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Precision theranostics for castration-resistant prostate cancer remain a major challenge because of tumor 
heterogeneity, drug toxicity, and resistance to conventional therapies. Here, we report a multifunctional 
theranostic nanoplatform that integrates multimodal imaging guidance, dual-targeted delivery, photothermal 
therapy, and immune activation for the precision treatment of prostate cancer. By encapsulating aggregation-
induced emission luminogens and magnetic nanoparticles, this system achieves superior second near-infrared 
fluorescence and magnetic resonance imaging fusion for deep-tissue visualization. The dual-targeting strategy, 
which integrates magnetic navigation with simultaneous engagement of six-transmembrane epithelial antigen 
of the prostate 1 and prostate specific membrane antigen (PSMA), effectively addresses tumor heterogeneity 
by enabling externally guided and biologically specific delivery to both PSMA+ and PSMA− prostate cancer 
cells. Upon targeted delivery, the synergistic combination of photothermal therapy and chemotherapy achieves 
potent tumor growth inhibition, activates CD8+ T cells and macrophages to promote robust antitumor immune 
responses, and elicits durable immunological memory to prevent tumor recurrence. In vitro and in vivo studies 
demonstrate superior tumor targeting specificity, enhanced imaging contrast, and minimal off-target toxicity. 
This study provides novel insights into the construction of a multifunctional theranostic nanoplatform in precision 
oncology, with promising translational potential for clinical management of castration-resistant prostate cancer.

Introduction

   Prostate cancer (PCa) ranks as the most commonly diagnosed 
malignancy in men in more than half of the countries worldwide 
[  1 ]. For patients with metastatic PCa, the 5-year survival rate is 
only ~30%, and curative management primarily relies on radical 
prostatectomy and androgen deprivation therapy (ADT) [  2 ]. 
However, positive surgical margins and disease progression fre-
quently lead to recurrence and metastasis, with 10% to 20% of 
advanced cases evolving into ADT-resistant castration-resistant 
prostate cancer (CRPC) within 5 years [  3 ,  4 ]. The resistance of 
CRPC to ADT represents a major clinical challenge in treatment. 
Although chemotherapy, poly (ADP-ribose) polymerase (PARP) 
inhibitors, and 177Lu-based radionuclide therapy have yielded 
incremental benefits for patients with CRPC, their long-term 
efficacy remains limited by pronounced molecular heterogeneity, 
therapeutic resistance, and unavoidable systemic toxicities [  5 ,  6 ]. 

Addressing these challenges requires not only more effective 
therapeutic agents but also strategies that enable real-time treat-
ment monitoring, selective tumor accumulation, and multimech-
anism attack on resistant cells. Therefore, integrating precise 
imaging, tumor-specific targeting, and synergistic therapy rep-
resents a key direction for advancing CRPC treatment.

   In recent years, nanomedicine has opened new avenues for the 
precision theranostics of cancer [  7 ,  8 ]. Owing to its ability to 
achieve spatiotemporally controlled therapeutic effects in response 
to external stimuli, photothermal therapy has emerged as an 
important modality in cancer treatment [  9 ]. Additionally, aggre-
gation-induced emission (AIE) materials can be engineered as 
near-infrared II (NIR-II) fluorescent probes. Leveraging the 
intrinsic advantages of NIR-II light, including deep-tissue pene-
tration and minimal background interference, these probes have 
already found extensive applications in real-time, high-precision 
in vivo imaging of hepatocellular carcinoma tumors [  10 ]. 
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Intraoperative fluorescence-guided imaging enables clear delinea-
tion of tumor margins and real-time monitoring of the drug 
enrichment process at tumor sites, thereby providing intuitive 
evidence for surgical navigation and disease assessment [  11 ]. On 
the therapeutic front, AIE materials can serve as core building 
blocks for constructing multifunctional theranostic platforms that 
integrate imaging guidance with photothermal therapy, chemo-
therapy, and other therapeutic modalities [  12 ]. Meanwhile, mag-
netic nanomaterials such as Fe₃O₄ have been extensively integrated 
into multifunctional nanoplatforms for magnetic targeting, mag-
netic resonance imaging (MRI), and magnetic hyperthermia-
based cancer treatment [  13 ].

   Precise tumor targeting can markedly enhance drug safety and 
remains a long-standing challenge to be addressed with regard to 
drug delivery. Engineered nanodelivery systems represent the 
primary approach to achieving specific tumor targeting [  14 ]. In 

the clinical management of PCa, the prostate specific membrane 
antigen (PSMA)-targeted strategy represents the most commonly 
adopted approach [  15 ,  16 ]. However, targeting a single surface 
biomarker confers only limited efficacy in PCa and thus falls short 
of the rigorous demands of precision therapy [  17 ]. PSMA expres-
sion displays pronounced multilevel heterogeneity: Merely 32.2% 
of CRPC cases exhibit high PSMA expression, a proportion that 
plummets to a mere 13.6% in neuroendocrine PCa. Notably, the 
emergence of treatment-induced neuroendocrine PCa is fre-
quently accompanied by diminished PSMA expression, and simi-
larly low PSMA expression is observed in liver metastases [  18 ,  19 ]. 
Therefore, the targeted treatment of PSMA-negative PCa has 
become an urgent challenge that demands immediate attention 
[  20 ]. Six-transmembrane epithelial antigen of the prostate 1 
(STEAP1) is also a PCa-specific transmembrane protein, and it 
is ubiquitously expressed in metastatic PCa [  21 ]. In the targeted 

Fig. 1. Schematic of this study.
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diagnosis and therapy of PCa, the dual-targeting strategy combin-
ing PSMA and STEAP1 enables broader coverage of tumor cell 
populations and reduces the risk of tumor escape. Distinct from 
molecular targeting strategies that rely on specific tumor surface 
biomarkers, physical targeting exploits the intrinsic magnetism 
of magnetic nanoparticles (MNPs) to achieve externally controlled 
drug delivery [  22 ]. By integrating magnetic particle-mediated 
targeting with MRI, such magnetically guided nanoplatforms 
enable simultaneous noninvasive tumor imaging and localized 
therapeutic delivery [  23 ]. Importantly, this magnetically con-
trolled strategy operates independently of the expression levels of 
tumor cell surface biomarkers, thereby overcoming limitations 
imposed by tumor heterogeneity. As a result, physical targeting 
substantially enhances both the precision and the broad applica-
bility of tumor-targeted diagnosis and therapy [  24 ].

   In the context of pharmacological therapy for PCa, the integra-
tion of chemotherapy with emerging therapeutic modalities has 
shown great promise in overcoming treatment resistance. Iron 
(II,III) oxide (Fe₃O₄) nanoparticles (NPs) are rich in both ferrous 
ions (Fe2+) and ferric ions (Fe3+), which participate in intracellular 
iron metabolism and facilitate the production of reactive oxygen 
species (ROS) via Fenton reaction, thereby enhancing oxidative 
stress-mediated tumor cell death [  25 ]. Doxorubicin (DOX) 
induces tumor cell death through intercalative DNA binding and 
topoisomerase II inhibition, triggering DNA injury and cell apop-
tosis [  26 ]. Furthermore, photothermal therapy has emerged as a 
minimally invasive treatment modality that converts NIR light 
into localized hyperthermia, leading to direct tumor ablation 
while simultaneously triggering immunogenic signals within the 
tumor microenvironment [  27 ]. Moreover, photothermal therapy-
induced thermal stress can trigger immunogenic cell death (ICD) 
and promote antitumor immune responses, including CD8+ 
T cell activation and macrophage polarization [  28 ].

   To the best of our knowledge, multifunctional nanoplatforms 
that combine NIR-II laser-induced photothermal therapy with 
integrated diagnosis and targeted therapy for PCa remain under-
explored. Although multifunctional nanodelivery systems have 
been extensively investigated, few studies have adequately eluci-
dated whether synergistic effects or mutual influences exist among 
the various components and functionalities. Herein, we constructed 
a multifunctional lipid NP platform that integrates precision imag-
ing, targeted delivery, and synergistic therapy for PCa. Specifically, 
we developed AIE-MNPs/DOX@S/P-lip, a magnetically navigated, 
NIR-II/MRI dual-modal liposome encapsulating AIEgens for high-
sensitivity tumor visualization. To overcome tumor heterogeneity, 
the system employs a dual-targeting strategy that combines the 
physical magnetic responsiveness of Fe₃O₄ NPs with the biological 
specificity of single-chain variable fragment (scFv) against PSMA 
and STEAP1, enabling precise delivery to both PSMA+ and PSMA− 
cells. Furthermore, the Fe3+/DOX-coordinated payload exhibits 
strong tumor growth suppression, accompanied by activation of 
CD8+ T cells and macrophages for improved antitumor immunity 
and durable immunological memory.   

Results

Synthesis and characterization of PoMVT, AIE-MNPs, 
and AIE-MNPs/DOX@S/P-lip
   The overall design and proposed therapeutic mechanism of this 
study are schematically illustrated in Fig.  1 . As depicted in Fig.  2 A, 
the AIE photosensitizer poly(octyl-modified benzobisthiadiazole-
vinylene-bithiophene) (PoMVT) copolymer was successfully 

synthesized. 1H nuclear magnetic resonance spectroscopy fully 
confirmed the synthesis of PoMVT (Fig.  2 B). The ultraviolet–
visible (UV–Vis) absorption spectrum showed that PoMVT 
exhibited broad absorption characteristics from UV to NIR, 
with the strongest absorption peak at 250 nm, followed by a 
gradually decaying broad absorption band in the 300- to 700-nm 
region. This typical D-A type conjugated polymer absorption 
pattern reflected the effective intramolecular charge transfer 
effect between the benzobisthiadiazole acceptor and the thio-
phene donor (Fig.  2 C). The fluorescence excitation/emission 
spectra revealed a large Stokes shift, with excitation peaks at 450 
and 650 nm, and red-shifted emission peaks at 1,080 nm in the 
NIR-IIa window, minimizing self-absorption and enhancing 
imaging signal-to-noise ratios (Fig.  2 D). We assessed the AIE 
properties of PoMVT by preparing solutions across a 1% to 10% 
concentration range and analyzing their fluorescence in the 
NIR-IIa window (Fig.  2 E and F). Fluorescence intensity initially 
rose with increasing concentration, peaking at 7% to 8%, before 
declining. This optimal concentration delivered the strongest 
fluorescence signal and satisfied therapeutic drug loading needs. 
For imaging, excitation at 808 nm paired with an 1,100-nm long-
pass filter optimized the signal-to-noise ratio.                

   We subsequently synthesized Fe₃O₄ NPs and AIE-modified 
MNPs (AIE-MNPs). The x-ray diffraction patterns revealed 
typical Fe₃O₄ diffraction peaks, with sharper peaks for Fe₃O₄ 
NPs indicating higher crystallinity, while AIE-MNPs showed 
reduced crystallinity due to AIE modification (Fig.  2 G). Magnetic 
responsiveness tests revealed that both NPs responded to exter-
nal magnetic fields, with Fe₃O₄ NPs adsorbing rapidly within 5 s, 
while AIE-MNPs showed slower adsorption and better redis-
persibility postmagnetic field removal, attributed to increased 
hydrophilicity and stability from the AIE-modified layer. Magnetic 
regression curve indicated both materials were superparamag-
netic with low coercivity (Fig.  2 H and I). Under a high-frequency 
alternating magnetic field (450 kHz), the AIE-MNP suspension 
achieved a temperature rise from 25 to 39.9 °C within 2 min, 
whereas the control group (pure water) showed only negligible 
temperature fluctuation (ΔT = 2.1 °C), fully demonstrating the 
exceptional sensitivity of AIE-MNPs in converting magnetic 
energy into thermal energy (Fig.  2 J and K).

