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In recent years, more and more researches have focused on tumor photothermal therapy and chemodynamic therapy. In this study, we prepared a multifunctional nanomaterial with potential applications in the above area. The Fe3O4 nanoparticles were synthesized with suitable size and uniformity and then coated with mesoporous silica and polydopamine. The unique core-shell structure not only improves the drug loading of the magnetic nanomaterials, but also produces high photothermal conversion efficiency. Furthermore, the reducibility of polydopamine was found to be able to reduce Fe3+ to Fe2+ and thus promote the production of hydroxyl radicals that can kill the tumor cells based on the Fenton reaction. The magnetic nanomaterials are capable of simultaneously combining photothermal and chemodynamic therapy and permit the efficient treatment for tumors in the future.
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INTRODUCTION

Cancer is one of the leading causes of death in the world, especially malignant tumors, which poses a great threat to the safety of human life (Siegel et al., 2016). As a delivery system for therapeutic drugs, nanocarriers show a huge potential in cancer treatment. With the continuous development of nanotechnology, the genetic and drug loading capabilities of nanomaterials have received widespread attention (Jia et al., 2015). It has been a continuous effort to explore the novel preparation methods of nanomaterials for the effective therapy of tumors in the future (Qin et al., 2017). However, up to now, only a limited number of nanocarriers have been successfully used in the clinical treatment of cancer (Bulbake et al., 2017), because many nanocarriers either have a low drug-carrying capacity or have difficulty to efficiently reach the tumor site (Jia et al., 2015). The ideal nanocarrier should have a high drug loading efficiency and a suitable size, which can accurately transport the drug to the target area in the body for controlled release (Liu et al., 2014; Bose et al., 2016; Li et al., 2018).

In recent years, more and more functional materials have been introduced into the nanotechnology, and many new treatment methods have emerged, such as photothermal therapy (PTT), magnetocaloric therapy, and chemodynamic therapy (CDT) (Du et al., 2017; Chen et al., 2019; Wu et al., 2019; Zhou et al., 2020). These new treatments have greatly expanded the application of nanocarriers in the treatment of tumors. PTT is a new type of therapy with low toxicity, high efficiency, and safety (Huang et al., 2017; Gulzar et al., 2018). Tumor tissue has enhanced permeability and retention than the normal one. Many nanomaterials with an appropriate size and photothermal conversion ability are used for tumor treatment (Huo et al., 2017; Wang et al., 2019, 2020). During PTT, tumor cells are killed by the heat of photothermal nanoparticles after being irradiated with near-infrared (NIR) laser (Li et al., 2018; Lin et al., 2018; Tiwari et al., 2019). PTT involves the use of photothermal materials that can effectively convert light radiation into heat to cure cancer via hyperthermia (Feng et al., 2018a). In the past few years, many documents have reported various materials with photothermal effects, such as metal sulfide, MnO2, carbon-based graphene, precious metal Au, and the organic polypyrrole, polyaniline, polydopamine (PDA), etc (Jahanban-Esfahlan et al., 2015; Wang et al., 2015; Song et al., 2017; Feng et al., 2018b; Xu et al., 2018, 2020). However, many of them have drawbacks, and satisfactory therapeutic effects cannot be obtained (Feng et al., 2018b; Xue et al., 2019).

In the tumor microenvironment (TME), special metabolic pathways compared to normal cells cause it to become a place rich in large amounts of hydrogen ions and high reduction (Wu et al., 2019). Unlike normal cells, in the mitochondria of tumor cells, high concentrations of superoxide dismutase cause excessive H2O2 in the cells (Huo et al., 2017; Dong et al., 2019). Designing nanomaterials with CDT specificity in the TME has become a new way for tumor-targeting therapy. In CDT, nanomaterials precisely catalyze the reaction of H2O2 with Fe2+ (Fenton reaction), which in turn produce cytotoxic hydroxyl radicals (·OH) to kill tumor cells. Magnetic nanoparticles with tumor cell targeting, such as Fe3O4, are considered to be promising nanocatalytic enzymes that can generate ·OH for CDT (Feng et al., 2018b). In the Fenton reaction, magnetic Fe3O4 nanoparticles provide the Fe2+ needed for the reaction (Feng et al., 2018b). The continuous progress of the Fenton reaction depends on the conversion of Fe3+ to Fe2+ by materials with nanocatalytic capabilities. Because of its drug delivery ability and magnetocaloric effect, the superparamagnetic Fe3O4 nanomaterials have received extensive attention (Zhu et al., 2013). Moreover, Fe3O4 can provide a large number of Fe2+ to support the Fenton reaction for CDT of tumors (Zhao et al., 2018). Among many photothermal conversion materials, PDA has received special attention because of its good biocompatibility (Zhu et al., 2013). With the PDA coating, the nanoparticles have excellent PTT capability and good biocompatibility (Dai et al., 2017). Furthermore, the heat generated by PTT can further accelerate the release of the loaded drug in the nanoparticles. Moreover, PDA has a mild reducibility, which provides an inexhaustible motive force for the reduction of Fe3+ to Fe2+, promotes the production of ·OH in tumor cells, and achieves the goal of killing tumor cells (Schemes 1B,C).
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Scheme 1. (A) The preparation procedures of the FMPBs, (B) the ability of FMPBs photothermal treatment and CDT, (C) the repeated redox reaction between FMPBs and PDA.


