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Black phosphorus (BP), also referred to as phosphorene, has gained significant attention in recent years due to its unique structure and properties since its successful exfoliation in 2014. BP’s remarkable optical and mechanical properties, electrical conductivity, and electron transfer capabilities position it as a promising alternative to graphene for various biomedical applications. This article provides an overview of the use of BP in cancer imaging, drug delivery, and combination therapy, as well as the challenges and prospects of utilizing BP in practical biomedical applications. While BP shows great potential for biomedical applications, practical implementation remains challenging. Therefore, this review article aims to summarize the latest research on BP and provide insights into its future applications in the biomedical field.
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1 INTRODUCTION
Over the past few years, there has been a tremendous surge in research interest surrounding two-dimensional (2D) materials due to their unique and remarkable properties, such as high surface area to volume ratio, easy functionalization, and remarkable mechanical and electrical properties (Yan et al., 2015; Qin et al., 2020). Among these materials, molybdenum disulfide (MoS2) and other transition metal dichalcogenides (TMDs) have been extensively studied because of their semiconducting properties and atomic-scale thickness (Wang, 2014; Rao et al., 2015). However, MoS2 and other TMDs have limitations in practical applications, such as the relatively low carrier mobility of MoS2. Additionally, while graphene also possesses excellent mechanical and electrical properties, the absence of a bandgap limits its potential applications.
As the growing interest in scientific research illuminates, the potential applications of black phosphorus (BP)-based nano-drug delivery systems are an area of increasing interest (Liu et al., 2021). The unique properties of BP, such as its layer-dependent bandgap, moderate carrier mobility, high capacity of drug loading, intrinsic photothermal and photoacoustic properties, good biocompatibility, and others, make it a highly suitable material for a diverse array of biomedical applications, ranging from phototherapy (photothermal therapy and photodynamic therapy) to drug delivery, bioimaging, and therapeutics and diagnostics. The increasing research interest in this area is a testament to the extraordinary possibilities that BP-based nano-drug delivery systems hold for the future of biomedical research and application (Gao and Mei, 2021). It is worth noting that BP also exhibits outstanding optical performance that positions it as a promising candidate for optoelectronic applications (Sun et al., 2015a). In addition to BP, other 2D materials such as hexagonal boron nitride (hBN) have been thoroughly investigated due to their potential in nanoelectronics and quantum computing. Specifically, hBN has a wide bandgap and insulating properties, making it an exciting prospect for the development of next-generation electronic devices (Yan and Zhang, 2014; Xu et al., 2016).
Black phosphorus, also called phosphorene, has garnered immense research interest due to its exceptional properties and unique structure since its discovery in 2014 (Mayorga-Martinez et al., 2016). Its monolayer structure features a wrinkled structure in the armchair direction and a bilayer structure in the zigzag direction, resulting in exceptional mechanical, thermoelectric, optical, topological, and electrical conductivity compared to other 2D materials (Jing et al., 2015; Li et al., 2015). While there have been significant strides in understanding BP’s nano- and optoelectronic applications, little attention has been paid to its potential biomedical applications. This is mainly due to its instability in air and humid environments (Ezawa, 2014; Wei and Peng, 2014). Recent research, however, has shown the possibility of synthesizing BP in water and air (Fei et al., 2014; Lv et al., 2014; Kumar et al., 2016).
Phosphorus, which is a vital and harmless element and a component of bones, is essential to maintaining human health. As such, BP is a promising and biocompatible material for biomedical applications. Its inherent electrochemical properties have enabled it to be utilized as a biosensing substance to detect target analytes (Zhu et al., 2013; Uk Lee et al., 2015; Zhao et al., 2016). BP, derived from phosphorus, has shown potential as a drug delivery and anti-tumor therapy due to its good biocompatibility, high drug loading efficiency, and photothermal and photodynamic properties (Childers et al., 2011; Childers et al., 2011; Jeong et al., 2011; Comber et al., 2013).
