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[bookmark: _Hlk176817921][bookmark: _Hlk78904057]ABSTRACT: Aggregation-induced emission luminogens (AIEgens)-based photothermal therapy (PTT) has grown into a sparkling frontier for tumor ablation. However, challenges remain due to the uncoordinated photoluminescence and photothermal properties of classical AIEgens, along with hyperthermia-induced antiapoptotic responses in tumor cells, hindering satisfactory therapeutic outcomes. Herein, a near-infrared (NIR) spiro-AIEgen TTQ-SA was designed for boosted PTT by auxiliary DNAzyme-regulated tumor cell sensitization. TTQ-SA with a unique molecular structure and packing mode was initially fabricated, endowing it with a strong AIE effect, favorable photoluminescence quantum yield, and good photothermal performance. DNAzyme, as a gene silencing tool, could alleviate antiapoptosis response during PTT. By integrating TTQ-SA and DNAzyme into folate-modified poly(lactic-co-glycolic acid) (PLGA) polymer, the as-fabricated nanosystem could promote cell apoptosis and sensitize tumor cells to PTT, thereby maximizing the therapeutic outcomes. With the combination of spiro-AIEgen-based PTT and DNAzyme-based gene silencing, the as-designed nanosystem showed promising NIR and photothermal imaging abilities for tumor targeting, and demonstrated significant cell apoptotic, antitumor, and anti-metastasis effects against orthotopic breast cancer. Furthermore, a synergistic antitumor effect was also realized in spontaneous MMTV-PyMT transgenic mice. These findings offer new insights into AIEgen-based photothermal theranostics and DNAzyme-regulated tumor cells sensitization, paving the way for synergistic gene silencing-PTT nanoplatforms in clinical research.
INTRODUCTION 
[bookmark: _Hlk179988593][bookmark: _Hlk178108646][bookmark: _Hlk177756777][bookmark: _Hlk177852449]Photothermal therapy (PTT) has garnered immense interest in tumor treatments due to its high efficiency, controllability, and noninvasiveness[1-3]. The advancement of photothermal materials is a crucial driving force for the development of PTT. Aggregation-induced emission luminogens (AIEgens) as promising photothermal conversion agents have offered a powerful toolbox for thermal tumor ablation[4,5], due to its synchronous integration of imaging and therapy into one molecule[6-8]. Yet currently the phototheranostic performance of AIEgens is largely restricted by the antagonism between radiative and non-radiative decay, leading to uncoordinated photoluminescence and photothermal properties. Moreover, their phototheranostic performance is also constrained by the hyperthermia-induced heat shock response via cytoprotective and antiapoptotic mechanisms in malignant tumors[9,10], which is unfavorable to rapidly eliminating tumor cells. Therefore, to improve the feasibility of both diagnosis and PTT, it is extremely urgent to develop AIEgens with coordinated photoluminescence and photothermal properties, and simultaneously address the undesired antiapoptotic response for tumor cell sensitization.
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[bookmark: _Hlk176534831]Scheme 1. Illustration of spiro-locked NIR AIEgen for antitumor application. (A) Molecular design and structure. (B) Integration of TTQ-SA and DNAzyme into tumor-targeting nanosystem for imaging-guided combined genetic-photothermal therapy.
[bookmark: _Hlk179988668][bookmark: _Hlk177854200][bookmark: OLE_LINK3]To be a potential candidate for AIEgen-based PTT agents, both good photothermal conversion efficiency (PCE)[11,12] and deep tissue penetration[13,14] are essential. Donor-acceptor (D-A) type AIEgens appear to offer a solution to this issue by regulating loose packing with alkyl chains for high PCE and utilizing near-infrared (NIR) fluorescence for deep penetration[15-17]. However, the intrinsic flexibility of D-A type AIEens is prone to exhibit the twisted intramolecular charge transfer (TICT) effect, which results in a weak AIE effect. Moreover, it has long been overlooked that regulating the steric hindrance between donor-acceptor components can also promote favorable loose packing. To our delight, because of the three-dimensional structures and unique through-space conjugation properties[18], spiro-structure has recently emerged as a promising AIE fluorogenic scaffold. The nearly perpendicular arrangement of the two molecular halves leads to a high steric demand in the resulting rigid structure, efficiently suppressing π-π interactions between the molecules, thus inhibiting the aggregation-caused quenching (ACQ) effect in the aggregate state[19-21]. The introduction of rigid spiro-structure could lead to a synergistic effect from the steric hindrance effect and the intramolecular through-space conjugation/through-space charge transfer (TSCT) of spiro-AIEgens[22-24], favorable for enhancing AIE effect and ensuring loose packing. It is expected that the spiro-structure can effectively regulate the absorption and emission, and facilitate the adjustment of radiative/non-radiative energy consumption, endowing molecules with good photothermal conversion ability and NIR emission for simultaneous diagnosis and therapy of tumors. 
[bookmark: _Hlk179988981][bookmark: _Hlk177938640]Meanwhile, the hyperthermia during PTT would induce cytoprotective and antiapoptotic responses in tumor cells, impairing PTT efficiency of AIEgens. Under hyperthermia, tumor cells can adapt to noxious stimuli and gain thermoresistance to resist apoptosis. It is noted that survivin is closely associated with the cellular stress response[25,26]. As a member of the inhibitor of apoptosis (IAP) proteins, it generally acts as a vital apoptosis inhibitor, being overexpressed in nearly every human tumor[27]. The suppression of survivin expression is adverse to cell viability, inducing spontaneous cell apoptosis, which is favorable to sensitizing tumor cells to PTT. Gene therapy (GT) is a safe and effective method for tumor treatment[28-33]. For instance, the antisense single-stranded DNA oligonucleotides have demonstrated enhanced photodynamic therapy effect by reversing intrinsic oxidative resistance[34,35]. Deoxyribozyme (DNAzyme) is a type of single-stranded and catalytically active oligonucleotide agent[36-39]. As a gene silencing tool, DNAzymes can specifically cleave mRNA and interfere with the expression of related proteins, which have shown unique advantages in tumor therapy. By accurate programming, DNAzyme can combine with survivin mRNA through two flanking substrate recognition arms via base pairing, and irreversibly cleave survivin mRNA and regulate apoptosis-related protein expressions, thus sensitizing tumor cells and boosting PTT efficiency[40-42].