To combine the above functions in a single nanoplatform, we designed a novel nanosystem having multiple therapeutic efficacies. As shown in Scheme 1A, superparamagnetic Fe3O4 nanospheres with uniform size and good dispersibility were first prepared by the hydrothermal synthesis method (Gao et al., 2013; Jin et al., 2019). On the surface of the prepared Fe3O4 nanospheres, a thin layer of SiO2 was coated (Tang and Cheng, 2013; Huang et al., 2017). Then, a thick layer of mesoporous silica nanospheres (MSNs) was evenly coated on SiO2 (Tran et al., 2018). Finally, PDA and bovine serum albumin (BSA) were coated on the outer layer of the material, to form the biocompatible (Hu et al., 2010; Wang et al., 2011) magnetic Fe3O4@MSN@PDA@BSA nanoparticles (defined as FMPBs).



MATERIALS AND METHODS


Materials

Sodium acetate (anhydrous), 3,3′5,5,5′-tetramethyldiphenylamine (TMB), ferric chloride hexahydrate (FeCl3·6H2O), dopamine hydrochloride, poly(4-benzene) ethylene sulfonic acid–cobalt maleate sodium salt (PSSMA), sodium dihydrogen phosphate, triethanolamine (TEA), doxorubicin hydrochloride (DOX), Dulbecco modified eagle medium (DMEM), calcium fluoride (CaF2), hexadecyl trimethyl ammonium bromide (CTAB), tetraethoxysilane (TEOS), acetone, ethanol, citric acid, disodium hydrogen phosphate, BSA, and sodium fluoride (NaF) were bought from Aladdin Reagents (China). Acetic acid, trisodium citrate, and citric acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). Capstone FS-66 reagent was purchased from Sigma–Aldrich (USA). Human colon cancer cells (HT29) were purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China).



Preparation of the FMPBs Nanoparticles

For the synthesis of Fe3O4, 1.50 g of FeCl3·6H2O and 1.0 g of PSSMA were added to 120 mL of ethylene glycol, heated to 70°C, and fully dissolved for 0.5 h. Then, 4.50 g sodium acetate and 0.75 g of CaF2 were added to the mixed solution and continuously stirred for 2 h until fully dissolved. Using the hydrothermal synthesis method, the above-40-mL hot solution was transferred to a polytetrafluoroethylene autoclave with a capacity of 100 mL and reacted at 210°C for 10 h. The Fe3O4 nanospheres were separated using the magnet and washed three times with ethanol and water (5 min of sonication in each time). Finally, the obtained Fe3O4 nanospheres were dispersed in water. For the synthesis of Fe3O4@SiO2, Fe3O4 was dispersed in water (0.1 g/mL) and sonicated for 5 min; 50 mL of the above solution was then mixed with 2.5 mL of 1% NaF solution. Then, a mixture solution of TEOS and ethanol with a mixing ratio of 1:10 was added to the above solution. The resultant solution was stirred quickly for 15 min and blended gently for 8 h using the Votex (MX-F). After the reaction, the solution was sonicated and washed three times with ethanol. For the synthesis of Fe3O4@MSN, 32 g CTAB and 6 mL TEA were dissolved in 500 mL deionized water. Fifty milliliters of capstone FS-66 (0.2 g/mL) dissolved in acetone was slowly added to the above solution. The mixed solution was stirred at a constant speed for 1 h. 25 mL of TEOS was quickly added to the mixed solution and shaken for 100 s. The obtained mixed solution was added to the Fe3O4@SiO2 solution and slowly stirred for 6 h. The Fe3O4@MSN nanospheres were separated using the magnet and washed three times with ethanol. To coat PDA, 100 mg of dopamine hydrochloride was dissolved in 50 mL phosphate-buffered saline (PBS) (pH 8.5), which was then added with 100 mg of Fe3O4@MSN, and sonicated for 5 min and stir slowly for 6 h. To link with BSA, 100 mg BSA was added to the above solution, and then stirring was continued for 6 h. After magnetic separation of the above solution, the product was washed three times with water, lyophilized, and stored at 4°C.