Despite the promising results, there are still technical challenges to overcome in harnessing the full potential of BP in medical applications (Cheng et al., 2012; Sun et al., 2016; Chen et al., 2017a; Chen et al., 2022). However, continued research and development of BP could lead to significant breakthroughs in the biomedical field.
Black phosphorus, or phosphorene, is currently experiencing a surge of interest as a photothermal therapy material thanks to its fascinating properties. It boasts an incredibly high absorption rate and low thermal conductivity, both of which contribute to its unparalleled photothermal and photodynamic efficiency when compared to other metallic materials (Ma et al., 2020). Additionally, the material’s high chemical stability renders it a top pick for various biomedical applications, given its ease of biodegradability and the fact that it will not accumulate in the body over time (Kim et al., 2020). This is in contrast to gold materials, which may produce toxic reactions that significantly undermine their efficacy in medical settings (Li et al., 2021).
Peptides, polypeptides, and porphyrin-based systems are also used in photothermal therapy, but their photothermal conversion efficiency is relatively low compared to black phosphorus (Zeng et al., 2020). Additionally, their biocompatibility is not as good as black phosphorus, making it a more attractive option for biomedical applications (Cao et al., 2021; Zhao et al., 2021).
Black phosphorus exhibits exceptional potential for further advancement in the field of photothermal therapy, driven by its remarkable photothermal conversion efficiency and biocompatibility (Jia et al., 2022). Ongoing research and development could potentially revolutionize the landscape of modern healthcare, with black phosphorus serving as a cornerstone of biomedical innovation (Deng et al., 2021).
Black phosphorus (BP) has demonstrated outstanding in vivo biodegradability compared to other 2D nanomaterials, making it a safer and highly promising candidate for biomedical applications (Huang et al., 2022). Despite this, the unique advantages of BP over other 2D materials in various biomedical applications have not been clearly summarized (Choi et al., 2018; Nyrop et al., 2022). With the increasing demand for BP in the biomedical field, there is an urgent need to review its applications in fluorescence sensing, colorimetric sensing, electrochemical sensing, and drug delivery (Wang et al., 2022). This review article discusses the applications of BP in cancer imaging, drug delivery, photothermal therapy, and combination therapy. Lastly, the article briefly outlines the challenges and future prospects of BP (Figure 1) (Choi et al., 2018).
[image: Figure 1]FIGURE 1 | Shows the various biomedical applications of BP, including its use as a biosensing material for field-effect transistor sensors, fluorescent sensors, colorimetric sensors, and electrochemical sensors, as well as its applications in cancer imaging, drug delivery, and cancer therapy. BP nanosheets and BP quantum dots (BPQDs) are highlighted as promising materials for these applications (Choi et al., 2018).
2 APPLICATION OF BLACK SCALE IN CANCER IMAGING
2.1 Optical and electronic properties of black scale
Previous studies have focused on the optical anisotropy of BP (Xia et al., 2014; Mao et al., 2016). Recently, it has been found that BP also exhibits optical anisotropy in the visible region (Çakır et al., 2014; Giaquinto et al., 2022). In addition, Lan et al. (2016) conducted experiments to determine the surface of BP crystals and tuned them by strain engineering. The number of stacked layers also affects the exciton effect and spectrum of BP. Related studies have shown that the luminescence intensity is higher in bilayer BP compared to five-layer BP (Tran et al., 2014; Zhang et al., 2014).