[bookmark: _Hlk177760788]Herein, a NIR spiro-AIEgen was engineered via a spiro-locking strategy for highly efficient and accurate imaging-guided PTT, with the auxiliary DNAzyme regulation on tumor cell sensitization (Scheme 1). First, we constructed the classic D-A-D molecular structure TTQ, which, due to the strong intramolecular through-bond charge transfer (TBCT), achieved NIR emission (744 nm). However, because of the large planar structure of the [1,2,5]Thiadiazolo[3,4-g]quinoxaline (TQ) unit, TTQ displayed significant intermolecular π-π stacking in the aggregate state, resulting in a relatively weak AIE effect. Therefore, we introduced a spiro-annulated acridine unit (SA) based on TTQ to construct the target molecule TTQ-SA. Due to the steric hindrance of the spiro-structure, TTQ-SA exhibited a curved conformation, and there was negligible π-π interaction between the molecules, leading to a strong AIE effect. Additionally, TTQ-SA exhibited strong intramolecular non-covalent interactions, which further suppressed non-radiative transitions, ensuring a high photoluminescence quantum yield (PLQY = 19.7%). Although the spiro-atom disrupted the TBCT interactions between the TTQ and SA units, it also facilitated TSCT and homoconjugation between these units. As a result, TTQ-SA exhibited a small but noticeable redshift in both absorption and emission compared to TTQ. These properties are thoroughly elucidated through single-crystal analysis, photophysical testing, and theoretical calculations. Due to its unique molecular structure and packing mode, high NIR luminescence performance, and excellent AIE properties, spiro-locked TTQ-SA was endowed with simultaneously controllable fluorescence efficiency and photothermal properties for imaging and PTT. Furthermore, to counter the annoying hyperthermia-induced antiapoptosis in tumor cells, DNAzyme was utilized as a gene silencing tool to cleave survivin mRNA, leading to improved cell apoptosis, sensitization of tumor cells, and enhanced PTT efficacy. Thanks to these excellent merits, a tumor-targeting nanosystem (termed as D/FTS) was successfully constructed by integrating TTQ-SA and DNAzyme into folate (FA)-modified poly(lactic-co-glycolic acid) (PLGA) polymer, which exhibited NIR fluorescent imaging (FLI) and photothermal imaging (PTI) abilities for tumor-targeted localization, and boosted cell apoptosis, as well as antitumor and anti-metastasis effects against both orthotopic and spontaneous breast cancer. Collectively, this work offers a practical solution to boost AIEgen-based photothermal therapy, providing valuable guidance for developing thermal tumor ablation in clinical settings.
RESULTS AND DISCUSSION 
[bookmark: _Hlk179989349][bookmark: _Hlk179989397][bookmark: _Hlk176967321]Molecular design and crystal analysis. As shown in Scheme S1, TTQ was synthesized according to the work of Ding et al[43]. The spiro-locked NIR AIEgen TTQ-SA was afforded by condensation reaction with 67% yield. TTQ and TTQ-SA were fully characterized by using 1H NMR, 13C NMR spectroscopy, HRMS, and single crystal analysis. Single crystals of TTQ and TTQ-SA were obtained through solvent diffusion and their single-crystal structures were determined by X-ray diffraction (Figure 1, Tables S1 and S2). As shown in Figure 1A, the planar acceptor unit [1,2,5]Thiadiazolo[3,4-g]quinoxaline (TQ) in TTQ exhibited significant C-H…N interactions with the phenyl rings of the donor unit triphenylamine (d1-d4, 2.503-2.752 Å). Consequently, the angles between TQ and triphenylamine units in TTQ were 38.28° (θ1) and 53.88° (θ2), maintaining a certain planar configuration, which favored π-π stacking between molecules. It was noteworthy that the propeller structure of the triphenylamine unit and the steric hindrance between the two phenyl rings connected to TQ unit (d5, 3.038 Å) resulted in a slightly twisted overall configuration of TTQ. This twisted molecular structure led to two types of antiparallel stacking states (Model 1, Model 2, Figure 1B), with significant π-π interactions between TTQ molecules (d6-d10, 3.261-3.499 Å). These interactions hindered the luminescence in the aggregate state, resulting in a weak AIE effect. Similarly, in TTQ-SA, which incorporated an SA unit into the TTQ framework, the acceptor part maintained a certain planar configuration due to hydrogen bonding (d11-d14, 2.366-2.933 Å). The steric hindrance increased further, with angles between TQ and triphenylamine units being 55.76° (θ3) and 29.94° (θ4) (Figure 1C). Interestingly, TTQ-SA exhibited numerous intramolecular interactions (d15-d20, 2.495-3.123 Å), which enhanced molecular rigidity, thereby decreasing non-radiative transition pathways in the excited state and maintaining a high luminescence efficiency. This unique curved configuration enabled intramolecular TSCT and homoconjugation between the SA and TTQ units, forming a through-space network centered on the spiro-carbon atom, effectively tuning the luminescent properties. It was noteworthy that the intermolecular stacking of TTQ-SA was significantly influenced by the steric hindrance of the SA unit (Figure 1D). The π-π interactions between TTQ-SA molecules (d21, d22, 3.775-4.468 Å) were considerably weakened, which helped suppress the ACQ effect in the aggregate state.