   Subsequently, we prepared AIE-MNPs/DOX@lip by extrusion 
of lipid membranes, DOX, and AIE-MNPs and successfully 
modified the surface of AIE-MNPs/DOX@lip with anti-PSMA 
scFv and anti-STEAP1 scFv antibodies to obtain AIE-MNPs/
DOX@S/P-lip. dSTORM super-resolution imaging confirmed the 
successful modification of anti-PSMA scFvs and anti-STEAP1 
scFvs on the surface of the liposomes (Fig.  2 L). Fluorescence 
intensity quantification showed the high efficiency and control-
lability of the antibody conjugation reaction (Fig.  2 M). UV spec-
trophotometry-based protein quantification revealed conjugation 
efficiencies of anti-STEAP1 scFv and anti-PSMA scFv on the 
liposomal surface of 70.17 ± 4.86% and 64.99 ± 7.22%, respec-
tively. Both antibody fragments were stably decorated on the 
liposome surface with high loading capacity (Fig.  2 N).

   The structures of the individual components (Fig.  3 A) and 
the final product (Fig.  3 B) were observed via transmission elec-
tron microscopy (TEM). The initial Fe₃O₄ NPs exhibited a near-
spherical morphology with an average particle size of 0.01 to 
0.02 μm, displaying typical characteristics of superparamag-
netic nanomaterials. After AIE functionalization, a distinct 
organic layer was observed on the surface of the NPs. The blank 
liposomes displayed a perfect unilamellar vesicle structure with 
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Fig. 2. The synthesis and characterization of poly(octyl-modified benzobisthiadiazole-vinylene-bithiophene) (PoMVT) and aggregation-induced emission (AIE)-magnetic nanoparticles 
(MNPs). (A) Flow chart of the process of PoMVT synthesis. (B) The 1H nuclear magnetic resonance spectrum confirms the successful synthesis of PoMVT. (C) The ultraviolet–visible 
(UV–Vis) absorption spectrum shows the absorption band range and maximum absorption peak of PoMVT in the visible-near-infrared (NIR) region. (D) The fluorescence excitation/
emission spectra detect the excitation and emission peaks of PoMVT. (E and F) The imaging performance (E) and signal intensity (F) of PoMVT at different concentrations (1% 
to 10%) in the NIR-IIa region are shown. (G) The x-ray diffraction clearly confirms the successful preparation and crystallinity of the Fe3O4 magnetic core. (H and I) The magnetic 
responsiveness (H) and magnetic regression curve (I) of Fe3O4 nanoparticles (NPs) and AIE-MNPs under an external magnetic field are presented. (J and K) Magnetothermal 
performance of AIE-MNPs under a high-frequency alternating magnetic field (450 kHz). (L and M) Super-resolution imaging via direct stochastic optical reconstruction microscopy 
verifies the successful modification and spatial distribution of scFvs (scale bars, 200 nm). (N) Conjugation efficiency of six-transmembrane epithelial antigen of the prostate 
1 (STEAP1) and prostate specific membrane antigen (PSMA) scFv determined by UV spectrophotometry-based protein quantification.
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Fig. 3. The characterization of AIE-MNPs/DOX@S/P-lip. (A and B) Transmission electron microscopy images of liposomes, Fe3O4 nanoparticles (NPs), AIE-MNPs, and AIE-
MNPs/DOX@S/P-lip (scale bars, 200 nm). (C to E) The size distributions of G1 to G5 detected by nanoparticle tracking analysis (NTA) (C) and dynamic light scattering (DLS) 
(D and E). (F) Zeta potentials of G1 to G5 (G1: liposomes; G2: AIE-MNPs/DOX@lip; G3: AIE-MNPs/DOX@S-lip; G4: AIE-MNPs/DOX@P-lip; G5: AIE-MNPs/DOX@S/P-lip). 
(G) Depth-profiling x-ray photoelectron spectroscopy elucidates the chemical structure and interfacial interactions within AIE-MNPs/DOX@S/P-lip. (H) Raman spectroscopy 
fingerprints reveal molecular vibrations of each nanoassembly. (I) Fourier-transform infrared spectroscopy maps the chemical bonding and intermolecular interactions across 
the nanoplatform. (J and K) Photothermal conversion of AIE-MNPs/DOX@S/P-lip at varied concentrations. (L and M) Magnetothermal conversion of AIE-MNPs/DOX@S/P-lip at 
varied concentrations. (N) Cooling curves post heating. (O and P) pH stability of AIE-MNPs/DOX@S/P-lip: size (O) and polydispersity index (PDI) (P) of AIE-MNPs/DOX@S/P-
lip at pH 7.4 or 5.5 over time. (Q and R) Thermal stability of AIE-MNPs/DOX@S/P-lip: size (Q) and PDI (R) after storage at 4 or −80 °C over time. (S) Stability of AIE-MNPs/
DOX@S/P-lip NPs in serum measured by DLS. (T) DOX calibration curve and concentration-dependent absorbance. (U) DOX release profiles of AIE-MNPs/DOX@S/P-lip under 
different conditions. (V) T1-weighted relaxation rates and magnetic resonance images of AIE-MNPs/DOX@S/P-lip at different concentrations.
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a membrane thickness of approximately 5 to 7 nm, consistent 
with the theoretical thickness of a phospholipid bilayer. The 
final AIE-MNPs/DOX@S/P-lip exhibited a typical “raisin-bun” 
structure, with multiple MNP clusters effectively encapsulated 
within a single liposome. Negative staining clearly delineated 
the complete contour of the lipid bilayer membrane, and the 
overall particle size was controlled within the range of 150 to 
180 nm. This size is conducive to tumor site enrichment via the 
enhanced permeability and retention effect while effectively 
avoiding rapid clearance by the reticuloendothelial system. 
Energy-dispersive x-ray spectroscopy mapping provided spatial 
distribution information of the individual components of the NPs 
(Fig.  S1 ). Nanoparticle tracking analysis (Fig.  3 C) and dynamic 
light scattering (DLS) (Fig.  3 D) indicated that the particle size 
gradually increased with the encapsulation of AIE MNPs and 
DOX, as well as the modification of the 2 scFvs. The final average 
particle size was 197.17 nm, which fell within the optimal window 
for the enhanced permeability and retention effect (Fig.  3 E). The 
zeta potential indicated that the final product had a stable potential 
of approximately −35.92 mV, indicating a highly stable structure 
(Fig.  3 F). X-ray diffraction patterns confirmed the successful 
preparation and crystalline integrity of the Fe₃O₄ magnetic core 
(Fig.  3 G). Raman spectroscopy (Fig.  3 H), Fourier-transform infra-
red spectroscopy (Fig.  3 I), and x-ray photoelectron spectroscopy 
(Fig.  S2  and Table  S1 ) demonstrated the successful integration of 
AIE materials, liposomes, chemotherapeutic drugs, and surface 
antibodies, with each component retaining its chemical integrity 
to form a synergistic functional system. Collectively, these results 
confirmed the successful synthesis of AIE-MNPs/DOX@S/P-lip.           

The photothermal and magnetothermal effects, 
stability, and DOX release profile of AIE-MNPs/
DOX@S/P-lip
   Then, the photothermal and magnetothermal effects, stability, 
and DOX release profile of AIE-MNPs/DOX@S/P-lip were sys-
tematically investigated. Photothermal studies revealed concen-
tration-dependent heating, with AIE-MNPs/DOX@S/P-lip 
(400 μg/ml) achieving a maximum temperature rise of 43.4° C 
after 10 min of 808-nm irradiation. This confirmed the material’s 
excellent photothermal conversion capability (Fig.  3 J and K). 
The photothermal conversion mechanism aligns with the classic 
Newton’s cooling law, achieving a photothermal conversion effi-
ciency (η) of 67.4% (Fig.  S3 A and B). The thermal time constant 
τs = 1.76 min demonstrates the material has moderate thermal 
conductivity, enabling rapid heating while maintaining sufficient 
thermal retention, which is beneficial for effective photothermal 
therapy. The cyclic stability experiment confirmed the material’s 
photothermal stability and reusability (Fig.  S3 C). For AIE-MNPs/
DOX@S/P-lip, the magnetothermal effect was not pronounced 
at a concentration of 50 μg/ml but became evident at 100 μg/ml, 
with the temperature rising and then gradually decreasing after 
the magnetic field was removed (Fig.  3 L to N). These results dem-
onstrate that AIE-MNPs/DOX@S/P-lip possesses excellent pho-
tothermal effects and moderate magnetothermal effects.

   The stability and storage conditions of AIE-MNPs/DOX@S/
P-lip were also investigated. Under pH 7.4 conditions, the NPs 
displayed remarkable colloidal stability, with their size gradu-
ally decreasing from 197.17 to 168.53 nm within 96 h, and the 
polydispersity index (PDI) remaining between 0.20 and 0.25. 
This indicates the integrity of the liposome structure and uni-
form dispersion. Under simulated tumor microenvironment 

conditions (pH 5.5), the particle size remained relatively stable 
within the initial 48 h, then rapidly decreased to 175.30 nm, with 
slight fluctuations in PDI but remaining below 0.25. This suggests 
partial disruption of the liposome structure in acidic conditions 
(Fig.  3 O and P). When stored at 4 °C, the particle size fluctuated 
slightly within the range of 170 to 200 nm over 7 d, with the PDI 
maintained at 0.20 to 0.25, demonstrating the rationality of the 
formulation design and the structural integrity of the lipid bilayer 
at low temperatures. In contrast, storage at −80 °C led to pro-
nounced instability, with drastic particle size fluctuations and 
increased PDI variability (0.15 to 0.28). This indicates that refrig-
eration at 2 to 8 °C is the optimal storage condition (Fig.  3 Q and 
R). During the 6-d serum incubation period, the hydrodynamic 
size of AIE-MNPs/DOX@S/P-lip NPs remained stably maintained 
within the 190- to 220-nm range, exhibiting only minor fluctua-
tions without appreciable aggregation or abrupt increase (Fig.  3 S).

   The release profile of DOX from AIE-MNPs/DOX@S/P-lip was 
analyzed using UV–Vis spectroscopy. The absorption spectra of 
DOX solutions at different concentrations (0.1 to 1.0 mg/ml) were 
measured, and a concentration–absorbance standard curve was 
plotted (Fig.  3 T). Screening of various lipid-to-drug ratios revealed 
that as the ratio increased from 10:1 to 40:1, the encapsulation 
efficiency steadily improved from 89.9 ± 1.8% to 95.2 ± 1.6%, 
whereas the drug loading capacity decreased from 8.2 ± 0.4% to 
2.3 ± 0.1%. Taking these factors into comprehensive consideration, 
a lipid-to-drug ratio of 20:1 was selected as the optimal formula-
tion for subsequent experiments (Fig.  S3 D). Under pH 7.4 condi-
tions, only 17.70 ± 1.72% of DOX was slowly released within 48 h, 
showing excellent circulation stability. However, in a simulated 
lysosomal acidic environment (pH 5.5), the release rate signifi-
cantly increased to 70.73 ± 3.96%. More importantly, 808-nm laser 
irradiation further enhanced the 48-h release rate to 81.42 ± 2.27% 
(Fig.  3 U). These results confirm that AIE-MNPs/DOX@S/P-lip 
exhibits substantially increased drug release in tumor microenvi-
ronments and under NIR irradiation, providing a foundation for 
achieving tumor-specific, on-demand drug delivery.

   Finally, T1-weighted MRI contrast enhancement was assessed 
by linear regression of relaxation rates versus nanocomposite 
dilution (Fig.  3 V). MRI scan showed that the signal intensity of 
the weighted imaging gradually darkened with increasing dilu-
tion ratios of AIE-MNPs/DOX@S/P-lip. The linear fitting results 
demonstrated a strong linear correlation between the dilution 
ratios and T1-weighted relaxation rates. These results indicate 
the potential of AIE-MNPs/DOX@S/P-lip as an effective MRI 
contrast agent for theranostic applications.   

