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Based on the safety of prussian blue (PB) in biomedical application, we prepared manganese-based prussian blue (MnPB) nanocatalysts to achieve enhanced photothermal therapy and chemodynamic therapy. And we conducted a series of experiments to explore the therapeutic effects of MnPB nanoparticles (NPs) on non-small cell lung cancer (NSCLC) in vivo and in vitro. For in vitro experiments, the MnPB NPs suppressed growth of A549 cells by reactive oxygen species upregulation and near-infrared irradiation. Moreover, the MnPB NPs could inhibit lung cancer metastasis through downregulating the matrix metalloproteinase (MMP)-2 and MMP-9 expression in A549 cells. And for in vivo experiments, the MnPB NPs inhibited the growth of xenografted tumor effectively and were biologically safe. Meanwhile, Mn2+ as a T1-weighted agent could realize magnetic resonance imaging-guided diagnosis and treatment. To sum up, the results in this study clearly demonstrated that the MnPB NPs had remarkable effects for inhibiting the growth and metastasis of NSCLC and might serve as a promising multifunctional nanoplatform for NSCLC treatment.
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INTRODUCTION
Lung cancer is a common and severe global health problem, as it has become the first and third major cause of cancer related mortality among males and females respectively (Altorki et al., 2019; Zheng et al., 2021). And non-small cell lung cancer (NSCLC) is the main histological subtype, accounting for about 85% (Oser et al., 2015). Although recent therapeutic advances in surgery, chemoradiotherapy and targeted therapy, a substantial proportion of patients (75%) diagnosed with metastatic lung cancer has poor 5-year relative survival rate (6%) (Siegel et al., 2021). Additionally, drug resistance, toxicity and limited efficacy of many therapeutic compounds are pivotal impediments to the successful treatment of NSCLC. Consequently, it is critical to develop other safe and effective treatments to combat this deadly disease.
Recently, with the rapid progress of nanomedicine, nanoparticle systems have attracted considerable attention for various applications of tumor diagnosis and treatment (Lim et al., 2015; Li J. et al., 2021). And some new therapeutic modalities, including photothermal therapy (PTT) and chemodynamic therapy (CDT), exhibit good effect on tumor treatment (Guan et al., 2021; Sun et al., 2021). PTT, as a promising non-invasive cancer treatment strategy, can convert photon energy into heat to eradicate tumor cells (Li et al., 2020; Zhao H. et al., 2021). And PTT exhibits several advantages, including limited side-effects, high spatial selectivity and minimal injury to normal tissues (Wang et al., 2020a; Zheng et al., 2020; He et al., 2021). Meanwhile, CDT is an emerging nanocatalyst-based cancer treatment, which decomposes hydrogen peroxide (H2O2) to generate toxic reactive oxygen species (ROS) by Fenton or Fenton-like reactions (Wang et al., 2020b; Yang et al., 2021). It is well known that ROS can induce protein, DNA, and lipid damage to cause tumor cell death (Goldstein et al., 1993; Lin et al., 2020). The combination of PTT and CDT has been drawing more and more research attention because of their high-efficacy (Manivasagan et al., 2022).
Prussian blue (PB), a mixed-valence iron (III) hexacyanoferrate (II), has been widely explored as a powerful tool in biomedical research due to some superior properties, including excellent biocompatibility, good biodegradability, easy synthesis and favorable thermal stability (Busquets and Estelrich, 2020; Gao et al., 2020). Besides, PB has been authorized by USA Food and Drug Administration (FDA) as a safe material for clinical applications (Odda et al., 2019). But PB nanoparticles (NPs) with low catalase-like activity and low photothermal conversion efficiency are not promising agents for PTT and CDT (Dacarro et al., 2018; Gao et al., 2020). Moreover, although PB NPs have been reported as T1-weighted contrast agents for magnetic resonance imaging (MRI) (Shokouhimehr et al., 2010), they have a weak effect on longitudinal relaxation (r1), resulting in the low diagnostic ability of tumor (Li et al., 2014). Since Mn2+, Zn2+ and Gd3+ have good performance on enhancing T1 weighted MRI, it is an effective strategy to add metal ions into PB NPs for improving r1 value (Cai et al., 2015; Shou et al., 2020; Zhao W. et al., 2021). The manganese-based prussian blue (MnPB) nanocatalysts fabricated in this study not only possess excellent CDT/PTT effect, but also show high longitudinal relaxivity. Mn2+ in MnPB NPs enhances catalase-like activity of PB and improves PTT function resulting from strengthening optical absorption or shifting absorption to the near-infrared (NIR) region. Therefore, MnPB NPs in this study have strong synergistic effects and may shed light on potential therapies for growth and metastatic of NSCLC.
