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The development of biomimetic nanoparticles with functionalities of natural biomaterial remains a major challenge in cancer combination therapy. Herein, we developed a tumor-cell-derived exosome-camouflaged porous silicon nanoparticles (E-MSNs) as a drug delivery system for co-loading ICG and DOX (ID@E-MSNs), achieving the synergistic effects of chemotherapy and photothermal therapy against breast cancer. Compared with ID@MSNs, the biomimetic nanoparticles ID@E-MSNs can be effectively taken up by the tumor cell and enhance tumor accumulation with the help of the exosome membrane. ID@E-MSNs also retain the photothermal effect of ICG and cytotoxicity of DOX. Under 808 nm near infrared irradiation, ICG can produce hyperthermia to collapse E-MSNs nanovehicles, accelerate drug release, and induce tumor ablation, achieving effective chemo-photothermal therapy. In vivo results of 4T1 tumor-bearing BALB/c mice showed that ID@E-MSNs could accumulate tumor tissue and inhibit the growth and metastasis of tumor. Thus, tumor exosome-biomimetic nanoparticles indicate a proof-of-concept as a promising drug delivery system for efficient cancer combination therapy.
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INTRODUCTION

Cancer with high mortality has become the leading cause of fatality worldwide (Bray et al., 2018), mainly due to the limited drug delivery system (Gelband et al., 2016). An ideal drug delivery achieves therapeutic efficacy in cancer with enhanced thermal target and long blood circulation (Maeda et al., 2013). In order to improve the capacity of targeting tumor tissues, nanoparticles have been surface-modified by peptides or chemical biomacromolecules (Cheng et al., 2015). However, nanoparticles as allogenic substances might be rapidly recognized and cleared away by the immune system (Salvati et al., 2013). Moreover, the targeting ligands are not valid for all types of tumors because of the complexity of tumors and heterogeneity of human beings (Zhao et al., 2013).

Biomimetic nanoparticles (Luk and Zhang, 2015; Tan et al., 2015; Zhen et al., 2019) are assembled by natural biomaterials such as cell membranes from cancer cells (Chen et al., 2016; Zhang et al., 2020), red blood cells (Gao et al., 2013; Piao et al., 2014), white blood cells (Parodi et al., 2013), platelets (Wei et al., 2016), and various synthetic nanoparticles, and this might be a promising strategy for anti-tumor drug delivery (Li et al., 2018). The biomimetic nanoparticles have displayed target-homing capacity, prolonged circulation, and good biocompatibility, in accordance with properties of cell membranes (Gao et al., 2016; Deng et al., 2018; He et al., 2018). Recently, exosomes as endogenous nanovesicles are secreted by various cells which have been developed as a novel drug delivery system (Batrakova and Kim, 2015; Vader et al., 2016). Moreover, numerous studies have reported that the exosomes 30–100 nm in diameter possess retention effects, and the membrane protein, target-homing and escaping phagocytosis (Kamerkar et al., 2017; Teng et al., 2017). Given all of these excellent characteristics, exosomes can be used as a drug delivery due to biocompatibility, low immunogenicity, and target-homing (Cheng et al., 2018). However, the exosomes used as a drug carrier are limited to the low drug-loading capacity (Yong et al., 2019), and porous silicon nanoparticles (MSNs) have been widely used for drug delivery owing to their excellent drug loading capacity (Wang et al., 2015). Therefore, it is desired to construct exosome-biomimetic nanoparticles with good biocompatibility and high drug loading for cancer therapy in present research.

The strategy of exosome-biomimetic nanoparticles with chemotherapy and photothermal therapy (Li J. et al., 2019; Cong et al., 2020; Guo et al., 2020; Li and Pu, 2020) could provide a novel approach for the combined treatment of tumors (Wan et al., 2018; Tang et al., 2019). As one of the commonly used photosensitizers, ICG is designed to exhibit PTT efficiency to induce the tumor cell apoptosis under 808 nm laser irradiation (Xin et al., 2017; Li X. et al., 2019). The utilization of ICG in combination with doxorubicin (DOX), a broad-spectrum chemotherapeutic drug, can improve anticancer effects (Ye et al., 2020; Wu et al., 2020). However, the hydrophobic characteristic of ICG and the toxicity of DOX in vivo limit its clinical applications (Zheng et al., 2013; Yan et al., 2016). Therefore, ICG and DOX can be co-loaded into exosome-biomimetic nanoparticles, which can improve drug stability, utilization, and effectivity so as to achieve the anti-tumor treatment.

In this study, we developed a tumor-cell-derived exosome-camouflaged porous silicon nanoparticles (E-MSNs) by extrusion method (Pan et al., 2020) as a drug delivery system for co-loading ICG and DOX (ID@E-MSNs), to achieve targeted cancer combined therapy. Compared with ID@MSNs, the biomimetic nanoparticles ID@E-MSNs can be taken up by the tumor cell effectively, which could also enhance tumor accumulation owing to the characteristics of exosome membrane. Besides, ID@E-MSNs also retain the photothermal effect of ICG and cytotoxicity of DOX. Under 808 nm near infrared irradiation, ICG can produce hyperthermia to collapse nanovehicles, accelerate drug release, and induce tumor ablation, achieving effective chemo-photothermal therapy. In vivo results of 4T1 tumor-bearing BALB/c mice, it showed that ID@E-MSNs could accumulate tumor tissue and inhibit its growth and metastasis. Thus, tumor exosome-biomimetic nanoparticles indicate that a proof-of-concept could be concerned as a promising drug delivery system for efficient cancer combination therapy (shown in Figure 1).
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FIGURE 1. Schematic illustration of ID@E-MSNs nanovehicles for cancer-targeted chemo-photothermal therapy.