In vitro cellular uptake and cytotoxicity  
of AIE-MNPs/DOX@S/P-lip
   We evaluated the in vitro uptake of AIE-MNPs/DOX@S/P-lip 
by various PCa cell lines at different time points using flow 
cytometry (Fig.  S4 A to C). After 3 h of incubation, the uptake 
efficiency of all 3 cell lines achieved 90%. Next, we assessed 
concentration- and time-dependent cytotoxicity against PCa 
cell lines via Cell Counting Kit-8 (CCK-8) assay (Fig.  S5 A to 
J). AIE-MNPs/DOX@S/P-lip exhibited dose-responsive and 
temporally enhanced antiproliferative effects, with 10 μg/ml 
inducing significant growth inhibition across all cell lines after 
48 h. Critically, cytotoxic potency was substantially greater in 
cell lines with high PSMA and STEAP1 expression (22Rv1, 
C4-2, and LNCaP), suggesting receptor-mediated therapeutic 
enhancement.
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   To further explore whether the cytotoxicity was dependent on 
the expression levels of PSMA and STEAP1, we established PC-3 
with high expression of PSMA and STEAP1 (PC-3-PSMA and 
PC-3-STEAP1) and evaluated the cytotoxicity after 48 h of incuba-
tion (Fig.  S5 K and L). Although the cytotoxicity against PC-3-
PSMA and PC-3-STEAP1 did not significantly increase at high 
concentrations (>10 μg/ml), the elevated expression of PSMA and 
STEAP1 enhanced the cytotoxicity at low concentration. This 
could be attributed to the binding of AIE-MNPs/DOX@S/P-lip to 
PSMA and STEAP1 on the cell surface, which facilitated its intra-
cellular uptake and increased its intracellular concentration.

   Flow cytometry analysis also revealed that AIE-MNPs/
DOX@S/P-lip at 10 μg/ml significantly induced apoptosis in 
PCa cells (Fig.  S6 A to C). Moreover, transwell assays (Fig.  S7 A) 
and colony formation assays (Fig.  S7 B) indicated that AIE-
MNPs/DOX@S/P-lip could markedly suppress the growth and 
migration of PCa cells.   

In vivo antitumor efficacy and safety of AIE-MNPs/
DOX@S/P-lip
   After confirming the in vitro cytotoxicity of AIE-MNPs/DOX@S/
P-lip, we further evaluated its antitumor efficacy and safety in vivo 
(Fig.  S8 A). Tumor-bearing nude mice received intravenous injec-
tions of AIE-MNPs/DOX@S/P-lip (2, 3, or 5 mg/kg) every 3 d 
for 3 cycles. The results indicated that 2 mg/kg AIE-MNPs/
DOX@S/P-lip significantly suppressed the growth of subcutane-
ous 22Rv1 xenografts. However, increasing the dose to 3 or 5 mg/
kg did not markedly enhance the antitumor efficacy (Fig.  S8 B to 
E). All treatment groups showed no significant body weight loss 
(Fig.  S8 F), and serum biochemical analysis revealed no treatment-
related alterations in hepatic or renal function markers (Fig.  S8 G 
to J). Histopathological examination of major organs showed no 
evidence of toxicity across all dose groups (Fig.  S9 K). Additionally, 
we assessed the hemolytic activity of AIE-MNPs/DOX@S/P-lip at 
various concentrations in vitro (Fig.  S9 A and B) and further evalu-
ated its safety in C57BL/6 mice (Fig.  S9 C to G). The hemolytic 
assay results indicated that even at 200 μg/ml, AIE-MNPs/
DOX@S/P-lip induced negligible hemolysis comparable to phos-
phate-buffered saline (PBS), and demonstrated excellent biocom-
patibility in C57BL/6J mice at all tested concentrations. These 
findings establish potent antitumor efficacy with a favorable safety 
profile. Based on the saturation of therapeutic response above 
2 mg/kg and the absence of added benefit at 5 mg/kg versus 3 mg/
kg, we selected 3 mg/kg as the optimal dose for subsequent studies. 
Representative hematoxylin and eosin staining of major organs 
was conducted 1 month after consecutive AIE-MNPs/DOX@S/P-
lip administration (Fig.  S9 I). No noticeable pathological lesions 
were detected in tested visceral tissues, which verified the favor-
able long-term biosafety of AIE-MNPs/DOX@S/P-lip in vivo.   

In vitro and in vivo targeting ability of AIE-MNPs/
DOX@S/P-lip
   We further explored the targeting ability of AIE-MNPs/DOX@S/
P-lip both in vitro and in vivo. Dual-targeted AIE-MNPs/
DOX@S/P-lip achieved significantly higher internalization in 
PSMA+/STEAP1+ 22Rv1 cells compared to all control formula-
tions (Fig.  4 A). TEM also confirmed effective cellular uptake 
(Fig.  4 B). To functionally validate receptor-mediated delivery, we 
assessed cytotoxicity against PCa cell lines with varying PSMA/
STEAP1 expression. In PSMA−/STEAP1− RM1 cells, dual-targeted 
AIE-MNPs/DOX@S/P-lip exhibited no enhanced cytotoxicity 

relative to precursor formulations (Fig.  4 C and Fig.  S10 A). 
Conversely, in PSMA+/STEAP1+ 22Rv1 cells, dual targeting sig-
nificantly increased the proportion of late-apoptotic cells without 
affecting overall apoptosis rate (Fig.  4 D and Fig.  S10 B and C). 
In PC-3 cells with low PSMA/STEAP1 expression, only modest 
enhancement in apoptosis was observed (Fig.  4 E and Fig.  S10 D). 
Collectively, these results demonstrate potent and selective target-
ing of PCa cells in a PSMA- and STEAP1-dependent manner.        

   We next evaluated in vivo tumor targeting using a 22Rv1 xeno-
graft model in nude mice (Fig.  4 F to J). Live imaging showed 
prominent accumulation in tumor tissues, peaking at 12 to 24 h 
postinjection, with concurrent sequestration in liver and kidneys. 
Compared to all control groups, AIE-MNPs/DOX@S/P-lip dem-
onstrated significantly greater accumulation in tumor tissues. 
Dual-targeted nanocomposites showed superior tumor accumula-
tion compared to all control formulations. To leverage magnetic 
responsiveness, we applied an external magnetic field to the tumor 
site postinjection. Although the magnetic field did not augment 
peak tumor accumulation, it markedly accelerated early tumor 
homing (within 3 h) and prolonged intratumoral retention beyond 
24 h. Comparable magnetically enhanced targeting dynamics were 
observed in immunocompetent C57BL/6 mice bearing RM1-
STEAP1-PSMA tumors (Fig.  S11 ). In summary, AIE-MNPs/
DOX@S/P-lip demonstrates robust receptor-mediated tumor tar-
geting in vivo, and magnetic field augmentation further enhances 
both the kinetics and duration of intratumoral accumulation. 
Consistent with the in vivo tumor enrichment results, plasma 
pharmacokinetic analysis revealed prolonged systemic circulation 
of AIE-MNPs/DOX@S/P-lip; the formulation displayed gradual 
plasma concentration decay over 48 h, which facilitated sustained 
blood supply and continuous tumor accumulation.   

In vitro investigation of the photothermal and 
magnetothermal effects of AIE-MNPs/DOX@S/P-lip
   After confirming the targeting ability and direct cytotoxic 
mechanisms of AIE-MNPs/DOX@S/P-lip both in vitro and 
in vivo, we further explored its photothermal and magneto-
thermal effects in vitro. Results showed that after 5 min of irra-
diation with 808-nm NIR light, the temperature of culture wells 
containing AIE-MNPs/DOX@S/P-lip rose to 43 °C, while wells 
with PBS showed negligible temperature change (Fig.  S12 A). 
However, even after 10 min of exposure to an alternating mag-
netic field, culture dishes with AIE-MNPs/DOX@S/P-lip exhib-
ited no significant temperature increase compared to the PBS 
group (Fig.  S12 B).

   Flow cytometric analysis of apoptosis and CCK-8 revealed 
that neither NIR irradiation nor the application of an alternat-
ing magnetic field had a cytotoxic effect on PCa cells in the PBS 
group. Notably, while 808-nm NIR irradiation enhanced the 
cytotoxicity of AIE-MNPs/DOX@S/P-lip against PCa cells, the 
application of magnetic field did not. Moreover, the magnetic 
field failed to synergize with NIR irradiation to augment cyto-
toxicity (Fig.  S12 C to F). These findings indicated that at the 
chosen drug concentration, AIE-MNPs/DOX@S/P-lip dem-
onstrated effective photothermal therapy against PCa cells but 
showed less pronounced magnetothermal effects. Consequently, 
subsequent in vivo experiments focused primarily on evaluat-
ing its photothermal therapeutic potential.

   Given that recent studies have shown that photothermal 
therapy can improve treatment efficacy by elevating intra-
cellular ROS production in addition to directly killing cells 
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through heat, we investigated whether photothermal therapy 
could further boost ROS generation induced by AIE-MNPs/
DOX@S/P-lip. Results confirmed that AIE-MNPs/DOX@S/P-lip 

alone increased intracellular ROS levels, and 808-nm NIR irra-
diation further elevated ROS production, inducing oxidative 
stress and subsequent cell apoptosis (Fig.  S12 G to I).   

Fig. 4. In vitro and in vivo targeting ability of AIE-MNPs/DOX@S/P-lip and transcriptomic sequencing analysis. (A) Immunofluorescence imaging of the uptake efficiency of 
different treatments by 22Rv1 at 3 h and average fluorescence intensity of doxorubicin in each group in immunofluorescence staining (scale bars, 10 μm; G1: liposomes; G2: 
AIE-MNPs/DOX@lip; G3: AIE-MNPs/DOX@S-lip; G4: AIE-MNPs/DOX@P-lip; G5: AIE-MNPs/DOX@S/P-lip). DAPI, 4′,6-diamidino-2-phenylindole. (B) Transmission electron 
microscopy analysis of cellular uptake of different treatments (scale bars, 500 nm). (C to E) Flow cytometry analysis of apoptosis induction in RM1 (C), 22Rv1 (D), and PC-3 
(E) cells by different treatments (G1: liposomes; G2: DOX@lip; G3: AIE-MNPs/DOX@lip; G4: AIE-MNPs/DOX@S-lip; G5: AIE-MNPs/DOX@P-lip; G6: AIE-MNPs/DOX@S/P-lip). 
(F) Representative in vivo fluorescence images of tumor-bearing nude mice at different time points (1, 3, 6, 12, 24, and 48 h) after different treatment. Tumor location was 
identified by bioluminescence (G1: liposomes; G2: AIE-MNPs/DOX@lip; G3: AIE-MNPs/DOX@S-lip; G4: AIE-MNPs/DOX@P-lip; G5: AIE-MNPs/DOX@S/P-lip; G6: AIE-MNPs/
DOX@S/P-lip + external magnetic field). (G) Tumor-to-background ratios at the indicated time points. (H to J) Ex vivo fluorescence imaging (H) and quantitative analysis 
(I and J) of major organs at 48 h.
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Transcriptomic sequencing unveils multimodal 
antitumor mechanisms of AIE-MNPs/DOX@S/P-lip
   To dissect the molecular mechanism underlying the cytotoxicity 
of the multimodal therapy, transcriptomic profiling of treated 
versus control PCa cells was first performed. We screened the top 
40 differentially expressed genes (Fig.  5 A and B). Combined with 
Gene Ontology (GO), top 20 Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) 
analyses of differentially expressed genes, we verified the activa-
tion of p53 signaling, apoptosis, necroptosis, autophagy and cell 
cycle arrest; notably, GSEA further validated prominent enrich-
ment of the p53 pathway (P = 0.00428) and autophagy signature 
(P = 0.01728) upon treatment (Fig.  5 C to F). These pathways were 
validated at the protein level by Western blotting in 2 human 
PCa lines, PC-3 and 22Rv1. At the molecular level, treatment 
induced evident cell cycle arrest, accompanied by increased 
expression of p53 and p21. Enhanced autophagic activity was 
also observed, as reflected by the conversion of LC3B-I to 
LC3B-II and the down-regulation of p62. Moreover, elevated 
p-RIP1 and p-MLKL indicated the activation of cellular 
necroptosis. For apoptosis, the expression of proapoptotic 
proteins was increased while antiapoptotic protein levels were 
decreased, along with the up-regulation of cleaved caspase-3. 
In terms of ferroptosis, treated cells showed a compensatory 
up-regulation of GPX4, while other ferroptosis-related pro-
teins exhibited no obvious changes (Fig.  5 G).        