Characterizations

Scanning electron microscope (SEM, Zeiss Merlin Compact) was used to observe the morphology and size of the prepared nanoparticles. X-ray energy-dispersive spectroscopy (EDS, X-MAX-20mm2) was used to determine the elemental composition of the nanoparticles. A transmission electron microscope (TEM) image was taken using a Talos F200X microscope. Thermal gravimetric analysis (TGA, Shimadzu TGA-50) was used to detect the mass percentage of different substances of FMPBs. Quantum Design PPMS-9 (USA) was used to measure the magnetic property of nanoparticles. The X-ray diffraction (XRD) pattern of FMPB nanoparticles was measured by Bruker/D8ADVANCE (DE). Using TriStar II 3020 (USA), the Bernauer–Emmett–Teller (BET) pore size distribution and diameter of FMPB nanoparticles were tested. The dynamic light scattering (DLS) diameter and zeta potential of FMPBs at 25°C were measured by NanoZSZEN3600 (Malvern Instruments). The photothermal conversion performance of FMPB nanoparticles was tested using a laser-producing setup (Shanghai Connor Fiber Co., Ltd). The Fourier transform infrared (FTIR) spectrum of FMPBs was measured by Nicolet Nexus 670. The FTIR data were collected in the range of 500 to 4,000 cm−1. The Hitachi spectrometer was used to monitor the Fenton response of FMPBs.



Catalytic Activities of FMPBs

Using TMB as a substrate, the effect of different substances on the Fenton reaction was studied. TMB (0.8 mM), H2O2 (5 mM), Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs (1 mg/mL) were mixed and reacted for 1 min. The absorbance of different coated nanoparticles at the same concentration was measured to determine whether ·OH was produced. To study the effect of PDA on Fenton reaction, 1 mg/mL of Fe3O4, Fe3O4@MSN, Fe3O4@MSN@PDA, or FMPBs was added to TMB/H2O2, and the solution absorbance at 651 nm was immediately recorded using the ultraviolet, visible, and NIR (UV-vis-NIR spectrometer, HITACHI U-3900). The measurement lasted for 300 s. To study the effect of H2O2 concentration on the production of ·OH, different concentrations of H2O2 (concentrations of 2.5, 5.0, 10, 25, and 50 μg/mL) were reacted with FMPBs, and the absorbance of the mixed solution at 651 nm was measured using the UV-vis-NIR spectrometer. To study the effect of temperature on ·OH, the spectrometer was used to measure the absorbance of the mixed solution at 651 nm at different temperatures. To study the effect of pH on the generation of ·OH, the spectrometer was used to measure the absorbance of the mixed solution at 651 nm at different pHs. The measurement must last for 300 s.



Photothermal Conversion Performance of FMPBs

The absorption of FMPBs in the NIR range was detected by UV-vis-NIR. The NIR laser (wavelength = 808 nm, 1 W/cm2) was used to continuously irradiate the FMPBs solutions with different concentrations (0.1, 0.2, 0.5, and 1 mg/mL, 200 μL) for 500 s. To study the power density–dependent temperature profiles of FMPBs, an NIR laser (808 nm) with different power densities (0.2, 0.5, 0.8, and 1.0 W/cm2) was used to continuously irradiate the FMPBs aqueous solution (200 μL of 1 mg/mL) for 500 s. To prove the long-term photothermal durability, the FMPBs were stored at room temperature in water (1 mg/mL) for 15 days and continuously irradiated with NIR laser (wavelength = 808 nm, 0.8 W/cm2) for 600 s. Using a laser with a power density of 0.8 W/cm2 and continuous irradiation for 15 min, the photothermal conversion efficiency of FMPBs was measured. The selected concentration of FMPBs is 0.5 mg/mL, and the volume is 200 μL. The photothermal conversion efficiency (η) of FMPB is calculated according to the formula (1). The photothermal stability of FMPBs was studied by continuously irradiating for five consecutive cycles and recording temperature changes during temperature rise and fall (power density: 0.8 W/cm2). In the above experiments, the FLIR E60 thermal imaging camera was used to record the temperature change value and thermal image of the irradiated solution.
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In vitro Cytocompatibility Examination and Hemocompatibility