[bookmark: _Hlk176534368][bookmark: _Hlk76043609][bookmark: _Hlk176533961]Theoretical calculation. To comprehensively understand the intramolecular non-covalent interactions in TTQ and TTQ-SA, reduced density gradient (RDG) analysis was performed to compare the strength of intramolecular interactions in TTQ and TTQ-SA molecules. As shown in Figures 2A, 2B, TTQ-SA showed much stronger Van der Waals interactions within individual molecule than that of the TTQ, especially between the spiro-structure and acceptor. Then, intra-fragment charge transfer (IFCT) and hole-electron distribution analysis were conducted to quantitatively investigate the effect of spiro-structure on the electron transfer process upon photoexcitation. There was an obvious TSCT in TTQ-SA (Figure S1), occurring both between the spiro-structure and the acceptor, and between the spiro-structure and the donor. This result indicated that the curved conformation of TTQ-SA enhanced the intramolecular interactions, thereby suppressing the non-radiative transition processes. The intermolecular interactions in the crystals were also quantitatively investigated via Hirshfeld surface analysis using the Crystal Explorer package[44]. It was noted that the contribution of the intermolecular interaction of the carbon atoms in the TTQ-SA crystal (0.3%) was much lower compared to that in the TTQ crystal (4.6%), which indicated the negligible π-π stacking between TTQ-SA molecules (Figures 2C, 2D). Therefore, the introduction of the spiro-structure induced a curved conformation, which can effectively suppress the detrimental π-π stacking between the molecules and thus mitigate the ACQ phenomenon in the organic molecular aggregates. These results demonstrated that the photophysical properties of TTQ-SA aggregate might be related to the robust intramolecular interactions within individual molecules as well as the weak intermolecular interactions, which exerted the advantages of simultaneously tuning its fluorescence emission and photothermal conversion efficiency.
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描述已自动生成]
Figure 1. X-ray crystal analysis of TTQ and TTQ-SA. Crystal structures (side view and top view) of (A) TTQ and (C) TTQ-SA. Molecular packing and different packing models with intermolecular π−π interaction of (B) TTQ and (D) TTQ-SA (hydrogen atoms and solvents are omitted for the sake of clarity).
[bookmark: _Hlk176534099]Further, the reorganization energy of TTQ-SA and TTQ in both molecular state and crystalline state was calculated to quantitatively evaluate the extent of their intramolecular motions upon photoexcitation. The contribution of the bond length, bond angle, and dihedral angle to the total reorganization energy was also investigated. The total reorganization energy of TTQ and TTQ-SA in molecular state was calculated to be 2280 cm-1 and 2421 cm-1, respectively (Figures 2E, 2F). Compared to the molecular state, the total reorganization energy of TTQ and TTQ-SA in the crystalline state was decreased, indicating the presence of restriction of intramolecular motion (RIM) effect (Figures 2G, 2H). Along with the transitioning from the molecular state to the crystalline state, the decrease of the total reorganization energy of both molecules can largely be attributed to the decrease of the contribution of dihedral angles, indicating AIE effect of them was mainly attributed to the restrictions imposed on the intramolecular motions associated with the variations of the dihedral angles. Notably, the total reorganization energy of TTQ-SA (2215 cm-1) in the crystalline state was also higher than TTQ (2116 cm-1), indicating that TTQ-SA exhibited a weaker steric restriction environment than TTQ and resulted in a relatively stronger intramolecular motion and stronger nonradiative decay in the aggregate. Such strong nonradiative decay corresponded to its higher photothermal conversion efficiency observed experimentally, as detailed in the photophysical section.
[bookmark: _Hlk179991202]Molecular dynamics (MD) simulations were then conducted to better understand the molecular stacking mode of TTQ and TTQ-SA in the aggregate state (Figures S2A, S2B). The innermost molecule of the amorphous aggregate was chosen as the representative to quantitatively assess the level of intermolecular interaction. We first calculated the atomic contact ratios of the innermost molecule of TTQ and TTQ-SA aggregates (Figures S2C, S2D), which was defined by the proportion of atoms of the innermost molecule engaged in direct contact with adjacent organic molecules based on the whole simulation trajectory. TTQ-SA aggregate showed a much smaller contact ratio than TTQ, suggesting a much looser packing structure. This result suggested that the detrimental π-π interaction occurred in the TTQ aggregate while negligible in TTQ-SA aggregate, which indicated the superior fluorescence emission of TTQ-SA aggregate. Meanwhile, we calculated the interaction energy between the representative innermost molecule and the surrounding organic molecules, which was composed of electrostatic energy and Van der Waals energy (Figures S2E, S2F). TTQ-SA exhibited a weaker interaction energy (-434.68 kJ mol-1) compared to TTQ (-476.60 kJ mol-1), even though individual TTQ-SA molecule contained more atoms (139 atoms) than individual TTQ molecule (101 atoms). This can be mainly attributed to the weakened Van der Waals interaction of TTQ-SA (-440.75 kJ mol-1) than that of TTQ (-467.25 kJ mol-1). The diminution of the Van der Waals energy further suggested that TTQ-SA aggregate possessed a weaker steric restriction compared to TTQ, thus resulting in stronger intramolecular motions. All these simulation results demonstrated that TTQ-SA aggregate exhibited a looser packing mode with negligible π-π stacking, and a lower level of RIM than TTQ aggregate, which corresponded to the superior fluorescence emission and higher photothermal conversion efficiency observed in the following experiments.