RESULTS AND DISCUSSION


Synthesis and Characterization of ID@E-MSN Nanoparticles

In this study, a biomimetic nanocarrier system was assembled based on 4T1 tumor exosome-modified MSNs for the co-loading of ICG and DOX, thus hoping to combine chemotherapy and photothermal therapy against breast cancer efficiently. The formulation of E-MSNs was composed of three processes: 4T1 exosomes were derived from the culture supernatants of 4T1 cells by ultracentrifugation; the mesoporous silica nanoparticles (MSNs) were synthetized under the guidance of previous methods; 4T1 exosomes were mixed with MSNs and then processed through extrusion, thus preparing E-MSNs. The typical morphological structure of these particles was observed by transmission electron microscope (TEM). The images of TEM (Figure 2A) revealed exosomes which had a typical morphology, MSNs particles displayed irregular morphology, and E-MSNs had 20 nm thick membrane appearing on the surface comparing with MSNs, confirming the presence of the membrane sheathed on MSNs in E-MSNs. In addition, the histogram of size distribution is shown in Figures 2B–D. NTA analysis displayed that the size of 4T1 exosomes was within 50–100 nm, MSNs and E-MSNs were 125 ± 15 nm and 150 ± 11 nm, in accordance with the result attained from TEM. To further prove that MSNs were coated with 4T1 exosomes membrane structure in E-MSNs, 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO), a commonly used cell membrane fluorescent probe, was used to stain 4T1 exosomes, and 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) was loaded in MSNs. What’s more, colocalization of green DiO fluorescence with red DiI fluorescence was observed in DiI@E-MSNs by confocal laser scanning microscopy (CLSM) (Figure 2E).
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FIGURE 2. Synthesis and characterization. (A) TEM images of (a) 4T1 exosomes, (b) MSNs, and (c) E-MSNs, the membrane of E-MSNs with the average value of 20 nm. Scale bar: 100 nm. (B–D) The size distribution of 4T1 exosomes, MSNs, and E-MSNs was measured by NTA. (E) Confocal images of exosome membrane labeled by DiO dye (λem = 488 nm), DiI loaded in MSNs (λem = 560 nm), a mixture of exosome and MSNs, fused E-MSNs nanovesicles (Scale bar = 42 μm). (F) Western blot analysis of protein expression (CD63, CD81, calnexin) of 4T1 cells, 4T1 exosome, and E-MSNs nanovehicles. (G) Zeta potential (ζ) of MSNs, ID@MSNs, and ID@E-MSNs.


Apart from those, Western blot experiments further showed that similar to the whole cell lysates and the purified exosomes obtained by differential ultracentrifugation, exosome biomarkers CD63 and CD81 were also detected in E-MSNs (Figure 2F), confirming the presence of 4T1 exosomes in E-MSNs. In contrast to exosome biomarkers, calnexin, a protein located in the endoplasmic reticulum (ER), was only detected in whole cell lysates, but not in both E-MSNs and the purified exosomes, revealing the high purity of the exosomes sheathed on MSNs in E-MSNs.

E-MSNs was used as a drug carrier by co-loading ICG and DOX for combined therapy. ICG/DOX were loaded into MSNs and then ID@E-MSNs were also obtained by an extrusion method in a similar fashion to E-MSNs. In order to prove that E-MSNs successfully had loaded ICG and DOX, compared with the single MSNs, free ICG, and free DOX, ID@E-MSNs successfully detected two drugs with peaks of 488 and 780 nm, respectively (Supplementary Figure S1). Moreover, the zeta potential (ζ) values provided further evidence for the successful construction of nanoparticles co-loading drugs in each procedure, with a value of −20.5 ± 1.2 mV for MSNs, −5.8 ± 1.5 mV for ID@MSNs and −28.9 ± 3 mV for ID@E-MSNs (Figure 2G).

Meanwhile, ICG/DOX loading did not significantly change the size of E-MSNs. Moreover, the size of ID@E-MSNs remained almost constant even after incubating in PBS with or without 10% fetal bovine serum (FBS) for 7 days (Supplementary Figure S2). These results demonstrated that ID@E-MSNs were featured with excellent stability, which can be further applied for in vitro and in vivo study.



Cellular Internalization of ID@E-MSNs

Cellular internalization plays a key role in therapy. To evaluate the cellular uptake efficiency of ID@MSNs, 4T1 cells were treated with free DOX+ICG, ID@MSNs and ID@E-MSNs. As shown in Supplementary Figure S3, the red fluorescence of DOX and the green fluorescence of ICG were observed in cells. After the 6 h incubation, compared with other treatments, ID@E-MSNs exhibited the highest fluorescence, indicating that exosome membrane coating enhanced the cellular uptake of ID@E-MSNs.