FMPBs and HT29 cells were incubated together to study the biocompatibility. The DMEM was supplemented with 10% fetal bovine serum and 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. Cells cultured in the above solution were placed in a humidified 37°C incubator. The cells prepared above were cultured in 96-well-plates (8,000 cells per well) for 24 h. FMPBs with different concentrations were added to the wells, and the number of treated cells was quantitatively studied using the CCK-8 kit after 48 h of continuous cultivation. The above experiment also requires the use of live/dead kits to stain the cells and use phase-contrast microscopy (Leica DM IL LED) to qualitatively study the morphology of HT29 cells.

Kunming mouse red blood cells (mRBCs) were kindly provided by Xinhua Hospital, Shanghai Jiaotong University School of Medicine. For in vitro hemocompatibility assay, 0.4 mL mRBCs were mixed with 1.2 mL FMPBs and incubated at 37°C for 2 h (final FMPB concentration: 0.5, 1.0, 1.5, and 2.0 mg/mL). The mRBCs mixed with water or PBS were set as the positive or negative control. After that, the supernatant of the above solution was collected by centrifugation, and the absorbance at 570 nm was detected using UV-vis-NIR spectrophotometer. The hemolytic percentage (HP%) was calculated according to the calculation formula (2). All animal experiments are in compliance with the policies of the Ministry of Health under the guidance of Changhai Hospital of the Second Military Region various animal experiments.
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Determination of Drug Loading Efficiency

The in vitro drug loading study was performed as follows: FMPBs with different concentrations are added to the solution of DOX and stirred for 24 h in the dark. The FMPB nanoparticles were washed twice with PBS and centrifuged at 10,000 rpm for 5 min. The supernatant is unadsorbed DOX, and its absorbance at 480 nm was measured using the UV-vis-NIR spectrophotometer to calculate the concentration of DOX (Zhao et al., 2018; Wu et al., 2019). Formula (3) and formula (4) were used to calculate the loading percentage and loading efficiency of DOX, respectively. Wt is the mass of used DOX. Ws is the mass of the unadsorbed DOX. W is the total mass of the carrier and the drug.

[image: image]

[image: image]
 

In vitro Drug Release Studies

In vitro drug release studies were performed using the dialysis bag method at two different temperatures of 37° and 47°C or different pH of 6.4 and 7.4. DOX-loaded FMPBs of the same concentration were added to PBS (pH 7.4) and citrate buffer (pH 6.4). The same volume (1 mL) of the above solution was transferred into a dialysis bag (MWCO: 14KD, width 44 mm) and placed in a plastic tube, which was then incubated in a different release buffer at 37° or 47°C with shaking. At different time intervals, the released solution (1 mL) was removed, and 1 mL of the corresponding buffer was added to the solution. The absorbance at 480 nm of the released solution was monitored to calculate the in vitro release data and determine the kinetics and mechanism of DOX using equation (5).
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In vitro Tumor Therapy

In this work, 0.2 mol/L of H2O2 was added in DMEM, and the pH of solutions was adjusted to 6.4 with HCl. After that, 8,000 cells/well of HT29 cells were cultured with 0.1mL DMEM in 96-well-plate for 12 h. Then, FMPBs in fresh DMEM (0, 0.25, 0.5, and 1 mg/mL) were added in 96-well-plates (n = 3). The solution was then irradiated with 808-nm laser (1 W/cm2) for 5 min. Finally, the treated cells were incubated for 24 h. CCK-8 kit and dead/live kit were used to study the cell viability according to the instructions. Leica DM IL LED inverted phase-contrast microscope was used to capture the stained cells (live cells showed green fluorescence and dead cells with red).