Monolayer BP has high carrier mobility (up to 1,000 cm2/Vs.) and a direct bandgap that can be adjusted by strain, making it useful for gas detection, including immunosensors and gas sensors for antigen-antibody interaction detection (Anju et al., 2019). BP also exhibits unique electrical properties. Liu et al. (2014) showed that it undergoes a direct-indirect-direct transition in the bandgap under axial pressure, and the bandgap value increases with decreasing layer number. Theoretical studies propose that removing some atoms from the BP monolayer results in blue phosphorene, an indirect semiconductor with a bandgap of ∼2 eV (Ospina et al., 2016). Other phosphorus polymorphs with similar stability to BP, such as delta phosphorus (Zhu and Tománek, 2014), g phosphoric acid (Guan et al., 2014a), and beta phosphoric acid (Boulfelfel et al., 2012), also have potential for use in single-layer heterostructures to enable dual (metallic and semiconductor) conduction. These properties make BP a candidate for optoelectronic applications (Guan et al., 2014b; Khandelwal et al., 2017).
2.2 Potential of black phosphorus for photoacoustic cancer imaging
Photoacoustic (PA) imaging is a promising non-invasive technique for cancer imaging that offers high image contrast, sensitivity, and depth-resolved 3D imaging (Kircher et al., 2012; Luke et al., 2012). PA imaging has advantages over other optical imaging techniques, which make it suitable for image-guided therapy (Guo et al., 2022). However, reducing graphene oxide (rGO) using toxic reducing agents may lead to its aggregation, which can affect the bioimaging process. To overcome this, functionalized rGO was introduced to enhance the stability of rGO for biomedical imaging (Mahal et al., 2022).
BP is an attractive material for bioimaging due to its unique optical and electronic properties. It has a tunable bandgap ranging from 0.3 to 2.0 eV for monolayers, making it capable of photodetection in a broad spectral region. Mahal et al. (2022) reported that TiL4-coordinated BPQDs exhibit higher stability and better PA performance in aqueous dispersions than AuNPs due to their larger NIR extinction coefficients (Figures 2A,B). They passively accumulate in tumors due to retention effects and enhanced permeability, showing promise for clinical applications with excellent sensitivity and high spatial resolution in detecting tumors (Figure 2C).
[image: Figure 2]FIGURE 2 | Shows (A) TEM and (B) AFM images of TiL4-coordinated BPQDs. (C) Time-dependent PA images and analysis of MCF-7 cells after intravenous injection of TiL4-BPQDs. (D) FT-IR spectra of alcoholized BPNP coated with PEG. (E) In vivo PA images of PEGylated BPNP solution, liver, kidney, and tumor at different time points after injection (Sun et al., 2016).
PEGylated boron phosphide nitride phosphides (BPNPs) have been identified as promising candidates for PA imaging and cancer therapy applications owing to their water solubility and stability (Figure 2D). Based on in vivo experiments, Sun et al. (2016) found that PEGylated BPNP was retained longer in tumors than in kidneys and livers (Figure 2E), making it a good choice for PA imaging in cancer.
3 SURFACE MODIFICATION AND DRUG DELIVERY OF BLACK PHOSPHORUS
3.1 Surface modification
BP-based nanoparticles have potential for use in modern nanomaterials, but their unique properties limit their biomedical applications. Surface engineering has been used to achieve robust and effective clinical outcomes that overcome these limitations. These approaches demonstrate the multifunctional uses of BP-based nanoparticles in biomedicine.
3.1.1 Modifications using peptides
Although modern nanomaterials have great application potential, their degradability and interactions with biomolecules, such as plasma proteins, limit their biomedical applications. To address this, Wang et al. (2018) synthesized Fmoc-KKF tripeptide for external modification of BP nanosheets, resulting in the stable and long-lasting BP@FKK composite with improved cellular uptake and cytocompatibility. BP has promising applications in photothermal therapy due to its biocompatibility and photothermal properties under near-infrared light, but lacks targeting features and can deteriorate in cancer cells under strong oxidative stress. To overcome these limitations, Zhang et al. (2008) created stable dual-functional BP (DFBP) nanosheets by functionalizing them with mitochondria-targeting peptides and an acid-labile polymer shell. DFBP nanosheets can be switched to target mitochondria, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Modified cisplatin surface-modified BP nanosheets for synergistic chemotherapy and phototherapy (Zhang et al., 2019b).