Tumor metastasis is a complicated mechanism involving tumor cell adhesion, migration and the degradation of the extracellular matrix (ECM) (Paolillo and Schinelli, 2019). Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases, playing a critical role in degrading the ECM (Gonzalez-Avila et al., 2019). Among MMPs, MMP2 and MMP9 are important members of MMP family, involving in the invasion and metastasis of NSCLC by degrading basement membrane and matrix collagen (Dong et al., 2013; Wang et al., 2018). A large number of scientific studies have shown that MMP2 and MMP9 are highly expressed in lung cancer tissues (Li et al., 2019; Han et al., 2020). Furthermore, the downregulation of MMP2/MMP9 can significantly inhibit tumor cell proliferation, invasion and metastasis (Itoh et al., 1999; Poudel et al., 2016). We found that MnPB NPs synthesized in our study could significantly inhibit MMP-2/MMP-9 expression and might be promising therapeutic agents to suppress growth and metastasis of NSCLC.
In the current study, we fully explored the anti-NSCLC effect of novel MnPB nanocatalysts in vitro and in vivo. The experimental results showed that MnPB nanocatalysts could serve as effective MRI-guided agents for synergistic chemodynamic/photothermal therapy and inhibit the growth and metastasis of NSCLC effectively.
MATERIALS AND METHODS
Materials
MnCl2·4H2O (AR, 99.0%) and K4[Fe(CN)6]·3H2O (≥99.99%, metals basis) were acquired from Macklin Biochemical Technology Co., Ltd. (Shanghai, China) and Aladdin Chemistry Co., Ltd. (Shanghai, China) respectively. Citric acid was acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Absolute ethyl alcohol (C2H5OH; AR) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The deionized water (H2O) was purified with a Milli-Q system (Millipore, Bedford, MA, United States). All chemicals and solvents were not further purified to use.
Synthesis of Manganese-Based Prussian Blue Nanoparticles
MnPB NPs were creatively synthesized by a facile ion-exchange method on the grounds of the co-precipitation strategy. First, MnCl2·4H2O (0.3 mM) and citric acid (0.5 mM) dissolved in the deionized water (20 ml) were heated to 60°C for 5 min. The obtained mixture was served as solution A. Then, K4[Fe(CN)6] (0.4 mM) and citric acid (0.4 mM) were added together in the deionized water (20 ml) to become solution B. The solution B was also heated to 60°C for 5 min under magnetically stirring. Next, the solution B was added dropwise to the solution A. Then the mixed solution was magnetically stirred and kept at 60°C for 2 min. And the collected product was subsequently washed by deionized water and ethonal after the reaction was cooled down to room temperature. Finally, washed solution was then dried at 60 °C in a vacuum oven for 24 h.
Characterization of Manganese-Based Prussian Blue Nanoparticles
The particle size and morphology of MnPB NPs were measured by a JEM-JEOL-200 transmission electron microscopy (TEM, Tokyo, Japan) operating at 200 kV. The hydrodynamic size of MnPB NPs was analyzed by dynamic light scattering (DLS, Brookhaven Instrument Corporation, United States). And we used X-ray powder diffraction (XRD, Rigaku, Japan) to reveal the crystal structure and functional group of MnPB NPs.