Statistical Analysis

The one-way analysis of variance statistical analysis method was used to assess the significance of the assay data, *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS AND DISCUSSION


Synthesis and Characterizations of FMPBs

As shown in Scheme 1A, we prepared nanocarriers with Fe3O4 as the core and with mesoporous silica, PDA, and BSA as the coating layers. The as-prepared Fe3O4 nanoparticles were spherical with a diameter of about 150 to 180 nm (Figures 1A,B). Moreover, it was reported that a thin layer of SiO2 coated on the Fe3O4 nanoparticles is necessary for the formation of a mesoporous silica layer (Jin et al., 2019). Thus, before coating mesoporous silica, we coated a thin SiO2 shell on the surface of Fe3O4 in advance. It was found that the FMPB nanospheres have good dispersion and uniform particle size, and the diameter is 250 ± 15 nm (Figure 1C). The TEM images show that the synthesized monodisperse FMPBs exhibit a porous structure, and a layer of PDA and BSA was coated on the surface of the nanospheres (Figures S1, S2). Mesoporous silica was evenly coated on Fe3O4, and its mesoporous structure is visible. The core-shell structure can be observed more clearly by the high-resolution TEM (Figure 1D). The dispersibility and mesoporous pore structure of nanoparticles are well preserved in FMPBs. Moreover, the hydrodynamic dimensions of Fe3O4, Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs were determined as 167 ± 10.4, 203 ± 7.6, 446 ± 50.9, and 380 ± 34.3 nm, respectively (Figure S3). After the PDA coating, the particle size is twice that of the original. This is because the presence of amino groups in the PDA makes it easy to adhere to each other. Notably, the DLS diameter is larger than the real size determined by TEM. This is because the surface of FMPBs is coated with a layer of water molecules in an aqueous solution. There are relevant literature reports that the pore size in the leaky tumor vasculatures is 380–780 nm (Barua and Mitragotri, 2014). Therefore, we have reason to believe that FMPBs with a size of 250 to 380 nm can enter tumor cells. When the outer layer of Fe3O4@MSN@PDA is grafted with BSA, the amino group is combined with the BSA carboxyl group, and the adhesion is greatly reduced. The zeta potentials of Fe3O4, Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs are −58.94 ± 5.64, −87.55 ± 9.11, 6.23 ± 0.172, and −49.92 ± 2.19 mV, respectively (Figure S4). Through the element mapping (Figure 1E) and the EDS analysis (Figures S5, S6), it can be seen that C, O, Si, and Fe in FMPBs are evenly distributed. The above characterizations confirmed that FMPB nanospheres with high dispersibility were successfully prepared.
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FIGURE 1. (A) SEM images of Fe3O4, (B) TEM images of Fe3O4, (C) SEM images of FMPBs, (D) TEM images of FMPBs, inserted images in panels (A–D) are the enlarged view, (E) elemental distribution mapping of FMPBs.


The magnetism, pore size, and coating effect of the material were then analyzed. The magnetic properties of Fe3O4 and FMPBs were analyzed with a vibrating sample magnetometer (VSM) at room temperature (Figure 2A). It can be seen from the magnetization curve that the saturation magnetizations of Fe3O4 and FMPBs are 44.43 and 21.1 emu/g, respectively. The saturation magnetization of the FMPBs is smaller than Fe3O4 NPs. This can be attributed to that the non-magnetic MSN/PDA/BSA layer on the surface of the Fe3O4 NPs reduced the magnetization. Besides, the S shape of the hysteresis loop indicates that the FMPBs are superparamagnetic. The digital photograph of FMPBs in the water separated by the magnet also confirms its good magnetic properties.


[image: Figure 2]
FIGURE 2. (A) VSM of Fe3O4 and FMPBs, the inserted picture is digital photograph of FMPBs in water that were separated by a magnet; (B) powder XRD pattern of FMPBs containing CaF2 and Fe3O4; (C) FTIR spectra of FMPBs; (D) TGA curves of different nanoparticles; (E) BET and BJH measurement results for FMPBs; (F) photographic image of FMPBs that were dissolved in water (1), PBS (2), and DMEM (3).


The structure of the as-prepared FMPBs was studied by XRD. As shown in Figure 2B, the diffraction peaks of FMPBs in the figure are consistent with the standard Fe3O4 (JCPDS No. 19-0629) that was marked by the blue line in the scale. Besides, the peak positions of CaF2 (JCPDS No. 99-0051) marked in purple in the diffraction peaks coincided with the formation of CaF2 crystals during the preparation of Fe3O4. The results show that the synthesized magnetic particles contain Fe3O4 (blue line) and CaF2 crystal (red line). Herein, CaF2 was used to control the size of Fe3O4 nanoparticles. Under the coating of PSSMA, the presence of Ca2+ makes the Fe3O4 nanoparticles more uniform and dense during the formation process, and its size has better uniformity and excellent magnetic properties (Jin et al., 2019).