[image: ]
Figure 2. Theoretical investigation on the photophysical mechanism. The color-filled reduced density gradient (RDG) isosurface map with an isovalue of 0.5 (upper panel) and the scatter map between RDG and sign(λ2)ρ (lower panel) of TTQ (A) and TTQ-SA (B). Hirshfeld surface mapped over the normalized contact distance dnorm (upper panel) and the percentage contributions of different types of intermolecular contacts to the total intermolecular interaction (lower panel) of TTQ (C) and TTQ-SA (D) based on their crystal structures. For the Hirshfeld surface analysis of TTQ-SA, a pair of enantiomers in the crystal was considered simultaneously. Plots of reorganization energy vs normal mode wavenumber of TTQ (E) and TTQ-SA (F) in the gas phase. Plots of reorganization energy vs normal mode wavenumber of TTQ (G) and TTQ-SA (H) in the crystalline state. Inset: the proportions of bond length, bond angle, and dihedral angle contributed to the total reorganization energy.
[bookmark: _Hlk176628940][bookmark: _Hlk179991391]Photophysical properties assessment. To get further insights into the photophysical characteristics of TTQ and TTQ-SA, UV-Vis absorption and photoluminescence (PL) spectra were investigated (Figure 3A) in toluene solution (10-5 M). Both exhibited distinct charge transfer (CT) absorption between 500 and 700 nm. Due to significant intramolecular CT interactions, TTQ and TTQ-SA achieved NIR emission, making their absorption and emission spectra suitable for applications in imaging and photothermal therapy. Specifically, for TTQ-SA, the introduction of the spiro unit interrupted through-bond conjugation and TBCT between the TTQ and SA units. In return, the spiro-structure facilitated TSCT and homoconjugation between the TTQ and SA units, allowing fine-tuning of the spectra. The CT absorption peak of TTQ-SA (633 nm) was red-shifted by 13 nm compared to TTQ (620 nm). The PL emission peak of TTQ-SA (752 nm) was also red-shifted by 8 nm compared to TTQ (744 nm). Additionally, we found that the PLQY of TTQ-SA in toluene solution (10-5 M) was as high as 19.7% and slightly weaker than TTQ (PLQY = 24.5%), which was consistent with the single crystal analysis and theoretical calculation results. We further investigated the AIE performance of TTQ and TTQ-SA. Figures 3B and 3C exhibited classic AIE characteristics in tetrahydrofuran (THF)/water mixtures. Notably, TTQ-SA showed stronger AIE properties, as depicted in Figure 3D, with an AIE coefficient (αAIE, i.e. ratio of emission intensity in the aggregated state to that in the initial solution) of 1.48, whereas the emission intensity of TTQ during aggregation was consistently weaker than its initial luminescence intensity (αAIE = 0.99). This indicated that the introduction of the spiro-structure effectively suppresses the ACQ phenomenon in the aggregate state, which has been fully explained in the crystal analysis section.
[bookmark: _Hlk179991480][bookmark: _Hlk175062782]Inspired by the favorable photophysical properties of TTQ-SA, we then explored its photothermal effect under 660 nm laser irradiation. TTQ obtained a temperature increment of 14 ℃ (70 μg·mL-1, 0.6 W·cm−2, 5 min) (Figure 3E). Under the same condition, spiro-locked TTQ-SA attained a temperature increment of 41 ℃. The infrared photographs in Figure 3F also confirmed the promising photothermal conversion property of TTQ-SA, which was in line with the results of theoretical calculations. Moreover, the photothermal conversion performance of TTQ-SA revealed power density-dependent (Figure S3A) and concentration-dependent behaviors (Figure S3B), suggesting the highly sensitive photothermal transduction of TTQ-SA. The heat conversion efficiency was determined to be 56.2% (Figures 3G, 3H). The photothermal stability of TTQ-SA was also assessed (Figure 3I), the photothermal profiles of TTQ-SA remained stable and reversible, even subjected to six consecutive irradiation and cooling cycles, making it a potential photothermal agent for further tumor therapy.
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[bookmark: _Hlk180005582]Figure 3. Study of photophysical properties. (A) The normalized absorption and PL spectra of TTQ and TTQ-SA in toluene solution (10-5 M). PL spectra of (B) TTQ and (C) TTQ-SA in THF/water mixtures with different water fractions (fw, 99%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 10%, and 0). (D) Plots of relative PL intensity (I/I0) of TTQ and TTQ-SA versus the composition of the THF/water and the variation in emission wavelength with increasing water fraction. (E) Photothermal-heating curves of TTQ-SA and TTQ (70 μg·mL-1, 0.6 W·cm−2, 5 min). (F) Photothermal-heating imaging of TTQ-SA and TTQ (50 μg·mL-1, 0.6 W·cm−2, 5 min). (G) Photothermal effect of TTQ-SA dispersion. (H) The cooling time versus the negative natural logarithm of the temperature driving force obtained from the cooling stage. (I) Photothermal stability of TTQ-SA (50 μg·mL-1, 0.6 W·cm−2, 5 min). (J) Photothermal-heating curves of D/FTS nanoparticles of varied concentrations (0.6 W·cm−2, 5 min). DNAzyme cleavage on survivin mRNA (K) at different times and (L) with different concentrations of cofactor Zn2+.