3.1.2 Modification using drugs
BP has unique properties, including high carrier mobility, in-plane anisotropic framework, and a configurable direct bandgap, which make it a promising material for various applications. However, its application is hindered by the easy oxidation of BP to PxOy under ambient conditions. To overcome this limitation, a study by Zhang et al. (2019a) used modified cisplatin-Pt-NO3 [Pt (NH3)2(NO3)2] for the surface functionalization of BP nanosheets to produce Pt@BP (Figure 3). This modification allowed Pt@BP to maintain its surface morphology and properties for over 24 h in the environment.
3.1.3 Using polymer modification
BP has poor air stability and insolubility in common organic solvents. Polymer-based nanoparticles can protect guest particles or molecules from degradation and maintain their activity (Lukyanov and Torchilin, 2004). Polymer modulation can neutralize the surface charge, increase the steric impedance between particles, and improve biocompatibility, hydrophilicity, and stability of BP nanomaterials (Friberg, 1984; Sun et al., 2018). Various polymer surface modification methods for BP nanomaterials have been developed (Sun et al., 2015b; Pan et al., 2020).
For instance, BPQDs (BP quantum dots) were fabricated using a liquid exfoliation method combined with an acoustic probe and water bath sonication. After PEG conjugation, BPQDs showed higher stability in physiological media with no obvious toxicity to different types of cells. Wang et al. (2020a) developed a drug delivery system by functionalizing folic acid moieties linked to PEG-diamine (PEG-NH2-FA) and loading it with an anticancer drug, DOX (doxorubicin). The system, called PEG@BPQD@DOX, was capable of power-photothermal chemotherapy. When NIR (near-infrared) irradiated for 5 min, the temperature of the tumor site rose to 44.2°C. The nanocapsules were configured with a targeting polymer, HS-PEG-FA, and exhibited remarkable photothermal performance, high stability, and the ability to kill cancer cells. DOX was released in the low-pH microenvironment of tumors under NIR laser irradiation, showing a synergistic therapeutic effect by combining photothermal therapy and chemotherapy. For instance, BPQDs (BP quantum dots) were fabricated using a liquid exfoliation method combined with an acoustic probe and water bath sonication. After PEG conjugation, BPQDs showed higher stability in physiological media with no obvious toxicity to different types of cells. Wang et al. (2020b) developed a drug delivery system by functionalizing folic acid moieties linked to PEG-diamine (PEG-NH2-FA) and loading it with an anticancer drug, DOX (doxorubicin). The system, called PEG@BPQD@DOX, was capable of power-photothermal chemotherapy. When NIR (near-infrared) irradiated for 5 min, the temperature of the tumor site rose to 44.2°C. The nanocapsules were configured with a targeting polymer, HS-PEG-FA, and exhibited remarkable photothermal performance, high stability, and the ability to kill cancer cells. DOX was released in the low-pH microenvironment of tumors under NIR laser irradiation, showing a synergistic therapeutic effect by combining photothermal therapy and chemotherapy.
3.1.4 Modification using aptamers and antibodies
Surface modification can enhance the biosensing properties of BP for use in biomedicine. Aptamers can be used for surface modification of BP. For instance, PLL-BP-Apt functionalized Boron Phosphorus Nitrogen Sulfurs (BPNSs) can be used for electrochemical detection of the cardiac biomarker myoglobin. In another study, BP@AuNPs@aptamer probes combined with immunomagnetic separation were used for electrochemical detection of circulating tumor cells (CTCs) (Figure 4A) (Ma et al., 2022). Liu et al. (2020) utilized BP@AuNPs@aptamer probes and immunomagnetic separation to detect circulating tumor cells (CTCs) electrochemically. They also developed a biomimetic vesicle using an osteoblast-targeting aptamer linked to PLGA, which guides active targeting of BPQD to cells for biomineralized bone regeneration (Wang et al., 2019). Wang et al. (2020a) developed a biomimetic vesicle that guides BPQD to target cells for biomineralized bone regeneration. Additionally, they developed a minimally invasive therapeutic IV catheter for photothermal destruction of CTCs using BP nanosheets modified with anti-EpCAM antibodies. The trapped CTCs are eliminated through downstream mechanisms or the near-infrared-induced photothermal effect of BPNS.
