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High transmembrane delivery efficiency of nanoparticles has attracted substantial interest for biomedical applications. It has been proved that the desired physicochemical properties of nanoparticles were efficient for obtaining a high cellular uptake capacity. On the other hand, biophysical stimuli from in situ microenvironment were also indicated as another essential factor in the regulation of cellular uptake capacity. Unfortunately, the influence of colony morphology on cellular uptake capacity was rarely analyzed. In this study, micropatterned PDMS stencils containing circular holes of 800/1,200 μm in diameter were applied to control colonies’ size. The amino-modified nanoparticles were cocultured with micropatterned colonies to analyze the influence of colonies’ morphology on the cellular uptake capacity of nanoparticles. Consequently, more endocytosed nanoparticles in larger colonies were related with a bigger dose of nanoparticles within a larger area. Additionally, the high cell density decreased the membrane–nanoparticles’ contacting probability but enhanced clathrin-mediated endocytosis. With these contrary effects, the cells with medium cell density or located in the peripheral region of the micropatterned colonies showed a higher cellular uptake capacity of nanoparticles.
Keywords: morphological cues, micropattern, cellular uptake, nanoparticles, colony
INTRODUCTION
Recently, various nanoparticles were designed and prepared for biomedical applications (Li et al., 2019; Li et al., 2021; Yang et al., 2021). Efficient cellular uptake of nanoparticles (NPs) is recognized as the prime condition for the achievement of high-yield therapeutic efficacy (Iversen et al., 2011; Liang et al., 2020). Tuning the physicochemical properties of NPs is an approachable route to improving the cellular uptake capacity (Oh and Park, 2014; Li et al., 2021). However, the optimization of NPs’ surface properties may lead to the cytotoxicity of NPs (Lewinski et al., 2008). On the other hand, cell–NP interaction and cellular uptake processes were also efficient for the regulation of cellular uptake capacity (Adjei et al., 2014). Therefore, novel techniques depending on the modulation of cell behaviors were required to avoid side effects of NP properties’ optimization. Previous evidence demonstrated that the biophysical stimuli from in situ microenvironment can be applied to manipulate the cellular uptake process (Huang et al., 2017). It is worth noting that physical boundary conditions were critical in regulating cell behaviors (Yang et al., 2018; Wang et al., 2021a). For instance, the effects of a single cell’s morphological cues on cell functions were revealed by micropatterning techniques (Yang et al., 2019b; Wang et al., 2021b). Additionally, the significant influence of spatial factors on colonies’ tumorigenesis (Lee et al., 2016; Lee et al., 2020) and gastrulation (Deglincerti et al., 2016; Morgani et al., 2018) has been explored by many studies. All of these results indicated the importance of morphological cues in regulating the functions of a cell or colony. Recently, the relationship between cellular uptake capacity and single cell morphology has been illustrated (Wang et al., 2016; Yang et al., 2019a; Wang et al., 2022). Whereas, in scientific research and clinical practice, a multicellular colony was more common than single-cell status. Unfortunately, even the influence of morphological cues on colonies’ behaviors was explained, and their effects on colonies’ uptake capacity were still unclear. In this case, elucidating the relationship between colonies’ morphological cues and the cellular uptake capacity of NPs will provide some essential information for the improvement of NPs’ uptake efficacy through regulating physical boundary conditions.
In this study, the effects of colonies’ morphology on the cellular uptake capacity of NPs were investigated by using micropatterned PDMS stencils. The PDMS stencils containing circular micro-holes of 0.8 and 1.2 mm in diameter were prepared to control colonies’ size. The melanoma cells with different seeding densities were cultured on the stencils to form micropatterned colonies with different sizes and cell densities. Then, the amino-modified fluorescence polystyrene NPs were incubated with micropatterned colonies to investigate the influence of colonies’ morphology on the cellular uptake capacity. Firstly, the distribution of cells and endocytosed NPs in micropatterned colonies was observed and analyzed. To explore the reason for morphological cues affecting cellular uptake capacity, the cell morphology and cytoskeleton structure were also characterized.
MATERIALS AND METHODS
Preparation of PDMS Stencils
The stencils were prepared by a simple punching process. In detail, the PDMS film with 100 μm in thickness was commercially purchased from Hangzhou Bald Advanced Materials Technology Co., Ltd. The PDMS films were firstly cut into a circular shape of 14 mm in diameter. Then, the holes of 0.8 mm or 1.2 mm in diameter were manufactured on the circular PDMS film by using a specific puncher. Before cell seeding, the prepared stencils were firstly sterilized by immersing in 70% ethanol for 20 min and rinsing in PBS solution twice. Finally, the stencils were placed in a 24-well plate for cell culture.
Cell Culture
Melanoma cells (B16) were purchased from Procell Lifer Science & Technology Co., Ltd. and subcultured in DMEM medium (Mishu (Xi’an) Biotechnology Co., Ltd.) supplied with 10% FBS (Biological Industries Israel Beit Haemek Ltd.) and 1% penicillin–streptomycin (Mishu (Xi’an) Biotechnology Co., Ltd.). A 1 ml cell suspension with 4 × 104, 6 × 104, and 8 × 104 cells/ml in cell density was seeded in each well. After being cultured in a humidified CO2 incubator for 6 h, the medium with suspending cells was refreshed. Then, the samples were further incubated for 18 h for the following experiments.
Nuclei Staining and Cell Density Analysis
After cell seeding for 24 h, the samples were rinsed with prewarmed PBS and fixed with 4% cold paraformaldehyde (Shanghai Aladdin Biochemical Technology Co., Ltd.) for 10 min. Then, the samples were permeabilized by 1% Triton X-100 (Shanghai Aladdin Biochemical Technology Co., Ltd.) for 2 min and stained by 1‰ DAPI (Shandong Sparkjade Scientific Instruments Co., Ltd.) in PBS for 10 min. The fluorescence of DAPI was observed and recorded by a fluorescence microscope (MF52-N, Guangzhou Micro-shot Technology Co., Ltd.). The fluorescence images were applied to analyze cell distribution. To count cells in different regions, the colony was firstly separated into the peripheral region and central region. To get the same area of the peripheral region and central region, the radius of the central region was set as 0.28 mm for micropatterned colonies with 0.8 mm in diameter and 0.42 mm for colonies with 1.2 mm in diameter. The cell numbers at the peripheral or central regions were counted from DAPI staining fluorescence images by analyzing the particles processed in ImageJ. More than 50 fluorescent images were applied to get heat maps, and five representative fluorescence images were analyzed to get quantitative data.
Cellular Uptake Capacity Analysis
After the cell seeding process for 24 h, the medium was replaced by a fresh medium with 1% amino-modified fluorescent PS NPs (100 nm, Xi’an ruixi Biological Technology Co., Ltd.) and further incubated for another 24 h in a humidified CO2 incubator. Then, the samples were harvested and incubated with 0.4% trypan blue (Shanghai Aladdin Biochemical Technology Co., Ltd.) for 5 min to quench the fluorescence of extracellular NPs. Finally, the samples were fixed with 4% paraformaldehyde and stained with 1‰ DAPI. The fluorescence of NPs and DAPI was observed and recorded by fluorescence microscopy. The percentage and fluorescence intensity of NP-positive cells were calculated to evaluate the cellular uptake capacity. To define NP-positive cells, the integrated gray value (IGV) and area (A) of each cell were calculated by ImageJ. To get the corrected IGV, the region without cell attachment was selected as the background to calculate IGVbackground and Abackground. Then, the corrected IGV was calculated by (IGV/A-IGVbackground/Abackground)×A. The NP-positive cells were defined as the cells with corrected IGV two times higher than the IGVbackground. The percentage of NP-positive cells was calculated by the number of NP-positive cells divided by the total cell number. The corrected IGV of nanoparticle-positive cells was also recorded to evaluate the cellular uptake capacity. More than 30 fluorescent images of each group were analyzed.
Actin and Nuclei Staining
After cells were cultured within stencils for 24 h, the samples were fixed by 4% paraformaldehyde for 10 min and permeabilized by 1% Triton X-100 for 2 min at room temperature. Then, the samples were blocked with 2% bovine serum albumin (BSA, Shanghai Aladdin Biochemical Technology Co., Ltd.) in PBS for 30 min at room temperature. Then, actin was stained by incubating the samples with Alexa Fluor-594 phalloidin (Beijing Solarbio Science & Technology Co., Ltd.) at a dilution ratio of 1:40 in PBS for 20 min at room temperature. Nuclei were stained with 1‰ DAPI at room temperature in the dark for 10 min. After being washed with PBS three times, the fluorescence images of each sample were observed and recorded by a fluorescence microscope. Fifty fluorescent images were applied to obtain heat maps.
Blebbistatin and Dynasore Treatment
Blebbistatin (Shanghai Aladdin Biochemical Technology Co., Ltd.) and dynasore (Shanghai Aladdin Biochemical Technology Co., Ltd.) were applied to disturb the cytoskeleton organization and inhibit the dynamin activity. In detail, after the cell was cultured on stencils for 16 h, the medium was refreshed by a cell-cultured medium with 1 ng/ml blebbistatin or 40 μM dynasore. After further culturing for 8 h, the medium was replaced by a fresh medium with 1% amino-modified fluorescent NPs and 1 ng/ml blebbistatin or 40 μM dynasore. After further culturing in a humidified CO2 incubator for another 24 h, the samples were harvested and treated with 0.4% trypan blue for 5 min. Before fluorescence observation, the samples were stained with DAPI. The percentage and fluorescence intensity of NP-positive cells were also analyzed as previously described. More than 30 fluorescent images were analyzed.
Statistical Analysis
The significant difference among samples was performed using a one-way analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons. The data are presented as means ± standard deviations (SDs). It is considered to be a statistically significant difference when p < 0.05.
RESULTS
Preparation and Characterization of Stencils
As shown in Figure 1A, PDMS stencils were prepared by the punching process and applied for cell culture. The micro-holes with 0.8 mm or 1.2 mm in diameter were fabricated on a circular PDMS film with 14 mm in diameter by using a specific puncher (Figures 1B, C). The diameter of the holes was 849.5 ± 33.9 μm and 1,273.7± 62.6 μm. After sterilization, the PDMS stencils tightly adhered to TCPS (tissue culture polystyrene) surfaces in 24-well plates for the following cell experiments. Since the PDMS film’s hydrophobic properties do not encourage cell adhesion (Subramaniam and Sethuraman, 2014), cells tended to adhere to the TCPS surface that bore micro-holes from the PDMS stencils (Choi et al., 2012). After the cell was cultured with PDMS stencils, colonies were formed within micro-holes of the stencil and the morphology of the colonies was controlled by PDMS stencils (Figure 1D). After cell adhesion, the unadhered cells were easily removed by the medium refreshing process. Additionally, the stencil-associated micropatterning method had no significant influence on cell viability (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Preparation of PDMS stencils and morphology of micropatterned colonies. (A) Scheme of PDMS stencil’s preparation and application in cell culture. (B) Illustration of PDMS stencils’ structure. (C) Photography of PDMS stencils. (D) Microscopic images of micropatterned melanoma colonies. Scale bar: 200 μm.
Cell Distribution
After the formation of micropatterned colonies, the diameter of the micropatterned melanoma colonies was 835.9 ± 14.1 μm and 1,262.2 ± 18.4 μm. Then, the nuclei were stained to characterize the cell distribution. As shown in Figure 2A, the density of melanoma cells was controlled by seeding density. With few cells seeding, there was no significant difference in cell density between different sizes of colonies (Figure 2B). With increased seeding density, the cell density of colonies with 0.8 mm in diameter was higher than the colonies with 1.2 mm in diameter (Figure 2B).
[image: Figure 2]FIGURE 2 | Cell distribution of micropatterned colonies. (A) Distribution of DAPI-stained nuclei in colonies with different diameters and cell densities. Scale bar: 50 μm. (B) Cell density of micropatterned colonies. (C) Heat maps of DAPI-stained nuclei. Scale bar: 50 μm. (D) Illustration of the peripheral region and central region in micropatterned colonies. (E) Cell density of the defined peripheral and central regions in micropatterned colonies with different diameters and cell densities. Data are presented as means ± SDs (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
Furthermore, cells predominantly adhered at the peripheral region of micropatterned colonies. To observe more clearly, more than 50 fluorescent images were applied to create heat maps (Figure 2B). The heat maps showed the same phenomenon that melanoma cells concentrated in the peripheral region of micropatterned colonies, especially at low cell density. To quantitatively analyze the cell density at a different region of colonies, the central and peripheral regions with the same area were set, as shown in Figure 2C. As Figure 2Dshows thequantitative results, the cell density in the peripheral region was significantly higher than in the central region. In addition, with cell density increased, cells were more homogeneously distributed within smaller colonies.
Cellular Uptake Capacity
The cellular uptake of amino group-modified fluorescent PS NPs is shown in Figures 3A,B. The cellular uptake capacity was indicated by the percentage and fluorescence intensity of NP-positive cells. The percentage of NP-positive cells was related to the ratio of cells, which could uptake NPs, and the fluorescence intensity of NP-positive cells was applied to indicate the amount of endocytosed NPs in each cell. In the results, colony size did not have a significant effect on the percentage of NP-positive cells (Figure 3C). On the other hand, the fluorescence intensity of cells in micropatterned colonies with 1.2 mm in diameter was higher than in the smaller colonies (d = 0.8 mm) (Figure 3D).
[image: Figure 3]FIGURE 3 | Cellular uptake capacity of micropatterned colonies with different sizes. (A,B) Representative images of fluorescent NPs and nuclei. Scale bar: 50 μm. (C) Percentage of NP-positive cells. Data are presented as means ± SDs (n > 30). (D) Fluorescence intensity of NP-positive cells (n > 3,000).
Furthermore, within the colonies having the same size, as the cell seeding density increased, the percentage of NP-positive cells was decreased (Figures 4A,E. It was interesting that the fluorescence intensity of cells with a medium density was higher than the cells with low or high density (Figures 4B,F ). On the other hand, for the results of spatial factor that regulated the cellular uptake capacity, the percentage and fluorescence intensity of NP-positive cells (Figures 4C,G and Figures 4D,H) in the peripheral region were significantly higher than the cells located in the central region. To explore the reason for these phenomena, the cytoskeleton of melanoma cells was analyzed.
[image: Figure 4]FIGURE 4 | Cellular uptake capacity of micropatterned colonies with different regions. (A,E) Percentage of NP-positive cells within whole colonies. Data are presented as means ± SDs (n > 30). (B,F) Distribution curves of NP-positive cells’ intensity (n > 3,000). (C,G) Percentage of NP-positive cells at the peripheral and central regions. Data are presented as means ± SDs (n = 5). (D,H) Fluorescence intensity of NP-positive cells at the peripheral and central regions. Data are presented as means ± SDs (n > 100). *p < 0.05, **p < 0.01, ***p < 0.001.
Structure of Cytoskeleton
Since previous studies have demonstrated that the cellular uptake capacity is tightly related to the structure of the cytoskeleton (Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2021c), the actin structure was characterized in this study. The structure of the cytoskeleton was analyzed by actin-stained fluorescence images (Supplementary Figure S2). The heat maps of actin (Figure 5A) revealed that actin was concentrated in the peripheral region of micropatterned colonies. This result had a good agreement with cell uneven distribution. As shown in the magnified fluorescent images (Figure 5B), more spindle-shaped cells (white arrow) were observed in the central region of the micropatterned colony with low cell seeding density. In contrast, more circular-shaped cells (green arrow) were found in peripheral regions with high cell density. In addition, actin was concentrated in the cortical region in circular-shaped cells and homogeneously distributed in spindle-shaped cells (Figure 5C).
[image: Figure 5]FIGURE 5 | Structure of actin at the peripheral and central regions of colonies. (A) Heat maps of actin-stained fluorescent images. Scale bar: 50 μm. (B) Representative magnified fluorescent images of stained nuclei and actin (d = 1.2 mm). Scale bar: 50 μm. (C) Representative images and fluorescence intensity curves of spindle-shaped and circular-shaped melanoma cells (d = 1.2 mm). Scale bar: 10 μm.
Influence of Cytoskeleton on Cellular Uptake Capacity
To explore the function of cytoskeleton in the cellular uptake process, the cytoskeleton was disrupted. As shown in Figure 6A, actin was disturbed by blebbistatin before and during cellular uptake experiments. After blebbistatin treatment, there was no significant influence on the actin organization of spindle-shaped cells. In contrast, actin in the cortical region of cells with high density disappeared and was randomly distributed within the cytoplasm. In addition, the percentage (Figure 6C; Supplementary Figure S3A) and fluorescence intensity (Figure 6D; Supplementary Figure S3B) of NP-positive cells were slightly decreased after blebbistatin treatment.
[image: Figure 6]FIGURE 6 | Influence of the cytoskeleton structure on cellular uptake capacity. (A) Scheme of blebbistatin treatment. (B) Structure of actin after blebbistatin treatment (d = 1.2 mm). Scale bar: 50 μm. (C) Percentage of NP-positive cells after blebbistatin treatment (d = 1.2 mm). Data are presented as means ± SDs (n > 30). (D) Fluorescence intensity of NP-positive cells after blebbistatin treatment (1.2 mm). Data are presented as means ± SDs (n > 300).
Influence of Dynamin on Cellular Uptake Capacity
In addition, at the final step of clathrin-mediated endocytosis (CME), cortical actin is collaborated with dynamin to separate clathrin-coated pits from the plasma membrane (Merrifield et al., 2002; Grassart et al., 2014). It means that cortical actin is functionalized not only at the process of endocytic membrane’ invagination but also at the endocytic vesicles’ separation. Therefore, the function of cortical actin and dynamin in the regulation of cellular uptake capacity was also investigated by the inhibition of dynamin activity. In this case, dynasore was applied to inhibit dynamin activity (Macia et al., 2006). As shown in Figure 7A, dynasore was incubated with colonies before and during cellular uptake experiments. Quantitative data revealed that the percentage (Figure 7C; Supplementary Figure S4A) and fluorescence intensity (Figure 7D; Supplementary Figure S4B) of NP-positive cells were significantly decreased after dynasore treatment. In addition, the fluorescence intensity has no significant difference with different cell seeding densities after dynasore treatment (Figure 7D).
[image: Figure 7]FIGURE 7 | Influence of dynamin on cellular uptake capacity. (A) Scheme of dynasore treatment. (B) Representative fluorescent images of cellular uptake after dynasore treatment. Scale bar: 50 μm. (C) Percentage of NP-positive cells after dynasore treatment (1.2 mm). Data are presented as means ± SDs (n > 30). (D) Fluorescence intensity of NP-positive cells after dynasore treatment (1.2 mm). Data are presented as means ± SDs (n > 300). *p < 0.05, ***p < 0.001.
DISCUSSION
In this study, micropatterned PDMS stencils were applied to control the morphology of melanoma colonies. After micropatterned colonies formed, the size and morphology of colonies were easily controlled by PDMS stencils and the cell density was regulated by the cell seeding process. For each colony, the cells were predominately located in the peripheral region. This phenomenon was similar to the cells cultured in microwell plates. This uneven distribution of cells has been explained by the effect of the meniscus (Freshney, 2010).
Then, the results of cellular uptake capacity and morphological cues of colonies were comprehensively analyzed. Firstly, the fluorescence intensity of NP-positive cells in a larger colony was higher than the cells in a smaller colony (Figure 3D). In common sense, with homogeneously distributed NPs, the colonies with a larger spreading area have a higher contact probability with NPs. Thus, this phenomenon was considered to be the result of a bigger dose of NPs. In addition, the role of cell density and spatial factors in the regulation of cellular uptake capacity was also analyzed. With cell density increased, more concentrated cells showed circular morphology and a smaller spreading area (Figure 5B). This smaller spreading area induced a lower contact probability between the plasma membrane and NPs and finally decreased the percentage of NP-positive cells (Figures 4A,E) (Wang et al., 2016; Khetan et al., 2019). In contrast, the fluorescence intensity of positive cells with medium density was higher than the cells with low density (Figures 4B,F). It means that even if the percentage of NP-positive cells decreased, the cellular uptake capacity of each individual cell was enhanced by higher cell density. These controversial results indicated that the increased cell density could enhance the cellular uptake capacity of an individual cell but decrease the contacting probability between the cytoplasm membrane and NPs. Moreover, this inference was also supported by the decreased fluorescence intensity of NP-positive cells with the highest cell density.
Furthermore, with the result of uneven cell distribution in micropatterned colonies (Figure 2), the concentrated cells in the peripheral region have the highest percentage and fluorescence intensity of NP-positive cells (Figure 4). It also indicated that the higher cellular uptake capacity was related to higher cell density. In this case, the structure and functions of the cytoskeleton were characterized. The cells with higher density showed more circular-shaped cells with the typical cortical actin. As previously reported, the cortical actin was critical for invagination of the endocytic membrane in CME (Galletta et al., 2010; Chaudhuri et al., 2011). Additionally, some research already revealed that CME is a primary approach for the cellular uptake of amino-modified NPs (Jiang et al., 2010). Thus, cortical actin was considered a critical factor in the regulation of the cellular capacity of NPs. Therefore, the higher cell density-enhanced cellular uptake capacity benefited from cortical actin-accelerated CME in circular-shaped cells with high cell density. To verify the functions of cortical actin in the regulation of cellular uptake capacity, the actin organization was disrupted by blebbistatin (a specific myosin II inhibitor that can reduce cortical actin-mediated cortex tension) (Lu et al., 2008; Tinevez et al., 2009). For the results, with the disappearance of cortical actin, cellular uptake capacity was decreased (Figure 6). This could be further evidence to support the fact that the higher cellular uptake capacity of concentrated cells benefited from the cortical actin-enhanced CME. Additionally, since the cortical actin also takes effect on dynamin during the endocytic membrane’s separation (Loebrich, 2014), the dynamin was suppressed by dynasore treatment. After dynasore treatment, the significantly decreased cellular uptake capacity was independent of cell density (Figure 7D). The effects of dynamin demonstrated the improved cellular uptake in higher cell density was mainly contributed by cortical actin assisted membrane separation.
In summary, with a bigger dose of NPs, larger colonies endocytosed more NPs. In addition, the contrary effects of high cell density on the cellular uptake of NPs were revealed. Firstly, the concentrated cells with a circular shape showed typical cortical actin that can accelerate CME. On the other hand, the negative effect of high cell density on the cellular uptake capacity was associated with a decreased contacting probability between NPs and cytoplasm membrane. For these reasons, cells with higher density (intermediate seeding density or located at the peripheral region of micropatterned colonies) showed a higher cellular uptake capacity of NPs.
CONCLUSION
In this research, PDMS stencils were prepared and applied to control the morphologies of melanoma colonies. Subsequently, the influence of morphological cues on cellular uptake capacity has been revealed. The results indicated that more endocytosed NPs in larger colonies were related to a bigger dose of NPs within larger areas. In addition, with cell density increased, the cellular uptake capacity was simultaneously enhanced by the cortical actin-accelerated CME and was inhibited by the decreased contacting probability of NPs and cytoplasm membrane. As a result, cells with intermediate seeding density or located in the peripheral region of micropatterned colonies showed the highest cellular uptake capacity of NPs.
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Hepatic carcinoma is one of the most common cancers worldwide, while its treatment remains a great challenge. Traditional therapeutic methods often have disadvantages such as limited therapeutic efficacy and potential side effects. In this study, we report the construction of bovine serum albumin (BSA)–stabilized manganese oxide (MnO2)/semiconducting polymer (SP) nanocomposites to combine photothermal therapy (PTT) and chemodynamic therapy (CDT) for treatment of hepatic carcinoma in living mouse models. Such nanocomposites are composed of BSA, SP, and MnO2 as the stabilizer, PTT, and CDT agent, respectively. SP produced local heat under near-infrared (NIR) laser irradiation for PTT, and MnO2 nanoparticles mediated CDT in the tumor microenvironment, leading to apoptosis of cancer cells. Such nanocomposite-mediated combinational therapy showed a much higher efficacy in inhibiting growth of subcutaneous HepG2 tumors in nude mice than sole treatment. This study thus provides a multifunctional nanoplatform for safe and effective treatment of hepatic carcinoma.
Keywords: hepatic carcinoma, photothermal therapy, chemodynamic therapy, combinational therapy, nanocomposites
INTRODUCTION
Hepatic carcinoma has been the fifth common type of cancer and third common cause of cancer-related deaths over the world (Zhou et al., 2018; Liu et al., 2020; Qi et al., 2021). Traditional approaches for treatment of hepatic carcinoma include surgery, chemotherapy, and radiotherapy (Golubnitschaja et al., 2016; Wang et al., 2019; Zhu et al., 2019). Surgery is still one of the first-choice treatments for hepatic carcinoma, but tumor recurrence rates after surgery are higher than 40%, which restricts the long-term survival of patients (Depalo et al., 2017). Although chemotherapy has exhibited a remarkable curative effect with great success in clinical practice, it often has disadvantages such as poor tumor specificity, high systemic toxicity, and adverse effects (Tian et al., 2010). Radiotherapy usually faces the common dilemmas of poor efficacy, severe side effects, and radioresistance (De Ruysscher et al., 2019). Therefore, exploration of efficient and safe strategies for treatment of hepatic carcinoma is in high demand.
Unlike traditional treatment, photothermal therapy (PTT) utilizes photothermal conversion agents to convert light energy into heat energy, thereby increasing the temperature of the surrounding environment and causing the death of cancer cells (Hu et al., 2018; Jung et al., 2018; Liu et al., 2019). As external laser irradiation can precisely target tumor tissues, PTT can minimize the damage to the surrounding normal tissues and thus shows high specificity (Li et al., 2019; Li et al., 2020; Yuan et al., 2020). Chemodynamic therapy (CDT) is an emerging tumor treatment method that utilizes Fenton and Fenton-like reactions in the tumor microenvironment to generate highly toxic hydroxyl radicals (OH) for inducing cell apoptosis (Wang et al., 2020; Hao et al., 2021; Tian et al., 2021). CDT has high tumor specificity and selectivity and low toxicity in normal tissues, but the limited content of endogenous hydrogen peroxide (H2O2) and high concentrations of antioxidants in the tumor microenvironment can lead to unsatisfactory therapeutic effects (Cao et al., 2019; Ming et al., 2020; Yu et al., 2021). Since it is difficult for a single treatment method to achieve the desired therapeutic effect, a combination of different treatment modalities is expected to improve the antitumor efficacy (Li et al., 2018b; Hu et al., 2019; Chen et al., 2021). Therefore, the combination of PTT with CDT has not only shown high selectivity for cancer treatment but also improved therapeutic efficacy.
With the development of nanotechnology, a large number of nanoparticles with different functions and properties have been used as therapeutic agents for cancer treatment (Gai et al., 2018; Sahu et al., 2020; Siddique and Chow, 2020). Nanoparticles can improve the stability, water solubility, and pharmacokinetics of small-molecular anticancer drugs and allow the delivery of drugs into tumor sites for improved chemotherapy (Begines et al., 2020; Manzano and Vallet-Regí, 2020; Yu et al., 2020). Some nanoparticles can generate heat or highly toxic reactive oxygen species (ROS) upon external stimuli or reactions with endogenous chemical stimuli in the tumor microenvironment to show therapeutic actions (Chen et al., 2016; Son et al., 2020; Tang et al., 2020). In addition, nanoparticles can mediate combinational therapy through integrating different therapeutic components into a single nanosystem (Zhang et al., 2017; Zhang et al., 2018; Shrestha et al., 2019). Therefore, nanoparticle-mediated combinational therapy should provide an alternative strategy for treatment of hepatic carcinoma.
Herein, we report the construction of bovine serum albumin (BSA)–stabilized manganese oxide (MnO2)/semiconducting polymer (SP) nanocomposites for combinational PTT and CDT of hepatic carcinoma in living mouse models. BSA was utilized as both a reductant and a template to synthesize BSA-MnO2 nanoparticles, which served as a stabilizer to construct BSA-MnO2/SP nanocomposites (Figure 1A). MnO2 nanoparticles have been utilized for cancer therapy as they can mediate Fenton-like reactions in the tumor microenvironment to generate OH (Ou et al., 2021). Due to its good biocompatibility and excellent optical property, SP can be used for PTT (Li et al., 2018a). Under 808 nm laser irradiation, MnO2 and SP mediated the generation of OH and local heat in tumors for CDT and PTT, respectively. Such a combinational therapy showed an improved efficacy in completely inhibiting the growth of subcutaneous HepG2 tumors in nude mice (Figure 1B).
[image: Figure 1]FIGURE 1 | Construction of BSA-MnO2/SP nanocomposites for combinational PTT and CDT of hepatic carcinoma. (A) Schematic illustration of synthesis of BSA-MnO2/SP nanocomposites. (B) Schematic illustration of BSA-MnO2/SP nanocomposite–mediated combinational PTT and CDT.
MATERIALS AND METHODS
Materials
BSA and SP were purchased from Sigma-Aldrich (St. Louis, United States). Singlet oxygen sensor green (SOSG) and the cell counting kit-8 (CCK-8) agent was purchased from Thermo Fisher Scientific (Invitrogen, United States) and Dojindo Laboratories (Kumamoto, Japan), respectively. RPMI 1640 medium, penicillin-streptomycin, and fetal bovine serum (FBS) were obtained from Gibco (Grand Island, NY, United States). Ultrapure water used in all experiments was prepared using a water purification system (PALL Cascada, MI, United States). All other chemicals were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Synthesis of BSA-MnO2/SP Nanocomposites
BSA-MnO2 nanoparticles were synthesized according to the procedures reported previously (Liu et al., 2021; Chen et al., 2022). In brief, aqueous solution of KMnO4 (3 ml, 10.5 mg/ml) was dropwise added to BSA solution (7 ml, 35.7 mg/ml) under sonication, and the resulting solution was vigorously stirred at 37°C for 2 h. After purification via dialysis (molecular weight cut-off = 8–14 kDa), BSA-MnO2 nanoparticles were obtained. To synthesize BSA-MnO2/SP nanocomposites, SP dissolved in tetrahydrofuran (1 ml, 0.5 mg/ml) was rapidly injected into the solution of BSA-MnO2 nanoparticles, and the resulting solution was treated by sonication for 5 min. After removal of tetrahydrofuran via a nitrogen flow and filtration of the remaining solution via a 220 nm PVDF filter, BSA-MnO2/SP nanocomposites were obtained. To synthesize BSA/SP nanoparticles as control, SP dissolved in tetrahydrofuran (1 ml, 0.5 mg/ml) was rapidly injected into BSA solution under sonication for 5 min.
Characterization Techniques
Transmission electron microscope (TEM) images were obtained using a Tecnai G2 TEM (United States). Dynamic light scattering (DLS) and zeta potential measurement were conducted on a Zetasizer Nano-series (Nano-ZS90, Malvern, United Kindom). UV-vis spectra were obtained using a Persee spectrophotometer (TU-1810, Beijing, China). Fluorescence spectra were recorded on a fluorescence spectrophotometer (RF-6000, SHIMADZU, Japan).
Evaluation of Photothermal Property
To evaluate the photothermal property of BSA/SP and BSA-MnO2/SP, the solutions containing BSA/SP or BSA-MnO2/SP at an SP concentration of 100 μg/ml were irradiated by 808 nm laser at different power densities (0.5, 1.0, and 1.5 W/cm2) for 5 min. Thermal images were obtained using a thermal infrared camera, and the temperatures during laser irradiation were recorded. In addition, the solutions of BSA/SP or BSA-MnO2/SP at different SP concentrations (12.5, 25, 50, and 100 μg/ml) were irradiated by 808 nm laser at a power density of 1.0 W/cm2 for 5 min to evaluate the influence of nanoparticle concentrations on temperature. Moreover, the solutions were treated by laser on/off at least five times to evaluate the photothermal stability of BSA/SP and BSA-MnO2/SP nanoparticles.
Evaluation of OH Generation Efficacy
The solutions containing BSA-MnO2 or BSA-MnO2/SP at a Mn concentration of 10 μg/ml were mixed with the solution of methylene blue (MB) with or without the addition of glutathione (GSH, 0.5 mM) and H2O2 (100 µM). After incubation for 10 min, the absorbance of the solutions was measured using a Persee spectrophotometer (TU-1810, Beijing, China). To evaluate PTT-amplified OH generation, the mixed solutions were irradiated by 808 nm laser at a power density of 1.0 W/cm2 for 5 min, and then the absorbance of solutions was measured using a spectrophotometer.
In Vitro Cytotoxicity Assay
HepG2 cancer cells were cultured in RPMI 1640 cell culture medium containing penicillin and streptomycin and 10% FBS at 37°C. The cells were seeded in 96-well plates (1 × 104 cells/well) and cultured for 24 h, and then the cells were incubated with BSA/SP or BSA-MnO2/SP nanoparticles at different SP concentrations (6.25, 12.5, 25, 50, and 100 μg/ml) for 24 h. The cell culture medium was discarded, the cells were carefully washed with phosphate buffer solution (PBS), and a fresh medium containing a 10% CCK-8 agent was added into each well; then the cells were incubated for another 4 h. The absorbance of each well was measured using a microplate reader to calculate the cell viability. The cells treated with PBS were used as control.
In Vitro Therapeutic Efficacy Evaluation
HepG2 cells seeded in 96-well plates (1 × 104 cells/well) were incubated with BSA/SP or BSA-MnO2/SP nanoparticles at SP concentration of 100 μg/ml with or without the addition of H2O2 (100 μM) for 24 h. Then laser irradiation (808 nm, 1.0 W/cm2) of cells was conducted for 5 min, and the cells were incubated for another 12 h. After that, a CCK-8 assay was used to evaluate the cell viability.
Establishment of HepG2 Tumor Models
Nude mice (female, 4–6 weeks) were purchased from JieSiJie Laboratory Animal Co. Ltd. (Shanghai, China). All animal experiments were conducted according to the procedures permitted by the Institutional Anima Care and Treatment Committee of Donghua University. The suspension of HepG2 cells in PBS was subcutaneously injected into the right flank of each mouse (2 × 106 cells/mouse). HepG2 tumor–bearing nude mice were used for in vivo experiments after 10 days of tumor implantation.
In Vivo PTT of Tumors
HepG2 tumor–bearing mice were randomly divided into two groups (n = 3), and PBS solutions of BSA/SP or BSA-MnO2/SP nanoparticles (20 μL, SP concentration = 250 μg/ml) were intratumorally administrated into tumor tissues. At 30 min after injection, the tumors were irradiated by 808 nm laser (1.0 W/cm2) for 10 min. During laser irradiation, a thermal camera was used to obtain thermal images of the mice, and the temperatures in the tumor sites were measured by analyzing the thermal images. Temperature curves as a function of laser irradiating time were obtained.
In Vivo Antitumor Efficacy Evaluation
The HepG2 tumor–bearing mice were randomly divided into four groups: PBS, BSA-MnO2/SP, BSA/SP + laser, and BSA-MnO2/SP + laser (n = 4). The mice were intratumorally administrated with 20 μl PBS and PBS solutions of BSA/SP or BSA-MnO2/SP nanoparticles (SP concentration = 250 μg/ml). For laser irradiation groups, the tumors were irradiated by 808 nm laser (1.0 W/cm2) for 10 min at 30 min after injection. After treatment, the sizes of the tumors and the body weights of mice were recorded every 2 days for 18 days. The volumes of the tumors were calculated as follows: V = (length) × (width)2/2. The relative tumor volumes were calculated as V/V0 (V0 is the tumor volume at day 0). At day 18, the mice were sacrificed to extract tumors, and the tumor weights were measured.
Statistical Analysis
The data were expressed as mean ± standard deviation. The statistically significant differences were analyzed via unpaired student’s t-test. *p < 0.05, **p < 0.01, and ***p < 0.001 denoted statistical significance.
RESULTS AND DISCUSSION
Preparation and Characterization of BSA-MnO2/SP Nanocomposites
BSA-MnO2 nanoparticles were first synthesized with BSA acting as both a reductant and a template. TEM imaging showed that the formed BSA-MnO2 nanoparticles had a spherical morphology (Supplementary Figure S1). The hydrodynamic size and zeta potential of BSA-MnO2 nanoparticles were measured to be 7.2 nm and −15.6 mV, respectively (Supplementary Figure S2). BSA-MnO2 nanoparticles were then used as a stabilizer to prepare BSA-MnO2/SP nanocomposites through sonication. Poly(cyclopentadithiophene-alt-benzothiadiazole) with excellent optical property and photothermal conversion efficacy was used as the SP (Li et al., 2018b). The formed BSA-MnO2/SP nanocomposites showed a spherical morphology, as observed from the TEM image (Figure 2A). The hydrodynamic size of BSA-MnO2/SP nanocomposites measured by DLS was 73.5 nm, which was larger than that of BSA-SP nanoparticles (52.7 nm) (Figures 2B,C). The zeta potential of BSA-MnO2/SP nanocomposites was measured to be −19.5 mV, which was similar to that of BSA-SP nanoparticles (−16.1 mV) (Figure 2D).
[image: Figure 2]FIGURE 2 | Preparation and characterization of BSA-MnO2/SP nanocomposites. (A) Representative TEM image of BSA-MnO2/SP nanocomposites. (B) DLS profiles of BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites. (C) Hydrodynamic sizes of BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites measured using DLS. (D) Zeta potentials of BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites. (E) Absorbance spectra of BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites. (F) Fluorescence spectra of BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites.
The optical properties of nanoparticles are important for their different applications (Peng and Chen, 2018; Peng et al., 2020a; Peng et al., 2020b), which were then investigated. The characteristic absorbance of SP at 680 nm was observed in the absorbance spectra of both BSA-SP and BSA-MnO2/SP (Figure 2E). In addition, BSA-SP nanoparticles and BSA-MnO2/SP nanocomposites had similar fluorescence property, with the fluorescence emission at around 845 nm (Figure 2F). These results indicating that the existence of MnO2 nanoparticles did not obviously affect the optical properties of nanoparticles.
Evaluation of Photothermal Conversion Efficacy
To evaluate the photothermal conversion efficacy, the solutions containing nanoparticles were treated with 808 nm laser, and the temperatures of the solutions were recorded. At the same concentration, the temperatures of the solutions containing BSA-MnO2/SP nanocomposites gradually increased under laser irradiation (Figure 3A). To confirm power density–dependent temperature increase, the commonly used laser densities (0.5, 1.0, and 1.5 W/cm2) were used. The temperature increased much more obviously at a higher power density of laser, which reached 36.2, 56.6, and 65.7°C after 5 min of laser irradiation at power densities of 0.5, 1.0, and 1.5 W/cm2, respectively (Figure 3B). After 5 min of laser irradiation, the temperatures of the solutions reached the maximum. These results suggested that higher power density could lead to a higher temperature increase for BSA-MnO2/SP nanocomposites. The power density–dependent temperature increase was also observed for BSA/SP nanoparticles (Figures 3C,D). At a power density of 1.0 W/cm2, the temperature of the solutions containing BSA-MnO2/SP nanocomposites increased diversely at different concentrations (Figure 3E). At concentrations of 12.5, 25, 50, and 100 μg/ml, the solution temperature increased to 34.0, 41.1, 48.7, and 56.6°C after 5 min of laser irradiation, respectively (Figure 3F). Similar tendencies were also observed for BSA/SP nanoparticles, and the temperature increase was much more obvious at a higher concentration (Figures 3G,H).
[image: Figure 3]FIGURE 3 | Evaluation of photothermal conversion efficacy. (A) Thermal imaging of solutions containing BSA-MnO2/SP nanocomposites under 808 nm laser irradiation at power densities of 0.5, 1.0, and 1.5 W/cm2. (B) Temperature curves of BSA-MnO2/SP nanocomposite solution under 808 nm laser irradiation at different power densities. (C) Thermal imaging of solutions containing BSA/SP nanoparticles under 808 nm laser irradiation at power densities of 0.5, 1.0, and 1.5 W/cm2. (D) Temperature curves of BSA/SP nanoparticle solution under 808 nm laser irradiation at different power densities. (E) Thermal imaging of solutions containing BSA-MnO2/SP nanocomposites at concentrations of 12.5, 25, 50, and 100 μg/ml under 808 nm laser irradiation at a power density of 1.0 W/cm2. (F) Temperature curves of BSA-MnO2/SP nanocomposite solutions at different concentrations under 808 nm laser irradiation (1.0 W/cm2). (G) Thermal imaging of solutions containing BSA/SP nanoparticles at concentrations of 12.5, 25, 50, and 100 μg/ml under 808 nm laser irradiation at a power density of 1.0 W/cm2. (H) Temperature curves of BSA/SP nanoparticle solutions at different concentrations under 808 nm laser irradiation (1.0 W/cm2). (I) Photothermal stability evaluation of BSA/SP nanoparticles and BSA-MnO2/SP nanocomposites after five cycles of laser on/off.
The photothermal stability of nanoparticles was then evaluated. After five cycles of laser on/off, the temperature increases of solutions containing BSA/SP nanoparticles and BSA-MnO2/SP nanocomposites did not have any decreases (Figure 3I), suggesting their excellent photothermal stability. The slight increases in maximal temperatures for solutions after more cycles of laser irradiation might be due to high temperature–mediated evaporation of water to increase the concentrations of nanoparticles. In addition, the temperatures were similar for BSA/SP nanoparticles and BSA-MnO2/SP nanocomposites at the same concentration and laser irradiation time. This indicated that BSA/SP nanoparticles and BSA-MnO2/SP nanocomposites had similar photothermal conversion efficacy.
Evaluation of OH Generation Efficacy
The generation of OH via MnO2-mediated Fenton-like reaction was evaluated using MB as the indicator. The characteristic absorption peak of MB at 665 nm did not have obvious changes for GSH + MB + H2O2 and BSA-MnO2 + GSH + MB groups, while that was obviously reduced for the BSA-MnO2 + GSH + MB + H2O2 group (Figure 4A), which suggested the generation of OH via Fenton-like reaction for BSA-MnO2 nanoparticles. The characteristic absorption peak of MB was still high in the BSA-MnO2/SP + GSH + MB group, which was obviously reduced in the BSA-MnO2/SP + GSH + MB + H2O2 group (Figure 4B), indicating the OH generation for BSA-MnO2/SP nanocomposites. In addition, the decrease in the characteristic absorption peak of MB in the BSA-MnO2/SP + GSH + MB + H2O2 group was much more obvious after 808 nm laser irradiation (Figure 4C), which suggested the enhanced generation of OH after 808 nm laser irradiation. These results suggested that the Fenton-like reaction effect of BSA-MnO2/SP nanocomposites could be accelerated by the PTT-mediated temperature rise, and thus, PTT and CDT showed a synergistic effect.
[image: Figure 4]FIGURE 4 | Evaluation of OH generation efficacy. (A) Evaluation of OH generation via BSA-MnO2 nanoparticle–mediated Fenton-like reaction using MB as an indicator. (B) Evaluation of OH generation via BSA-MnO2/SP nanocomposite–mediated Fenton-like reaction using MB as an indicator. (C) Evaluation of OH generation for BSA-MnO2/SP nanocomposites without or with 808 nm laser irradiation (1.0 W/cm2) for 5 min.
Evaluation of In Vitro Therapeutic Efficacy
The in vitro cytotoxicity of BSA/SP nanoparticles and BSA-MnO2/SP nanocomposites was evaluated using the CCK-8 assay. After treatment with BSA/SP nanoparticles for 24 h, the cell viability of HepG2 cells did not have obvious changes even at a high concentration of 100 μg/ml when compared to the control group (Figure 5A), which indicated the good cytocompatibility of BSA/SP nanoparticles. After incubation with BSA-MnO2/SP nanocomposites, the cell viability reduced with the increase in concentration, which should be due to the slight cytotoxicity induced by MnO2 nanoparticles.
[image: Figure 5]FIGURE 5 | Evaluation of in vitro therapeutic efficacy. (A) Cell viability of HepG2 cells after incubation with BSA/SP nanoparticles or BSA-MnO2/SP nanocomposites at different SP concentrations for 24 h. (B) Cell viability of HepG2 cells after incubation with BSA/SP nanoparticles or BSA-MnO2/SP nanocomposites in the presence of H2O2 (100 μM) without or with 808 nm laser irradiation (1.0 W/cm2) for 5 min.
The in vitro therapeutic efficacy of nanoparticles was then investigated (Figure 5B). Without 808 nm laser irradiation, the cell viability of HepG2 cells did not have obvious changes after treatment with BSA/SP nanoparticles and H2O2, while that significantly reduced to 79.5% after treatment with BSA-MnO2/SP nanocomposites and H2O2, suggesting the generation of highly toxic OH for BSA-MnO2/SP nanocomposite–mediated CDT. With 808 nm laser irradiation, the cell viability of HepG2 cells after treatment with BSA/SP nanoparticles and H2O2 was only 6.3% due to BSA/SP nanoparticle–mediated PTT. In addition, the cell viability of HepG2 cells after treatment of BSA-MnO2/SP nanocomposites and H2O2 with 808 nm laser irradiation was 0.87%, which was 91.3- and 7.2-fold lower than that in the BSA-MnO2/SP + H2O2 and BSA/SP + H2O2 + laser group, respectively. These results indicated the amplified in vitro therapeutic efficacy of BSA-MnO2/SP nanocomposite–mediated combinational PTT and CDT compared to sole CDT and PTT.
Evaluation of In Vivo Antitumor Efficacy
To evaluate the in vivo therapeutic efficacy, HepG2 tumor–bearing mice were randomly divided into four groups, and PBS, BSA/SP nanoparticles, or BSA-MnO2/SP nanocomposites were locally injected into tumor sites, followed by irradiation of tumors with 808 nm laser (1.0 W/cm2). Although the temperatures of nanoparticle solutions reached the maximum after 5 min of laser irradiation, a longer period of laser irradiation (10 min) was conducted to achieve ideal therapeutic efficacy. Under laser irradiation, the temperatures of tumor sites gradually increased with the laser irradiating time for both BSA/SP– and BSA-MnO2/SP–injected mice (Figure 6A). The temperatures at different irradiating times for these two groups were similar, which reached the maximum (around 50.2°C) after 10 min of laser irradiation (Figure 6B). Note that the temperature of tumor sites for PBS-injected mice did not have obvious changes under laser irradiation (Supplementary Figure S3). These results suggested that BSA/SP and BSA-MnO2/SP showed a similar in vivo PTT effect.
[image: Figure 6]FIGURE 6 | Evaluation of in vivo antitumor efficacy. (A) Thermal imaging of HepG2 tumor–bearing nude mice after treatment with BSA/SP nanoparticles or BSA-MnO2/SP nanocomposites under 808 nm laser irradiation (1.0 W/cm2) for different times. (B) Temperature changes in tumor sites for BSA/SP nanoparticle– or BSA-MnO2/SP nanocomposite–injected mice at different laser irradiating times. (C) Relative tumor volumes of HepG2 tumor–bearing mice after different treatments. (D) Photographs of tumors from HepG2 tumor–bearing mice after different treatments for 18 days. (E) Tumor weight of HepG2 tumor–bearing mice after different treatments for 18 days.
The in vivo therapeutic efficacy was evaluated by monitoring tumor growth. The tumor growth of BSA-MnO2/SP–injected mice without laser irradiation was inhibited by 2.2-fold compared to that in control mice (Figure 6C), which should be due to the CDT effect. The tumor growth was inhibited by 2.4-fold after BSA/SP nanoparticle injection with 808 nm laser irradiation because of the PTT effect. It should be noteworthy that the growth of tumors was completely inhibited after BSA-MnO2/SP nanocomposite injection and laser irradiation, which was due to the combinational action of PTT and CDT. After treatment for 18 days, no tumors were observed for the BSA-MnO2/SP + laser group, and the tumors in the BSA-MnO2/SP and BSA/SP + laser groups were smaller than those in the control group (Figure 6D). The tumor weight in the BSA-MnO2/SP + laser group was 0 g, while that was 0.43, 0.23, and 0.18 g for the control, BSA-MnO2/SP, and BSA/SP + laser group, respectively (Figure 6E). These results suggested that BSA-MnO2/SP after laser irradiation showed the highest antitumor efficacy due to the combinational action of CDT and PDT. In addition, the body weight of mice after different treatments remained nearly unchanged (Supplementary Figure S4), indicating that BSA-MnO2/SP–mediated therapy did not cause significant toxicity.
CONCLUSION
We have reported the construction of BSA-MnO2/SP nanocomposites for combinational PTT and CDT of hepatic carcinoma in living mouse models. Such BSA-MnO2/SP nanocomposites could be synthesized via a facile two-step procedure. The formed BSA-MnO2/SP nanocomposites showed a high photothermal conversion efficacy under 808 nm laser irradiation and efficient OH generation efficacy via a Fenton-like reaction. By mediating the combinational action of PTT and CDT, BSA-MnO2/SP nanocomposites led to much higher efficacy in killing HepG2 cancer cells in vitro than to their counterparts. Such a treatment strategy could afford an obviously enhanced antitumor efficacy in inhibiting the growth of subcutaneous HepG2 tumors in living mice. In view of the flexible and facile construction of nanocomposites, this nanoplatform can be integrated with other therapeutic components (such as chemodrugs and immunotherapeutic drugs) to achieve multimodal therapy of different types of tumors. By modifying the targeting ligands on the surface to increase their accumulation into tumor sites after systematic administration, these nanocomposites can be used for targeted treatment of tumors.
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Based on the safety of prussian blue (PB) in biomedical application, we prepared manganese-based prussian blue (MnPB) nanocatalysts to achieve enhanced photothermal therapy and chemodynamic therapy. And we conducted a series of experiments to explore the therapeutic effects of MnPB nanoparticles (NPs) on non-small cell lung cancer (NSCLC) in vivo and in vitro. For in vitro experiments, the MnPB NPs suppressed growth of A549 cells by reactive oxygen species upregulation and near-infrared irradiation. Moreover, the MnPB NPs could inhibit lung cancer metastasis through downregulating the matrix metalloproteinase (MMP)-2 and MMP-9 expression in A549 cells. And for in vivo experiments, the MnPB NPs inhibited the growth of xenografted tumor effectively and were biologically safe. Meanwhile, Mn2+ as a T1-weighted agent could realize magnetic resonance imaging-guided diagnosis and treatment. To sum up, the results in this study clearly demonstrated that the MnPB NPs had remarkable effects for inhibiting the growth and metastasis of NSCLC and might serve as a promising multifunctional nanoplatform for NSCLC treatment.
Keywords: MnPB nanoparticles, non-small cell lung cancer, chemodynamic therapy, photothermal therapy, metastatic lung cancer
INTRODUCTION
Lung cancer is a common and severe global health problem, as it has become the first and third major cause of cancer related mortality among males and females respectively (Altorki et al., 2019; Zheng et al., 2021). And non-small cell lung cancer (NSCLC) is the main histological subtype, accounting for about 85% (Oser et al., 2015). Although recent therapeutic advances in surgery, chemoradiotherapy and targeted therapy, a substantial proportion of patients (75%) diagnosed with metastatic lung cancer has poor 5-year relative survival rate (6%) (Siegel et al., 2021). Additionally, drug resistance, toxicity and limited efficacy of many therapeutic compounds are pivotal impediments to the successful treatment of NSCLC. Consequently, it is critical to develop other safe and effective treatments to combat this deadly disease.
Recently, with the rapid progress of nanomedicine, nanoparticle systems have attracted considerable attention for various applications of tumor diagnosis and treatment (Lim et al., 2015; Li J. et al., 2021). And some new therapeutic modalities, including photothermal therapy (PTT) and chemodynamic therapy (CDT), exhibit good effect on tumor treatment (Guan et al., 2021; Sun et al., 2021). PTT, as a promising non-invasive cancer treatment strategy, can convert photon energy into heat to eradicate tumor cells (Li et al., 2020; Zhao H. et al., 2021). And PTT exhibits several advantages, including limited side-effects, high spatial selectivity and minimal injury to normal tissues (Wang et al., 2020a; Zheng et al., 2020; He et al., 2021). Meanwhile, CDT is an emerging nanocatalyst-based cancer treatment, which decomposes hydrogen peroxide (H2O2) to generate toxic reactive oxygen species (ROS) by Fenton or Fenton-like reactions (Wang et al., 2020b; Yang et al., 2021). It is well known that ROS can induce protein, DNA, and lipid damage to cause tumor cell death (Goldstein et al., 1993; Lin et al., 2020). The combination of PTT and CDT has been drawing more and more research attention because of their high-efficacy (Manivasagan et al., 2022).
Prussian blue (PB), a mixed-valence iron (III) hexacyanoferrate (II), has been widely explored as a powerful tool in biomedical research due to some superior properties, including excellent biocompatibility, good biodegradability, easy synthesis and favorable thermal stability (Busquets and Estelrich, 2020; Gao et al., 2020). Besides, PB has been authorized by USA Food and Drug Administration (FDA) as a safe material for clinical applications (Odda et al., 2019). But PB nanoparticles (NPs) with low catalase-like activity and low photothermal conversion efficiency are not promising agents for PTT and CDT (Dacarro et al., 2018; Gao et al., 2020). Moreover, although PB NPs have been reported as T1-weighted contrast agents for magnetic resonance imaging (MRI) (Shokouhimehr et al., 2010), they have a weak effect on longitudinal relaxation (r1), resulting in the low diagnostic ability of tumor (Li et al., 2014). Since Mn2+, Zn2+ and Gd3+ have good performance on enhancing T1 weighted MRI, it is an effective strategy to add metal ions into PB NPs for improving r1 value (Cai et al., 2015; Shou et al., 2020; Zhao W. et al., 2021). The manganese-based prussian blue (MnPB) nanocatalysts fabricated in this study not only possess excellent CDT/PTT effect, but also show high longitudinal relaxivity. Mn2+ in MnPB NPs enhances catalase-like activity of PB and improves PTT function resulting from strengthening optical absorption or shifting absorption to the near-infrared (NIR) region. Therefore, MnPB NPs in this study have strong synergistic effects and may shed light on potential therapies for growth and metastatic of NSCLC.
Tumor metastasis is a complicated mechanism involving tumor cell adhesion, migration and the degradation of the extracellular matrix (ECM) (Paolillo and Schinelli, 2019). Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases, playing a critical role in degrading the ECM (Gonzalez-Avila et al., 2019). Among MMPs, MMP2 and MMP9 are important members of MMP family, involving in the invasion and metastasis of NSCLC by degrading basement membrane and matrix collagen (Dong et al., 2013; Wang et al., 2018). A large number of scientific studies have shown that MMP2 and MMP9 are highly expressed in lung cancer tissues (Li et al., 2019; Han et al., 2020). Furthermore, the downregulation of MMP2/MMP9 can significantly inhibit tumor cell proliferation, invasion and metastasis (Itoh et al., 1999; Poudel et al., 2016). We found that MnPB NPs synthesized in our study could significantly inhibit MMP-2/MMP-9 expression and might be promising therapeutic agents to suppress growth and metastasis of NSCLC.
In the current study, we fully explored the anti-NSCLC effect of novel MnPB nanocatalysts in vitro and in vivo. The experimental results showed that MnPB nanocatalysts could serve as effective MRI-guided agents for synergistic chemodynamic/photothermal therapy and inhibit the growth and metastasis of NSCLC effectively.
MATERIALS AND METHODS
Materials
MnCl2·4H2O (AR, 99.0%) and K4[Fe(CN)6]·3H2O (≥99.99%, metals basis) were acquired from Macklin Biochemical Technology Co., Ltd. (Shanghai, China) and Aladdin Chemistry Co., Ltd. (Shanghai, China) respectively. Citric acid was acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Absolute ethyl alcohol (C2H5OH; AR) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The deionized water (H2O) was purified with a Milli-Q system (Millipore, Bedford, MA, United States). All chemicals and solvents were not further purified to use.
Synthesis of Manganese-Based Prussian Blue Nanoparticles
MnPB NPs were creatively synthesized by a facile ion-exchange method on the grounds of the co-precipitation strategy. First, MnCl2·4H2O (0.3 mM) and citric acid (0.5 mM) dissolved in the deionized water (20 ml) were heated to 60°C for 5 min. The obtained mixture was served as solution A. Then, K4[Fe(CN)6] (0.4 mM) and citric acid (0.4 mM) were added together in the deionized water (20 ml) to become solution B. The solution B was also heated to 60°C for 5 min under magnetically stirring. Next, the solution B was added dropwise to the solution A. Then the mixed solution was magnetically stirred and kept at 60°C for 2 min. And the collected product was subsequently washed by deionized water and ethonal after the reaction was cooled down to room temperature. Finally, washed solution was then dried at 60 °C in a vacuum oven for 24 h.
Characterization of Manganese-Based Prussian Blue Nanoparticles
The particle size and morphology of MnPB NPs were measured by a JEM-JEOL-200 transmission electron microscopy (TEM, Tokyo, Japan) operating at 200 kV. The hydrodynamic size of MnPB NPs was analyzed by dynamic light scattering (DLS, Brookhaven Instrument Corporation, United States). And we used X-ray powder diffraction (XRD, Rigaku, Japan) to reveal the crystal structure and functional group of MnPB NPs.
Photothermal Properties of Manganese-Based Prussian Blue Nanoparticles
To evaluate the light absorption ability of MnPB NPs, the absorbance of MnPB NPs at various concentrations (100, 200 and 400 μg/ml) was measured via ultraviolet-visible-NIR (UV-vis-NIR) spectrophotometer (Agilent, CA, United States). Next, aqueous dispersion of MnPB NPs with different concentrations was exposed to irradiation with a NIR laser (808 nm, 1.0 W/cm2). During laser irradiation period, we used an infrared thermal imaging camera (Fotric, China) to record the temperature change. Next, 200 μg/ml solution of MnPB NPs was irradiated with the 808 nm NIR laser light (1.0 W/cm2) for another 10 min and cooled down to the room temperature to get temperature curves and photothermal conversion efficiency (η) of MnPB NPs. The formula of η is as follows: 
[image: image]
where h is the heat transfer coefficient, S is the surface area of the container, Tmax is the maximum steady-state temperature of the sample solution, Tsurr is the ambient surrounding temperature, QDis is the heat input due to light absorption by the solvent and container, I is the laser power, and A808 is the absorbance of the sample solution at 808 nm (Liu X. et al., 2014).
Determination of Reactive Oxygen Species Generation
The ROS generation tests were divided into three groups: (1) H2O2 (200 μM) solution; (2) MnPB (1 mg/ml) solution; (3) MnPB (1 mg/ml) + H2O2 (200 μM) solution. Then we added methylene blue (MB) (5 μg/ml) in two groups to detect the ROS generation. And the UV-vis-NIR absorption spectra of these solutions were scanned in time-scan mode.
Cytotoxicity
BEAS-2B cells (normal human bronchial epithelial cells) and A549 cells (human lung adenocarcinoma cells) were inoculated into 96-well plates respectively and cultured for 24 h. Then the culture mediums were replaced by the fresh mediums with various concentrations of MnPB NPs. After 24 h of treatment, the mediums were detected by cell counting kit-8 (CCK-8) assay (Beyotime Biotechnology, China).
In Vitro Reactive Oxygen Species Detection
A549 cells were cultured in the 6-well plates and categorized into four groups: the control group, the H2O2 (100 μM) group, the MnPB (400 μg/ml) group and the MnPB (400 μg/ml) + H2O2 (100 μM) group. After 24 h of treatment, intracellular ROS levels were assessed using the probe solution 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime Biotechnology, China). After incubated with DCFH-DA for 20 min, the cells were washed three times with PBS and replaced with serum-free mediums. Last, images were obtained under a fluorescence microscope (Leica DMi8, Leica, Germany).
Calcine-AM/Propidium Iodide Test and Annexin V-FITC Apoptosis Assay
The percentage of living and dead cells of A549 cells was examined by Calcine-AM/propidium iodide (PI) test and the apoptosis of A549 cells was detected the Annexin V-FITC apoptosis kit. For the Calcine-AM/PI test (Beyotime Biotechnology, China), A549 cells were cultured in the complete medium at pH 6.5 and divided into six groups: 1) control; 2) NIR; 3) H2O2 (100 μM); 4) MnPB (400 μg/ml) + NIR; 5) MnPB (400 μg/ml) + H2O2 (100 μM); 6) MnPB (400 μg/ml) + H2O2 (100 μM) + NIR. After 12 h of corresponding treatments, the group 2, 4, and 6 were irradiated with 808 nm NIR (1.0 W/cm2) for 10 min. Then, cells were dyed with Calcein-AM and PI for 15 min. Finally, we acquired images using a fluorescence microscope (Leica DMi8, Leica, Germany).