[bookmark: _Hlk175084749][bookmark: _Hlk179991640]Preparation and characterization of D/FTS nanosystem. Given the above reasons, TTQ-SA as a PTT agent was worthy of further study. To reinforce PTT effect, gene silencing was introduced to sensitize tumor cells to PTT, and folate modification was also utilized for tumor-targeted delivery to reduce damage to healthy organisms[45-48]. Thus, the tumor-targeting nanoparticles (NPs) were constructed for synergistic PTT and GT by integrating AIEgen TTQ-SA and DNAzyme into FA-modified PLGA nanosystem, which was termed as D/FTS nanosystem. Firstly, DNAzyme/ZIF-8 (DNA/ZIF-8) was prepared by loading the 10-23 DNAzyme into ZIF-8. ZIF-8 encapsulation not only protects DNAzyme but also supplies the Zn2+ cofactor required for cleaving survivin mRNA[40,49]. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) (inset) images (Figure S4A) demonstrated the structure of DNA/ZIF-8 NPs. SEM energy dispersive X-ray spectroscopy (EDX) spectrum and UV–vis spectra further supported the successful loading of DNAzyme (Figures S4B, S4C). On this basis, the tumor-specific D/FTS NPs were prepared by encapsulating TTQ-SA and DNA/ZIF-8 into FA-modified PLGA polymer[50] (details of characterization see Figure S5), by one-step double emulsion solvent evaporation method[51] (Figure S4D). SEM and TEM (inset) images (Figure S4E) confirmed the core-shell structure of D/FTS NPs, which was in sharp contrast with the merely TTQ-SA-encapsulated FA-modified PLGA polymer (Figure S4F). D/FTS NPs revealed concentration-dependent photothermal conversion mode (Figure 3J). Under local hyperthermia of 50 ℃, D/FTS NPs exhibited thermal-responsive characteristics, as shown by their morphological changes (Figure S4G). The average hydrodynamic diameter of DNA/ZIF-8 and D/FTS NPs were tested to be 68.7 nm and 197.6 nm respectively (Figures S6A, S6B). After loading DNAzyme, the zeta potential was decreased from +11.4 mV (ZIF-8) to -20.1 mV (DNA/ZIF-8), while that of D/FTS NPs gave more negative charges, -27.5 mV (Figure S6C).
[bookmark: _Hlk179991796][bookmark: _Hlk175080607]Feasibility of DNAzyme cleavage on survivin mRNA. To ensure subsequent downregulation of survivin mRNA for boosted tumor cell apoptosis, the cleavage condition of the 10-23 DNAzyme was then explored in vitro (Table S3). Based on polyacrylamide gel electrophoresis (PAGE) assays, the incubation time and concentration of cofactor Zn2+ were found to be 1 h (Figures 3K and S7A) and 0.1 mM (Figures 3L and S7B), respectively. Under this condition, more than 85% of the substrate was cleaved. Yet without cofactor Zn2+, the fluorescence intensity was hardly changed (Figures S8A-8C), consistent with the PAGE results. To deeply understand the role of DNAzyme in binding with the substrate, we designed a mutant DNAzyme. As expected, the fluorescence intensity was much lower. Thus both cofactor Zn2+ and accurate design of DNAzyme were crucial for the successful cleavage of substrate. In addition, by introducing other interfering metal ions (Mg2+ and Fe2+) present in the living system, it was proved that only cofactor Zn2+ could trigger a distinct fluorescence response (Figures S8D-8I). 
[bookmark: _Hlk179991813]We further investigated whether ZIF-8, rich in Zn2+, could support DNAzyme activity without the need for additional free Zn2+ supplementation. Here, D/FTS was added to a medium simulating the acidic environment of lysosomes. The in vitro ICP-MS analysis also manifested the pH-stimulated Zn2+ release from D/FTS NPs at pH 5.0, yet negligible Zn2+ was detected at pH 7.4 (Figure S9A). After 4 h of incubation, a decreased Pearson correlation coefficient (PCC) was observed from 0.71 to 0.33, indicating the subsequent endosome escape of disassembled D/FTS NPs (Figure S10). The intracellular concentration of Zn2+ was increased to 114.8 μM (Figure S9B), which could offer sufficient cofactors for DNAzyme regulation. The acidic lysosome was favorable for the pH-responsive disassembly of D/FTS NPs, facilitating the release of Zn2+ as DNAzyme cofactors for survivin mRNA cleavage.
[bookmark: _Hlk179991966][bookmark: _Hlk178083834][bookmark: _Hlk175094104]Cell imaging and in vitro enhanced antitumor ability. Prior to cell imaging, we estimated the biocompatibility of D/FTS NPs on normal cells NIH/3T3. Limited cytotoxicity was observed even at a high concentration of 200 μg/mL, and this concentration was thus chosen for cell assays (Figure S11). Flow cytometry experiments indicated that the optimal co-culture time for D/FTS NPs uptake was 4 hours, as no further increase in intracellular D/FTS NPs was observed with extended incubation (Figures 4A, 4B, and S12). Both confocal laser scanning microscopy (CLSM) and flow cytometry analysis were performed to assess the cellular uptake of D/FTS and D/TS NPs (without folate modification) by tumor and normal cells. CLSM images (Figures 4C and S13) indicated that FA-modified D/FTS produced much stronger red fluorescence than D/TS, implying more efficient FA-mediated cellular uptakes by tumorous MCF-7 cells. In addition, by pretreating MCF-7 with excess free folate, the competition experiments in Figure S14 also suggested folate receptor-mediated uptake. Whereas, D/FTS showed limited uptake when treated with normal cells NIH/3T3, similar to that of D/TS NPs, which might be attributed to its rarely expressed FA receptor. These results coincided with that of flow cytometric assay in Figures 4D-4F. Thus, folate modification was favorable for enhancing the targeting ability of D/FTS toward tumor cells, which was also beneficial to reducing damage to normal cells during PTT[45-48]. Moreover, the red fluorescence emitted by D/FTS could overlap well with the green fluorescence of LysoTracker Green at 2 h, implying FA receptor-assisted endocytosis (Figure S10). 
Survivin is a key gene involved in tumor aggressiveness and response to therapy, hindering the effectiveness of photothermal therapy[25-27]. In Figure S15, a 42 °C heat shock treatment of MCF-7 cells led to a significant increase in the expression of Hsp90 and survivin (lanes 1, 2). Results of gene interaction analysis also suggested the abundant physical interactions between them[26,27]. After introducing heat shock inhibitor Tanespimycin (17-AAG)[25], a remarkable dose-dependent loss of survivin expression was also observed (lanes 3, 4). The inhibition of survivin expression could promote cell apoptosis under hyperthermia, as proved by the enhanced levels of active caspase-3 (lanes 3, 4), which would suppress tumor cell proliferation and thus promote PTT efficiency. While the transfection of DNAzyme (0.1 mM Zn2+ as cofactor) could also cause an observable decrease in survivin expression (lane 5), activating caspase-3 and facilitating apoptosis, conducive to tumor cell sensitization to PTT.