Photothermal Properties of Manganese-Based Prussian Blue Nanoparticles
To evaluate the light absorption ability of MnPB NPs, the absorbance of MnPB NPs at various concentrations (100, 200 and 400 μg/ml) was measured via ultraviolet-visible-NIR (UV-vis-NIR) spectrophotometer (Agilent, CA, United States). Next, aqueous dispersion of MnPB NPs with different concentrations was exposed to irradiation with a NIR laser (808 nm, 1.0 W/cm2). During laser irradiation period, we used an infrared thermal imaging camera (Fotric, China) to record the temperature change. Next, 200 μg/ml solution of MnPB NPs was irradiated with the 808 nm NIR laser light (1.0 W/cm2) for another 10 min and cooled down to the room temperature to get temperature curves and photothermal conversion efficiency (η) of MnPB NPs. The formula of η is as follows: 
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where h is the heat transfer coefficient, S is the surface area of the container, Tmax is the maximum steady-state temperature of the sample solution, Tsurr is the ambient surrounding temperature, QDis is the heat input due to light absorption by the solvent and container, I is the laser power, and A808 is the absorbance of the sample solution at 808 nm (Liu X. et al., 2014).
Determination of Reactive Oxygen Species Generation
The ROS generation tests were divided into three groups: (1) H2O2 (200 μM) solution; (2) MnPB (1 mg/ml) solution; (3) MnPB (1 mg/ml) + H2O2 (200 μM) solution. Then we added methylene blue (MB) (5 μg/ml) in two groups to detect the ROS generation. And the UV-vis-NIR absorption spectra of these solutions were scanned in time-scan mode.
Cytotoxicity
BEAS-2B cells (normal human bronchial epithelial cells) and A549 cells (human lung adenocarcinoma cells) were inoculated into 96-well plates respectively and cultured for 24 h. Then the culture mediums were replaced by the fresh mediums with various concentrations of MnPB NPs. After 24 h of treatment, the mediums were detected by cell counting kit-8 (CCK-8) assay (Beyotime Biotechnology, China).
In Vitro Reactive Oxygen Species Detection
A549 cells were cultured in the 6-well plates and categorized into four groups: the control group, the H2O2 (100 μM) group, the MnPB (400 μg/ml) group and the MnPB (400 μg/ml) + H2O2 (100 μM) group. After 24 h of treatment, intracellular ROS levels were assessed using the probe solution 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime Biotechnology, China). After incubated with DCFH-DA for 20 min, the cells were washed three times with PBS and replaced with serum-free mediums. Last, images were obtained under a fluorescence microscope (Leica DMi8, Leica, Germany).
Calcine-AM/Propidium Iodide Test and Annexin V-FITC Apoptosis Assay
The percentage of living and dead cells of A549 cells was examined by Calcine-AM/propidium iodide (PI) test and the apoptosis of A549 cells was detected the Annexin V-FITC apoptosis kit. For the Calcine-AM/PI test (Beyotime Biotechnology, China), A549 cells were cultured in the complete medium at pH 6.5 and divided into six groups: 1) control; 2) NIR; 3) H2O2 (100 μM); 4) MnPB (400 μg/ml) + NIR; 5) MnPB (400 μg/ml) + H2O2 (100 μM); 6) MnPB (400 μg/ml) + H2O2 (100 μM) + NIR. After 12 h of corresponding treatments, the group 2, 4, and 6 were irradiated with 808 nm NIR (1.0 W/cm2) for 10 min. Then, cells were dyed with Calcein-AM and PI for 15 min. Finally, we acquired images using a fluorescence microscope (Leica DMi8, Leica, Germany).
In Annexin V-FITC apoptosis assay (Multi Sciences, China), the cell grouping and treatments were consistent with the Calcine-AM/PI experiment. A549 cells were collected and washed with cold PBS. Next, the cells were resuspended in 1 × binding buffer (500 μl) containing Annexin V-FITC (5 μl) and incubated for 5 min in the dark. And we utilized flow cytometry (cytoflex LX, Beckman Coulter) to assess the ratio of apoptotic cells.
Transwell Migration Assay
We used 24-well Transwell chambers (Corning, United States) with a polycarbonate filter membrane of 8 μm pore size for migration assays. A549 cells were divided into two groups: the control group and the MnPB group. At 24 h after starvation, A549 cells of control group were resuspended in the serum-free RPMI 1640 medium and cells of MnPB group were resuspended in serum-free RPMI 1640 medium with MnPB NPs (400 μg/ml). Subsequently, the A549 cells were added to the upper chamber and the lower plate was filled with RPMI 1640 medium containing 10% FBS. After 24 h, A549 cells migrated to the membranes of the upper chamber were fixed with 4% paraformaldehyde and stained with crystal violet. Ultimately, images were obtained using a fluorescence microscope (Leica DMi8, Leica, Germany).