Combination Therapy Effects of ID@E-MSNs in vitro

To evaluate the photothermal efficiency of ID@E-MSNs in vitro by detecting the temperature changes in 10 min laser irradiation, the images of infrared thermal and curve of temperature were shown in Figures 3A,B. According to the result, the free ICG, ID@MSNs, ID@E-MSNs showed similar temperature changes, with the maximum temperature about 60°C, which was enough to kill tumor cells. These results indicated that ID@E-MSNs had the capacity of photothermal conversion equal to free ICG, and the exosome membrane coating exerted little impact on the ability to transfer light to heat, then to evaluate the release of DOX from ID@MSNs and ID@E-MSNs in different conditions (Supplementary Figure S4). The results showed the acidic condition and laser irradiation played a key role in stimulating the release of DOX from ID@E-MSNs. The cytotoxicity of free DOX, free ICG, and irradiation were evaluated by CCK-8 assay (Supplementary Figure S5). What’s more, the 808 nm laser at power densities of 1.0, 2.0, and 2.5 W/cm2 did not influence the growth of 4T1 during continuous irradiation for 10 min. Besides, the IC50 of free DOX was about 0.5 μg/mL, and that of free ICG and NIR irradiation was 2 μg/mL. ID@E-MSNs exhibited combined therapy efficiency under laser irradiation to 4T1 breast cancer cells. To evaluate the effect of synergistic cytotoxicity, clone formation assay of 4T1 was performed. The results showed that 808 nm laser irradiation induced cell death. Moreover, the effect of synergistic cytotoxicity was assessed by the flow cytometry (Figure 3C). After laser irradiation, the total rate of cell apoptosis induced by ID@MSNs was 60.4%, while that of ID@E-MSNs was 78.3%. The cytotoxicity of ID@MSNs was more significant than the other treatments. Altogether, ID@E-MSNs mediated combinatorial chemo-photothermal therapy which induced 4T1 cell apoptosis. In addition, apoptosis-associated proteins and metastases-associated proteins were also detected. As shown in Figures 3D,E, after laser irradiation, the caspase-9/-3 expressions level in the 4T1 treated with ID@MSNs and ID@E-MSNs were increasing obviously, while the MM2/MMP9 level was declining, demonstrating that these treatments had activated the signaling pathway.
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FIGURE 3. Combination therapy effects of ID@E-MSNs in vitro. (A) The IR thermal images of PBS, free DOX, free ICG, ID@MSNs, and ID@E-MSNs during laser irradiation for 10 min. (B) The temperature change curves of PBS, free DOX, free ICG, ID@MSNs, and ID@E-MSNs during laser irradiation. (C) The cell apoptosis quantified by the flow cytometry at 48 h after various treatments (Q1: live cells; Q2: early apoptotic cells; Q3: late apoptotic cells; Q4: dead cells). (D) The Western blot analysis of the protein expressions of cleaved caspase-9/-3 in 4T1 cells at 48 h after various treatments. (E) The Western blot analysis of the protein expressions of MMP2/9 in 4T1 cells at 48 h after various treatments.




Evaluation of ID@E-MSNs in vivo

According to the above results, the biodistribution of ID@E-MSNs was then taking a further investigation. The ID@MSNs and ID@E-MSNs were injected via tail veins of the 4T1 tumor-bearing mice to compare tumor accumulation capacity and photothermal capacity. As shown in Figures 4A,B, the fluorescent intensity of ID@E-MSNs gradually got enhanced at the tumor site during the first 24 h and were maintained for more than 24 h, which was always higher than that of the ID@MSNs group. These results showed that the tumor-targeting ability of ID@E-MSNs was from the modification of 4T1 exosome. Furthermore, the fluorescent intensity of tumors tissue injected by ID@E-MSNs was 3.1-fold higher than those injected by ID@MSNs (Figures 4C,D), proving the strong accumulation capacity of ID@E-MSNs. Nevertheless, the photothermal capacity of ID@E-MSNs and ID@MSNs was evaluated in Supplementary Figure S6. Upon NIR irradiation 24 h after injection, the tumor tissue administered by ID@E-MSN temperature gradually increased, reaching 50°C, which was powerful enough to kill tumor cells.
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FIGURE 4. Distribution of ID@E-MSNs in vivo. (A) Imaging of 4T1 tumor-bearing mice at time points 4, 12, 24, 48 h after intravenous injection with ID@MSNs and ID@E-MSNs. Schematic diagram of experiment for 16 days of treatment. (C) Fluorescence images of organs harvest from 4T1 tumor-bearing mice were injected by ID@MSNs and ID@E-MSNs after 24 h. Schematic diagram of experiment for 16 days of treatment. (B) The fluorescence intensity of ID@MSNs and ID@E-MSNs in vivo. (D) The fluorescence intensity of ID@MSNs and ID@E-MSNs in organs.




Combination Therapy Effects of ID@E-MSNs in vivo

To investigate the impact on the therapeutic effect and the inhibition of the metastasis of ID@E-MSNs, chemo-photothermal therapy schedule conducted in 4T1-tumor-bearing BALB/c mice is shown in Figure 5A. Tumor-bearing mice were administered with PBS, Free DOX, Free ICG+NIR laser, ID@MSNs+NIR laser, and ID@E-MSNs+NIR laser. In all treatment groups, ID@E-MSNs-based chemo-photothermal therapy obviously inhibited the growth of tumor after 16 days of treatment (Figures 5B,C), in accordance with the photograph of tumors (Figure 5D). Also, there were no significant alterations shown in the body weight of mice with the injected ID@E-MSNs and exposed to NIR laser (Figure 5E). In addition, compared with the other groups, tumor cell proliferation was also observed in the groups by the Ki67 assay (Figure 5F), in which the ability of proliferation was repressed by the treatment of ID@E-MSNs+NIR laser. Therefore, ID@E-MSNs represented a very effective chemo-photothermal nanomedicine for the preventing growth and metastasis of breast cancer.
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FIGURE 5. Combination therapy effects of ID@E-MSNs in vivo. (A) Schematic diagram of experiment for 16 days of treatment. (B) The curves of tumor volumes, n = 5. (C) The photograph of tumor, n = 5. (D) Tumor weight, n = 5. Data are characterized as mean ± SD, **p < 0.01. (E) The curves of body weight, n = 5. (F) HE and Ki67 staining of tumor tissues after 16 days of treatment, Scale bar = 1 mm.