[bookmark: _Hlk179991999]Based on this, we were encouraged to further disclose the modulation on the expression of survivin mRNA by cellular delivery of D/FTS NPs and programmed exposure of DNAzyme in tumorous MCF-7 cells. As exhibited in Figures 4G and 4H, MCF-7 cells treated by FA-modified D/FTS NPs unveiled considerable depletion of survivin mRNA and protein as corroborated by qRT-PCR and western blot analysis respectively in the absence (sample iii) or presence (sample vi) of laser irradiation, as compared with cells treated by PBS (sample i). Yet without the modification of folate, slightly decreased levels of survivin mRNA and protein were observed in cells incubated by D/TS NPs (sample v). As expected, mD/FTS NPs with mutant DNAzyme led to almost no varied expression of survivin mRNA and protein either in the absence (sample ii) or presence (sample iv) of laser irradiation. Therefore, both tumor cell-specific delivery and precise design of DNAzyme are necessary for effective regulation of survivin mRNA.
[image: 图示
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Figure 4. Exploration of tumor targeting and in vitro cytotoxicity. (A) Optimization of incubation time in MCF-7 cells and (B) mean fluorescence intensity (MFI) analysis. Targeting ability assessment of D/FTS and D/TS NPs towards tumor and normal cells with CLSM images (C) and flow cytometric assay (D-F). (G) The qRT-PCR and (H) western blot analysis of survivin mRNA and protein expressions. (I) Cell viability and (J) apoptosis of MCF-7 cells after different treatments. (K) Cell viability of 4T1 cells. (L) Live/dead staining analysis. Scal bar, 100 μm. Different groups: i, PBS as control, ii, mD/FTS NPs loading with mutant DNAzyme, iii, D/FTS NPs for only GT, iv, laser irradiation + mD/FTS for only PTT, v, laser irradiation + D/TS NPs without folate modification (GT + PTT, no targeting), vi, laser irradiation + D/FTS NPs (GT + PTT, folate targeting), respectively. ****p < 0.0001 (one-way analysis of variance [ANOVA] followed by Tukey’s multiple comparisons test). Data were means ± S.D. (n = 3).
[bookmark: _Hlk179992027][bookmark: _Hlk178185655]DNAzyme as a gene silencing tool, was anticipated to inhibit the expression of survivin mRNA and thus sensitize tumor cells to PTT, realizing synergistic therapy. In vitro combined GT and PTT were subsequently assessed, as shown in Figure 4I. The viability of mD/FTS-treated tumor cells was above 81% with a concentration up to 200 μg/mL. Under this dosage, merely GT-involved or PTT-involved cell viability was 53% and 49% respectively. And the viability of cells processed by combined GT and PTT was 23%. Therefore, the auxiliary GT was beneficial to sensitize tumor cells and elevate the antitumor effect of PTT. While without FA targeting, cell viability undergoing combined GT and PTT revealed a higher value of 51%. Thus, FA-assisted targeting and combined GT and PTT were conducive to attaining a cooperatively enhanced tumor therapy. Additionally, Annexin V-FITC/PI detection assay was further conducted on tumor cells to expound the tumoricidal capability after different treatments (Figure 4J). Notably, the highest apoptosis percentage was observed in cells treated by targeting D/FTS NPs under irradiation (group vi, GT + PTT), which was much higher than that of non-targeting D/TS NPs under irradiation (group v, GT + PTT). Yet such cell apoptosis was significantly weakened for cells treated by individual GT or PTT. Results of live/dead staining synchronously reinforced the efficient therapeutic outcome of D/FTS NPs, with FA-targeted combined GT and PTT operation (Figure 4L, group vi), where much stronger red fluorescence appeared. Furthermore, we also studied cytotoxicity on triple-negative breast cancer 4T1 cell species (Figure 4K), and obvious cytotoxicity was observed in 4T1 cells operated by targeting D/FTS NPs (group vi, GT + PTT), the survival rate (20%) was much less than other treatments, which highlighted the superiority of tumor-targeted synergistic therapy. 
[image: ]
Figure 5. Imaging and antitumor effect on MCF-7 tumor-bearing nude mice. (A) and (C), in vivo imaging of mice injected by D/FTS or D/TS NPs with or without folate modification. (B) and (D), ex vivo imaging of tumors and major organs (Tu: tumor, He: heart, Lu: lung, Li: liver, Sp: spleen, and Ki: kidney) after administration. (E) Time-dependent temperature changes and (F) photothermal imaging of mice injected with PBS, PBS + irradiation, D/FTS NPs, and D/FTS NPs + irradiation, respectively. (G) Illustration of the therapeutic protocol. In vivo evaluation of the therapeutic outcomes: (H) Representative tumor images, (I) tumor-growth curves, and (J) tumor weights. (K, L), western blot analysis of cleaved caspase-3 expression in tissues. (M) TUNEL and (N) H&E staining analysis. ***p < 0.001, ****p < 0.0001 (one-way analysis of variance [ANOVA] followed by Tukey’s multiple comparisons test). Data were means ± S.D. (n = 4).

