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Abstract

:

Type I photosensitizers with aggregation-induced emission luminogens (AIE-gens) have the ability to generate high levels of reactive oxygen species (ROS), which have a good application prospect in cancer photodynamic therapy (PDT). However, the encapsulation and delivery of AIE molecules are unsatisfactory and seriously affect the efficiency of a practical therapy. Faced with this issue, we synthesized the metal-organic framework (MOF) in one step using the microfluidic integration technology and encapsulated TBP-2 (an AIE molecule) into the MOF to obtain the composite nanomaterial ZT. Material characterization showed that the prepared ZT had stable physical and chemical properties and controllable size and morphology. After being endocytosed by tumor cells, ZT was degraded in response to the acidic tumor microenvironment (TME), and then TBP-2 molecules were released. After stimulation by low-power white light, a large amount of •OH and H2O2 was generated by TBP-2 through type I PDT, thereby achieving a tumor-killing effect. Further in vitro cell experiments showed good biocompatibility of the prepared ZT. To the best of our knowledge, this report is the first on the microfluidic synthesis of multifunctional MOF for type I PDT in response to the TME. Overall, the preparation of ZT by the microfluidic synthesis method provides new insight into cancer therapy.
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1. Introduction


Health is the foundation of life, and cancer is among the main factors threatening people’s health and even lives [1,2,3]. The current mainstream methods in clinical treatment of cancer include surgery, chemotherapy, and radiotherapy [4]. However, the above traditional methods, used singly or in combination, exert serious side effects and cause certain risks to the human body during long-term treatment [5]. Therefore, there is an urgent need to explore safe and high-performance tumor ablation methods. In recent years, photodynamic therapy (PDT) has become a promising novel tumor treatment method owing to its apparent advantages, such as high spatial and temporal resolution and non-invasiveness [6]. Aggregation-induced emission luminogens (AIE-gens) have been studied as photosensitizers for the non-invasive treatment of cancer by photodynamic therapy (PDT) as they can generate the highly toxic reactive oxygen species (ROS) in response to light [7,8]. TBP-2, for example, is a typical AIE molecule that can realize type I PDT and produce hydroxyl radical (•OH) in the absence of oxygen in the tumor microenvironment (TME) [9]. As a result, these •OH radicals are substantially destructive to the vast majority of biological components, including tumor cells (e.g., DNA, protein, and the nucleus) [10,11]. However, type I PDT treatment could fully utilize the small amount of oxygen in hypoxic tumor tissue, which also leads to the better anti-hypoxic effect of type I PDT. Nonetheless, the efficient delivery of AIE molecules is a great challenge.



The metal-organic frameworks (MOFs), as a crystalline hybrid material, are formed by the coordination between metal ions, including transition metals such as Fe, Co, Ni, Cu, or lanthanide metals, and organic ligands, such as carboxylate, zolate, and phosphonate [12,13,14]. MOFs often exhibit excellent chemical and thermal stability and have the advantages of high porosity, regular pore structure, a large specific surface area, adjustable pore size, and diversity of topological structure [15]. With these advantages, MOF materials have attracted wide attention and show good application prospects in drug delivery and cancer therapy [16]. Among these MOFs, zeolitic imidazolate framework-8 (ZIF-8) has been the most extensively studied; they escort anti-tumor drugs owing to its high drug loading capacity, pH-responsive ability, and environmentally friendly synthesis [17]. For example, Li et al. encapsulated CO gas pro-drug manganese carbonyl (MnCO) and camptothecin (CPT) onto ZIF-8 MOF and designed a stable nano-drug delivery system (ZCM) for potent cancer therapy with good biocompatibility [18]. However, most ZIF-8 MOFs are chemically synthesized by traditional methods, which have low efficiency and require a longer time, which will limit their further application value.