   To confirm ICD, 2 canonical hallmarks including surface 
exposure of calreticulin (CRT) and nuclear-to-extracellular 
release of high mobility group box 1 (HMGB1) were visualized 
by confocal immunofluorescence (Fig.  5 H). In control G1 
(PBS) cells, HMGB1 (orange) was distributed throughout the 
nucleus and cytoplasm, with minimal membrane-localized 
CRT (green) and no intracellular DOX fluorescence. After drug 
administration, red DOX autofluorescence was detected intra-
cellularly in G2 to G4, confirming successful cellular drug 
uptake; G2 and G3 induced moderate increases in surface CRT 
and partial nuclear-to-cytoplasmic translocation of HMGB1, 
while these ICD-related changes were markedly augmented in 
the laser-combined G4 group, which exhibited the most robust 
ICD induction among all cohorts. CRT expression on cell sur-
face rose sharply, whereas nuclear HMGB1 declined and the 
protein mainly relocated to cytoplasm, implying extracellular 
leakage of HMGB1. The above ICD phenotypes were the most 
pronounced in the G4 group.   

In vivo investigation of the direct cytotoxicity and 
photothermal therapeutic efficacy of AIE-MNPs/
DOX@S/P-lip
   After confirming the targeting ability, intrinsic cytotoxicity, and 
photothermal potential of AIE-MNPs/DOX@S/P-lip in vitro, we 
further evaluated its direct cytotoxicity (Fig.  6 A) and photothermal 
therapeutic efficacy (Fig.  6 F) in nude mice xenograft models. 
Results showed that compared to PBS, lip, DOX@lip, and AIE-
MNPs/DOX@lip, AIE-MNPs/DOX@S/P-lip significantly inhib-
ited tumor growth (Fig.  6 B and C), reduced the final tumor volume 
and mass (Fig.  6 D and E), and showed a declining trend in final 
tumor volume and mass compared to AIE-MNPs/DOX@S-lip and 
AIE-MNPs/DOX@P-lip. Additionally, all groups caused no sig-
nificant reduction in mouse body weight (Fig.  S13 A), and no 
treatment-related alterations in liver or kidney function (Fig.  S13 B 
to E) or in the histology of major organs were observed. Compared 

to the laser-only group, the AIE-MNPs/DOX@S/P-lip group 
showed significant tumor necrosis 24 h postlaser irradiation (Fig. 
 6 G). Bioluminescence imaging indicated that 72 h postirradiation, 
tumors in the AIE-MNPs/DOX@S/P-lip group nearly completely 
regressed, while tumors in the PBS group continued growing 
(Fig.  6 H). Compared to the PBS, laser-only, and AIE-MNPs/
DOX@S/P-lip groups, the AIE-MNPs/DOX@S/P-lip plus laser 
group demonstrated remarkable suppression of tumor cell 
growth (Fig.  6 I and J), significantly reduced final tumor volume 
and mass (Fig.  6 K and L), and achieved complete tumor regres-
sion in 60% of mice. Notably, photothermal therapy was very 
safe, causing no significant reduction in mouse body weight or 
morphological damage to major organs (Fig.  6 M and Fig.  S14 ). 
Hematoxylin and eosin, Ki67, and terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining collec-
tively indicated the most potent antitumor effects in G7 and G9, 
characterized by severe tissue necrosis, markedly reduced pro-
liferation, and extensive apoptosis, compared to G1 to G5 (Fig. 
 6 N). Collectively, these findings indicated that compared to 
control groups, AIE-MNPs/DOX@S/P-lip exerted significant 
direct cytotoxicity and showed safety in vivo, while photother-
mal therapy further augmented its antitumor efficacy.           

In vivo investigation of the near-infrared 
fluorescence and MRI imaging ability of AIE-MNPs/
DOX@S/P-lip
   We further evaluated the near-infrared fluorescence and MRI 
imaging ability of AIE-MNPs/DOX@S/P-lip using a 22Rv1-luc 
xenograft model in nude mice. Before imaging, biolumines-
cence imaging was used to assess tumor growth (Fig.  7 A). 
Mice were then randomly assigned to 4 groups and adminis-
tered equal doses of PBS, AIE-MNPs/DOX@S-lip, AIE-MNPs/
DOX@P-lip, or AIE-MNPs/DOX@S/P-lip via tail vein injec-
tion. Mice injected with AIE-MNPs/DOX@S/P-lip were further 
divided into 2 subgroups: one with an external magnetic field 
applied to the tumor site for 10 min postinjection and one 
without. NIR-II fluorescence imaging was performed at 3, 6, 
12, 24, 48 and 72 h postinjection. Results indicated that fluo-
rescence intensity at tumor sites peaked at 3 h and gradually 
declined thereafter. AIE-MNPs/DOX@S/P-lip showed precise 
tumor enrichment with the slowest decay rate among all 
groups. The application of an external magnetic field further 
slowed the fluorescence intensity decline at the tumor site (Fig. 
 7 B). Postimaging at 72 h, mice were sacrificed, and fluorescence 
intensity in various organs was measured (Fig.  7 C to E). Results 
showed that except for liver, spleen, and kidneys, AIE-MNPs/
DOX@S/P-lip primarily accumulated in tumors, exhibiting 
significantly higher tumor fluorescence intensity than control 
groups. The external magnetic field group demonstrated even 
higher tumor fluorescence intensity, consistent with earlier 
findings.        

   For MRI imaging, T1-weighted images were acquired before 
and 24 h postinjection (Fig.  7 F and G). Preinjection MRI signal 
intensity in the tumor region was comparable across all groups. 
However, 24 h postinjection, AIE-MNPs/DOX@S/P-lip plus 
external magnetic field group showed significantly higher MRI 
signal intensity in the tumor region compared to other groups, 
indicating effective MRI targeting of tumors under external 
magnetic field guidance. Overall, these results demonstrate that 
AIE-MNPs/DOX@S/P-lip possesses excellent magnetism and 
multimodal imaging capabilities.   
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Fig. 5. Transcriptomic profiling and experimental validation of the therapeutic mechanisms of AIE-MNPs/DOX@S/P-lip in 22Rv1 cells. (A) Volcano plot displaying 
differentially expressed genes (DEGs) in AIE-MNPs/DOX@S/P-lip-treated versus untreated control 22Rv1 cells. (B) Heatmap of the top 40 DEGs, showing distinct 
transcriptional segregation between control and AIE-MNPs/DOX@S/P-lip-treated groups. (C) Bar plot of the top 20 enriched Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways for up-regulated DEGs, with color gradients representing enrichment scores. (D) Bubble plots for Gene Ontology (GO) functional enrichment of 
up-regulated DEGs. (E) Heatmap illustrating the averaged z-scores of core biological effects identified via Gene Set Enrichment Analysis (GSEA) enrichment analysis 
following AIE-MNPs/DOX@S/P-lip treatment. (F) GSEA enrichment plots of 4 core biological pathways, including apoptosis, p53 signaling pathway, autophagy, and 
necroptosis, in AIE-MNPs/DOX@S/P-lip-treated 22Rv1 cells. (G) Western blot of key functional proteins associated with cell cycle arrest, autophagy, necroptosis, apoptosis, 
immunogenic cell death (ICD), and ferroptosis in AIE-MNPs/DOX@S/P-lip-treated PC-3 and 22Rv1 cells. Glyceraldehyde phosphate dehydrogenase (GAPDH) was used 
as an internal loading control. (H) Representative immunofluorescence images of high mobility group box 1 (HMGB1) (orange), DOX (red), calreticulin (CRT) (green), 
nuclear 4′,6-diamidino-2-phenylindole (DAPI) staining (blue), and merged images in AIE-MNPs/DOX@S/P-lip-treated 22Rv1 cells (G1: phosphate-buffered saline; G2: 
AIE-MNPs/DOX@lip; G3: AIE-MNPs/DOX@S/P-lip; G4: AIE-MNPs/DOX@S/P-lip + laser).
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Fig. 6. In vivo investigation of the direct cytotoxicity and photothermal therapeutic efficacy of AIE-MNPs/DOX@S/P-lip. (A) The animal experimental procedure. (B) Ex vivo 
images of tumors after mouse sacrifice (n = 5) (G1: phosphate-buffered saline; G2: liposomes; G3: DOX@lip; G4: AIE-MNPs/DOX@lip; G5: AIE-MNPs/DOX@S-lip; G6: AIE-
MNPs/DOX@P-lip; G7: AIE-MNPs/DOX@S/P-lip). (C) The tumor growth curves (n = 5). (D and E) The comparison of tumor volume (D) and weight (E) after mouse sacrifice 
(n = 5). (F) The animal experimental procedure. (G and H) Photographs and bioluminescence images of the tumor region before and after photothermal therapy (G8: PBS +  
laser; G9: AIE-MNPs/DOX@S/P-lip + laser). (I) Ex vivo images of tumors after mouse sacrifice (n = 5) (G1: PBS; G7: AIE-MNPs/DOX@S/P-lip; G8: PBS + laser; G9: AIE-MNPs/
DOX@S/P-lip + laser). (J) The tumor growth curves (n = 5). (K and L) The comparison of tumor volume (L) and weight (K) after mouse sacrifice (n = 5). (M) The body 
weight of mouse after drug administration (n = 5). (N) The hematoxylin and eosin (H&E) staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
immunofluorescence staining and Ki67 immunohistochemical staining in tumor sections (scale bar, 50 μm). Data are presented as means ± SD. ns, no significance; *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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In vivo investigation of the ICD induced by  
AIE-MNPs/DOX@S/P-lip combined with 
photothermal therapy
   In order to explore whether AIE-MNPs/DOX@S/P-lip com-
bined with photothermal therapy could not only directly kill 
tumors but also activate antitumor immunity and induce ICD, 
we randomly divided the immunocompetent C57BL/6 mice 
bearing subcutaneous RM1-STEAP1-PSMA xenografts into 7 
groups: PBS, DOX@lip, AIE-MNPs/DOX@lip, AIE-MNPs/

DOX@S-lip, AIE-MNPs/DOX@P-lip, AIE-MNPs/DOX@S/P-
lip, and AIE-MNPs/DOX@S/P-lip combined with laser irradia-
tion (Fig.  8 A). After laser irradiation, the temperature of the 
tumor area in the mice rose rapidly, exceeding 45 °C (Fig.  8 B). 
Compared with other groups, AIE-MNPs/DOX@S/P-lip sig-
nificantly reduced the tumor volume, and when combined with 
photothermal therapy, the tumor volume was further reduced, 
with tumors in 4 mice disappearing completely (Fig.  8 C to F). 
Additionally, this treatment did not cause a significant reduction 

Fig. 7. In vivo investigation of the near-infrared fluorescence and magnetic resonance imaging (MRI) ability of AIE-MNPs/DOX@S/P-lip. (A) Bioluminescence imaging of mouse 
tumors and near-infrared II (NIR-II) in vivo imaging of mice at different time points (3, 6, 12, 24, 48, and 72 h) (G1: phosphate-buffered saline; G2: AIE-MNPs/DOX@S-lip; G3: 
AIE-MNPs/DOX@P-lip; G4: AIE-MNPs/DOX@S/P-lip; G4 + Mag: AIE-MNPs/DOX@S/P-lip + external magnetic field). (B) Relative fluorescence intensity decay curve in the 
tumor region (n = 3). (C) Schematic diagram of organ locations. (D and E) NIR-II imaging of ex vivo organs at 72 h (D) and their relative fluorescence intensities (E). (F and G) 
MRI images of mouse before administration and 24 h postadministration (F) and the tumor-to-background signal ratio of MRI (G).
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Fig. 8. In vivo investigation of immunogenic cell death induced by AIE-MNPs/DOX@S/P-lip. (A) The animal experimental procedure. (B) Temperature change of mice before 
and after 808-nm near-infrared (NIR) laser irradiation for 10 min. (C) Ex vivo images of tumors after mouse sacrifice (n = 5) (G1: phosphate-buffered saline; G2: DOX@lip; G3: 
AIE-MNPs/DOX@lip; G4: AIE-MNPs/DOX@S-lip; G5: AIE-MNPs/DOX@P-lip; G6: AIE-MNPs/DOX@S/P-lip; G7: AIE-MNPs/DOX@S/P-lip + laser). (D) The tumor growth curves 
(n = 5). (E and F) The comparison of tumor volume (E) and weight (F) after mouse sacrifice (n = 5). (G) The body weight of mouse after drug administration (n = 5). (H to 
K) Representative flow cytometry images and quantitative analysis of the proportion of MHCII+DCs (H), MHCII+macrophages, CD206+macrophages (I), perforin+ (J), and 
granzyme B (GZMB+) (K) CD8+T cells. Data are presented as means ± SD. ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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in body weight (Fig.  8 G) or noticeable damage to the morphol-
ogy of major organs (Fig.  S15 ).        