[bookmark: _Hlk179992088][bookmark: _Hlk178002002]In vivo imaging and combined GT and PTT on subcutaneous breast cancer. Thanks to the coordinated fluorescent and photothermal properties of D/FTS NPs, both fluorescent and photothermal imaging was carried out on tumor-bearing mice to explore its biodistribution after intravenous administration. Two groups, including D/FTS (with FA modification) and D/TS NPs (without FA modification), were tracked after injection (Figure 5A). For D/FTS-treated group, the intratumoral fluorescence intensity substantially increased within 9 h, and slightly decayed possibly due to spontaneous elimination. The majority of fluorescence signal was predominantly observed in the tumor site, indicating favorable tumor targeting. In contrast, for D/TS-treated group without FA modification, the fluorescence signal can be found throughout the body of mouse. Subsequently, the main organs were harvested and imaged for further study (Figure 5B). Evidently, D/FTS NPs exhibited better tumor accumulation attributed to FA modification, showing higher fluorescence signal at tumor site, yet D/TS mainly accumulated in the liver of mouse, less in tumor. The quantitative analysis verified that FA modification could benefit tumor targeting (Figures 5C, 5D). The in vivo photothermal effect of D/FTS NPs was also examined (Figures 5E, 5F). PBS-treated group elicited a much lower change in temperature even after 5 min of irradiation. Yet a pronounced photothermal conversion effect was uncovered for mouse treated with D/FTS, and the tumor temperature elevated to 47 ℃ within only 3 min of laser irradiation, explicitly disclosing the potential tumoricidal efficacy of D/FTS. These above findings persuaded us to further explore the potential of D/FTS NPs in antitumor application in vivo.
[bookmark: _Hlk179992110][bookmark: _Hlk178186939]Considering the advantage of PTT against breast cancer[52,53], herein subcutaneous MCF-7 tumor-bearing nude mice were selected to assess the therapeutic efficiency after different treatments (Figure 5G). As depicted in Figures 5H and 5I, tumor volume showcased a distinct increase for the mice treated by PBS (group i) and mD/FTS with mutant DNAzyme (group ii). Merely non-irradiated D/FTS (group iii, GT) or irradiated mD/FTS treated mice (group iv, PTT) illustrated moderate tumor suppression. While the treatment of targeting D/FTS under irradiation (group vi, GT + PTT) unveiled the most pronounced inhibition on tumor growth. Thus, the auxiliary GT was favorable to boosting the antitumor efficiency of PTT. However, without FA targeting, moderate tumor suppression was observed in mice treated by D/TS under irradiation (group v, GT + PTT). Tumor weight records in Figure 5J solidly confirmed the highly efficient therapeutic outcomes of tumor-targeted D/FTS treatment (group vi), uniting AIEgen-based PTT and DNAzyme-based GT. Additionally, the expression of active caspase-3 from tumor tissues was significantly enhanced after GT or PTT treatment, especially on mice operated by D/FTS under irradiation (Figures 5K, 5L, group vi, GT + PTT), giving direct insight into the apoptotic mechanism of therapy. The prominent cell apoptosis was also effectually validated by TUNEL staining, particularly in tissues treated by D/FTS NPs under irradiation (Figure 5M, group vi, GT + PTT). Furthermore, H&E staining results also aligned with these above observations (Figure 5N), collectively suggesting the superior therapeutic efficiency of tumor-targeting and synergistic GT and PTT.
[bookmark: _Hlk179992196][bookmark: _Hlk179992225][bookmark: _Hlk175262819][bookmark: _Hlk182523483]Combined GT and PTT on orthotopic breast cancer and inhibition of lung metastasis. Motivated by the immense therapeutic outcomes of synergistic GT and PTT, next we established a more challenging orthotopic tumor model with 4T1 cells[45] (Figure 6A). We also compared the therapeutic efficacy of D/FTS NPs with the clinical gold standard TAC regimen (docetaxel, doxorubicin, and cyclophosphamide)[54] in an orthotopic breast cancer model. According to Figures 6B, 6C, PBS (group i) and mD/FTS (group ii)-treated mice revealed an uncontrolled tumor growth rate. Notably, the treatment by tumor-targeted synergistic GT and PTT realized the most substantial reduction in tumor volume (group vi), whose growth was almost entirely suppressed, compared to the individual GT (group iii) or PTT (group iv), or synergistic treatment without FA targeting (group v). It was evident that the auxiliary GT played a vital role in improving the PTT efficacy. On top of that, supplementary function of FA targeting was also essential. Though TAC chemotherapy could slow down the tumor growth markedly (group vii), the efficiency was slightly inferior to the synergistic treatment of tumor-targeted D/FTS under irradiation (group vi, GT + PTT). Results of tumor weight underscored the pronounced antitumor effect of tumor-targeted combined therapy (Figure 6D). Body weights of mice across all groups exhibited minor fluctuation during therapy, expounding the negligible adverse effects of each treatment (Figure 6E). Furthermore, group vi (D/FTS under irradiation) unveiled the most distinct suppression of cell proliferation and vessel formation in the light of the Ki-67 immunofluorescence staining of tumor tissue (Figure 6G), manifesting the discernible inhibition effect of synergistic GT and PTT on tumor growth. Efficient photothermal therapy further disrupted tumor vasculature, as indicated by the reduced CD31 signal observed in group vi treated by irradiated D/FTS NPs (Figure 6H, GT + PTT). Encouraged by these observations, we further explored the anti-metastatic ability by establishing a lung metastatic model[55,56]. As displayed in Figure 6F, the tumor-targeted synergistic GT and PTT of D/FTS NPs achieved obviously reduced metastasis, which was more efficient than other groups, including mice treated with TAC chemotherapy. H&E staining analysis firmly argued that tumor-targeted synergistic GT and PTT led to the lowest incidence of metastasis (Figures 6I). In both primary tumor suppression and anti-metastasis effects, the GT + PTT group demonstrated significantly superior outcomes compared to the clinically used TAC regimen, highlighting its potential for clinical application.