Western Blot Analysis
A549 cells were grown in the 6-well plates and divided into the control group and the MnPB group. Protein harvesting and immunoblotting were performed as previously described (Fang et al., 2021). The primary antibodies included anti-MMP2 (Abcam, United States), anti-MMP9 (Abclonal, China) and anti-β-actin (Proteintech, China). And corresponding secondary antibodies were goat anti-rabbit IgG horseradish peroxidase (HRP) and goat anti-mouse IgG-HRP (Jackson Immunoresearch, United States).
In Vivo Xenograft Assay
When the tumor volume reached the size of 7–9 mm, mice were randomly divided into four groups (n = 6 per group). The mice were treated as follows: 1) control; 2) PBS + NIR; 3) MnPB (2 mg/ml); 4) MnPB (2 mg/ml) + NIR. After 8 h of intravenous injection, the mice of group 2 and 4 were exposed to the irradiation (808 nm, 1 W/cm2) for 10 min and the change of temperature on tumor was recorded by a thermal imaging camera (FLIR A300). Meanwhile, tumor size and body weight of mice were measured ever 2 days. And the major organs were collected for histological analysis and the tumor samples were fixed and embedded for immunohistochemistry and immunofluorescence after 14 days.
Ki67 Staining and TUNEL Assay
The tumor tissue specimens of each group were fixed with 4% paraformaldehyde, embedded in paraffin and sectioned. For Ki67 staining, the section slides were incubated by anti-Ki67 antibody (Abcam, United States) at 4°C overnight and then incubated for 1 h with secondary antibody at room temperature. Next, the sections were stained with diaminobenzidine (DAB) and hematoxylin respectively, dehydrated and mounted. And for TUNEL staining, the tissue blocks were incubated with TUNEL reaction mixture of TUNEL apoptosis detection kit (Servicebio, Wuhan, China) according to the manufacturer’s illustrations. And we used a microscope (Leica DMi8, Leica, Germany) to acquire images.
In Vivo Magnetic Resonance Imaging
Tumor-bearing mice were received intratumoral injection of 200 μl MnPB NPs at the concentration of 2 mg/ml. Then the mice were scanned by a 3.0T MRI system before and 1 h after injection. In this way, the high-resolution T1-weighted MRI scan images were successfully acquired. The T1-weighted MRI parameters were as follows: pulse waiting time (TR) = 500 ms, echo time (TE) = 15 ms, slice thickness (ST) = 2.0 mm, field of view (FOV) = 60 mm × 60 mm.
Statistical Analysis
All measurements were expressed as mean ± standard deviation (SD). And the data was analyzed by GraphPad Prism 7. Differences between groups were tested using the paired or unpaired two-tailed Student’s t-test. Besides, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were regarded to be significantly different.
RESULTS AND DISCUSSION
Characterization and Properties of Manganese-Based Prussian Blue Nanoparticles
We synthesized the MnPB NPs using a conventional method, which substituted FeCl3 with MnCl2 to produce Mn-based PB. And the average size, shape and morphology of MnPB NPs were observed by TEM. The solid MnPB NPs were displayed in Figures 1A,B. And as we can see, the hydrodynamic size of MnPB NPs was measured to be 200.4 nm (Figures 1C), which was consistent to the size of TEM image. Then Figure 1D showed the XRD patterns of as-synthesized MnPB NPs, which revealed the characteristic peaks of PB and Mn2+, in accordance with the standard PB (JCPDS. 01-0239) and Mn2(CN)6 (JCPDS. 32-0639). The above results indicated the successful construction of MnPB NPs.
[image: Figure 1]FIGURE 1 | The characterization of MnPB NPs. (A,B) TEM micrographs of MnPB NPs. (C) The hydrodynamic size of MnPB NPs. And the zeta potential of MnPB NPs is −30.53 mV. (D) XRD patterns of as-synthesized MnPB NPs.