[image: Figure 4]FIGURE 4 | Aptamer-functionalized BP sensing platform for yogi globulin detection (Ma et al., 2022).
3.1.5 Repair using lipids
Surface modification can improve the biocompatibility of inorganic materials, such as BP, which typically have rough surfaces and sharp edges that can damage cells. Lipid modifications have been shown to enhance intrinsic properties like fluorescence, as demonstrated by BP@lipid-PEG nanospheres with strong NIR-II fluorescence for in vivo and in vitro imaging (Xu et al., 2019).
3.2 Drug delivery
3.2.1 DDSs construction based on black phosphorus
BP has great potential in drug delivery systems (DDSs) due to its unique properties, including biocompatibility and degradability, including biocompatibility and degradability, among others (Figure 5) (Ling et al., 2015). BP platforms can be classified into four categories as shown in Figure 5. BP can be used as a carrier for various clinical anticancer drugs, small interfering RNA (siRNA), inorganic components (such as Au, Fe3O4, Pt, and UCNP), and more. BP-based DDSs can be used as carriers for various clinical anticancer drugs, siRNA, inorganic components (such as Au, Fe3O4, Pt, and UCNP), among others. These DDSs can fight cancer through a variety of mechanisms.
[image: Figure 5]FIGURE 5 | Atomic structure of black phosphorus. (A) Side view of the black phosphorus crystal lattice. (B) Top view of the single-layer black phosphorus lattice (Ling et al., 2015).
Three main strategies have been explored for building BP-based DDSs: electrostatic interactions, non-covalent bonding, and covalent bonding. BP has a negative charge, allowing positively charged drugs to be loaded onto it through electrostatic interactions. Drugs can also be incorporated onto BP delivery platforms through non-covalent bonding or conjugated to them through covalent bonding.
3.2.2 BareBPNs platform
BP’s negative charge and corrugated surface structure make it easy to load small, positively charged drugs through electrostatic interaction. In one study (Li et al., 2022), it was found that the electrostatic interaction of BP and DOX resulted in a synergistic combination treatment with a DOX loading capacity of 950 wt%. Methotrexate (MTX), a potent clinical cationic drug, can also be absorbed onto BP nanoparticles (BPNs) through electrostatic interactions and significantly inhibits tumor growth.
Drug delivery systems (DDSs) based on BP nanoparticles (BPNs) have shown great potential as drug delivery substrates, leading to the extension of DDSs based on BPNs to the gene therapy field. Zhou et al. first assembled the Cas9 protein with nuclear localization signals (NLSs) and loaded the resulting Cas9-sgRNA complex onto BPNs through electrostatic interactions to develop a BPN-supported gene therapy platform. The BPN-supported gene therapy platform developed by Zhou et al. demonstrated a loading capacity of 98.7% for the gene-protein carrier system.
BPNs have the advantage of being able to load neutrally or negatively charged drugs after the drugs are electrically modified. The polymer coating strategy is the most effective method to immobilize neutrally or negatively charged drugs on BPNs after these drugs are electrically modified. As shown in Figure 6, Yang et al. modified the surface of BPNs with glutathione (GSH) carboxylic acid groups and PEI, which enabled the effective adsorption of Au NPs and Fe3O4 NPs onto the surface of BPNs (Yang et al., 2017). This modification strategy can be applied to other non-positively charged chemistries, opening up new possibilities for constructing bare BPNs-based DDSs.