To further evaluate the systematic toxicity of ID@MSNs and ID@E-MSNs in vivo, we injected the particles into healthy BALB/c mice by means of a tail-intravenous injection at a dosage of 20 mg/kg and harvested the blood at 24 h for biochemistry assay. As shown in Figure 6A, the weight of mice did not change significantly. The levels of liver function markers such as AST\ALT, and the kidney marker such as BUN\CRE, were all in the normal range (Figures 6B,C). Furthermore, in Figure 6D, compared with control, organs and tissues such as heart, liver, spleen, lung, and kidney had no obvious pathological change in ID@MSNs- and ID@E-MSNs-treated groups, which suggested that there was no evidence of inflammatory response caused by ID@E-MSNs. Altogether, ID@E-MSNs-mediated combinatorial chemo-photothermal therapy can be deemed as a safe drug carrier against tumors.
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FIGURE 6. Biosafety assay verification of ID@E-MSNs. (A) Body weight curve of mice during 16 days of treatment. (B) Blood analysis of the levels of liver function markers ALT and AST. (C) Blood analysis of the levels of kidney function markers CRE and BUN. (D) H&E staining of major organs showing no obvious histology changes comparing with control, Scale bar = 1 mm.





CONCLUSION

In summary, we have successfully developed a biocompatible tumor exosome-sheathed MSNs-based drug delivery platform for targeted tumor chemo-photothermal therapy, in which ID@E-MSNs are constructed by combining 4T1 exosomes and ID@MSNs via an extruding method to an achieve enhanced combined therapy for cancer. Compared with free ICG/DOX, the drug loaded on MSNs and cloaked by 4T1 exosomes has shown superior performance in targeting, long-term retention, and favorable biocompatibility. These results mainly originate from the nature characteristics and the component of exosomes. Our study clearly demonstrates that exosome-biomimetic nanoparticles can be used in combined therapy, and this approach provides a new idea for developing natural drug carriers to improve the efficacy of anticancer therapy.



MATERIALS AND METHODS


Materials

Doxorubicin (DOX), indocyanine green (ICG), bovine serum albumin (BSA), tetraethylorthosilicate (TEOS), and cetyltrimethylammonium bromide (CTAB) were obtained from Sigma-Aldrich (United States). 3,3′-Dioctadecyloxacarbocyanine perchlorate (Dio) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) were bought from Biyuntian (China). Polyvinylidene fluoride membranes (PVDF) were acquired from Millipore (United States). MTT and Ki67 reagents were provided by Yeasen Corporation (China). RPMI 1640 medium, FBS, penicillin, and streptomycin were provided by Hyclone (United States). You Ning Wei Corporation (China) offered the other reagents, including acrylamide, mouse anti-MMP2 (Santa Cruz, United States), mouse anti-MMP9 (Santa Cruz, United States), rabbit anti-calnexin (Santa Cruz, United States), rabbit anti-CD81 (ProteinTech, Chicago, IL, United States), and rabbit anti-CD63 (Abcam, Cambridge, Britain).



Characterization

The particle size of exosomes and membrane-coated nanoparticles were measured by Nanosight3300 (Malvern, Britain). The morphology of the particle was observed by a Transmission Electron Microscope (Hitachi, Japan). The content of drugs and granules is calculated by UV-Vis absorption spectroscopy (BioTek, United States). The cells were observed by inverted fluorescence microscope and laser scanning confocal microscope (Leica, Germany). The 808 nm laser irradiation instrument was obtained from Changchun New Industries (China). Exosome-encapsulated nanoparticles were constructed by an Avanti mini extruder (Avanti Polar Lipids). Ultrapure water was prepared by the Millipore Milli-Q system (Merck, Germany).



Preparation of MSNs and ID@MSNs

The MSNs were synthesized by a previous protocol (Cheng et al., 2018). Briefly, 0.25 g of CTAB was added into 25 mL of deionized water, 7 mL of absolute ethanol, and 70 μL of diethanolamine. The mixture was stirred at 70°C for 30 min and then quickly added 0.8 mL of TEOS. The action lasted for 1 h, then the template was removed to obtain the MSNs. After being freeze-dried, 10 mg of MSNs was weighted and mixed with 2 mg of DOX and 4 mg of ICG in 2 mL of deionized water, then stirred overnight at room temperature to prepare ID@MSNs. The ID@MSNs were centrifuged at 5000 rpm for 10 min to collect precipitate and gently washed with deionized water twice to eliminate free drug.