For the development of nanomedicine and even clinical trials in the future, repeatable synthesis and mass preparation of nanomaterials are of great significance [19]. In the traditional chemical reactor, it is difficult to accurately realize the expected characteristics of nanomaterials due to the poor control of reaction kinetics [20,21]. As an ideal candidate, the precise control ability of the microfluidic chip provides a novel idea for the synthesis of nanomaterials (such as its higher cost-effectiveness and shorter production time). On microfluidic chips, large quantities of nanomaterials can be synthesized repeatedly [22]. More importantly, the synthesis based on microfluidics is conducted in a closed environment and is safe when dealing with toxic and flammable solvents [23]. For example, Hao et al. first designed a facile and straightforward flow synthesis strategy to control zinc oxide (ZnO) of various shapes [24]. The growth of ZnO can be well adjusted by varying substrate concentrations at different inlets and the flow rate of fluid; as a result, the shapes can be regulated to be short, rod, long rod, sphere, ellipsoid, cube, platelet, and urchin. The microfluidic method can provide a uniform environment for reactions and rapid mixing of substrates, and different microfluidic chips can be matched several times so that reaction conditions and a controllable reagent mixing mode are adjusted. The microfluidic chip has an infinite prospect for applications such as nanoparticle synthesis and drug delivery [25].



In this study, for enhanced PDT, we used a microfluidic synthesis method and attempted to design an intelligent ZIF-8@TBP-2 MOF (ZT) (Scheme 1). The microfluidic chip consists of two inlets, and raw materials react fully in a double-helix mixing channel in the chip and are output at a final outlet. The channel width was 1000 μm, and the height was 80 μm. The obtained ZT has good physicochemical properties and can respond well to the acidic TME to release TBP-2 after endocytosis by tumor cells, which can be subsequently used for tumor therapy. To the best of our knowledge, this is the first report of the microfluidic synthesis of a multifunctional MOF for type I PDT in response to the TME. Here, in vitro experiments demonstrated that the prepared MOF has low dark toxicity. This work can be used as a potential platform to sustainably synthesize nanoscale MOF and efficiently encapsulate AIE molecules for various healthcare applications.




2. Results and Discussion


Microfluidic technology, as one of the most promising technologies, can well integrate the nanoparticle synthesis platform into a small glass chip, rendering the synthesis of nanoparticles more controllable [26]. In general, the small size of nanoparticles, their large specific surface area, and their quantum size effect endow them with special properties lacking in conventional materials [27]. The mechanism for its formation is based on the classical nucleation theory; that is, the raw materials accumulate rapidly in the solution to form a specific supersaturated state, which overcomes the energy barrier for nucleation and finally leads to explosive nucleation [11,28]. The traditional synthesis method leads to uneven concentration of the system because it cannot produce uniform conditions in milliseconds or even seconds, which finally increases the variation between batches and reduces the repeatability [28,29]. Encouragingly, microfluidics can mix the base materials more effectively and produce a uniform state, thus stabilizing the physicochemical properties [30]. We designed a microfluidic chip with a two-spiral mixing channel to fabricate ZIF-8 MOFs. The transverse shear force in the double helix channel was more robust than that in the straight channel. This special double helix channel is advantageous to the mixing of the two raw materials. The spiral mixing channel makes for a more rapid and reasonable formation of ZIF-8 MOF. Figure 1A shows a photograph of the SU-8 photoresist mold. The channel was 1000 μm wide, with a height of 80 μm. Hence, such even and vigorous mixing leads to the generation of size-controlled small particles. The zinc nitrate solution (15 mg/mL of water) was passed through the first inlet, and the organic ligand molecule 2-methylimidazole (2-MI) (200 mg/mL of water) was passed through the second inlet (Figure 1B). The injection flow rate was 60 μL/min during the assembly of the ZIF-8 MOFs. As shown in Figure 1C, image obtained through transmission electron microscopy (TEM) determined that the diameter of the ZIF-8 MOF was about 110 nm. Figure 1D,E show typical elemental distribution mapping of ZIF-8 MOF: Zn, N, and O. ZIF-8 was prepared repeatedly, and its zeta potential was measured, which was +17.8, +16.8, and +18.4 eV, respectively. ZIF-8 prepared by microfluidic technology exhibited high reproducibility and may have better future application value than that prepared by the traditional hydrothermal method.