To confirm the photothermal properties of MnPB NPs, UV−vis−NIR spectra of MnPB NPs with various concentrations were measured. As can be seen from Figure 2A, MnPB NPs exhibited strong and wide absorbance from visible wavelength to NIR wavelength ranges, illustrating the excellent light absorption ability of MnPB NPs. Then we further tested the photothermal performance of MnPB NPs at different concentrations under exposure of NIR light irradiation. At any given concentration of MnPB NPs, temperature rose steadily when the irradiation time increased (Figure 2B). With concentrations up until 400 μg/ml, the temperature rose above 50°C after 5 min of NIR light irradiation. It has been found that cells will die rapidly due to microvascular thrombosis and ischemia, as the temperature reaches above 45°C (Knavel and Brace, 2013). Thus, the photothermal ablation of MnPB NPs is highly sufficient to irreversibly ablate tumor cells. The photothermal conversion efficiency (ŋ) indicates the capability of converting light energy into thermal energy. The ŋ value of MnPB NPs was figured out to be 27.8%, which was higher than ŋ of PB NPs (only 16.02%) (Figures 2C,D) (Guan et al., 2021). These results suggested that MnPB NPs possessed excellent photothermal properties and were promising PTT agents for tumor treatment.
[image: Figure 2]FIGURE 2 | The photothermal properties of MnPB NPs. (A) UV−vis−NIR absorption spectra of MnPB NPs at varying concentrations. (B) Temperature profiles of MnPB NPs at various concentrations under NIR laser irradiation (808 nm, 1.0 W/cm2). (C) The heating-cooling curve of MnPB NPs at 200 μg/ml under NIR laser irradiation (808 nm, 1.0 W/cm2). (D) Red linear regression curve for natural cooling process. (E) Degradation of MB treated with MnPB NPs and H2O2 versus time. (F) Absorbance of MB at 664 nm in different groups.
MB dye test is a simple procedure to evaluate hydroxyl radicals (•OH) formed in the Fenton’s reaction. And MB will turn from blue in color to colorless in the presence of •OH, which can be detected by a spectrophotometer (Satoh et al., 2007). As shown in the Figure 2E, MB displayed an absorbance peak at a wavelength of 664 nm, and the intensity decreased over time in MnPB NPs + H2O2 group, revealing the degradation of MB. And compared to the MnPB NPs group and H2O2 group, the absorbance measured at 664 nm in MnPB NPs + H2O2 group declined sharply, confirming that MnPB NPs could generate ROS effectively under the catalysis of H2O2 (Figure 2F). These observations demonstrated that the CDT of MnPB NPs had high efficiency and MnPB NPs might have powerful ability to inhibit the growth and metastasis of tumor.
The Manganese-Based Prussian Blue Nanoparticles Inhibit the Growth of A549 Cells by Reactive Oxygen Species Upregulation and Near-Infrared Irradiation
Biocompatibility of therapeutic agents is a critical feature for biomedical application. So the biocompatibility of MnPB NPs in normal bronchial epithelial cells and lung adenocarcinoma cells were firstly measured by CCK8 method. As Figure 3 shown, MnPB NPs exhibited no obvious cytotoxicity in both BEAS-2B and A549 cells at the maximum concentration of 400 μg/ml, which suggested excellent biocompatibility of MnPB NPs. Then we further evaluated the treatment effect of MnPB NPs with PTT and CDT in A549 cells.
[image: Figure 3]FIGURE 3 | Cytotoxicity of MnPB NPs in A549 cells and BEAS-2B cells.
CDT is a new therapeutic approach for the treatment of tumor depending on Fenton and Fenton-like reactions. The Fenton reaction is defined as the production of highly oxidized •OH or O2 from H2O2 by catalyzing the transition metal ions or their compounds (Tang et al., 2019). To confirm the CDT effect of MnPB NPs in vitro, we used DCFH-DA probe to detect the ROS production (Figure 4; Supplementary Figure S1). The images displayed that, compared to the control group, DCF fluorescence intensity increased slightly when A549 cells were treated with H2O2 or MnPB NPs. And when treated with both H2O2 and MnPB NPs, most cells revealed intense green fluorescence signal. The findings suggested that MnPB NPs had a high efficiency of ROS generation through reacting with H2O2 in tumor microenvironment (TME) via Fenton and Fenton-like reactions. These reactions can be explained as follows:
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[image: Figure 4]FIGURE 4 | The MnPB NPs increase the intracellular ROS production in non-small lung cancer cells. Confocal images of intracellular ROS generation and corresponding brightfield images in A549 cells in different groups. Scale bar, 20 μm.