The chemical structure of FMPBs was then determined by FTIR (Figure 2C and Figure S7). The absorption peaks at 590 cm−1 can be assigned to Fe-O vibration. The absorption peak at 1,089 cm−1 proves the tensile and asymmetric tensile vibration of Si-O-Si, indicating that the structure of MSN is included in FMPBs. The absorption peak at 1,500 cm−1 proves that the -C=C- was contained in FMPBs. The broad absorption peak at the range of 3,200–3,600 cm−1 is the N-H stretching vibration peak, proving the existence of PDA molecules in FMPBs (Li et al., 2018; Maziukiewicz et al., 2019). The absorption peak of 1,100 cm−1 is regarded as the deformation vibration peak of -OH. The absorption peak at 1,530 cm−1 can be regarded as the deformation vibration peak of (-NH-) in amide II, whereas the absorption peak at 1,640 cm−1 is considered as the vibration peak of –NH2) in amide I. The aforementioned several vibration peaks can confirm the existence of BSA molecules in FMPBs. We then used TGA to further monitor the FMPBs surface modification (Figure 2D). According to the TGA curve, the weight loss of FMPBs gradually increased from 40° to 800°C, which was significantly different from Fe3O4@MSN and Fe3O4@MSN@PDA. After calculation, the mass percentages of the PDA and BSA layers in FMPBs are 5 and 13%, respectively. Figure 2E shows the adsorption–desorption isotherm curve and pore size distribution of FMPBs measured by BET. The specific surface area and total pore volume of FMPBs were calculated as 16.7108 m2/g and 0.057918 cm3/g, respectively, and the pore size is about 4.0 nm. The results show that the mesoporous structure of MSN in FMPBs was not significantly changed after being coated with PDA and BSA. FMPBs have good colloidal stability in water, PBS, and DMEM (1 mg/mL, Figure 2F) and exhibit the typical Tyndall effect in the above solutions (Figure S8). Moreover, it is proved that FMPBs can keep stable in water for a long time. The above experiments fully prove that the synthesized FMPBs have good magnetic properties and dispersibility, which provide a reliable guarantee for the long-term tumor treatment.



Fenton Reaction Induced ·OH Generation

Different from normal cells, tumor cells are rich in hydrogen ions and H2O2 (Wu et al., 2019). This specificity in the TME can play an important role in the CDT of tumors. As shown in Figure 3A, because the synthesized Fe3O4 contains Fe2+, the Fenton reaction catalyzed by it can produce a large amount of cytotoxic ·OH. The solution will change from colorless to blue because ·OH can have a significant color reaction with TMB (Wu et al., 2019). The solution after the reaction has a maximum absorption peak at 651 nm, further proving the formation of ·OH in the Fenton reaction (Dong et al., 2019; Wu et al., 2019). However, without of Fe3O4, no absorption peak was detected of H2O2 and TMB mixed solution. Owing to the reducibility of the amino group, the PDA could prevent the oxidization of Fe3O4 and thus support the long-term Fenton reactions (Zeng et al., 2018). Therefore, after adding 1 mg/mL of Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs to the solution for 1 min, the absorbance of Fe3O4@MSN@PDA was the largest (Figure 3A). In addition, at the same material concentration, the Fenton reaction rate of the material coated with PDA is greater than that without the PDA coating (Figure 3B). This further proves the role of PDA in promoting the Fenton response. We also examined the influence of H2O2 on the Fenton reaction (Figure 3C). As the H2O2 concentration increases, the rate of Fenton reaction also increases. Further, with the increase of FMPB concentration, the Fenton reaction rate is faster (Figure 3D). Besides, the temperature and the acidic environment simulating the TME environment can also promote the production of ·OH. As shown in Figure 3E, the absorbance of FMPBs/TMB/H2O2 solution at 651 nm at 50°C increases faster than 25°C. The inserted photograph also proves that the higher temperature solution is darker in its color. Similarly, the absorbance value of the solution increases faster in an acidic environment with a pH of 6.4 (Figure 3F). All of these experiments show that the synthesized FMPBs have a good effect in the Fenton reaction and provide good prospects for the TME-specific CDT of tumors.
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FIGURE 3. (A) UV-vis spectra of the different solution without and with the addition of H2O2; (B) time-dependent absorbance of TMB/H2O2 solution with Fe3O4, Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs, respectively; (C) time and H2O2 concentration-dependent absorbance of FMPBs/TMB solution; (D) time-dependent absorbance of FMPBs/TMB/H2O2 solution with different FMPB concentrations; (E) time-dependent absorbance of FMPBs/TMB/H2O2 solution at the temperature of 25° and 50°C at 651 nm; (F) time-dependent absorbance of FMPBs/TMB/H2O2 solution at different pH at 651 nm.