In Annexin V-FITC apoptosis assay (Multi Sciences, China), the cell grouping and treatments were consistent with the Calcine-AM/PI experiment. A549 cells were collected and washed with cold PBS. Next, the cells were resuspended in 1 × binding buffer (500 μl) containing Annexin V-FITC (5 μl) and incubated for 5 min in the dark. And we utilized flow cytometry (cytoflex LX, Beckman Coulter) to assess the ratio of apoptotic cells.
Transwell Migration Assay
We used 24-well Transwell chambers (Corning, United States) with a polycarbonate filter membrane of 8 μm pore size for migration assays. A549 cells were divided into two groups: the control group and the MnPB group. At 24 h after starvation, A549 cells of control group were resuspended in the serum-free RPMI 1640 medium and cells of MnPB group were resuspended in serum-free RPMI 1640 medium with MnPB NPs (400 μg/ml). Subsequently, the A549 cells were added to the upper chamber and the lower plate was filled with RPMI 1640 medium containing 10% FBS. After 24 h, A549 cells migrated to the membranes of the upper chamber were fixed with 4% paraformaldehyde and stained with crystal violet. Ultimately, images were obtained using a fluorescence microscope (Leica DMi8, Leica, Germany).
Western Blot Analysis
A549 cells were grown in the 6-well plates and divided into the control group and the MnPB group. Protein harvesting and immunoblotting were performed as previously described (Fang et al., 2021). The primary antibodies included anti-MMP2 (Abcam, United States), anti-MMP9 (Abclonal, China) and anti-β-actin (Proteintech, China). And corresponding secondary antibodies were goat anti-rabbit IgG horseradish peroxidase (HRP) and goat anti-mouse IgG-HRP (Jackson Immunoresearch, United States).
In Vivo Xenograft Assay
When the tumor volume reached the size of 7–9 mm, mice were randomly divided into four groups (n = 6 per group). The mice were treated as follows: 1) control; 2) PBS + NIR; 3) MnPB (2 mg/ml); 4) MnPB (2 mg/ml) + NIR. After 8 h of intravenous injection, the mice of group 2 and 4 were exposed to the irradiation (808 nm, 1 W/cm2) for 10 min and the change of temperature on tumor was recorded by a thermal imaging camera (FLIR A300). Meanwhile, tumor size and body weight of mice were measured ever 2 days. And the major organs were collected for histological analysis and the tumor samples were fixed and embedded for immunohistochemistry and immunofluorescence after 14 days.
Ki67 Staining and TUNEL Assay
The tumor tissue specimens of each group were fixed with 4% paraformaldehyde, embedded in paraffin and sectioned. For Ki67 staining, the section slides were incubated by anti-Ki67 antibody (Abcam, United States) at 4°C overnight and then incubated for 1 h with secondary antibody at room temperature. Next, the sections were stained with diaminobenzidine (DAB) and hematoxylin respectively, dehydrated and mounted. And for TUNEL staining, the tissue blocks were incubated with TUNEL reaction mixture of TUNEL apoptosis detection kit (Servicebio, Wuhan, China) according to the manufacturer’s illustrations. And we used a microscope (Leica DMi8, Leica, Germany) to acquire images.
In Vivo Magnetic Resonance Imaging
Tumor-bearing mice were received intratumoral injection of 200 μl MnPB NPs at the concentration of 2 mg/ml. Then the mice were scanned by a 3.0T MRI system before and 1 h after injection. In this way, the high-resolution T1-weighted MRI scan images were successfully acquired. The T1-weighted MRI parameters were as follows: pulse waiting time (TR) = 500 ms, echo time (TE) = 15 ms, slice thickness (ST) = 2.0 mm, field of view (FOV) = 60 mm × 60 mm.
Statistical Analysis
All measurements were expressed as mean ± standard deviation (SD). And the data was analyzed by GraphPad Prism 7. Differences between groups were tested using the paired or unpaired two-tailed Student’s t-test. Besides, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were regarded to be significantly different.
RESULTS AND DISCUSSION
Characterization and Properties of Manganese-Based Prussian Blue Nanoparticles
We synthesized the MnPB NPs using a conventional method, which substituted FeCl3 with MnCl2 to produce Mn-based PB. And the average size, shape and morphology of MnPB NPs were observed by TEM. The solid MnPB NPs were displayed in Figures 1A,B. And as we can see, the hydrodynamic size of MnPB NPs was measured to be 200.4 nm (Figures 1C), which was consistent to the size of TEM image. Then Figure 1D showed the XRD patterns of as-synthesized MnPB NPs, which revealed the characteristic peaks of PB and Mn2+, in accordance with the standard PB (JCPDS. 01-0239) and Mn2(CN)6 (JCPDS. 32-0639). The above results indicated the successful construction of MnPB NPs.
[image: Figure 1]FIGURE 1 | The characterization of MnPB NPs. (A,B) TEM micrographs of MnPB NPs. (C) The hydrodynamic size of MnPB NPs. And the zeta potential of MnPB NPs is −30.53 mV. (D) XRD patterns of as-synthesized MnPB NPs.
To confirm the photothermal properties of MnPB NPs, UV−vis−NIR spectra of MnPB NPs with various concentrations were measured. As can be seen from Figure 2A, MnPB NPs exhibited strong and wide absorbance from visible wavelength to NIR wavelength ranges, illustrating the excellent light absorption ability of MnPB NPs. Then we further tested the photothermal performance of MnPB NPs at different concentrations under exposure of NIR light irradiation. At any given concentration of MnPB NPs, temperature rose steadily when the irradiation time increased (Figure 2B). With concentrations up until 400 μg/ml, the temperature rose above 50°C after 5 min of NIR light irradiation. It has been found that cells will die rapidly due to microvascular thrombosis and ischemia, as the temperature reaches above 45°C (Knavel and Brace, 2013). Thus, the photothermal ablation of MnPB NPs is highly sufficient to irreversibly ablate tumor cells. The photothermal conversion efficiency (ŋ) indicates the capability of converting light energy into thermal energy. The ŋ value of MnPB NPs was figured out to be 27.8%, which was higher than ŋ of PB NPs (only 16.02%) (Figures 2C,D) (Guan et al., 2021). These results suggested that MnPB NPs possessed excellent photothermal properties and were promising PTT agents for tumor treatment.
[image: Figure 2]FIGURE 2 | The photothermal properties of MnPB NPs. (A) UV−vis−NIR absorption spectra of MnPB NPs at varying concentrations. (B) Temperature profiles of MnPB NPs at various concentrations under NIR laser irradiation (808 nm, 1.0 W/cm2). (C) The heating-cooling curve of MnPB NPs at 200 μg/ml under NIR laser irradiation (808 nm, 1.0 W/cm2). (D) Red linear regression curve for natural cooling process. (E) Degradation of MB treated with MnPB NPs and H2O2 versus time. (F) Absorbance of MB at 664 nm in different groups.
MB dye test is a simple procedure to evaluate hydroxyl radicals (•OH) formed in the Fenton’s reaction. And MB will turn from blue in color to colorless in the presence of •OH, which can be detected by a spectrophotometer (Satoh et al., 2007). As shown in the Figure 2E, MB displayed an absorbance peak at a wavelength of 664 nm, and the intensity decreased over time in MnPB NPs + H2O2 group, revealing the degradation of MB. And compared to the MnPB NPs group and H2O2 group, the absorbance measured at 664 nm in MnPB NPs + H2O2 group declined sharply, confirming that MnPB NPs could generate ROS effectively under the catalysis of H2O2 (Figure 2F). These observations demonstrated that the CDT of MnPB NPs had high efficiency and MnPB NPs might have powerful ability to inhibit the growth and metastasis of tumor.
The Manganese-Based Prussian Blue Nanoparticles Inhibit the Growth of A549 Cells by Reactive Oxygen Species Upregulation and Near-Infrared Irradiation
Biocompatibility of therapeutic agents is a critical feature for biomedical application. So the biocompatibility of MnPB NPs in normal bronchial epithelial cells and lung adenocarcinoma cells were firstly measured by CCK8 method. As Figure 3 shown, MnPB NPs exhibited no obvious cytotoxicity in both BEAS-2B and A549 cells at the maximum concentration of 400 μg/ml, which suggested excellent biocompatibility of MnPB NPs. Then we further evaluated the treatment effect of MnPB NPs with PTT and CDT in A549 cells.
[image: Figure 3]FIGURE 3 | Cytotoxicity of MnPB NPs in A549 cells and BEAS-2B cells.
CDT is a new therapeutic approach for the treatment of tumor depending on Fenton and Fenton-like reactions. The Fenton reaction is defined as the production of highly oxidized •OH or O2 from H2O2 by catalyzing the transition metal ions or their compounds (Tang et al., 2019). To confirm the CDT effect of MnPB NPs in vitro, we used DCFH-DA probe to detect the ROS production (Figure 4; Supplementary Figure S1). The images displayed that, compared to the control group, DCF fluorescence intensity increased slightly when A549 cells were treated with H2O2 or MnPB NPs. And when treated with both H2O2 and MnPB NPs, most cells revealed intense green fluorescence signal. The findings suggested that MnPB NPs had a high efficiency of ROS generation through reacting with H2O2 in tumor microenvironment (TME) via Fenton and Fenton-like reactions. These reactions can be explained as follows:
[image: image]
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[image: Figure 4]FIGURE 4 | The MnPB NPs increase the intracellular ROS production in non-small lung cancer cells. Confocal images of intracellular ROS generation and corresponding brightfield images in A549 cells in different groups. Scale bar, 20 μm.
Then based on the outstanding photothermal conversion performance of MnPB NPs, we applied two other methods to estimate the cell viability of A549 cells by combing PTT and CDT. First, we used Calcine-AM/PI test to detect the percentage of living and dead cells. Live cells were dyed with Calcein AM exhibiting green fluorescence, and dead cells were stained with PI showing red fluorescence. As shown in Figure 5A; Supplementary Figure S2, the green/red fluorescence intensity of A549 cells exposed under NIR irradiation had no significant difference, compared to the control group, indicating that cell viability was not affected by NIR irradiation. And H2O2 treatment increased the percentage of dead cells slightly. Besides, when A549 cells were treated with MnPB NPs with NIR light exposure or MnPB NPs with H2O2, the percentage of dead cells increased substantially, suggesting that the PTT and CDT of MnPB NPs had excellent performance respectively in A549 cells. And when A549 cells were treated with both PTT and CDT, we could only observe strong red fluorescence, revealing that the combination of PTT and CDT exerted potent efficacy to kill NSCLC cells.
[image: Figure 5]FIGURE 5 | The MnPB NPs can induce cell apoptosis by ROS upregulation and NIR irradiation. (A) Confocal images of A549 cells stained with Calcein-AM and PI after different treatments. Scale bar, 100 μm. (B) Flow cytometry analysis of cell apoptosis with Annexin V-FITC staining.
Next, we used the Annexin V-FITC apoptosis assay to determine the apoptosis rate of A549 cells by flow cytometry. Apoptotic cells express phosphatidylserine (PS) on the outer layer of the cell membrane and can be recognized by Annexin-V specifically (Chen et al., 2008). As we can see in Figure 5B and Supplementary Figure S3, there was no obvious difference between the control group and the NIR group. But the rate of apoptosis increased to 9.78% in the H2O2 group. After treatment of MnPB NPs with NIR light exposure and MnPB NPs with H2O2, the rate of apoptosis obviously increased to 64.64% and 54.11%. Importantly, when cells were treated with MnPB NPs and exposed to both H2O2 and NIR irradiation, the percentage of apoptotic cells dramatically increased to 90.34%. The results were in good agreement with the observation of Calcine-AM/PI test, further demonstrating that PTT and CDT of MnPB NPs could act a strong synergy to inhibit growth of NSCLC cells.
The Manganese-Based Prussian Blue Nanoparticles Inhibit the Migration of A549 Cells by Decreasing the Matrix Metalloproteinases Expression
It is known that metastasis is a key feature of malignant tumors and major cause of death in cancer. Therefore, inhibition of tumor metastasis is extremely important in lung cancer treatment. Tumor metastasis is a complex multistep process related to cell migration, invasion, epithelial-to-mesenchymal transition (EMT), ECM degradation and intravascular circulation (Xu et al., 2014; Liu et al., 2021). Among these processes, the degradation of ECM is a critical step during the development of tumor metastasis (Eble and Niland, 2019). Here we utilized transwell assay to assess the inhibitory effect of MnPB NPs in A549 cells. It was obvious that the MnPB NPs significantly slowed down the migration of A549 cells (Figures 6A,B; Supplementary Figure S4).
[image: Figure 6]FIGURE 6 | The MnPB NPs inhibit the metastasis of non-small lung cancer cells. (A) and (B) Migration capacity of A549 cells exposed to MnPB NPs. (C) MMP2 and MMP9 expression of A549 cells in different groups.
It is proved that activity of matrix-degrading protease is important in the degradation of ECM, which plays an important role in invasion and migration of tumor. MMP2 and MMP9 reportedly degrade type IV collagen in the basement membrane, which is related to tumor metastasis (Wang et al., 2018). To further elucidate the inhibitory effects of MnPB NPs, we detected the activity of MMP2 and MMP9 in A549 cells. The MMP2 and MMP9 expressions were significantly attenuated by MnPB NPs, compared to the control group (Figure 6C; Supplementary Figure S5). To sum up, MnPB NPs can effectively inhibit the metastasis of A549 cells.
The Manganese-Based Prussian Blue Nanoparticles Inhibit Xenografted Tumor Growth
According to the excellent therapeutic efficacy of in vitro studies presented above, we further assessed the in vivo performance of MnPB NPs. The tumor-bearing mice were randomly divided into four groups as follows (n = 6 per group): 1) control; 2) PBS + NIR; 3) MnPB NPs; 4) MnPB NPs + NIR. The mice of group 2, 3 and 4 were received 200 μl PBS or MnPB NPs intravenously. And the mice of group 2 and 4 were exposed under irradiation with an 808 nm NIR laser (1 W/cm2) for 10 min after 8 h of intravenous injection. During laser irradiation, we captured the change of tumor temperature by a thermal camera (Figures 7A,B). The temperature of tumor in group 2 only increased to ∼35°C, while the tumor temperature of group 4 rose rapidly above 45°C, which was high enough to induce tumor cell death. And the typical tumor pictures and the change in relative tumor volume (Figures 7C,D) demonstrated that only NIR had no influence to tumor growth, while only MnPB NPs could effectively inhibit the growth of tumor due to CDT effect. Surprisingly, treatment of MnPB NPs and NIR irradiation greatly contributed to the inhibition of tumor growth, which revealed that PTT and CDT of MnPB NPs have superior synergistic effect. Moreover, the body weight of mice in each group did not loss significantly during the treatment (Figure 7E). And we further examined the histology of main organs by H&E staining (Figure 7F). There were no appreciable abnormalities and pathological injury among the groups, indicating that MnPB NPs were biologically safe in vivo.
[image: Figure 7]FIGURE 7 | The MnPB NPs inhibit the growth of tumor xenografts in nude mice. (A) Pictures recorded by a thermal imaging camera during NIR irradiation. (B) Temperature curve of tumor areas in mice. (C) The tumor picture taken at day 14. (D) Relative tumor volume curve and (E) body weight curve of mice with various treatments. (F) H&E staining of main organs from mice in different groups. Scale bar, 100 μm.
We also used immunocytochemistry and immunofluorescence to assess cell proliferation and apoptosis of tumor tissue sections (Figures 8A,B; Supplementary Figures S6, S7). Compared to the control group, the expression of the proliferative marker Ki67 declined and cell apoptosis increased in the group 3 and 4. And resulting from synergistic therapeutic effect of CDT and PTT, most of the cells were apoptotic in group 4. These results clearly indicated that MnPB NPs with NIR irradiation led to severe cell damage and inhibited tumor growth efficiently in vivo.
[image: Figure 8]FIGURE 8 | The MnPB NPs inhibit the growth of non-small lung cancer in vivo. (A) Ki67 staining and (B) TUNEL staining images of tumors. Scale bar, 100 μm.
The Manganese-Based Prussian Blue Nanoparticles Serve as Great T1 Contrast Agents
MRI is a widely used tool to diagnose clinical diseases with good soft tissue contrast and high spatial resolution (Yang et al., 2011; Liang et al., 2020). Nowadays, it is requisite to develop a multifunctional nanoplatform which includes noninvasive therapy methods and imaging technology (Zeng et al., 2019; Li X. et al., 2021). In our study, since MnPB NPs contained Mn2+, they could serve as T1 contrast agents. So we explored the T1-weighted imaging property of MnPB NPs in vivo (Figures 9A,B). The results showed that the MRI signal became brighter obviously after intratumoral injection of MnPB NPs, demonstrating that the MnPB NPs could act as effective T1 contrast agents.
[image: Figure 9]FIGURE 9 | The MnPB NPs can be used as excellent T1 contrast agents. (A) Representative T1-weighted MRI images of A549 tumor-bearing mice before and (B) after intratumoral injection of MnPB NPs.
CONCLUSION
PB is well known as a safe photothermal agent in the treatment of tumor (Fu et al., 2012; Lu et al., 2020). In our study, we fabricated Mn-based PB nanocatalysts to acquire enhanced synergetic effect of PTT and CDT under the guidance of MRI. By the combination of PTT and CDT, the MnPB NPs induced cell death effectively of NSCLC in vivo and in vitro. And they had inhibitory effect on the metastasis of NSCLC cells via decreasing the expression of MMP2 and MMP9. Moreover, the MnPB NPs exhibited excellent T1-weighted imaging performance in vivo. Therefore, the results above confirmed that the MnPB NPs had the potential in treating NSCLC, and also could be used as excellent T1 contrast agents to diagnose NSCLC.
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We report a new 131I-labeling functional platform for targeted single-photon emission computed tomography (SPECT) imaging and radiotherapy of breast adenocarcinoma. In this study, polyethyleneimine (PEI) based nanogels (P.NH2 NGs) were prepared by water/oil polymerization, modified with targeted agent phenylboronic acid (PBA), and labeled with radionuclide 131I. The NGs without 131I-labeling own a spherical structure, uniform size distribution, and good cell viability. After 131I-labeling, the obtained 131I-PBA-PHP NGs displayed much higher cellular uptake than the non-targeted NGs due to the good softness and fluidity of NGs and the PBA targeting. The in vivo results demonstrated that 131I-PBA-PHP NGs could specifically target breast cancer cells and efficiently aggregate into xenograft breast adenocarcinoma for tumor SPECT imaging and specific radiotherapy. The developed 131I-labeling NGs may be used as a promising platform for efficient radioactive theranostic nanoplatform of tumor.
Keywords: phenylboronic acid, nanogel, SPECT imaging, radiotherapy, breast adenocarcinoma
INTRODUCTION
The rapid development of nanotechnology and the in-depth understanding of tumor biology have promoted the application of nanotechnology in the field of tumor molecular medicine, especially in the fields of medical imaging (Li et al., 2017; Qi et al., 2018; Siddique and Chow, 2020), tumor molecular diagnosis (Combes et al., 2021; Wang et al., 2022) and anticancer therapy (Qin et al., 2017; Cheng et al., 2021; Li et al., 2022a). In recent years, based on the continuous development of nanomaterials, the organic combination of diagnosis and treatment can be achieved through the design of a variety of nano-drug systems, so as to realize the integrated treatment of tumor diagnosis and treatment (Zhu et al., 2021). Nuclear medicine can realize real-time imaging and specific treatment of tumor simultaneously with radionuclides and radio-labeled compounds. Single-photon emission computed tomography (SPECT) is one of the most important methods in nuclear medical imaging, which has the characteristics of high sensitivity, functional imaging and quantitative diagnosis (Fu et al., 2020). Among the radionuclides commonly used in clinical practice, iodine-131 (131I) has the advantages of easy labeling, long half-life (t1/2 = 8.01 d) and suitable radiation ability compared with other radionuclides, which can be used in SPECT imaging and radiotherapy simultaneously.
However, radionuclides have shortcomings such as short blood circulation time and poor specificity in vivo. Some studies indicate that the appropriate nanocarrier system of radionuclides can be an effective vehicle to achieve enhanced tumor accumulation (Li et al., 2016). Therefore, the combination of radionuclide and nanocarrier enables radionuclides efficiently to distribute in target tissues, and further achieve accurate imaging and effective treatment in target tissues, especially in the terms of tumor theranostic (Pellico et al., 2021). There is a wide variety of nanomaterials, and nanomaterials used in nuclear medicine are constantly updated, including dendritic macromolecules (Ghoreishi et al., 2017; Li et al., 2019), polymer micelles (Ramos Oda et al., 2017; Aranda-Lara et al., 2021), microspheres (Wu et al., 2022), and nanogels (NGs) (Drude et al., 2017; Li et al., 2021a; Li et al., 2022b). Among them, NGs are hydrogel particles with three-dimensional network structure formed by hydrophilic or amphiphilic polymer chains through physical or chemical crosslinking (Maddiboyina et al., 2022). It is an aqueous dispersion with good swelling properties and biocompatibility. And it is easy to synthesize and functionalize, is controllable in size, and has efficient drug loading capacity and good stability (Li et al., 2021b). According to the favorable characteristics, NG can be utilized as an ideal medical nanocarrier, which can integrate targeted molecules (Liang et al., 2016; Yang et al., 2019), therapeutic drugs (Peng et al., 2020; Li et al., 2021; Wang et al., 2021) and imaging reagents (Theune et al., 2019; Zhou et al., 2020) into one nanosystem.
Due to the excellent drug loading capacity of NGs, the SPECT imaging and radiotherapeutic property of radionuclide 131I, this study intends to build a NG functional platform based on polyethyleneimine (PEI) to realize accurate tumor diagnosis and high-efficient treatment. The synthesis steps were as follows. PEI and bisacrylamide (BIS) were reacted via Michael-Addition reaction to produce PEI-based NGs (P.NH2 NGs). Then 3-(4’-hydroxyphenyl) propionic acid N-hydroxysuccinimide (HPAO) was covalently cross-linked as a radionuclide linking molecule. Further modification of PEGylated phenylboronic acid (PBA) endowed the P.NH2 NGs with specific targeting to sialylated epitopes overexpressed on the surface of diversities of tumor cells. Finally, the remaining amino groups on the surface of PEI were acetylated and labeled with radionuclide 131I to obtain the final functionalized NGs. The resulting 131I-PBA-PHP NGs can specifically target breast cancer cells and efficiently aggregate into xenograft breast adenocarcinoma for tumor SPECT imaging and specific radiotherapy. This study provides an alternative strategy for clinical integrated diagnosis and treatment of breast cancer.
METHODS
Evaluation of cellular uptake efficiency
In order to detect the intracellular intake of different NGs by cells, fluorescein isothiocyanate (FI) was modified on the surface of the PHP NGs and PBA-PHP NGs. The endowed fluorescence characteristics of PHP NGs and PBA-PHP NGs can be detected by flow cytometry. A density of 2 × 105 cells per well were seeded into a 12-well plate and cultured for a period of time to guarantee 80% cell adherence. The culture medium was replaced by 1 ml DMEM containing 100 μL PHP NGs and PBA-PHP NGs. The final concentration of each NGs was 50 and 100 μg/ml, respectively. Incubation for another 6 h, all the NGs were sucked out and cleaned with PBS for 3 times. After trypsin suspension and mild centrifugation, the cells were dissolved in 1 ml PBS and analyzed by flow cytometry (BD Biosciences, Franklin lake, NJ, United States).
Additionally, the radiotherapy effect of radioactive 131I-PHP and 131I-PBA-PHP NGs was also evaluated. The subsequent operation steps were the same as described in Cytotoxicity Assay section (Supplementary Material), except that the additive materials were replaced with radioactive NGs. Similarly, the absorption value of the orifice plate at 450 nm was measured.
Single-photon emission computed tomography imaging of tumor in vivo
Female BALB/C nude mice (about 20 g, 3–4 weeks) were subcutaneously inoculated with 4T1 cells into the right shoulder of a mouse with a density of 2×106 cells/mouse. When the tumor grew to the size of 0.3–0.5 cm3, the mice were kept for further use. Notably, all the tumor bearing mice were fed drinking water containing 1% potassium iodide for one week prior to SPECT imaging to reduce thyroid uptake of 131I-labeled NGs. Before SPECT imaging, tumor bearing mice were anesthetized with sodium pentobarbital (40 mg/kg) through intraperitoneal injection. Then, the prepared 131I-PHP NGs and 131I-PBA-PHP NGs were injected into mice via a tail vein. At 30 min, 1, 2, 4, 6, 8, 12, and 16 h post-injection, SPECT imaging of tumor bearing mice in vivo were recorded. At 16 h post-injection, the tumor-bearing mice were randomly selected from each group and died of excessive anesthesia. The main organs and tumor tissues were collected to test their radioactive activities.
Study on tumor radiotherapy in vivo
Similarly, tumor models were established in accordance with the above methods. When the tumors grew to the favorable size, normal saline (NS) solutions containing 131I-PHP NGs (1 mg/ml in NS, 200 μL) and 131I-PBA-PHP NGs (1 mg/ml in NS, 200 μL), respectively, were injected into the mice through a tail vein every 3 days (a total of four injections). NS (200 μL), no radioactive PHP NGs (1 mg/ml in NS, 200 μL) and PBA-PHP NGs (1 mg/ml in NS, 200 μL) were set as control. After that, tumor growth volume and body weight were monitored every 3 days. The tumor sizes were measured as follows: V = 0.5 × x × y2 (x represent the longest axis and y represent the shortest axis of the tumor). The relative tumor volume was calculated as below: ΔV% = V/V0 ×100%, where V0 is the volume before injection and V is the tumor volume at different time points. After the treatment, the survival period of the tumor bearing mice was continued to be monitored, and the death of each group was recorded for survival statistics.
Pathologic analysis
The tumor bearing mice with different treatments (NS, PHP, PBA-PHP, 131I-PHP, and 131I-PBA-PHP NGs) were sacrificed according to the guidelines for the euthanasia of animals at 15 days and the tumorous tissues were collected. Hematoxylin & eosin (H&E) and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining were performed. Finally, the apoptotic cells from TUNEL staining samples were observed and photographed by a Leica DM IL LED inverted phase contrast microscope, and the apoptotic cells were counted by free selection in the picture.
Long-term biotoxicity
The long-term biotoxicity of the tumor model was evaluated after 15 days of materials injection. All mice were anesthetized. Major organs including lung, liver, spleen, kidney, and heart were harvested, fixed, embedded with paraffin, and followed by the H&E staining. Finally, the staining sections of tissues and organs were observed by a phase contrast microscope.
Statistical analysis
The significant difference of the experimental data was analyzed through one-way ANOVA method, *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.
RESULTS AND DISCUSSION
Characterization of 131I-PBA-PHP NGs
Through the water/oil (W/O) polymerization and Michael-Addition reactions, the initial P.NH2 NGs was synthesized by cross-linking PEI with BIS. Subsequently, the generated P.NH2 NGs reacted with HPAO and as-prepared COOH-PEG-PBA by means of N-hydroxysuccinimide ester group of HPAO and carboxyl group of COOH-PEG-PBA to form PBA-PHP.NH2 NGs. Followed by acetylation of the remaining amino groups of PBA-PHP.NH2 NGs and labeling 131I onto the PBA-PHP.NH2 NGs via HPAO, the final 131I-PBA-PHP NGs were constructed (Scheme 1).
[image: Scheme 1]SCHEME 1 | Illustration of 131I-PBA-PHP NGs preparation for SPECT imaging and radiotherapy of xenograft breast adenocarcinoma.
A series of characterization methods were carried out to analyze the composition, morphology, size and basic properties of 131I-PBA-PHP NGs. The intermediate products COOH-PEG-PBA and PH.NH2 NGs were characterized by 1H NMR first (Supplementary Figure S1). The distinct peaks at 7.7–7.8 ppm and 3.3–3.7 ppm in the 1H NMR spectrum of PBA-PEG-COOH were associated with the typical characteristic protons on the phenyl group of PBA and the alkoxy of PEG respectively, reflecting the successful formation of COOH-PEG-PBA (Supplementary Figure S1A). Through integration the characteristic peaks of PBA and PEG, it can be figured out every PEG conjugated with 0.4 PBA. And the district peaks at 6.8–7.1 ppm and 2.0–3.2 ppm in the 1H NMR spectrum of PH.NH2 NGs corresponding to the characteristic protons on the phenol group of HPAO and alkyl skeleton of PEI, revealing the successful conjugation of HPAO onto PEI (Supplementary Figure S1B). Through integration the characteristic peaks of HPAO and PEI, it can be figured out every PEI conjugated with 9.6 HPAO. As a kind of cationic polymer, P.NH2 NGs tended to bind protons via surface amino group. Hence, P.NH2 NGs demonstrated the relatively high Zeta potential (60.0 ± 1.2 mV). After modification with HPAO, COOH-PEG-PBA or mPEG-COOH, and acetic anhydride, the generated series of products (PH.NH2 NGs, PHP.NH2 NGs, PBA-PHP.NH2 NGs, PHP NGs, and PBA-PHP NGs) have different Zeta potentials. Due to the gradually reducing of remaining amino group on the surface of P.NH2 NGs, different NGs displayed the decreasing trend of Zeta potential (Supplementary Figure S2A). And the hydrodynamic diameters of PHP NGs and PBA-PHP NGs were determined to be 342.6 ± 11.5 nm and 389.2 ± 7.1 nm, respectively, which were within acceptable size range (Supplementary Figure S2B). The morphologies and sizes of the formed PHP NGs and PBA-PHP NGs were recorded by SEM. The mean diameters of PHP NGs and PBA-PHP NGs with the spheroidal structure could be analyzed to be 245.3 ± 64.3 nm and 262.2 ± 70.3 nm, respectively (Figure 1A). It was remarkable that the sizes of PHP NGs and PBA-PHP NGs measured by DLS were larger than that detected by SEM, which was attributed to the basic swelling property of NGs in water within the DLS testing process, rather than the compression of NG networks during the drying process for the SEM recording. After labeling 131I onto PHP NGs and PBA-PHP NGs, the radiochemical yields of 131I-PHP NGs and 131I-PBA-PHP NGs were reached to 71.5% ± 2.8% and 74.4% ± 5.9%, respectively (Supplementary Figure S3A). After purification with ITLC, the radiochemical purities of 131I-PHP NGs and 131I-PBA-PHP NGs were approached to 99%. Followed by radiostability characterization at various time points, both of 131I-PHP NGs and 131I-PBA-PHP NGs displayed the satisfactory radiostability, which have the relatively high radiochemical purities (> 90%) even after labeling for 24 h (Supplementary Figure S3B).
[image: Figure 1]FIGURE 1 | (A) SEM images of (A1) PHP NGs and (A2) PBA-PHP NGs. (B) CCK-8 assay of 4T1 cells incubated with 131I-PHP NGs and 131I-PBA-PHP NGs at different radioactive concentrations for 24 h, respectively. (C) Flow cytometry tests of 4T1 cells treated with C1: NS; C2: PHP NGs (50 μg/ml); C3: PHP NGs (100 μg/ml); C4: PBA-PHP NGs (50 μg/ml)and C5: PBA-PHP NGs (100 μg/ml) for 6 h, respectively. C6: The statistical analysis of the mean fluorescence of cells treated with PHP NGs and PBA-PHP NGs. *p < 0.05, ***p < 0.001.
In vitro cancer cell inhibition efficacy
After incubation with PHP NGs, PBA-PHP NGs, 131I-PHP NGs, and 131I-PBA-PHP NGs for 24 h, CCK-8 assay was carried out to evaluate their inhibition efficiency towards 4T1 cells. PHP NGs and PBA-PHP NGs treated cells had high cell viability (>95%) even when the concentration went up to 200 μg/ml, indicating the favorable biocompatibility of PHP NGs and PBA-PHP NGs (Supplementary Figure S4). However, 131I-PHP NGs and 131I-PBA-PHP NGs presented a certain degree of inhibition towards 4T1 cells, which was solely attributed to the radiotherapeutic effect of 131I. And it revealed the radioactive dose-dependent cancer cell inhibition, the higher radioactive concentration, the lower cell viability the materials caused. And the radiotherapeutic efficiency of 131I-PHP NGs and 131I-PBA-PHP NGs towards 4T1 cells are different. 131I-PBA-PHP NGs showed significantly higher inhibition efficiency than 131I-PHP NGs towards 4T1 cells, especially at radioactive concentration of 400 μCi/ml and 600 μCi/ml (p < 0.05). The good inhibition effect of 131I-PBA-PHP NGs towards 4T1 cells probably attribute to the PBA-mediate targeting ability, which could specifically bind to sialylated epitopes overexpressed on the surface of 4T1 cells (Figure 1B).
Evaluation of cellular uptake efficiency
To assess the PBA mediated targeting ability, FI was utilized as a fluorescent tracer to modify onto the PBA-PHP NGs after HPAO modification. As control, the FI modified PHP NGs were also synthesized following the same steps, subsequently. Through the flow cytometry analysis, the mean fluorescence intensity of 4T1 cells was enhanced with the increasing concentration of PHP NGs and PBA-PHP NGs, suggesting the concentration-dependent cellular uptake manner. And the PBA-PHP NGs treated cells exhibited much higher fluorescence intensity than the PHP NGs treated cells at the same concentration (p < 0.001, Figure 1C). The high fluorescence intensity of 4T1 cells after treated with PBA-PHP NGs reveals the targeting efficiency of PBA.
Single-photon emission computed tomography imaging of tumor in vivo
Based on the inherent property of 131I, the in vivo SPECT imaging of 131I-PBA-PHP NGs treated tumor bearing mice should be further investigated. Among the SPECT images of tumor bearing mice with different administrations, the prominent tumor signals could be found in the 131I-PBA-PHP NGs treated tumor bearing mice from 2 h to 16 h post-injection. In comparison, the 131I-PHP NGs treated tumor bearing mice had the relatively weak tumor SPECT signals from 2 h to 16 h post-injection (Figure 2A). Due to the high imaging sensitivity of radionuclide 131I, the differences of the imaging signals between 131I-PBA-PHP NGs and 131I-PHP NGs treated tumor bearing mice could be highlighted, suggesting that the larger amount of 131I-PBA-PHP NGs could be delivered into tumor site than 131I-PHP NGs based on the PBA-mediated targeting effect. Thereafter, the tumor-to-background ratio (TBR) at different time point was also recorded through collecting the SPECT signal intensities of corresponding sites. The quantitative analysis result manifested that the TBR of 131I-PBA-PHP NGs treated tumor bearing mice had the sharply raised stage from 0.5 h to 8 h and the gradually declined stage from 8 h to 16 h. The peak value of TBR could be found at 8 h post-injection of 131I-PBA-PHP NGs. However, the 131I-PHP NGs treated tumor bearing mice had the almost constant TBR within 16 h post-injection. The TBR of 131I-PBA-PHP NGs treated tumor bearing mice was significantly higher than that of 131I-PHP NGs treated tumor bearing mice at the same time point within 16 h (p < 0.01, Figure 2B). The quantitative analysis result is consistent with the SPECT images of tumor bearing mice, further suggesting the targeting effect of PBA moiety. The SPECT imaging of ex vivo tumors further verified the different tumor accumulation of different materials. The inserted SPECT image of ex vivo tumors clearly revealed the signal differences between 131I-PBA-PHP NGs and 131I-PHP NGs treated tumor bearing mice. And the ex vivo tumor signal intensity of 131I-PBA-PHP NGs treated tumor bearing mice is almost 2.9 folds that of 131I-PHP NGs treated tumor bearing mice (Figure 2C). Finally, the SPECT signal intensities of major organs from the treated tumor bearing mice were collected. The results displayed the biodistribution of different materials in vivo. Large amounts of 131I-PBA-PHP NGs and 131I-PHP NGs could accumulate into liver, spleen, and intestine. A small quantity of 131I-PBA-PHP NGs and 131I-PHP NGs could accumulate into heart, lung, stomach, kidney, soft tissue, and tumor. Moreover, 131I-PBA-PHP NGs had the significantly higher tumor accumulation than that of 131I-PHP NGs (p < 0.001), reflecting the PBA induced high tumor accumulation of 131I-PBA-PHP NGs (Figure 2D).
[image: Figure 2]FIGURE 2 | (A) SPECT images and (B) the corresponding TBR of 4T1 tumor bearing mice post-injection of 131I-PHP NGs and 131I-PBA-PHP NGs at various time points, respectively. (C) The SPECT images of ex vivo tumors at 16 h post-injection of different materials. (D) The relative SPECT signal intensities of major organs at 16 h post-injection of different materials. #The yellow circle points out the tumor site. **p < 0.01, ***p < 0.001.
In vivo tumor inhibition efficacy
The tumor inhibition efficacy of 131I-PBA-PHP NGs was further studied from the perspectives of tumor growth, body weight change, and survival rate statistic. The tumor bearing mice treated with NS, PHP NGs, PBA-PHP NGs, and 131I-PHP NGs were set as control groups. Through tumor inoculation, materials injection, and a period of therapy, the tumor inhibition efficacy was assessed (Figure 3A). In terms of tumor growth, the NS, PBA-PHP NGs, and PHP NGs treated tumor bearing mice had the similar tumor growth trend and the tumors grew fast. Due to the radiotherapeutic function of 131I, 131I-PHP NGs group possessed a certain anti-tumor efficacy, and its tumor growth trend was relatively slower than that of the mice with injection of NS, PBA-PHP NGs, and PHP NGs. Above all, the tumor bearing mice with injection of 131I-PBA-PHP NGs displayed the slowest tumor growth trend among all the groups. Through statistical analysis, the tumor volume of 131I-PBA-PHP NGs group was significantly smaller than that of NS group after 15 days’ therapy (p < 0.05). The best anti-tumor efficacy of 131I-PBA-PHP NGs among all the materials manifested the role of PBA, which could cause the high tumor accumulation of 131I-PBA-PHP NGs via the PBA-mediated targeting effect (Figure 3B). As for body weight changes of tumor bearing mice with injection of NS, PHP NGs, PBA-PHP NGs, 131I-PHP NGs, and 131I-PBA-PHP NGs, all the mice had the similar body weight change trend without enormous weight fluctuation, revealing their great biocompatibility (Figure 3C). The survival rate of mice reflected the anti-tumor efficiency of 131I-PBA-PHP NGs indirectly. 131I-PBA-PHP NGs group obviously prolonged the lifetime of mice. Until 47th day, all the mice injected with 131I-PBA-PHP NGs were dead. However, the mice with treatment of NS, PHP NGs, PBA-PHP NGs, and 131I-PHP NGs respectively were dead before 40th day. The superior therapeutic efficacy suggested the PBA-mediated targeted delivery of 131I-PBA-PHP NGs towards tumor (Figure 3D).
[image: Figure 3]FIGURE 3 | (A) Illustration of treatment process of tumor inoculation, intravenous injection, and tumor therapy of 4T1 tumor bearing mice. (B) The relative tumor volume, (C) body weight, (D) survival rate, and (E) representative tumor H&E and TUNEL images of mice with various treatments. The scale bar inserted in panel represents 200 μm. *p < 0.05.
Pathologic analysis
After the whole treatment, the pathological analysis was performed to deeply assess the anti-tumor efficiency of 131I-PBA-PHP NGs via H&E staining and TUNEL assay of tumor. The tumor necrosis and apoptosis could be stained pink and brown respectively in H&E and TUNEL images of tumor, From the H&E and TUNEL images of tumor, it was evident that the 131I-PBA-PHP NGs group presented largest region of tumor necrosis and apoptosis among all the five groups (Figure 3E). Subsequently, through quantitatively analyzing the tumor apoptosis rate from the TUNEL staining images (Supplementary Figure S5), it could be ranked as following order PHP NGs (9.2%) < PBA-PHP NGs (18.8%) < 131I-PHP NGs (59.6%) < 131I-PBA-PHP NGs (76.6%), clearly showing that the area of tumor necrosis and apoptosis of 131I-PBA-PHP NGs group was larger than that of 131I-PHP NGs group (p < 0.01). Through the above comprehensive investigation, 131I-PBA-PHP NGs possess good anti-tumor efficiency, which is attributed to the targeting effect of PBA and radiotherapeutic function of radioactive 131I. In the meantime, the major organs of the treated tumor bearing mice were harvested and H&E staining was performed. Through observing the H&E images of major organs, there was no visible necrosis or abnormality area, manifesting the favorable biosafety of 131I-PBA-PHP NGs in vivo (Supplementary Figure S6).
CONCLUSION
On the whole, we constructed and synthesized the multifunctional 131I-PBA-PHP NGs for SPECT imaging and radiotherapy of xenograft breast adenocarcinoma. Through the W/O polymerization and Michael-Addition reactions, P.NH2 NGs were prepared. Followed by reacting with HPAO, COOH-PEG-PBA, acetylation and 131I labeling, the 131I-PBA-PHP NGs were constructed. The generated 131I-PBA-PHP NGs with a spherical structure and favorable radiostability own targeting property towards sialylated epitopes overexpressed on the surface of 4T1 cells. With linking of PBA, the PBA-PHP NGs manifest the improved cellular uptake in comparison with PHP NGs. Above all, the formed 131I-PBA-PHP NGs enable the targeted SPECT imaging and radiotherapy of 4T1 tumor bearing mice in vivo. The excellent targeting moiety PBA has the great potential to be conjugated onto the other polymers to build intelligent nanosystems for tumor theranostic.
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Polar bears can live in an extremely cold environment due to their hairs which possess some remarkable properties. The hollow structure of the hair enables the bear to absorb energy from water, and the white and transparent hairs possess amazing optical properties. However, the surface morphology function of bear hairs has been little-studied. Herein, we demonstrate that the micro-structured scales distributed periodically along the hair can absorb maximal radiative flux from the Sun. This polar bear hair effect has the ability for the hair surface not to reflect radiation with a wavelength of about 500 nm. Mimicking the polar bears’ solar performance in the fabrication of nanofibers will certainly stimulate intelligent nanomaterials for efficient solar energy absorption. Therefore, a new technology is discussed in this work for the fabrication of periodic unsmooth nanofibers toward solar energy harvesting.
Keywords: biomimetic, polar bear hair, energy absorption, selective light absorption, moth-eye effect, bubble electrospinning
INTRODUCTION
Recently, various devices have been developed for energy harvesting, such as the nanofluids (He and Elazem, 2022), the spring-pendulum systems (Wu et al., 2018; He et al., 2022a), and the low-frequency vibration systems (Zhang and Cai., 2012; He C.-H. et al., 2021; He et al., 2022b). In addition to the abovementioned methods, the nanotechnology for solar energy harvesting (Satharasinghe et al., 2020) is totally new and is quite promising. Though solar energy harvesting has attracted much attention due to the inexhaustible green energy, its efficiency is relatively low. Interestingly, some natural animals have a special ability to absorb solar energy with extremely high efficiency, benefiting from the amazing surface morphology of their hairs, for example, the wolverine (gulo-gulo) hair (Liu et al., 2018).
The polar bear (Ursus maritimus) is the largest predator in the Arctic region. As a kind of marine mammal, the animal is born on land but spends most of its time in the sea to absorb energy from water through its hairs (He et al., 2011; Jia et al., 2017). In order to survive in a harsh environment as low as −50°C in the Arctic, this huge animal has an extensive fat layer of up to 10 cm and bulky furs, which help protect against the cold surrounding. Polar bear fur consists of a layer of dense underfur and an outer layer of guard hairs, which are transparent and white in color (Bechshøft et al., 2012; Dietz et al., 2013). The white hairs contribute to camouflaging the bear in the snow and ice-covered environment (Ferguson et al., 1998; Stegmaier et al., 2009). As a protein fiber, the polar bear hair is not much different in appearance from other protein fibers such as the wool fiber (Fan et al., 2019) and down fiber (Yang et al., 2011). Much attention has been paid to the optical properties (Lavigne and Øritsland, 1974bib_Lavigne_and_Øritsland_1974; Grojean et al., 1980 and 1981; Koon, 1998) and chemical properties of polar bear hairs, and many biomimetic designs were proposed, including thermally insulating fabrics (Cui et al., 2018), textile solar light collectors (Bahners et al., 2008), and polar bear hair–based solar sensors (Tributsch et al., 1990). Many researchers have studied hair cortisol concentration (Mislan et al., 2016), which is considered a biomarker. Furthermore, the morphology and structure, especially the hollow structure of polar bear hairs, have also been studied extensively (Zhang et al., 2009). The fractal theory is a useful tool to reveal its biomechanism (Wang et al., 2015; Wang et al., 2018). However, energy absorption with regards to the scale distribution on polar bear hairs has not been studied yet, and this study intends to state its energy absorption based on the hair’s morphology. Many research studies have revealed that the graphene distribution in a composite affected its properties greatly (Zuo and Liu, 2021; Zuo, 2021). Geometry is always the main factor affecting materials’ properties (He, et al., 2021b) so that the energy absorption property of the polar bear hair.
MATERIALS AND METHODS
Nano-scale surface morphology greatly affects a surface’s chemistry property (Marmur, 2004; Li X.-X. et al., 2021), friction property (Cao et al., 2021; Bains et al., 2020), and reflection property (Selkowitz 2021). According to the geometric potential theory (Peng and He, 2020; Han and He, 2021), a nano-scale surface can produce high geometric potential. It was reported that Fangzhu’s nano-scale surface can collect water molecules from the air (He and El-Dib, 2021; Wu et al., 2021). Gecko adhesion and the mimicking smart adhesion can also be explained by its nano-scale spatulas (Wang et al., 2019; Li et al., 2020). Here, an experiment is designed to study the nano-scale surface morphology of polar bear hairs.
Experimental Materials
The hair was obtained from a 2-year-old male polar bear in the Laohutan Pole Aquarium in Dalian, China. Polyvinyl alcohol (PVA, 1750 ± 50) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Experimental Instruments
The JEOL JSM-5600LV scanning electron microscope (SEM) with a magnification of 18-300,000 (Japan Electronics Co. Ltd.) and the S-4800 field emission scanning electron microscope (FE-SEM) (Hitachi Ltd., Japan) with resolutions of 1.0 nm (15 kV), 2.0 nm (1 kV), and 1.4 nm (1 kV, Deceleration mode) were used in our experiment. The scale density (scale/mm) and scale thickness on the hair surface were measured through the SEM images.
Experimental Process
First, we rinsed the samples with distilled water to remove debris from their surface. Second, the samples were washed with 0.1 M phosphate buffer three times (15 min per time). Third, the samples were fixed on the sample stage and sprayed in the ion sputter instrument. Finally, the samples were evaluated under the SEM and FE-SEM. In the electrospinning process, the PVA was dissolved in an aqueous solution (8 wt%) at 98°C for 4 h. The spinning parameters were as follows: the voltage was 20 kV, and the collector distance was 25 cm. After the spinning process, the resulting membrane was stretched with a draw ratio of 1.5 times. The draw process was carried out using a universal testing machine (Instron 3,365, Instron, Norwood, MA) (gauge length: 20 mm and cross-head speed: 0.2 mm/s) at 25 ± 0.5°C and 60 ± 5% relative humidity.
Nanoscale Surface Morphology
Before studying the polar bear hair effect, we give a brief introduction to the moth-eye, which can absorb all night light (Wilson and Hutley, 1982). This property is important for the nocturnal insect to escape from predators.
Figure 1 is the schematic diagram of the moth-eye effect. The height of protuberances is about h = 220 nm, and the diameter of the microtrichia is about d = 200 nm.
[image: Figure 1]FIGURE 1 | Schematic diagram of the moth-eye effect (Nosonovsky and Bhushan,2013).
It was reported that the reflectance is very low for wavelengths [image: image] (Nosonovsky and Bhushan, 2013), meaning that the wavelengths between 440 and 550 nm are all absorbed by the nocturnal insect.
The surface geometry of the moth eye is periodic, and it was used for the biomimetic design of an optically transparent microwave absorber with a periodic array of properly shaped glass caps (Kwon et al., 2021). A similar phenomenon occurs in the polar bear hair, and we carried out an experiment to study the morphology of the hair surface.
RESULTS AND DISCUSSION
Figure 2 shows the morphology of the polar bear hair surface structure. Figures 2A–C are SEM images of the same hair at the magnifications × 1,000, × 2,000 and × 5,000, respectively. Figure 3 shows the FE-SEM of the polar bear hair surface structure. As we can see from Figures 2 and 3, the surface of polar bear hair fibers is not smooth, and there is a scale structure similar to the surface of wool fibers. Meanwhile, these figures also show that the polar bear hair fibers were covered with periodic scales in regular shapes. Scale density was relatively small, 70–90 scales/mm, and the scale edges seemed to be wavy or serrated. The scales are thicker at the top, and the scale thickness is about 0.5 µm.
[image: Figure 2]FIGURE 2 | Polar bear hair surface structure by SEM with different magnifications (A) ×1,000, (B) ×2,000, and (C) ×5,000.
[image: Figure 3]FIGURE 3 | Polar bear hair surface structure by FE-SEM (A-C) different locations on the hair surface.
Similar to the moth effect (Nosonovsky and Bhushan, 2013), polar bear hair enables the animal to absorb as much energy as possible from natural light. According to Figures 2 and 3, polar bear hair can be geometrically illustrated, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic diagram of the polar bear hair effect.
The periodicity of the surface morphology of polar bear hair is similar to that of the moth eye and also shows a similar optical property to absorb light energy. Polar bear hairs are white and transparent to convert light energy to its body. The hair surface morphology (Figure 4) can increase transmission and reduce reflection. If the thickness of the scales is almost equal to the light wavelength (Nosonovsky and Bhushan, 2013), the light will not be reflected. Our experimental data reveal that the scale thickness is about 500 nm, corresponding to the spectrum of 500 nm wavelength. According to the laws of radiative heat transfer, the radiative flux from the Sun maximizes at a wavelength of about 0.5 μm (Scamarcio et al., 1997; Thuillier et al., 2003) (Figure 5). The polar bear hair effect is the ability of a micro-structured optical surface not to reflect light with the highest energy.
[image: Figure 5]FIGURE 5 | Maximal solar spectral irradiance at 500 nm wavelength.
The general approaches to fabricating smooth nanofibers are electrospinning (Gao et al., 2021; Liu et al., 2021) and bubble electrospinning (He and Qian, 2022; Qian and He, 2022). However, Lin, et al., 2021 suggested a general strategy for the fabrication of unsmooth nanofibers. Yao and He (2020) used the geometric potential theory to control the surface morphology of nanofibers. These references suggested that the unsmooth nanofibers can be fabricated by the electrospinning method. Here, inspired by the natural polar bear, a new technology is discussed for the fabrication of periodic unsmooth nanofibers for solar energy harvesting (Liu et al., 2015). As shown in Figure 6, the resulting PVA nanofibers were endowed with peculiar morphology with a periodic unsmooth surface after being stretched (Figure 6A). The bulges with a diameter of about 80 nm were successfully constructed and periodically spread along the nanofiber axis (Figure 6A), exhibiting a similar appearance to natural bamboo (Figure 6B). The mutational surface morphology from a smooth surface to a bamboo-like unsmooth surface by the stretching method suggests a promising strategy to mimic the polar bear’s solar performance in the fabrication of intelligent nanomaterials for efficient solar energy–absorption.
[image: Figure 6]FIGURE 6 | (A) Morphology of the periodic unsmooth PVA nanofiber. (B) Schematic diagram of the periodic bamboo-like unsmooth PVA nanofiber.
The nanofibers with a periodic unsmooth surface are potentially of great technological interest for the development of solar energy absorption, and their other applications include invisibility devices, electronic sensors, applied surface science, photonics, physics, microelectronics, nanomaterials, advanced textile, photothermo-promoted nanocatalysis, photothermal semiconduction, photoactivatable cancer immunotherapy, and environmental science (Li et al., 2019; Li X. et al., 2021; Li J. et al., 2021; Yang et al., 2021). We anticipate that this article will be a starting point for more sophisticated studies of intelligent nanomaterials for solar energy harvesting for solar cells (Pavlovic et al., 2021; Alshikhi and Kayfeci 2022) or solar collector systems (Al-Rabeeah et al., 2022). The periodic structure of nanomaterials via bioinspiration for energy gives many promises and great challenges (Gong et al., 2019).
CONCLUSION
Similar to the moth-eye effect, polar bear hair characteristics along the longitudinal direction were studied by means of SEM and FE-SEM, respectively. The result shows that the micro-structured scales distributed periodically along the hair can absorb maximal radiative flux from the Sun. Mimicking the polar bear’s solar energy harvesting property, we fabricated nanofibers with a periodic unsmooth surface, which exhibits the potential of stimulating intelligent nanomaterials for efficient solar energy absorption. The bio-mimic design of solar energy materials by bubble electrospinning can be used in the infrared stealth technology. Polar bear hair–inspired biomaterials with selective light absorption will attract much attention in the future.
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As an emerging fringe science, bionics integrates the understanding of nature, imitation of nature, and surpassing nature in one aspect, and it organically combines the synergistic complementarity of function and structure–function integrated materials which is of great scientific interest. By imitating the microstructure of a natural biological surface, the bionic superhydrophobic surface prepared by human beings has the properties of self-cleaning, anti-icing, water collection, anti-corrosion and oil–water separation, and the preparation research methods are increasing. The preparation methods of superhydrophobic surface include vapor deposition, etching modification, sol–gel, template, electrostatic spinning, and electrostatic spraying, which can be applied to fields such as medical care, military industry, ship industry, and textile. The etching modification method can directly modify the substrate, so there is no need to worry about the adhesion between the coating and the substrate. The most obvious advantage of this method is that the obtained superhydrophobic surface is integrated with the substrate and has good stability and corrosion resistance. In this article, the different preparation methods of bionic superhydrophobic materials were summarized, especially the etching modification methods, we discussed the detailed classification, advantages, and disadvantages of these methods, and the future development direction of the field was prospected.
Keywords: bionic modification, superhydrophobic surface, micro/nanostructure, etching modification method, chemical etching method, laser-etching method
1 INTRODUCTION
Nature is always the source of our inspiration. By observing the structural diversity, functional specificity, and environmental responsiveness of natural organisms, human beings have discovered many different biological structures and functions, thus creating more and more new materials and structures through technological innovation and cross-fertilization across disciplines. Bionic materials are materials prepared by simulating the unique structure or characteristics of organisms (Suresh Kumar et al., 2020; Koch et al., 2008). Biomimetic superhydrophobic surfaces, which are prepared by using the superhydrophobic phenomena related to biological structures in nature (Table 1), such as lotus leaves (Sun and Guo, 2019; Lv et al., 2020), butterfly wings (Zheng et al., 2007; Shao et al., 2019) and rice leaves (Wu et al., 2011; Lee et al., 2013; Rius-Ayra et al., 2018), have attracted wide attention and research because of outstanding self-cleaning (Barthlott and Neinhuis, 1997; Fürstner et al., 2005; Ming et al., 2005), anti-icing (Liu et al., 2020; Sun et al., 2020), anti-corrosion (Liu et al., 2014; Wei et al., 2021a; Zhang et al., 2022), and oil–water separation (Wang et al., 2015a; Saleh et al., 2020; Rasouli et al., 2021; Yao et al., 2021) properties. In recent years, with the deepening of the research in the micro-field, micro-nano materials have developed rapidly, and they have been developed into intelligent responsiveness (Li et al., 2017a; Chang et al., 2018; Li et al., 2021a), environmental remediation (Kumari et al., 2019; Sajjadi et al., 2021), biodegradability (Li et al., 2021b; Li et al., 2022a; Li et al., 2022b), nano-probe imaging (Li et al., 2016; Li et al., 2017b; Li et al., 2019a; Li et al., 2022c), and other characteristics, which are widely used in many fields (Waked, 2011; Khandelwal et al., 2016; Scalisi, 2017; Li et al., 2019b; Siddiqui et al., 2019), especially medicine (Li et al., 2021c; Lu et al., 2021). Biomimetic superhydrophobic surface combines the cutting-edge technologies of bionics and micro-nano fields, and has great development prospects.
TABLE 1 | The surface structure of typical organisms.
[image: Table 1]The study of superhydrophobic principle can be traced back to 1805, when T. Young (Young, 1805) established Young’s equation of ideal smooth solid surface state, which set a theoretical precedent for studying the wettability of materials. Later, Wensel and Cassie summarized Wensel model (Wenzel, 1936) and Cassie–Baxter model (Cassie and Baxter, 1944) by studying the relationship between surface roughness and wettability. Recent further research shows that superhydrophobic surfaces can be divided into five types (Wang and Jiang, 2007). This classification includes steady-state and transition state, which can explain the phenomena that were difficult to explain by previous theories (Yilgor et al., 2012; Liu et al., 2017a; Chen et al., 2021).
Contact angle and rolling angle are important parameters to characterize the wettability of droplets on solid surfaces, and are also the initial evaluation indexes of biomimetic superhydrophobic surfaces (Aussillous and Quéré, 2001; Richard et al., 2002; Michael and Bhushan, 2007; Nosonovsky and Bhushan, 2008). With the development of research, researchers have made biomimetic superhydrophobic surfaces with multiple functions. Since then, the application fields of biomimetic superhydrophobic surfaces have been expanded by leaps and bounds, included adhesive-responsive superhydrophobic surfaces for sensors (Gao et al., 2019; Liu et al., 2019), industrial anticorrosive superhydrophobic surfaces which can effectively slow down the damage of metal oxide layers and resist strong acid/alkali corrosion (Li et al., 2019c; Ran et al., 2019; Ijaola et al., 2020), superhydrophilic/superhydrophobic surfaces which can realize industrial wastewater treatment and offshore oil spill treatment by using oil–water separation characteristics (Feng et al., 2004; Jayaramulu et al., 2016; Yang et al., 2018; Song et al., 2022), and superhydrophobic coatings with anti-icing and light transmission properties for outdoor glass and photovoltaic converters (Li et al., 2009; Liu et al., 2015a; Cui and Pakkanen, 2020; Zhu et al., 2021). In addition, diversified bionic superhydrophobic surfaces were widely used in modern military (Dong et al., 2013; Wang et al., 2015b; Jiaqiang et al., 2018), microfluidic control (Stratakis et al., 2011; Kong, 2021), fabric and textile industry (Hoefnagels et al., 2007; Xing et al., 2022) and other extended fields.
In this mini review, we reviewed the superhydrophobic surfaces and principles in nature. Section 2 introduced several different preparation methods, with emphasis on the preparation of biomimetic superhydrophobic surfaces by etching modification. Particularly, we discussed the unique advantages and disadvantages of etching modification. Finally, the conclusion of this review and the prospect of the research field in the future were described (Section 3).
2 BIOMIMETIC SUPERHYDROPHOBIC SURFACE PREPARATION METHODS
With the deepening of research, the preparation methods of bionic superhydrophobic surfaces were gradually diversified. Figure 1 shows the common preparation methods of superhydrophobic surfaces. Generally speaking, the core idea of preparing biomimetic superhydrophobic surface is to imitate the microstructure of biological surface and modify it with low surface energy substances. According to the order of construction, it can be classified into two categories. The first category is to construct micro-nano rough structures on smooth surfaces, and then decorate them with low surface energy materials. The second category is to directly sketch micro-nano rough structures on low surface energy materials.
[image: Figure 1]FIGURE 1 | Etching modification (A), electrospinning and electrospraying (B), vapor phase deposition (C), sol–gel (D), template (E) and layer-by-layer self-assembly (F) methods developed to fabricate superhydrophobic surfaces.
In Table 2, we also show the characteristics of typical preparation methods of bionic superhydrophobic materials to understand their advantages and disadvantages. From the table, we can systematically understand the characteristics of various methods, including preparation principle, production cost, production speed, equipment requirement, environmental friendliness, and mechanical durability. It should be emphasized that the characteristics here are for most experiments that use this method to construct bionic superhydrophobic surfaces.
TABLE 2 | Comparison of preparation methods of superhydrophobic surface.
[image: Table 2]Among these methods, the etching modification method will be described in detail later. In addition, it is not difficult to find that the above-mentioned methods all have a common feature, namely, self-cleaning. At present, self-cleaning has basically become a common property of superhydrophobic surfaces (Parkin and Palgrave, 2005; Sethi and Manik, 2018). The most direct way to achieve self-cleaning effect is to use extremely low rolling angle. The accumulated dirt particles can be effectively cleaned by fast-sliding water droplets (Liu et al., 2015b; Sharma et al., 2021). Photocatalytic reaction can effectively decompose pollutants and achieve the purpose of more efficient self-cleaning (Afzal et al., 2014; Wang et al., 2021a). Compared with simply using droplets to roll away dirt, this more active self-cleaning method is more suitable for places with more pollutants such as oil pollution and organic matter (Mor et al., 2004; Rus et al., 2013; Moghaddasi and Mohammadizadeh, 2022).
In modern research, before the formulation and product development of self-cleaning superhydrophobic materials, molecular dynamics is more and more used for simulation to predict the target performance, which can take into account the self-cleaning performance and the durability brought by the adhesion between film and substrate (Sethi et al., 2022). Through molecular dynamics simulation optimization and experimental verification, Sethi’s research team comprehensively predicted and explained the surface behavior, substrate adhesion, and overall performance of the blend, which was beneficial to determine the volume, surface, and interface characteristics of the best formula before the preparation of bionic superhydrophobic surface coating, reducing the workload in actual preparation, improving work efficiency and product performance (Sethi et al., 2019; Sethi et al., 2020a; Sethi et al., 2020b).