Preparation of Purified 4T1 Exosome Vesicles

Firstly, 1 × 106 4T1 cells were seeded in 10 mL of 1640 supplemented with 10% no-nanovesicle FBS at standard condition for 48 h. The medium was then centrifuged at 5000 × g for 30 min, 10,000 × g for 30 min, and 100,000 × g for 1 h. The isolated exosomes were resuspended in cooling PBS. All the experiments were completed under 4°C. The preparation of 4T1 exosome vesicles used a previous method (Xin et al., 2017). In short, exosomes were sonicated at 5 W for 5 s, and then extruded with polycarbonate membrane to obtain exosomes vesicles. The protein of exosome vesicles was detected by Western blot.



Fabrication of ID@E-MSNs Nanovehicles

ID@MSNs were embedded into 4T1 exosomes vehicles to fabricate the ID@E-MSNs nanovehicles by an extruding process. Briefly, 500 μL of exosomes (2 × 109 particles/mL) were mixed with the equal particles of ID@MSNs in an Avanti mini extruder. Then the mixture was sonicated at 5 W for 5 s, and then extruded with polycarbonate membrane to obtain ID@E-MSNs. The protein of ID@E-MSNs was detected by Western blot, and the stability of ID@E-MSNs in PBS was tested for 7 days at room temperature.



Cell Culture and Animals

Tumor cell 4T1 and mononuclear macrophage RAW264.7 cells bought from the American Type Culture Collection were cultured by a standard method (RPMI 1640 with 10% FBS and 1% penicillin and streptomycin at 37°C, 5% CO2); 18–20 g of BALB/c mice (female) were purchased from Beijing HFK Bioscience Co., Ltd. All of the animal experiments were compiled by relevant ethical regulations and were authorized by the Institutional Animal Care and Use Committee of Tianjin Medical University Cancer Institute.



Cell Uptake Assay

1 × 106 4T1 cells and RAW264.7 cells were seeded into 10 cm dishes, respectively, supplemented with RIPM 1640 and 10% FBS at standard condition for 48 h. The cells were incubated with ID@MSNs and ID@E-MSNs for 4 h at the ICG concentrations of 10 μg/mL. After incubation, the free particles were washed three times by PBS, and the cells were stained with DAPI for 20 min for observation. Analysis was performed by a confocal microscope. Moreover, the uptakes of ID@MSNs and ID@E-MSNs in 4T1 cells and RAW264.7 were evaluated by the flow cytometry. In short, 1 × 106 the cells were cultured in 6 cm dishes and incubated with ID@MSNs and ID@E-MSNs for 4 h at the ICG concentrations of 10 μg/mL. After incubation, the free particles were washed three times by PBS, and the cells were stained with DAPI for 20 min for observation. Analysis was performed by flow cytometry.



Cell Safety Assay

5 × 103 4T1 cells were cultured into a 96-well plate for 24 h, then exposed to 808 nm laser irradiation at power density of 0.5, 1.5, and 2.5 W/cm2 for 10 min.

Subsequently, the cells were incubated for another 24 h. Then, the cells were processed by CCK8 assay to analyze the toxicity of irradiation, and the absorbance was detected by a microplate reader. The same method was used to evaluate the toxicity of dosing.



Biodistribution Study of ID@E-MSNs in Tumor-Bearing Mice

To construct the tumor-bearing mice, 1 × 105 4T1 cells were implanted in female BALB/c mice. When the tumor volumes reached 150 mm3, the biodistribution studies of ID@E-MSNs were evaluated. The experiments were divided into two groups (five mice for each group): 100 μL of ID@MSNs and ID@E-MSNs (ICG concentration: 100 μg/mL) was injected via tail veins to the 4T1 tumor-bearing mice. Fluorescent images were acquired by IVIS Spectrum imaging systems at desired time points – 1, 4, 8, and 24 h pre-injection. Under the same condition, the excised tumor and organs such as heart, liver, spleen, lung, and kidney were also imaged by the IVIS fluorescent system.



In vivo Anti-tumor Assay of ID@E-MSNs

Orthotropic 4T1 tumor-bearing mode were constructed for assessing efficacy of combined therapy in vivo. When the tumor volumes reached about ∼150 mm3, the mice were randomized into two groups. The mice were intravenously injected with: PBS, free ICG/DOX, ID@MSNs, and ID@E-MSNs at an ICG dosage of 2 mg/kg and DOX of 0.5 mg/kg via the tail vein, respectively. The amount of ICG was 2 mg/kg and DOX was 0.5 mg/kg; 808 nm laser treatment was performed next day. The body weight of mice was recorded every day after treatment, and the dimensions of tumor were measured every 3 days. At 16 days after treatments, the mice were euthanized. Then, the tumor tissues and organs, such as the heart, kidney, liver, spleen, and lung were collected for histopathological examination (H&E) or Ki67 staining. At 24 h post-injection, the levels of liver function markers such as AST\ALT and the kidney marker such as BUN\CRE were detected by kit.



Statistical Analysis

All values represented mean ± SD. Statistical analyses between two paired groups using the Tukey comparative test (ANOVA) were carried out by the GraphPad Prism 5.0 software. P < 0.05 indicates statistically significant data.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Tianjin Medical University Cancer Institute.