Photothermal Conversion Performance

Many studies have shown that PDA with good biocompatibility and adhesion can effectively absorb NIR lasers (Maziukiewicz et al., 2019; Tiwari et al., 2019) and efficiently transform light into heat (Liu et al., 2014; Lin et al., 2018; Chen et al., 2019). Therefore, we studied the light absorption behavior of FMPBs to determine their photothermal conversion ability for PTT of tumors (Maziukiewicz et al., 2019). In the NIR region, FMPBs show absorption of light, and the absorption increases with increasing material concentration (Figure 4A). To study the photothermal properties of FMPBs, we select 808-nm laser to irradiate FMPBs with different concentrations. It was found that the heating rate of the solution increased as the concentration of the FMPBs solution increased. When the concentration of FMPBs is 0.25, 0.5, and 1 mg/mL respectively, the temperature of nanomaterials increases rapidly at 10°, 12.5°, and 22°C under laser irradiation in 500 s (Figure 4B). However, when the material concentration drops to 0, the temperature change is not obvious. We then collected the temperature corresponding photographs of the infrared thermal image, which further provide the evidence of the temperature change of FMPBs (Figure 4C). When the concentration of FMPBs in the solution is 1 mg/mL, the ΔT was 3°, 10°, 17°, and 23°C when the laser intensity was 0.2, 0.5, 0.8, and 1.0 W/cm2, respectively (Figure 4E). Figure 4F further provides evidence of temperature changes. We further investigated the photothermal stability of FMPBs. After five NIR laser on/off cycles, there is no significant difference in ΔT, which proves that FMPBs have a good photothermal stability (Figure 4D). Using 808-nm laser with a power density of 0.8 W/cm2, the heating transfer time was calculated to be 257.7 s (Figure 4G), and the photothermal conversion efficiency was 26.8% (Figure 4H). Interestingly, the temperature of FMPBs stored at room temperature for 15 days with low-power laser (0.8 W/cm2) irradiation still increased by 13°C within 10 min, showing that the material still has good photothermal efficiency after being left for a long time (Figure 4I).
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FIGURE 4. (A) UV-Vis-NIR spectra of FMPBs with different concentrations; (B) the concentration-dependent temperature curve of FMPBs dispersion during the irradiation of 808-nm laser for 500 s (power density: 1 W/cm2); (C) corresponding thermal imaging of (B); (D) recycling heating profiles of FMPBs; (E) power density-dependent temperature curve of 1 mg/mL FMPBs during 500 s of 808-nm laser irradiation; (F) corresponding thermal imaging of (E); (G) time constant of FMPBs heat transfer under laser irradiation; (H) steady-state heating curves of FMPBs and distilled water; (I) photothermal conversion profiles of FMPBs dispersed in water after 15 days.




In vitro Cytocompatibility Examination and Hemocompatibility

We investigated the biocompatibility of FMPBs. As shown in Figure 5A, HT29 was incubated with 0.25 mg/mL FMPBs for 48 h, and its cell viability was 99.12% ± 0.79%. When the concentration of FMPBs increased to 1 mg/mL, the cell viability reached 95.65 ± 1.44%. Figure 5C is the photograph of cell morphology after coincubation corroborating the cell viability assay, which indicates that FMPBs have good biocompatibility. Then, the hemolysis experiment was performed to further evaluate the safety of FMPBs in the clinical application. In this experiment, the hemolysis rate of mRBCs treated with water and PBS was set as 100 and 0%, respectively. As can be seen from the Figure 5B, with different concentrations of FMPBs, the HP is 2.73 ± 0.15%, 2.87 ± 0.21%, 2.85 ± 0.23%, and 3.12 ± 0.21% when FMPB concentrations are 0.5, 1.0, 1.5, and 2.0 mg/mL, respectively. The result of HPs is all less than 5%, indicating that the FMPBs have good blood compatibility. The mRBCs after the centrifugation (Figure 5D) further prove the above conclusion.
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FIGURE 5. (A) Cell viability after incubating HT29 cells with different concentrations of FMPBs for 48 h; (B) hemolytic ratio of FMPBs with different concentrations; (C) the staining morphology of HT29 cells treated with different concentrations of FMPBs, corresponding to (A); (D) digital images of centrifuged mRBCs incubated with different concentrations of FMPBs: (1) water, (2) PBS, (3) 0.5 mg/mL, (4) 1 mg/mL, (5) 1.5 mg/mL, and (6) 2 mg/mL.