2.1 Etching modification methods
Etching is a simple and effective method to achieve bionic superhydrophobic effect. This method is through selective etching to realize the processing of micro-nano double-ordered structure on the substrate surface (Ellinas et al., 2021).
Wet etching and dry etching are two main ways of etching. In wet etching, the etching substrate is soaked or coated with chemical reagents (such as acid, alkali, etc.), and the etching solution reacts with the material to remove specific surface materials (Huang et al., 2011; Yeganeh and Mohammadi, 2018; Jayarama et al., 2021). Dry etching is a process that uses laser or plasma to react with the substrate surface to form volatile substances, or directly bombards the substrate surface to corrode it (Lee, 1979; Elhadj et al., 20122012; Wang et al., 2021b; Fan et al., 2021). The following section will introduce wet chemical etching and dry laser etching, as well as their application scope, advantages and disadvantages.
2.1.1 Chemical etching method
Generally, metals and alloys are the most suitable substrates for chemical etching, especially magnesium alloys or aluminum alloys (Panda, 2021; Peng et al., 2021). By controlling the concentration of etching solution and etching time, the structural characteristics of superhydrophobic surface, such as roughness, can be effectively changed (Wei et al., 2021b; Guo et al., 2021; Krishnan et al., 2021; Zheng et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of chemical etching and grafting.
Strong acids, such as HCl and H2SO4 are common and effective etching solutions. Kumar et al. (Kumar and Gogoi, 2018) used HNO3-HCl mixture to etch aluminum plate, and then treated it with high-density hexadecyl trimethoxysilane (HDTMS) toluene solution to construct a superhydrophobic surface with the static contact angle of 162.0 ± 4.2° and the rolling angle of 4 ± 0.5°. Besides good superhydrophobic self-cleaning performance, the surface also showed good thermal stability, chemical stability, and mechanical stability. Nguyen et al. (Nguyen et al., 2021) etched with HCl solution and deposited with FOTS (fluorooctatrichlorosilane) to prepare superhydrophobic aluminum plates with low ice adhesion strength and long freezing time. In addition, a model for calculating the freezing time was put forward, and the comparison between the experimental and theoretical calculation showed excellent consistency, which provided guidance for understanding the icing phenomenon and designing the ice-repellent surface. Campbell et al. (Gray-Munro and Campbell, 2017) combined the chemical etching of H2SO4-H2O2 with the deposition of silicone coating to construct a lotus leaf-like structure on the surface of magnesium alloy, which had excellent stability in aqueous solution. By this way, the surface degradation rate of biodegradable superhydrophobic magnesium alloy with biocompatibility was controlled, which was significant in medical application. Saleh et al. (Saleh and Baig, 2019) functionalized stainless steel with octadecyl trichlorosilane (ODTCS) after structural treatment with H2SO4, and obtained superhydrophobic and superhydrophilic properties. Experiments showed that the separation efficiency of various nonpolar organic components from water was over 99%, which was expected to be used to separate oil from water. In addition, HF in inorganic acid is also a good etching solution (Qu et al., 2007; Zhang et al., 2015; Du et al., 2018; Kim et al., 2018; Xu et al., 2019; Zhang et al., 2020b; Shaikh et al., 2021).
Compared with inorganic acids, organic acids are less used for etching, because most inorganic acids are relatively more stable and lower in cost. Ou et al. (Ou et al., 2019) sprayed cold galvanized coating on iron substrate, then etched with acetic acid, and finally modified with stearic acid. The superhydrophobic sample surface with an apparent contact angle of 168.4 ± 1.5° and a rolling angle of 3.5 ± 1.2° was obtained. This sample combined the respective characteristics of zinc coating and superhydrophobic surface in terms of metal corrosion resistance, which had rapid manufacturing process, good mechanical durability, and easy repair. Wu et al. (Wu et al., 2012) compared the etching effects of aluminum alloy samples in three different acid solutions (acetic acid, hydrochloric acid, and oxalic acid), and found that the mixed solution of oxalic acid and hydrochloric acid was the better etching combination. Similarly, they found that better surface roughness can be obtained by adjusting the concentration of Cl− ion and oxalate ion in acid solution. This provided a new strategy for controllable preparation of superhydrophobic films on aluminum alloys, which could be used in practical industrial applications. Chen et al. (Chen et al., 2010) proposed a superhydrophobic surface preparation method without hydrophobic treatment, which was directly obtained by soaking aluminum in the mixed solution of HCl and acetic acid. In addition, they also studied the effect of acetic acid content on the surface structure.
Besides acidic solutions, other kinds of solutions have been widely used. NaOH is the most commonly used alkaline etchant, which is usually used to etch aluminum alloy (Saleema et al., 2010; Huang et al., 2015; Lomga et al., 2017; Nguyen-Tri et al., 2019a; Tudu et al., 2019; Yang et al., 2022). In Peng’s work (Peng and Deng, 2015), NH3 was selected as the etchant of aluminum, and the superamphiphobic sample obtained by hot ammonia solution etching and fluorosilane modification had excellent chemical stability. This simple, economical, environment-friendly, and efficient method could be used in the fields of oil-proof and water-proof. Wan et al. (Wan et al., 2018) combined ammonia etching and hydrothermal treatment to construct superhydrophobic surface on copper substrate modified by 1H,1H,2H,2H-perfluorodecyl triethoxysilane (PFDTES), which showed good waterproof, anti-corrosion and anti-adhesion properties in simulated seawater and humid air. Parin et al. (Parin et al., 2018) used three different salt solution etchants, namely AlCl3, FeCl3 and CuCl2, to obtain superhydrophobic aluminum surfaces by chemical etching and fluorosilane deposition, respectively, which confirmed that different etchants would produce different surface micro-nanostructures. Rodič et al. (Rodič et al., 2020) etched aluminum in FeCl3 solution, and then grafted at ambient temperature directly in an ethanol solution of 1H,1H,2H,2H-perfluorodecyltriethoxysilane. The prepared superhydrophobic surface has the characteristics of self-cleaning and anti-icing. Moreover, the promotion of dropwise condensation significantly improved the heat transfer coefficient, so that the sample could be widely used in heat transfer industry. Wang et al. (Wang et al., 2016b) chemically etched magnesium in CuCl2 solution, and then modified it with oleic acid to prepare superhydrophobic surface with contact angle of 155°. Song et al. (Song et al., 2012) developed a rapid preparation method of superhydrophobic materials, in which aluminum was immersed in CuCl2 solution and then modified with ethanol solution of fluoroalkyl silane, and the whole process only took a few seconds. This convenient and efficient method may have the potential of large-scale preparation.
Chemical etching can be divided into two-step method (Milosev et al., 2017; Milošev et al., 2019; Rodič et al., 2022) and one-step method (Chen et al., 2010) in addition to the classification of etching solution. This is classified according to the operation steps. The two-step method is chemical etching and then coating, while the one-step method is chemical etching and coating in the same step (Varshney et al., 2016).
Chemical etching is a simple, quick and low-cost method, which can be used in a large scale. However, the etching solution used in the operation process is toxic to human health and the environment. In addition, the specific shape and thickness of the micro-nano double-ordered structure are difficult to control, and the mechanical durability of the surface is not high. Under the condition of over-etching, the microsurface roughness of the substrate decreases, and even the basic mechanical properties of the substrate are destroyed, which is also an important problem. Therefore, the preparation of green etchant, the optimization of etching process, the precise control of substrate surface morphology and thickness, and the reduction of environmental pollution risk are the key development paths that chemical etching needs to explore in the future.
2.1.2 Laser-etching method
As shown in Figure 3, laser etching can be divided into heat treatment and cold treatment according to its reaction principle (He et al., 2019; Ehrhardt et al., 2021). Irradiating the substrate surface with high-energy laser beam, the generated high temperature melts and vaporizes the material in a short time. After cooling, the superhydrophobic surface is constructed, which is called laser heat treatment. Cold treatment is a method of breaking chemical bonds in materials through photochemical reaction and constructing superhydrophobic surfaces after cooling. This technology has been widely used in various materials, including metal, glass, and polymer (Fadeeva et al., 2011; Lu et al., 2017; Dinh et al., 2018; Kostal et al., 2018; Li et al., 2019d; Ma et al., 2019; Stratakis et al., 2020).
[image: Figure 3]FIGURE 3 | Schematic diagram of (A) laser heat treatment and (B) cold treatment.
Boinovich et al. (Boinovich et al., 2017) used Al–Mg alloy as the substrate, and proved that laser treatment can endow the surface with multi-peak roughness and change the composition of the surface layer. This research had overcome the obstacles of metal materials in industrial application, such as easy corrosion, poor cold resistance or weak thermal shock stress resistance. Li et al. (Li et al., 2018) prepared periodic microscale papillary pit microstructure on magnesium alloy surface by laser ablation. After chemical etching with AgNO3 and surface modification with stearic acid, the prepared surface has superhydrophobic property, and the maximum contact angle reaches 158.2°. By adjusting the microstructure, such as the center distance of pits, the surface can change from low adhesion to high adhesion. In addition, due to the high degree of independent selection and accuracy of laser etching, the surface structure that meets the requirements of experimenters can be perfectly reproduced. Using this characteristic of laser etching, superhydrophobic surfaces with excellent anisotropy can be easily prepared (Yong et al., 2014; Fang et al., 2018; Lasagni et al., 2018; Cai et al., 2019; Tuo et al., 2019; Bai et al., 2020; Rong et al., 2021; Yang et al., 2021). In another study, femtosecond laser and picosecond laser were used to construct nanostructures of aluminum, copper, and galvanized steel, respectively, and then aging in vacuum was used to replace low surface energy modification. This method of combining ultrafast laser surface nanostructures with vacuum aging was suitable for a wide range of self-cleaning applications (Khan et al., 2021). In addition to the metal matrix, Chen et al. (Chen et al., 2018) showed a method of manufacturing bionic reed leaves by laser treating the surface of structured polydimethylsiloxane (PDMS). Du et al. (Du et al., 2022) proposed a one-step laser-etching method for manufacturing superhydrophobic silicone rubber with bionic layered micro/nano structure, whose contact angle and sliding angle can be adjusted according to the number of laser-etching cycles, which is beneficial to different application requirements. It was a potential candidate to protect flexible electronics equipment in rainy days and acid/alkali environments. Inspired by the hexagonal microstructure array of mosquito’s compound eye, He et al. (He et al., 2021) made multifunctional superhydrophobic self-cleaning glass with anti-fog and anti-icing by laser texturing. Jing et al. (Jing et al., 2022) used picosecond laser to etch glass substrate and chemically modified it by silanization to prepare superhydrophobic surface with high adhesion. They also pointed out that laser-induced micro/nano structure depends on laser energy to a great extent and significantly affects adhesion, while scanning times have a slight effect on surface morphology and adhesion.
Laser-etching method has high precision and controllability. By controlling the laser type, irradiation time and light intensity, the surface microstructure with controllable direction can be obtained on different substrates (Figure 4), which is suitable for most materials. In addition, no harmful substances are produced during the experiment, which is undoubtedly environment-friendly. In recent years, with the rapid development of 3D laser printing technology and femtosecond laser technology, researchers have been able to complete custom etching of various complex microstructures. However, because the laser synthesis equipment is very complex, expensive, energy-intensive, and the action area of a single laser beam is relatively small, it is not suitable for industrial large-scale preparation of superhydrophobic materials, and it is currently in the laboratory stage.
[image: Figure 4]FIGURE 4 | Directional comparison between (A) chemical etching and (B) laser etching.
2.1.3 Mixed-etching method
The etching methods mentioned in the above two chapters usually use different substrates (Table 3), but they can actually be used in combination. For example, Xia et al. (Xia et al., 2022) compared three methods: chemical etching, laser etching, and chemical-laser mixed etching, and pointed out that specific chemical-laser mixed etching parameters can effectively prepare uniform hierarchical structure on aluminum alloy surface, achieving excellent hydrophobicity, and low ice adhesion. When this method was applied to the wing manufacturing, the obtained wing may prevent the aircraft from freezing and protect the aerospace safety. Dong et al. (Dong et al., 2011) also prepared a hydrophobic copper surface with tunable regular microstructure and random nanostructure whose water contact angle is about 153°. The regular microstructure was obtained by nanosecond pulse laser etching, while the random nanostructure was determined by chemical etching. The regular microstructure was obtained by nanosecond pulse laser etching, while the random nanostructure was determined by chemical etching. Liu et al. (Liu et al., 2013) dipped the aluminum alloy in HNO3 and Cu(NO3)2 after laser processing, and finally modified it with DTS (CH3(CH2)11Si(OCH3)3) to prepare the bionic superhydrophobic surface with high adhesion. It is easy to find that these two methods can also be used together with other etching methods to achieve better bionic superhydrophobic effect (Li et al., 2014; Gu et al., 2017; Tian et al., 2017; Feng et al., 2022a; Feng et al., 2022b). Rodič et al. (Rodič and Milošev, 2019) made highly hydrophobic aluminum surface in NaOH solution containing various alkoxysilanes by one-step ultrasonic process, which had corrosion resistance, self-cleaning, and anti-icing characteristics. These mixed preparation processes provided a new way for the preparation of various materials.
TABLE 3 | Simple summary of common etching methods of different substrates.
[image: Table 3]3 SUMMARY
This article summarized the basic principle and model of superhydrophobic, epitomized the structure and wetting characteristics of biological superhydrophobic surfaces in nature, reviewed various preparation methods of bionic superhydrophobic materials, emphasized the etching method, and discussed the research status and challenges of superhydrophobic applications. As described in detail above, the chemical etching method is simple, fast, low-cost and has the potential for large-scale application. Its disadvantage is that it is harmful to the environment and human body, and excessive etching will cause the mechanical properties of samples to be destroyed. Laser etching has controllable and customizable surface morphology, but it is expensive and inefficient. The mixed use of the two methods has indeed achieved the effect of complementing each other’s strengths to a certain extent, but it is undeniable that the equipment price and pollution have not been improved.
4 OUTLOOK
Science and technology originates from nature and is superior to nature. The research of bionic superhydrophobic surface started from the early imitation of natural animal and plant surface structures, and now it has expanded to the creative behavior of designing structures and modifying materials independently, especially the birth of laser etching, which greatly improved the structural accuracy. The related properties of superhydrophobic surfaces have also developed from simple hydrophobicity to many directions, including anti-icing, water collection, directional transportation and wetting behavior transformation, which has brought about significant changes in the fields of industrial life and national defense science and technology development. The single bionic superhydrophobic surface can no longer meet the actual needs, and the research of multifunctional bionic superhydrophobic surface has become a hot topic discussed by scholars. However, with the continuous expansion and deepening of the research in the field of etching, the existing problems in the process of preparing bionic superhydrophobic surfaces by etching are also exposed. For example, the environmental friendliness and mechanical properties of chemical etching need to be improved, and laser etching needs to consider how to improve efficiency, reduce equipment costs and achieve mass production. In view of the research hotspots and existing problems, we put forward the following prospects:
(1) Superhydrophobic surface should be further developed toward multifunction. Based on the superhydrophobic function, the surface has many functions, such as antibacterial (Zhan et al., 2022), anti-ultraviolet, anti-radiation, underwater drag reduction, and performance change. It improves the applicability of superhydrophobic materials in many fields and environments, and has far-reaching significance for industrial application. Additionally, if the micro-nano structure is directly built on stealth coating materials (wave absorbing materials, light transmitting materials, light guiding materials, etc.), it will have the characteristics of anti-reflection, anti-radiation, and drag reduction, further increasing its concealment and maneuverability. The stealth surface made by this method is likely to make a major breakthrough in modern national defense and military fields.
(2) To improve the chemical and mechanical stability, the appearance of self-healing superhydrophobic coating provides a new development direction for related research (Sam et al., 2019; Chang et al., 2020). The mechanism of intrinsic self-healing superhydrophobic coating is to introduce dynamic chemical bonds into the internal structure of the material. When the material is damaged, the damaged chemical bonds will be restored to the initial state due to dynamic equilibrium, so that the structure and state of the material can be restored. The external self-repairing super-hydrophobic coating can be stimulated by changing the conditions, such as light and temperature, so that the repairing agent inside the material can be released and migrated to the damaged part, and thus the damaged surface can be healed. However, considering the complex environment in practical engineering application, besides self-healing, the wear resistance, acid and alkali resistance and long-term weather resistance of superhydrophobic coating itself need to be further improved.
(3) For the materials with weak hydrophobicity and easy to be polluted by oily substances, it is necessary to further study the super-double hydrophobic materials that are both hydrophobic and oleophobic, and make them into responsive materials, that is, to switch or switch the surface free energy by external stimulation. In addition, perfluoro silanes, which has both hydrophobic and oleophobic properties, is a target worthy of consideration.
(4) Aiming at the problems of strong pollution and high-energy consumption, the development of new biomaterials and new energy sources provides some guiding ideas for the preparation of green, environmentally friendly, low-cost, and reliable superhydrophobic surfaces.
(5) The effects of surface geometry size, wettability, and surface composition on superhydrophobic properties, especially the quantitative research directly related to hysteresis angle, need to be deepened, which is not only to be studied by etching method, but also to be explored by all methods.
(6) It is still necessary to study the preparation of superhydrophobic materials at low cost to enhance the practicability and expand the application fields.
To sum up, the future development direction of preparing bionic superhydrophobic surface by etching method is to combine the advantages of the two methods and develop a set of durable, energy-saving, low-cost, and mass-production preparation methods that meet the multifunctional application requirements of superhydrophobic surface. Only by realizing the industrial production of superhydrophobic surfaces can we really get out of the laboratory and into life.
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Urokinase is widely used in the dissolution of an acute pulmonary embolism due to its high biocatalytic effect. However, how to precisely regulate its dose, avoid the side effects of hemolysis or ineffective thrombolysis caused by too high or too low a dose, and seize the golden time of acute pulmonary embolism are the key factors for its clinical promotion. Therefore, based on the precise design of a molecular structure, an ultrasonic-responsive nanoliposome capsule was prepared in this paper. Singlet oxygen is continuously generated under the interaction of the ultrasonic cavitation effect and the sonosensitizer protoporphyrin, and the generated singlet oxygen will break the thiol acetone bond between the hydrophilic head and the hydrophobic tail of the liposome, and the lipid The body structure disintegrates rapidly, and the urokinase encapsulated inside is rapidly released, down-regulating the expression of fibrinogen in the body, and exerting a thrombolytic function. The in vitro and in vivo results show that the smart urokinase nanoliposomes prepared by us have sensitive and responsive cytocompatibility to ultrasound and good in vivo thrombolytic properties for acute pulmonary embolism, which provides a new strategy for clinical acute pulmonary embolism thrombolysis.
Keywords: pulmonary embolism, urokinase, sonodynamic, protoporphyrin (PPIX), singlet oxygen
1 INTRODUCTION
Pulmonary embolism (PE) refers to diseases or clinical syndromes caused by various emboli blocking the pulmonary artery or its branches, including pulmonary thromboembolism (PTE), fat embolism, amniotic fluid embolism, tumor embolism, etc (Konstantinides et al., 2019; van der Pol et al., 2019; Barco et al., 2020). Pulmonary thromboembolism is the most common type, commonly referred to as acute pulmonary embolism (APE) (Shonyela et al., 2015; Opris et al., 2017). Pulmonary embolism is often secondary to deep venous thrombosis (DVT), which is essentially a clinical manifestation of the same disease at different stages, collectively referred to as venous thromboembolism (VTE) (Stein et al., 2010; Kaditis and Alexopoulos, 2021).
The fatality rate of APE is also high, ranking third in Western countries after myocardial infarction and malignant tumors. It is estimated that about 10% of APE die within 1 h after onset, and the fatality rate of APE without diagnosis and treatment can reach 30% (Kostrubiec et al., 2012). With early intervention and treatment, the fatality rate can be reduced to 2–8%. Therefore, APE is a disease with a high morbidity rate, high misdiagnosis rate, and high mortality rate, which needs to be paid attention to by clinicians.
The morbidity and mortality of PE patients under the age of 40 are much lower than those of the elderly, and insufficient attention has been paid to it (Abe et al., 2019). However, some studies have shown that APE has been proved to be an important cause of death in young people. A study by Sakuma et al. in 2007 examined Autopsy records and found that APE contributed more to deaths in patients aged 20–39 than in other age groups, accounting for 2.3% of deaths (Taniguchi et al., 2012). In 2008, an autopsy study of 1,000 patients with pulmonary embolism in India by Nandita et al. found that pulmonary embolism tends to be younger (Nandita and Vasistha, 2008). In 2010, Yamada et al. found that compared with Westerners, Japanese people with pulmonary embolism tend to be younger and more feminine (Yamada et al., 2010). Renda et al. calculated that the detection rate of APE in the U.S. adult population during CTPA-assisted examination increased from 0.621‰ to 1.123‰, the incidence rate increased by about 80%, and the mortality rate during the first 3 months after diagnosis was estimated up to 15% (Hayiroglu et al., 2015).
Although surgery can effectively remove thrombus in blood vessels, the operation is difficult and risky, and requires high medical equipment in the hospital and the medical skills of doctors; complex preoperative preparation is required; there are many postoperative complications; the cost is also high (Ronsivalle et al., 2013; Steglich-Arnholm et al., 2015; Izura Gómez et al., 2018). In addition to surgery, drug thrombolysis can also be used (Vedantham et al., 2017; Mazzolai et al., 2018; Naylor et al., 2018; Bolcal et al., 2019). So far, the clinically used thrombolytic drugs are mainly urokinase (UrokinaSe, United Kingdom). Goldhaber et al. have done a series of studies on thrombolysis in acute pulmonary embolism, confirmed the efficacy of United Kingdom and rt-PA, and compared the dose, time, route, and specific implementation methods of the drugs so that the treatment tends to be standardized (Goldhaber and Bounameaux, 2012; Huang et al., 2014). A large-scale study organized by Professor Wang Chen in China believes that 50 mg can not only receive a good curative effect but also reduce the risk of bleeding. Thrombolysis must consider the risk of bleeding, so patients with bleeding risk are contraindications to thrombolysis (Muñiz, 2012). Therefore, there is an urgent need to explore a new therapy with reliable efficacy, simple operation, low side effects, and complications for acute thromboembolism.
Sonodynamic therapy (SDT) developed in recent years is a new treatment modality based on ultrasonic excitation of sonosensitizers to trigger sonochemical reactions and generate highly toxic reactive oxygen species (ROS). Compared with photothermal/photodynamic therapy (Li et al., 2022), ultrasound has a deeper soft tissue penetration depth (≥10 cm) than light and has better potential for clinical application and translation (Chen et al., 2021; Hu et al., 2021; Xu et al., 2021; Xu and Pu, 2021). The application effect of SDT has been widely studied, such as the generation of reactive oxygen species by applying ultrasound to activate the sonosensitizer molecules hematoporphyrin, titanium dioxide (TiO2), etc (Gong et al., 2020). Clinical studies suggest that ultrasound can also accelerate thrombolysis, and is expected to be used for thrombus localization and blood flow monitoring.
Thereinto, this study intends to develop an advanced, safe and efficient thrombolysis technology by combining the advantages of deep tissue penetration of mechanical ultrasound and efficient thrombolysis of drug urokinase. Firstly, the nanocapsules are structurally modified. The ROS-sensitive (singlet oxygen) Linker is used to connect the hydrophilic and hydrophobic ends of the liposomes to obtain ultrasonic-responsive smart “nanocapsules”. The thrombolytic drug urokinase is enclosed inside the capsule. The prepared nanocapsules are injected into the body by intravenous injection, the embolism position is delineated by contrast CT imaging, and the ultrasound probe is aimed at the lesion site. The sonosensitizer in the main component of the nanocapsule liposome produces singlet oxygen and oxygen destruction under the action of ultrasound. The connection between the hydrophilic and hydrophobic liposomes and the collapse of the bilayer membrane structure. On the one hand, the precisely controlled release of the urokinase embolization site is achieved, the local drug concentration at the embolization site is increased, the embolization site is targeted, and the thrombolysis is rapid; on the other hand, it is loaded with The thrombolytic drug urokinase nanocapsules are not stimulated by exogenous ultrasound in other organs or tissues, the capsule structure remains intact, and urokinase is still “captured” in the capsule to avoid the risk of bleeding caused by systemic administration.
2 EXPERIMENTAL SECTION
2.1 Materials and methods
Urokinase (United Kingdom) was obtained from Sigma-Aldrich Co. (Shanghai, China). DPPC, protoporphyrin (PpIX), DSPE. NH2, PEG2k-NH2, and 1O2-cleavable linker modified DSPE-S(CH3)2-S-COOH were purchased from Shanghai Aicheng Biological Technology Co., Ltd. (Shanghai, China). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), RPMI 1640, penicillin, streptomycin, and 0.25% trypsin-EDTA were purchased from Gibco (New York, United States). Cell counting kit-8 (CCK-8) was purchased from Shanghai Aicheng Biological Technology Co., Ltd. (Shanghai, China).
2.2 Synthesis of 1O2-cleavable liposome fragment
Synthesis of DSPE-PpIX: Briefly, PpIX (0.3 M) was dispersed in 10 ml of methanol and EDC (0.9 M, 1 ml methanol) was rapidly infused into the PpIX solution. Then, the mixed solution was stirred for 30 min. Secondly, NHS (0.9 M) dispersed in 1 ml methanol was rapidly added to the mentioned mixed solution, and mixed using magnetic stirring for 3 h. The active PpIX was added dropwise into DSPE-NH2 (0.1 M) dispersed in 10 ml of methanol at 300 rpm for 72 h. Finally, the product was then dialyzed against water using a dialysis bag (molecular weight cutoff of 5000 Da). The purified DSPE-PpIX was freeze-dried and stored at 4°C before use.
Synthesis of DSPE-S-C(CH3)2-S-PEG2k: The synthesis of DSPE-S-C(CH3)2-S-PEG2k is similar to that of DSPE-PpIX, which is briefly described as follows: Briefly, DSPE-S-C(CH3)2-S-COOH (0.1 M) was dispersed in 20 ml of DMSO and EDC (0.3 M, 1 ml DMSO) was rapidly infused into the DSPE solution. Then, the mixed solution was stirred for 30 min. Secondly, NHS (0.3 M) dispersed in 1 ml DMSO was rapidly added to the mentioned mixed solution and mixed using magnetic stirring for 3 h. The active DSPE-S-C(CH3)2-S-COOH was added dropwise into PEG2K-NH2 (0.1 M) dispersed in 20 ml of DMSO at 300 rpm for 72 h. Finally, the product was then dialyzed against water using a dialysis bag (molecular weight cutoff of 8–14 KDa). The purified DSPE-S-C(CH3)2-S-PEG2k was freeze-dried and stored at 4°C before use.
2.3 Synthesis and characterization of ultrasound-activated ULU nanoliposomes
DSPE–PpIX, DSPE-S-C(CH3)2-S-PEG2k, and DPPC with a mass ratio of 5:25:1 were co-dissolved in 10 ml chloroform. The mixture solution was then evaporated to form a thin film using a rotary evaporator. Next, 20 ml of ultrapure water containing United Kingdom (2 mg) was added to the thin film and stirred at 55°C for 1 h. After the hydration process, the solution was sonicated in ice bath conditions for 60 min. The obtained solutions were then filtered using a 0.22-μm PVDF syringe-driven filter (Millipore, Bedford, United States) and then purified using ultrafiltration (cutoff molecular weight of 50,000 Da) at 5000 rpm three times to remove unloaded drugs. The obtained ULU nanoliposome (urokinase@lipsome, named as ULU) was stored at 4°C before use.
The ULU nanoliposome morphologies were imaged using JEM 2100F transmission electron microscope. The DLS and zeta potential of the obtained ULU nanoliposome were analyzed using the Zetasizer Nano series. UV-vis spectrophotometry was performed to investigate the Encapsulation Efficiency (EE, %) and Loading Efficiency (LE, %) of the United Kingdom (absorbance peak = 282 nm). The secondary structure changes before and after urokinase encapsulation were characterized by circular dichroism (CD). The colloidal stability of the ULU nanoliposome was evaluated using the Zetasizer Nano series. ULU nanoliposome dissolved in 1 × PBS was continuously observed for 7 days, and the corresponding DLS and PDI of the nanoparticles were recorded within 7 days.
2.4 Ultrasound activated release of United Kingdom
Singlet oxygen (1O2) was tested by ESR spectroscopy, see our previous work for details (Liang et al., 2020; Yang et al., 2021). ULU nanoliposome (25 mg) in 25 ml PBS buffer was irradiated for 0–5 min (1 W cm−2) and placed into a 50 ml flat-bottom centrifuge tube. After reaching the set ultrasonic time point, the solution was transferred to a high-speed centrifuge tube, centrifuged at 13,000 rpm for 10 min, the supernatant was taken to test the UV-Vis spectrum, and the cumulative release was calculated based on the UV-Vis absorption standard curve of urokinase. All assays were conducted three times.
2.5 Hemolysis and cytotoxicity evaluation of the ULU nanoliposomes
Hemolysis experiments were performed according to the previous work (Luo et al., 2013). Pig Pulmonary microvascular endothelial cells (PC-001) were used in the present study. PC-001 cells were cultured in complete DMEM, containing 10% FBS, 100 U mL−1 penicillin, and 0.1 mg ml−1 streptomycin. PC-001 cells were cultured at 37°C under humidified conditions with a 5% CO2 supply. PC-001 cells were plated in 96-well plates (5000 cells per well) and cultured overnight and then co-cultured with ULU at various concentrations (0, 10, 50, 100, 200, and 500 μg ml−1) for 24 h (0, 10, 50, 100, 200, and 500 μg ml−1 for 48 h). The cells were then washed three times with PBS and the CCK-8 agents were added to each well (10%). After 2 h coculture, the viabilities of PC-001 cells were measured at 450 nm using a microplate reader.
2.6 In vivo ultrasound performance of ULU nanoliposome
All animal experimental procedures were approved by the Ethical Committee of Shanghai 10th People’s Hospital. Rabbits with pulmonary embolism were randomly divided into five groups (n = 3). Pulmonary imaging was performed using Digital subtraction angiography (DSA) techniques and through a tail vein with indoxyl. The ULU nanoliposomes (urokinase dose of 2,000 units) were in situ injected into the pulmonary vein utilizing a jugular vein catheter. Then, the ultrasound was performed on the rabbits in the ultrasound-induced thrombolysis group (1 W/cm2, 5 min). After treatment, DSA imaging was used again to evaluate the efficiency of thrombolysis after pulmonary embolism. Blood samples were collected from the auricular vein to test the biochemical and blood routine indexes of rabbits to evaluate the changes in fibrin content before and after treatment.
2.7 In vivo biocompatibility assessment of ULU nanoliposome
All animal experimental procedures were approved by the Ethical Committee of Shanghai 10th People’s Hospital. The Kunming mice in each group were randomly divided into four groups. Major organs including heart, liver, spleen, lung, and kidney were collected and examined by H&E staining. The long-term biocompatibility of ULU nanoliposome was also assessed in healthy female Kunming mice. The mice in the treated groups were intravenously injected with 20 mg/kg of ULU nanoliposome. On day 0 and various post-injection time points (days 0, 30, 60, and 90), blood samples were examined for routine blood and biochemical analysis (n = 3). The corresponding major organs (heart, liver, spleen, lung, and kidney) were also examined by H&E staining at 0 and 90 days.
2.8 Statistical analysis
Data are shown as mean ± standard deviation. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test was performed to analyze the statistical significance among different groups. Statistical significance was divided as three categories: *p < 0.05 **p < 0.01, and ***p < 0.001.
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of ULU
The chemical structures of important fragments DSPE-S-C(CH3)2-S-PEG2k and DSPE–PpIX of the synthetic ultrasound-responsive nanoliposomes were confirmed by 1H NMR spectroscopy. As shown in Supplementary Figure S1, the characteristic peaks attributed to singlet oxygen cleavage bond and polyethylene glycol -CH2CH2- exist in the prepared product of DSPE-S-C(CH3)2-S-PEG2k, indicating that the important fragments of ultrasonic-responsive nanoliposome were successfully synthesized. Sonodynamic-activated ULU was prepared using a film hydration method. In brief, a thin film composed of DSPE–PpIX, DSPE-S-C(CH3)2-S-PEG2k, and DPPC with a feeding mass ratio of 5:25:1 was synthesized and then hydrated with ultrapure water including the United Kingdom. The hydrophilic United Kingdom and hydrophilic were encapsulated into ROS-responsive liposomes through hydrophilic interactions. As shown in the transmission electron microscopy (TEM) images (Figure 1A), ULU was spherical vesicles and showed a uniform size distribution (diameter ≈30 nm). Dynamic light scattering (DLS) revealed that the hydrodynamic size of ULU was approximately 31.3 ± 1.4 nm (SI, Supplementary Table S1). Moreover, the polydispersity indexes (PDI) of ULU were 0.23, suggesting good mono-dispersity of the ULU nanoliposomes (Supplementary Table S1). The zeta potential of ULU was measured at -28.9 mV and showed an elevated surface charge, indicating successful United Kingdom loading. Furthermore, the prepared ULU nanoparticles showed excellent colloidal stability due to their stable hydrodynamic size and PDI over 7 days (Figures 1B,C). Given the protein properties of urokinase (United Kingdom), we used UV-vis spectrophotometry to qualitatively and quantitatively evaluate whether the nanoliposomes successfully encapsulated urokinase and the amount of encapsulation. As shown in Figure 1D, the characteristic UV absorption peak around 280 nm was attributed to the United Kingdom, indicating that urokinase was successfully encapsulated in nanoliposomes by the thin-film method and ultrasonic self-assembly. Combined with the standard curve of the United Kingdom, the Encapsulation Efficiency (EE) and Loading Efficiency of urokinase in ULU nanoliposome were calculated to be 91.8% and 5.9%, respectively (SI, Supplementary Table S2). The spectra of liposome nanocapsules before and after encapsulation of urokinase were analyzed by infrared spectroscopy (SI, Supplementary Figure S2). The results found that when the nanocapsule ULU is obtained by self-assembly of urokinase and liposome fragments by phacoemulsification method, the infrared spectrum is not only In addition to the characteristic absorption peaks of free urokinase, there are also absorption peaks of liposome fragments, indicating that we successfully encapsulated urokinase in liposome nanocapsules by phacoemulsification.
[image: Figure 1]FIGURE 1 | Transmission electron microscopy of ULU nanoliposome (A), the hydrated particle size change (B), and digital photographs (C) of colloidal stability of ULU nanoliposome dispersed in water, PBS, and cell culture medium (added 10% FBS) within 7 days; the UV-Vis absorption spectra of ULU nanoliposome (D); Circular dichroism chromatogram of urokinase and the prepared ULU nanoliposome (E); ESR spectra of ULU nanoliposome with the ultrasonic irradiation (1.0 W/cm2, 5 min, (F); UV-Vis absorption spectra of urokinase-containing nanoliposome (ULU) at different time points after ultrasonic stimulation at 1.0 W/cm2, 5 min (G).
3.2 Ultrasound-induced drug release performance
Urokinase is essentially a protein, and changes in its secondary structure determine the biological activity of the enzyme. Therefore, we determined whether the biological activity of the enzyme was affected by the changes in the secondary results of urokinase before and after encapsulation by circular dichroism. The results showed that the secondary structure of urokinase did not change significantly before and after encapsulation, suggesting that its biological activity was maintained (Figure 1E).
The ultrasound-activated properties and ultrasound-induced release of United Kingdom from ULU were further investigated. Under conditions of ultrasound (1.0 W/cm2, 5 min), ULU nanoliposomes generate a large amount of singlet oxygen (Figure 1F), which further cuts the hydrophilic and hydrophobic ends of the improved nanoliposomes through singlet oxygen-sensitive linker. The nanoliposome capsule structure disintegrates and the urokinase encapsulated inside is released. UV-Vis absorption was performed on the supernatant before and after ultrasonic stimulation, combined with the UV absorption standard curve of urokinase, the cumulative release of the United Kingdom from ULU was 67.9% within 5 min (Figure 1G). The underlying mechanism can be explained as follows: Under ultrasonic excitation, protoporphyrins produce reactive oxygen species, which break the sensitive bonds in the liposome, and urokinase is released from the liposome nanospheres, resulting in the on-demand release of United Kingdom.
3.3 Hemolysis and cytotoxicity evaluation
Hemolysis is one of the important indicators to evaluate whether a drug can be administered intravenously. Therefore, we investigated the hemolysis by co-incubating the prepared ULU nanoliposomes with red blood cells. As shown in Figure 2, in the concentration range of 0–100 μg/ml, the hemolysis rate was lower than 5%. The results showed that ULU nanoliposomes have good blood compatibility, combined with in vitro ultrasonic stimulation to release urokinase. The results showed that, in the absence of external ultrasound, urokinase would not be released and would not cause hemolysis. Meanwhile, we co-cultured the prepared ULU nanoliposomes with vascular endothelial cells for 24 h and 48 h and tested the cell viability by the CCK8 method (Figures 3A,B). Within the concentration range (0–500 μg/ml), the cell viability remained above 90% even at up to 500 μg/ml, indicating that the nanoliposomes have good cytocompatibility.
[image: Figure 2]FIGURE 2 | Hemolysis rate after 24 h co-culture of ULU nanoliposomes with erythrocytes.
[image: Figure 3]FIGURE 3 | CCK8 was used to determine the survival rate of the nanoliposomes after co-culture with vascular endothelial cells for 24 h (A) and 48 h (B) to evaluate the cytotoxicity of the nanoliposomes.
3.4 Ultrasound mediated thrombolysis of pulmonary embolism in vivo
Rabbits successfully constructed by jugular catheter were treated according to the established treatment regimen. It is can be seen that after a pulmonary embolism, the rabbits were given normal saline and blank liposome capsules without urokinase encapsulation (Figure 4 and Supplementary Figure S3–S7). After the treatment, the digital subtraction image of the lungs showed that the pulmonary embolism still existed, the blood vessels did not recover the blood flow, and the vital signs of the rabbits were gradually weakened and eventually died. However, when urokinase, a clinically used thrombolytic drug, was injected into rabbits with the same dose as urokinase nanoliposomes through the tail vein, and under the stimulation of ultrasound, there was no sign of blood flow recovery in pulmonary embolism within 30 min, and a little blood flow recovery in the lungs after 60 min, with no obvious therapeutic effect. It is worth noting that when the embolized rabbits received the ultrasound-responsive nanoliposome capsules, the blood flow of most of the blood vessels after artificial embolization was restored in the lungs 15 min later, and the blood flow of the originally blocked blood vessels was completely restored 30 min later, and the vital signs of the rabbits returned to the normal level. It is worth noting that we took blood from rabbits receiving different treatments and tested the concentration of fibrinogen in the blood (SI, Supplementary Figure S8). The results showed that when the embolized rabbits received a normal saline placebo, pure ultrasound and pure material treatment, the fibrinogen concentration in the blood was almost unchanged. While there was a slight decrease in blood fibrinogen concentrations when treated with pure urokinase, in contrast, when rabbits received ULU nanoliposomes and ultrasound treatment, blood fibrinogen concentrations decreased significantly. The results showed that it was upon stimulation by ultrasound that urokinase was released from the liposome capsules, which activated thrombolysis, resulting in a dramatic drop in fibrinogen concentrations. The observation of long-term survival showed that the rabbits had no abnormalities within 60 days after treatment, and the blood routine and biochemical structure showed that the rabbits had completely recovered.
[image: Figure 4]FIGURE 4 | Digital subtraction imaging was used to evaluate the effect of pulmonary thrombolysis in rabbits receiving different treatment methods (Saline, US, ULU-US, United Kingdom, ULU + US, among the three groups (ULU-US, United Kingdom, ULU + US) had the same urokinase dose of 2,000 units, red arrows indicate recovery before and after pulmonary embolization and after treatment, n = 3).
3.5 Biocompatibility of ULU nanoparticles in vivo
The biocompatibility and biotoxicity of the ULU nanoliposome were evaluated in vivo. No obvious behavioral abnormalities or weight loss were observed during the treatment of mice on 0 days and 90 days. Moreover, after treatment, H&E staining images showed that regions with necrosis or apoptosis were rarely detected in the murine major organs, including the heart, liver, spleen, and kidney in the different treatment groups (SI, Supplementary Figure S9). Additionally, analysis of long-term biotoxicity in mice revealed no significant differences in diversely vital blood parameters (Figure 5), and liver and kidney function indexes (Figure 6) among the 0 days, 30 days, 60 days, and 90 days. These results indicated the perfect biocompatibility of ULU nanoparticles for pulmonary embolism thrombolysis in vivo.
[image: Figure 5]FIGURE 5 | Blood routine indexes at different time points after ULU nanoliposome (20 mg/kg, n = 3) were injected into the tail vein of healthy mice.
[image: Figure 6]FIGURE 6 | Important indicators of liver and kidney function at different time points after ULU nanoliposome (20 mg/kg, n = 3) were injected into the tail vein of healthy mice.
4 CONCLUSION
In conclusion, based on the fine chemical synthesis of molecular structure, nanoliposomes with the ultrasound-controlled release of urokinase were engineered and applied to the study of acute pulmonary embolism thrombolysis. The prepared ULU nanoliposomes have good colloid stability, blood compatibility, and cytocompatibility. More importantly, compared with the same dose of free urokinase, it has higher thrombolytic efficiency and safety, providing a good idea for the precise treatment of pulmonary embolism.
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Despite the high success rate of biomedical implants adopted clinically, implant failures caused by aseptic loosening still raise the risk of secondary surgery and a substantial economic burden to patients. Improving the stable combination between the implant and the host bone tissue, achieving fast and high-quality osseointegration can effectively reduce the probability of aseptic loosening. Accumulating studies have shown that the osteoimmunomodulation mediated by immune cells mainly dominated by macrophages plays a pivotal role in osseointegration by releasing active factors to improve the inflammatory microenvironment. However, the mechanism by which osteoimmunomodulation mediates osseointegration remains unclear. Recent studies have revealed that exosomes released by macrophages play a central role in mediating osteoimmunomodulation. The exosomes can be internalized by various cells participating in de novo bone formation, such as endothelial cells and osteoblasts, to intervene in the osseointegration robustly. Therefore, macrophage-derived exosomes with multifunctionality are expected to significantly improve the osseointegration microenvironment, which is promising in reducing the occurrence of aseptic loosening. Based on this, this review summarizes recent studies on the effects of exosomes derived from the immune cells on osseointegration, aiming to provide a theoretical foundation for improving the clinical success rate of biomedical implants and achieving high-quality and high-efficiency osseointegration.
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1 INTRODUCTION
Biomedical implants for dentistry and orthopedics have been widely used, with more than 1.5 million patients receiving implant replacements annually (Alghamdi et al., 2014). With the development of social productivity and the improvement of medical and health conditions, the average lifespan expectancy has increased significantly, and the global aging trend has become much more apparent. Accordingly, the medical demand for implant replacement will show an accelerated upward trend. However, an 8-years investigation showed a 2–3% failure rate for dental implants (Pjetursson and Heimisdottir, 2018). Implant failure leads to the implementation of a second operation, which prolongs the patient’s recovery period and brings patients huge mental pain and inconvenience. Despite the infection around the implant, over half of implant failures are due to aseptic loosening (Barnsley and Barnsley, 2019). Therefore, the ideal implant should avoid aseptic loosening, which can effectively promote osseointegration at the interface after implantation and prolong the service life of the implant.
Osseointegration was initially defined as “the direct structural and functional connection between the bone tissue and the implant surface” (Guglielmotti et al., 2019). In 2012, Zarb et al. redefined osseointegration as “a time-varying healing process that progressively achieves rigid binding of material to bone tissue and stable retention in bone during functional loading at the interface”. This definition explains in more detail that osseointegration is a complex process that changes dynamically over time, mainly through four overlapping and synergistic stages: early clot formation, immune response, angiogenesis, and osteogenesis (Bai et al., 2021a). The immune cell-mediated inflammatory response begins immediately, usually within 12 h, and completes within 7 days after implantation. Immune cells include neutrophils, mast cells, and macrophages. Among them, macrophages play a crucial role in the immune response and are the primary effector cells of the inflammatory response (Bai et al., 2021b). Advances in osseointegration research have pinpointed the pivotal role of immune cells, especially macrophages, in manipulating angiogenesis and osteogenesis to achieve a fulfilled bone formation upon the implant surfaces (Bai et al., 2018). However, the underlying mechanism of the cross-talk between immune cells and bone formation-related cells is still unclear.
Exosomes are multivesicular bodies formed by intracellular lysosomal particles secreted by various cells such as bone marrow stem cells and macrophages (Jeppesen et al., 2019). Accumulated studies have depicted that exosomes play pivotal roles in tissue regeneration and multiple disease treatments (De Toro et al., 2015). Recent studies showed that exosomes secreted by immune cells could dominate bone formation through osteoimmunomodulation (Wei et al., 2019). Exosomes exist as a cell-free therapy and have superior advantages that other strategies do not possess, such as smaller size (40–160 nm), long circulatory half-life, low immunogenicity, accessible to cross the blood-brain barrier, easy production and storage, and no tumorigenicity, conferring it as an auspicious choice for regenerative medicine and biomedical treatment (Butler, 2002). However, at the same time, due to the heterogeneity of vesicles and the lack of specific targeting mechanisms, exosomes are often trapped in non-specific tissues, resulting in the lack of targeting ability in the process of regulating osseointegration of exosomes (Lai et al., 2014, Zhang et al., 2021). This review aims to summarize the role of exosomes secreted by multiple immune cells, especially the macrophages, in manipulating de novo bone formation and osseointegration; Meanwhile, we overview the effect of surface modification of biomaterials on the functionality of exosomes derived from immune cells.
2 EXOSOME
2.1 Source and description of exosomes
Exosomes are lipid-bound vesicles secreted by cells into the extracellular fluid. They are also called intraluminal vesicles (ILVS). They are mainly derived from vesicles formed by intracellular lysosomal granules. All cells can secrete exosomes regardless of normal or pathological conditions. They naturally exist in body fluids, including plasma, urine, and semen, which usually have a diameter between 30–150 nm. Specifically, the early cell plasma membrane germinates inward, causing endoderm proteins and other components to be phagocytosed, and in the process, it grows into a polycystic body (MVB). MVB is involved in the endocytosis and transportation of cellular material. Finally, part of the MVB is sent back to the lysosome, and part of the plasma membrane is fused and released into the extracellular fluid, of which exosomes are a part (Doyle and Wang, 2019). Ultracentrifugation is a traditional, efficient and reproducible method for purifying and extracting exosomes, which is suitable for purifying exosomes from cell culture media (Caradec et al., 2014). In their study, Webber et al. found that the use of ultracentrifugation on a sucrose pad was the best method to obtain high-purity exosome fractions suitable for purification of exosomes from cell culture media from urine and serum. The extracted exosomes are of low purity. While some commercial kits are used to isolate and study exosomes for various purposes, the kits are less time-consuming, less technically sensitive and more compatible with a limited number of biological samples compared to UC, and do not Special equipment is required (Helwa et al., 2017). One of the ways to label exosomes is by identifying the presence of proteins secreted by the exosomes, the most common and easiest of which is by immunoblotting, by biomarker exosome fractions compared to total cell lysates However, due to the huge differences in plasma protein concentrations and extremely low levels of other proteins such as cytokines, biomarkers are only used as prognostic indicators. Mass spectrometry is an important tool for assessing the quality of exosomes because of its repeatable and accurate quantification, strong ability to identify signals, and low signal-to-noise ratio (Rifai et al., 2006; Xu et al., 2020). The optimal storage temperature for long-term storage of exosomes used in clinical and research is -70°C. For short-term storage, exosome proteins will be degraded above 37°C (Lee et al., 2016).
2.2 Composition and function of exosomes
The contents of exosomes include receptors, transcription factors, enzymes, extracellular matrix proteins, lipids, nucleic acids, and various protein complexes on the surface. The analysis of exosome protein composition indicated that some proteins are common in all exosomes, and some belong to non-specific protein types. Furthermore, the lipid content of exosomes is cell-specific or conservative (Mashouri et al., 2019). The specific behavior of lipids in MVB is mainly determined by the nature of the hydrophobic tail (Stoorvogel et al., 2002). A common feature of different types of exosomes is the expression of their adhesion molecules. Adhesion molecules and adhesion receptor systems participate in various critical cellular processes such as cell growth and differentiation. Types of adhesion receptors on the cell surface are divided into the integrin family, immunoglobulin super protein family, cadherin family, and selectin family (Frenette and Wagner, 1996). Exosomes also contain a unique protein composition, including proteins such as Tsg101 (Guo et al., 2015). Tsg101 is a component of the endosome sorting complex (ESCRT) necessary for the transport mechanism, which plays a direct role in releasing nucleocapsids from the polycystic endosome into the cytoplasm (Luyet et al., 2008). Exosomes are also rich in lipids related to lipid rafts, such as sphingolipids and cholesterol (Wubbolts et al., 2003). Exosomes also contain functional biological enzymes.
The function of exosomes is to eliminate unfavorable biological molecules and play a role in immune surveillance. Exosomes containing microbial components can promote antigen presentation and macrophage activation (Schorey and Bhatnagar, 2008). Recent research has focused on the functionality of exosomes in antigen presentation. Exosomes promote T cell immunity during bacterial infection and are an essential source of extracellular antigens (Smith et al., 2017). Exosomes also play an important role in immune and metabolic regulation (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the composition of exosomes.
3 OSSEOINTEGRATION
3.1 The importance of osseointegration
With the continuous development of biomaterials, the emergence of biomedical implants provides an alternative solution for patients with bone injury. The implantation of the implants is divided into two stages. The first stage is the placement of artificial implants into the injured site within the bone tissue. After 3–6 months of bone regeneration, the implant and the alveolar bone complete tight osseointegration. This process requires sufficient bone mass to maintain strong support mechanically. Despite the favorable clinical success rate, the main reasons for implant failure are postoperative infection and aseptic loosening caused by poor osseointegration. Osseointegration is a sophisticated process that involves blood clots formation, the immune response of immune cells, angiogenesis of endothelial cells, and new bone formation of the bone-related cells (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of osseointegration.
3.2 Early blood clot formation
The implantation of the implant will cause a certain degree of surgical damage to the blood vessels around the implant. This process usually lasts from a few minutes to a few hours. Blood will directly contact the implant, and then plasma proteins will be adsorbed on the implant’s surface. Platelets promote hemostasis through activation, adhesion, and aggregation (Periayah et al., 2014). Platelets are activated at the interface, transforming the main platelet integrin ανβ3 from resting to the active conformation. The activated integrin continues interacting with the platelets (Terheyden et al., 2012). Phase interaction can lead to further activation of platelets. Activated platelets can mediate the expression of GPIIb/IIIa (or integrin αIIbβ3), glycoprotein-1 (TSP-1), and P-selectin (Agarwal and García, 2015). αIIbβ3 mediates platelet aggregation, forming thrombus, blocking blood vessel leakage, and at the same time binding to fibrin to generate more outward signals, leading to further platelet activation (Terheyden et al., 2012; Agarwal and García, 2015). TSP-1, thrombospondin-1, contributes to the activation of TGF-β1, a transforming growth factor. TGF-β1 plays an essential role in angiogenesis and tissue fibrosis (Ahamed et al., 2009). TSP-1 can induce platelet aggregation (Losic et al., 2015). The interaction between p-selectin and the ligand stabilizes the initial interaction of GP IIb/IIIa-fibrinogen, thereby forming numerous stable platelet aggregates (Berger et al., 1998). The expression of the above three signal molecules will cause local thrombin to increase (Guihard et al., 2015). Thrombin can convert fibrinogen into insoluble fibrin clots (Colnot et al., 2007).
3.3 Immune response
After the blood clot forms, the immune response starts immediately. The immunization process begins about 12 h after surgery and lasts 7 days. This process is mediated by immune cells residing in the bone marrow, including dendritic cells, T cells, B cells, macrophages, neutrophils, and mast cells. In the early stage, the inflammatory response is mediated by neutrophils. Neutrophils kill bacteria through reactive free radicals (oxygen-free radicals and hydroxyl radicals, chlorine-free radicals, and hypochlorite), and because this method is non-specific, It may also lead to the loss of surrounding healthy tissue. At the same time, it also secretes digestive enzymes, further aggravating the damage to adjacent tissues. Early period inflammation plays a decisive role in the future development of the immune defenses (Marchi et al., 2013). Neutrophils are in the terminal differentiation stage and have a short life span and will eventually be replaced by macrophages and lymphocytes. There is a special kind of macrophages in bone tissue called bone macrophages. Cytokines secreted by macrophages, such as BMP-2, TNF-α, and OSM, can regulate bone formation (Ferrarelli, 2013). At the same time, macrophages have multiple types, among which macrophages that are not activated are called the M0 type. After activation and differentiation, M1 and M2 are two phenotypes (Guastaldi et al., 2013). IL-6, IL-1β, and TNF-α expressed by M1 macrophages can promote inflammation, while IL-10 and CD206 expressed by M2 macrophages can inhibit inflammation (Chernousova and Epple, 2013). In addition, M2 macrophages can also manipulate a favorable immune microenvironment through cell growth factors such as BMP-2 and TNF-α (Marchi et al., 2013).
3.4 Angiogenesis
Angiogenesis at the bone-implant interface is considered a prerequisite for osseointegration. The process is also initiated within 24 h, accompanied by the immune response, which refers to the production process of new capillaries, including two forms of blood vessel formation and angiogenesis. Angiogenesis is the migration and aggregation of angioblasts (including progenitor cells of endothelial cells and blood cells) to a specific site to form the first batch of primitive blood vessels. Then new blood vessels are generated through a series of processes such as EC sprouting, migration, multiplication, vascular anastomosis, and pruning (Sivaraj and Adams, 2016). Angiogenesis is a key process that supports new bone formation in osseointegration. It also plays a crucial role in fracture repair and healing. Changes in local blood vessels are also closely related to many bone diseases such as osteoporosis (Brammer et al., 2012). Studies have shown that hypoxia and some growth factors are the main signals that drive angiogenesis in bone. These signals not only affect the angiogenesis process but also affect the subsequent osteogenesis process. The primary regulator of VEGFA in angiogenesis is produced and secreted by hypertrophic chondrocytes (Brammer et al., 2012). VEGFA can induce endothelial cell migration and proliferation by inducing its receptor VEGFR2. In addition, VEGFA isoforms can activate the β-catenin signaling pathway to promote angiogenesis and bone formation in bone tissue.
3.5 New bone formation
The formation of new bone is accompanied by angiogenesis. Osteoblasts and osteoclasts are the primary effector cells in the process of osteogenesis. There will be bone morphogenetic protein (BMP) in the wound at first. After the implant has initial stability, it will rub against the primary bone and be fixed in the damaged site. The amount of contact and the strength are closely related to the bone density of the host bone tissue. One week after implantation, the new bone is connected with the primary bone to form a secondary bone contact, and the first piece of braided bone is produced (Terheyden et al., 2012). The osteogenic process is closely related to the communication and cooperation between osteoblasts and osteoclasts. Osteoclastic bone resorption allows TGF-β and BMP to be released from the cell matrix, activating more osteoblasts to secrete the growth factors (Matsuo and Irie, 2008). Osteoblasts secrete the collagen matrix, which then rapidly mineralizes. Subsequently, the osteoclasts remove the braided bone and replace it with the layered bone. Consequently, the implant’s surface is covered by mature layers of bone, and the osseointegration is completed immediately (Hoppe et al., 2011).