Subsequently, we proceeded to prepare TBP-2-loaded ZIF-8 MOF (ZT). The TBP-2 molecules were mixed with Zn ions and allowed to flow in from channel 1, and 2-MI continued to flow in from channel 2. The chip structure and flow rate remained unchanged, and finally, uniform ZT nanomaterial was obtained at the exit. The results of TEM (Figure 2A) revealed no significant difference between the prepared ZT and ZIF-8 MOF in terms of morphology and size. We then verified the acid degradation properties of ZT. ZT was mixed with a neutral solution (pH 7.4) and a weak acid solution (pH 5.5) and placed aside for one day. Scanning electron microscopy (SEM) showed that ZT remained stable in a neutral environment without any change in structure (Figure 2B), while the typical octahedral structure of ZT in the acidic solution collapsed (Figure 2C). This can release the TBP-2 molecules that are loaded into ZT. Dynamic light scattering confirmed that the prepared ZT crystals were almost monodispersed; the hydrodynamic dimensions of ZT obtained through repeated preparation were ~176 ± 25 nm, ~171 ± 20 nm, and ~182 ± 28 nm (Figure 2D–F). Powder X-ray diffraction (XRD) showed that the ZIF-8 crystal pattern formed by the microfluidic method had obvious prominent peak positions (Figure 2G), including 011, 002, 112, 022, 013, and 222, confirming it to be a sodalite structure, which is the typical structure of ZIF-8. Furthermore, UV-Vis absorption spectra verified the successful synthesis of ZT (Figure 2H). Normal ZIF-8 exhibited no characteristic absorption peak, whereas ZIF-8@TBP-2 (ZT) exhibited the same absorption peak as the TBP-2 molecule; additionally, the encapsulation percentage of the ZIF-8 MOFs was approximately 48% for TBP-2. The efficiency of encapsulation of the conventional chemical synthesis method was only about 34% under the condition of a constant feeding ratio. Due to the pH response of ZIF-8 MOFs, we continued to test the drug release curve of ZT in different pH environments. ZT remained stable in a neutral solution, released only limited amounts of TBP-2, rapidly collapsed in a weak acid of pH 5.5, and released TBP-2 molecules (Figure 2I). Incubation of ZT with an acid solution for 4 h achieved approximately 60% drug release.



TME often exhibits weak acidity, while material characterization verified that ZIF-8 MOF is structurally stable in a neutral aqueous solution but degrades in an acidic environment with a low pH. In addition, the high specific surface area of ZIF-8 and its adjustable porous structure make it an effective carrier for antitumor drugs (TBP-2 was encapsulated in this study). We first conducted flow cytometry to explore the biocompatibility of ZIF-8 prepared using a microfluidic chip. The results showed that ZIF-8 at high concentrations still had low biotoxicity (Figure 3A). After 4T1 cells were co-incubated with 200 μg/mL ZIF-8, less than 10% of cells were early apoptotic, late apoptotic, or necrotic. This is beneficial for long-term clinical applications. Due to the unique fluorescence characteristics of TBP-2, the content of ZT in 4T1 cells at different time points was analyzed by flow cytometry. The amount of ZT entering cells within 4 h was positively correlated with time (Figure 3B). We continued to measure the H2O2-production capacity of TBP-2 molecules and compared with the PBS-treated group and the TBP-2 (dark) group. TBP-2 could produce a large amount of H2O2 after light exposure (Figure 3C). We carried out a TA degradation test to verify the •OH generating potential of TBP-2 and observed that TBP-2 could induce the production of •OH under light stimulation (Figure 3D). ROS are the main molecules produced by the body during oxidative stress and are important factors in the development and recurrence of tumorigenesis. However, recent studies have revealed that ROS can achieve the treatment goal by accelerating tumor cell death. As a kind of ROS, •OH kills cells by damaging intracellular DNA, lysosomes, mitochondria, etc., to promote tumor cell apoptosis and play an anti-tumor role [31]. TBP-2 can directly respond to light to produce •OH, which possibly combines with MOF to achieve a good anti-tumor effect (Figure S1, see the Supplementary Materials).