AUTHOR CONTRIBUTIONS

JC, WG, and RN designed the project. RT and ZW performed the experiments and analyzed data. HW interpreted the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was sponsored by the National Key Research and Development Program of China (No. 2017YFA0205104), National Natural Science Foundation of China (Nos. 81903092, 51873150, 31971300, 817719709, and 81772804), Tianjin Natural Science Foundation (No. 19JCYBJC28800), Changjiang Scholars and Innovative Research Team (No. IRT_14R40), Young Elite Scientists Sponsorship Program by Tianjin, and Cancer Translational Research Seed Fund (No. 1703).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2020.01010/full#supplementary-material



REFERENCES

Batrakova, E. V., and Kim, M. S. (2015). Using exosomes, naturally-equipped nanocarriers, for drug delivery. J. Control. Release 219, 396–405. doi: 10.1016/j.jconrel.2015.07.030

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

Chen, Z., Zhao, P., Luo, Z., Zheng, M., Tian, H., Gong, P., et al. (2016). Cancer cell membrane-biomimetic nanoparticles for homologous-targeting dual-modal imaging and photothermal therapy. ACS Nano 10, 10049–10057. doi: 10.1021/acsnano.6b04695

Cheng, C. J., Tietjen, G. T., Saucier-Sawyer, J. K., and Saltzman, W. M. (2015). A holistic approach to targeting disease with polymeric nanoparticles. Nat. Rev. Drug Discov. 14, 239–247. doi: 10.1038/nrd4503

Cheng, G., Li, W., Ha, L., Han, X., Hao, S., Wan, Y., et al. (2018). Self-assembly of extracellular vesicle-like metal-organic framework nanoparticles for protection and intracellular delivery of biofunctional proteins. J. Am. Chem. Soc. 140, 7282–7291. doi: 10.1021/jacs.8b03584

Cong, Z., Zhang, L., Ma, S. Q., Lam, K. S., Yang, F. F., and Liao, Y. H. (2020). Size-transformable hyaluronan stacked self-assembling peptide nanoparticles for improved transcellular tumor penetration and photo-chemo combination therapy. ACS Nano 14, 1958–1970. doi: 10.1021/acsnano.9b08434

Deng, G., Sun, Z., Li, S., Peng, X., Li, W., Zhou, L., et al. (2018). Cell-membrane immunotherapy based on natural killer cell membrane coated nanoparticles for the effective inhibition of primary and abscopal tumor growth. ACS Nano 12, 12096–12108. doi: 10.1021/acsnano.8b05292

Gao, C., Lin, Z., Wu, Z., Lin, X., and He, Q. (2016). Stem-cell-membrane camouflaging on near-infrared photoactivated upconversion nanoarchitectures for in vivo remote-controlled photodynamic therapy. ACS Appl Mater Interfaces 8, 34252–34260. doi: 10.1021/acsami.6b12865

Gao, W., Hu, C. M., Fang, R. H., Luk, B. T., Su, J., and Zhang, L. (2013). Surface functionalization of gold nanoparticles with red blood cell membranes. Adv. Mater. 25, 3549–3553. doi: 10.1002/adma.201300638

Gelband, H., Sankaranarayanan, R., Gauvreau, C. L., Horton, S., Anderson, B. O., Bray, F., et al. (2016). Costs, affordability, and feasibility of an essential package of cancer control interventions in low-income and middle-income countries: key messages from Disease Control Priorities, 3rd edition. Lancet 387, 2133–2144. doi: 10.1016/S0140-6736(15)00755-2

Guo, X., Cao, B., Wang, C., Lu, S., and Hu, X. (2020). In vivo photothermal inhibition of methicillin-resistant Staphylococcus aureus infection by in situ templated formulation of pathogen-targeting phototheranostics. Nanoscale 12, 7651–7659. doi: 10.1039/d0nr00181c

He, H., Guo, C., Wang, J., Korzun, W. J., Wang, X. Y., Ghosh, S., et al. (2018). Leutusome: a biomimetic nanoplatform integrating plasma membrane components of leukocytes and tumor cells for remarkably enhanced solid tumor homing. Nano Lett. 18, 6164–6174. doi: 10.1021/acs.nanolett.8b01892

Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A., et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 546, 498–503. doi: 10.1038/nature22341

Li, J., Cui, D., Huang, J., He, S., Yang, Z., Zhang, Y., et al. (2019). Organic Semiconducting Pro-nanostimulants for near-infrared photoactivatable cancer immunotherapy. Angew. Chem. Int. Ed. Engl. 58, 12680–12687. doi: 10.1002/anie.201906288

Li, J., and Pu, K. (2020). Semiconducting polymer nanomaterials as near-infrared photoactivatable protherapeutics for cancer. Acc. Chem. Res. 53, 752–762. doi: 10.1021/acs.accounts.9b00569

Li, J., Zhen, X., Lyu, Y., Jiang, Y., Huang, J., and Pu, K. (2018). Cell membrane coated semiconducting polymer nanoparticles for enhanced multimodal cancer phototheranostics. ACS Nano 12, 8520–8530. doi: 10.1021/acsnano.8b04066

Li, X., Bottini, M., Zhang, L., Zhang, S., Chen, J., Zhang, T., et al. (2019). Core-satellite nanomedicines for in vivo real-time monitoring of enzyme-activatable drug release by fluorescence and photoacoustic dual-modal imaging. ACS Nano 13, 176–186. doi: 10.1021/acsnano.8b05136

Luk, B. T., and Zhang, L. (2015). Cell membrane-camouflaged nanoparticles for drug delivery. J. Control. Release 220, 600–607. doi: 10.1016/j.jconrel.2015.07.019

Maeda, H., Nakamura, H., and Fang, J. (2013). The EPR effect for macromolecular drug delivery to solid tumors: improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug Deliv. Rev 65, 71–79. doi: 10.1016/j.addr.2012.10.002