3.6 The importance of immune response in osseointegration
Since the implant is a foreign body, implantation will inevitably bring about an inflammation-driven process on the implant’s surface and its vicinity. This process is manipulated by immune cells, and the early immune microenvironment determines the result of osseointegration (Bai et al., 2018). The immune response can affect bone formation by modulating the functionality of osteoblasts. That is, the immune system and the skeletal system are inextricably linked. The immune system can regulate bone tissue repair and regeneration through osteoimmunomodulation.
4 THE ROLE OF IMMUNE CELLS DERIVED EXOSOMES IN OSSEOINTEGRATION
Wei et al. discovered that titanium nanotube implants loaded macrophage-derived exosomes greatly improved the production of ALP and BMP-2 protein of earl osteoblast. The combination of exosomes released from macrophages can enhance bone formation. Exogenous miR-5106 from M2 macrophages can stimulate bone marrow stem cells to differentiate into osteoblasts. Exosomes enhanced the proliferation of MC3T3-E1 cells compared to the control group in a study evaluating the influence of exosomes on the osteogenic differentiation of MC3T3-E1 cells. Exosomes also induce the expression of cellular type I collagen (present in bones, accounting for more than 90% of bone organic matter) and Runx2, which further facilitate bone formation (Komori, 2010). Moreover, exosomes can increase the adhesion and proliferation of bone marrow mesenchymal stem cells, and immobilized exosomes can increase the expression of the cell-derived factor (SDF-1) gene (Wang et al., 2020). Briefly, exosomes play a vital function in the body’s immune system (Zhang et al., 2021).
4.1 Neutrophils and mast cell
Neutrophils are the most abundant white blood cells in the blood circulation and are also one of the first immune cells recruited around the implant. Neutrophils are derived from pluripotent stem cells in the bone marrow. After differentiation and development in the bone marrow, neutrophils’ immunity is immediately innate. If the implant’s surface is infected, IL-8 cytokines related to inflammation will respond and play an essential role in the activation of neutrophils. After being recruited around the implant, the first role played by neutrophils is phagocytosis, which can swallow part of bone debris and microorganisms. Subsequently, phagocytosis triggers the production of effective biocides such as reactive oxygen species such as hydrogen peroxide and superoxide free radicals. Neutrophils are the first and most important line for defending against microbial invasion. Mast cells are also derived from pluripotent bone marrow-derived stem cells. Mast cells can express various surface receptors, prompting them to cooperate with other immune cells to complete the immune process. At the same time, mast cells can produce numerous pro-inflammatory cytokines to affect cell recruitment and promote immunity (Mekori, 2004).
Neutrophil-derived exosomes are composed of a variety of proteins and RNAs. Under the stimulation of neutrophil exosomes, the acellular glycoprotein TSP-1 protein, which is related to blood clot formation and angiogenesis, is strongly expressed. The TSP-1 protein mainly exists in the platelet alpha granules, and the effect of TSP-1 on platelets is still unclear. However, studies have shown that TSP-1 plays a role in the platelet-endothelial interaction. The cAMP regulatory pathway has been learned to regulate platelet function at the injury site. Studies have shown that TSP-1 does not directly affect the blood clot formation process by activating platelets directly, but indirectly affects coagulation by reducing platelet inhibitors. TSP-1 triggers CD36-dependent signals to reduce the sensitivity of platelets to PGE-1 stimulated by endothelial-derived mediators, thereby weakening their ability to inhibit platelets (Roberts et al., 2010).
The contribution of mast cell exosomes is manifested in the transfer of molecules between cells, which promotes the communication between molecules. The exosomes secreted by mast cells not only affect the process of osseointegration through the components of the exosomes themselves but also have close connections with a variety of cell types. Mast cell-derived exosomes can activate B and T lymphocytes (Skokos et al., 2001). Mast cells are located close to blood vessels and assemble into piles, contributing to the secretion of clotting factors during inflammation, thus playing an immunological role. After activation, mast cells-derived exosomes induce PA1-1 expression in endothelial cells by the prothrombinase complex (Al-Nedawi et al., 2005).
4.2 Macrophage
Macrophages are immune cells differentiated from hematopoietic stem cells. The cells that reside in blood vessels are called monocytes. Macrophages immigrate outside blood vessels and participate in innate immunity in vertebrates through phagocytosis to eliminate pathogens. Compared with Neutrophils, which live only a few months, the lifespan of macrophages can range from several months to several years. Macrophages not only have a phagocytic effect but are also responsible for the clearance of neutrophils after apoptosis. Macrophages that exist in bone tissue are called bone macrophages.
The exosomes derived from macrophages contain many tiny mRNA and micro RNA. mRNA is a type of endogenous, small molecule, and non-coding RNA that can bind to target genes, control the expression of target genes in reverse, regulate the production of cytokines, and affect cell functions. At the same time, mRNA itself also has specific functions as listed (Table 1)
TABLE 1 | Composition and function of macrophage exosomes.
[image: Table 1]mRNA is critical in the differentiation of macrophages into the M2 type. LPS may trigger the production of M1 macrophage markers, but when mmu-circ-0001359 exosomes were added, the expression of M1 macrophages was considerably decreased, whereas M2 macrophages were significantly elevated. As a result, when activated by LPS, mmu-circ-0001359 can enhance the transition of M1 macrophages to M2 macrophages. Through luciferase labeling and analysis to explore the mechanism of microRNA affecting the phenotype of macrophages, it is found that both FoxO1 and miR-183–5P are the targets of mmu-circ-0001359 (Shang et al., 2020). FoxO1 can be used as a regulator to affect the phenotype of macrophages. miR-5p controls the NF-κB signaling pathway in M1 macrophages via the targeted gene PPP2CA and stimulates the production of pro-inflammatory cytokines IL-1, IL-6, and TNF-α (Guo et al., 2020).
Exosomes derived from macrophages can promote macrophages’ activation and regulate cytokine production in vitro. Due to the increased demand for cell metabolism during the inflammatory reaction and the reduction of cell metabolic substrates, it is easy to cause tissue cell hypoxia (Eltzschig and Carmeliet, 2011). Under hypoxia/serum deprivation h/SD conditions, BMSC activity decreases, and apoptosis of BMSCs increases. Meanwhile, under h/SD conditions, exosomes derived from M1 macrophages can be released to bone marrow mesenchymal stem cells. miR-222 in the exosomes induces bone marrow mesenchymal stem cell apoptosis, thereby regulating bone formation (Qi et al., 2021). miR-222 also plays an important role in angiogenesis and is the most expressed gene in endothelial cells (Suárez et al., 2007). miR-222 is highly expressed in EC and VSMC. miR-222 inhibits endothelial cell migration, proliferation, and angiogenesis in vitro by targeting the stem cell factor receptor c-Kit and indirectly controlling the production of nitric oxide synthase. Two enzymes, Dicer and Drosha, mediate two processing routes that generate mRNA. miR-222 can act on c-Kit and e-NOS, two important pro-angiogenic regulators. Overexpression of miR-222 can indirectly reduce the expression of nitric oxide synthase. This affects endothelial cell functions, including inhibition of angiogenesis and wound healing. However, miR-222 can also promote blood vessel growth by reducing the expression of c-Kit in hematopoietic progenitor cells (Kuehbacher et al., 2008).
miR-223 is also enriched in exosomes produced by macrophages under hypoxic conditions (Krzywinska and Stockmann, 2018). The hypoxia response is regulated by the hypoxia-inducible factor HIF and the HIF signaling pathway, which plays an important role in the recruitment of immune cells (Zhu et al., 2019). miR-223 induces the production of more exosomes and locally activates the immune systems. In the inflammatory phase, the production and release of exosomes are abundant. As an innate immune regulatory factor, miR-223 can promote the differentiation of granulocytes and inhibit the differentiation of macrophages. The expression of miR-223 is highest in the bone marrow cavity, and it plays an important role in the differentiation of granulocytes and macrophages in the differentiation of bone marrow. miR-223 is a negative regulator of neutrophil activation and plays an important role in the regulation of neutrophil function. Overexpression of miR-223 will reduce the activity of the pyrin domain of the NLR family by directly targeting NLRP3, thereby inhibiting NLRP3-dependent production of IL-1β. Neutrophils are the key mediator of MTD-induced ALI, and miR-223 can inhibit the inflammatory activity of NLRP3 by inhibiting the number of Ly6G+ neutrophils. Increased levels of miR-223 inhibit the expression of APAP-induced liver injury target gene IKK-ɑ and inhibit the TLR-NF-κB inflammatory pathway. In addition, miR-223 can promote the polarization of macrophages to the anti-inflammatory M2 type by directly targeting Pknox1. LPS can reduce the expression of miR-223 through TLR4 and TLR3 activation. Meanwhile, an increase in the protein level of the STAT3 gene in the target gene of miR 223 leads to a selective increase in the IL-6 gene and the IL-1β gene, further increasing the inflammatory reaction. The IL-6 canonical signal pathway regulates the decline of miR-223, which leads to the increase of Ras homologous gene family and Rho-B expression, induces the activation of NF-κB and MAPK signal pathways, and promotes TNF-α, IL-6, and IL-1β stimulated by LPS. In addition, miR-223 can also cause changes in the expression level of NLRP3 and inhibit the response of IL-1β to LPS stimulation (Yuan et al., 2018).
Macrophage exosomes can guide macrophage activation and transformation by driving the reprogramming of macrophages. Exosomes deprived of M2 macrophages can guide M1 macrophages to reprogram into M2 macrophages. INEOS is a typical M1 marker, while Arg-1 is a typical M2 marker. After treatment with exosomes derived from M2 macrophage, the expression of NOS (nitric oxide synthase) and arginine were significantly reduced and increased, respectively, while the results were opposite after treatment with exosomes derived from M1 macrophage. The western blot method also proved the change in the expression pattern of exosomes deprived of macrophage-specific markers. The experiment also proved that after treatment with exosomes derived from M2 macrophage, the local switching of exosomes deprived of M1 macrophage successfully promoted the re-epithelialization of exosomes deprived of M2 macrophage (Kim et al., 2019). Both forms of exosomes reduced the expression of the inflammatory cytokines such as IL-1β and TNF-α when compared to natural bone marrow macrophages treated with control PBS.
Exosomes derived from macrophages can create a favorable immune microenvironment. The major histocompatibility complex molecule and the costimulatory molecule CD86 are present on the surface of exosomes, which may enhance the immune response. Exosomes deprived of macrophages also contain a transmembrane protein lysosomal-associated membrane protein 2 (LAMP 2) and a cytosolic protein B actin, which is often detected in exosomes (Bouchareychas et al., 2020). Previous studies have shown that exosomes infected with inflammation may induce antigen-specific T cell responses. Exosomes from infected cells induce the expression of IFN-γ in CD8+ and CD4+ T cells, and CD69 expression is enhanced, reflecting the ability of exosomes to act as antigens to stimulate these two T cells populations.
Since macrophages can promote the angiogenesis process of endothelial cells, the entire macrophage population is defined as the pro-angiogenic cell population (Novoselova et al., 2015). After the inflammatory period begins, the immune microenvironment changes, which stimulates the polarization of macrophages (Zhang et al., 2017). Due to ischemia sexual and hypoxic stress, a large number of chemokines and pro-inflammatory cytokines are produced (including interferon IFN-γ, bacterial lipopolysaccharide (LPS), interleukin (IL)-1β, and tumor necrosis factor-α (TNF-α)), induces polarization of M1 macrophages. miR-155 is a regulator of M1 macrophage differentiation and one of the miRNAs with high content of M1 macrophages (Ortega et al., 2015). M1 type macrophage exosomes can transfer miR-155 into endothelial cells, and miR-155 can promote plasma soluble intercellular adhesion molecule-1 (SICAM -1) and soluble vascular cells by inhibiting the Akt-Enos pathway signaling pathway. miR-155 also targets the RAC1-PAK2 signaling pathway. Both RAC1 and PAK2 are proteins involved in angiogenesis. They control cell migration and cell-cell connection in endothelial cells, thereby regulating vascular permeability.
Macrophages and endothelial cells can establish contact through the cross-talk of exosomes. The communication process between macrophages and endothelial cells is crucial to the immune process and angiogenesis. Macrophage exosomes control the migration process of endothelial cells and then control the transport of integrins. The transport process of integrins includes internalization, circulation, and lysosomal degradation and mainly acts on connecting cells and neighboring cells or cells and their extracellular matrix. Macrophage exosomes induce integrin β1 lysosomal degradation and internalization and meanwhile promote integrin β1 ubiquitination and inhibiting the activation of the MEK/ERK pathway. The signaling pathway responds to extracellular stimuli and converts the signal into a cellular process by extracellular binding ligands to specific transmembrane receptors. The MEK/ERK signaling pathway is mainly responsible for regulating the phosphorylation sites of activity. Integrin β1 accumulates in the perinuclear area and no longer returns to the plasma membrane (Raman and Cobb, 2003; Shaul and Seger, 2007; Lee et al., 2014; Li et al., 2022). At the same time, integrin β3 is not affected by the action of the exosome.
M1 type macrophage exosomes can transmit pro-inflammatory signals and establish a local immune microenvironment. M1-type macrophages can enter the lymph nodes and are taken up by macrophages and dendritic cells. Exosomes deprived of M1 macrophages will induce macrophages to produce high levels of pro-inflammatory cytokines such as IL-6, IL-12, IFN-γ, TNF-α, and proteases, while exosomes deprived of M2 macrophages will induce macrophages to produce M2 phenotypes with low IL-6, low TNF-α, low IL-12, and high IL-4 and IL-10 (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of the function of macrophage exosomes.
Exosomes derived from macrophages significantly impact the proliferation and differentiation of mesenchymal stem cells. The exosomes produced by M1 macrophages promote the proliferation, osteogenic and adipogenic differentiation of bone marrow mesenchymal stem cells, and the exosomes produced by M2 macrophages can significantly boost the osteogenic differentiation of mesenchymal stem cells. miR-5106 is abundantly expressed in M2 macrophage exosomes. miR-5106 induced more obvious alkaline phosphatase activity. Moreover, exosomes derived from M2 macrophages have increased bone formation-related genes (ALP, osteopontin, RunX2, BMP-2, and BMP-7) (Chen et al., 2020). The three types of macrophage exosomes, M0, M1, and M2, all have inhibitory effects on cartilage differentiation (Bouchareychas et al., 2020; Xia et al., 2020).
4.3 T cell and B cell
Lymphocytes are divided into T lymphocytes, B lymphocytes, and natural killer cells (NK cells). They are the main cell group that constitutes the body’s immune system and participate in body immunity and humoral immunity. T lymphocytes are made in the bone marrow and mature in the thymus, whereas B lymphocytes are synthesized in the bone marrow and mature in the thymus. T cells and B lymphocytes proliferate in the thymus and are then distributed to the immunological organs and tissues throughout the body via lymphatic and blood circulation to perform an immune function. (Skapenko et al., 2005; Smith-Garvin et al., 2009). Exosomes derived from T cells can regulate the internalization of T cells and endothelial cells in a CD47-dependent manner (Kaur et al., 2014).
4.4 NK-DC cell
Both NK cells and dendritic cells (DC) are two important components of innate immunity. NK cells are derived from bone marrow and have strong killing and immunity. Dendritic cells are formed as a result of the division of hematopoietic stem cells. NK cells mainly produce immune function through cytotoxicity and the secretion of cytokines. The cytotoxic activity is enhanced, and they express killer immunoglobulin-like receptors (CD16 and KIRS) and perforin. Factors are secreted in large quantities, expressing low levels of perforin and CD16 (Ferlazzo and Morandi, 2014). Dendritic cells are produced in large quantities, and dendritic cells are antigen-presenting cells that activate adaptive immune lymphocytes by identifying pathogens and sending pathogen information to the acquired immune system (Cooper et al., 2004). NK-DC interaction will lead to the maturation, activation, and cytokine production of both (Thomas and Yang, 2016).
Unlike other immune cells, exosomes produced by NK cells are in both resting and active states. These exosomes can express typical NK markers (CD56) when NK cells are activated and immune killer proteins (Fas-L and perforin) when NK cells are at rest status (Jiang et al., 2021). It is reported that NK cell exosomes have typical exosome proteins, such as Rab5b and MHC-I, but lack CD4 and CD8. NK cell-derived exosomes are effective for activated immune cells, which have considerable cytolytic activity and have no effect on resting immune cells (Lugini et al., 2012). Exosomes derived from NK cells under hypoxia contain higher levels of toxic proteins Fas-L, perforin, and granzyme B, and its cytotoxicity is significantly higher than that under normoxia. Meanwhile, hypoxia increases the production of exosomes (Jiang et al., 2021). DC cells exosome contain many proteins and antigens necessary to produce a robust immune response, such as MHC class Ⅰ, class Ⅱ, CD1, heat shock protein 70–90, CD9, CD63, CD81, CD11b, and CD54. Exosomes produced by DC cells activate immature CD4+ T cells through an indirect pathway (Giri and Schorey, 2008). CD4+ T plays an important role in assisting B cells to produce antibodies in immune protection, inducing macrophages to produce higher microbicidal activity, recruiting immune cells to inflammation sites and producing cytokines and chemokines, and coordinating the entire immune response (Zhu and Paul, 2008).
5 OUTLOOK
As newly discovered in the past 30 years, exosomes have yet to be widely developed in terms of their functions and how they can be applied to clinical diagnosis, while the actual application process is still in its infancy. Since the average size of exosomes is less than 100 nm, the specific morphological structure cannot be displayed. It is unclear what happens when individual exosomes bind to the surface of recipient cells. However, as the practical resolving power of a microscope, lenses continue to develop and flow cytometry techniques develop, such analyses will be gradually practiced in the future. The rich composition of exosomes, special structural and morphological features, and distinct mechanisms of action are prerequisites for their role in immune responses and the promotion of intercellular communication. The role of immune cell exosomes in the four stages of osseointegration, especially the immune stage, has been confirmed by numerous studies, but whether the surface properties of different materials applied to implants affect the composition and function of immune cells exosomes has not yet been established clear, which will provide valuable guidance for improving the osseointegration.
6 CONCLUSION
Poor osseointegration at the implant interface due to the aspetic loosening will eventually result in implant failure, and a second surgery is required. Osseointegration is an integrative field in which the skeletal and immune systems interact intimately, with immune cells and their secreted exosomes functioning at all stages. The exosomes secreted by immune cells have unique immune regulation capabilities. After the hemostasis process, the immune response starts immediately, and immune cells are recruited to the area of ​​inflammation. Inflammation will promote immune cell exosomes to release the inflammatory cytokine IL-8. In addition, related to inflammation, it can regulate the phenotype of macrophages by regulating mRNAs and proteins, thereby affecting the stage of immune inflammation, mediating intercellular communication, stimulating target cells, promoting antigen presentation, transmitting pathogens, and regulating immune responses. Additionally, the exosomes derived from immune cells, especially the macrophages, play a pivotal role in angiogenesis and osteogenesis. Moreover, macrophages can promote angiogenesis and osteogenesis by shaping the immune microenvironment with anti-inflammatory exosomes derived from M2 macrophages. Since immune cell exosomes are involved in the four stages of osseointegration, functionalized implants can be designed to target immune cell exosomes to regulate the process of osseointegration, which might be an effective way to avoid the aseptic loosening and improve the success of implantation.
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PPy@Fe3O4 nanoparticles inhibit the proliferation and metastasis of CRC via suppressing the NF-κB signaling pathway and promoting ferroptosis
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Colorectal cancer (CRC) is one of the most common cancers of the digestive tract, and patients with advanced-stage cancer have poor survival despite the use of multidrug conventional chemotherapy regimens. Intra-tumor heterogeneity of cancerous cells is the main obstacle in the way to effective cancer treatments. Therefore, we are looking for novel approaches to eliminate just cancer cells including nanoparticles (NPs). PPy@Fe3O4 NPs were successfully synthesized through a portable method. The characterization of transmission electron microscopy (TEM), Fourier-Transformed infrared spectrometer, and X-ray powder diffraction have further proved successful preparation of PPy@Fe3O4 NPs. NIR irradiation was used to test the photothermal properties of NPs and an infrared camera was used to record their temperature. The direct effects of PPy@Fe3O4 NPs on colorectal cancer cell DLD1 were assessed using CCK8, plate clone, transwell, flow cytometry, and western blotting in CRC cell. The effect of PPy@Fe3O4 NPs on neoplasm growth in nude mice was evaluated in vivo. This study demonstrated that PPy@ Fe3O4 NPs significantly inhibit the growth, migration, and invasion and promote ferroptosis to the untreated controls in colorectal cancer cells. Mechanical exploration revealed that PPy@Fe3O4 NPs inhibit the multiplication, migration, and invasion of CRC cells in vitro by modulating the NF-κB signaling pathway. Importantly, Ferroptosis inhibitors Fer-1 can reverse the changes in metastasis-associated proteins caused by NPs treatment. Collectively, our observations revealed that PPy@Fe3O4 NPs were blockers of tumor progression and metastasis in CRC. This study brought new insights into bioactive NPs, with application potential in curing CRC or other human disorders.
Keywords: colorectal cancer, nanoparticles, metastasis, NF-κB, ferroptosis
INTRODUCTION
Colorectal cancer (CRC) ranks among the most common and devastating diseases of the digestive system globally (Bray et al., 2018; Siegel et al., 2021). There is no effective regime against this aggressive malignancy besides early surgical resection (Brenner et al., 2014). When patients are diagnosed with colorectal cancer, 15%–25% have liver metastases, and another 15%–25% develop them after radical resection of the primary tumor (Engstrand et al., 2018). However, radical resection of liver metastases is not possible in 80%–90% of cases (Modest et al., 2019). Among the reasons for this grim prognosis are the lack of obvious symptoms and reliable biomarkers for early diagnosis, as well as aggressive metastatic spread that leads to a poor response to treatment. Metastatic disease occurs in approximately 50% of diagnosed patients (Xu et al., 2019; Rebersek, 2020). Patients with advanced and metastatic cancer are generally treated with chemotherapy (Fan et al., 2021). The combination of radiation with chemotherapy is another option for treating unresectable, metastatic cancers (Koppe et al., 2005). Even so, both approaches are mainly aimed at improving survival rates and reducing symptoms of cancer (Aggarwal et al., 2013; Biller and Schrag, 2021).
With the rapid development of nanotechnology, nanoparticles (NPs) have provided a new approach for studying tumor therapies in recent years (Guan et al., 2022a; Zheng et al., 2021; Guan et al., 2022b). Nanomaterials refer to materials with at least one dimension ranging from 1 to 100 nm (Zheng et al., 2022). Due to their special dimensions, they have different optical, electromagnetic, biological, and thermal properties than general materials, making them more plastic (Sun et al., 2014; Enriquez-Navas et al., 2015; Duan et al., 2019; Li et al., 2021). The field has broad application prospects. Currently, nanomaterials treatment for cancer is mainly aimed at direct destruction of tumors, but in clinical treatment, high mortality rates of cancer are caused by the proliferation and metastasis of tumors, not the primary tumor site (Jiang et al., 2015; El-Toni et al., 2016). At present, the killing of tumors by nanoparticles mainly revolves around the photothermal properties and chemodynamic therapy of nanomaterials (Baek et al., 2016; Zhu et al., 2016; Tang et al., 2019), and nanoparticles’ direct effect on tumor cells has been little studied. Revealing the specific mechanism of nanoparticles’ effects on tumor cells is beneficial to promote the further application of nanoparticles in the human body.
Polypyrrole (PPy) is a kind of organic photothermal agent and photosensitizer, which can not only ablate cancer cells under infrared irradiation, and improve the effect of chemotherapy, but also has good biocompatibility, which can regulate cell adhesion, migration, protein secretion, and DNA synthesis as well as other processes under electric stimulation (Zhou et al., 2017; Liang et al., 2021; Miar et al., 2021). Human bodies require iron (Fe) as an essential trace element. Early studies found that the concentration of Fe in the body is negatively correlated with colorectal cancer. Therefore, people have high hopes for Fe treatment of tumors (Torti et al., 2018; Torti and Torti, 2020). There are also numerous studies that prove Fe supplementation can inhibit colorectal cancer development (Aksan et al., 2021; Phipps et al., 2021; Ploug et al., 2021). Whereas, some scholars believe that excess iron contributes to oxidative stress-induced colon damage and amplifies oncogenic signals. Therefore, the clinical application of Fe-containing drugs is limited (Padmanabhan et al., 2015; Wilson et al., 2018). It is possible to deliver nanoparticles to tumors through enhanced permeability and retention effect (EPR), and decompose iron ions directly in the tumor-specific microenvironment, which can avoid harming the normal colon.
Our study design and manufacture a novel composite nanomaterial PPy@Fe3O4 and demonstrate that it can directly kill tumors through photothermal therapy (PPT) and chemodynamic therapy (CDT). As well as evaluating the basic properties and biosafety of PPy@ Fe3O4 NPs, we observed their effects on colorectal cancer cell proliferation, migration and invasion in vivo and in vitro (Figure 1).
[image: Figure 1]FIGURE 1 | Scheme of the synthesis process and therapeutic mechanism of PPy@Fe3O4 NPs.
MATERIALS AND METHODS
Synthesis of PPy@Fe3O4 NPs
Dissolve 0.75 g of polyvinyl alcohol (PVA) in 10 ml of deionized water. Heated to 95°C, after dissolving PVA, 0.373g ferric chloride powder (FeCl3 2.30 mmol) was added to the above solution and stirred magnetically for an hour. Then the mixed solution was kept at 4°C and 69.2 μl pyrrole monomer (0.9970 mmol) was added slowly. After 4 h of stirring, the mixture was poured into a bowl. A dark green solution was produced, which indicated the successful synthesis of polypyrrole NPs. Then, 2.5 ml of the reaction solution was directly removed from the above steps, and then 15 ml of deionized water and 2 ml of ethanol were evenly mixed. Under the condition of full agitation, the temperature was rapidly heated to 70°C, and 1 ml of 1.0wt% ammonia solution was immediately dropped. After 30 min, inject another 1 ml 1.0wt% ammonia solution and keep the mixture at the same temperature for another 30 min. Centrifugation by separation (11,000 RPM; 50 min) PPy@Fe3O4 nanoparticles were collected and centrifuged (11,000 RPM; 50 min), washed three times with deionized water to remove impurities, and collected and dispersed in deionized water.
Characterization of PPy@ Fe3O4 NPs and photothermal effect evaluation
The morphologies of NPs were evaluated via transmission electron microscopy (TEM). In order to determine the characteristics of NPs and their crystal structures, Fourier-Transformed Infrared (FTIR) spectrometers and X-ray powder diffraction methods were used. We then irradiated PPy@ Fe3O4 NPs with NIR lasers at different wavelengths (100, 200, and 400 μg/ml) at different concentrations. A thermal imaging camera was used to monitor and record the temperature changes of the solution during the heating and cooling process to calculate the photothermal conversion efficiency (η).
Culture of the cancer cell lines
DLD1-1, SW480, and FHC colorectal cancer cell lines were purchased from ATCC. DLD1 and SW480 were colorectal cancer cells, and FHC was a normal colorectal epithelial cell. All cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, United States). All media were supplemented with 10% fetal bovine serum (FBS) and cells were grown in an incubator at 37°C and supplied with 5% CO2.
Biosafety and flow cytometry analysis
In advance, DLD1, SW480, and FHC cells were plated in 96-well plates at 1*104 cells per well and cultured for 24 h at 37°C under 5% CO2. At various concentrations, PPy@Fe3O4 was added to the culture media for 24 h, followed by 18 h of incubation. In accordance with the manufacturer’s instructions, relative cell viability was assessed using the Cell Counting Kit-8 (CCK-8, Yeasen, China).
Transwell migration assay
Transwell migration assays were conducted in Corning-Costar migration chambers with a pore size of 8 mm for studying CRC cell migration in transfected suspensions. As soon as possible, transfected cells were seeded into an FBS-free medium and conditioned DMEM containing 10% FBS was poured into the lower chamber. In the following 48 h, we removed the cells on the upper membrane surface and fixed and stained the cells on the bottom membrane surface with methanol and crystal violet. We photographed cells from five random fields (×40 magnifications) under the light microscope.
Western blotting
Equal amounts of samples were separated by 10% SDS-PAGE and transferred to PVDF membranes. Blocking membranes with 5% non-fat milk in TBST for 1 h, primary antibodies were incubated overnight at 4°C, followed by secondary antibodies at room temperature for 90 min. The immunoreactive bands were visualized using a ChemiLucent ECL kit (Millipore) and the ImageJ program (National Institutes of Health).
Determination of intracellular ROS
In accordance with the manufacturer’s instructions, chloro-dihydrofluorescein diacetate (DCFH-DA) was used to determine intracellular ROS. Briefly, DLD1 cells were incubated with NPs (200 µg/ml−1) at pH 6.5 for 3.5 h, followed by 30 min of incubation with H2O2 (100 mM, 200 µl). The cells were placed on an ice box at 4°C. Then the medium was replaced by 1 ml DCFH-DA (10 µM).
Animal experiments
All experiments on animals were conducted in accordance with “China National Standards for the Care and Use of Laboratory Animals” and were approved by the Ethics Committee of Renji Hospital Affiliated with Shanghai Jiaotong University School of Medicine. In order to establish colorectal cancer xenograft model, 20 male BALB/c athymic nude mice (4 weeks old) were randomly divided into four groups (n = 5) and injected subcutaneously with 1.0*107 stable colorectal cells DLD1. A variety of intravenous preparations were administered: Control (groups 1), NIR(groups 2), NPs (200 µg/ml−1) (groups 3), NIR + NPs (groups 4). We used an 808 nm laser (1.0 W cm−2) to irradiate Groups 2 and 4 for 10 min respectively after 8 h and monitored temperature change by a thermal imaging camera. Prior to the mice being killed, tumor growth was monitored and measured with micrometer calipers every other day. After 28 days of treatment, immediately after harvest, organs and tumors were preserved in paraformaldehyde for further IHC testing and hematoxylin and eosin staining (H&E-stained).
Statistics
All data are presented as mean ± SD. Statistical analyses were performed with the χ2 test or the Student's t-test (two-tailed unpaired). All the data were analyzed using Origin and Graphpad. Moreover, p < 0.05 is considered statistically significant.
RESULTS
Construction and physical characterization of PPy@Fe3O4
The PPy nanoparticles were firstly prepared, followed by ammonia addition at 70°C to convert Fe ions into Fe3O4 crystals. The Fe3O4 crystals were dispersed on the surface of PPy nanoparticles, forming PPy@Fe3O4 NPs with a size of ∼70 nm, as shown in Figures 2A,B. Each PPy nanoparticle incorporated many Fe3O4 crystals. The FTIR spectrum confirmed the successful formation of PPy by showing the characteristic absorption peaks (Figure 2C). Fe3O4 crystal structures were confirmed by X-ray diffractograms (XRD) of NPs (Figure 2D). These results illustrated that the PPy@Fe3O4 NPs have been successfully synthesized.
[image: Figure 2]FIGURE 2 | The characterization and photothermal properties of the PPy@Fe3O4 NPs. (A,B) High and Low TEM images of PPy@Fe3O4 NPs; (C) FTIR spectra of PPy@Fe3O4 NPs; (D) XRD spectra of PPy@Fe3O4 NPs; (E) UV-Vis-NIR absorption spectra of PPy@Fe3O4 NPs at different concentrations; (F) Temperature change curve with various concentrations of NPs; (G) Temperature curve of rising with irradiation and naturally cooling; (H) Linear regression curve of cooling process (red).
Since PPy was introduced to Fe3O4 NPs, they demonstrated a strong and broad absorption spectrum from the visible to near-infrared (Figure 2E). As the NPs concentration increase, the temperature also increases gradually under NIR irradiation (Figure 2F). Based on the temperature changes of the solution during heating/cooling process, we determined the photothermal conversion efficiency (ŋ value) of NPs (Figures 2G,H). The ŋ value was significantly higher than that of traditional PPT agents at 52%. The above results showed that the PPy@Fe3O4 NPs have excellent photothermal effects, which endowed good performance for PTT.
PPy@Fe3O4 NPs inhibited growth and produced ROS in vitro
Biological applications of nanoparticles depend on their good biocompatibility. To evaluate its cytotoxicity, we used standard CCK-8 methods in DLD1, SW480, and FHC cells. As shown in Figure 3A, NPs exhibited excellent biocompatibility, except for NPs (400 ug/ml−1), with mildly stronger cytotoxicity due to their chemodynamic reactions. To simulate the tumor microenvironment in vitro, we added the appropriate amount of hydrogen peroxide during cell treatment. Therefore, colorectal cancer cells were divided into 4 groups: 1) Control, (b)H2O2, (C) NPs, (d)NPs + H2O2. DLD1 cells proliferation was significantly decreased by treatments with NPs and H2O2 in plating colony and CCK8 assays demonstrating that PPy@Fe3O4 functions biologically in colorectal cancer (Figures 3B,C). For cell apoptosis assay, NPs and H2O2 treated group promoted apoptosis in DLD1 cells (Figure 3D). To verify the ROS production of NPs in DLD1, we observe dichloro-dihydrofluorescein diacetate staining (DCFH-DA) under confocal microscopic conditions, ROS levels were significantly augmented in cells treated with NPs and H2O2, indicating a promoting effect on ROS generation (Figure 3E).
[image: Figure 3]FIGURE 3 | Effects of PPy@Fe3O4 NPs on regulating colorectal cancer cell growth, clone formation apoptosis and ROS generation. (A) Cell viability of the DLD1, SW480 and FHC cells after co-culture with NPs at different concentrations. (B) Cell viability CCK-8 assay in different groups. (C) Colony formation assay. Duplicated cells were subjected to the tumour cell colony formation assay in different groups. (D) Flow cytometric apoptosis assay. Colorectal cancer cell lines DLD1 were treated with H2O2, NPs, NPs + H2O2 or control, respectively, and then subjected to flow cytometric analysis. (E) Fluorescence images of DLD1 cells with various groups (Control, H2O2, NPs and NPs + H2O2). Scale bar: 250 µm **p < 0.01.
PPy@Fe3O4 NPs suppressed metastasis and promoted ferroptosis in CRC cells
Transwell migration and invasion assays indicated that NPs and H2O2 treated group decreased the ability of migration and invasion (Figure 4A). Since epithelial-mesenchymal transition (EMT) plays a vital role in tumorigenesis, the relationship between NPs and EMT in CRC cells warranted further investigation. EMT biomarkers were used to identify whether NPs treated in CRC were related to EMT. The WB results showed that NPs inhibited the expression of the mesenchymal markers N-cadherin, Vimentin, Snail, MMP2, and MMP9, but induced the expressions of the epithelial marker E-cadherin (Figure 4B). Therefore, we inferred that PPy@Fe3O4 NPs inhibited tumor metastasis through inhibiting the EMT process.
[image: Figure 4]FIGURE 4 | PPy@Fe3O4 NPs suppress cell migration and invasion, and promote cell ferroptosis in vitro. (A) Transwell migration and invasion assays of DLD1 cell with different treatment groups. (B) WB assays showed that metastasis-related proteins (E-Cadherin, N-Cadherin,Snail, MMP2, MMP9 and Vimentin) expression changed in different groups. (C) Ferroptosis-related proteins (GPX4, XBP1, NRF2, HOMX1 and Keap1) expression changed in the control group and other treated groups.
In addition, studies also shown that the role of ROS in tumor cells is closely related to ferroptosis (Su et al., 2019; Chen et al., 2021a), and PPy@ Fe3O4 nanomaterials not only generate ROS in tumors, but also the constant conversion of Fe2+ and Fe3+ through the Fenton reaction, which also affects the iron ions metabolism. We speculated that NPs are associated with ferroptosis in tumor cells. Our data showed that PPy@Fe3O4 induced the expression of Xbp1, Homx1, and Keap1, but inhibited the expressions of GPX4 and NRF2 (Figure 4C). In addition, hydrogen peroxide has been reported to induce ferroptosis, which is consistent with our findings. Therefore, we inferred that PPy@Fe3O4 NPs can promote ferroptosis in CRC cells.
PPy@Fe3O4 NPs inhibited EMT via the NF-κB signaling pathway
NF-κB is involved in many cancer-related processes, including cell proliferation, apoptosis, angiogenesis, and metastasis in colorectal cancer (Vaiopoulos et al., 2013; Patel et al., 2018). A previous study reported excessive ROS can reduce NF-κB activation by inhibiting IκB protein degradation (Morgan and Liu, 2011). So we hypothesized whether PPy@Fe3O4 inhibits tumor cell metastasis by inhibiting NF-κB signaling. As part of this study, we measured the expression and activity of NF-κB in CRC cells treated with NPs. There was a decrease in the levels of p-IKKα and p-IKKβ in DLD1, as well as an increase in the amounts of p-IκBα after treatment with NPs and H2O2. P65 levels did not change significantly, but phospho-p65 expression decreased. We discovered that the expression of phosphorylated (p)p65, p-IKKα, p-IKKβ, and IκBα, which are essential for activating the NF-κB signaling pathway, were downregulated by NPs with H2O2 in DLD1 cells (Figure 5A).
[image: Figure 5]FIGURE 5 | PPy@Fe3O4 NPs suppress CRC cells metastasis by promoting cell ferroptosis and inhibiting NF-κB signaling pathway. (A) Western blot. Colorectal cancer cell line DLD1 was treated with various groups (Control, H2O2, NPs and NPs + H2O2), and then subjected to Western blot analysis of the key proteins of the NF-KB signaling pathway (Ikk-β, p-Ikk-β, ikk-α, p-Ikk-α, NF-κβ, p-NF-κβ, IκB-α and p-IκB-α). (B) Effects of the ferroptosis inhibitor Ferrostatin-1 on PPy@Fe3O4 NPs-induced metastasis-related proteins expression. (C) Transwell showed that PPy@Fe3O4 NPs-induced cell migration and invasion were abolished after addition of the ferroptosis inhibitor Ferrostatin-1 in CRC cell.
Some studies have reported that there is an interaction between EMT and ferroptosis (Chen et al., 2020; Guan D. et al., 2022). GPX4, which is a negative regulator of ferroptosis, knockdown can enhance tumor cell oncogenic and metastatic activity (Huang et al., 2022). We suppose ferroptosis was increased after PPy@Fe3O4 treatment, and the metastatic ability of colorectal cancer cells was inhibited by increased GPX4 expression. After inhibition of tumor cell ferroptosis with ferroptosis inhibitors Ferrostatin-1 (Fer-1), western-blot analysis and transwell assays revealed increased metastatic potential of colorectal cancer cells, and the expression of EMT-related proteins was distinctly altered, with N-cadherin, Vimentin, Snail, MMP2 and MMP9 upregulated and E-cadherin downregulated (Figures 5B,C). These results demonstrated that PPy@Fe3O4 NPs inhibit CRC cells’ metastasis by promoting cell ferroptosis and inhibiting the NF-κB signaling pathway.
In vitro cell experiment
In order to investigate the roles of PPy@Fe3O4 NPs in vivo, a nude mouse xenograft model of colorectal cancer was constructed. Tumor volume was monitored every other day throughout the experiment. As a result of NPs treatment, tumor growth was significantly inhibited (Figures 6A–C). There was no difference in tumor growth between the NIR and control groups, demonstrating that NIR alone cannot inhibit tumor growth. However, due to the synergistic effects of PTT and CDT, the tumor growth in the NPs + NIR group was significantly inhibited. NIR group mice were irradiated with an 808 nm laser while their infrared thermal image and temperature were recorded simultaneously. Laser irradiation rapidly increased the temperature of the tumor in the NPs group to 55°C. It has been reported that apoptosis and necrosis of cancer cells can be induced when the temperature around the tumor is above 42°C (Sun et al., 2019). In contrast, the control group only experienced a very weak rise, less than 35°C (Figures 6D,E). In the colorectal tumor model, Ki-67, a marker of cell proliferation, was significantly downregulated in NPs + NIR groups after IHC analysis (Figure 6F). These results explicitly demonstrated that NPs with NIR could effectively prevent tumor growth in vivo. H&E staining of various treatment groups was carried out for the purpose of assessing the biosafety of NPs. According to the data, neither the control group nor other treatment groups showed obvious organ damage (Figure 6G), which further validated the PPy@Fe3O4 NPs were safe.
[image: Figure 6]FIGURE 6 | Anti-tumour activity of PPy@ Fe3O4 NPs in nude mouse tumour cell xenografts. (A) Images of subcutaneous xenograft tumors of DLD1 cells. (B) The final tumor weight of DLD1 cells was shown. (C) The tumor volume and change of different groups. (D) The temperature change and (E) infrared thermal imaging of the mice injected with PBS, NPs under laser irradiation. (F) Ki67 staining of the tumors in the control group and other treated groups. (scale bar: 100 μm). (G) H&E staining of the main organs from the control and treatment groups. (scale bar: 250 μm). **p < 0.01.
DISCUSSION
PPy@Fe3O4 NPs were successfully synthesized by an facile method. They exhibited an excellent photothermal effect and could produce abundant ROS for CDT in the tumor microenvironment. Furthermore, NPs are adequate to modulate cellular response on their own (Setyawati and Leong, 2017; Cen et al., 2021). First, we used CCK8 to detect the viability of normal cells and tumor cells exposed to different concentrations of NPs to judge the biosafety of NPs. We then demonstrated in vitro that NPs can restrain the accretion and metastasis of CRC cells and promote ferroptosis. Finally, we found that NPs inhibit CRC cells growth by inducing ferroptosis and inhibiting NF-κB pathway. In vivo experiment results further confirmed the inhibition of NPs on tumor growth.
Our team has long been committed to the practical application of photothermal technology. PTT and CDT of nanoparticles have enormous potential in cancer treatment (Huang et al., 2019; Zheng et al., 2021). CDT/PTT has demonstrated to be highly effective and relatively safe, and it can directly ablate cancer cells as well. Additionally, photothermal effects during PTT can speed up the Fenton-based process’ reaction rate and enhance CDT (Yu et al., 2021; Zhang et al., 2022). With the development of nanotechnology, various targeted and multifunctional nanoparticles have been reported, which can deliver drugs and directly or indirectly activate the immune system to kill cancer cells (Hooftman and O'Neill, 2022; Luo et al., 2021; Sun et al., 2021). Although some nanomaterials have been used clinically in recent years, most of them have not achieved ideal clinical effects. In monotherapy, the continuing effects and biosafety of NPs on tumor cells require further study.
There is a new type of cell death called ferroptosis that differs from apoptosis, necrosis, and autophagy, which are all iron-dependent cell deaths (Chen et al., 2021b; Tang et al., 2021). As a metabolic disorder resulting from iron, ROS, and polyunsaturated fats, ferroptosis is characterized by deranged iron metabolism. Iron, lipid, and energy metabolism play a significant role in the sensitivity of tumor cells to ferroptosis (Lee et al., 2020; Li and Li, 2020; Jiang et al., 2021). Nanomedicine has become a new direction in the application of ferroptosis. Ultra-small PEG@ SiO2 NPs induce ferroptosis and limit tumor growth in starving cancer cells by mediating iron overuptake (Ma et al., 2017). In addition, p53 plasmid-coated metal-organic network NPs lead to ferroptosis and tumor growth inhibition by blocking GSH synthesis (Zheng et al., 2017). In our study, we found that PPy@Fe3O4 NPs restrained CRC cells’ growth and metastasis by promoting cell ferroptosis, and the exact mechanism needs to be further studied.
In normal physiology processes, NF-κB pathway coordinates the inflammatory process and participates in the regulation of various steps of the cell cycle and survival (DiDonato et al., 2012; Zhang et al., 2017). Binding to an inhibitory protein in the cytoplasm keeps it inactive. In response to the signal, its inhibitor is phosphorylated and proteolytically degraded, and NF-κB is translocated vigorously to the nucleus, where it promotes transcription of target genes (Vaiopoulos et al., 2013). Numerous pieces of evidence indicate that NF-κB has a key role in the initiation and propagation of CRC. Furthermore, the NF-κB signaling activation has been identified as a recognized event in the EMT process (Min et al., 2008). Liu et al. found that DCLK1 facilitates EMT via the NF-κB signaling pathway in CRC cells (Liu et al., 2018). Moreover, previous studies have shown that NF-κB regulates Vimentin and Snail expression directly by binding their promoters (Wu et al., 2004), which is consistent with our WB results. Herein, our study demonstrated that PPy@Fe3O4 NPs inhibit CRC cell proliferation and metastasis by blocking the NF-κB signaling pathway.
Overall, we exhibited the suppressive role of NPs in the progression of CRC in vitro and in vivo. Furthermore, our results revealed that PPy@Fe3O4 has an excellent photothermal effect and photostability under NIR irradiation. PPy@Fe3O4 NPs can not only be used for PPT and CDT but also can inhibit the growth and metastasis of tumor cells by regulating the NF-κB signaling pathway. Therefore, a therapeutic strategy based on PPy@Fe3O4 NPs to attenuate tumor development may be a potential approach for CRC treatment.
CONCLUSION
PPy is a common non-toxic conductive polymer that is slightly soluble in water, other nanomaterials loaded with PPy can significantly improve their photothermal effect. In this study, we developed an NPs (PPy@Fe3O4) based on PPy to enhance the effect of PTT/CDT in CRC. The NPs displayed a high photothermal conversion efficiency of 52% because of PPy, which was much higher than that of traditional PPT agents. Besides, NPs were responsively decomposed in the tumor microenvironment to release the Fe ions of different valences, which promoted the generation of toxic OH from H2O2 for CDT. More importantly, we discovered a direct effect of NPs on colorectal cancer cells. PPy@Fe3O4 NPs can inhibit the growth and metastasis of colorectal cancer cells through the NF-κB signaling pathway, and promote cell ferroptosis.
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In the published article, there was an error in Figures 2E, 5 as published. Modifications to UV absorption spectra in Figure 2E and NF-κB related protein typographical errors in the WB experiment in Figure 5 were made after a recheck of the figures, but not included in the final article. The corrected Figures 2, 5 and their captions appear below.
[image: Figure 2]FIGURE 2 | The characterization and photothermal properties of the PPy@Fe3O4 NPs. (A,B) High and Low TEM images of PPy@Fe3O4 NPs; (C) FTIR spectra of PPy@Fe3O4 NPs; (D) XRD spectra of PPy@Fe3O4 NPs; (E) UV-Vis-NIR absorption spectra of PPy@Fe3O4 NPs at different concentrations; (F) Temperature change curve with various concentrations of NPs; (G) Temperature curve of rising with irradiation and naturally cooling; (H) Linear regression curve of cooling process (red).
[image: Figure 5]FIGURE 5 | PPy@Fe3O4 NPs suppress CRC cells metastasis by promoting cell ferroptosis and inhibiting NF-κB signaling pathway. (A) Western blot. Colorectal cancer cell line DLD1 was treated with various groups (Control, H2O2, NPs and NPs + H2O2), and then subjected to Western blot analysis of the key proteins of the NF-KB signaling pathway (Ikk-β, p-Ikk-β, ikk-α, p-Ikk-α, NF-κβ, p-NF-κβ, IκB-α and p-IκB-α). (B) Effects of the ferroptosis inhibitor Ferrostatin-1 on PPy@Fe3O4 NPs-induced metastasis-related proteins expression. (C) Transwell showed that PPy@Fe3O4 NPs-induced cell migration and invasion were abolished after addition of the ferroptosis inhibitor Ferrostatin-1 in CRC cell.
Additionally, the statistical method in the “Statistics” section and “PPy@Fe3O4 NPs inhibited EMT via the NF-κB signaling pathway” section were incorrect due to translation error and clerical error.
A correction has been made to Materials and methods section, subsection Statistics. A correction has also been made to the Results section, subsection PPy@Fe3O4 NPs inhibited EMT via the NF-κB signaling pathway, Paragraph 1. These sentences previously stated, respectively:
“Based on experiments performed in triplicate for cell proliferation, migration, and invasion, all data are presented as mean ± SEM. In the animal study of nude mice, the data are presented as mean ± SEM of 5 mice. Statistical analyses were performed with the χ2 test or the Student’s t-test (two-tailed unpaired). All the data were analyzed using SPSS 22.0 software and p < 0.05 was considered significant.”
“There was an increase in the levels of IKKα and IKKβ in DLD1, as well as a decrease in the amounts of IκBα after treatment with H2O2. P65 levels did not change significantly, but phospho-p65 expression increased. We discovered that the expression of phosphorylated (p)p65, IKKα, IKKβ, and IκBα, which are essential for activating the NF-κB signaling pathway, were downregulated by NPs with H2O in DLD1 cells.”
The corrected sentences appear below:
“All data are presented as mean ± SD. Statistical analyses were performed with the χ2 test or the Student’s t-test (two-tailed unpaired). All the data were analyzed using Origin and Graphpad. Moreover, p < 0.05 is considered statistically significant.”
“There was a decrease in the levels of p-IKKα and p-IKKβ in DLD1, as well as an increase in the amounts of p-IκBα after treatment with NPs and H2O2. P65 levels did not change significantly, but phospho-p65 expression decreased. We discovered that the expression of phosphorylated (p)p65, p-IKKα, p-IKKβ, and IκBα, which are essential for activating the NF-κB signaling pathway, were downregulated by NPs with H2O2 in DLD1 cells.”
There was also an error in the Funding statement. National Nature Science Foundation of China (No. 81871962) has expired and ceased. The correct Funding statement appears below.
“This study was supported by the National Scientific Center Project (No. 62088101) and the Industry-University-Research Innovation Fund in Ministry of Education of the People’s Republic of China (No. 2018A01013).”
The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Starch nanoparticles (SNPs) were produced from sweet potato starches by ultrasonic treatment combined with rapid nanoprecipitation. The starch concentration, ultrasonic time, and the ratio of starch solution to ethanol were optimized through dynamic light scattering (DLS) technique to obtain SNPs with a Z-average size of 64.51 ± 0.15 nm, poly dispersity index (PDI) of 0.23 ± 0.01. However, after freeze drying, the SNPs showed varying degrees of aggregation depending on the particle size of SNPs before freeze-drying. The smaller the particle size, the more serious the aggregation. Therefore, we tried to treat SNPs with dielectric barrier discharge cold plasma before freeze drying. Properties including morphological features, crystalline structure and apparent viscosity of various starches were measured by field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), and rheometer, respectively. The results showed that, after cold plasma (CP) treatment, the aggregation of SNPs during freeze drying was significantly inhibited. Compared to the native sweet potato starch, SNPs showed a higher relative crystallinity and a lower apparent viscosity. After CP treatment, the relative crystallinity of CP SNPs was further higher, and the apparent viscosity was lower. This work provides new ideas for the preparation of SNPs and could promote the development of sweet potato SNPs in the field of active ingredient delivery.
Keywords: sweet potato, starch nanoparticles, cold plasma, nanoprecipitation, ultra sonification
1 INTRODUCTION
Sweet potato starch is one of the richest sourced edible starches (Lyu et al., 2021). For broaden the field of application of sweet potato starch, physical, chemical, enzymatic or combined methods have been used to treat the starch in order to improve its structural and functional properties. Among these, preparation of starch nanoparticles (SNPs) is currently an important direction of analysis in the deep processing of starch. SNPs have been prepared through chemical, physical or biological methods to reduce the particle size of the original starch from the micron scale to the nanoscale. Nanoparticles have multiple beneficial attributes such as small size, more surface area, quantum size, and macroscopic quantum tunneling effect which are absent in conventional starches. Therefore, it is desired to prepare the nano-scale starch particles to improve their physical and chemical properties (Wang and Zhang, 2021). The performance of nano-materials like SNPs is strongly dependent on their characteristics, such as particle size, morphology, dispersion, microstructure, and rheology as well as how these characteristics change under different processing conditions (Perez Herrera et al., 2017; Dong et al., 2021; Li et al., 2021a; Li et al., 2021b).
There are two approaches for the preparation of SNPs, “top-down” and “bottom-up” approaches. The “top-down” approach uses physical or chemical means (hydrolysis, mechanical grinding, etc.) to prepare SNPs by decreasing the size of the starch particles. For example, SNPs were isolated from native starch granules by ball milling combined with acid hydrolysis (Ye et al., 2017). The “bottom-up” approach is to prepare SNPs by assembling starch molecules as basic units (e.g., nanoprecipitation and reverse-phase microemulsion). Among these methods, nanoprecipitation, also known as anti-solvent precipitation, has increasingly gained interest due to its simplicity and scalable potential (Martinez Rivas et al., 2017). In this method, a polymer is first dissolved in a solvent (good solvent) to form a homogeneous polymer phase, and then this polymer solution is transferred to another solvent (non-solvent) or the non-solvent is added to the good solvent in which the polymer is dissolved to cause the polymer to precipitate and form nanoparticles. Recently, ultrasonic assisted nanoprecipitation has been proved as an effective approach for producing SNPs with specific desired properties (Dong et al., 2022). However, after drying, the aggregation of SNPs would always happen, triggered by reducing surface energy to reach a steady state (Wang and Zhang, 2021).
In recent years, cold plasma (CP) treatment has been proved as an effective surface modification technique (cheap, eco-friendly, and non-thermal food processing technique) (Kopuk et al., 2022). CP consists of ultraviolet (UV) photons, ions, free electrons, and reactive species such as reactive nitrogen species (RNS) and reactive oxygen species (ROS), which is created by supplying different forms of energy like radio, electric fields, magnetic fields, and microwave frequencies (Wang et al., 2021; Laroque et al., 2022). Apart from general microbial and enzyme inactivation purposes, CP can effectively modify the food macromolecules through their interactions with reactive plasma species (Kopuk et al., 2022). For starch, CP treatment results in various surface modifications of starches by oxidation, etching, crosslinking, and depolymerization (Wongsagonsup et al., 2014; Gao et al., 2019; Sudheesh et al., 2019). However, there are few reports available on the modification of SNPs surface function by CP, the structural and functional changes of SNPs treated by CP were confirmed (Shen et al., 2022).
In the current study, we prepared sweet potato SNPs by ultrasonic-assisted dissolution of starch and subsequent rapid nanoprecipitation. SNPs were further treated with CP before freeze drying. We supposed that, SNPs will be electric charged by CP treatment, and the free radicals created by CP can cause skeletal breakage of SNPs, producing smaller fragments. The effect of CP on the preparation of SNPs was evaluated by the characterization of CP treated SNPs like multiscale structure, physicochemical, and rheological properties. This work could offer a novel idea for optimizing the preparation process of SNPs to inhibit the aggregation of SNPs during the drying process.
2 MATERIALS AND METHODS
2.1 Materials
Sweet potato starch was isolated from sweet potatoes obtained from Zhejiang Academy of Agricultural Sciences according to the method of Gani (Gani et al., 2012). The moisture content of obtained sweet potato starch was determined as 9.89% referring to GB5009.3-2016. Phosphate buffered saline (PBS) buffer (pH 7.4) used was from Adamas-beta (Adamas, Shanghai, China). Ethanol, sodium hydroxide (NaOH), and other chemical reagents (Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China) were of analytical grade. All aqueous solutions were prepared in distilled water.
2.2 Preparation of starch nanoparticles
Sweet potato SNPs were prepared by ultrasonic-assisted dissolution of starch and subsequent rapid nanoprecipitation according to the method developed by (Ahmad et al., 2020; Dong et al., 2022) with some modifications. Briefly, the native sweet potato starch was dispersed in distilled water (2%, 5%, 8%, w/v) and gelatinized at 85°C for 30 min with stirring on a vortex mixer. The gelatinized starch paste was then sonicated for 5–25 min using a 20 kHz probe sonicator (JY98-IIIDN, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) equipped with an ultrasonic horn and a tapered tip of 6 mm. The power output of 600 W and 3/5 s on/off pulses were applied to minimize heat generation. Nanoprecipitation was carried out by pouring sonicated starch paste solution rapidly into the ethanol (95%, v/v) under constant stirring. The volume ratio of starch solution to ethanol was 1:1, 1:2 and 1:5. After thorough mixing, an aliquot of the colloidal suspension obtained was diluted with distilled water for the analysis of the particle size and polydispersity index (PDI) by dynamic light scattering (DLS, see Section 2.5).
2.3 Cold plasma treatment
The cold plasma (CP) treatment was applied according to (Shen et al., 2022) with some modifications. Briefly, CP was generated by the dielectric barrier discharge (DBD) plasma apparatus (CTP-2000K, Nanjing Suman Electronics Co., Ltd., Nanjing, China), which was composed of a reaction cell (DBD-50), a voltage regulator, and a high frequency AC power (50 kV, 10 kHz). The SNPs were centrifugally separated and re-dispersed in PBS buffer to prepare SNP suspensions with a concentration of 5%. The prepared SNP suspensions were uniformly placed on the under-quartz medium (thickness: 3 mm) and put in a DBD reactor at room temperature. The plasma treatment conditions were as follows: the gas source was air, the distance of the two parallel electrodes was 1.3 cm, the input voltage was 90 ± 1 V, and the discharge was 1 A. The SNPs were treated for 90 s and named as CP SNPs.
2.4 Freeze-drying
The SNPs and CP SNPs were centrifugally separated and re-dispersed in PBS buffer to prepare SNP suspensions for freezing at −20°C overnight in a freezer. The frozen samples were then freeze-dried (Scientz-12N, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) at −56°C for 2 days.
2.5 Particle size distribution
Particle size distributions of SNPs and CP SNPs were assessed by a dynamic light scattering instrument (Zetasizer NanoZS90, Malvern Instruments, Worcestershire, United Kingdom). The SNPs solution (0.01%, w/v) was prepared with distilled water and dispersed for 30 min with an ultrasonic cleaner (SB-300DTY, Ningbo Scientz Biotechnology Co. Ltd., Ningbo, China) for complete dispersion of particles. The pH of the suspension was adjusted to pH 7. The refractive index of water and starch were 1.33 and 1.53, respectively. The Z-average diameter and PDI were calculated by the Zetasizer software from three separate samples with five readings per sample.
2.6 Micromorphological features
The micromorphology of native starch, SNPs, and CP SNPs were observed using a field emission scanning electron microscopy (FE-SEM) (FESEM SU8220, Hitachi Ltd., Japan) at the accelerating voltage of 15.0 kV. Samples were sticked on a double-sided adhesive tape with the other side on a circular aluminum platform and coated with a thin layer of gold-palladium alloy.
2.7 X-ray diffraction
The crystalline characteristics of native starch, SNPs, and CP SNPs were determined using an X-ray diffractometer (Empyrean, PANalytical, Inc., Netherlands) at 45 kV and 40 mA Cu-Kα (λ = 0.1541 nm) radiations. The XRD measurements were scanned from 4° to 30° (2θ) with a scanning speed of 2°/min. The XRD diffractograms were collected using the MDI-Jade 6.0 software and the relative crystallinity (%) were calculated by the ratio between the areas of crystallin region and total area of the diffractogram.
2.8 Measurements of static rheological properties