   Flow cytometry revealed that AIE-MNPs/DOX@S/P-lip 
remarkably activated dendritic cells (DCs) (Fig.  8 H and Fig. 
 S17 A and B), macrophages (Fig.  8 I and Fig.  S17 C and D), and 
CD8+ T cells (Fig.  8 J and K and Fig.  S17 E and F) within the 
tumor. It enhanced the antigen-presenting capacity of DCs, 
promoted the polarization of macrophages from the M2 to M1 
phenotype, and increased the proportion of activated CD8+ 
T cells. This was accompanied by an elevated expression of anti
tumor molecules such as granzyme B, perforin, and interferon-γ 
(IFN-γ), leading to a substantial enhancement of systemic anti-
tumor immunity.

   Since photothermal therapy led to complete tumor regres-
sion in most mice, making it impossible to effectively assess 
immune cell infiltration within the tumor, we inoculated sub-
cutaneous xenografts on both sides of the mice. We applied 
photothermal therapy to the tumor on the right side and evalu-
ated immune cell infiltration in the tumor on the left side to 
investigate whether photothermal therapy could further activate 
antitumor immunity (Fig.  9 A). The results demonstrated that 
while AIE-MNPs/DOX@S/P-lip led to a significant reduction 
in tumor size on both sides, the combination with photothermal 
therapy resulted in complete regression of the right-side tumor 
without a noticeable reduction in body weight. Moreover, in 
mice subjected to photothermal therapy combined with AIE-
MNPs/DOX@S/P-lip, the left-side tumor also exhibited reduced 
size after photothermal therapy (Fig.  9 B to E and Fig.  S18 A to 
E). This was confirmed by Ki-67 immunohistochemical staining 
and TUNEL immunofluorescence, which showed that photo-
thermal therapy suppressed tumor growth and enhanced apop-
tosis (Fig.  9 J). Further flow cytometry analysis of immune cell 
infiltration in the left-side tumors showed remarkable activation 
of DCs (Fig.  9 F and I and Fig.  S19 A and B), CD8+ T cells (Fig. 
 9 G and H and Fig.  S19 C to E), and macrophages (Fig.  9 H and 
I) in the combined therapy group. Immunofluorescence results 
also confirmed these findings (Fig.  9 K). Collectively, these 
results highlight the ability of AIE-MNPs/DOX@S/P-lip com-
bined with photothermal therapy to significantly activate anti-
tumor immune responses and induce ICD of tumor cells.           

AIE-MNPs/DOX@S/P-lip combined with 
photothermal therapy elicits durable systemic  
CD8+ T cell memory and protects against  
tumor rechallenge
   To determine whether the multimodal therapy conferred long-lived 
protective immunity, mice in the targeted chemo-photothermal 
group (G4, AIE-MNPs/DOX@S/P-lip + laser) that had achieved 
complete tumor clearance were selected; in the G2 and G3 
groups, residual primary tumors were surgically resected. After 
a memory-consolidation interval, mice were rechallenged 
with RM1-STEAP1-PSMA-luc cells in the contralateral flank. 
In the G2 group, primary tumors recurred early and secondary 
tumors grew progressively, albeit slightly slower than those in 
the G1 group; both primary recurrence and rechallenge growth 
were markedly attenuated in the G3 and G4 groups (Fig.  10 A 
and B). Suppression was most pronounced in mice that had 
received AIE-MNPs/DOX@S/P-lip combined with 808-nm 
laser irradiation (G4), with tumor recurrence detected in only 
1 out of 5 animals at the contralateral site (Fig.  10 B). Mice in 
the G2 group began to die on day 28, with 2 deaths observed by 

day 32 and complete mortality by day 38, whereas all mice in 
the G4 group remained alive on day 38 (Fig.  10 C). Additionally, 
the G4 group exhibited a longer recurrence-free survival period 
compared to both the G2 and G3 groups (Fig.  10 D).        

   To define the immunological basis of this protection, CD8+ 
T cells from lymph nodes, spleen, and peripheral blood were 
phenotyped by flow cytometry, resolving naive (Tnaive; CD44− ­

CD62L+), central memory (TCM; CD44+CD62L+), and effector 
memory (TEM; CD44+CD62L−) subsets (Fig.  S20 A to D). The 
proportion of Tnaive within the CD8+ compartment was lowest in 
the G4 group relative to the other groups. In the spleen and 
PBMC, TEM cells were significantly increased in the G4 group, 
whereas no significant increase was observed in the lymph nodes 
(Fig.  10 G to J). In contrast, TCM cells were significantly elevated 
in the lymph nodes (Fig.  10 E and F). Although we observed a 
decrease in TCM cells in the spleen of the G3 and G4 groups, 
splenic enlargement was noted in both groups (Fig.  S20 E). We 
next interrogated the functional quality of this memory by restim-
ulating splenocytes ex vivo with tumor antigen and quantifying 
effector-molecule production (Fig.  10 K and L). The proportions 
of IFN-γ- and perforin-producing CD8+ T cells were markedly 
higher in the G4 group than in the G1 to G3 groups, confirming 
that the expanded memory cells remained antigen-responsive 
and retained cytotoxic effector capacity (Fig.  10 M and N).    

Discussion
   In the study, we successfully constructed a theranostic nanoplat-
form, denoted as AIE-MNPs/DOX@S/P-lip, which integrates 
NIR-II fluorescence imaging, targeted delivery, chemotherapy, 
and photothermal therapy into a single system. The physico-
chemical properties, biosafety, targeting capability, and thera-
peutic efficacy against PCa were systematically evaluated. Our 
results demonstrate a high degree of synergy between structural 
design and functional integration, highlighting the pronounced 
advantages of this nanoplatform for precision diagnosis and 
treatment of PCa.

   Conventional small-molecule fluorescent probes, such as 
indocyanine green, predominantly operate in 700- to 900-nm 
NIR-I and suffer from aggregation-caused quenching, which 
severely limits tissue penetration depth and imaging signal-to-
noise ratio [  29 ,  30 ]. In contrast, the PoMVT polymer synthesized 
in this study exhibits typical AIE characteristics, with an emission 
peak located in 1,080-nm NIR-II, which offers superior tissue 
penetration [  31 ]. Notably, we introduced a unique “raisin-bun” 
structural design, which confers distinct optical advantages com-
pared with conventional core–shell NPs [  32 ]. Previous studies 
have shown that hydrophobic dyes directly embedded within lipid 
bilayers often exhibit unstable fluorescence or severe quenching 
due to spatial confinement and aggregation [  33 ]. By encapsulating 
AIE clusters within the aqueous core of liposomes, our design not 
only exploits the AIE effect to achieve fluorescence enhancement 
at high local concentrations but also effectively suppresses tissue 
autofluorescence through an exceptionally large Stokes shift 
(>400 nm), thereby markedly improving imaging contrast and 
signal-to-noise ratio [  34 ]. Collectively, this strategy overcomes 
the poor photostability of conventional organic dyes and enables 
superior deep-tumor imaging performance compared with tra-
ditional NIR-I probes [  35 ].

   Systemic administration of nanomaterials necessitates careful 
consideration of pharmacokinetics, biodistribution, and toxicity. 
Regarding quantitative biodistribution and toxicity, numerous 
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Fig. 9. In vivo investigation of immunogenic cell death induced by AIE-MNPs/DOX@S/P-lip combined with photothermal therapy. (A) The animal experimental procedure. 
(B) Ex vivo images of left tumors after mouse sacrifice (n = 5). (C) The tumor growth curves of left tumors (n = 5). (D and E) The comparison of tumor volume (D) and weight 
(E) of left tumors after mouse sacrifice (n = 5). (F to I) Representative flow cytometry images of the proportion of MHCII+DCs (F), GZMB+CD8+T cells (G), iNOS+macrophages, 
Arg1+macrophages (H), and quantitative analysis (I). (J) The hematoxylin and eosin (H&E) staining, terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) immunofluorescence staining and Ki67 immunohistochemical staining in tumor sections (scale bar, 50 μm). (K) Immunofluorescence staining of different 
dendritic cell (DC) markers (CD86, CD11c), CD8+T cell markers (CD8 and granzyme B [GZMB]) and macrophages markers (CD68, CD86, and CD206) in tumor tissue 
sections (scale bar, 20 μm). Data are presented as means ± SD. ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vesicle- or liposome-based drug delivery systems have been 
reported to exhibit prolonged retention in the liver and spleen, 
while nucleic acid nanocarriers and small-molecule drug carriers 
may also pose potential hepatic and renal toxicities. In our study, 

the STEAP1 and PSMA dual-targeting strategy enabled AIE-
MNPs/DOX@S/P-lip to begin enriching in tumor regions as early 
as 1 h postinjection, with peak accumulation observed at 6 to 
12 h. Additionally, the NPs remained stable throughout a 6-d serum 

Fig. 10. AIE-MNPs/DOX@S/P-lip combined with photothermal therapy elicits long-term immunological memory against tumor rechallenge. (A) Representative bioluminescence 
imaging of tumor recurrence in mice receiving different treatments (G2, G3, and G4) after primary tumor resection and photothermal therapy. Crosses indicate mice that 
were euthanized or had reached the humane end point. (B) Bioluminescence imaging of contralateral tumor rechallenge in the naive control and treatment groups (G1 to G4). 
Crosses indicate mice that were euthanized or had reached the humane end point. (C) Kaplan–Meier survival curves of mice in different groups (n = 5). (D) Recurrence-free 
survival probability of mice in different groups (n = 5). (E, G, and I) Representative flow cytometry plots showing the gating of naive T cells (Tnaive, CD44−CD62L+), central 
memory T cells (TCM, CD44+CD62L+), and effector memory T cells (TEM, CD44+CD62L−) in lymph nodes (E), spleen (G), and peripheral blood mononuclear cells (PBMCs; I) 
across different treatment groups (G1 to G4). (F, H, and J) Quantification of TCM, TEM, and Tnaive cells in lymph nodes (F), spleen (H), and PBMCs (J) by flow cytometry. 
(K and L) Flow cytometry analysis showing the expression changes of perforin (K) and IFN-γ (L) in CD8+T cells from each group before and after ex vivo stimulation. (M and N) 
Quantification of the percentages of perforin+ (M) and IFN-γ+ (N) in CD8+ T cells across different groups (data are presented as means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. G1: blank; G2: phosphate-buffered saline; G3: AIE-MNPs/DOX@S/P-lip; G4: AIE-MNPs/DOX@S/P-lip + laser).
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incubation period. Compared to nontargeted counterparts, the 
dual-targeted formulation significantly reduced liposomal uptake 
and clearance by the liver, spleen, and kidneys. Concerning long-
term toxicity, since photothermal treatment was strictly confined 
to the local solid tumor, mice in the AIE-MNPs/DOX@S/P-lip 
treatment group showed no detectable damage to major organs, 
and hepatic and renal functions remained intact. Importantly, 
histopathological examination at 1 month postadministration 
confirmed the absence of pathological changes in major organs, 
indicating that the nanomaterial itself does not induce long-term 
toxicity. Furthermore, in the tumor rechallenge experiment, all 
mice in the AIE-MNPs/DOX@S/P-lip + 808-nm laser group 
survived with minimal tumor recurrence, supporting the favor-
able long-term safety profile of our therapeutic strategy.