[image: Figure 6]FIGURE 6 | (A) Shows the process of creating BPs@Au@Fe3O4 nanoplatform, which involves the deposition of Au and Fe3O4 nanoparticles onto BPNs. Figure 6 (B) illustrates the formation of two important precursors used in the process (Yang et al., 2017).
In situ reduction is a useful strategy for developing stable BPNs-based DDSs. This strategy does not require additional reducing agents and is based on the good reducing ability of BPNs due to their high Fermi level. In previous studies, Huang et al. (2015) have reported the in situ reduction of HAuCl4 on bare BPNs, resulting in uniform spherical AuNPs with an average size of 26 ± 4 nm.
DDSs based on BP can also be constructed using chemical bonds such as covalent, coordinate, and π bonds. For example, Zhao et al. used dinitrogen chemistry to conjugate Nile blue (NB) dye with BP to prepare NB@BP.
3.2.3 Black phosphorus-based stimuli-responsive drug release system
Conventional DDSs suffer from several drawbacks such as immediate and uncontrolled drug release, leading to drug breakdown or denaturation, altered biological distribution, and adverse side effects on healthy tissues and organs. To overcome these issues, smart DDSs have been developed to achieve high-dose and effective continuous therapy while minimizing off-target effects in physiological environments and maximizing tumor therapeutic payloads (Chen et al., 2012).
Smart DDSs are designed to respond to specific stimuli, such as pH, redox potential, enzymatic activation, thermal field, magnetic field, light, ultrasound, and combinations thereof, to achieve controlled drug release. These stimuli take advantage of the differences environments between pathological lesions, tumors, and normal cells. The development of these novel DDSs has great potential in improving the effectiveness and reducing the side effects of anti-tumor therapies.
DDSs based on black phosphorus (BP) have gained attention due to the subtle pH changes in different parts of the human body that can be utilized as stimuli. The pH in the gastrointestinal tract varies from the stomach (pH = 1.0–3.0), small intestine (pH = 6.5–7.0), to colon (pH = 7.0–8.0), while cancer cells have significantly more acidic extracellular pH (pH = 6.5) compared to healthy tissue and blood (pH = 7.5) (Zeng et al., 2015). The four categories that describe how pH affects drug release in BP-based DDSs are drug protonation, coating/capsule breakdown, blood pressure drop, and BP-drug bond disruption.
pH-responsive DDSs can improve the effectiveness of certain anticancer drugs like DOX, which are often limited by their insolubility. Protonating the drug through NH2 in acidic environments can increase its solubility and facilitate its release. In experiments, DDSs achieved significantly more DOX release at pH 5.0 than at pH 7.4, and the release rate at 5.0 was 6 times faster (Figure 7) (Chen et al., 2017b). Similarly, the release rate of the drug MTX increased by about 1.25 times at pH 5.0 due to the protonation of its amino group.
[image: Figure 7]FIGURE 7 | Shows drug release kinetics of BP-based DDSs. In (A), BP-PEG/DOX NSs achieved more DOX release at pH 5.0 than at pH 7.4 due to protonation of amino groups on DOX. The release rate at pH 5.0 was 6-fold that at pH 7.4. (B) Illustrates DOX release from BP-DOX at pH 5.0 and 7.4 with or without 808 nm irradiation (1 W cm-2) (Chen et al., 2017a).
BP-based DDSs can be used for pH-responsive drug release due to the gradual degradation of BP in an acidic environment, leading to the generation of phosphate ions and increased acidity. This mechanism is particularly useful for tumor therapy, as the tumor environment is weakly acidic. Researchers have also investigated the lysosomal escape and siRNA release mechanism of a pH-responsive black phosphorus-based siRNA delivery system (PPBP-siRNA), demonstrating that it can escape from endosomes or early lysosomes (pH = 5.0) into the cytoplasm for gene therapy. This release mechanism is attributed to the degradation of PPBP in an acidic environment, which generates phosphate ions, increases acidity, and promotes endosome swelling, facilitating the release of siRNA. It is worth noting that the generated phosphate ions can also induce calcium phosphate deposition, which can enhance the DDS’s biocompatibility and osteogenesis for bone repair.