SNPs, CP SNPs suspensions of 8% (w/v) and native starch paste solution of 2% (w/v) were prepared to satisfy the lowest viscosity that can be detected by the rheometer and then equilibrated at 25°C for 30 min before each test. The rheological tests were measured using a stress-controlled rheometer (Physica MCR300, Anton Paar GmbH, Stuttgard, Germany) with a cone and plate geometry (cone angle, 2°; diameter, 40 mm; truncation gap, 53 μm). The continuous shear tests were performed at 25°C to measure the apparent viscosity. The shear rate range was from 0.1 to 100 s−1 in an upward sweep followed immediately by a downward sweep from 100 to 0.1 s−1. Three sweep cycles were conducted consecutively in order to understand the relationship between the apparent viscosity and the shear rate of the SNP suspensions as well as their thixotropic behaviors.
2.9 Re-dispersion stability
Dried native starch, SNPs and CP SNPs were redispersed in distilled water and stirred for 1 h, then the dispersions were diluted to 5% (w/v) with distilled water in tubes, and the photographs of the tubes were taken in 0 and 30 min.
2.10 Statistical analysis
All measurements were measured at least in duplicate. Means and standard deviations were calculated and differences between means were determined with Fishers Least Significant Difference (LSD) test at p < 0.05 significance level (Statgraphics Centurion XV).
3 RESULTS AND DISCUSSIONS
3.1 Effects of preparation parameters on the particle size of starch nanoparticles
3.1.1 Effect of starch concentration
Figure 1A shows the particle size and PDI of SNPs fabricated from different starch concentrations. With decrease in starch concentration from 8% to 2%, the particle size of SNPs decreased from 124.00 ± 11.74 nm to 64.51 ± 0.51 nm, and the PDI decreased from 0.32 ± 0.02 to 0.23 ± 0.01, indicating that the produced SNPs were smaller and more uniform. The ultrasound exerts an obvious impact on the structure of starch granules by the collapse of cavitation bubbles, disrupting starch granules, and the water diffusion breaks of the crystal structure (Zhu et al., 2012). Under the same sonication condition, the low concentration starch solution will be subjected to more forces and decomposed more completely, and it is easier to self-assemble into nanoparticles with smaller particle size. On the other hand, in the process of nanoprecipitation after ultrasonication, the higher concentration of starch solution corresponds to more short-chain starch molecules per unit volume, and the more starch molecular chains diffuse into ethanol during alcohol deposition, which are more likely to polymerize and entangle into nanoparticles with larger particle size. In addition, an increase in the concentration of the starch solution leads to a decrease in water holding capacity and an increase in viscosity and gelling, which further hinder the precipitation of the starch solution by ethanol. Similar result was found in other work (Hebeish et al., 2013), as the initial starch concentration increased from 2.5% to 10%, the particle size of the SNPs increased from 132 to 396 nm, and PDI increased from 0.401 to 1.000. It was further found by TEM images that the SNPs prepared with starch concentrations of 2.5% and 5.0% had a clear spherical shape and did not aggregate, while the groups with starch concentrations of 7.5% and 10.0% had a strong tendency to aggregate, and these highly aggregated particles caused an increase in PDI and elevated the instability of the solution. Lower starch concentrations (2.5, 5%) were able to increase the penetration of ethanol in the starch and improve the dispersion of the nano-starch by forming a dextrinized starch with relatively low viscosity.
[image: Figure 1]FIGURE 1 | Effects of preparation parameters on the particle size of SNPs. (A) Starch concentration. (B) Starch solution to ethanol volume ratio. (C) Ultrasonic time.
3.1.2. Effect of starch solution to ethanol volume ratio
As shown in Figure 1B, among the three starch solution to ethanol volume ratios, the SNPs with optimal particle size of 64.51 ± 0.15 nm, PDI of 0.23 ± 0.01 can be obtained at a starch solution to ethanol volume ratio of 1:2. Ethanol has a poor solubility for starch, so when starch solution is added dropwise to ethanol, a supersaturated solution of starch is formed, and the short-chain starch in the solution has a strong tendency to nucleate, and it is very easy to aggregate to form a double helix structure and then form starch granules. When the starch solution to ethanol volume ratio is low, little ethanol cannot create an environment of poor solvent, resulting in few nucleation sites and a slower growth trend of larger nanoparticles. Increasing the apportion of ethanol increases the diffusion distance during starch nucleation growth and limits the increase in nanoparticle size. Similar results were reported in other researches. (Wu et al., 2016) found that the average particle size of SNPs decreased from 213.1 ± 7.3 to 208.1 ± 1.0 nm, when the good solvent to poor solvent volume ratio changed from 1:5 to 1:30. (Kakran et al., 2012) found that as the good solvent to poor solvent ratio changed from 1:10 to 1:20, the length and diameter of nanoparticles decreased sharply from 1860 to 490 nm to 930 and 340 nm, respectively. When the ethanol ratio is too high, it may again make the repulsion in the solution too strong, the starch particles collision frequency increases, and excessive aggregation of starch particles leads to an increase in particle size. (Qiu et al., 2016) found that the particle size of SNPs was increased from 60 ± 1 nm to 92 ± 4 nm when the ratio of solvent to poor solvent was increased from 1:4 to 1:5.
3.1.3 Effect of ultrasonic treatment duration
As shown in Figure 1C, the particle size of SNPs decreased from 79.73 ± 0.23 nm to 64.35 ± 0.15 nm during the variation of the ultrasonic time from 5 to 15 min, showing a stable decreasing trend, which can be explained by the fact that with the increase of the ultrasonic time, a stronger force is generated, which in turn breaks down the starch paste into smaller short-chain starches, which in turn self-assemble to form smaller SNPs. (Boufi et al., 2018) also found that the ultrasound treatment gradually reduced the particle size of standard starch from 1,200 nm and stabilized it at about 40 nm. (Chang et al., 2017) found that the size distribution pattern of SNPs prepared from un-sonicated starch solution had three peaks, located at 70 nm, 400 nm and 3–6 μm, respectively, with the peaks in the range of 3–6 μm indicating the presence of large particles or aggregates. The average size of SNPs decreased from 221.6 to 95.0 nm after 30 min of sonication, indicating that the increase of ultrasonic time could result in smaller and more uniform SNPs. However, when the ultrasonic treatment exceeded 15 min, the tiny starch fragments regrouped into new particles or adhered to the surface of the starch particles, which in turn formed larger starch particles, and these large particles led to a non-uniform particle size distribution of SNPs and increased the PDI. This result is in relative agreement with the results of (Wang et al., 2020a) for the ultrasonic treatment of sweet potato starch, which both showed the same trend of increasing and then decreasing.
3.2 Freeze drying of sweet potato starch nanoparticles
As shown in Table 1, the particle size and PDI of freeze-dried SNPs were generally increased with significant differences (p < 0.05) compared to the SNPs before freeze-drying. It indicates that freeze-drying intensifies the aggregation, recrystallization and widens the inhomogeneity of distribution of SNPs. The common theories currently used to explain this aggregation phenomenon include capillary pressure theory, chemical bond theory, and crystal bridge theory (Wang et al., 2005), the most accepted of which is the hydrogen bonding theory, which states that the presence of a large number of hydroxyl groups on the surface of starch nanoparticles makes them prone to self-aggregate in solution to form microaggregates under hydrogen bonding and van der Waals forces (Kim et al., 2015). Similar result was reported in other research (Dong et al., 2022), after freeze-drying, the SNPs of regular corn origin and fava bean origin increased from 166.9 to 232.5 nm, 107.6–152.5 nm, and the PDI increased from 0.28 to 0.29, 0.26 to 0.42, respectively.
TABLE 1 | Mean particle size and PDI of SNPs obtained by different preparation parameters before and after freeze-drying.
[image: Table 1]Observing from the variable of ultrasonic time (Table 1; Figure 2), it can be found that the increase in particle size and PDI after drying is related to the particle size of SNPs before drying, the smaller the particle size before freeze-drying, the larger the particle size and the smaller the PDI of the samples after freeze-drying. The smallest particle size of SNPs was 64.35 nm prepared by 15 min of ultrasonic time, and the particle size aggregated into the largest 353.20 nm after freeze-drying, while PDI was 0.30, it was the smallest among the PDI of all the freeze-dried SNPs, indicating that the smaller SNPs were more uniformly aggregated. The particle size of SNPs prepared by sonication for 5 min was the largest at 79.73 nm and aggregated into the smallest at 254.60 nm after freeze-drying. The same phenomenon was observed in other research (Sadeghi et al., 2017), when preparing SNPs using ethanol as a poor solvent. For investigating the effect of starch concentration, the ultrasonic time was kept same as 15 min, it was found that the PDI value of freeze-dried SNPs increased with increasing starch concentration from 2 to 8%, the span of particle distribution increased, and more insoluble large particles of starch appeared to collect at the bottom.
[image: Figure 2]FIGURE 2 | Particle size of freeze-dried SNPs prepared by different ultrasonic time. (A) Z-average and PDI. Size distribution of SNPs prepared by ultra-sonification for 5 min (B), 10 min (C), 15 min (D), 20 min (E), and 25 min (F).
The starch solution to ethanol volume ratio also influenced the aggregation of SNPs (Table 1; Figure 3). The smaller size of SNPs also showed a stronger tendency to aggregate, with the freshly prepared SNPs having a particle size of 114.8 nm and PDI of 0.379 at a 1:5 ratio, and a particle size of 233.47 nm and PDI of 0.33 after freeze-drying and redispersion. (Dong et al., 2022) suggested that, the increase in the amount of ethanol caused the overgrowth of nanoparticles, because the supersaturation of starch molecules was too high for SNP formation, which in turn affects the redispersal of SNPs. When the starch solution to ethanol volume ratio is 1:1, freeze-dried SNPs show larger particle size and higher PDI, when the starch solution to ethanol volume ratio is higher (1:3, 1:5), the SNPs will show larger particle size and PDI. This phenomenon is contrary to our experiment, probably due to the fact that (Dong et al., 2022) prepared smaller SNPs when the starch solution to ethanol volume ratio was low, thus aggregating to produce larger particle size and narrower particle size distribution. In contrast, the particle size of the starch nanoparticles prepared in our experiment did not vary singularly with the starch solution to ethanol volume ratio; both too high and too low increased the particle size of the starch nanoparticles, so the similar trend was not observed.
[image: Figure 3]FIGURE 3 | Particle size of freeze-dried SNPs prepared by different starch solution to ethanol volume ratios. (A) Z-average and PDI for three ratios. Size distribution of SNPs prepared at starch solution to ethanol volume ratio 1:1 (B), 1:2 (C) and 1:5 (D).
3.3 Cold plasma treatment
Figure 4. shows the comparison of the particle size and PDI of SNPs before and after CP treatment. The particle size of the non-plasma treated group (control) increased from 79.19 to 169.80 nm and the PDI increased from 0.36 to 0.79, while the particle size of CP treated SNPs only changed from 82.41 to 97.30 nm and the PDI changed from 0.42 to 0.45, and no significant aggregation occurred. It indicated that there was no obvious aggregation phenomenon during freeze-drying. The SNPs before and after freeze-drying did not change much, and the CP treatment well inhibited the aggregation of SNPs during the freeze-drying process. (Chang et al., 2020) similarly found that the CP treatment changed the dispersion of SNPs and did not affect the particle size.
[image: Figure 4]FIGURE 4 | Effect of cold plasma treatment on the particle size of SNPs. (A) Before drying. (B) After drying.
The depolymerization of starch by CP treatment has been widely reported (Gao et al., 2019; Shen et al., 2021), however, there are fewer studies on the effect of CP treatment on SNPs. The mechanism of plasma on starch is similar to the X-ray and gamma irradiation on it. Plasma treatment generates a series of highly active radicals, including superoxide radical (O2−), hydroxyl radical (OH·), peroxy radical (ROO·), alkoxy radical (RO·), free radical (NO·), hydrogen peroxide (H2O2), organic peroxide (ROOR'), ozone (O3), hypochlorite (HClO), singlet oxygen (1O2), aldehyde (HCOR) and peroxy nitrite (ONOOH). These free radicals cause skeletal breakage of polysaccharides, producing smaller fragments (Duan and Kasper, 2011).
3.4 Characterization of native starch, starch nanoparticles and cold plasma starch nanoparticles
3.4.1 Field emission scanning electron microscopy of native starch, starch nanoparticles and cold plasma starch nanoparticles
The FE-SEM images of native starch, SNPs, and CP SNPs are shown in Figure 5. The surface and edges of the native starch particles are smooth, and the particles mainly exhibit round, oval, and polygonal shapes with particle sizes of 5–20 μm, which is consistent with other research (Kim et al., 2013; Wang et al., 2020b). Compared with the native starch, the adhesion between SNPs was more severe, and the adhered SNPs mainly showed a lamellar and spongy shape, which is similar to the shape of the SEM image obtained by (Dong et al., 2022). The adhesion phenomenon between SNPs may be due to the mutual attraction of hydrogen bonds between the particles, leading to tighter particle connections. The SEM images of SNPs showed that SNPs are mostly round and square in shape, the size of SNPs is in the range of 200–400 nm, which is basically in accordance with the particle size obtained by DLS. The freeze-drying process of SNPs is influenced by intermolecular and capillary forces, which force SNPs close to each other and bond by hydrogen bonding to reconstitute large granular crystals (Wang et al., 2005). Under the action of hydrogen bonds, these large particles will be automatically arranged, showing dense lamellar and spongy powders.
[image: Figure 5]FIGURE 5 | Field emission scanning electron micrographs (FE-SEM) of native starch, SNPs and CP SNPs.
After CP treatment, the particle shape of CP SNPs completely disappears, interconnects more tightly and forms a tighter, more coiled fibrous network. (Charoenrein and Preechathammawong, 2012) also observed a spongy starch gel fibrous network in rice starch, and suggested that the formation of ice crystals during freezing and the aging of the starch were the main causes. Plasma treatment disrupts the functional groups on the surface of the SNPs and create new functional group. These new functional groups further affect the aggregation of the SNPs and promote the formation of gel webs.
3.4.2 Crystalline structure
The native starch, SNPs and CP SNPs were analyzed by X-ray diffraction analyser and the obtained diffraction patterns are shown in Figure 6A. The relative crystallinity of native starch, SNPs, and CP SNPs is 35.12%, 50.35% and 70.95%, respectively. It indicated that the crystalline region was destroyed during the preparation of SNPs and the crystallinity increased significantly (p < 0.05), while the plasma treatment further increased the crystallinity of starch (p < 0.05). In terms of characteristic peaks, strong diffraction peaks were observed at 5.6°, 17°, 18° and 23° for the naive starch (C-type starch), which is consistent with the reports about sweet potato starch (Kim et al., 2013; Wang et al., 2020b). After the formation of SNPs, all the diffraction peaks disappeared except the intensity of the diffraction peak at 23°, and new crystalline peaks were also observed on 22°, 27° and 28°, indicating that the crystalline shape of the starch changed significantly after formation of SNPs and new crystalline regions were generated. (Jhan et al., 2020; Jhan et al., 2021) similarly found disappearance of diffraction peaks and reduction in intensity when observing cereal SNPs. They attributed to the disruption of the ordered structure of branched starch during the ball milling preparation, resulting in the formation of more amorphous features in the starch granules. However, when ball milling of millet starch was performed to prepare SNPs, no crystallographic alteration was observed, and the diffraction spectra of SNPs were very similar to the native starch. The V-shaped starch crystal structure was mainly generated by the complex of straight-chain starch and ethanol, indicating that the cassava starch was ultrasonically alcohol deposited. (Ahmad et al., 2020) found that after preparation into SNPs, the peaks of the whole diffraction pattern all disappeared and became amorphous humps and the granules lost their crystallinity.
[image: Figure 6]FIGURE 6 | Properties of native starch, SNPs and CP SNPs. (A) X-ray diffraction patterns. (B) Apparent viscosity. (C) Photographs of re-dispersions of native starch (left), SNPs (middle) and CP SNPs (right) in water for 0 and 30 min.
The crystallographic profiles of SNPs were almost unchanged after plasma treatment, and only the diffraction peaks at 22°, 23°, 27° and 28° became sharper, indicating that the plasma treatment further changed the crystal structure of SNPs. Except for sweet potato SNPs, no crystallographic changes were observed in rice starch (Thirumdas et al., 2017), corn starch (Sifuentes-Nieves et al., 2020), buckwheat, sorghum, wheat, and quinoa (Gao et al., 2019), when plasma was applied.
3.4.3 Rheological and flow properties
Figure 6B represents the variation of viscosity with shear rate for native starch, SNPs and CP SNPs. The results showed that the viscosity decreased with shear rate increasing and all samples exhibited shear thinning behaviour. Starch solutions and SNPs solutions are mostly non Newtonian fluid and often exhibit shear thinning (Che et al., 2008), indicating the presence of an associated network structure between starch molecules. However, SNPs solutions at low concentrations may also exhibit shear thickening. (Kumari et al., 2022) attributed the shear thickening behaviour of SNPs solutions to the surface charge and repulsive double layer of the particles. When the shear rate was 30 s−1, the viscosity values containing native starch, SNPs and CP SNPs were 1.07, 0.008 and 0.003 Pa s, respectively. The viscosity of SNPs and CP SNPs was significantly lower than native starch. The same result was observed by (Kumari et al., 2022) in the preparation of SNPs, where the viscosity of the SNPs was consistently lower than that of the native starch throughout the flow curve, with a viscosity coefficient of 50.27 Pa·sn for 10% barley starch solution and only 0.0042 Pa·sn for 12% barley SNPs solution at a shear rate of 10 s−1, indicating the viscosity of the SNPs solution was significantly lower.
Plasma treatment can further reduce the viscosity of SNPs. (Shen et al., 2021) attributed this phenomenon to the degradation of starch chains during plasma treatment, which reduces the interaction of gel components. It was found that plasma treatment reduced the peak viscosity and final viscosity, and the longer the treatment time, the greater the decrease in viscosity. (Bie et al., 2016) found that the consistency factor of 8% starch solution decreased from 23.69 Pa·sn to 3.37 Pa·sn after 5 min of plasma treatment, while the shear thinning behaviour of plasma starch also showed less pronounced, and it was speculated that the plasma treatment may have caused oxidation and breakage of the starch particles, reducing the water holding capacity and increasing the solubility, which in turn changed the rheological behaviour. This low viscosity nature of SNPs and CP SNPs will expand the application of starch in industry, since low viscosity starch solutions do not affect the viscosity of the product much even when blended into liquid food products and are very suitable for the preparation of juices and beverages.
3.4.4 Re-dispersion stability
Figure 6C shows the photos of native starch, SNPs, CP SNPs solutions with concentration of 5% at 0 min, 30 min, and found that the stability ranking was CP SNPs > SNPs > native starch. All of the native starch settled down after 30 min and the supernatant became completely clear water, indicating that the native starch was completely insoluble in water. The solubility of SNPs to water is better than the native starch, and it can be seen that it is basically still solution after 30 min, but there is also a mild sedimentation phenomenon. The bottom layer appears large particles of aggregates, the top layer solution becomes dilute and the solution colour becomes lighter. It is possible that by reducing the particle size of starch to the nanoscale, the bonds within and between hydrogen molecules are weakened and more hydroxyl groups are exposed, leading to more interactions with water molecules and thus increased solubility. (Jhan et al., 2021) found that at 90°C, the solubility of foxtail starch in water was 8.04% and sorghum starch was 9.08%, while the solubility of foxtail SNPs in water was 11.29% and 13.50% for sorghum nano starch, the water solubility of nanoparticles was generally greater. (Gonçalves et al., 2014) found that the solubility of araucaria angustifolia seeds starch in water increased from 3.27% to 16.90% after turning into starch granules. The water solubility of CP SNPs was the best, being a stable solution without delamination and precipitation. It may be due to the fact that CP treatment causes the SNPs to produce hydrophilic group carboxyl groups (Bie et al., 2016), which further enhances the stability of the solution. (Chang et al., 2020) found that CP treatment increased the absolute value of ζ-potential of the SNPs solution, and the SNPs solution exhibited slight precipitation when left for the same time at the same concentration, but the CP treated SNPs solution then remained stable.
4 CONCLUSION
In this research, sweet potato SNPs were prepared by ultrasonic-assisted dissolution of starch and subsequent rapid nanoprecipitation. After the optimization of preparation parameters, SNPs with mean particle size of 64.35 nm and PDI of 0.23 were obtained. However, the prepared SNPs would aggregate after drying. The results indicated that, SNPs with smaller size before drying would aggregate more seriously to become larger size after drying. For this, CP treatment was applied to SNPs before and after freeze drying. As a result, CP treatment would not change the particle size of SNPs before drying, but slowed down the aggregation and recrystallization of SNPs during the freeze drying. Among native starch, SNPs and CP SNPs, CP SNPs showed the lowest viscosity, the highest relative crystallinity and re-dispersion stability. Such a treatment strategy could offer an idea to inhibit the aggregation of SNPs, and the obtained CP SNPs could be used as nutraceutical or pharmaceutical carriers.
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Diabetic ulcer is a serious complication of diabetes. Compared with that of healthy people, the skin of patients with a diabetic ulcer is more easily damaged and difficult to heal. Without early intervention, the disease will become increasingly serious, often leading to amputation or even death. Most current treatment methods cannot achieve a good wound healing effect. Numerous studies have shown that a nanocomposite hydrogel serves as an ideal drug delivery method to promote the healing of a diabetic ulcer because of its better drug loading capacity and stability. Nanocomposite hydrogels can be loaded with one or more drugs for application to chronic ulcer wounds to promote rapid wound healing. Therefore, this paper reviews the latest progress of delivery systems based on nanocomposite hydrogels in promoting diabetic ulcer healing. Through a review of the recent literature, we put forward the shortcomings and improvement strategies of nanocomposite hydrogels in the treatment of diabetic ulcers.
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INTRODUCTION
Diabetes mellitus is a chronic disease caused by the disorder of glucose metabolism. Long-term hyperglycaemia will increase the blood viscosity of patients, weaken the elasticity of blood vessels and weaken the local skin barrier function of patients, resulting in diabetic ulcers such as diabetic foot ulcers, leg ulcers, and buttock pressure ulcers (Fiordaliso et al., 2016; Yeom et al., 2016; Sun et al., 2022). For normal people, when the skin is damaged, the skin lesions can quickly and naturally heal after the four stages of haemostasis, inflammation, proliferation and maturation (Gurtner et al., 2008). For patients with diabetes, due to the imbalance of an inflammatory reaction around the ulcer wound, increased oxidative stress, bacterial infection, insufficient angiogenesis, hypoxia of wound tissue and other reasons, the wound cannot follow the normal and orderly repair process, such that delayed healing or no healing occurs, requiring long-term bed rest (Demiot et al., 2006; Leal et al., 2015; Hassan et al., 2019; Fadol et al., 2021; Singh et al., 2022).
At present, there are a variety of clinical methods to treat diabetic ulcers, mainly based on blood glucose control, timely dressing, debridement and prevention and control of infection (Zubair and Ahmad, 2019; Boyko et al., 2022). However, the effect of treatment is not ideal. Even with these standardised treatments, only a small proportion of diabetic ulcers heal after 12–20 weeks, and most patients require more advanced interventions (Frykberg et al., 2020). According to past clinical experience, the traditional dry dressing can keep the wound dry and absorb part of the wound exudate (Jeffcoate et al., 2009). However, they cannot maintain the temperature and humidity of the wound and cannot protect the wound from bacterial invasion. Moreover, the traditional dressing readily adheres to the new granulation tissue of the wound, causing secondary injury when the dressing is changed (Hilton et al., 2004). These reasons contribute to the limitations of dry dressings in clinical practice.
With the continuous development of biomedical materials and in-depth studies of wound healing theory, investigators found that a clean and humid environment is more conducive to wound healing. Therefore, wet wound dressings, particularly hydrogels have attracted attention (Sirousazar et al., 2011; Zhang X. et al., 2019). A hydrogel is a water-insoluble gelatinous material. Compared with traditional dry dressings, hydrogels can create a healing environment faithfully reflecting the physiological state, provide extra moisture for dry and scabby wounds, moisten exposed tissues, and nerve endings and reduce pain when the dressing is changed (Li Y. et al., 2017; Zhou et al., 2018). Hydrogels can retain the active substances in the exudate of patients, promote cell division and migration and promote rapid wound healing. However, hydrogels have limitations such as low mechanical strength, sudden drug release, susceptibility to degradation and high storage requirements (Zhu et al., 2018; Ma et al., 2020; Luo Y. et al., 2022). Once dehydrated, the appearance and properties of hydrogels will be greatly affected, which limits their wide application in the biomedical field.
To overcome these limitations, researchers worldwide compete to conduct studies aimed to improve the mechanical properties of hydrogels. With the continuous development of nanotechnology, researchers have found that nanocomposite hydrogels can be prepared by introducing nanostructured particles into the hydrogel network through chemical bonding or physical adsorption. These methods can improve the mechanical strength of hydrogels and impart some new properties to hydrogels (Li et al., 2018; Chen et al., 2019; Shin et al., 2019; Abdollahi et al., 2021). Specifically, a nanocomposite hydrogel is a three-dimensional network formed by physical or chemical crosslinking of natural, synthetic hydrophilic polymers or both (Wei et al., 2019). It has abundant pores and good hydrophilicity, which is conducive to gas exchange and can maintain the fluid balance at the wound site (Xavier et al., 2015; Zhai et al., 2018). Its porous structure can simulate the structure and function of the extracellular matrix and promote cell migration, proliferation and maturation (Liu et al., 2021). Briefly, a nanocomposite hydrogel has the advantages of a hydrogel mentioned above and the excellent characteristics of nanoparticles. Furthermore, nanocomposite hydrogels are a well-characterised treatment method that promotes the healing of diabetic ulcers and provides a new strategy for the treatment of diabetic ulcers.
In particular, nanocomposite hydrogels are advantageous, because they can be loaded with small-molecule drugs, biomacromolecules, inorganic nanoparticles and other active substances that enhance the biological activity of nanocomposite hydrogels and further expand their application to wound management (Alvarez et al., 2014; Wu et al., 2019; Yang et al., 2021; Massironi et al., 2022; Rao et al., 2022). When a nanocomposite hydrogel is used as drug delivery system carrier, it can reach the lesion through active or passive transport, which is suitable for drug delivery to the skin, oral mucosa, eye and some gastrointestinal mucosa (Sapino et al., 2019; Wróblewska et al., 2020; Cheng et al., 2021; Li et al., 2022a). Compared with other types of nano carriers, nanocomposite hydrogels are similar to natural extracellular matrices, with good water dispersion and are easier to penetrate human skin, achieve the locally sustained and on demand release of drugs and form a physical barrier to create a clean and moist healing environment for the repair of diabetic ulcer (Lou et al., 2021; Girija et al., 2022). Compared with ordinary hydrogels, nanocomposite hydrogels have better mechanical properties, a longer swelling process and higher drug loading capacity (Qiu et al., 2021).
Nanohydrogels have attracted increasing attention because of their great potential for use as effective drug delivery systems. This review focuses on the promotion of ulcer healing in animal models of diabetes or patients with diabetes through loading small-molecule drugs, protein drugs, silver nanoparticles and other substances. Furthermore, we evaluated the challenges to translating these nanocomposite hydrogels to the clinic.
APPLICATION OF A NANOCOMPOSITE HYDROGEL DELIVERY SYSTEM TO DIABETIC ULCERS
Treatment of diabetic ulcers with nanocomposite hydrogel loaded with small-molecule drugs
There are many advantages in using nanocomposite hydrogel as a carrier of small-molecule drugs: 1) It can protect drugs and improve their stability (Qi et al., 2020). 2) It can increase the solubility of the drug (Bang et al., 2019). 3) The effective treatment time was increased by sustained release of drugs (Luo F. Q. et al., 2022). 4) It can reduce the side effects of drugs (Yang X. et al., 2022). 5) The drug is delivered to the wound surface of a diabetic ulcer in a non-invasive or minimally invasive way to minimise tissue damage (Lei and Fan, 2022). At present, most patients with diabetic ulcers can be treated with small-molecule drugs during the early stage of disease. Combined with a patients’ status, the development of a personalised treatment programme can achieve better treatment efficacy.
Deferoxamine (DFO), a small-molecule drug approved by the Food and Drug Administration (FDA) of the United States, has been used to induce angiogenesis in bone and skin regeneration (Lintel et al., 2022). DFO can induce angiogenesis and is used in the treatment of diabetic foot ulcers (Ram et al., 2015). It has been found that DFO-laden silk nanofiber hydraulics provided a sustained release of DFO for more than 40 days and is used to treat diabetic wounds, which can effectively regulate inflammation, regulate the migration and gene expression of endothelial cells, improve the deposition of the extracellular matrix and accelerate the healing of diabetic ulcers (Ding et al., 2021). Another study found that a sodium alginate composite hydrogel containing DFO and copper nanoparticles (Cu NPs) was prepared using a calcium ion crosslinking method, which conferred beneficial effects on diabetic ulcers (Li et al., 2022b). The hydrogel has synergistic effects on the proliferation, migration and angiogenesis of human umbilical vein endothelial cells in vitro. Further, the hydrogel upregulates vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1α, which can accelerate the healing of a diabetic ulcer (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the strategy for the treatment of diabetic wound healing using bioactive hydrogel composites containing deferoxamine and copper nanoparticles. Reproduced from (Li et al., 2022b), with permission from Elsevier.
4-Hydroxy-3-methoxycinnamic acid (ferulic acid) is a natural antioxidant with antibacterial activity. It can reduce blood glucose levels, scavenge free radicals, promote angiogenesis and so on (Karamać et al., 2017). It was found that ferulic acid was encapsulated into nanoparticles using the nano precipitation method, and then Carbopol 980 was added to form a ferulic acid nanohydrogel (Bairagi et al., 2018). The results of subsequent animal experiments show that a ferulic acid nanohydrogel significantly increases the content of hydroxyproline, promotes collagen deposition and promotes tissue repair and wound healing in diabetic rats.
3-Methyl-1-phenyl-2-pyrazolin-5-one (edaravone) strongly scavenges free radicals and promotes wound healing, although its poor stability and solubility hinders its local application (Fujisawa and Yamamoto, 2016; Parikh et al., 2016; Tamer et al., 2018). It was found that the sustained release of edaravone could be effectively achieved by loading edaravone nanoparticles into a sodium alginate hydrogel (Fan et al., 2019). Edaravone encapsulated in a nanocomposite hydrogel accelerates wound healing faster than free edaravone. This study further found that edaravone has different scavenging effects on reactive oxygen species. A low dose of edaravone benefits wound repair, while a high dose hinders wound healing.
Berberine has anti-inflammatory, antibacterial and hypoglycaemic effects, promoting the healing of diabetic ulcers (Dou et al., 2021; Maity et al., 2022; Zhang et al., 2022). However, owing to the low water solubility and lipid solubility of berberine, its oral bioavailability is low, which seriously limits the development and application of berberine as a pharmaceutical (Sahibzada et al., 2018). It has been found that a nanohydrogel can be used as a carrier for sustained release of berberine (Zhang et al., 2020). Berberine encapsulated in a nanohydrogel has stronger water holding capacity than ordinary berberine hydrogel and can promote the migration and proliferation of epidermal cells required for wound repair. Furthermore, berberine nanohydrogel could inhibit the expression of nuclear factor kappa-B, tumor necrosis factor-α, and interleukin 6 by activating silent information regulator 1 and increase the expression of VEGF and platelet endothelial cell adhesion molecule-1, which finally promoted the healing of diabetic ulcers (Figure 2).
[image: Figure 2]FIGURE 2 | Preparation of a berberine nanohydrogel and its application to skin wound healing of diabetic rats. Reproduced from (Zhang et al., 2020), with permission from Elsevier.
7-Glucuronic acid 5,6-dihydroxyflavone (baicalin) can promote the expression of epidermal growth factor and VEGF and then enhance the regenerative ability of epidermal cells, endothelial cells, and fibrotic tissue, to induce wound healing (Zhang et al., 2011; Mao et al., 2021). It has been found that a baicalin-loaded nanohydrogel has suitable viscosity, good skin retention and good biocompatibility, which can antagonise the cytotoxic effects of hydrogen peroxide, regulate the inflammatory process and promote the healing of chronic wounds (Manconi et al., 2018).
Curcumin has been shown to promote wound healing (Jose et al., 2022). However, its water solubility and skin permeability are poor, which limits its local application (Naz and Ahmad, 2015). A recent study found that curcumin-loaded nanocomposite hydrogels can prolong the local treatment time of curcumin compared with ordinary curcumin hydrogels (Kamar et al., 2019). Slow release of curcumin can promote the healing of diabetic ulcers by improving the wound closure rate, accelerating the formation of granulation tissue and the deposition of collagen deposition, thus enhancing the expression of VEGF and Aquaporin 3. Other studies have found that gelatin microspheres containing curcumin nanoparticles can ensure the stable release of curcumin in the wound surface, significantly improve the antioxidant effect and migration-inducing ability of curcumin and promote skin wound healing of diabetic mice (Liu et al., 2018) (Figure 3).
[image: Figure 3]FIGURE 3 | The preparation of curcumin nanoparticles/gelatin-microsphere hydrogel and the drug release process in the wound beds of diabetic mice. Reproduced from (Liu et al., 2018), with permission from American Chemical Society.
Previous studies have confirmed that quercetin or oleic acid alone can promote wound healing (Rodrigues et al., 2016; Jangde et al., 2018). A recent study found that the nanohydrogel prepared using quercetin and oleic acid can reduce the pain of patients with diabetic ulcers, improve the viscoelasticity of tissue and significantly shorten wound healing time (Gallelli et al., 2020).
Treatment of diabetic ulcers with nanocomposite hydrogel loaded with protein
At present, most studies focus on the use of protein hormones and growth factors to promote the healing of diabetic ulcers (Laiva et al., 2021; Oliveira et al., 2021; Mohammadi Tofigh and Tajik, 2022). Compared with small-molecule drugs, protein drugs have become a hot field of new drug development because of their high activity, high specificity, low physiological toxicity and good biocompatibility. However, the unique molecular structure and biochemical characteristics rapidly inactivate protein drugs in complex biological environments, which limits their application to biomedicine (Yu Y. et al., 2021). It has been shown that nanocomposite hydrogels can encapsulate protein drugs in their internal network structure, thus protecting them from the external environment (Li M. et al., 2017; Wang Z. et al., 2019; Zhou et al., 2022).
Proteins are important nutrients for the proliferation and remodelling of wound healing (Cheng et al., 2020; Smith et al., 2022). Proteins can promote the formation of capillaries, the proliferation of fibroblasts and the synthesis of collagen and improve the function of the immune system. Therefore, exogenous protein supplementation can promote wound healing and tissue repair (Kim et al., 2019; Lapi et al., 2021; Yang P. et al., 2022).
Insulin is a physiological hypoglycaemic agent, which is commonly used in the treatment of diabetes. Recent studies have found that local use of insulin can treat diabetic ulcer (Zhang and Lv, 2016; Vatankhah et al., 2017; Bhettani et al., 2020). Both free insulin and nano insulin encapsulated in a hydrogel can improve wound healing, although insulin in a nanocomposite hydrogel has a better therapeutic effect (Abdelkader et al., 2018). Furthermore, insulin can reduce inflammation, increase angiogenesis, induce the formation of granulation tissue, reconstruct the epidermis and completely deposit collagen.
Based on the hypothesis that regulating antibacterial and neovascularisation activities promotes diabetic wound healing, a pH-responsive calcium alginate hydrogel was reported, which loaded protamine nanoparticles and hyaluronic acid oligosaccharides, showing good homogeneity and biocompatibility (Wang T. et al., 2019; Guo et al., 2022; Liu et al., 2022). Protamine nanoparticles act as a cationic antibacterial peptide against various bacteria by disrupting their cell membranes. The addition of hyaluronic acid oligosaccharides promoted the migration of human umbilical vein endothelial cells in vitro and the secretion of VEGF. Protamine nanoparticles and hyaluronic acid oligosaccharides synergise to promote wound healing (Figure 4).
[image: Figure 4]FIGURE 4 | Application of a calcium alginate gel loaded with protamine nanoparticles and hyaluronan oligosaccharides in skin wound healing of type 1 diabetic rats. Reproduced from (Wang T. et al., 2019), with permission from Springer Nature.
Silk fibroin is mainly composed of non-polar amino acids. It has good biocompatibility and no toxicity. It can promote cell proliferation and differentiation in vivo and in vitro, which is conducive to wound healing (Park Y. R. et al., 2018; Zhang Y. et al., 2019). However, it is difficult to prepare single-network silk fibroin hydrogels for the treatment of diabetic ulcers because of the secondary structural transformation of silk fibroin, which often produces a large β-sheet domain that greatly increases the brittleness of hydrogels (Xu et al., 2021). It has been found that natural biomaterials such as silk fibroin, carboxymethyl cellulose and manganese dioxide nanoflakes can be used to prepare injectable nanocomposite hydrogels, which can provide a moist wound healing environment, relieve inflammation, promote angiogenesis and matrix remodelling and adapt to the irregular wound shape of patients with diabetic ulcer (Pu et al., 2022). Numerous studies have shown that under the condition of high oxidative stress in patients with diabetes, the overexpression of matrix metalloproteinases impairs the formation of granulation tissue and the regeneration of the extracellular matrix (Wu et al., 2016). The above hydrogel can effectively neutralise excessive matrix metalloproteinases, reduce the level of inflammation and promote the integration of extracellular matrix and angiogenesis. The uniform dispersion of MnO2 nanosheets endows hydrogels with outstanding reactive oxygen species scavenging ability that alleviates oxidative stress and produces sustained O2 to promote angiogenesis.
In a study, an inflammatory memory peptide was extracted from absent in melanoma 2 to prepare a nanopeptide hydrogel (Cheng et al., 2018). Subsequently, Akkermansia muciniphila, a member of the intestinal microbiota with hypoglycaemic effect, was inoculated into the hydrogel. After subcutaneous injection, the hydrogel was delivered to the diabetic ischaemic ulcer tissue. It was found that the hydrogel could promote angiogenesis, regulate the immune response and reduce local glucose levels to obviously promote the healing of diabetic ulcers. Components of protein hydrolysates such as glutamic acid, aspartic acid and glycine can promote wound healing (Corsetti et al., 2017; Hung et al., 2019). A paper reports a multifunctional nanocomposite hydrogel with excellent tensile and compressive properties, rapid recovery ability, antibacterial activity and coagulation ability (Tavakoli et al., 2020). The presence of l-glutamic acid accelerates the migration of wound cells and the formation of a scar in rats with diabetic ulcer and promotes the synthesis of collagen on the wound surface.
Many studies have confirmed that wound healing is a complex process involving a variety of cells and cytokines (Park K. H. et al., 2018; Chen et al., 2018; Certelli et al., 2021; Schirmer et al., 2021). Patients with diabetes experience long-term wound healing because of the absence of local growth factors with diminished activity (such as the glycosylation of growth factor). Therefore, exogenous growth factors may promote wound healing.
Among growth factors, Epidermal Growth Factor (EGF) is a low-molecular-weight peptide composed of 53 amino acids (Guo et al., 2020). Previous studies have shown that EGF can greatly promote the proliferation and movement of keratinocytes and fibroblasts, granulation tissue formation, and extracellular matrix synthesis. Exogenous recombinant human EGF (rhEGF) is one of the most widely used growth factors in the treatment of diabetic ulcer (Tsang et al., 2003; Jeong et al., 2020; de Oliveira et al., 2022). A study reported that a chitosan-based composite hydrogel can be produced by compounding EGF-coated nanoparticles with silver ions using nanocapsule technology (Lee et al., 2021). The hydrogel can continuously release EGF and Ag+, has obvious bactericidal effect and has good hydration effect, which makes it very suitable for wound exudation environment. Compared with other methods of treating diabetic ulcers, the hydrogel resulted in rapid collagen deposition, reduced inflammation, and faster wound healing in rats with diabetic ulcers. Another study reported that a chitosan-based nanocomposite hydrogel could be developed through nanotechnology, which encapsulates EGF nanoparticles, perfluorocarbon and polyhexamethylene biguanide (Lee and Lin, 2022). The hydrogel continuously released EGF and polyhexamethylene biguanide, which had antibacterial, anti-inflammatory, oxygen transport and enhanced cell growth activities. These functions allow the skin tissue integrity and function of diabetic rats to rapidly recover. In addition, a study reported that a polymer coupled to recombinant human epidermal growth factor incorporated into chitosan-based hydrogels, which retains the biological activity of EGF and confers better resistance to proteolysis (Hajimiri et al., 2016). It can promote the proliferation of fibroblasts in vitro and promote wound healing in diabetic rats.
Platelet-derived growth factor (PDGF), known as “trauma factor”, is mainly stored in platelet alpha granules (Walsh and Poole, 2017). When the body is injured, epithelial cells, endothelial cells, macrophages and immune cells secrete PDGF (Yang et al., 2020). They are directly or indirectly involved in inflammatory reaction, tissue and cell differentiation and proliferation of wound repair (Das et al., 2016; Jian et al., 2022). In 1997, the FDA approved Becaplermin containing a human recombinant platelet-derived growth factor BB (PDGF-BB) gel for the treatment of diabetic foot ulcers. A recent study reported that PDGF-BB encapsulated with a self-assembled peptide (RADA 16-I) can create a kind of nanohydrogel with good biocompatibility and biodegradability, which allows continuous delivery of PDGF-BB and destroys the bacterial biofilm (Santhini et al., 2022). Compared with the control group and untreated animals, the levels of hydroxyproline and ascorbic acid in Rattus norvegicus treated with the PDGF-BB nanohydrogel were significantly increased, which confirms the role of PDGF-BB nanohydrogel in promoting angiogenesis and wound healing.
Stromal cell-derived factor-1α (SDF-1α) is a key chemokine involved in the regulation of tissue and organ injury and repair with strong chemotaxis on diverse inflammatory and mesenchymal stem cells (Li et al., 2016). SDF-1α can promote angiogenesis and wound healing by inducing the migration of endothelial progenitor cells. After the expression of SDF-1α is inhibited, wound neovascularisation is significantly reduced, the inflammatory reaction is intensified and the wound healing rate is significantly reduced. To protect SDF-1α, Yu et al. (2020) prepared a kind of nanogel-loaded liposome that stimulates the recruitment of bone marrow mesenchymal stem cells, secretes cytokines, regulates the phenotypes of other effector cells and effectively promotes wound closure and tissue regeneration. Other studies have found that these nanocomposite hydrogels containing SDF-1α could influence macrophage phenotype and promote skin tissue regeneration in diabetic mice (Yu J. R. et al., 2021).
Moreover, combining small-molecule drugs with growth factors may be a promising method to promote wound healing. The curcumin and EGF modified by nanotechnology were encapsulated in hydrogels, which could release curcumin and EGF on demand and synchronise with wound healing. Specifically, curcumin is rapidly and continuously released during the early stage of wound healing to alleviate inflammation and oxidative stress, while EGF is relatively slow-acting and sustains late proliferation and extracellular matrix remodelling (Li Y. et al., 2021; Hu et al., 2021). A similar combination has been verified using nano lipid carriers (Lee et al., 2020).
Treatment of diabetic ulcers with nanocomposite hydrogel loaded with silver nanoparticles
Bacterial infection is an important factor that hinders wound healing of diabetic ulcers (Kishibe et al., 2018; Zhang R. et al., 2021; Roy et al., 2022). The decomposition products of diabetic ulcer skin tissue and the persistent high-glucose environment provide an excellent culture medium for the growth and reproduction of bacteria. A large number of bacteria enter the human body through the wound and go deep into the tissue, leading to sepsis and even death (Shaheen et al., 2021; Xie et al., 2022). Early, active and effective control can prevent chronic infection and accelerate wound healing (Han and Kang, 2013).
Most metal nanoparticles possess antibacterial effects, among which that of silver nanoparticles is the strongest. Silver nanoparticles have excellent antibacterial properties through controlling the slow release of silver ions from their surface (Devi et al., 2017; Shankar and Rhim, 2017; Li M. et al., 2021; Haghniaz et al., 2021). In addition to antibacterial activity, silver nanoparticles have been observed to be anti-inflammatory, induce apoptosis of neutrophils, reduce the activity of matrix metalloproteinases, accelerate wound healing and reduce the formation of a scar (Wong et al., 2009; Sivakumar et al., 2017; Shehabeldine et al., 2022).
Recent studies have shown that bamboo cellulose nanocrystals can be impregnated with silver nanoparticles to obtain inexpensive nanocomposite hydrogels (Singla et al., 2017). The levels of pro-inflammatory cytokines IL-6 and TNF-α were significantly decreased, and the expression of collagen and growth factors (FGF, PDGF, VEGF) were significantly increased in mice with diabetic ulcers treated with topical application of this hydrogel. In addition, re-epithelialisation, angiogenesis and collagen deposition were improved, and wound healing was accelerated. Similarly, a type of chitosan polyethylene glycol hydrogel impregnated with silver nanoparticles was recently reported (Masood et al., 2019). Compared with the blank chitosan polyethylene glycol hydrogel, the silver nanoparticle-impregnated hydrogel has higher porosity, higher expansion and stronger antibacterial and antioxidant properties in vitro. The chitosan polyethylene glycol hydrogel impregnated with silver nanoparticles can slowly and continuously releases silver nanoparticles within 7 days, can accelerate the re-epithelisation and collagen deposition of diabetic wounds of rabbits and have better wound healing ability (Figure 5).
[image: Figure 5]FIGURE 5 | The preparation process of Silver nanoparticle impregnated chitosan-PEG hydrogel and its therapeutic effect on diabetic rabbit wounds. Reproduced from (Masood et al., 2019), with permission from Elsevier.
Recently, it has been reported that a novel antifouling and anti-infective hydrogel can be prepared by mixing silver nanoparticles with chitosan and dextran. After treatment with this hydrogel, the wounds of diabetic SD rats contracted rapidly, and the expression levels of CD68+ and CD3+ were upregulated (Shi et al., 2019). It is suggested that the hydrogel can promote the activation of immune cells and accelerate wound healing by promoting fibroblast migration, granulation tissue formation and angiogenesis. For example, Huang et al. (2017) synthesised nanocomposite hydrogels containing silver nanoparticles, showing high water content and antifouling and antibacterial properties. They achieve good absorption of exudates and are easily removed from wounds. The embedded silver nanoparticles continuously release Ag+ and eliminate adsorbed bacteria by interacting with sulfur-containing proteins on bacterial membrane. Furthermore, Ragothaman et al. (2021) have fabricated a nanohydrogel system coated with silver nanoparticles and melatonin, in which silver nanoparticles act as antibacterials and melatonin as an antioxidant and anti-inflammatory agent. The synergistic effect of the two drugs results in rapid tissue regeneration, collagen deposition and angiogenesis in the wound site of Wistar albino rats.
However, the latest research shows that silver nanoparticles readily agglomerate, and high concentration of Ag+ will have adverse side effects on human cells and tissues (Rana and Kalaichelvan, 2013). Based on this, a nanohydrogel loaded with functional Ag2S quantum dots was reported (Du et al., 2022). It can improve the bacterial clearance rate, increase the collagen coverage area and upregulate the expression of VEGF. It shows high biocompatibility and serves a new way for the treatment of infectious diabetic ulcers.
Other considerations
Exosomes are lipid bilayer extracellular vesicles secreted by various cells, which contain a series of bioactive substances such as proteins, lipids, RNA and DNA. They can promote angiogenesis, stimulate collagen deposition, inhibit inflammation and accelerate wound healing (Chen et al., 2021; Zhao et al., 2021; Wang et al., 2022). Previous studies have shown that the lack of exosomes may lead to delayed wound healing in patients with diabetic ulcers. It was found that the bioactive scaffold was prepared by wrapping exosomes from human umbilical cord mesenchymal stem cells in polyvinyl alcohol/alginate nanohydrogels (Zhang Y. et al., 2021). It has good biocompatibility and can effectively load exosomes to make them active. The hydrogel can promote the expression of smooth muscle actin, scavenger receptor class B type 1, platelet endothelial cell adhesion molecule-1 and VEGF by activating the ERK1/2 pathway and accelerate the wound healing of diabetic ulcers of rats. Furthermore, exosomes encapsulated in the nanohydrogel could promote the wound healing, proliferation, migration and angiogenesis of human umbilical cord mesenchymal stem cells in rats with diabetic ulcers more quickly than normally injected exosomes (Figure 6).
[image: Figure 6]FIGURE 6 | The preparation method of exosomes and the application of exosomes in wound healing. Reproduced from (Zhang Y. et al., 2021), with permission from Elsevier.
Recent studies have shown that platelet-rich plasma comprising numerous cell growth factors can accelerate wound healing by regulating cell proliferation (Menchisheva et al., 2019; Devereaux et al., 2020; Qian et al., 2020). However, most of the platelet-rich plasma used in the clinic is liquid, which cannot be fixed in the local area, and the growth factors in platelet-rich plasma is released too fast to maintain the long-term effective concentration. Recently, it has been reported that the plasma-rich gel is an effective carrier to protect platelet growth (Li et al., 2022a). In vivo studies showed that the hydrogel significantly promotes the healing of full-thickness skin wounds by enhancing granulation tissue formation, promoting collagen deposition and accelerating re-epithelialisation and neovascularisation.
Oxygen is the most important nutrient for cell survival. Insufficient oxygen delivery prevents cell migration and angiogenesis and reduces cell growth and differentiation, thereby delaying wound healing (Shiekh et al., 2020; Tu et al., 2022). Recently, a new technology is reported, which can transform the traditional gel dressing by adding freeze-dried nano-oxygen-containing powder to obtain a nano-sized oxygen-containing gel, which can deliver dissolved oxygen to the local wound surface (Yang Z. et al., 2022). The hydrogel promotes cell migration, angiogenesis and cell viability by antagonising the hypoxic environment of epithelial cells, endothelial cells and fibroblasts. Animal experiments showed that a nano-oxygen-containing gel has substantial effects on wound healing and flap survival in diabetic mice.
Increasing evidence shows that mesenchymal stem cells can promote wound healing of diabetic ulcers by promoting cell proliferation and differentiation and extracellular matrix synthesis, releasing growth factors and promoting angiogenesis (Han et al., 2019; Lv et al., 2020; Wang et al., 2022). Recently, it has been reported that nanopeptide hydrogels can improve the survival and proliferation efficiency of mesenchymal stem cells and enhance their differentiation potential and secretory activity (Xue et al., 2022). The hydrogel can regulate inflammatory reactions by downregulating inflammatory factors and upregulating VEGF to promote angiogenesis, thus accelerating the healing of diabetic ulcers.
Recently, researchers have found that proteins in egg white play an important role in wound healing (Ge et al., 2021). Based on this, montmorillonite/polyvinyl alcohol nanocomposite hydrogels containing egg white were prepared using a cyclic freeze-thaw method (Jahani-Javanmardi et al., 2016). Such hydrogels are transparent, and the equilibrium water content and gas exchange rate are very close to those of human skin. Moreover, it is suitable for dry diabetic ulcer wounds.
DISCUSSION
Diabetic skin ulcers are a serious complication caused by the internal environmental changes and the local pathological changes of skin caused by diabetes. Many studies have shown that a nanocomposite hydrogel is an ideal local drug delivery method to promote the healing of diabetic ulcers and has achieved satisfactory therapeutic effects. Nanocomposite hydrogels have the advantages of small particle size, high water content, long drug released property and good biocompatibility and biodegradability. They can also be used for the delivery of small-molecule drugs, protein drugs and silver nanoparticles to promote the healing of diabetic ulcers. In conclusion, nanocomposite hydrogels are expected to serve as a new dressing for large-scale clinical treatment of diabetic ulcer patients.
However, there are still problems to be solved. For example, most nanocomposite hydrogels are in the early stage of experimental or clinical development, and there is a lack of large-scale clinical studies to establish efficacy and safety. The preparation of some hydrogels is complex, which makes it difficult to widely apply them to the clinic. To reduce the adverse reactions in clinical treatment, it is necessary to accurately control a series of properties of nanocomposite hydrogels, such as crosslinking degree, porosity, swelling, mechanical properties, cell adhesion and permeability and to simulate the extracellular matrix microenvironment as much as possible to maintain the characteristics and activity of each component. Furthermore, it is important to determine the optimal moisture removal rate of the composite hydrogel and to determine the optimal moisture content of the composite hydrogel for patients with diabetes. It can be predicted that our research on nanocomposite hydrogel materials will be more detailed, and the preparation methods will be more advanced. More new nanocomposite hydrogel carriers will be developed and applied to clinical drug delivery, which will benefit more patients with chronic ulcers.
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We report the preparation and characterization of gadolinium (Gd)- or manganese (Mn)-loaded dendrimers and Gd-loaded dendrimer-entrapped gold nanoparticles (Gd-Au DENPs) to examine the relationship between the number of metal ion chelators and r1 relaxivity. In this study, amine-terminated fifth-generation poly(amidoamine) dendrimers (G5.NH2) modified with different numbers of DOTA-NHS chelators were used to chelate Gd and Mn ions. The remaining amine groups were then acetylated completely, followed by the use of materials with better r1 relaxivities and T1-weighted imaging performances as templates to synthesize Gd-Au DENPs. The Gd and Mn chelators as well as Gd-Au DENPs were characterized via different techniques. We show that the r1 relaxivity and T1 imaging performance increase with loading of greater numbers of Gd and Mn ions on the G5.NH2 and that the acetylation process affects the relaxivity and imaging properties to a certain extent. After entrapment with Au NPs, the r1 relaxivity and T1-weighted imaging performance of Gd-Au DENPs decrease with greater loading of Au NPs. This systematic study of the relaxivities and T1-weighted imaging performances of Gd, Mn, and Gd-Au DENP chelators are expected to be a theoretical basis for developing multifunctional dual-mode contrast agents.
Keywords: dendrimer, manganese, gadolinium, r1 relaxivity, T1-weighted MR imaging
INTRODUCTION
Magnetic resonance (MR) imaging is one of the most powerful noninvasive medical imaging techniques with good spatial resolution and high sensitivity, offering superior 3D details and topographic information on soft-tissue contrast (Chan and Wong, 2007; Taboada et al., 2007; Xiao et al., 2023). To increase the signal-to-noise ratio of information acquired from normal tissues and tumors, it is necessary to use contrast agents (Aime et al., 2009). To date, various contrast agents have been used for clinical diagnosis, such as gadolinium (Gd)-based small molecular (DTPA, DOTA, NOTA) contrast agents in T1-weighted MR imaging and iron oxide nanoparticles (NPs)-based contrast agents in T2-weighted MR imaging (Miao et al., 2021; Meng et al., 2022). Unfortunately, these small-molecule-based contrast agents cannot be used for long-circulation imaging owing to their short circulation times in the blood and quick elimination from the body through urine (Prencipe et al., 2009). Although iron oxide NPs display excellent MR imaging properties and are widely used as negative MR contrast agents (Le et al., 2022; Luo et al., 2022), their clinical use has several disadvantages; in particular, negative contrast effects and magnetic susceptibility artifacts are observed, which could mislead the clinical diagnosis. Therefore, it is crucial to develop novel carriers for MR imaging contrast agents to overcome these drawbacks.
Among the macromolecular family, poly(amidoamine) (PAMAM) dendrimers are a class of highly branched, monodispersed, and synthetic macromolecules with well-defined three-dimensional architectures, composition, and abundant terminal functional groups (Shi et al., 2008). The unique structural properties of PAMAM allow their use as a platform for constructing various kinds of contrast agents, such as dendrimer-based Mn- or Gd-loaded agents for MR imaging, Gd-loaded dendrimer-entrapped gold nanoparticles (Gd-Au DENPs) for CT/MR applications (Chen et al., 2013), and 99mTc labeled Mn-loaded dendrimer-based contrast agents for SPECT/MR imaging applications (Liu et al., 2012; Fan et al., 2020). The PAMAM dendrimer has been widely researched for single- and multi-mode contrast agents, but there are still some questions that have not been well resolved. First, the relationship between the r1 relaxivity of the chelate numbers modified onto the dendrimer and loading amount of the metal ions is not clearly understood. Second, given the same modified condition (same number of chelates and same mole amounts of metal ions), which among Mn- or Gd-based contrast agents have better r1 relaxivity and T1-weighted MR imaging performance? Third, after entrapping gold NPs, the effects of r1 relaxivity and T1-weighted MR imaging performance of Gd-loaded Au DENPs as CT/MR dual-mode contrast agents are not investigated in detail. Based on these questions, in the present study, the amine-terminated fifth-generation poly(amidoamine) (G5.NH2) dendrimers were first modified with 2, 2′, 2′′-(10-(2-(2, 5-dioxopyrrolidin1-aryloxy)-2-oxoethyl)-1, 4, 7,1 0-tetraazacyclododecane-1, 4, 7-triyl) triacetin acid (DOTA-NHS) in mole ratios of 1:5, 1:10, 1:20, and 1:30; then, the modified G5.NH2 dendrimers were used as templates to chelate Gd(III) and Mn(II). After acetylation of the remaining dendrimer terminal amines, G5.NHAc-DOTA-Gd or G5.NHAc-DOTA-Mn were formed. The formed Gd and Mn chelators were characterized thoroughly via different techniques, and the material with the highest r1 relaxivity was chosen as the template to entrap Au NPs to prepare the Gd-Au DENPs.
EXPERIMENTAL METHODS
Materials