   With respect to targeting strategies, numerous studies have 
also constructed tumor-targeting nanodelivery systems through 
various approaches. For instance, Zhang et al. [  36 ] developed a 
liposomal formulation modified with biotinylated GPC3 anti-
bodies to target hepatocellular carcinoma. Masoudi et al. modi-
fied 2 distinct aptamers on the nanodelivery system to achieve 
breast cancer targeting [ 11 ,  37 ]. In our study, we employed lipo-
somes decorated with scFv selected through phage display 
screening for their targeting capability. Compared with antibod-
ies, these scFvs possess a smaller molecular weight and lack 
nontargeting regions such as the Fc fragment; compared with 
other small-molecule ligands, they offer higher specificity. PSMA 
has been well established as one of the most representative 
molecular targets in PCa and has been widely employed in imag-
ing probes and drug delivery systems. Meanwhile, STEAP1, 
another molecule highly expressed on the surface of PCa cells, 
has recently attracted increasing attention and is regarded as an 
important complementary target to PSMA [ 11 ,  38 ]. However, 
most existing nanotherapeutic systems rely on single-target 
designs, which are insufficient to address the pronounced molec-
ular heterogeneity of PCa [  39 ]. In this study, both PSMA and 
STEAP1 antibodies were simultaneously conjugated onto the 
surface of the same nanocarrier. In vitro experiments demon-
strated that in PSMA-low–expressing PC-3 cells, uptake medi-
ated by PSMA-only targeting was significantly reduced compared 
with the dual-targeted formulation, whereas in 22Rv1 cells, the 
dual-targeted nanoplatform achieved the highest accumulation 
efficiency. These results strongly support the concept of “multi-
target cooperative recognition”, indicating that simultaneous 
targeting of PSMA and STEAP1 enables broader coverage of 
heterogeneous tumor cell populations and effectively compen-
sates for the limitations of single-target strategies. This approach 
opens a possible therapeutic pathway to the treatment of PSMA-
negative or weakly PSMA-positive PCa patients [  40 ,  41 ].

   Regarding the construction of multifunctional nanoplatforms, 
AIE luminogens and Fe₃O₄ MNPs are commonly incorporated 
to enable fluorescence imaging, photothermal therapy, magnetic 
hyperthermia, and MRI [ 12 ]. However, previous studies have 
largely emphasized the comprehensiveness of functional integra-
tion, while the relative contribution of each functional module to 
therapeutic outcomes has seldom been systematically evaluated 
[  42 ]. Through a direct comparison of photothermal and mag-
netothermal effects, we found that under the material composi-
tion and external stimulation conditions employed in this study, 
photothermal therapy served as the dominant source of heat 
generation, whereas the contribution of magnetic hyperthermia 
was limited. Although some reports have suggested that iron 
oxide NPs can achieve efficient thermal ablation via magnetic 

hyperthermia, our results indicate that, within biologically safe 
dosage ranges, alternating magnetic fields alone did not induce 
cytotoxic temperatures [  43 ]. This observation is consistent with 
recent thermodynamic studies showing that the specific absorp-
tion rate of small superparamagnetic NPs is inherently limited 
due to their reduced magnetic anisotropy and diminished hys-
teresis losses at the nanoscale, rather than achieving optimal heat-
ing efficiency [  44 ]. Accordingly, rather than forcibly pursuing 
magnetothermal efficacy, we rationally utilized the magnetic 
component primarily for T1-weighted MRI enhancement and 
magnetic targeting. Experimental results confirmed that an exter-
nal magnetic field markedly accelerated early NP accumulation 
at tumor sites (within 3 h). These findings do not diminish the 
value of the magnetic component but instead underscore its role 
as an auxiliary module for structural stabilization, imaging 
enhancement, and magnetically guided accumulation. Overall, 
this “magnetic navigation plus photothermal/chemotherapy” 
strategy appears more clinically translatable than approaches rely-
ing solely on magnetic hyperthermia.

   At the mechanistic level, photothermal-chemotherapy syn-
ergism has been widely reported to enhance antitumor efficacy; 
however, most studies remain descriptive at the phenotypic level. 
In this work, transcriptomic sequencing was employed to further 
elucidate the underlying mechanisms of AIE-MNPs/DOX@S/P-
lip. Differential gene expression analysis revealed significant 
alterations in genes associated with cell cycle regulation (e.g., 
PLK1 and SKA3), oxidative stress, and apoptosis. Notably, KEGG 
pathway enrichment and GO analyses highlighted changes in 
the intrinsic apoptotic signaling pathway and extracellular matrix 
organization. Combined with the experimentally observed eleva-
tion of intracellular ROS levels, we propose a “multimodal 
assault” mechanism: DOX disrupts DNA replication, leading to 
cell cycle arrest [  45 ]. Simultaneously, Fe₃O₄ NPs may generate 
ROS, potentially inducing ferroptosis in PCa cells [  46 ,  47 ]. The 
photothermal effect further amplifies oxidative stress, ultimately 
resulting in irreversible cellular damage [  48 ,  49 ].

   Despite these encouraging results, several limitations remain. 
First, the magnetothermal effect was not sufficiently pronounced 
under the current experimental conditions, and further optimiza-
tion of magnetic core size, loading content, and alternating mag-
netic field parameters will be required to explore the feasibility of 
triple-modal photothermal-magnetothermal-chemotherapy syn-
ergy. In addition, the in vivo evaluation was limited to subcutane-
ous xenograft models, which do not fully reproduce the invasiveness 
and microenvironmental heterogeneity of clinical PCa. Future 
studies employing orthotopic PCa models are therefore warranted 
[  50 ]. In addition, transcriptomic analysis provided only a prelimi-
nary insight into the molecular mechanisms, and further validation 
at the protein level and through functional assays is necessary. 
Detailed investigation of key differentially expressed genes, such 
as PLK1 and BTG2, and their downstream signaling pathways will 
be essential to elucidate the core molecular mechanisms underlying 
tumor cell eradication. Finally, the relatively high cost associated 
with large-scale production of dual-scFv antibodies discovered by 
phage display should also be considered [  51 ].

   In summary, the AIE-MNPs/DOX@S/P-lip nanoplatform 
developed in this study achieves integrated diagnosis and therapy 
with high efficacy and low toxicity in PCa models through the 
integration of multiple functionalities. Notably, this platform 
represents the first reported nanotheranostic system that inte-
grates NIR-II/MRI dual-modal imaging and photothermal-
chemo-immunotherapy specifically for PCa management, while 
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simultaneously achieving STEAP1/PSMA dual-scFv targeting 
and synergistic photothermal-chemotherapy. This nanoplatform 
not only demonstrates potent tumor growth inhibition but also 
activates CD8+ T cells and macrophages to elicit potent antitumor 
immune responses. Consequently, this design provides new 
insights into the development of multifunctional theranostic 
nanodelivery systems and represents a promising strategy for 
precision immunotherapy of PCa.   

Methods

Preparation of AIE-MNPs/DOX@S/P-lip
   AIE-MNPs/DOX@S/P-lip were fabricated through a 4-step mod-
ular strategy. First, Fe₃O₄ MNPs were synthesized by coprecipita-
tion: FeCl₂·4H₂O (0.017 mol, Klamar, China) and FeCl₃·6H₂O 
(0.029 mol, Klamar, China) were dissolved in 320 ml of purified 
water and sonicated until fully dispersed. Under N₂ protection, 
the mixture was magnetically stirred (600 rpm) at 80 °C for 60 min, 
followed by the rapid addition of 10 ml of NH₃·H₂O (25 wt %, 
Sinopharm Chemical Reagent Co., Ltd) and further reaction for 
1 h. The final pH of the reaction system was maintained at approx-
imately 10.5. Subsequent to cooling down to room temperature 
(RT), the solid was retrieved by centrifugation and exhaustively 
washed by deionized H2O and ethanol and lyophilized to obtain 
Fe₃O₄ MNPs. Next, 10 mg of the resulting Fe₃O₄ MNPs was redis-
persed in 10 ml of deionized water. An AIE-active photosensitizer, 
PoMVT, was successfully synthesized via Stille coupling polym-
erization of 4,7-dibromo-5,6-dioctyl-2,1,3-benzothiadiazole 
derivative (0.2 mmol) and 5,5′-bis(trimethylstannyl)-2,2′-
bithiophene derivative (0.2 mmol), using tris(o-tolyl)phosphine 
(P(o-tol)₃) and tris(dibenzylideneacetone)dipalladium(0) 
(Pd₂(dba)₃) as catalysts in toluene at 100 °C for 24 h. The crude 
product was collected by filtration and further purified by Soxhlet 
extraction using methanol, n-hexane, and chloroform sequen-
tially to eliminate catalyst residues and oligomers. The final poly-
mer was recovered from the chloroform fraction and dried under 
vacuum, yielding PoMVT as a dark solid (Yield: 76%, Mn: 
25.0 kDa). PoMVT (2 mg, SuZhou Zhuoxinya Technology Co., 
Ltd, China) and Pluronic F-127 (20 mg, Aladdin) were dissolved 
in 1,000 μl of tetrahydrofuran (Aladdin) and introduced dropwise 
into the vigorously stirred Fe₃O₄ dispersion. The components were 
then stirred at RT for 120 min, magnetically collected and washed 
to yield AIE-decorated MNPs (AIE-MNPs). Liposomes were 
achieved via the thin-film hydration technique. Egg phosphatidyl-
choline (Aladdin, China), DSPE-PEG₂₀₀₀-COOH (Aladdin, 
China), cholesterol (Aladdin, China), and DSPE-PEG₂₀₀₀ (Aladdin, 
China) were dissolved in a 1:2 (v/v) methanol/chloroform solution 
system at a molar ratio of 3:2:0.2:0.3 and rotary evaporation to yield 
a thin lipid film. DOX (2 mg, Aladdin, China) and 2 ml of AIE-
MNPs dispersion were added for hydration. The suspension 
underwent sequentially extrusion via 800- and 400-nm polycar-
bonate membranes, yielding homogeneous AIE-MNPs/DOX 
liposomes. Finally, dual-antibody targeting moieties were conju-
gated via EDC/NHS chemistry. Liposomes were activated in MES 
buffer (pH 5.5, MedChemExpress, China) containing 0.1 M EDC 
(Aladdin, China) and 0.7 M NHS (Aladdin, China) for 30 min. 
After concentration, 25 μg of anti-STEAP1 scFv and 25 μg of anti-
PSMA scFv were incubated at 4 °C for 12 h. Unreacted sites were 
blocked by glycine (Aladdin, China), and the formulation was 
purified by dialysis (molecular weight cutoff: 100 kDa) to obtain 
AIE-MNPs/DOX@S/P liposomes. The final liposomes were resus-
pended in purified water (1,000 μg/ml) and saved at 4 °C.   

Characteristics of AIE-MNPs/DOX@S/P-lip
   The structural identity of the AIE-active photosensitizer PoMVT 
was verified by 1H-nuclear magnetic resonance spectroscopy. 
The optical performance of PoMVT in the NIR-IIa window was 
assessed with UV–Vis spectroscopy and fluorescence spectros-
copy, enabling optimization of excitation wavelength, emission 
filters, and exposure settings for mouse imaging. NIR-II fluo-
rescence imaging was implemented using an NIR imaging sys-
tem (Shanghai Artemis Intelligent Imaging Technology Co., Ltd, 
MARS-FAST) to evaluate the AIE characteristics. Morphology 
was observed by TEM, and elemental distribution was mapped 
by energy-dispersive x-ray spectroscopy. Hydrodynamic size 
and colloidal stability were quantified by nanoparticle tracking 
analysis (supported by Duolaimi Biotechnology with a ZetaView 
instrument), zeta-potential measurements (Malvern, Zetasizer 
Nano ZS), and dynamic light scattering. Powder x-ray diffrac-
tion was implemented to confirm the crystallinity of Fe₃O₄ 
magnetic cores (PANalytical, X’Pert PRO MPD). Molecular 
vibrational fingerprints were probed via Raman spectroscopy 
(Renishaw, inVia) and Fourier-transform infrared spectros-
copy (Thermo Fisher Scientific, IS50), while surface chemistry 
and oxidation states were resolved by x-ray photoelectron 
spectroscopy. Direct visualization of dual-antibody spatial 
colocalization on the NP surface was achieved via direct sto-
chastic optical reconstruction microscopy (Zeiss, Zeiss Elyra7). 
The samples underwent magnetic analysis via VSM using a 
Lake Shore 7404 instrument, and magnetothermal conversion 
efficiency was evaluated using a magnetic hyperthermia ana-
lyzer. Photothermal performance and stability were measured 
under 808-nm laser irradiation (1 W cm−2, spot size: 1.0 cm2, 
distance: 5 cm). Storage stability was monitored by tracking 
hydrodynamic diameter and PDI at pH 7.4 and 5.5, at 4 and 
−80 °C, over 168 h.   

