal therapy-induced mitochondrial dysfunction leading to ROS

production; (2) MW thermal therapy-triggered acute heat stress

upregulating HSP90 expression; (3) aluminum adjuvant interac-

tion with lysosomes causing lysosomal stress. Subsequently, large

amounts of LDH, IL-18 and CRT were released intracellularly to re-

programmed the immune TME and promote T-cell activation and

infiltration for antitumor immunity. When combined with ICB, this

innovative strategy elicited a strong systemic immune response

and has demonstrated promising therapeutic outcomes in bilat-

eral breast cancer models. As such, this study offers a simple and

effective nano-immunoadjuvant for reversing the immunosuppres-

sive TME in breast cancer to enhance MW-immunotherapy, which

opens new avenues for effectively preventing tumor recurrence

and metastasis.
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