Pan, S., Pei, L., Zhang, A., Zhang, Y., Zhang, C., Huang, M., et al. (2020). Passion fruit-like exosome-PMA/Au-BSA@Ce6 nanovehicles for real-time fluorescence imaging and enhanced targeted photodynamic therapy with deep penetration and superior retention behavior in tumor. Biomaterials 230:119606. doi: 10.1016/j.biomaterials.2019.119606

Parodi, A., Quattrocchi, N., van de Ven, A. L., Chiappini, C., Evangelopoulos, M., Martinez, J. O., et al. (2013). Synthetic nanoparticles functionalized with biomimetic leukocyte membranes possess cell-like functions. Nat. Nanotechnol. 8, 61–68. doi: 10.1038/nnano.2012.212

Piao, J. G., Wang, L., Gao, F., You, Y. Z., Xiong, Y., and Yang, L. (2014). Erythrocyte membrane is an alternative coating to polyethylene glycol for prolonging the circulation lifetime of gold nanocages for photothermal therapy. ACS Nano 8, 10414–10425. doi: 10.1021/nn503779d

Salvati, A., Pitek, A. S., Monopoli, M. P., Prapainop, K., Bombelli, F. B., Hristov, D. R., et al. (2013). Transferrin-functionalized nanoparticles lose their targeting capabilities when a biomolecule corona adsorbs on the surface. Nat. Nanotechnol. 8, 137–143. doi: 10.1038/nnano.2012.237

Tan, S., Wu, T., Zhang, D., and Zhang, Z. (2015). Cell or cell membrane-based drug delivery systems. Theranostics 5, 863–881. doi: 10.7150/thno.11852

Tang, Y., Li, Y., Li, S., Hu, H., Wu, Y., Xiao, C., et al. (2019). Transformable nanotherapeutics enabled by ICG: towards enhanced tumor penetration under NIR light irradiation. Nanoscale 11, 6217–6227. doi: 10.1039/c9nr01049a

Teng, Y., Ren, Y., Hu, X., Mu, J., Samykutty, A., Zhuang, X., et al. (2017). MVP-mediated exosomal sorting of miR-193a promotes colon cancer progression. Nat. Commun. 8:14448. doi: 10.1038/ncomms14448

Vader, P., Mol, E. A., Pasterkamp, G., and Schiffelers, R. M. (2016). Extracellular vesicles for drug delivery. Adv. Drug Deliv. Rev. 106, 148–156. doi: 10.1016/j.addr.2016.02.006

Wan, G., Chen, B., Li, L., Wang, D., Shi, S., Zhang, T., et al. (2018). Nanoscaled red blood cells facilitate breast cancer treatment by combining photothermal/photodynamic therapy and chemotherapy. Biomaterials 155, 25–40. doi: 10.1016/j.biomaterials.2017.11.002

Wang, Y., Zhao, Q., Han, N., Bai, L., Li, J., Liu, J., et al. (2015). Mesoporous silica nanoparticles in drug delivery and biomedical applications. Nanomedicine 11, 313–327. doi: 10.1016/j.nano.2014.09.014

Wei, X., Gao, J., Fang, R. H., Luk, B. T., Kroll, A. V., Dehaini, D., et al. (2016). Nanoparticles camouflaged in platelet membrane coating as an antibody decoy for the treatment of immune thrombocytopenia. Biomaterials 111, 116–123. doi: 10.1016/j.biomaterials.2016.10.003

Wu, M., Mei, T., Lin, C., Wang, Y., Chen, J., Le, W., et al. (2020). Melanoma cell membrane biomimetic versatile CuS nanoprobes for homologous targeting photoacoustic imaging and photothermal chemotherapy. ACS Appl. Mater. Interfaces 12, 16031–16039. doi: 10.1021/acsami.9b23177

Xin, Y., Yin, M., Zhao, L., Meng, F., and Luo, L. (2017). Recent progress on nanoparticle-based drug delivery systems for cancer therapy. Cancer Biol. Med. 14, 228–241. doi: 10.20892/j.issn.2095-3941.2017.0052

Yan, F., Duan, W., Li, Y., Wu, H., Zhou, Y., Pan, M., et al. (2016). NIR-laser-controlled drug release from DOX/IR-780-loaded temperature-sensitive-liposomes for chemo-photothermal synergistic tumor therapy. Theranostics 6, 2337–2351. doi: 10.7150/thno.14937

Ye, H., Wang, K., Lu, Q., Zhao, J., Wang, M., Kan, Q., et al. (2020). Nanosponges of circulating tumor-derived exosomes for breast cancer metastasis inhibition. Biomaterials 242:119932. doi: 10.1016/j.biomaterials.2020.119932

Yong, T., Zhang, X., Bie, N., Zhang, H., Zhang, X., Li, F., et al. (2019). Tumor exosome-based nanoparticles are efficient drug carriers for chemotherapy. Nat. Commun. 10:3838. doi: 10.1038/s41467-019-11718-4

Zhang, S., Deng, G., Liu, F., Peng, B., Bao, Y., Du, F., et al. (2020). Autocatalytic delivery of brain tumor-targeting, size-shrinkable nanoparticles for treatment of breast cancer brain metastases. Adv. Funct. Mater. 30:1910651. doi: 10.1002/adfm.201910651