Considering the above results, we continued to promote in vitro cell experiments. First, the 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) kit was used to verify the ROS production ability of each group. The DCFH-DA itself has no fluorescence and is hydrolyzed to produce DCFH after entry into the cells, while intracellular ROS can oxidize DCFH to DCF, which fluoresces green light. The intensity of green fluorescence is directly proportional to the level of ROS [32]. As shown in Figure 4A, both the conventional control group and the pure material group showed a dim green fluorescence signal, while the ZT + L group produced good fluorescence intensity, indicating its strong ROS generation ability (Figure 4D). We also verified a positive correlation between ROS production and ZT concentration (Figure 4C). We then performed a plate clone formation assay to examine the ability of ZT + L to inhibit cell proliferation and observed that neither the ZT group nor the L group had any effect on cell proliferation, and after several generations of proliferation, the cells formed a typical population. However, ZT + L combined treatment significantly inhibited cell proliferation. Subsequently, we continued the live-dead cell staining assay and observed that the ZT + L group hardly exhibited green fluorescence (FDA) but had strong red fluorescence (DI), indicating high cytotoxicity in the ZT + L group (Figure 4B). Similarly, the MTT assay confirmed that the ZT + L group had the lowest cell viability when compared to the other control groups (Figure 4E). We verified the cell viability after treatment with different concentrations of ZT using an MTT kit and observed a negative correlation between cell viability and the concentration of ZT (Figure 4F). In conclusion, ZT prepared by a microfluidic platform can cooperate with L to produce a large amount of ROS, amplify oxidative stress, and thus induce high phototoxicity.




3. Conclusions


In conclusion, we explored a microfluidic method for the rapid fabrication of ZT composite nanomaterials responsive to TME through a one-step integration process for efficient type I PDT. ZT prepared by a microfluidic technology could effectively overcome the encapsulation problem of AIE molecules and exhibited good physical and chemical properties as well as biocompatibility. After reaching tumor cells, ZT degrades and releases TBP-2 in response to acidic TME and cooperates with white light irradiation to achieve efficient ROS production and phototoxicity, thereby killing tumor cells. This is the first report on the use of microfluidic chips for type I PDT to provide a potential approach for future biological applications of AIE molecules. At present, the application of nanomaterials to clinical practice is still a huge challenge, and the traditional transformation efficiency and repeatability are low. Microfluidic technology can design new platforms that are easy to use, making them more cost-effective and conducive to the production of high-repeatability and stable nanomaterials, which are expected to be used for further clinical research and industrial-scale production. We will continue to study the feasibility of nanomaterials prepared by microfluidic chips and attempt the synthesis and subsequent application of various novel nanosystems.
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Scheme 1. Schematic illustration of the microfluidic synthesis of a tumor microenvironment-responsive nanosystem for Type-I photodynamic therapy. 
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Figure 1. (A) SU-8 photoresist mold photograph. (B) The schematic model proposed for the synthesis of ZIF-8 MOF. (C) TEM image of the ZIF-8 MOF. (D) Mapping image of the ZIF-8 MOF. (E) EDX of ZIF-8 MOF. 
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Figure 2. (A) TEM image of ZT. (B) SEM image of ZT. (C) SEM image of decomposed ZT. (D–F) Hydrodynamic diameter of ZT in PBS was assessed after 1, 2, and 3 days. (G) XRD spectra of ZIF-8. (H) UV-Vis spectra for ZIF-8, TBP-2, and ZIF-8@TBP-2 (ZT). (I) In vitro TBP-2 release profile at different pH levels from ZT. 
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Figure 3. (A) Flow cytometry analysis of cell viability after treatment with different concentrations of ZIF-8 (0, 25, 50, 100, and 200 μg/mL). (B) Fluorescence intensity of cells co-incubated with ZT at different time points (0, 1, 2, and 4 h). (C) H2O2 generation in 4T1 cells upon white light irradiation with PBS and TBP-2. (D) TA decomposition rates induced by •OH generation associated with the indicated formulations under white light. (0.1 W/cm2, 5 min, TBP-2 was dissolved in a 1% DMSO solution). 
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Figure 4. (A) Measurement of tumor cell ROS fluorescence after the different treatments. (B) Fluorescence images of the 4T1 cells after the different treatments. Live cells are shown in green and dead cells are shown in red. (C) Cell viability after treatment with different concentrations of ZT (dark condition) (0, 50, 100, and 200 μg/mL). (D) Quantitative analysis of ROS production in (A). (E) Cell viability after indicated treatment. *** p < 0.005; Student’s t-test. (F) Cell viability after treatment with different concentrations of ZT under white light. 
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