Drug Loading and Release

The porous structure of FMPBs can be used to encapsulate various drug molecules, such as DOX. By dispersing FMPBs and DOX in water, this simple method also easily loads drug molecules into the pores of the material. The drug loading efficiency of nanoparticles was studied. When the drug concentration increased from 0.1 to 1 mg/mL, the loading efficiency of DOX increased from 14.17 ± 7.59% to 79.31 ± 0.003% (Figure 6A). Meanwhile, the drug loading percentage was calculated. As can be seen from Figure S9, as the DOX concentration continuously increased from 100 μg/mL to 1 mg/mL, the drug loading percentage increased from 1.28 ± 0.006% to 39.65 ± 1.56%. According to the results of the above experiments, 1 mg/mL DOX and 1 mg/mL FMPBs were selected to achieve the optimal loading concentration of nanoparticles.
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FIGURE 6. (A) Drug loading efficiency of 1 mg/mL FMPBs at different DOX concentrations; (B) in vitro drug DOX release curve of FMPBs in buffer solutions with different temperature/pH; (C) cell viability of HT29 cells after different therapy (* with H2O2 in DMEM); (D) digital images of live or dead HT29 cells corresponding to (C): (1 and 2) control, (3) DOX@FMPBs, (4) FMPBs + H2O2, (5) FMPBs + NIR, (6) DOX@FMPBs + H2O2 + NIR.


In the study of the pH and temperature-responsive drug release, it was found that the rate of drug release in acidic solutions (pH 6.4) is greater than that in neutral solutions (pH 7.4, Figure 6B). Similarly, the rate of drug release in a solution with a temperature of 47°C is greater than a temperature of 37°C, and the drug release rate increases significantly to 51.8 ± 0.1% at 47°C. In the normal cell environment (pH 7.4, T = 37°C), the percentage of DOX released was 36 ± 1.5% (48 h), whereas the percentage of DOX released in the acidic environment was 44 ± 1.4%. The pH response of the FMPB experiment can be considered to the better solubility of the drug in an acidic environment. The temperature response is because the higher temperature increases the thermal motion of the DOX molecule. The DOX release kinetics that relies on the NIR/pH makes FMPBs provide it with a good opportunity to enhance tumor chemotherapy.



In vitro Tumor Therapy

To investigate the in vitro tumor therapy of FMPBs, we validated the influence of DOX@FMPBs on the viability of HT29 cells in vitro (Figures 6C,D). To mimic the endogenous redox and acid nature of TME, H2O2 (the final concentration of 10 mM) and HCl (the final pH of 6.4) were added in the DMEM. The concentration of FMPBs was 0.25 mg/mL in all the experiments. As can be seen from Figure 6C, the viability of HT29 cells treated with DOX@FMPBs decreased to 3.95 ± 1.89% after 24 h, indicating that DOX has released from FMPBs in vitro. After incubating with FMPBs and H2O2, the viability of HT29 cells decreased to 3.84 ± 1.14% after 24 h, showing that the FMPBs have reacted with H2O2 and produced ·OH to kill tumor cells. With laser irradiation (1 W/cm2, 5 min), the viability of HT29 cells was 41.53 ± 2.37%, while combined with CDT, PTT, and chemotherapy, all of the HT29 cells had been killed. Figure 6D further supports the cell-killing outcome, where the living cells showing green fluorescence and dead cells are red. These experiments indicate that the FMPBs have an obvious in vitro tumor CDT, PTT, and chemotherapy capability.




CONCLUSIONS

In summary, FMPB nanomaterials with high biocompatibility and good magnetic properties were synthesized by a layer-by-layer coating of Fe3O4. It was found that FMPBs gave a photothermal efficiency of 26.8% and a drug loading efficiency of 79.31 ± 0.003%. PDA was found to play a key role in the entire nanoparticle formation. The high photothermal capability of the nanoparticles not only achieves the heat-induced release by irradiating drug-loaded FMPBs, but also kills tumor cells by increasing the temperature. Meanwhile, the reducibility of the PDA can be utilized to reduce the Fe3+ in the Fenton reaction to Fe2+. The produced Fe2+ can react with H2O2 in TME and release ·OH to kill tumor cells. Therefore, the structural feature of MSN, the photothermal and the reducibility characteristics of PDA, and the biocompatibility of BSA are integrated into the one nanomaterial, which is anticipated to further promote the development of the precise cancer treatment.
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