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[bookmark: _Hlk79138250][bookmark: _Hlk177656954][bookmark: _Hlk182523358]Figure 6. Antitumor and antimetastatic effect on orthotopic breast cancer. (A) Therapeutic schedule on 4T1 tumor-bearing mice. (B) Tumor images, (C) tumor-growth curves, (D) tumor weights, and (E) body weights of mice. (F) Quantification of metastasis lung nodules. (G) Ki-67 and (H) CD31 staining analysis. (I) H&E staining analysis, tumor nodules in lungs were marked with green circles. Different groups: i, PBS as control, ii, mD/FTS NPs loading with mutant DNAzyme, iii, D/FTS NPs for only GT, iv, laser irradiation + mD/FTS for only PTT, v, laser irradiation + D/TS NPs without folate modification (GT + PTT, no targeting), vi, laser irradiation + D/FTS NPs (GT + PTT, folate targeting), vii, TAC chemotherapy, respectively. *p < 0.05, ****p < 0.0001, ns, no significance (one-way analysis of variance [ANOVA] followed by Tukey’s multiple comparisons test). Data were means ± S.D. (n = 6).
[bookmark: _Hlk179992333][bookmark: _Hlk178187747]Combined GT and PTT on spontaneous breast cancer and inhibition of lung metastasis. Finally, we investigated the antitumor effect of tumor-targeted synergistic therapy on MMTV-PyMT transgenic mice, which could mimic the native microenvironment of human breast cancer and was a more clinically relevant model[57]. This would help to understand the response behavior of breast cancer to therapy preferably. Mice were randomly divided into five groups for different treatments (Figure 7A) as (G1) PBS, (G2) D/FTS NPs for only GT, (G3) irradiation + mD/FTS with mutant DNAzyme for only PTT, (G4) irradiation + D/FTS for combined GT and PTT, (G5) TAC chemotherapy, respectively. Rapid tumor growth was observed for PBS-treated mice (Figures 7B-7D). The tumor volume slightly increased after D/FTS treatment (G2, GT). Treatment of irradiated mD/FTS (G3, PTT) could inhibit tumor growth. Notably, operation of D/FTS under irradiation (G4, GT + PTT) had the most pronounced antitumor effect, even slightly better than TAC chemotherapy (G5), which was further validated by tumor weight analysis (Figure 7E). Thus, the auxiliary GT was essential for the boosted effect of PTT. Moreover, tumor metastasis was also distinctly suppressed by tumor-targeted combination of GT and PTT (Figure 7F), and negligible metastasis was observed according to H&E and Ki-67 staining analysis (Figures 7G, 7H, and S16). Collectively, the tumor-targeted combination of GT and PTT showed superior antitumor efficiency, enlightening us to rationally design synergetic phototherapy approach by sensitizing tumor cells with gene regulation, which could prominently enhance the PTT efficiency.
[bookmark: _Hlk179992355][bookmark: _Hlk179992391]Biosafety assessment. Biosafety was also investigated for nude mice after different administration. H&E staining analysis of major organs (heart, liver, spleen, lung, and kidney) revealed no obvious signs of inflammation or injury (Figure S17). And negligible hemolysis was observed in all groups (Figure S18). Moreover, hematology and biochemical indexes indicated no significant difference between PBS and other nanoparticles-treated groups (Figure S19). H&E staining and hematology and biochemical analysis (Figure S20) also confirmed the favorable biocompatibility of TTQ-SA molecule. Therefore, this tumor-targeted combined GT and PTT operation held great potential for antitumor bio-application.
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[bookmark: _Hlk79138563][bookmark: _Hlk180006718][bookmark: _Hlk89358696][bookmark: _Hlk79138744]Figure 7. Therapy on spontaneous breast cancer. (A) Therapeutic schedule on MMTV-PyMT mice. (B) Tumor images, (C) individual tumor volumes, (D) tumor-growth curves, and (E) tumor weights. (F) Quantification and (G) images of metastasis lung nodules, and (H) H&E staining analysis, tumor nodules in lungs were marked with green circles. ***p < 0.001, ****p < 0.0001 (one-way analysis of variance [ANOVA] followed by Tukey’s multiple comparisons test). Data were means ± S.D. (n = 5).

CONCLUSION
[bookmark: _Hlk179992464]In summary, imaging-guided photothermal therapy with high efficiency and accuracy was achieved by fully utilizing the metrics of TTQ-SA in NIR and photothermal imaging as well as photothermal conversion and DNAzyme regulation in addressing hyperthermia-induced antiapoptotic response. First, the rigid spiro-locked TTQ-SA exhibited a curved conformation, facilitating intramolecular TSCT, homoconjugation, and strong intramolecular interactions. The curved molecular structure of TTQ-SA further led to a moderate RIM effect, and a weak steric restriction environment that suppressed the detrimental π-π stacking in the aggregate state. Therefore, TTQ-SA aggregate possessed coordinated photoluminescence and photothermal properties, which endowed TTQ-SA with simultaneously superior imaging and PTT performances. In addition, DNAzyme was utilized as a gene silencing tool for inhibiting survivin mRNA, which could induce cell apoptosis and increase the sensitization of tumor cells to PTT. Finally, TTQ-SA and DNAzyme were integrated into folate-modified PLGA polymer to prepare a D/FTS nanosystem, which achieve tumor-targeting localization, as evidenced by NIR and photothermal imaging. The in vitro and in vivo results revealed that the D/FTS nanosystem could prominently relieve antiapoptotic response, and thus generate notable antitumor and anti-metastasis effects against both orthotopic and spontaneous breast cancer. These compelling results not only advance the development of AIEgen-based photothermal theranostics but also lay the foundation for the construction of synergistic gene silencing-PTT nanoplatforms for clinical applications. The present work could be further improved to simplify the synthesis of nanosystem laden with AIEgens and DNAzyme, such as developing multifunctional DNA nanomaterial for cellular targeting and AIEgens loading, which would bring about extraordinary possibilities in the diagnosis and treatment of diseases in the future.
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