Encapsulation rate, drug loading rate, and in vitro 
release assay
   In vitro DOX-release profiles were acquired under distinct 
microenvironments. First, a calibration curve was established 
by testing the absorbance of serial DOX solutions at 480 nm in 
a quartz cuvette using a UV–Vis spectrophotometer. The encap-
sulation rate (EE %) and drug loading (DL %) were measured 
by standard curve: DL (%) = (total drug mass − unencapsulated 
drug mass)/total mass of drug-laden liposomes × 100 %. EE 
(%) = (total drug mass − unencapsulated drug mass)/total drug 
mass × 100%. Subsequently, 2 ml of AIE-MNPs/DOX@S/P-lip 
(2 mg/ml) was hermetically enclosed in a dialysis bag (molecu-
lar weight cutoff: 100 kDa) and immersed in 10 ml of PBS (pH 
7.4 or 5.5) with or without NIR irradiation (808 nm, 1.0 W 
cm−2). The release experiments were conducted at 37 °C under 
gentle orbital shaking. At scheduled intervals, 2 ml of the exter-
nal medium was removed and replaced with an equal volume 
of fresh PBS to sustain sink conditions. The amount of released 
DOX in aliquot was detected by UV–Vis spectrophotometry 
at 480 nm using the preestablished calibration equation. All 
data are represented as mean ± SD (n = 3).   

Photothermal performance and therapy  
of AIE-MNPs/DOX@S/P-lip
   The photothermal conversion capability and therapeutic efficacy 
of AIE-MNPs/DOX@S/P-lip were evaluated in vitro and in vivo 
using an 808-nm NIR laser (fixed power density [I]: 1.0 W cm−2).  
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In vitro photothermal characterization
   Aqueous dispersions of AIE-MNPs/DOX@S/P-lip at concentra-
tions of 0, 0.05, 0.1, and 0.4 mg/ml were prepared in PBS (200 μl 
per sample) and placed in quartz cuvettes. Samples were irradi-
ated for 600 s (10 min) with temperature recorded every 30 s 
using a calibrated thermocouple microprobe. Spatial tempera-
ture distribution was simultaneously monitored by infrared 
thermal imaging (A655sc). To determine photothermal conver-
sion efficiency (η), the 400 μg/ml sample was irradiated to reach 
steady-state temperature (T_max), the laser was switched off, 
and the cooling curve was recorded every 30 s for 600 s. The η 
value was calculated using the energy balance method based on 
Newton’s law of cooling, as previously described (τs = 1.76 min, 
η = 67.4%). The η was calculated according to the equation: η = 
[hS (Tmax − Tsurr) − Qdis]/[I (1-10-A808)]. To determine the 
heat transfer coefficient (hS), the 400 μg/ml sample was heated 
to a steady-state temperature (Tmax = 72.1 °C) and then allowed 
to cool naturally. A dimensionless temperature parameter, θ = 
(T − Tsurr) / (Tmax − Tsurr), was introduced to linearize the 
cooling profile. The system time constant, τs = 1.76 min, was 
obtained by fitting the linear relationship between time and −
lnθ. The hS value was subsequently derived from hS = mDCD / 
τs, where mD and CD are the mass and heat capacity of the 
solvent, respectively. Using these parameters, the η was calcu-
lated to be 67.4%. Additionally, the composite maintained con-
sistent peak temperatures over 4 ON/OFF irradiation cycles, 
demonstrating excellent photostability.   

In vitro photothermal therapy
   A total of 105 PCa cells were seeded into each well of 6-well 
plates or glass-bottom dishes and incubated with AIE-MNPs/
DOX@S/P-lip (10 μg/ml) for 6 h, and then cells were irradiated 
for 300 s while maintaining the culture temperature using an 
infrared temperature detector. Cell viability was detected by 
CCK-8 assay, and apoptosis was assessed by flow cytometry 24 h 
posttreatment.   

In vivo photothermal therapy
   Once subcutaneous xenografts attained approximately 150 mm3 
in size, tumor-bearing mice received intravenous injection of 
AIE-MNPs/DOX@S/P-lip (3 mg/kg, 200 μl). Six hours after 
injection, the tumor area was exposed to irradiation with 808-nm 
laser for 600 s. Tumor surface temperature was monitored by 
infrared thermometry every 60 s. Tumor growth was monitored 
daily after photothermal therapy.    

Evaluation of the magnetothermal performance
Concentration-dependent magnetothermal response
   To evaluate the magnetothermal conversion ability of AIE-
MNPs/DOX@S/P-lip, we prepared suspensions at different dilu-
tions (0, 50, 100, and 400 μg/ml) in deionized water, with each 
sample in a 1,500-μl centrifuge tube. These centrifuge tubes were 
positioned in the center of an alternating magnetic field genera-
tor (frequency: 450 kHz, field intensity: 25 mT, voltage: 120 to 
160 V, current: 12 A). To capture real-time temperature data, a 
fiber optic temperature probe was introduced into the core of 
each sample, with readings taken every 30 s for 800 s. Deionized 
water served as a control to account for background heating. 
Temperature time data were used to plot temperature rise curves 
(ΔT-Time) and analyze the relationship between magnetother-
mal conversion efficiency and concentration.   

Infrared thermal imaging analysis
   Infrared thermography was employed to monitor temperature 
changes during the magnetothermal process. A suspension of 
AIE-MNPs/DOX@S/P-lip (400 μg/ml, 2 ml) was placed in a 
custom sample holder, with the thermal camera positioned 
30 cm directly above. Under the same magnetic field condi-
tions, thermograms were collected at predetermined temporal 
points (0, 300, 600, 1,200, 1,800, 2,400, 3,200, 4,000, and 4,800 s) 
to illustrate the uniformity and dynamic changes in tempera-
ture distribution.   

Heating–cooling cycle stability test
   To assess the thermal stability and reusability of the AIE-MNPs/
DOX@S/P-lip, a heating–cooling cycle test was conducted. A 
suspension of AIE-MNPs/DOX@S/P-lip (400 μg/ml, 2 ml) was 
heated in the magnetic field for 5 min and subsequently cooled 
to RT without the field, completing 1 cycle. An infrared thermal 
camera monitored temperature changes throughout the pro-
cess, recording the maximum temperature of each heating cycle 
and the cooling kinetics to evaluate the reproducibility of the 
magnetothermal effect.    

Cell culture
   22Rv1 cells (CX0041) were purchased from Boster (Wuhan, 
China). LNCaP clone FGC (CL-0143) and PC-3 (CL-0185) 
were purchased from Procell (Wuhan). The mouse prostate 
carcinoma RM1 (SNL-122) and the C4-2 (SNL-160) cell lines 
were obtained from SUNNCELL (Wuhan). 22Rv1, LNCaP 
clone FGC, PC-3, and C4-2 cells were cultured in RPMI 1640 
medium (KeyGEN, China) (containing 10% fetal bovine serum 
[FBS] [ABW, China, AB- FBS-1050], 100 U/ml penicillin, and 
100 μg/ml streptomycin). RM1 cells were cultured in Dulbecco’s 
modified Eagle’s medium (KeyGEN, China) added with 10% 
FBS and 100 μg/ml streptomycin, and 100 U/ml penicillin. 
Cells were cultured at 37 °C and 5% CO2 in a saturated humid-
ity incubator.   

Animal experiments
   All mouse procedures were authorized by the Committee of 
Tongji Hospital (Approval No.: TJH-202312027). Subcutaneous 
neoplasms were induced in both C57BL/6 and BALB/c nude 
mouse strains. Mice aged 4 weeks were subjected to 7-d quar-
antine following arrival at the specific pathogen-free barrier 
facility for acclimatization. Mice (male, 4 to 6 weeks old) were 
supplied by Hunan SJA Laboratory Animal Co., Ltd. The living 
environment of the mice were kept at a temperature of ~25 °C 
with a 12-h light/dark cycle, with free access to standard food 
and water. The humane end points included tumor burden 
exceeding 1,500 mm3, animal weight loss exceeds 20% of nor-
mal animal weight, ulcer at tumor growth point, and sustained 
self-mutilation in animals.  

Subcutaneous xenograft in BALB/c nude mice
   22Rv1 cells were engineered to stably express luciferase (22Rv1-
luc). Cells were cultured to 80% confluency, trypsinized, washed 
once with PBS, and resuspended in ice-cold PBS. Matrigel 
(ABW, Shanghai, China) was added at a 1:1 volume ratio to 
prepare a PBS–Matrigel cell suspension at a final concentration 
of 5 × 106 cells/100 μl. For tumor inoculation, the flank of each 
BALB/c nude mouse was disinfected, and 100 μl of the cell sus-
pension was injected subcutaneously using an insulin syringe.   
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Subcutaneous tumor in C57BL/6 mice
   Murine PCa RM1 cells overexpressing human PSMA, STEAP1, 
and luciferase (RM1-STEAP1-PSMA-luc) were generated. Cells 
at 80% confluency were trypsinized, washed once with PBS, 
and resuspended in ice-cold PBS at a concentration of 1 × 106 
cells/100 μl. Tumors were established by subcutaneous injecting 
100 μl of the cell suspension into the disinfected flank of 
C57BL/6 mice using an insulin syringe.   

Tumor measurement
   Mice were monitored daily for health status and tumor engraft-
ment. Experiments were initiated when tumor volume reached 
approximately 100 mm3. Tumor length and width were measured 
using a caliper, and the tumor volume was calculated as (length × 
width2)/2. Additionally, tumor growth and size were monitored 
by detecting bioluminescence signal intensity. Specifically, mice 
bearing luciferase-expressing RM1 or 22RV1 tumors were intra-
peritoneally injected with potassium luciferin (100 μl per mouse, 
14.3 mg/ml), and bioluminescence imaging was performed on 
an in vivo imaging system 10 min postinjection to monitor 
tumor size.   

Direct cytotoxicity and photothermal therapy evaluation
   Direct cytotoxicity and photothermal therapy were evaluated 
in tumor-bearing male BALB/c nude and C57BL/6 mice (n = 
5 per group). Mice received tail vein injections of AIE-MNPs/
DOX@S/P-lip or other control drugs (3 mg/kg, 200 μl) once 
every 3 d for 3 cycles. Immediately after intravenous drug 
administration, a 0.5-T neodymium disk was affixed to the 
tumor skin of each mouse for the first 10 min. For the photo-
thermal therapy group, the tumor region was irradiated with 
an 808-nm laser (1.0 W cm−2, 10 min) 6 h postinjection, during 
which the surface temperature was maintained at 43 ± 0.5 °C. 
Body weight was monitored throughout the study.    

In vivo imaging
   Tumor targeting and systemic distribution were evaluated 
by in vivo imaging. When tumors reached approximately 
150 mm3, mice were randomized into treatment groups and 
injected intravenously via the tail vein with Cy5.5-labeled 
AIE-MNPs/DOX@S/P-lip and other regents (200 μl). For 
magnetic field enhancement, a neodymium magnet (field 
strength: 0.5 T) was positioned directly over the tumor site 
for 10 min postinjection. Whole-body fluorescence imaging 
was performed at predetermined time points (1, 3, 6, 12, 24, 
and 48 h) using an in vivo imaging system (AniView 100, 
Guangzhou BioLight Biotechnology, China). Mice were anes-
thetized with 2% isoflurane and placed supine on the heated 
platform. Fluorescence signals were acquired with excitation 
at 675 nm and emission at 740 nm. To delineate tumor 
boundaries, bioluminescence imaging of 22Rv1-luc tumors 
or RM1-STEAP1-PSMA-luc was conducted following intra-
peritoneal injection of D-luciferin (0.15 g/kg) (ShareBio, 
China). Image analysis and tumor-to-background ratios were 
calculated using Gv6000ProII software by region-of-interest 
quantification of fluorescence intensity in the tumor normal-
ized to adjacent nontumor tissue.

   At 48 h postinjection, mice were euthanized. Major organs 
and tumors were collected for ex vivo imaging using the same 
parameters. Fluorescence intensity for each organ was quanti-
fied and normalized.   