Ethylenediamine core G5.NH2 PAMAM dendrimers (molecular weight = 26,010 g/mol) with polydispersity index values less than 1.08 were purchased from Dendritech (Midland, MI, USA). Polyethylene glycol (PEG) monomethyl ether with a carboxyl group at one end (mPEG-COOH) was obtained from Shanghai Yanyi Biotechnology Corporation (Shanghai, China). Gd(NO3)3.6H2O, MnSO4.H2O, HAuCl4.4H2O, acetic anhydride, triethylamine, and all other chemicals as well as solvents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium borohydride was purchased from J&K Chemical Ltd. (Shanghai, China). DOTA-NHS was purchased from CheMatech (Dijon, France). The water used in all experiments was purified using a Milli-Q Plus185 water purification system (Millipore, Bedford, MA) with a resistivity greater than 18.2 MΩ cm.
Fabrication of G5.NH2 with DOTA
About 13.00 mg of G5.NH2 dissolved in DMSO (4 mL) was reacted with 5 molar equivalents of DOTA-NHS (1.87 mg, 2 mL in DMSO) under vigorous magnetic stirring, and purification was performed similar to that noted in our previous report (Wen et al., 2013). The reaction was stopped after 24 h to obtain the raw product G5.NH2-DOTA5. Then, G5.NH2-DOTA10, G5.NH2-DOTA20, and G5.NH2-DOTA30 were fabricated in a similar manner.
Synthesis of G5.NH2-DOTA-Mn and G5.NH2-DOTA-Gd
The formed G5.NH2-DOTA5, G5.NH2-DOTA10, G5.NH2-DOTA20, and G5.NH2-DOTA30 were used as templates to chelate Mn(II) (Figure 1A) or Gd(III) (Figure 1B) ions. Aqueous MnSO4 (1.27 mg/mL, 1 mL in water) and Gd(NO3)3 (3.39 mg/mL, 1 mL in water) solutions with MnSO4/DOTA and Gd(NO3)3/DOTA in a molar ratio of 1.5:1 were added to G5.NH2-DOTA5 under vigorous stirring to chelate Mn(II) or Gd(III) ions, respectively. The reaction was performed for 24 h to obtain G5.NH2-DOTA5(Mn) or G5.NH2-DOTA5(Gd) as the products. Then, half the volumes of G5.NH2-DOTA5(Mn) and G5.NH2-DOTA5(Gd) solutions were removed for dialysis for 3 days (three times per day, 2 L of water each time) to remove the excess Mn(II) or Gd(III) ions. Six molar equivalents of the dendrimer terminal amine triethylamine (53 μL) were added to the remaining G5.NH2-DOTA5(Mn)5 and G5.NH2-DOTA5(Gd)5 solutions. After 30 min, acetic anhydride (33 μL, equal to 5 molar equivalents of the dendrimer terminal amine) was added dropwise into the solutions under vigorous magnetic stirring, and the solutions were allowed to react at room temperature with stirring for 24 h. Then, the DMSO, excess reactants, and byproducts were removed from the mixture by extensive dialysis with water (9 times, 2 L) for 3 days, followed by lyophilization to obtain the G5.NHAc-DOTA5(Mn) and G5.NHAc-DOTA5(Gd). The G5.NH2-DOTA10(Mn), G5.NH2-DOTA20(Mn), G5.NH2-DOTA30(Mn), G5.NH2-DOTA10(Gd), G5.NH2-DOTA20(Gd), G5.NH2-DOTA30(Gd), and their acetylated materials were also formed similarly.
[image: Figure 1]FIGURE 1 |  Schematic illustration of the preparation of G5.NHAc-DOTAn(Gd) (A) or G5.NHAc-DOTAn(Mn) (B). TEA and Ac2O represent triethylamine and acetic anhydride, respectively.
Synthesis of (Au0)n-G5.NHAc-mPEG15-DOTA30(Gd)
About 13.00 mg of G5.NH2 dissolved in DMSO (4 mL) was reacted with 30 molar equivalents of DOTA-NHS (11.22 mg, 5 mL in DMSO) under vigorous magnetic stirring (Figure 2). The reaction was stopped after 24 h to obtain G5.NH2-DOTA30 as the raw product. Then, 15.00 mg of mPEG-COOH dissolved in 5 mL DMSO and 15 molar equivalents of G5.NH2 was reacted with EDC (14.38 mg in 2 mL DMSO) for 15 min at room temperature. Next, NHS (8.63 mg, in 1 mL DMSO) was added to the above solution under vigorous magnetic stirring for 3 h. The EDC/NHS-activated mPEG-COOH was then added dropwise into the DMSO solution of the raw product of G5.NH2-DOTA30 under vigorous magnetic stirring. The reaction was continued for 3 days to obtain G5.NH2-DOTA30-mPEG15 conjugates as the raw products. Then, HAuCl4 solution (5 mg/mL, 2.06 mL in water) was added under vigorous stirring. After 1 h, an icy cold NaBH4 solution (4.73 mg/mL, 1 mL in water/methanol, v/v = 2:1) with 5 molar equivalents of the gold salt was added to the gold salt/dendrimer mixture under vigorous stirring. The solution turned a deep-red color after the addition of NaBH4, and the stirring was continued for 3 h to complete the reaction. Then, acetylation of the excess terminal amines was performed similar to the process in our previous work (Liu et al., 2012). The mixture was purified by dialysis as described previously to remove the excess DMSO and other reagents. The Au DENPs were then purified and dried by lyophilization.
[image: Figure 2]FIGURE 2 | Schematic illustration of the preparation of (Au0)n-G5.NHAc-mPEG-DOTA30(Gd). TEA and Ac2O represent triethylamine and acetic anhydride, respectively.
Characterization techniques
1H NMR spectra were recorded with a Bruker DRX 400 nuclear magnetic resonance spectrometer. Samples were dissolved in D2O before the measurements. The size and morphology of the Gd-Au DENPs were characterized by using a JEOL 2010F analytical electron microscope (JEOL, Japan) operating at 200 kV. Transmission electron microscopy (TEM) samples were prepared by the deposition of a dilute particle suspension (1 mg/mL, 5 μL) onto a carbon-coated copper grid and air dried before measurements. For each sample, at least 100 NPs from different TEM images were randomly selected and measured using ImageJ software (http://www.rsb.info.nih.gov/ij/download.html) to assess the average size and size distribution. The compositions of Mn, Gd, and Au of the formed materials were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, Leeman Prodigy, USA). The surface potentials of each material before and after acetylation were measured using a Zetasizer Nano ZS system (Worcestershire, UK) equipped with a standard 633 nm laser. The r1 relaxivity and T1-weighted images of the Gd and Mn chelates were obtained using a 0.5 T NMI20 equipment (Newman, China) with a wrist receiver coil.
RESULTS AND DISCUSSION
Synthesis and characterization of G5.NH2-DOTA
The 1H NMR technique was used to investigate the actual number of DOTA units conjugated onto each G5.NH2 molecule, as in our previous work (Supplementary Figure S1;Wen et al., 2013). After conjugation of different ratios of DOTA-NHS, the numbers of remaining dendrimer terminal amine groups in each of the G5.NH2 molecules were estimated to be 105.8, 102.5, 99.6, and 90.1, and the numbers of DOTA units per G5.NH2 molecule were calculated as 4.2, 7.5, 10.4, and 19.9 (Supplementary Table S1); these numbers are slightly lower than the theoretical values of 5, 10, 20, and 30 based on the initial molar feed ratios.
Fabrication and characterization of G5.NHAc–DOTA(Mn) and G5.NHAc-DOTA(Gd)
The numbers of Gd(III) and Mn(II) ions complexed with each dendrimer were measured as shown in Supplementary Table S2. It is clear that the number of ions per G5.NH2 molecule of the Gd-based chelate is slightly higher than the DOTA number on the surface of the dendrimer, which is consistent with the observations in our previous work (Wen et al., 2013). The reason for this is likely the fact that besides the Gd(III) ions chelated within the DOTA ligands on the surfaces of the G5 dendrimers, small portions of the Gd(III) ions are complexed with the interior tertiary amine groups of the dendrimer. In contrast, the number of Mn(II) ions complexed with each G5.NH2 molecule was estimated to be 23.3 when the initial molar feed ratio of the DOTA/dendrimer was 30:1; this is less than the theoretical value of 30 attached DOTA moieties on each dendrimer. Compared with the Mn-based chelates, the Gd-based chelates thus have better chelating abilities.
To utilize the G5.NH2 modifications to Gd- and Mn-based chelates in biological applications, it is necessary to explore their cytotoxicities before and after acetylation. Our previous report shows that the G5.NH2 displays significant cytotoxicity because of more than 100 amino groups on the surface of the G5.NH2 dendrimer. To investigate the changes in the zeta potentials of each of the materials before and after acetylation, the zeta potential of each material was measured. As shown in Supplementary Table S3, the zeta potential of each material decreased sharply after acetylation. This may be attributed to the redundant amino groups of G5.NH2 being changed into acetamide groups with acetic anhydride through acetylation.
Synthesis and characterization of {(Au0)n-G5.NHAc-mPEG15-DOTA3(Gd)} DENPs
The size and morphology of Au DENPs of different compositions were characterized by TEM (Figure 3). The diameters of the (Au0)50-G5.NHAc-mPEG15-DOTA30-Gd, (Au0)75-G5.NHAc-mPEG15-DOTA30-Gd, and (Au0)100-G5.NHAc-mPEG15-DOTA30-Gd DENPs were 4.1, 3.7, and 3.0 nm, respectively. The diameter of the Au DENPs increased slightly with the high dendrimer/Au salt molar ratio, which is very close to that noted in our previous study (Wen et al., 2013).
[image: Figure 3]FIGURE 3 | Transmission electron microscopy images of (Au0)50G5.NHAc-mPEG-DOTA30(Gd) (A), (Au0)75 G5.NHAc-mPEG-DOTA30(Gd) (B), and (Au0)100G5.NHAc-mPEG-DOTA30(Gd) (C) DENPs.
T1-weighted imaging and r1 relaxivity of Mn-based and Gd-based chelates
T1-weighted imaging was conducted to verify the potential of the formed Mn-based (Figure 4) as well as Gd-based (Figure 5) materials as MR contrast agents. The proton longitudinal relaxation times (T1) of these sixteen samples in water were measured with a 0.5 T NMI20 MRI system (Newman, China) with Mn2+ and Gd3+ concentrations of 0.1, 0.2, 0.4, 0.8, and 1.6 mM. As shown in Figure 3 and Figure 4, signal enhancements are observed in the T1-weighted images in a number-dependent manner with increases in the numbers of DOTA-Mn and DOTA-Gd ions per G5.NH2. For the Mn-chelates, the signal enhancements in the T1-weighted images were inconspicuous even though the number of DOTA-Mn increased to 20. We found that the signals of the Mn chelates weakened after acetylation. On the contrary, the signals of the Gd chelates increased slightly after acetylation. As shown in Table 1, the r1 relaxivity of the DOTA-Mn increased from 1.16 to 2.54 mM−1s−1 with increase in number from 5 to 30 per G5.NH2. After acetylation, the r1 relaxivity of the DOTA-Mn decreased obviously from 1.90 to 0.55 mM−1s−1. The r1 relaxivity results follow the same trends as the T1-weighted images. The r1 relaxivity of the Gd-based chelates increased from 5.77 to 7.69 mM−1s−1 with increase in the numbers of DOTA-Gd from 5 to 30 per G5.NH2. However, the r1 relaxivities of the Gd-based chelates increased from 7.06 to 9.77 after acetylation, which is different from those of the Mn-based chelates. We speculate that the increased r1 relaxivities of the Gd- and Mn-based chelates may be due to the additional DOTA conjugates on the G5.NH2 to form nanoclusters as it has been noted in literature that the cluster structure could promote water exchange rate to increase the r1 relaxivity (Matsumoto and Jasanoff, 2008).
[image: Figure 4]FIGURE 4 | T1-weighted images of G5.NH2-DOTA5(Mn), G5.NH2-DOTA10(Mn), G5.NH2-DOTA20(Mn), and G5.NH2-DOTA30(Mn) (A, C, E, G) before and (B, D, F, H) after acetylation as functions of Mn2+ concentrations.
[image: Figure 5]FIGURE 5 | T1-weighted images G5.NH2-DOTA5(Gd), G5.NH2-DOTA10(Gd), G5.NH2-DOTA20(Gd), and G5.NH2-DOTA30(Gd) (A, C, E, G) before and (B, D, F, H) after acetylation as functions of Gd3+ concentrations.
TABLE 1 | Linear fitting of the r1 relaxivities of G5.NH2-DOTA(Mn) and G5.NH2-DOTA(Gd) before and after acetylation as functions of Mn and Gd concentrations, respectively.
[image: Table 1]T1-weighted imaging and r1 relaxivity of Gd-Au DENPs
It has been reported that Au NPs could be used as CT contrast agents because they have good biocompatibility. To investigate the relationship between the number of gold NPs and r1 relaxivity of the Gd-based chelates, we fabricated different G5:Au mole ratios of 1:50, 1:75, and 1:100 NPs and measured the r1 relaxivities (Figure 6) of Gd-Au DENPs as well as obtained their T1-weighted images (Figure 7). Figure 4 shows that with the increase in the amount of gold atoms per G5.NH2, the r1 relaxivity decreased from 13.11 to 7.50 mM−1s−1. This is attributed to the fact that the gold NPs being entrapped in the interior of the G5.NH2 primary cavity structure changed and that the G5.NH2 molecule became tight, leading to reduced water exchange rate between its interior and exterior.
[image: Figure 6]FIGURE 6 | Linear fitting 1/T1 of (Au0)50G5.NHAc-mPEG-DOTA30(Gd) (black square), (Au0)75 G5.NHAc-mPEG-DOTA30(Gd) (red circle), and (Au0)100G5.NHAc-mPEG-DOTA30(Gd) (blue triangle) DENPs at Gd concentrations of 2, 1, 0.5, 0.25 and 0.125 mM.
[image: Figure 7]FIGURE 7 | T1-weighted images of (A–C) (Au0)50G5.NHAc-mPEG-DOTA30(Gd), (Au0)75 G5.NHAc-mPEG-DOTA30(Gd), and (Au0)100G5.NHAc-mPEG-DOTA30(Gd) DENPs at Gd concentrations of 1.6, 0.8, 0.4, 0.2, and 0.1 mM.
CONCLUSION
We systematically investigated the relationship between r1 relaxivity and number of metal ions per dendrimer in this study. T1 relaxometry measurements show that the formed G5.NHAc-DOTA(Gd) NPs have an r1 relaxivity of 9.77 mM−1 s−1 when the number of DOTA is 30. Compared with dendrimer-based Gd chelators, the Mn-based materials show lower r1 relaxivity and poor T1 imaging properties for the same number of DOTA units. When the mole ratio of gold to G5 is as high as 100:1, the r1 relaxivity of G5.NHAc-DOTA30-Gd decreased to 7.50 mM−1s−1 and T1 imaging property was weakened. With appropriate tuning of the number of ions per G5 and the Gd/Au composition, the formed Gd-based or Gd/Au NPs may be applied in dual-mode MR/CT imaging and diagnosis of particular diseases (e.g., cancer) with high accuracies.
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Iron as an essential element, is involved in various cellular functions and maintaining cell viability, cancer cell is more dependent on iron than normal cell due to its chief characteristic of hyper-proliferation. Despite that some of the iron chelators exhibited potent and broad antitumor activity, severe systemic toxicities have limited their clinical application. Polyaminoacids, as both drug-delivery platform and therapeutic agents, have attracted great interests owing to their different medical applications and biocompatibility. Herein, we have developed a novel iron nanochelator PL-DFX, which composed of deferasirox and hyperbranched polylysine. PL-DFX has higher cytotoxicity than DFX and this effect can be partially reversed by Fe2+ supplementation. PL-DFX also inhibited migration and invasion of cancer cells, interfere with iron metabolism, induce phase G1/S arrest and depolarize mitochondria membrane potential. Additionally, the anti-tumor potency of PL-DFX was also supported by organoids derived from clinical specimens. In this study, DFX-based iron nanochelator has provided a promising and prospective strategy for cancer therapy via iron metabolism disruption.
Keywords: polylysine, deferasirox, iron, nanochelator, cancer therapy
INTRODUCTION
Iron is fundamental for cell function involved biomolecule syntheses, respiration, metabolism and DNA replication. Cancer cell requires more iron to facilitate its proliferation and growth (Zhang, 2014; Torti et al., 2018), which has been investigated by numerous studies conducted in cell, animal model and epidemiology (Torti and Torti, 2013). A meta-analysis involved 33 studies showed that higher iron intake increased the risk of colorectal cancer (Nelson, 2001). Multiple pathway such as Wnt and JAK-STAT3 signaling has been activated in tumor development and metastasis induced by iron overload (Ebina et al., 1986; Hann et al., 1991; Brookes et al., 2008; Xue et al., 2016; Schwartz et al., 2021), while iron depletion led to suppression of tumor growth and metastasis (Torti et al., 2018).
Iron chelators, like deferoxamine (DFO) and deferasirox (DFX), which can decrease the iron level in tissue, are commonly used for the treatment of iron-overload diseases such as thalassemia (Sridharan and Sivaramakrishnan, 2018). Accumulating evidence has revealed that iron chelators have robust and broad antitumor activities (Yu et al., 2012), and also have clinical efficacy in non-neoplastic diseases (Xu et al., 2022). Deferasirox, also known as ICL670, is a kind of oral iron chelator and has been approved by FDA for clinical treatment of blood-transfusion-related iron overload (Diaz-Garcia et al., 2014). In contrast to DFO, DFX has similar or better efficacy and more favorable safety profile (Nick et al., 2002; Cappellini, 2008; Vichinsky et al., 2013). Deferasirox also demonstrated antitumor effect in oesophageal, cervical, pancreatic, lung and gastric cancer (Ford et al., 2013; Lui et al., 2013; Choi et al., 2016; Amano et al., 2020; Zhou et al., 2022). However, deferasirox, as a small molecular agent, has several severe adverse effects, the most common was nephrotoxicity and occurred in ten percent of patients who received iron chelation treatment (Gattermann et al., 2010; Diaz-Garcia et al., 2014; Kattamis, 2019). Thus, despite iron homeostasis is a promising target in different cancer models, there is a lack of efficient and safe delivery system to suppress the side effect of deferasirox and maintain its efficiency at the same time.
The rise of nanomedicine has provided new strategies for cancer therapy (He et al., 2021; Yang et al., 2022). Polyaminoacids has attracted great attention in the regards of both bioactive agents and drug carrier. Polyaminoacids was characterized by good biocompatibility, ease of modification and slow degradability (Boddu et al., 2021). Polylysine, which produced by streptomyces albulus, is a natural poly (amino acid) polymer composed of lysine with amino groups on the side chains (Tao et al., 2015; Boddu et al., 2021). Polylysine, as a drug carrier for cancer therapy, possesses the following advantages: (A) Polylysine can enhance the therapeutic efficacy of drugs loaded. For example, polylysine can enhance the therapeutic efficacy of drugs when polymerize it with methotrexate, (B) polylysine is rich in cations, thus can penetrate biofilms and especially interact with tumor cells commonly possessing negatively charged membranes (Vasir and Labhasetwar, 2008; Zhou et al., 2015; Narayanan et al., 2022), and (C) Polylysine is biodegradable which could prevent accumulative cytotoxicity and facilitate downstream processing. Herein, a DFX-based iron nanochelator, which was formed by deferasirox loaded hyperbranched polylysine, was designed and synthesized for cancer therapy via iron deficiency. PL-DFX induced dysregulation of the iron homeostasis and increased the potency of DFX in gastrointestinal tumor cells. PL-DFX also demonstrated remarkable antitumor effects in patient-derived gastric and colorectal tumor organoids. Overall, this novel iron nanochelator provides new insights for cancer therapy.
MATERIALS AND METHODS
Materials
Deferasirox was purchased from Aladdin Biotechnology (Shanghai, Chain). Cell culture medium, trypsin, penicillin-streptomycin and fetal bovine serum were purchased from Gibco (Guangzhou, China). Cell counting kit-8 (CCK8) was purchased from Yeasen (shanghai, China). Annexin V-FITC/PI apoptosis Kit, cell cycle kit, mitochondria membrane potential detection (JC-1) kit and calcein-AM were purchased from Beyotime (Shanghai, China).
Syntheses of hyperbranched polylysine
Firstly, the hyperbranched polylysine was synthesized by following method (Figure 1): Lysine·HCl (27.40 g, 150 mmol) and KOH (8.42 g, 150 mmol) was completely stirred by mortar until well mixed. The mixture was transferred into open 1 L round bottom flask and stirred under 240°C with 3 mol% H3BO3 as catalyst. The flask was opened to allow water formed in the reaction to escape. The reaction was stopped and cooled to room temperature after 5 h. The crud product was collected by dissolving in methanol. The KCl formed during the reaction was filtered off. The methanol was evaporated and the product was dissolved in water. The aqueous solution was then lyophilized to afford polylysine solid in 85% yield.
[image: Figure 1]FIGURE 1 | Schematic illustration of PL-DFX synthesis and fabrication.
Syntheses of PL-DFX
The DFX loading reaction was carried out as follows (Figure 1): the hyperbranched polylysine (274.0 mg, 1.50 mmol) synthesized in the former step was dissolved in DMSO (30 ml), DIPEA (100 μl) was then added to the solution. DFX (280.0 mg, 0.75 mmol) in DMSO (20 ml) and EDC (152.2 mg, 0.080 mmol) was added. The two solution was then mixed in one flask and stirred at room temperature for 5 h. The solution was dialyzed (Spectra/pro MWCO = 1000) against acetonitrile (500 ml). The precipitate was collected and washed with acetonitrile for three times in a glass filter. The crude product was dissolved in minimum of DMSO and dialyzed against water (500 ml, three times). The product was lyophilized to appear as white to yellow solid (yield = 56%).
Characterization of PL-DFX
1H NMR was recorded at room temperature on a Bruker Avance III 600 MHz nuclear magnetic resonance spectrometer; FTIR: IR spectra was recorded by using FT-IR Spectrometer Platform INVENIO; UV-Vis: UV-Vis spectra was measured by Agilent Cary UV-Vis spectormeter; Lyophilized: Lypholization was carried on a Freeze Dryer Lyophilizer VriTis Benchtop 4KBTZL.
In order to evaluate drug loading efficiency of PL-DFX, calibration curve of DFX has been illustrated by the UV absorbance of 0, 2, 4, 6, 8, 10 µg/ml DFX dissolved in PBS. The absorbances of diluted solutions were measured at 245 nm using UV/Visible spectrophotometer. The plot of UV absorbance versus DFX concentration was subjected to linear regression analysis. The 1.00 mg of PL-DFX was weighed precisely, the amide bond linked polylysine and DFX was hydrolyzed by aqueous solution of HCl (2 M), the DFX was separated by chromatographic column and dissolved in 50 ml PBS to determine the drug concentration. The drug loading efficiency was calculated based on equation LE (%) = We/Wm × 100%.
Cell culture
The human gastric carcinoma cell (HGC-27) was cultured in RPMI 1640 (Gibco). The human colorectal carcinoma cells (DLD-1 and HCT-116) were cultured in RPMI 1640 (Gibco) and McCoy’s 5A respectively. The human renal tubular epithelial cell (HK2) was cultured in DMEM (Gibco). All media were supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Gibco). All cells were cultured and incubated in a humidified atmosphere at 37°C with 5% CO2.
Cell viability
Cell viability was analyzed by cell-counting kit-8 (CCK8) assay. Briefly, cells were seeded into 96-well plates at a density of 5000–10000 cells per well and incubated overnight. Then drugs were added at different concentrations. 48 h after treatment, cell viability was measured according to the manufacturer’s instructions.
Apoptosis assay
Evaluation of apoptosis assay was performed by using Apoptosis Kit. According to the manufacturer’s instructions, cells were seeded into 6-well plates and incubated with PL-DFX (25 μM) at 37°C for 0 h, 24 h and 48 h. Then the cells were collected and stained with Annexin V-FITC and PI for 20 min. After staining, the cells were evaluated by flow cytometry.
Wound healing
HGC-27 cells were seeded into 6-well plates at the density of 5×105 per well and incubated for 24 h at 37°C. Then using a sterile pipette tip to scratch the cells. After washing 3 times with PBS, the medium containing DFX (12.5 μM) and PL-DFX (12.5 μM) was added to the wells. Finally, photos of wound healing were taken at 0 h and 24 h, respectively.
Transwell
Transwell chambers were placed into a 24-well plate and 60 μl of diluted Matrigel was added to each chamber. Once the Matrigel was solidified at 37°C, 200 μl of cell suspension (5×104 cells per chamber) which contained DFX (40 μM) and PL-DFX (40 μM) was added into the chamber, and 700 μl of medium containing 10% FBS in the lower chamber. Then cells were incubated at 37°C for 48 h. After washed two times with PBS, cells were fixed with 4% paraformaldehyde for 30 min and dyed with crystal violet for 30 min. Removed the excess dye, the chamber were dried at room temperature and photos were taken.
Labile iron pool
The cellular LIP was measured as described previously (Prus and Fibach, 2008; Komoto et al., 2021). Briefly, cells were seeded into 6-well plates and incubated with DFX (25 μM) and PL-DFX (12.5 μM) for 48 h. After washed with PBS, these cells were incubated with calcein-AM (0.5 μM) at 37°C for 15 min protected from light. The mean fluorescence intensity was measured by using flow cytometry.
Cell cycle
Cells were seeded into 6-well plates and cultured at 37°C overnight. Then cells were incubated with DFX (25 μM) and PL-DFX (12.5 μM) for 24 h. At the end of incubation, cells were collected and fixed in 75% ethanol for 24 h at 4°C. Then the cells were washed with PBS and stained with propidium iodide (PI) solution containing RNase A at 37°C for 30 min protected from the light. Finally, the cells were analyzed by flow cytometry.
Mitochondria membrane potential
Cells were seeded into 6-well plates and incubated overnight. Then cells were treated with DFX (50 μM) and PL-DFX (25 μM) for 24 h. After treatment, cells were stained with JC-1 dyeing working solution for 20 min and washed three times with JC-1 buffer according to the manufacturer’s protocol. Finally, cells were collected and analyzed by flow cytometry.
Establishing and passaging of organoids
This study was approved by the ethical committee of the Seventh Affiliated Hospital of Sun Yat-Sen University and performed in compliance with the Declaration of Helsinki. Written informed consents were obtained from all patients.
Establishing of organoids
The clinical specimens were rinsed in PBS containing penicillin-streptomycin 5 times and then sheared into 1–3 mm3 small piece. The tissue fragments were digested for 2 h and supernatant was taken. After centrifugation, supernatant was removed and the remaining was resuspended with DMEM containing FBS. Centrifuged again, the cells were resuspended with DMEM and Matrigel at the ratio of 1:1 by volume. The mixed liquid was added into prewarmed 96-well plates with 10 μl per well then incubated at 37°C for 30 min. Once the Matrigel was solidified, 100 μl of medium was added to each well and cells were cultured at 37°C with 5% CO2.
Passaging of organoids
Organoids were digested with TripLE (Gibco) at 37°C for 30 min and then centrifuged at 7000 rpm for 1min. The supernatant was discarded and cells were washed one time with DMEM. Then cells were resuspended in DMEM and mixed with Matrigel (Corning) at the ratio of 1:1 by volume. Subsequent steps were described above.
Cytotoxicity of PL-DFX in organoids
Organoids were digested, centrifuged and resuspended as previously described. The cell suspension was added into prewarmed 96-well plates with 5 μl per well and then incubated at 37°C for 30 min. Once the Matrigel was solidified, 75 μl of organoid-conditioned medium was added and cells were cultured at 37°C and 5% CO2. Two days later, different concentrations of PL-DFX (75 μl) were added to the wells and organoids were cultured for an additional 120 h. Then, 10 μl of CCK8 reagent was added into each well and incubated for another 4–6 h, and the absorbance of each well was measured at 450 nm by microplate reader (BioTek, SynergyH1, United States).
Statistical analysis
Data was analyzed by GraphPad 8, and results were presented as mean ± SD. Comparisons between two independent groups were performed by using Student’s t test. *, ** and *** indicate that p-value < 0.05, 0.01 and 0.001, respectively.
RESULTS AND DISCUSSION
Design, preparation, and characterization of PL-DFX
The iron nanochelator PL-DFX composed of deferasirox and hyperbranched polylysine. In the choice of DFX and polylysine linkage site, we have carefully selected the carboxyl group on the opposite site to the“iron-catching”domain of DFX in order to avoid its iron decrease potency (Figure 2A). Firstly, the hyperbranched polylysine was synthesized, followed by DFX loading via amide bond formation based on the protocol in the method part. The purified product was characterized by 1H NMR (Bruker 600 MHz. MeOD, 298K) and FTIR (Figures 2B,C). According to the FTIR spectrum of PL-DFX, peaks at 3296.88 cm−1 represented the O-H streching, and the peaks at 1643.38 and 1625.29 cm−1 represented the benzene streching in the DFX molecule. Additionally, the multi peaks at 7.291–7.356 ppm of 1H NMR spectrum belong to the aromatic ring proton of DFX, which indicated the drug loading was successful.
[image: Figure 2]FIGURE 2 | Characterization of PL-DFX nanochelator. (A) The polylysine linking site and iron-chelating site in the structure of DFX. (B) 1H-NMR spectra of PL-DFX. (C) FTIR spectra of PL-DFX. (D) UV absorbance versus DFX concentration plot. (E) TEM image of PL-DFX. (F) Size distribution of PL-DFX.
Moreover, according to the UV absorbance of DFX (Figure 2D), the drug loading efficiency calculated was 34%. Size and zeta potential are key parameters of nanoparticle efficacy. Nanoparticle with around 100 nm diameter and positive charge can be more easily uptaken by tumor cells (Albanese et al., 2010). The transmission electron microscopy (TEM) demonstrated that PL-DFX was spherical in morphology and monodisperse nanoparticles (Figure 2E). The diameter and zeta potential of PL-DFX, as illustrated by Figure 2F, were 120 nm and 23.8 mV, respectively.
Cell viability and apoptosis
Accumulating evidence has confirmed the antitumor effects of DFX in vitro and in vivo (Ford et al., 2013; Amano et al., 2020; Zhou et al., 2022). Polylysine-based delivery platform can enhance the anti-tumor effects of drugs (Thambi et al., 2016; Toshiyama et al., 2019). Herein, CCK8 assay was used to evaluate the cytotoxicity of DFX and PL-DFX in HGC-27, DLD-1, and HCT-116 cells. IC50 value was also calculated from the dose-response curves shown. As illustrated in Figures 3A–C, cytotoxicity of DFX and PL-DFX against these tumor cells was in a concentration-dependent manner, and cell viability decreased with increasing concentrations of drugs. Compared to DFX, cells incubated with the same concentration of PL-DFX (at equivalent concentrations of DFX) showed lower viability. PL-DFX inhibited HGC-27, DLD-1 and HCT-116 with IC50 values of 18.73 μM, 34.80 μM and 12.58 μM, which were significantly lower than IC50 values of DFX (87.23 μM, 448.7 μM and 168.5 μM, respectively). The bright field images also showed that PL-DFX exhibited greater ability to inhibit cell proliferation than DFX (Figure 3E). The higher the PL-DFX concentration, the lesser number of cells, and the cells became small and round.
[image: Figure 3]FIGURE 3 | Cytotoxicity of PL-DFX in vitro. (A–C) Cell viabilities of HGC-27, DLD-1, and HCT-116 after incubated with DFX and PL-DFX for 48 h was measured by CCK8. (D) Cell viabilities of HK2 after incubated with DFX and PL-DFX for 24 h was measured by CCK8. (E) Microscopic images of HGC-27 after incubated with DFX and PL-DFX for 48 h. Scale bar = 100 μm.
Polylysine, as a biodegradable drug delivery platform, not only enhances the cytotoxicity of free drugs in tumor cells, while showing no higher toxicity in non-tumor cells (Du et al., 2020; Zhu et al., 2021). Due to nephrotoxicity of DFX, the cytotoxicity of DFX and PL-DFX was also investigated in human renal tubular epithelial cells (HK2). PL-DFX did not display enhanced cytotoxicity in HK2 cells, which was similar with DFX (Figure 3D). These results confirmed that the antitumor effect and biosafety of PL-DFX were superior to DFX.
Besides, we further evaluated the pro-apoptotic effects of PL-DFX against HGC-27 and DLD-1 by using Annexin V-FITC/PI kit. As illustrated in Figures 4A–D, the percentage of overall apoptotic cells incubated with PL-DFX for 48 h was 34.46% in HGC-27 and 25.7% in DLD-1, which was significantly higher than that at 24 h (24.53% in HGC-27 and 16.85% in DLD-1) and 0 h (7.58% in HGC-27 and 5.42% in DLD-1). These results indicated the time-dependent cytotoxicity of PL-DFX. In summary, polylysine carrier could enhance the anti-tumor effects of deferasirox in the tumor cells.
[image: Figure 4]FIGURE 4 | Pro-apoptotic effect of PL-DFX in HGC-27 and DLD-1 cells. (A,B) Apoptotic cells rate of HGC-27 incubated with PL-DFX (25 μM) for 0 h, 24 h and 48 h (C,D) Apoptotic cells rate of DLD-1 incubated with PL-DFX (25 μM) for 0 h, 24 h and 48 h.
Migration and invasion
Next, we also explored the impact of DFX and PL-DFX on cell migration and invasion in vitro by wound healing and transwell invasion assays. As shown in Figures 5A,B, after 24 h incubation, the wound healing rate of PL-DFX group was 2.53%, which was significantly lower than that of control and DFX groups (43.65% and 25.66%, respectively). The transwell assay also displayed that the cell count of invasive HGC-27 cells incubated with PL-DFX for 24 h was significantly lower than that of control and DFX groups (Figures 5C,D). The above observation indicated that the ability of DFX loaded on polylysine to inhibit migration and invasion was greater than free deferasirox.
[image: Figure 5]FIGURE 5 | Inhibition of migration and invasion in vitro. (A,B) Microscopic image and statistical chart of wound healing assay in HGC-27 incubated with DFX (12.5 μM) and PL-DFX (12.5 μM) for 24 h. Scale bar: 200 μm. (C,D) Microscopic image and statistical chart of transwell invasion assay in HGC-27 incubated with DFX (40 μM) and PL-DFX (40 μM) for 48 h. Scale bar: 100 μm.
Disruption of iron metabolism
The cellular labile iron pool (LIP) was measured by using the calcein-AM (Prus and Fibach, 2008; Komoto et al., 2021). Although, calcein-AM has been frequently used to evaluate the cell viability and calcium, its fluorescence is quenched when binding with cellular iron. Iron chelators can inhibit the formation of complexation and increase the fluorescence intensity of calcein. Therefore, the changes in fluorescence intensity of calcein indicates the change in intracellular iron levels. As shown in Figures 6A,C, compared with the control, HGC-27 and DLD-1 cells incubated with DFX and PL-DFX had increased calcein fluorescence, indicating reduction of intracellular iron levels and similar iron-chelating ability of both. Moreover, after incubation with PL-DFX, supplement of Fe2+ can partially reverse the cytotoxicity of PL-DFX in HGC-27 and DLD-1 cells (Figures 6B,D). Herein, in the structure of PL-DFX nanoparticles, the conjugation between polylysine and deferasirox do not affect iron chelating ability of deferasirox.
[image: Figure 6]FIGURE 6 | Disruption of cellular iron metabolism. (A,C) Flow cytometric analysis of intracellular iron of HGC-27 and DLD-1 using calcein-AM after treatment with DFX (25 μM) and PL-DFX (12.5 μM) for 48 h (B,D) Cell viabilities of HGC-27 and DLD-1 after treatment with PL-DFX in the presence or absence of Fe2+ for 48 h.
Cell cycle and mitochondrial membrane potential
We have demonstrated that PL-DFX has similar iron chelating ability with DFX. Next, the impact of PL-DFX on biological functions of HGC-27 and DLD-1 cells was performed. Iron is essential for the activity of ribonucleotide reductase, and iron depletion can inhibit the DNA synthesis and cause G1/S arrest (Chantrel-Groussard et al., 2006; Yu et al., 2007). Herein, as shown in Figure 7, similar to the previous study, compared to the control group, cells incubated with DFX displayed obviously phase G1/S arrest. As expected, PL-DFX also resulted in an increased proportion of cells in G1/S phase.
[image: Figure 7]FIGURE 7 | Impact of DFX and PL-DFX on cell cycle. (A,B) Cell cycle distribution of HGC-27 incubated with DFX (25 μM) and PL-DFX (12.5 μM) for 24 h (C,D) Cell cycle distribution of DLD-1 incubated with DFX (25 μM) and PL-DFX (12.5 μM) for 24 h.
Iron plays a key role in mitochondria biological function and biosynthesis (Paul et al., 2017), and iron deficiency can compromise mitochondria function (Hoes et al., 2018). Decreased mitochondria membrane potential (MMP) is a hallmark of mitochondria dysfunction. Thus, the impact of DFX and PL-DFX on mitochondria membrane potential was investigated by using JC-1. As illustrated in Figure 8, iron deficiency induced by DFX resulted in decreased MMP. Similar to DFX, PL-DFX also depolarized the MMP in HGC-27 and DLD-1 cells.
[image: Figure 8]FIGURE 8 | Impact of DFX and PL-DFX on mitochondria membrane potential. (A,B) Mitochondria membrane potential detected by JC-1 in HGC-27 cells incubated with DFX (50 μM) and PL-DFX (25 μM) for 24 h (C,D) Mitochondria membrane potential detected by JC-1 in DLD-1 cells incubated with DFX (50 μM) and PL-DFX (25 μM) for 24 h.
Cytotoxicity of PL-DFX in organoids
Cell line is an important platform for drug development and screening. However, variations between cell lines and original tumors are responsible for the failure of the drug-based clinical trials (Kamb, 2005; Caponigro and Sellers, 2011; Barretina et al., 2012). Organoid, which established from patient-derived tumor tissue, resembles the original tumors in terms of biological characteristics and heterogeneity, and organoid-based drug screening methods have yield satisfactory results (Drost and Clevers, 2018). Therefore, we utilized the organoids which established from patient-derived gastric and colorectal cancer tissues to evaluate the clinical efficacy of PL-DFX. As shown in Figures 9A,B, the viability of organoids decreased with increasing the concentrations of PL-DFX. Besides, the PL-DFX treated organoids displayed smaller in size and fewer in number in compared to control organoids in both gastric cancer organoids (GC) and colorectal cancer organoids (CC) (Figure 9C).
[image: Figure 9]FIGURE 9 | Cytotoxicity of PL-DFX in organoids. (A) Cell viability of gastric cancer organoids after treatment with various concentrations of PL-DFX for 120 h. (B) Cell viability of colorectal cancer organoids after treatment with various concentrations of PL-DFX for 120 h. (C) Microscopic images of gastric and colorectal cancer organoids after treatment with PL-DFX for 120 h. Scale bar: 300 μm. (GC: gastric cancer organoid; CC: colorectal cancer organoid).
CONCLUSION
In summary, a novel iron nanochelator (PL-DFX) was designed and successfully synthesized via conjugation chemically between polylysine and deferasirox. This iron nanochelator, which prepared with around 120-nm diameter and positive charge, displayed higher cytotoxicity and greater capacity to inhibit migration and invasion than free DFX. Similar to DFX, PL-DFX also could disrupt cellular iron metabolism and biological functions involved iron, such as cell cycle and mitochondria membrane potential. Besides, its efficacy was also validated in the gastric and colorectal tumor organoids. Taken together, this study provides a new insight for cancer therapy via iron chelation.
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We report on the ring-opening polymerization of ɛ-caprolactone incorporated with a magnetic susceptible catalyst, FeCl3, via the use of microwave magnetic heating (HH) which primarily heats the bulk with a magnetic field (H-field) from an electromagnetic field (EMF). Such a process was compared to more commonly used heating methods, such as conventional heating (CH), i.e., oil bath, and microwave electric heating (EH), which is also referred to as microwave heating that primarily heats the bulk with an electric field (E-field). We identified that the catalyst is susceptible to both the E-field and H-field heating, and promoted the heating of the bulk. Which, we noticed such promotion was a lot more significant in the HH heating experiment. Further investigating the impact of such observed effects in the ROP of ɛ-caprolactone, we found that the HH experiments showed a more significant improvement in both the product Mwt and yield as the input power increased. However, when the catalyst concentration was reduced from 400:1 to 1600:1 (Monomer:Catalyst molar ratio), the observed differentiation in the Mwt and yield between the EH and the HH heating methods diminished, which we hypothesized to be due to the limited species available that were susceptible to microwave magnetic heating. But comparable product results between the HH and EH heating methods suggest that the HH heating method along with a magnetic susceptible catalyst could be an alternative solution to overcome the penetration depth problem associated with the EH heating methods. The cytotoxicity of the produced polymer was investigated to identify its potential application as biomaterials.
Keywords: microwave synthesis, magnetic susceptible catalyst, biomaterial fabrication, PCL synthesis, controlled polymerization
1 INTRODUCTION
In recent years, the development of polymers that are environmentally friendly and biodegradable has generated substantial effort toward the polymerization of cyclic esters (Bartnikowski et al., 2019; Tsang et al., 2019; Li et al., 2021; Lu et al., 2022a; Cao et al., 2023). Poly lactones possess good biodegradability and biocompatibility and have shown great potential due to their mechanical compatibility and ability to mix with other polymers (Fortelny et al., 2019; Tabasum et al., 2019; Yang et al., 2021; Backes et al., 2022). In particular, poly ε-caprolactone (PCL) has been utilized in different fields such as tissue engineering, drug delivery systems, microelectronics, and environmentally friendly packaging (Siddiqui et al., 2018; Zhang et al., 2019; Thakur et al., 2021; Backes et al., 2022; Lu et al., 2022b). It is one of the most important and widely studied poly-lactones thanks to its controllable polymerization characterization (Labet and Thielemans, 2009; Nuyken and Pask, 2013) and biodegradability (Bartnikowski et al., 2019; da Silva and de Torresi, 2019; Suzuki et al., 2021). This has led to numerous research including its catalytic systems, polymerization mechanisms, and processing techniques.
In most commercialized PCL synthesis, ring-opening polymerization (ROP) is the preferable route (Li et al., 2020; Rosa et al., 2021). This process is a one-step polymerization that can be catalysed by various metal complexes ranging from simple metal halides to complex organometallics (Kundys et al., 2018; De Hoe et al., 2022), and can be controlled in terms of the molecular weight (Mwt) and the polydispersity (Ð).
However, the difficulty of removing the catalyst residue and the cytotoxicity associated with such residues in the final product is the major problem that hinders PCL from biomedical applications (Gowda and Chakraborty, 2009; Hege and Schiller, 2014). To decrease the toxicity and improve the energy efficiency towards the principle of green chemistry, various catalyst systems, and processing techniques were studied. Among different catalysts that have been investigated, iron (III) halides were found to be an effective catalyst and can be used in fabricating biocompatible materials (Petrenko et al., 2011; Hege and Schiller, 2014). These studies have paved the way for intensifying the process. However, these reactions were found to be finished in hours even days, making the processing time-consuming and unflavoured for high product throughput (Engel et al., 2019; Dabbaghi et al., 2021).
Microwave heating (MWH) is a processing technique that delivers a fast polymerization rate and shortened reaction time from hours to minutes. Previous studies found that the reaction time could be reduced significantly when utilizing the MWH to the ROP of ɛ-caprolactone, compared to using the conventional heating (CH) method in identical conditions (Liao et al., 2002; Yu et al., 2003; Li et al., 2007; Nguyen et al., 2014; Fimberger and Wiesbrock, 2016). However, the majority of the studies focused on the dielectric materials and their interactions with the electric field (E-field), largely ignoring the presence of the magnetic field (H-field) in a microwave electromagnetic field (EMF) (Tanaka et al., 2008; Horikoshi et al., 2012). Some pioneer studies successfully applied the microwave H-field heating to superconducting materials, magnetic solids, ferrofluids, and aqueous electrolyte solutions (Ceylan et al., 2011; Horikoshi et al., 2012; Borsari et al., 2018; Loharkar et al., 2019; Siebert et al., 2019; Xiong et al., 2021; Chen et al., 2022). However, there is no research on using the microwave H-field heating method for polymerization chemistry.
The purpose of this work was to study the effect of potential parameters, such as input power and concentration of magnetic susceptible material, on the selective heating in the microwave magnetic heating method. Microwave electric heating is commonly used in chemical synthesis, however, as the most of the materials in a reaction can interact with the microwave and absorb the microwave electric energy, the energy cannot travel into the centre of the bulk before dissipated (Galan et al., 2017; Amini et al., 2021). This very small penetration depth of microwaves poses design challenges in the scale up of microwave processes (Zhang et al., 2017; Morte et al., 2019). On the other hand, in the microwave magnetic heating, most of the organic materials do not possess any magnetic susceptibility, and will not compete in absorbing the magnetic field energy. In fact, most of the magnetic field energy are potentially consumed by the magnetic susceptible catalyst, and because of their low concentration compared to the bulk material (normally less than 5% wt in a reaction), the magnetic field energy has greater potentials to penetrate deeper into the bulk compared to the microwave electric heating. Therefore, this allows the process to bypass the penetration depth obstacle while maintaining the bespoken microwave heating effect even in a scaled-up process.
This paper describes the first experimental studies of applying a magnetic susceptible catalyst and the microwave magnetic heating for the polymerization of the ɛ-caprolactone. The characteristics, kinetics, and mechanism of the polymerization initiated by FeCl3 and Benzyl alcohol (BzOH) using microwave magnetic heating were reported and compared to identical reactions that were conducted with the conventional heating and the microwave electric heating methods. As PCL is commonly used for fabrication of biomaterials, the cytocompatibility of the produced polymer was investigated for future biological applications.
2 EXPERIMENTAL
2.1 Materials
FeCl3 (97% purity) was bought from Sigma Aldrich. The sample was dried in an oven at 70°C for 1 day before moving it into a desiccator for storage at room temperature. The ɛ-caprolactone monomers (97% purity) and Benzyl alcohol (98% purity) were bought from Sigma Aldrich without further purification. Fetal bovine serum (FBS) was bought from Zhejiang Tianhang Biotechnology Co., Ltd. Phosphate buffered saline was bought from Cytiva. Anhydrous ethanol (≥99.7%) was purchased from Shanghai Titan Scientific Co., Ltd.
2.2 Reactor geometries
In conventional heating (CH) ROP reactions, a standard oil bath was used where oil temperature was controlled by a thermocouple in the oil bath. The temperature was also cross-referenced to an internal bulk temperature measurement using an OF probe. A single-mode Sairem MiniFlow 200SS operating at 2.45 GHz was used as the microwave generator for both microwave electric heating (EH) and microwave magnetic heating (HH) experiments. All EH ROP reactions were conducted using the MiniFlow with a TE cavity equipped with an optic fibre (OF) probe thermometer. The OF probe was inserted directly into the reaction mixture for accurate and immediate temperature feedback. In HH ROP reactions, a MiniFlow with a TM cavity was used. An OF probe was again used for temperature detection. The procedure and validation of the heating samples at electric and magnetic dominant locations are described in the Appendix.
2.3 Heating experiment procedures
In heating experiments, 18 mg of FeCl3 was weighted and dissolved in 10 mL of the ɛ-caprolactone (CL) to make a solution of monomer to catalyst molar ratio ([M]:[C]) of 800:1. The solution was transferred into a reaction vessel for degasification. A quartz tube (diameter of 3 mm) with an open at the top was inserted into the rubber stopper on the sealed reaction vessel for the insertion of an OF thermometer, the sample was then sent for degasification. After degasification, the sample was sent to a TE cavity or a TM cavity for the EH or HH experiment.
2.4 ROP reaction procedure
In typical conventional heating (CH) ROP reaction, the monomer, catalyst, and initiator were weighted for specific [monomer]:[catalyst];[initiator] ([M]:[C]:[I]) ratio (i.e., 36 mg of FeCl3, 0.12 mL of BzOH, and 10 mL CL were weighted for [M]:[C]:[I] ratio of 400:1:5). These reactants were then transferred into separate reaction vessels, which was sealed with a rubber stopper, for degasification with argon. After 10 min of degasification, the monomer and initiator were transferred into a reaction vessel that contained the catalyst. The vessel was then immersed in an oil bath, which was preheated to the set temperature, to start the reaction.
During the kinetic study, 0.2 mL of the sample was sampled using a syringe. The obtained sample was transferred into a glass sample container and stored in the fridge at −20°C.
In the MWH reaction, identical preparation procedures as described in CH were conducted, but instead of sending to an oil bath, a TE cavity and a TM cavity were used for the EH and the HH, respectively. The internal bulk temperature was continuously monitored using an OF thermometer inserted directly into the reaction mixture via the quartz tube on the stopper. In these MWH experiments, the temperature measurements from OF probe were used to control the power input required to keep the bulk temperature constant at the target set point.
2.5 Analytical characterisation procedures
2.5.1 Gel permeation chromatography (GPC)
GPC characterization experiments were performed on a Polymer Labs GPC-120 instrument at 35°C equipped with a PLgel 5 μm Guard column and two PLgel 5 μ MIXED-E columns in series coupled with a refractive index detector using HPLC grade THF as the mobile phase at a flow of 1.0 cm3 min-1. The GPC was calibrated with polystyrene narrow polydispersity index (Ð) standards close to 1.00. All GPC equipment and standards were supplied by Polymer Laboratories (Varian). GPC data was analysed using the Cirrus GPC offline software package.
2.5.2 Nuclear magnetic resonance (NMR)
1H NMR spectra were recorded at 25°C using a Bruker DPX-300 spectrometer (300 MHz). Chemical shifts were recorded in δH (ppm). Samples are prepared as solutions in CDCl3. The monomer conversion was determined by comparing the integral of methylene proton resonance adjacent to the oxygen of the carbonyl group for the monomer (-CH2OCO-, δ = 4.24 ppm) and polymer (-CH2OCO-, δ = 4.07 ppm). An end-group analysis can also be done to identify the degree of polymerization (DP). It is done by comparing the integral of methylene proton resonance adjacent to the carbonyl group (Hx, δ = 4.1 ppm) to that of methylene proton of benzyl alcohol (Hx, δ = 5.1 ppm).
2.6 Cytotoxicity studies
The cytotoxicity of all the samples was determined by CCK-8 assay. The polymer sample produced with [M]:[C] ratio of 400:1 and 800:1 were first soaked with 75% ethanol solution for 2 h, then UV sterilized for 12 h 6 g of the sterilized sample was transferred into 6 mL of the culture media containing 15% fetal bovine serum (FBS) and soaked for 24 h to get leached out media. The soaked sample was centrifuged at 1000 rpm for 5 min and the supernatant was used for cell cytotoxicity studies.
A 5×103 cells/well was seeded for 24 h in a 96-well plate and incubated at 37°C with 5% CO2. The media was then replaced with the prepared sample supernatant (100 µL). The plate was incubated at 37°C for 1 day, 3 days, and 5 days, accordingly in the CO2 incubator.
The media were disposed of at the end of the incubation and washed with PBS solution 3 times before adding serum-free medium containing 10% of CCK-8 (100 µL). The samples were then incubated in the CO2 incubator for 1 h. Absorbance was recorded using a Tecan Spark microplate reader at 450 nm.
3 RESULTS AND DISCUSSION
3.1 Heating experiments
In our previous study, we identified that the presence of the catalyst could have a significant effect on the heating of the bulk (Wang et al., 2017). Therefore, a series of heating experiments were conducted first to identify if the chosen catalyst is susceptible to microwave electromagnetic heating (EMH) and can be reflected by the increment of the solvent bulk temperature. Two EMH heating methods were used: a) microwave E-field heating (EH), where the E-field is at a dominant position, and b) microwave H-field heating (HH), where the H-field is at a dominant position. However, it should be noticed that although it is heated at an E-field or an H-field dominant position, there is still a presence of the other field heating the sample. For example, a weak E-field is still present when conducting an H-field heating experiment, and vice versa. No initiators were added to the system ensuring no polymerization occurs during the heating experiment. The temperature profile was monitored with time by the inserted optic fibre (OF) temperature sensor in the sample. The OF temperature sensor was reported to be able to achieve a direct measurement of the reaction medium bulk temperature by previous researchers (Robinson et al., 2010a; Robinson et al., 2010b; Adlington et al., 2014; Nguyen et al., 2014). The maximum input power was set to 150 W for all experiments unless mentioned otherwise. The temperature profiles and power profiles of the heating experiments were recorded by the MiniFlow and were shown in Figure 1 for both the EH and HH heating methods.
[image: Figure 1]FIGURE 1 | Example of typical temperature profile (black solid line) and power profile (red dot line) of CL and CL + FeCl3 mixture (n = 5) using (A) EH and (B) HH heating methods at 150 W input power. PA, power absorbed.
Figure 1 shows the temperature profiles and absorbed power variation with time during the EMH experiments for all samples. The power absorption was calculated as the difference between the incident and the reflected power during the experiment. It must be noted that impedance matching was only carried out during the onset of the heating trial and was not maintained continuously throughout the experiment. Therefore, the power absorption data may also be influenced by any differences in the reflected power due to impedance “mismatch” that potentially takes place during the duration of the experiment as the samples are heated up. As the result, a constant decreasing trend in the absorbed power profile was observed for all samples.
Figure 1A demonstrated the heating profile of the neat CL monomer on its own when no FeCl3 or initiator was present, and the identical monomer with FeCl3. The neat monomer was able to be heated efficiently with the E-field heating. However, when FeCl3 was present in the monomer, the heating of the bulk was enhanced, i.e., a temperature difference of up to 20°C was obtained compared to the neat monomer at the same time mark. This temperature difference along with the additional 19 W absorbed by the FeCl3 sample suggested that this additional power should be absorbed by FeCl3 and distributed within the bulk to result in such temperature differences.
Meanwhile, reviewing the heating profile of the same samples in the H-field heating as shown in Figure 1B an even greater temperature difference (up to 33°C) was observed with a similar amount of additional power absorbed (around 20 W) by a the FeCl3 sample in comparison to the EH heating experiment. This greater temperature difference was detected by the HH heating method, indicating a significantly stronger magnetic selective heating from the presence of the catalyst.
It should be reminded that the catalyst used in these heating experiments were in the molar ratio of 1:800 to the bulk media. With this little amount of the catalyst used, the catalyst must underwent excessive heating to contribute such observed temperature differences.
However, it should be noted that the MiniFlow can only detect the E-field energy that is being put into and reflected, ignoring the presence of the H-field energy. As the sample was located at the H-field dominant position where only a small amount of energy from the weak E-field was absorbed by the sample, and thus the reading of the power profiles was found to be lower compared to the EH heating experiment. But it should be reminded that this weak E-field heating together with the strong H-field heating contributes to the heating of the bulk in these HH experiments. To identify if the observed temperature difference purely originated from the weak E-field heating, another series of low-power EH experiments were conducted, and the temperature and power profiles were shown in Figure 2.
[image: Figure 2]FIGURE 2 | Temperature profile (black solid line) and power profile (red dot line) of CL and CL + FeCl3 mixture (n = 5) using EH at 50 W input power.
In Figure 2, the CL sample took approximately 125 s to reach 120°C which was similar to the time required for CL in the H-field heating experiment shown in Figure 1B (120 s–120°C), this suggested that both samples should be experiencing a similar level of the E-field heating. Additionally, the power absorbed by the CL + FeCl3 sample (≈40 W) is similar to that in the HH experiment at the beginning of the experiment. However, this time, the CL + FeCl3 sample took around 120 s to reach 120°C rather than 60 s for the HH experiment. This obvious difference between the two heating profiles confirms that the FeCl3 should be experiencing significant H-field heating in the HH experiment and resulted in such heating enhancement of the bulk.
On the other hand, from this weak E-field heating experiment, it was also realized that the temperature differences observed in the EH experiment from Figure 1A were not reproduced in Figure 2. This suggested that such observed temperature difference in the EH experiment was only obvious at high input power levels.
From these heating experiments, it was noticed that the heating of the neat CL in the HH required an additional 60 s to reach the set temperature compared to the EH heating method, this was because the CL sample was only heated by the weak E-field present in the HH. Conversely, for the CL + FeCl3 sample, it only required an additional 15 s to reach the set temperature compared to the EH heating method. Such a significant reduction in heating time (from 120 s to 60 s) in the heating of CL + FeCl3 sample suggested that the magnetic susceptible FeCl3 was significantly heated from the H-field so that it was able to achieve a similar heating performance compared to the EH. In the H-field heating, rather than a significant portion of the heating from the E-field, it should be that the catalyst was being selectively heated by the H-field and only a relatively minor part, in this case, was related to the weak E-field heating to the bulk.
From the heating experiments, we have demonstrated that the catalyst must experienced significant selective heating effects to contribute such different bulk heating performance, as the catalyst concentration used was only 0.125% molar ratio.
3.2 ROP reactions with various heating methods
A key aim of the present study was to define the effect that the presence of the selective heating effect on the catalyst has upon the performance of its catalytic activity in polymerization reactions. Thus, bulk ring-opening polymerization (ROP) of CL was conducted next using CH, EH, and HH heating methods. BzOH was chosen as the initiator because it is the most common alcohol used as the initiator in ROP reactions. Additionally, Hege and Schiller found that ROP using FeCl3 performed best with BzOH as the initiator (Hege and Schiller, 2014). Therefore, BzOH was selected to be the initiator for all ROP reactions.
The influences of reaction conditions, including temperature, monomer to catalyst molar ratio ([M] [C] ratio), and input power was investigated. A wide range of temperatures from 50 to 150°C was selected, the latter of which is a typical operation temperature for ROP polymerization. In this study, three [M]:[C] ratios were used 400:1, 800:1, and 1600:1. and six different input power were studied, which were 25, 50, 75, 100, 125, and 150 W.
3.2.1 Effect of temperature
The effect of temperature on the bulk polymerization of CL initiated by FeCl3 and BzOH was first investigated as shown in Table 1. At 50°C, a 60% conversion was achieved after 25 min by using the CH (Table 1 entry 1). The temperature was then increased to 75°C, and the polymerization reactions were able to achieve 97% conversion within 25 min (Table 1 entry 4). However, as the temperature was further increased to 100, 125, and 150°C, the polydispersity (Ð) started to get broaden, and the conversion dropped to 84%, 64%, and 62%, respectively at 25 min mark (Table 1 entry 7, 10, 13). This was due to the undesired transesterification side reactions taking place at elevated temperatures or at long reaction times leading to the formation of cyclic polymer or “back-biting” (Gong et al., 2021). As a result, the Ð value increased as the temperature increased as shown in Table 1 as well as from GPC trace shown in the support document Supplementary Figure S6).
TABLE 1 | Average results of ROP of CL with FeCl3 and BzOH at various temperature at [M]:[C]:[I] ratio of 400:1:5.
[image: Table 1]These results from the CH experiment were then compared to those conducted with electromagnetic heating (EMH) including the EH and HH heating methods. It was observed that changing from the CH to the EMH, the conversion of the ROP at 50°C for 25 min was increased from 59% in the CH to 88% and 91% in the EH and HH heating methods, respectively (Table 1 Entry 1, 2 and 3). However, the EMH experiments followed the same trend as CH experiments that the product reached peak Mwt at 100°C, and started to show a reduction in the conversion and broadening in Ð at elevated temperatures.
Directly comparing Mwt results from the CH and the EMH, the EMH results showed improvements in the Mwt of produced polymer, in terms of Mn and Mp. e.g., at 150°C, the Mn value for the EH and the HH at 25 min were 2,700 and 3100 g mol-1 which was 35% and 55% higher than that in the CH. Improvement in Mwt was found to be more significant in HH than EH (typically ∼15%–33% greater at each point compared to the EH results). This was hypothesized to be due to the difference in the heating mechanism as found in heating experiments, where both the monomer and the catalyst are susceptible to strong E-field heating, but only the catalyst is susceptible to strong H-field heating. Such differences in the heating could result in selective heating of the species that potentially affect the initiation and/or the propagation step of the polymerization. The heat concentrated around the monomer and/or the catalyst due to the selective heating could potentially promote the polymerization on the site and enhance the initiation and/or propagation.
To further elaborate on the effects of temperature on the polymerization, a series of kinetic studies were then conducted with three heating methods, detailed kinetic study plots are shown in the supporting documents Supplementary Figures S7–S9. Figure 3 demonstrates a comparison of kinetic studies between 50 and 100°C with the CH, the EH, and the HH. The blue markers are for reactions at 50°C and the red markers are for that at 100°C.
[image: Figure 3]FIGURE 3 | Comparison of conversion versus time plots for ROP of CL in CH (n = 3) using FeCl3 between 50°C and 100°C.
Inspecting Figure 3, when using 50°C as the reaction temperature, the initial reaction conversion was similar among the three heating methods up to 25 min mark. Whereas at 100°C, significant conversion differences were observed from 5 min mark (above 80% conversion for EMH heating methods and only around 55% for the CH heating method). This could potentially be a combination of higher reaction temperature and excessive exposure to microwave energy at the beginning of the heating step. A large amount of energy (up to 150 W) was being put into the system at the beginning of the reaction, and the time that the sample was exposed to such an amount of power before reaching the set temperature was significantly different for different reaction temperatures. The effects of microwave energy were investigated and will be discussed in later sections.
Based on the temperature study, we have identified that the raised reaction temperature can significantly accelerate the polymer propagation. In fact, in combination with magnetic selective heating effects, the catalyst reaction site would be at an elevated temperature to further accelerate the propagation rate, and thus a higher Mp results were obtained for HH experiments which are 17%–33% greater than the EH experiment at each reaction temperature.
3.2.2 Activation energy calculation