Then based on the outstanding photothermal conversion performance of MnPB NPs, we applied two other methods to estimate the cell viability of A549 cells by combing PTT and CDT. First, we used Calcine-AM/PI test to detect the percentage of living and dead cells. Live cells were dyed with Calcein AM exhibiting green fluorescence, and dead cells were stained with PI showing red fluorescence. As shown in Figure 5A; Supplementary Figure S2, the green/red fluorescence intensity of A549 cells exposed under NIR irradiation had no significant difference, compared to the control group, indicating that cell viability was not affected by NIR irradiation. And H2O2 treatment increased the percentage of dead cells slightly. Besides, when A549 cells were treated with MnPB NPs with NIR light exposure or MnPB NPs with H2O2, the percentage of dead cells increased substantially, suggesting that the PTT and CDT of MnPB NPs had excellent performance respectively in A549 cells. And when A549 cells were treated with both PTT and CDT, we could only observe strong red fluorescence, revealing that the combination of PTT and CDT exerted potent efficacy to kill NSCLC cells.
[image: Figure 5]FIGURE 5 | The MnPB NPs can induce cell apoptosis by ROS upregulation and NIR irradiation. (A) Confocal images of A549 cells stained with Calcein-AM and PI after different treatments. Scale bar, 100 μm. (B) Flow cytometry analysis of cell apoptosis with Annexin V-FITC staining.
Next, we used the Annexin V-FITC apoptosis assay to determine the apoptosis rate of A549 cells by flow cytometry. Apoptotic cells express phosphatidylserine (PS) on the outer layer of the cell membrane and can be recognized by Annexin-V specifically (Chen et al., 2008). As we can see in Figure 5B and Supplementary Figure S3, there was no obvious difference between the control group and the NIR group. But the rate of apoptosis increased to 9.78% in the H2O2 group. After treatment of MnPB NPs with NIR light exposure and MnPB NPs with H2O2, the rate of apoptosis obviously increased to 64.64% and 54.11%. Importantly, when cells were treated with MnPB NPs and exposed to both H2O2 and NIR irradiation, the percentage of apoptotic cells dramatically increased to 90.34%. The results were in good agreement with the observation of Calcine-AM/PI test, further demonstrating that PTT and CDT of MnPB NPs could act a strong synergy to inhibit growth of NSCLC cells.
The Manganese-Based Prussian Blue Nanoparticles Inhibit the Migration of A549 Cells by Decreasing the Matrix Metalloproteinases Expression
It is known that metastasis is a key feature of malignant tumors and major cause of death in cancer. Therefore, inhibition of tumor metastasis is extremely important in lung cancer treatment. Tumor metastasis is a complex multistep process related to cell migration, invasion, epithelial-to-mesenchymal transition (EMT), ECM degradation and intravascular circulation (Xu et al., 2014; Liu et al., 2021). Among these processes, the degradation of ECM is a critical step during the development of tumor metastasis (Eble and Niland, 2019). Here we utilized transwell assay to assess the inhibitory effect of MnPB NPs in A549 cells. It was obvious that the MnPB NPs significantly slowed down the migration of A549 cells (Figures 6A,B; Supplementary Figure S4).
[image: Figure 6]FIGURE 6 | The MnPB NPs inhibit the metastasis of non-small lung cancer cells. (A) and (B) Migration capacity of A549 cells exposed to MnPB NPs. (C) MMP2 and MMP9 expression of A549 cells in different groups.
It is proved that activity of matrix-degrading protease is important in the degradation of ECM, which plays an important role in invasion and migration of tumor. MMP2 and MMP9 reportedly degrade type IV collagen in the basement membrane, which is related to tumor metastasis (Wang et al., 2018). To further elucidate the inhibitory effects of MnPB NPs, we detected the activity of MMP2 and MMP9 in A549 cells. The MMP2 and MMP9 expressions were significantly attenuated by MnPB NPs, compared to the control group (Figure 6C; Supplementary Figure S5). To sum up, MnPB NPs can effectively inhibit the metastasis of A549 cells.