Zhao, Y., Alakhova, D. Y., and Kabanov, A. V. (2013). Can nanomedicines kill cancer stem cells? Adv. Drug Deliv. Rev. 65, 1763–1783. doi: 10.1016/j.addr.2013.09.016

Zhen, X., Cheng, P., and Pu, K. (2019). Recent advances in cell membrane-camouflaged nanoparticles for cancer phototherapy. Small 15:e1804105. doi: 10.1002/smll.201804105

Zheng, M., Yue, C., Ma, Y., Gong, P., Zhao, P., Zheng, C., et al. (2013). Single-step assembly of DOX/ICG loaded lipid–polymer nanoparticles for highly effective chemo-photothermal combination therapy. ACS Nano 7, 2056–2067. doi: 10.1021/nn400334y


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tian, Wang, Niu, Wang, Guan and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fbioe-08-01010-g006.jpg
>
w
(]

B PBS B ID@VMSNs B ID@E-MSNs
20

G 20 = PBS 8 8
.‘:;’ 150{ == ID@MSNs

2 g, B8 ID@E-MSNs - -
i - - PBS = =S €
3 -~ ID@MSNs 5 3 »
a - ID@E-MSNs

T 0 2 4 6 8 10 12 14 16 ALT AST épe Bk
Time(day)
D
PBS
ID@MSNs

ID@E-MSNSs |





OPS/images/fbioe-08-01010-g005.jpg
w

3

Tumor Volume (mm’)

-7 Day 0 Day
Tumor Inoculation

1Day

Irradiation

-o- PBS -o Free DOX
-o- Free ICG/L
—*- ID@MSNs/L
-o- |ID@E-MSNs/L

-
(=23
(=3

-
n
(=3

@
=3

0 2 4 6 8 10 12 14 16
Time(day)

res @ ® ¢ ‘
eox @ © & @ ©
FeicoL p @ © @ @
bemsnsL @ @ @ & @
e o

B i o

ID@E-MSNsIL ' { I

oam e

Free DOX_

NPs Injection 808 nm Laser

3 Day 4 Day Analysis &Measurement 16 Day
NPs Injection 808 nm Laser
Irradiation
C
L | * %
2
<=
,Em 1
E 0.
=]
* 3 o o
& &oo & & >
E < Q‘QQ & Q@Q’
25.0-
@ 225
:5, 20.05
2 175
'§' 15.01 o pBS —- Free DOX -e- Free ICGIL
00 125{ -> ID@MSNs/L -e ID@E-MSNs/L
lo-c T Ll L) T L} L} L 8 |
) 2 4 6 8 10 12 14 16
Time(day)

Free ICGIL

ID@MSNS/L ID@E MSNsIL





OPS/images/fbioe-08-01010-g004.jpg
ID@E-MSNs

w

Mean radiant
efficiency (X10°)

PBS

ID@MSN

Eptfresconze

-o- |ID@MSNs -o- ID@E-MSNs
et
c
8
T
B
c
©
[}
/\‘ E
L] L] L] 1
12 24 36 48
Time (h)

[

mea ( Liver [
-
@le) '

EpieThunescone

Tumor

w)

efficiency (x10")

ID@MSNs ID@E-MSNs

o I ID@MSNs I ID@E-MSNs
64

4

2+

0-

Q@’bb \;\4@" %Q\ee






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tumor Exosome Mimicking Nanoparticles for Tumor Combinatorial Chemo-Photothermal Therapy



		INTRODUCTION



		RESULTS AND DISCUSSION



		Synthesis and Characterization of ID@E-MSN Nanoparticles



		Cellular Internalization of ID@E-MSNs



		Combination Therapy Effects of ID@E-MSNs in vitro



		Evaluation of ID@E-MSNs in vivo



		Combination Therapy Effects of ID@E-MSNs in vivo







		CONCLUSION



		MATERIALS AND METHODS



		Materials



		Characterization



		Preparation of MSNs and ID@MSNs



		Preparation of Purified 4T1 Exosome Vesicles



		Fabrication of ID@E-MSNs Nanovehicles



		Cell Culture and Animals



		Cell Uptake Assay



		Cell Safety Assay



		Biodistribution Study of ID@E-MSNs in Tumor-Bearing Mice



		In vivo Anti-tumor Assay of ID@E-MSNs



		Statistical Analysis







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fbioe-08-01010-g003.jpg
A B
Omin 2min 4min 6min 8min 10min 80 = MSNSIL _——— DOXIL —— |CGIL
~ R = o ] e e
-56 3
- I
48 3
©
- T | ¢
40 o
- IR : ¢
|32 -
TRMDI -26.6

Time(min)
C
Control ID/L ID@MSNs/L ID@E-MSNs/L
ey Slo ?;",a B ?.13% %4% = (7:.;1% 554%3 “e—; 2(101 5% . 4Q42 4%

cleaved
caspase9

cleaved
caspase3

actin






OPS/images/fbioe-08-01010-g002.jpg
a9

200 300 a0¢

100

E-MSNs

Exosome/MSNs

I

(Aw) [enudjoed v)7Z

(]
E
o
[}
)
X
i

marker

calnexin

MSNs

ID@MSNs ID@E

MSNs






OPS/images/fbioe-08-01010-g001.jpg
Tumor-derived exosome

AN 0 %
Y X BR: .::.:::: Y X}
- ICG -

MSNs ID@MSNSs

ID@E-MSNs






OPS/images/cover.jpg






OPS/images/logo.jpg
' frontiers
in Bioengineering and Biotechnology