The previous empirical results suggested that the application of EMH heating methods promotes the reaction significantly, therefore, to identify if this purely originated from thermal effects, the activation energy required for the polymerization was studied next.
To do this, the rate of propagation (Kapp) for each heating method at various temperature were calculated based on the kinetic plot of ln (M0/M) versus reaction time conducted various temperatures. Kinetic plots for the CH, EH, and HH experiments can be found in the supporting document Supplementary Figures S10–S12, respectively. From the plots, the Kapp value can be calculated by identifying the slope of the plot for first-order reactions. The summary of the Kapp values is shown in Table 2.
TABLE 2 | Summary of the rate constant (Kapp) at different temperatures using CH, EH, and HH. Condition [CL]:[FeCl3] = 400:1.
[image: Table 2]Analysis of the kinetic plots, a straight-line relationship holds for ln (M0)/M as a function of reaction time at 50–100°C. This linear relationship demonstrated that polymerization is a controlled first-order reaction. However, this relationship deviated from the trend line at 125 and 150°C. This was due to the competition in side reactions causing the reaction to losing its control. Therefore, only the controlled first-order reactions were selected to calculate the polymerization rate constant (Kapp), based on the gradient of the kinetic plots from the ROP reactions and is summarised in Table 2.
Inspecting the data in Table 2 led to the conclusion that the Kapp value of all the EH and the HH was at least 1.4 and 1.1 times higher than that from the CH experiment at the same bulk temperature. This again shows that the presence of selective heating in the EMH promotes the polymerization rate, as the EH heats both the monomer and the catalyst (reaction site) directly, while the HH primarily heats the catalyst. Both heating methods resulted in concentrated local heating above the measured bulk temperature which facilitated the reaction rate.
The activation energy of the polymerization was then established based on these temperatures by plotting ln (Kapp) against 1/T for all heating methods. The Arrhenius plot is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The relationship between lnKapp versus the reciprocal of absolute temperature. Condition [CL]: [FeCl3] = 400:1.
The Arrhenius plot was noted to have similar gradients among the three heating methods. From the plot, it was able to calculate the activation energy (Ea) using the Arrhenius equation. It was found that there were no significant differences in the Ea between all heating methods. Indeed, the Ea calculated for the CH, the EH, and the HH was 32.5, 31.3, and 31.1 kJ/mol, respectively. Such results suggested that the mechanism of the reaction was not altered by different heating methods. The observed differences in the Kapp when the EMH was applied purely originated from thermal effects. The EMH heating methods potentially created heat concentration around/at the catalyst via selective heating, and accelerated the polymerisation of the monomer.
3.2.3 Effects of microwave electromagnetic energy
As previously mentioned, in a typical EMH experiment, the MiniFlow starts with putting maximum microwave EM energy (150 W) to the bulk to elevate the temperature to the desired point, once reaching and holding at the temperature, only minimized amount of energy was applied. In addition, a higher power would be required to hold at a higher temperature due to increased heat loss to the surrounding, an example of a typical temperature and power profile for EMH reaction can be found in the supporting document Supplementary Figure S13. Therefore, for reactions at 100°C, the bulk spent a long time (around 50 s) under high-intensity EM energy (150 W) compared to that at 50°C (around 20 s). In addition, the power required to maintain at 50°C and 100°C were different (around 10 W and 30 W for 50°C and 100°C, respectively). These empirical observations be the potential reason for the observed conversion differences at the beginning of the reaction at different temperatures.
To further understand this, the effects of different EM energy/power were then studied. Short reactions at different input powers with both the EH and the HH heating methods were studied. These reactions were conducted for 180 s at 100°C for all samples. The characteristics and yield data of polymer products for the set of reactions were contained in Tables 3, 4 for the EH and HH experiment, respectively.
TABLE 3 | Average results of ROP of CL with FeCl3 and BzOH using various input power at [M]:[C] ratio of 400:1 for 3 min with EH.
[image: Table 3]TABLE 4 | Average results of ROP of CL with FeCl3 and BzOH using various input power at [M]:[C] ratio of 400:1 for 3 min with HH.
[image: Table 4]Comparing the results from Table 3 to Table 4, at low input power (at 25 and 50 W), both EH and HH heating results were very similar in both yield and product polymer Mwt characteristics. However, by putting in more power, the differences in the conversion and Mwt became more significant between the two heating methods at identical conditions, i.e., up to 60% differences in Mn and 15% in conversion. Further inspecting the GPC trace from Figure 5, PCL produced from the HH at 150 W input power showed a signal trace from 10.9 min, whereas the GPC trace for the EH started from around 11.5 min. This difference in signal detection suggested that the Mwt of polymer produced from the HH was significantly higher than that obtained with the EH. These observations exhibited an identical trend as previous ROP studies showed in Table 1 where higher PCL Mwt were obtained with the HH than that with the EH, and a broadened GPC peak was found for the HH product than the EH product.
[image: Figure 5]FIGURE 5 | Comparison of the GPC trace of the product polymer synthesized with identical reaction time under E-field (solid line) and H-field (dot line) heating at a power of 150 W. Condition [CL]:[FeCl3] = 400:1.
These scenarios showed that the differentiation between HH and EH in terms of Mwt and conversion was more significant at high input power. In the EH heating method, both the monomer and the catalyst compete in absorbing the E-field energy, therefore, the selective heating effect on the catalyst is not maximized. However, in the HH heating scenario, only the magnetic susceptible catalyst can absorb the H-field energy from the alternating EM field, this allows the catalyst to experience a stronger concentrated local heating compared to the EH heating method. This stronger magnetic selective heating effect provides a rapid increase in reaction temperature and achieves a higher local temperature than the bulk. As previously discussed, due to the selective heating of the catalyst in the HH experiment, the reaction site temperature could be significantly higher, and therefore caused the acceleration in the ROP and the side reactions which resulted in a higher product Mwt and a broadened peak distribution as we identified in the temperature study.
3.2.4 Effects of catalyst concentration
Previous studies have shown that if the species that is being selectively heated is presented in too small a quantity, the predominant heating effects from EMH would be diminished (Adlington et al., 2014). Therefore, ROP reactions with reduced catalyst load were also studied at 100°C, to investigate if the observed enhancement in the HH heating method would diminish at lower catalyst concentration. The obtained results are shown in Table 5, and the detailed results for the ROP at different catalyst loads at various temperatures were summarised in supporting documents Supplementary Tables S2, S3.
TABLE 5 | Average results of ROP of CL with FeCl3 and BzOH at various [M]:[C] ratios at 100°C.
[image: Table 5]Inspecting Table 5, reducing the catalyst concentration significantly slow down the reaction because fewer reaction sites are available for the polymerisation, and the reaction time was extended from 25 to 120 min. In the meantime, more monomers were able to attach to a polymer chain, and thus, higher Mwt results were able to be achieved at identical conversion.
It was notice that Mwt results for the HH heating method were superior than the EH results at [M]:[C] ratios of 400:1 and 800:1, but such difference was diminished as the catalyst load was reduced to [M]:[C] ratio of 1600:1. For example, at [M]:[C] ratio of 400:1 and 800:1, the Mp results for the HH experiments were 17% and 12% higher than the EH experiments, respectively; but at [M]:[C] ratio of 1600:1, the Mp result for EH experiment is 4% greater than the HH experiment. This suggested that the reduction in the catalyst was more significant in the HH than the EH, as the FeCl3 is the main species that is susceptible to the H-field heating.
If a specie that undergoes the magnetic selective heating is too small in quantity, the predominant heating method remains as EH due to the presence of the electric field. As a result, comparable product Mwt and conversion between the EH and the HH were obtained. This observation agrees with our previous study; (Wang et al., 2017); however, it should be noted that although no superior Mwt and conversion were obtained from the HH heating method, comparable results were still obtainable compared to the EH heating method. Considering that as both monomer and catalyst absorb the E-field energy, less energy can travel to the centre of the bulk and result in a small penetration depth in the EH heating method. On the other hand, only the catalyst which is in a small amount is absorbing the H-field energy, the H-field energy would be able to travel further into the bulk, therefore, providing more opportunities in scaling up the process and potentially overcome the design challenges in the EH heating methods related to the penetration depth.
3.3 Cytotoxicity studies
CCK-8 cell viability assay was performed to assess the polymer cytotoxicity and the results were summarised in Figure 6. As shown in the Figure, it is very obvious that a distinct cell toxicity between the polymer produced with [M]:[C] ratio of 400:1 and 800:1. For PCL produced with [M]:[C] ratio of 800:1, the cell viability maintains above 70% throughout the testing period, suggesting that the polymer remains non-toxic to cells. On the other hand, the polymer produced with [M]:[C] ratio of 400:1 has a detrimental effect to cell over the testing period. This was due to a higher concentration of the catalyst used in the synthesis.
[image: Figure 6]FIGURE 6 | Percent cell viability of Panc02 cells at day 1, 3, and 5 (n = 5) for Cell + Media sample and PCL polymer produced with [M]:[C] ratio of 400:1 and 800:1. Values are expressed as relative % viability; mean ± SD.
Although FeCl3 was can be used in fabrication of biocompatible materials (Petrenko et al., 2011; Hege and Schiller, 2014), the cytotoxicity of the produced material still needs to be assessed. The result shows that the amount of FeCl3 needs to be controlled properly as a high FeCl3 load ([M]:[C] ratio of 400:1) condition is harmful to cells, but if controlled at a proper level (i.e., at [M]:[C] ratio of 800:1) the produced PCL is non-toxic to the cell and can be potentially used as cyto-compatible materials.
4 CONCLUSION
For the first time, microwave magnetic heating (HH), where the magnetic field (H-field) from an electromagnetic field is dominant, is applied to the bulk ROPs of a lactone monomer with a magnetic susceptible and biocompatible catalyst. Superior Mwt were found in the HH at a high catalyst load compared to EH and CH methods, indicating the efficiency of the magnetic susceptible catalyst was enhanced by the HH. However, the activation energy for all heating methods was similar, suggesting the polymerization mechanism was not affected by the heating method and the observed differences in the EMH methods purely originated from thermal effects. Reducing the catalyst load diminishes the Mwt differences between the EH and HH methods. This could potentially be due to the species that are susceptible to the H-field heating being present in smaller quantities. In such case, the selective H-field heating could not provide a superior concentrated local heating than the EH, but comparable results were still achievable in the HH at low catalyst load, suggesting that the HH could still be a potential alternative heating method to the EH. Cytocompatibility studies showed the produced PCL is harmless when the catalyst load is controlled at the proper level.
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Introduction: Non-invasive photothermal therapy (PTT) is a competitive treatment for solid tumors, while the efficacy is largely dependent on the effective retention of photothermal converters in tumor tissues.
Methods: Herein, the development of iron oxide (Fe3O4) nanoparticle-loaded alginate (ALG) hydrogel platform for PTT of colorectal cancer cells is reported. Fe3O4 nanoparticles synthesized via coprecipitation method after reaction of 30 min have a small size (61.3 nm) and more suitable surface potential, and can mediate PTT under near-infrared (NIR) laser irradiation. The premix of Fe3O4 nanoparticles and ALG hydrogel precursors can be gelatinized by Ca2+-mediated cross-linking to form this therapeutic hydrogel platform.
Results: The formed Fe3O4 nanoparticles can be effectively taken up by CT26 cancer cells and induce the death of CT26 cells in vitro under NIR laser irradiation because of their excellent photothermal property. In addition, Fe3O4 nanoparticle-loaded ALG hydrogels show negligible cytotoxicity at the studied concentration range, but can significantly kill cancer cells after PTT effect.
Conclusion: This ALG-based hydrogel platform provides a valuable reference for subsequent in vivo studies and other related studies on Fe3O4 nanoparticle-loaded hydrogels.
Keywords: iron oxide nanoparticles, hydrogels, cancer therapy, photothermal therapy, light
1 INTRODUCTION
Cancer has long been one of the most lethal diseases that threat human health (Navya et al., 2019; Ding et al., 2022; Jing et al., 2022). Although surgery, chemotherapy, and radiotherapy are the mainstays of cancer treatment in the past, their limitations such as low specificity and high risk of recurrence, have forced researchers to divert their attention beyond these traditional treatments to explore more effective therapy (Meng et al., 2020; Caballero et al., 2022). Photothermal therapy (PTT) is a very promising cancer treatment modality emerging in recent years (Zhang et al., 2020; Dong et al., 2021). Utilizing photothermal converters to capture and transform external light, the local heat generated during PTT can induce intracellular protein denaturation and apoptosis. Especially for tumor tissues with dense blood vessels and hindered heat dissipation, PTT is an extremely promising method for tumor ablation (Cristofolini et al., 2016). Gold nanoparticles, carbon-based nanomaterials, and some small-molecule dyes have been used as photothermal agents for cancer PTT (Liu et al., 2007; Bardhan et al., 2011; Espinosa et al., 2016). Unfortunately, the applications of most of these materials are limited due to their low retention and potential toxicity (Espinosa et al., 2016). Therefore, it is very important to explore safe and degradable photothermal agents. Biodegradable iron oxide (Fe3O4) nanoparticles have been approved by the Food and Drug Administration (FDA) as a magnetic resonance imaging (MRI) contrast agent. In addition, the strong absorption of Fe3O4 nanoparticles in the near-infrared (NIR) window can be utilized for PTT (Shubayev et al., 2009; Anselmo and Mitragotri, 2015).
In general, many nanoparticles after intravenous injection are readily taken up by macrophages in the blood circulation and cleared by the reticuloendothelial system, thus hindering the aggregation of nanoparticles in tumors (Li et al., 2014). Therefore, the reliability of the carriers is of great significance for the performance of the anti-tumor ability of the nano-formulations. Hydrogels are a burgeoning class of three-dimensional polymer networks (Griffin et al., 2015; Vegas et al., 2016; Puiggalí-Jou et al., 2021). As a drug delivery system, hydrogels can not only release drugs controllably to fully exert anticancer efficacy, but also obviously weaken systemic toxicity in the form of intravenous administration. In addition, such hydrogel-based therapeutic platforms can reduce the numbers of drug administrations while maintaining biosafety (Almawash et al., 2022). Currently, alginate (ALG)-based hydrogels have enabled great advances in biomedicine due to their non-immunogenicity, excellent biocompatibility, and mild gel-forming conditions. ALG is a natural linear anionic polymer that can crosslink with divalent cations to form hydrogels (Lee and Mooney, 2012; Liu et al., 2021). By mixing with ALG hydrogel precursors and forming hydrogels after injection, many hydrophilic drugs and nanoparticles can be easily loaded and aggregated in tumor tissues with a relatively longer residence time after administration to exert therapeutic effects (Kim and Martin, 2006; Goncalves et al., 2014). However, the use of ALG hydrogels for loading of Fe3O4 nanoparticles for effective cancer PTT has not been explored.
In this work, a Fe3O4 nanoparticle-loaded hydrogel (Fe3O4 hydrogel) was constructed for cancer PTT. Fe3O4 nanoparticles were synthesized by chemical synthesis and mixed with ALG hydrogel precursors to form a homogeneous injectable solution. The Fe3O4 hydrogel was then successfully prepared in vitro by mixing with Ca2+ solution at a concentration similar to that in biological tissues. After NIR irradiation, the cell viability of CT26 cells co-incubated with Fe3O4 hydrogels was significantly lower than that in the control group, and the photothermal killing ability of the Fe3O4 hydrogels was not shielded by the ALG hydrogel carrier. The Fe3O4 nanoparticle-loaded hydrogels reported in this study significantly inhibited the viability of colorectal cancer cells.
2 MATERIALS AND METHODS
2.1 Materials
Ferrous chloride tetrahydrate (FeCl2 4H2O), ferric chloride hexahydrate (FeCl3 6H2O), sodium hydroxide (NaOH) and ALG were purchased from Shanghai Sinopharm Chemical Reagent Co., RPMI 1640 cell culture medium, fetal bovine serum (FBS), and penicillin-streptomycin were obtained from Gibco (Grand Island, NY, United States). Cell counting kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan). Ultrapure water used in the experiments was prepared using a water purification system (PALL Cascada, MI, United States).
2.2 Characterization techniques
The UV-visible spectra of Fe3O4 nanoparticles were characterized by Persee spectrophotometer (TU-1810, Beijing, China). The surface morphologies of Fe3O4 hydrogels were observed using a scanning electron microscope (SEM, HITACHI, Japan). The hydrodynamic diameters and zeta potentials of Fe3O4 nanoparticles were measured using a Zetasizer Nano-series (Nano-ZS90, Malvern, United Kingdom). The Fe concentrations were measured by using an inductively coupled plasma atomic emission spectroscopy (ICP-AES) system (Hudson, NH, United States).
2.3 Synthesis of Fe3O4 nanoparticles
Fe3O4 nanoparticles were synthesized according to a previous report (Hu et al., 2015). In brief, 178 mg FeCl2 4H2O and 314 mg FeCl3 6H2O were dissolved in deionized (DI) water. Then 10 mL of NaOH solution (200 mg/mL) was added to the above solution. After mixing well, the solution was placed in a water bath at 80°C for 30 min or 2 h, respectively. The obtained samples were used to evaluate the influence of the reaction times on the properties of the nanoparticles. Subsequently, the mixed solution was placed on a magnetic stirrer to precipitate the synthesized Fe3O4 nanoparticles, and the upper liquid was discarded. Then Fe3O4 nanoparticles were dispersed in 10 mL water under sonication. The above steps were repeated at least 5 times to purify the Fe3O4 nanoparticles.
2.4 Synthesis of Fe3O4 hydrogels
To prepare Fe3O4 hydrogels, Fe3O4 nanoparticles were mixed with ALG solution to obtain AF mixture solution and the solution was then injected into Ca2+ (1.8 mM) solution. AF solutions at different concentrations of ALG (0.5, 1, 2.5, 5, 10 μg/mL) were slowly injected into the Ca2+ solution (1.8 mM). Then photographs were taken at different times after injection of solutions.
2.5 Evaluation of in vitro photothermal effect
To evaluate the photothermal properties of Fe3O4 nanoparticles and Fe3O4 hydrogels, 200 μL of Fe3O4 solution or Fe3O4 hydrogels at the Fe concentration of 200 μg/mL were placed in a 96-well plate. Then, 808 nm laser at different power densities (0.5, 1.0, and 1.5 W/cm2) was used to irradiate the solutions for 5 min. Thermal images of solutions were obtained using a thermal infrared camera and the temperatures of the solution were recorded under laser irradiation. To investigate the effect of Fe concentrations on the photothermal properties, Fe3O4 nanoparticles or Fe3O4 hydrogels at different Fe concentrations (100, 200, 350, 500 μg/mL) were irradiated by 808 nm laser (1 W/cm2) for 5 min. DI water was used as the control group. These solutions were irradiated by a laser at the power density of 1 W/cm2. The laser was turned on/off every 5 min for 50 min to evaluate the photothermal stability of Fe3O4 nanoparticles and Fe3O4 hydrogels.
2.6 Evaluation of in vitro cellular uptake
CT26 cancer cells were cultured in RPMI 1640 cell medium containing penicillin, streptomycin and 10% FBS at 37°C and 5% CO2. The cells were incubated with Fe3O4 nanoparticles at the Fe concentration of 100 μg/mL for different time. The cellular uptake efficacy was evaluated using ICP-AES.
2.7 Evaluation of in vitro cytotoxicity
The cytotoxicity of CT26 cancer cells after incubation with Fe3O4 nanoparticles or Fe3O4 hydrogels was investigated using the CCK-8 assay. CT26 cancer cells were cultured with 100 μL of fresh cell culture medium in 96-well plates (10,000 cells per well) and incubated for 24 h. The cell culture medium was then discarded and Fe3O4 solutions or Fe3O4 hydrogels (1 μg/mL for ALG) at different Fe concentrations (25, 50, 100, 200 and 400 μg/mL) were added into the cell culture medium. Meanwhile, 1 μL of Ca2+ solution (180 mM) was added into the wells containing Fe3O4 nanoparticles and ALG to form Fe3O4 hydrogels. After the incubation of cells for 24 h, the cell culture medium was discarded and the cells were carefully washed with PBS to remove free Fe3O4 nanoparticles. Cell culture medium containing 10% CCK-8 agent was then added into each well. After incubation of the cells for 2 h, the absorbance value of each well at 450 nm was detected using a microplate reader. The cells treated with PBS were used as a control. The ratio of absorbance values was used to calculate cell viability.
2.8 Evaluation of in vitro therapeutic efficacy
To evaluate the therapeutic effect of Fe3O4 nanoparticles and Fe3O4 hydrogels, CT26 cancer cells were seeded in 96-well plates (10,000 cells per well) and incubated at 37°C and 5% CO2 for 24 h. For Fe3O4 nanoparticle treatment group, the cell culture medium was discarded and 10 μL Fe3O4 nanoparticles at the Fe concentration of 200 μg/mL was added into each well containing 190 μL cell culture medium. For Fe3O4 hydrogel treatment group, the cell culture medium was discarded, and 10 μL solution of Fe3O4 nanoparticles (200 μg/mL) and ALG (the concentration of ALG was 1 μg/mL) was added into each well containing 189 μL cell culture medium, and then 1 μL of Ca2+ solution (180 mM) was added into the wells to form Fe3O4 hydrogels. The formed hydrogels could stick to cells for cell incubation. After incubation of cells for 12 h, the cells were irradiated by 808 nm laser (1 W/cm2) for 5 min. After that, the cells were incubated for another 12 h and the hydrogels were removed, and then cell viability was detected by CCK-8 assay.
2.9 Statistical analysis
Significant difference between the experimental statistics is analyzed by One-way ANOVA and indicated as (*), p < 0.01 by (**) and p < 0.001 by (***).
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of Fe3O4 nanoparticles
To investigate the effect of different reaction times on the properties of Fe3O4 nanoparticles, the hydrodynamic sizes and surface zeta potentials of the Fe3O4 nanoparticles formed after the reaction for 30 min or 2 h were measured. The hydrodynamic diameter of Fe3O4 nanoparticles with 30 min of reaction was 61.3 nm, which was much smaller than that of 2 h (1,624 nm) (Figures 1A, B). Meanwhile, the surface zeta potential of Fe3O4 nanoparticles formed via a 30 min reaction (−21.4 mV) was lower than that of 2 h (−6.8 mV) (Figure 1C). These results indicated that the Fe3O4 nanoparticles obtained by reacting for 30 min had a smaller diameter and a more suitable surface potential. The Fe3O4 nanoparticles formed via a 30 min of reaction had a smaller size, and thus they would show a higher stability. Stronger steric stabilization and less electrostatic stabilization may lead to their lower surface potential (Shah et al., 2014). Therefore, the reaction time was set at 30 min in the following study. In addition, the UV-Vis absorption spectra of Fe3O4 nanoparticles were evaluated (Figure 1D). The absorbance value at 850 nm increased with increasing Fe concentrations measured using ICP-AES, which could enable their PTT applications (Yang et al., 2017).
[image: Figure 1]FIGURE 1 | Characterization of Fe3O4 nanoparticles. (A,B) Hydrodynamic diameter. (C) The zeta potential of Fe3O4 nanoparticles obtained for a reaction time of 30 min or 2 h. (D) UV-visible spectra of Fe3O4 nanoparticles with different Fe concentrations.
3.2 Evaluation of the photothermal conversion efficacy of Fe3O4 nanoparticles
To evaluate the photothermal conversion efficacy, the Fe3O4 nanoparticle solutions were irradiated by an 808 nm laser. The thermal images were captured and the temperatures of the solutions were recorded. At the same Fe concentration, the temperatures of the solutions gradually increased with increasing laser time, which reached a maximum after 5 min of laser irradiation (Figure 2A). In order to evaluate the relationship between different power densities and the temperature increases, lasers at different power densities (0.5, 1, 1.5 W/cm2) were used. Higher power densities achieved a greater increase in solution temperatures. The solution temperature increased to 35.5, 42.3, and 43.5°C after 5 min of laser irradiation at the power densities of 0.5, 1, and 1.5 W/cm2, respectively (Figure 2B). The solutions at different Fe concentrations showed different degrees of temperature increases after irradiation by 808 nm laser (1 W/cm2) for the same time (Figure 2C). The temperature of solutions at Fe concentrations of 100, 200, 350, and 500 μg/mL increased to 37.0, 42.3, 47.3, 55.0°C, respectively (Figure 2D). In contrast, the temperature of PBS solution showed no significant change after laser irradiation. The photothermal stability of Fe3O4 nanoparticles was then evaluated. After five cycles of heating and natural cooling, the temperature increases of the Fe3O4 nanoparticle solutions did not change significantly, indicating their good photothermal stability.
[image: Figure 2]FIGURE 2 | Evaluation of photothermal conversion efficiency. (A) Thermal imaging of Fe3O4 nanoparticle solution under 808 nm laser irradiation at power densities of 0.5, 1.0, and 1.5 W/cm2. (B) Temperature profiles of Fe3O4 nanoparticle solution under different power densities of 808 nm laser irradiation. (C) Thermal imaging of Fe3O4 nanoparticle solutions at concentrations of 100, 200, 350, and 500 μg/mL under 808 nm laser irradiation at a power density of 1.0 W/cm2. (D) Temperature profiles of Fe3O4 nanoparticle solutions at different concentrations under 808 nm laser (1.0 W/cm2) irradiation. (E) The photothermal stability evaluation of the Fe3O4 nanoparticle solutions after 5 laser cycles.
3.3 Preparation and characterization of Fe3O4 hydrogels
To prepare Fe3O4 hydrogels, Fe3O4 nanoparticles were added to ALG solutions at different concentrations (0.5, 1, 2.5, 5, 10 mg/mL) and the solutions were slowly injected into 10 mL Ca2+ solution (1.8 mM). The hydrogels could be formed via cross-linking of ALG by Ca2+. The rate of hydrogel formation increased with the increasing of ALG concentrations (Figure 3A). When the solution with a ALG concentration of 0.5, 1 or 2.5 mg/mL was injected into the Ca2+ solution, hydrogels could be formed. However, the formed hydrogels disintegrated rapidly in solution due to the low cross-linkage of the formed hydrogels. When the concentration of ALG was 5 or 10 mg/mL, the formed hydrogels were able to maintain stability state for a long time without significant morphological changes due to the high cross-linking degree. Therefore, the concentration of ALG was set at 5 mg/mL in the following experiments. The SEM images showed that nanoparticles were attached to the surface of the hydrogels, which proved that Fe3O4 nanoparticles could be effectively encapsulated into the hydrogels (Figures 3B, C).
[image: Figure 3]FIGURE 3 | Characterization of Fe3O4 hydrogels. (A) Photographs of AF solutions at different ALG concentrations injected into Ca2+ solutions at different times. (B,C) SEM images of Fe3O4 hydrogels.
3.4 Evaluation of photothermal conversion efficacy of Fe3O4 hydrogels
The Fe3O4 hydrogels were irradiated using an 808 nm laser to study their photothermal conversion properties. The thermal images were captured and temperatures of the hydrogels were recorded. The temperatures of Fe3O4 hydrogel solutions gradually increased with the increasing of laser irradiation time, which reached the maximum after laser irradiation for 5 min (Figure 4A). Meanwhile, the temperatures of the hydrogel solutions irradiated by 808 nm laser at different power densities (0.5, 1, 1.5 W/cm2) for 5 min were different. The solution temperature increased to 35.1, 41.3, and 43.9°C after 5 min of laser irradiation at power densities of 0.5, 1, and 1.5 W/cm2, respectively (Figure 4B), indicating that higher power densities could achieve better photothermal effects. The temperature increases of the Fe3O4 hydrogel solutions were not significantly different for power density of 1 and 1.5 W/cm2, so the power density used in the subsequent experiments was set at 1 W/cm2. The photothermal performance of Fe3O4 hydrogels at different Fe concentrations was also evaluated. After 5 min of 808 nm (1 W/cm2) laser irradiation, the temperature of the hydrogel solutions at Fe concentrations of 100, 200, 350, and 500 μg/mL increased to 34.6, 41.3, 46.4, and 55.2°C, respectively (Figures 4C, D). These concentrations were used for photothermal effect evaluation because the Fe3O4 nanoparticles at these concentration ranges could obviously increase temperatures under laser irradiation (Chen et al., 2023). Meanwhile, the photothermal stability of the Fe3O4 hydrogels was evaluated (Figure 4E). The temperature increase did not change significantly after five cycles of heating/cooling, indicating that the Fe3O4 hydrogels had good photothermal stability. There was no significant difference between the photothermal performance of Fe3O4 hydrogels and Fe3O4 nanoparticles, indicating that the loading of Fe3O4 nanoparticles into hydrogels did not affect their photothermal performance.
[image: Figure 4]FIGURE 4 | Evaluation of photothermal conversion efficiency of Fe3O4 hydrogels. (A) Thermal imaging of Fe3O4 hydrogels under 808 nm laser irradiation at power densities of 0.5, 1.0, and 1.5 W/cm2. (B) Temperature profiles of Fe3O4 hydrogels under 808 nm laser irradiation at different power densities. (C) Thermal imaging of hydrogels at concentrations of 100, 200, 350, and 500 μg/mL under 808 nm laser irradiation at a power density of 1.0 W/cm2. (D) Temperature profiles of Fe3O4 hydrogels at different concentrations under 808 nm laser (1.0 W/cm2) irradiation. (E) The photothermal stability evaluation of Fe3O4 hydrogels after 5 laser cycles.
3.5 Evaluation of in vitro treatment efficiency
The in vitro cellular uptake of Fe3O4 nanoparticles by cancer cells was evaluated using ICP-AES. The cellular uptake of Fe3O4 nanoparticles was pivotal to induce therapeutic effect for Fe3O4 nanoparticle-treated cells. After incubation the cells with Fe3O4 nanoparticles, the Fe uptake in cancer cells gradually increased in a time dependent manner (Figure 5A). After 24 h, the cellular Fe level increased by 6.6-fold. These results suggested the effective cellular uptake of Fe3O4 nanoparticles by cancer cells. To evaluate the cytotoxicity, CT26 cancer cells were co-incubated with Fe3O4 nanoparticles or Fe3O4 hydrogels for 24 h. The cell viability of CT26 cells was higher than 92.5% after incubation with Fe3O4 nanoparticles or Fe3O4 hydrogels even when the Fe concentration was as high as 400 μg/mL (Figure 5B), indicating that both Fe3O4 nanoparticles and Fe3O4 hydrogels had good biosafety and cytocompatibility. The in vitro therapeutic effects of Fe3O4 nanoparticles and Fe3O4 hydrogels were then evaluated using CCK-8 assay. CT26 cancer cells were irradiated by 808 nm laser (1 W/cm2) for 5 min, and the cell viability was not significantly reduced compared to that in the control group, indicating that cancer cells were not killed by laser irradiation alone (Figure 5C). When CT26 cells were treated with Fe3O4 nanoparticles or Fe3O4 hydrogels plus laser irradiation, the cell activity of cells decreased to 16.1% and 15.4%, respectively. The cell vitality of cells in Fe3O4 nanoparticles + laser and Fe3O4 hydrogels + laser was similar. These results verified the therapeutic effect of Fe3O4 hydrogels. Although the therapeutic efficacy of Fe3O4 hydrogels was similar to that of Fe3O4 nanoparticles, the Fe3O4 hydrogels could maintain a high concentration at injected sites and obviously reduce systemic toxicity in the form of intravenous administration, which would contribute to their future in vivo studies.
[image: Figure 5]FIGURE 5 | In vitro treatment efficacy evaluation. (A) Cellular uptake assay of Fe3O4 nanoparticles by CT26 cancer cells. (B) Cell viability of CT26 cancer cells after treatment with Fe3O4 nanoparticles or Fe3O4 hydrogels at different Fe concentrations for 24 h. (C) Cell viability of CT26 cancer cells after incubation with PBS, Fe3O4 nanoparticles, or Fe3O4 hydrogels with or without 808 nm laser irradiation (1.0 W/cm2, 5 min).
4 CONCLUSION
Herein, we report the development of Fe3O4 nanoparticle-loaded hydrogel platform (Fe3O4 hydrogels) for PTT of colon cancer cells. The synthesis of Fe3O4 nanoparticles could be achieved after 30 min of reaction, and the formed Fe3O4 nanoparticles showed a smaller diameter, a more suitable surface potential and a good photothermal conversion efficacy under 808 nm laser irradiation. The cross-linking of ALG solutions containing Fe3O4 nanoparticles by Ca2+ led to the formation of Fe3O4 hydrogels. The obtained Fe3O4 hydrogels also showed a high photothermal conversion efficiency under 808 nm laser irradiation. Both Fe3O4 nanoparticles and Fe3O4 hydrogels were found to have good cytocompatibility. In vitro therapeutic efficacy evaluation showed that the PTT effect mediated by Fe3O4 nanoparticle-loaded hydrogels could obviously kill CT26 cancer cells, which was similar to that of Fe3O4 nanoparticles. Although Fe3O4 nanoparticles have been used for cancer PTT, we for the first time report the uses of Fe3O4 nanoparticle-loaded hydrogels for effective PTT. In view of the different characteristics of Fe3O4 nanoparticles, such as imaging, magnetism, and Fenton reaction, this platform may also be used for combinational therapy of cancer.
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Introduction: Reactive oxygen species (ROS)-mediated therapies have typically been considered as noninvasive tumor treatments owing to their high selectivity and efficiency. However, the harsh tumor microenvironment severely impairs their efficiency.
Methods: Herein, the biodegradable Cu-doped zeolitic imidazolate framework-8 (ZIF-8) was synthesized for loading photosensitizer Chlorin e6 (Ce6) and CaO2 nanoparticles, followed by surface decoration by hyaluronic acid (HA), obtaining HA/CaO2-Ce6@Cu-ZIF nano platform.
Results and Discussion: Once HA/CaO2-Ce6@Cu-ZIF targets tumor sites, the degradation of Ce6 and CaO2 release from the HA/CaO2-Ce6@Cu-ZIF in response to the acid environment, while the Cu2+ active sites on Cu-ZIF are exposed. The released CaO2 decompose to generate hydrogen peroxide (H2O2) and oxygen (O2), which alleviate the insufficiency of intracellular H2O2 and hypoxia in tumor microenvironment (TME), effectively enhancing the production of hydroxyl radical (•OH) and singlet oxygen (1O2) in Cu2+-mediated chemodynamic therapy (CDT) and Ce6-induced photodynamic therapy (PDT), respectively. Importantly, Ca2+ originating from CaO2 could further enhance oxidative stress and result in mitochondrial dysfunction induced by Ca2+ overloading.
Conclusion: Thus, the H2O2/O2 self-supplying and Ca2+ overloading ZIF-based nanoplatform for cascade-amplified CDT/PDT synergistic strategy is promising for highly efficient anticancer therapy.
Keywords: CaO2, MOFs, H2O2/O2 self-supply, chemodynamic therapy, photodynamic therapy
1 INTRODUCTION
Cancer is one of the most lethal diseases and causes millions of deaths annually with increasing mortality worldwide. Considering the high risk and death rate of cancer, scientists around the world have dedicated themselves to achieving effective and precise diagnoses as well as safe and hazard-free therapy to fight against it. With the rapid development in nanotechnology over the past 2 decades, nanomaterials have provided an advanced approach from anti-cancer experts and are expected to be used in cancer imaging and treatment therapy. (Wang et al., 2021a; Yang et al., 2021a; Zhang et al., 2021; Zhou et al., 2021; Shan et al., 2022; Zhang et al., 2022; Li et al., 2023; Lu et al., 2023). Metal-organic frameworks (MOFs) with potential biological performance, such as biocompatibility, cytotoxicity, and biodistribution, have been extensively studied in nanotherapeutics. (Wang et al., 2019a; Xie et al., 2019a; Yang et al., 2019a; Zhang et al., 2019a; Zhao et al., 2019; Pandey et al., 2020). MOFs are a series of crystallized porous materials coordinated by metal-containing cores (e.g., metal ions and clusters) and organic linkers (e.g., carboxylate ligands, phosphonates, sulfonates, and other negatively charged ligands). MOFs are not only good carriers of nanocargo (drugs and contrast agents) because of their porous and oriented structure but also contrast agents themselves due to their multifunctional building blocks. (Wang et al., 2019b; Cai et al., 2019; Ren et al., 2019; Rojas et al., 2019). Importantly, with good biodegradability and biocompatibility, MOF composites could be constructed as physiological environment-accommodative synergist therapy platforms. (Wang et al., 2021b; Liang et al., 2021; Bian et al., 2022). Because of this, incorporating functionalized compositions and comprehensive structures within MOFs to obtain nanoplatforms with collective properties and advanced performance has attracted much attention.
As a major molecule produced during oxidative stress, reactive oxygen species (ROS) contains singlet oxygen (1O2), superoxide anions (O2−), and hydroxyl radicals (•OH), which are considered to be essential factors in the occurrence, development, and recurrence of cancer. (Yang et al., 2019b; Li et al., 2021a; Tao et al., 2022; Truong Hoang et al., 2022; Yu et al., 2022; Cao et al., 2023). Furthermore, depending on their high selectivity and unrecognized drug resistance, ROS-mediated therapies such as chemodynamic therapy (CDT) (Zhao et al., 2021a; Yang et al., 2021b; Zhou et al., 2021) and photodynamic therapy (PDT) (Zhang et al., 2019b; Zhao et al., 2021b; Rui et al., 2021) have been considered as noninvasive anti-cancer treatments. CDT utilizes the Fenton/Fenton-like reaction between catalysts and hydrogen peroxide (H2O2) to generate cytotoxic •OH, (Chen et al., 2020; Wang et al., 2020; Cao et al., 2021), while PDT relies on nontoxic photosensitizers that are activated by visible or/and near-infrared (NIR) light to convert oxygen (O2) to 1O2. (Deng et al., 2017; Xie et al., 2019a; Yang et al., 2019c; Monro et al., 2019; Sivasubramanian et al., 2019). However, the harsh tumor microenvironment (TME) is an obstacle against achieving highly efficient therapeutic efficacy. Compared to normal cells, TME exhibits unique characteristics, such as mildly acidic conditions (pH = 5.5–6.5), internal hypoxic environment, high levels of intracellular glutathione (GSH, ∼10 × 10−3 M), excessive H2O2, (50−100 × 10−6 M), and hypoxia conditions. (Wang et al., 2018; Peng et al., 2021; Chang et al., 2022). The low intracellular H2O2 concentration and inherent hypoxia at tumor sites result in the low ROS production efficiency of CDT and PDT, respectively. In addition, the strong antioxidant GSH in TME also would downregulate the ROS level, aggravating the attenuation of antitumor efficiency. Li et al. loaded the chemotherapy prodrug disulfiram (DSF) and coated glucose oxidase (GOD) on the surface of Cu/ZIF-8 nanospheres and finally encapsulated manganese dioxide (MnO2) nanoshells to achieve efficient DSF-based cancer chemotherapy and dual-enhanced CDT. The MnO2 layer could achieve GSH depletion and relieve tumor hypoxia in the TME, the released Mn2+ could initiate T1-MRI for the tracking of the nanocatalyst in vivo, and the O2 produced in the reaction could oxidize glucose to H2O2 and gluconic acid in the presence of GOD. (Li et al., 2021b). Thus, engineering H2O2/O2 self-supplying therapeutic nanoplatforms to increase in situ the H2O2 and O2 concentration at tumor sites and constructing a CDT/PDT strategy to achieve a more synergistic effect than that of single-mode might be possible solutions.
More attractively, most of the latest research has provided approaches to improve the propagation of H2O2 and relieve hypoxia at tumor sites. (Wang et al., 2019c; Liu et al., 2019). Among them, a highly biocompatible metal peroxide, calcium peroxide (CaO2), has received widespread attention because of its excellent advantages, such as the simultaneous generation of O2 and H2O2 immediately following a reaction with water, serving as a donor of H2O2, and eliminating GSH in response to TME. (Sun et al., 2021a; Sun et al., 2021b; Liu et al., 2022a; Liu et al., 2022b). Additionally, overloaded exogenous Ca2+ could induce mitochondrial damage and further disorder the oxidative stress, resulting in the imbalance of calcium transport channel and accelerating tumor calcification-mediated apoptosis. (Zhang et al., 2019c; He et al., 2021; Wan et al., 2021; Docampo and Vercesi, 2022; Zheng et al., 2022). Hence, CaO2 could be appreciated as an advanced candidate for the rational design of multifunctional nanoplatforms for promoting CDT and PDT efficiency while achieving mitochondrial-localized Ca2+ overloading, ultimately allowing amplification of intracellular ROS-mediated therapeutic effect. (Hu et al., 2020; Shen et al., 2021; Chen et al., 2022).
Zeolitic imidazolate framework-8 (ZIF-8), composed of the coordination of Zn ions with 2-methylimidazole (2-MeIM), is a promising MOF for the construction of therapeutic nanoplatforms. (Xie et al., 2019b; Qin et al., 2019; Yang et al., 2020; Wang et al., 2021c; Jiang et al., 2022; Li et al., 2022). In this study, the biodegradable Cu-doped ZIF-8 was synthesized for loading photosensitizer Chlorin e6 (Ce6) and CaO2 nanoparticles (NPs), followed by surface modification by hyaluronic acid (HA), finally obtaining HA/CaO2-Ce6@Cu-ZIF nano platform. Once HA/CaO2-Ce6@Cu-ZIF targets tumor sites through HA-mediated active endocytosis and degrading by hyaluronidase (HAase), the degradation of Ce6 and CaO2 is released from the HA/CaO2-Ce6@Cu-ZIF in response to the acid environment, while the Cu2+ active sites on Cu-ZIF are exposed. The released CaO2 decompose to generate H2O2 and O2, which alleviates the insufficiency of intracellular H2O2 and hypoxia in TME, effectively amplifying the production of •OH and 1O2 in Cu2+-mediated CDT and Ce6-induced PDT, respectively. Importantly, Ca2+ originating from CaO2 could further amplify the oxidative stress and lead to mitochondrial dysfunction induced by Ca2+ overloading. Thus, the H2O2/O2 self-supplying and Ca2+ overloading MOF-based nanoplatform for cascade-amplified CDT/PDT synergistic strategy is promising for highly efficient anticancer therapy.
2 EXPERIMENTAL SECTION
2.1 Chemicals
Zn(NO3)2•6H2O (0.1 M), 2-MeIM (C4H6N2, 99%), Cu(NO3)2•3H2O (AR), CaCl2 (97%), and HA (10 k) were purchased from Shanghai Aladdin Technology Co., Ltd. Ce6, DAPI, MTT, calcein-AM, and PI were supplied by Sigma-Aldrich. The annexin V-FITC/PI apoptosis kit was obtained from MultiScience Biotech Co., Ltd. All liquid chemical reagents were used without further purification.
2.2 Synthesis of CaO2 NPs
CaO2 NPs were obtained by a hydrolysis–precipitation process. A specific amount of CaCl2 (1 g) was sent into the HA (50 mL, 0.1 M) solution at room temperature under continuous stirring for 30 min. After that, NH3•H2O (5 mL, 1 M) and H2O2 (1.5 mL, 30%) were sequentially injected and synthesized for 3 h. Afterward, NaOH (1.0 mL, 1 M) was added under ultrasound. Finally, the CaO2 NPs were purified by centrifugation (13,000 rpm, 10 min) and sequentially washed with NaOH solution, pure water, and anhydrous ethanol three times.
2.3 Synthesis of HA/CaO2-Ce6@Cu-ZIF
The HA/CaO2-Ce6@Cu-ZIF was prepared via an unfussy one-step method. A specific Zn(NO3)2•6H2O (300 mg) and Cu(NO3)2•3H2O (50 mg) were dissolved in methanol (100 mL) and formed an uniform solution. Then, 2-MeIM (190 mg), HA-stabilized CaO2 NPs (50 mg), and Ce6 (20 mg) dissolved in the methanol solution (100 mL) were added drip by drip and reacted for at least 30 min under N2 atmosphere. Finally, the HA/CaO2-Ce6@Cu-ZIF was collected by centrifugation (13,000 rpm, 10 min) and washed with methanol three times.
2.4 Characterizations
TME images and corresponding elemental mapping were collected from Tecnai T20 at an accelerating voltage of 200 kV. The size of nanoparticles was calculated using Image J for 100 counting number. XRD patterns were obtained from Bruker D8 ADVANCE (Cu Kα radiation (λ = 0.154 nm) at 40 kV and 40 mA. Zeta potential and DLS measurements were gained by Zetasizer Ultra with He-Ne laser (633 nm). UV-vis absorption spectra were acquired from Shimadzu UV-1601. XPS spectra were analyzed from Rigaku DMAX-2400. FT-IR spectrum was accumulated from Nicolet Avatar 360 with the KBr wafer technique. ICP-OES measurements were surveyed from iCAP 6000 series. CLSM images were captured from Leica SP8. Flow cytometry was measured using BD accuri C6.
2.5 ROS generation estimation
The generation of •OH was analyzed by TMB chromogenic reaction in pH, concentration, and time-dependent manners. The generation of 1O2 was determined by the DPBF chemical probe.
2.6 In vitro experiments
Cellular uptake of as-synthesized materials was operated on Panc02 cells. Cells were seeded in 6-well plates with a density of 1 × 105 cells per well. The MTT cell assay was employed to evaluate the biocompatibility and toxicity of as-synthesized materials on L929 and Panc02 cells, respectively. Moreover, the live/dead cell assay was conducted to verify the cytotoxicity of the material on Panc02 cells. For intracellular ROS detection, a DCFH-DA chemical fluorescence probe was used. For the mitochondrial integrity assay, JC-1 staining kits were used to determine the J-monomer and J-aggregates separately. The intracellular fluorescence was observed by CLSM.
2.7 In vivo experiments
To investigate the biodistribution, the Panc02 tumor-bearing C57BL/6 mice were intravenously administered as-synthesized materials. For biodistribution investigation, the mice were sacrificed after 0, 2, 6, 12, 24, and 48 h. The heart, liver, lungs, spleen, kidneys, and tumors were collected for Cu contraction measurement. To estimate the anti-tumor efficacy of as-synthesized materials, the Panc02 tumor-bearing C57BL/6 mice were randomly placed into five groups (n = 5): control, CaO2, CaO2@Cu-ZIF, HA/CaO2-Ce6@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF + Laser. During the treatment process, the tumor sizes and weights of mice were recorded once every 2 days: tumor volume = (tumor length) × (tumor width)2/2 (mm3).
2.8 Histology examination
After treatment process, the tumor and main organs (heart, liver, spleen, lung, and kidney) were collected for (H&E) staining according to the standard protocol for confirming caused injury.
2.9 Statistical analysis
All results were presented as mean ± S.D. Means were indicated using the student’s t-test. Statistical significance was determined at a value of *p < 0.05, **p < 0.01, ***p < 0.001.
3 RESULTS AND DISCUSSION
3.1 Characterization of HA/CaO2-Ce6@Cu-ZIF nanoplatform
The synthesis of HA/CaO2-Ce6@Cu-ZIF was done through a two-step process. At first, CaO2 NPs were synthesized through a hydrolysis-precipitation process. Then, the HA/CaO2-Ce6@Cu-ZIF was synthesized through a simple one-step method. In detail, a specific Zn(NO3)2•6H2O and Cu(NO3)2•3H2O were dissolved in methanol and formed a uniform solution. Following this, 2-MeIM, HA-stabilized CaO2 NPs, and Ce6 dissolved in the methanol solution were added drop by drop and reacted for 30 min to obtain HA/CaO2-Ce6@Cu-ZIF. As revealed by transmission electron microscopy (TEM), the CaO2 NPs are about 90 ± 2.3 nm, demonstrating the uniform size distribution. (Figures 1A, B). X-ray diffraction (XRD) pattern reveals that the synthesized CaO2 NPs show obvious peaks at 30.1°, 35.6°, and 47.3° (Figure 1F), which is consistent with the JCPDS, No. 03-0865 according to previous literature for CaO2. (Sun et al., 2021a). After this, Cu-ZIF was utilized to encapsulate the CaO2 NPs and Ce6 via a self-assembly method to obtain the HA/CaO2-Ce6@Cu-ZIF nanoplatform. The TEM image shows that the HA/CaO2-Ce6@Cu-ZIF presents a regular octahedral shape with a particle size of around 110 ± 3.8 nm (Figures 1C, D). The homogeneous distributions of Zn, Cu, Ca, N, and O elements in HA/CaO2-Ce6@Cu-ZIF are revealed by the elemental mapping, which demonstrates the successful loading of CaO2 NPs (Figure 1E). Moreover, the XRD pattern of HA/CaO2-Ce6@Cu-ZIF is consistent with that of ZIF-8, indicating that the as-synthesized materials are well held in the crystal structure of ZIF-8 (Figure 1F). (Li et al., 2021b) To endow the CaO2-Ce6@Cu-ZIF with higher hydrophilicity for further biological application, HA with superior biocompatibility and targeted ability was employed for surface modification. As displayed in Figure 1G, the zeta potentials of CaO2, CaO2@Cu-ZIF, CaO2-Ce6@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF are −20.03, +10.12, +23.9, and −25.6 mV, respectively, indicating that the CaO2 NPs and Ce6 are successfully introduced into the Cu-ZIF and HA are effectively modified on the surface of as-synthesized materials. Meanwhile, the size distribution of CaO2, CaO2-Ce6@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF was obtained from the dynamic light scattering (DLS) measurements, the polydispersity index of which was 0.18, 0.19, and 0.17, respectively, demonstrating the good stable ability of HA modification. Figure 1I shows the hydrodynamic diameter is 142, 164, and 220 nm, respectively. The Fourier transform infrared (FT-IR) spectrum was recorded in the wavelength range of 500–4,000 cm–1 (Figure 1H), also suggesting the sequential addition of CaO2, Ce6, and HA, finally forming HA/CaO2-Ce6@Cu-ZIF. (Li et al., 2021a). As shown in X-ray photoelectron spectroscopy (XPS), HA/CaO2-Ce6@Cu-ZIF was also performed to evaluate the valence electron distribution, and the spectra are presented in which the coexistence of Zn, Cu, Ca, N, and O signals appear (Figure 1J). The high-resolution XPS of Zn, Cu, and Ca are shown in Figures 1K–M. In the high-resolution XPS of Cu spectrum, 933.3 and 953.6 eV peaks are assigned to Cu 2P3/2 and Cu 2p1/2, respectively. In addition, the satellite peaks at around 943.1 eV demonstrate the presence of Cu2+. (Li et al., 2021b). All the above materials’ characterizations imply the rational design and synthesis of H2O2/O2 self-supply and Ca2+ overloading MOF-based nanoplatform.
[image: Figure 1]FIGURE 1 | TEM images of (A,B) CaO2 NPs and (C,D) CaO2@Cu-ZIF. (E) Corresponding area-elemental mapping of CaO2@Cu-ZIF. (F) XRD patterns of stimulated ZIF-8, CaO2, and CaO2@Cu-ZIF. (G) Zeta potentials of CaO2, CaO2@Cu-ZIF, CaO2-Ce6@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF. (H) FT-IR spectrum of CaO2 and HA/CaO2-Ce6@Cu-ZIF. (I) DLS of CaO2, CaO2-Ce6@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF. (J) XPS spectrum of HA/CaO2-Ce6@Cu-ZIF. (K–M) High-resolution XPS spectrum of Zn, Cu, and Ca, respectively.
3.2 CDT/PDT synergistic effect of HA/CaO2-Ce6@Cu-ZIF nano platform
The stability experiments of HA/CaO2-Ce6@Cu-ZIF show that the as-synthesized materials maintain good dispersion within 7 days in cell medium (Figure 2A).The ultraviolet-visible (UV-vis) absorption spectra of Ce6, CaO2, CaO2@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF was shown in Figure 2B. Compared with the broad peak of CaO2 and CaO2@Cu-ZIF ranging from 450 to 800 nm, the absorption band of HA/CaO2-Ce6@Cu-ZIF not only has the broad peak of CaO2@Cu-ZIF but also exhibits the typical characteristic peak of Ce6 around 650 nm. Encouraged by the results from the photo-properties of HA/CaO2-Ce6@Cu-ZIF, the 1O2 generation of PDT effect was explored by the UV-vis spectrum, where the 1,3-diphenylisobenzofuran (DPBF) was used as a real-time probe. The HA/CaO2-Ce6@Cu-ZIF and PBS solutions were irradiated by 650 nm laser (0.5 W/cm2), respectively. At first, the HA/CaO2-Ce6@Cu-ZIF could release Ce6 under acidic conditions. Then, DPBF could be oxidized by 1O2 which was generated from the combination of the released Ce6, light, and self-supplying O2, so that the absorption peak of the DPBF (the specific absorption wavelength was at 410 nm) gradually decreased along with time increase (Figure 2C). However, the absorption peak of the DPBF solution that was treated with PBS was almost unchanged (Figure 2D). The relative intensity value of the UV-vis absorption peak at 410 nm for DPBF mixed with HA/CaO2-Ce6@Cu-ZIF and PBS, respectively, further demonstrates the apparent decrease of DPBF absorption intensity (Figure 2E). To further confirm the production of 1O2, the 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) was also used (Figure 2F). And the results are consistent with the above. For •OH detection, a typical colorimetric analysis based on 3,3′,5,5′-tetramethyl-benzidine (TMB) was utilized to investigate the CDT effect of HA/CaO2-Ce6@Cu-ZIF. HA/CaO2-Ce6@Cu-ZIF can catalyze the oxidation of TMB to yield blue-colored oxTMB with typical absorbances at 370 and 652 nm. Considering the biodegradable properties related to the pH value of HA/CaO2-Ce6@Cu-ZIF, the influence of the pH on •OH generation was first analyzed (pH = 4.5, 5.5, 6.5, and 7.4). The result shows that the pH has a significant influence on the •OH generation (Figure 2G). There is no evident •OH generation at pH 7.4, while the ability of •OH generation remarkably increases with the downregulation of pH. Then the concentration effect of HA/CaO2-Ce6@Cu-ZIF for •OH generation was also investigated (Figure 2H). It shows an advanced ability of •OH generation along with the increased concentration (5, 15, and 20 μg/mL under pH 6.5). The •OH generation ability of HA/CaO2-Ce6@Cu-ZIF related to time was also investigated (Figure 2I).
[image: Figure 2]FIGURE 2 | (A) Particle sizes of HA/CaO2-Ce6@Cu-ZIF within 7 days in cell medium. (B) UV-vis absorption spectra of Ce6, CaO2, CaO2@Cu-ZIF, and HA/CaO2-Ce6@Cu-ZIF. (C) UV-vis absorption of DPBF mixed with HA/CaO2-Ce6@Cu-ZIF as a function of reaction time under 650 nm laser irradiation. (D) UV-vis absorption of DPBF mixed with PBS at same condition. (E) Relative intensity value of UV-vis absorption peak at 410 nm for DPBF mixed with HA/CaO2-Ce6@Cu-ZIF and PBS, respectively. (F) Fluorescence spectra of DCFH-DA mixed with HA/CaO2-Ce6@Cu-ZIF under 650 nm laser irradiation for different time. (G) UV-vis spectra of TMB + HA/CaO2-Ce6@Cu-ZIF under pH at 4.5, 5.5, 6.5, and 7.4. (H) UV-vis spectra of TMB + HA/CaO2-Ce6@Cu-ZIF at the concentration of HA/CaO2-Ce6@Cu-ZIF as 0, 5, 15, and 20 μg/mL under pH 6.5. (I) UV-vis absorption peak at 650 nm for TMB + HA/CaO2-Ce6@Cu-ZIF at the concentration of HA/CaO2-Ce6@Cu-ZIF as 5, 15, and 20 μg/mL with different times. All laser pump powers are 0.5 W/cm2.
3.3 Invitro experiments of HA/CaO2-Ce6@Cu-ZIF nanoplatform
Given the successful construction of HA/CaO2-Ce6@Cu-ZIF and advanced ROS generation capacity, the therapeutic effect of HA/CaO2-Ce6@Cu-ZIF against Panc02 cells in vitro was further investigated. The therapeutic performance was first examined through the calcein-AM and propidium iodide (PI) double-staining assay (Figure 3A). The confocal laser scanning microscopy (CLSM) images show that the HA/CaO2-Ce6@Cu-ZIF + Laser group exhibits the highest red-green ratio, where the red represents dead cells and green represents living cells, indicating the excellent anti-cancer effect of HA/CaO2-Ce6@Cu-ZIF. Meanwhile, the flow cytometric apoptosis assay with Annexin V-FITC and PI staining was used to calculate the apoptotic cell death mediated by HA/CaO2-Ce6@Cu-ZIF. The apoptotic ratio induced by HA/CaO2-Ce6@Cu-ZIF under irradiation was 51.83% (the sum of Q2 and Q3), which was markedly higher than other groups under the same condition. This is mainly attributed to synergistic H2O2/O2 self-supplying CDT/PDT synergistic effect. The intracellular ROS triggered by HA/CaO2-Ce6@Cu-ZIF under laser irradiation was further investigated using a 2,7-dichlorofluorescein diacetate (DCFH-DA) probe, which can be hydrolyzed to DCFH. This can be rapidly oxidized by the generated ROS and form DCF with green-fluorescent (excited by 488 nm). The CLSM images exhibit that there is almost no green fluorescence in the control and CaO2 groups. On the contrary, weak green fluorescence is exhibited in CaO2@Cu-ZIF and HA/CaO2-Ce6@Cu-ZIF groups. The strongest green fluorescence in the HA/CaO2-Ce6@Cu-ZIF + Lase group indicates that HA/CaO2-Ce6@Cu-ZIF under laser irradiation could generate more toxic ROS to induce tumor cell death (Figure 3B). The cytocompatibility of HA/CaO2-Ce6@Cu-ZIF on L929 normal cells was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method (tetramethylazole salt microenzyme reaction colorimetric assay). As shown in Supplementary Figure S1, HA/CaO2-Ce6@Cu-ZIF does not exhibit significant cytotoxicity to L929 cells, and the viability of cells treated with as-synthesized material for 24 h was 92.5% even at a concentration of 500 μg/mL, demonstrating the “silent” HA in the normal cellular microenvironment. Afterward, MTT assay was also used to estimate the cytotoxicity on Panc02 cells. Compared with others, the inhibition rate of HA/CaO2-Ce6@Cu-ZIF under laser irradiation is as high as 53.5%, where the concentration of HA/CaO2-Ce6@Cu-ZIF is 200 μg/mL (Figure 3C). Given that the Ca2+ overloading originating from CaO2 could further enhance the oxidative stress and result in mitochondrial dysfunction, the mitochondrial integrities of different treatment groups were examined through JC-1 staining flow cytometry (Figure 3D). The qualitative comparison of J-monomer (green) and J-aggregates (red) following various treatments shows that the group treated with HA/CaO2-Ce6@Cu-ZIF under laser irradiation exhibits abundant mitochondria damage. The endocytosis process of HA/CaO2-Ce6@Cu-ZIF in Panc02 cells was evaluated using specific fluorescence properties of Ce6. As is known, when excited with 488 nm light, the loaded Ce6 can radiate green fluorescence. As shown in Figure 3E, the results suggest that HA/CaO2-Ce6@Cu-ZIF could be effectively endocytosed by Panc02 cells and the internalization amount increased with prolonged time.
[image: Figure 3]FIGURE 3 | (A) Calcein-AM/PI double staining of Panc02 cells with different treatments and corresponding flow cytometry analysis by annexin V-FITC apoptosis detection kit. (B) Intracellular ROS level of Panc02 cells with different treatments. (C) Relative cell viabilities of Panc02 cells after treatment with different samples. (D) JC-1 staining of Panc02 cells after different treatments. (E) CLSM images of Panc02 cells incubated with HA/CaO2-Ce6@Cu-ZIF for different times.
3.4 In vivo experiments of HA/CaO2-Ce6@Cu-ZIF nanoplatform
Inspired by the promising in vitro CDT/PDT synergistic effect of HA/CaO2-Ce6@Cu-ZIF nanoplatform, the in vivo therapeutic assay in Panc02 tumor-bearing C57BL/6 mice model was conducted. When the tumor sizes reached about 100 mm3, twenty-five Panc02 tumor-bearing mice were randomly divided into five groups, followed by treatments: control, CaO2, CaO2@Cu-ZIF, HA/CaO2-Ce6@Cu-ZIF, and v) HA/CaO2-Ce6@Cu-ZIF + Laser. As depicted in Figure 4A, Panc02 tumor-bearing mice were treated by intravenous administration on 1 and 7 days with injection doses of 15 mg/kg of mouse body weight. The body weight (Figure 4B) and tumor volume (Figure 4C) of mice were measured every 2 days during the treatment process. Moreover, the time-dependent Cu biodistribution of HA/CaO2-Ce6@Cu-ZIF at the tumor and major organs were evaluated (Figure 4D). The results indicate an effective accumulation of HA/CaO2-Ce6@Cu-ZIF at the tumor site, ensuring the following synergistic CDT/PDT therapeutics. In Figure 4B, during the treatment period, all the mice feature slight weight increases, demonstrating the negligible negative impacts of these treatments on the health of mice. As exhibited in Figure 4C, the relative tumor volume was notably suppressed in HA/CaO2-Ce6@Cu-ZIF + Laser group in comparison with the other groups. Specifically, the suppression rate of the HA/CaO2-Ce6@Cu-ZIF + Laser group was determined to be 60.8%, calculated from the variation in the relative tumor volume. This high suppression is attributed to the HA/CaO2-Ce6@Cu-ZIF induced cascade-amplified CDT/PDT therapy as follows: 1) CaO2 decomposed to generate H2O2 and O2, which alleviated the insufficiency of intracellular H2O2 and relieved hypoxia conditions in TME; 2) H2O2/O2 self-supplying effectively enhanced the production of •OH and 1O2 in Cu2+-mediated CDT and Ce6-induced PDT, respectively and 3) Ca2+ originated from CaO2 could further enhance the oxidative stress and result in mitochondrial dysfunction induced by Ca2+ overloading. Intensive therapeutic efficacy was also confirmed by hematoxylin and eosin (H&E) staining of tumor sections from each group (Figure 4E). The results were consistent with the above tumor growth data. Additionally, the histological observations of major organs (heart, liver, spleen, lung, and kidney) present negligible acute pathological toxicities and adverse effects during the treatment duration for the control or treated groups (Figure 5). These results demonstrate that HA/CaO2-Ce6@Cu-ZIF is of high biocompatibility.
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of Panc02 tumor-bearing mice model and treatment process. (B) Body weights and (C) relative tumor volume change curves of Panc02 tumor-bearing mice after various treatments. (D) Biodistribution of HA/CaO2-Ce6@Cu-ZIF in main organs and tumors at different time points (n = 3). (E) H&E-stained photographs of tumor slices obtained from Panc02 tumor-bearing mice in different groups after treatment.
[image: Figure 5]FIGURE 5 | Representative H&E tissue sections from mice to monitor the histological change in heart, liver, spleen, lung, and kidney excised from different groups after treatment.
4 CONCLUSION
In summary, a biodegradable HA/CaO2-Ce6@Cu-ZIF nanoplatform was rationally constructed for a H2O2/O2 self-supplying and Ca2+ overloading CDT/PDT synergistic strategy. After arriving at tumor sites via the specific HA targeted effect, HA/CaO2-Ce6@Cu-ZIF responded to acidic conditions in TME and released CaO2 NPs and Ce6, as well as exposed Cu2+ active sites within Cu-ZIF. The released CaO2 NPs further decomposed to efficiently generate H2O2 and O2 simultaneously for enhancing •OH and 1O2 production in Cu2+-mediated CDT and Ce6-participated PDT, respectively. In addition, the accompanying Ca2+ overloading generated by the decomposition of CaO2 NPs could induce mitochondrial dysfunction in tumor cells, further contributing to the combined CDT/PDT. Thus, this work provides an alternative strategy for smart reprogramming TME to improve the efficacy of synergistic CDT/PDT treatment.
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5
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8
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Before drying