RNA sequencing and bioinformatics analysis
   Total RNA was extracted from treated cells using TRIzol reagent 
(Invitrogen) according to the manufacturer’s protocol. RNA integ-
rity was assessed using an Agilent Bioanalyzer 2100 system (RNA 
integrity number >7.0 required for downstream analysis). Library 
preparation and transcriptome sequencing were performed by OE 
Biotech (Shanghai, China) using the NEBNext Ultra RNA Library 
Prep Kit for Illumina and sequenced on a NovaSeq 6000 platform 
(150-bp paired-end reads). The raw sequencing datasets generated 
in this study have been deposited in Figshare and are accessible at 
 https://doi.org/10.6084/m9.figshare.31156933 .

   Raw sequencing data were processed and analyzed in R (v4.3.0). 
Adapter trimming and quality control were performed using 
TrimGalore. Clean reads were aligned to the reference genome 
(hg38 for human samples) using HISAT2. Gene-level quantifica-
tion was conducted with featureCounts, and differential expression 
analysis was performed using DESeq2. Genes with |log₂ fold 
change| > 0.58 (corresponding to fold change >1.5) and adjusted 
﻿P value <0.05 were considered statistically significant. GO and 
KEGG pathway enrichment analyses were performed using clus-
terProfiler. For GSEA, all genes were ranked by the log₂ fold change 
values derived from DESeq2. Preranked GSEA was conducted 
using the clusterProfiler::GSEA function, with the KEGG pathway 
gene sets (from the KEGG database) and the Reactome pathway 
gene sets (from the Reactome database). Enriched gene sets were 
identified using 1,000 permutations, and adjusted P values (false 
discovery rate) < 0.25 were considered statistically significant, in 
line with standard GSEA recommendations. Volcano plots, heat-
maps, and GSEA enrichment plots were generated using ggplot2 
and pheatmap packages.   

Western blot
   Total protein from cells or tumor tissues was extracted with 
radioimmunoprecipitation assay buffer containing protease 
inhibitors (Epizyme, China). Equal protein samples were resolved 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and blotted onto polyvinylidene difluoride membranes (Vazyme, 
China) using electrophoresis and transfer buffers (Servicebio, 
China). After blocking with 5% skimmed milk, membranes were 
incubated overnight with primary antibodies (detailed informa-
tion listed in Table  S2 ) at 4 °C and corresponding secondary 
antibodies at RT. Detected proteins included p53, p21, LC3B-I, 
LC3B-II, P62, RIP1, p-RIP1, MLKL, p-MLKL, BAX, BCL2, 
cleaved caspase-3, HMGB1, GPX4, ACSL4, and SLC7A11; glyc-
eraldehyde phosphate dehydrogenase was used as the internal 
loading control. Target bands were visualized via chemilumines-
cence (Asure Biosystems 600).   

Lentiviral infection
   The CMV-luc-Neo lentivirus was designed and synthesized by 
Genomeditech (Shanghai, China), and overexpression of STEAP1 
and PSMA lentivirus was constructed by WZ Biosciences Inc 
(Shandong, China). Cells were transduced with lentiviral vectors 
or empty vector controls, selected using antibiotics, and analyzed 
for mRNA and protein expression by reverse transcription quantita-
tive polymerase chain reaction and Western blotting, respectively.   

Immunofluorescence staining and  
confocal microscopy
   For cellular F-actin staining, 22Rv1 cells were fixed with 4% para-
formaldehyde for 15 min. F-actin was labeled using phalloidin 

https://doi.org/10.34133/research.1375
https://doi.org/10.6084/m9.figshare.31156933


Sun et al. 2026 | https://doi.org/10.34133/research.1375 21

(1:500, 1 h, protected from light; Beyotime Biotechnology), 
and cell nuclei were counterstained with 4′,6-diamidino-2- 
phenylindole (DAPI) (1:1,000, 10 min; Servicebio). After anti-
fade mounting, fluorescence images were collected via con-
focal microscopy (LSM900 Airyscan).

   For tissue immunofluorescence detection, 5-μm paraffin sec-
tions were dewaxed in xylene, rehydrated with graded ethanol, 
and rinsed with PBS. Antigen retrieval was performed in EDTA 
buffer (RC03, Shanghai Ruchuang Bio) via microwave treatment. 
Sections were permeabilized with 0.1% Triton X-100 for 15 min 
and blocked with 1.5% bovine serum albumin (BSA) for 60 min 
at RT. After overnight incubation with primary antibodies (Table 
 S2 ) at 4 °C, sections were incubated with fluorophore-conjugated 
secondary antibodies (1:500, RC0086-23/34, Shanghai Ruchuang 
Bio) at 37 °C for 60 min. Following DAPI nuclear staining and 
neutral balsam mounting, whole-slide multichannel images were 
acquired with a Pannoramic MIDI scanner, and quantitative 
analysis was performed using CaseViewer software.

   Multiplex immunofluorescence staining of ICD biomarkers 
(HMGB1 and CRT) was performed on drug-treated 22Rv1 cells 
with or without photothermal therapy using a commercial tyra-
mide signal amplification fluorescence staining kit (RK50026P, 
ABClonal). After 6 h of photothermal treatment, cells were 
fixed with 4% paraformaldehyde. The samples were sequentially 
subjected to peroxidase and BSA blocking, overnight primary 
antibody incubation (Table  S2 ), and horseradish peroxidase-
conjugated secondary antibody incubation. Tyramide signal 
amplification was conducted with TYR-690 for HMGB1 and 
TYR-520 for CRT, and antibody stripping buffer was used for 
elution between staining cycles. Finally, nuclei were counter-
stained with DAPI, and samples were mounted with antifade 
medium for confocal imaging.   

Immunohistochemistry
   Consecutive 5-μm sections were dewaxed, rehydrated, and sub-
jected to antigen retrieval as above. Endogenous peroxidase was 
blocked with 3% H₂O₂ (Sinopharm) for 25 min at RT. After 3% 
BSA blocking, sections were incubated for 12 h at 4 °C with Ki-67 
antibody (1:8,000, 27309-1-AP, Proteintech, China). Horseradish 
peroxidase-conjugated secondary antibody (RCA054, Shanghai 
Ruchuang Bio) was applied for 1 h at RT, followed by 3,3'-diami-
nobenzidine chromogen (Shanghai Ruchuang Bio, RC062) until 
brown precipitate appeared. Nuclei were counterstained with 
hematoxylin (RC0060, Shanghai Ruchuang Bio). Staining was 
evaluated under a BX53 microscope (Olympus, Japan) by 2 
blinded pathologists.   

Transmission electron microscopy
   For high-resolution uptake imaging, 22Rv1 cells were seeded 
in 10-cm dishes, treated with indicated formulations for 6 h, 
and immediately fixed with 2.5% glutaraldehyde in 100 mM 
phosphate buffer for 120 min at RT. After 3 rinses with 100 nM 
phosphate buffer, cells were scraped off with a cell scraper (45° 
angle, unidirectional), pelleted at 2,000 rpm for 5 min, and 
fixed in 1% osmium tetroxide at 4 °C for 120 min. The pellet 
was then dehydrated through a graded ethanol series (30%, 
50%, 70%, 90%, and 100%, 10 min each), impregnated with 
Epon-Araldite resin and cured at 60 °C for 2 d. Semithin sec-
tions (1 μm) were cut. Ultrathin sections (70 nm) were placed 
on grids, stained with uranyl acetate (3%) and lead citrate 
(2.7%), and examined by TEM.   

In vivo NIR-II imaging and MRI
In vivo NIR-II imaging
   The tumor NIR-II imaging capability of AIE-MNPs/DOX@S/P-
lip was evaluated in nude mice bearing 22Rv1-luc xenografts 
using an IVIS Spectrum system equipped with a NIR-II channel 
(1,000 to 1,700 nm, PerkinElmer, USA). Following intravenous 
injection of the respective probes via the tail vein, mice in the 
AIE-MNPs/DOX@S/P-lip + magnetic field group had a 0.5-T 
neodymium disk fixed on the tumor skin for the first 10 min. 
Tumor location was first confirmed by bioluminescence imag-
ing. NIR-II imaging was then performed at 1, 3, 6, 12, 24, 48, 
and 72 h postinjection. Major organs and tumors were har-
vested immediately for ex vivo NIR-II imaging.   

Magnetic resonance imaging
   MRI was performed concurrently with the NIR-II imaging 
study. Briefly, 24 h after drug administration and following the 
in vivo NIR-II scan, mice were transferred to a dedicated small-
animal MRI system (Bruker, BioSpec7.0T) for T1-weighted 
imaging to evaluate the contrast enhancement effects of the 
probes within the tumor region.    

Flow cytometry of tumor tissues
   Tumor tissue samples were excised from mice and placed in ice-
cold serum-free basal medium enzymatically supplemented with 
hyaluronidase, deoxyribonuclease I, and collagenase (1 mg/ml). 
Tissues were minced with surgical scissors and incubated at RT 
for 120 min to ensure digestion. Single cells were subjected to 
gradient centrifugation to separate tumor and immune cells. 
Immune cells were collected, subjected to red blood cell lysis, 
centrifuged, and stained with Zombie viability dye for 25 min at 
RT. After washing, cells were labeled with surface markers (anti-
body details are provided in Table  S2 ), then fixed, permeabilized, 
and stained intracellularly. Finally, stained cells were resuspended 
in PBS, filtered again through a 200-μm mesh, and evaluated by 
means of flow cytometry (Beckman, USA). The gating strategy 
details are provided in Fig.  S16 A to C.   

In vivo tumor rechallenge and memory T cell analysis
   Mice were inoculated subcutaneously in the right flank with 1 × 
106 RM1-STEAP1-PSMA-luc cells. When tumors reached 50 to 
100 mm3, animals were randomized into 4 groups (n = 10): Naive 
control (G1); PBS (G2); AIE-MNPs/DOX@S/P-lip (G3); and 
AIE-MNPs/DOX@S/P-lip plus 808-nm laser irradiation (G4). All 
mice were divided into 2 cohorts (n = 5) after primary treatment. 
Cohort 1 (tumor rechallenge): At day 22, mice were rechallenged 
by subcutaneous injection of 1 × 106 RM1-STEAP1-PSMA-luc 
cells into the contralateral flank. Tumor growth and survival were 
monitored. Cohort 2 (immunological memory assessment): At 
2 weeks posttreatment (day 14), mice were euthanized and lymph 
nodes, spleens, and peripheral blood were harvested for flow 
cytometry analysis of memory T cell populations. Single-cell sus-
pensions were generated by gentle mechanical dissociation 
through a 70-μm cell strainer, and erythrocytes were removed 
using red blood cell lysis buffer. Spleens were photographed and 
weighed before processing, and the splenic index was recorded. 
Cells were incubated with a fixable viability dye, followed by sur-
face staining with anti-CD3, anti-CD8a, anti-CD44, and anti-
CD62L antibodies. Within the live CD3+CD8+ gate, Tnaive, TCM, 
and TEM cells were defined as CD44−CD62L+, CD44+CD62L+, 
and CD44+CD62L−, respectively.   
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Ex vivo antigen restimulation and intracellular 
cytokine staining
   Splenocytes (2 × 106 cells per well) were restimulated with 
tumor antigen (RM1-STEAP1-PSMA-luc cell lysate) for 6 h, 
with brefeldin A added at the start of culture to inhibit cytokine 
secretion. Cells were surface-stained for CD3 and CD8a, fixed 
and permeabilized, and stained intracellularly for IFN-γ and 
perforin. The frequencies of IFN-γ+ and perforin+ cells were 
determined within the CD8+ gate.   

Statistical analysis
   Quantitative data are shown as means ± SD. Normality was 
tested with Shapiro–Wilk. Two-group comparisons used 2-tailed 
Student t test (normal distribution) or Mann–Whitney U test 
(non-normal). Multigroup comparisons used 1-way analysis of 
variance (ANOVA) with Tukey’s post hoc test. Survival was ana-
lyzed by log-rank (Mantel–Cox) test. Statistics were done in 
GraphPad Prism v10.0 (GraphPad Software, USA). P < 0.05 was 
considered significant.    
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