The Manganese-Based Prussian Blue Nanoparticles Inhibit Xenografted Tumor Growth
According to the excellent therapeutic efficacy of in vitro studies presented above, we further assessed the in vivo performance of MnPB NPs. The tumor-bearing mice were randomly divided into four groups as follows (n = 6 per group): 1) control; 2) PBS + NIR; 3) MnPB NPs; 4) MnPB NPs + NIR. The mice of group 2, 3 and 4 were received 200 μl PBS or MnPB NPs intravenously. And the mice of group 2 and 4 were exposed under irradiation with an 808 nm NIR laser (1 W/cm2) for 10 min after 8 h of intravenous injection. During laser irradiation, we captured the change of tumor temperature by a thermal camera (Figures 7A,B). The temperature of tumor in group 2 only increased to ∼35°C, while the tumor temperature of group 4 rose rapidly above 45°C, which was high enough to induce tumor cell death. And the typical tumor pictures and the change in relative tumor volume (Figures 7C,D) demonstrated that only NIR had no influence to tumor growth, while only MnPB NPs could effectively inhibit the growth of tumor due to CDT effect. Surprisingly, treatment of MnPB NPs and NIR irradiation greatly contributed to the inhibition of tumor growth, which revealed that PTT and CDT of MnPB NPs have superior synergistic effect. Moreover, the body weight of mice in each group did not loss significantly during the treatment (Figure 7E). And we further examined the histology of main organs by H&E staining (Figure 7F). There were no appreciable abnormalities and pathological injury among the groups, indicating that MnPB NPs were biologically safe in vivo.
[image: Figure 7]FIGURE 7 | The MnPB NPs inhibit the growth of tumor xenografts in nude mice. (A) Pictures recorded by a thermal imaging camera during NIR irradiation. (B) Temperature curve of tumor areas in mice. (C) The tumor picture taken at day 14. (D) Relative tumor volume curve and (E) body weight curve of mice with various treatments. (F) H&E staining of main organs from mice in different groups. Scale bar, 100 μm.
We also used immunocytochemistry and immunofluorescence to assess cell proliferation and apoptosis of tumor tissue sections (Figures 8A,B; Supplementary Figures S6, S7). Compared to the control group, the expression of the proliferative marker Ki67 declined and cell apoptosis increased in the group 3 and 4. And resulting from synergistic therapeutic effect of CDT and PTT, most of the cells were apoptotic in group 4. These results clearly indicated that MnPB NPs with NIR irradiation led to severe cell damage and inhibited tumor growth efficiently in vivo.
[image: Figure 8]FIGURE 8 | The MnPB NPs inhibit the growth of non-small lung cancer in vivo. (A) Ki67 staining and (B) TUNEL staining images of tumors. Scale bar, 100 μm.
The Manganese-Based Prussian Blue Nanoparticles Serve as Great T1 Contrast Agents
MRI is a widely used tool to diagnose clinical diseases with good soft tissue contrast and high spatial resolution (Yang et al., 2011; Liang et al., 2020). Nowadays, it is requisite to develop a multifunctional nanoplatform which includes noninvasive therapy methods and imaging technology (Zeng et al., 2019; Li X. et al., 2021). In our study, since MnPB NPs contained Mn2+, they could serve as T1 contrast agents. So we explored the T1-weighted imaging property of MnPB NPs in vivo (Figures 9A,B). The results showed that the MRI signal became brighter obviously after intratumoral injection of MnPB NPs, demonstrating that the MnPB NPs could act as effective T1 contrast agents.
[image: Figure 9]FIGURE 9 | The MnPB NPs can be used as excellent T1 contrast agents. (A) Representative T1-weighted MRI images of A549 tumor-bearing mice before and (B) after intratumoral injection of MnPB NPs.
CONCLUSION
PB is well known as a safe photothermal agent in the treatment of tumor (Fu et al., 2012; Lu et al., 2020). In our study, we fabricated Mn-based PB nanocatalysts to acquire enhanced synergetic effect of PTT and CDT under the guidance of MRI. By the combination of PTT and CDT, the MnPB NPs induced cell death effectively of NSCLC in vivo and in vitro. And they had inhibitory effect on the metastasis of NSCLC cells via decreasing the expression of MMP2 and MMP9. Moreover, the MnPB NPs exhibited excellent T1-weighted imaging performance in vivo. Therefore, the results above confirmed that the MnPB NPs had the potential in treating NSCLC, and also could be used as excellent T1 contrast agents to diagnose NSCLC.
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