Mean size
/nm

79.73 + 023
73.16 + 042"
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68.87 + 0.62"
78.54 £ 125
1240 + 3,05
8041 £ 1.30°
1148 + 115"

PDI

019 £ 001°
021 £ 000"
0.23 £ 0.01"
028 £ 002
031 £ 003
028 + 0,02
032 £ 002°
026 £ 0.07*
0.38 £ 0.00°

After drying

Mean size
/nm

254.6 + 3.4°
2902+ 57¢
3532 £ 86°
268.0 £ 8.8°
261.3 £ 2.9°
1944 £ 23
308.0 + 138¢
266.3 + 6.6°
2335+ 25"

PDI

051 £ 0.02"
0.34 £ 001°
030 £ 008"
050 + 0.03"
054 + 002"
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092 + 004
046 + 0.04"
033 +0.1°

Values presented as mean + SD, indicate the replicates of three experiments.
Williis vt e R G K &0 B e ikttt i T € 008);





OPS/images/fbioe-10-986033/fbioe-10-986033-g003.gif





OPS/images/fbioe-10-986033/fbioe-10-986033-g004.gif





OPS/images/fbioe-10-986033/fbioe-10-986033-g005.gif
‘Native Starch





OPS/images/fbioe-10-986033/fbioe-10-986033-g006.gif





OPS/images/fbioe-11-1148674/fbioe-11-1148674-g005.gif





OPS/images/fbioe-10-986033/crossmark.jpg
©

|





OPS/images/fbioe-10-986033/fbioe-10-986033-g001.gif





OPS/images/fbioe-10-986033/fbioe-10-986033-g002.gif





OPS/images/fbioe-11-1148674/fbioe-11-1148674-g002.gif





OPS/images/fbioe-10-958095/fbioe-10-958095-g004.gif
R

H
f





OPS/images/fbioe-10-958095/fbioe-10-958095-t001.jpg
Biological surface  Properties References

Lotus leaf Superhydrophobic, self-cleaning Barthlott and Neinhuis, (1997)
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adhesion
Rice leaf Superhydrophobic, directional (Feng et al., 2002; Wu et al, 2011)
transport
Nepenthes Directional transport, water harvesting ~ (Bohn and Federle, 2004; Wong et al,, 2011; Chen et al., 2016)
Purple setcreasea Double-sided superhydrophobic Guo and Liu, (2007)
Watermelon leaf Single-order scale hydrophobic Guo and Liu, (2007)
structure
Peanut leaf Superhydrophobic, high surface (Yang et al,, 2014; Gou and Guo, 2018; Qu et al., 2020)
adhesion
Bamboo leaf Antiicing, high surface adhesion (Yuan et al,, 2014; Wan et al, 2021; Wan et al,, 2022)
Gecko foot High surface adhesion, self-cleaning ~ (Autumn et al,, 2002; Wang et al., 2012; Watson et al,, 2015; Basak, 2020)
Cicada wing Self-cleaning, anti-reflective (Watson and Watson, 2004; Stoddart et al., 2006; Zhang et ., 2006; Xie etal., 2017; Romén-Kustas et al,
2020)
Shark skin Self-cleaning, underwater drag (Ball, 1999; Bechert et al., 2000; Bixler and Bhushan, 2013)
reduction
Penguin feather Anti-icing, liquid guidance (Wang et al., 2016a; Alizadeh-Birjandi et al., 2020)
Butterfly wings Self-cleaning, liquid-directed (Qian et al., 1900; Fang et al,, 2008)
Spider silk Collecting water Zheng et al. (2010)
Earthworm Drag reduction, lubrication Zhao et al. (2018)
Mosquito compound Superhydrophobic, anti-fog Gao et al. (2007)
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