BP-based DDSs demonstrate sustained drug release triggered by BPN degradation, as shown in Figure 8 (Zhou et al., 2018). Cytosolic release and degradation were studied using fluorescence and Raman intensity mapping. In another study, Shang et al. constructed pH-responsive DDSs based on black phosphorus quantum dots (BPQDs) camouflaged by platelet membranes. These BPQD-based DDSs exhibited better stability, biocompatibility, and targeting ability compared with traditional DDSs due to the unique properties of platelet membranes.
[image: Figure 8]FIGURE 8 | Shows the results of a study on the release and degradation of Cas9N3-BPNs for drug delivery. The sustained release of up to 72.2% of Cas9N3 was observed within 12 h, triggered by the degradation of BPNs. Fluorescence and Raman intensity mapping were used to monitor the cytosolic release and degradation of Cas9N3-BPNs in MCF-7 cells. The pH-responsive drug controlled release was demonstrated, with Cas9N3-BPNs degrading more slowly than bare BPNs. The intracellular degradation of BP was monitored using the characteristic Ag1 Raman peak of BP. The results showed that the release was associated with the biodegradation of BPNs (Zhou et al., 2018).
Coatings or capsules used in BP-based drug delivery systems can be pH dependent, and changes in pH can cause them to break down and result in premature drug release.
PDA is a widely studied coating for BP-based DDSs. It can effectively control drug release and provide continuous tumor therapy. The pH sensitivity of PDA coating allows for dissociation under acidic conditions. Wu et al. showed that drug release in PBS was pH-dependent, with 11.2%, 17.7%, and 31.8% cumulative release at pH 7.4, 6.8, and 5.0, respectively. DOX release was also controlled by the PDA coating, with 13.3% and 29.3% released at pH 7.4 and 5.0, respectively, over 36 h.
PEOz is a polymer with a unique tertiary amide group in the backbone, which can undergo charge reversal at pH values below its pKa, resulting in electrostatic repulsion and accelerated drug release in the slightly acidic microenvironment of tumor cells. DOX release was found to be almost three times higher at pH 5.0 compared to pH 7.4.
To summarize, in the acidic tumor microenvironment, the coating or capsule on BP can partially peel off, leading to faster drug release. pH-sensitive bonds can be used to achieve controlled release. Catechol-BTZ bond’s pH sensitivity accelerates the release as the pH drops. The release of DACHPt from BP/DACHPt was only 16.1% at pH 7.4% and 35.4% at pH 5.0. Under acidic conditions, hydrogen ions uptake by BP weakens coordination between DACHPt and BP, leading to accelerated release.
4 BP NANOMATERIALS AS POTENTIAL PHOTOSENSITIZERS FOR PDTS
The size of nanomaterials can affect cellular responses and photothermal capability. BP nanosheets (NSs) with controlled mean size and thickness were obtained by adjusting sonication time and centrifugation speed. Layered Black Phosphorus (L-BP), Metal-doped Black Phosphorus (M-BP), and Sulfur-doped Black Phosphorus Nanocrystals (S-BP NSs) had mean sizes of 394 ± 75 nm, 118 ± 22 and 4.5 ± 0.6 nm, respectively (Figures 9A–C). Larger sizes had better photothermal performance, as seen by the increased solution temperature under NIR laser irradiation (Figures 9D, E). L-BP was more effective than M-BP and S-BP for photothermal ablation of human breast cancer cells (Fu et al., 2017).
[image: Figure 9]FIGURE 9 | Shows the absorbance and photothermal performance of different sized BP nanosheets. The absorbance of L-BP, M-BP, and S-BP in different concentrations of water is presented in panels (A–C), respectively. Panel (D) shows the photothermal heating curves of 25.0 μg ml-1 L-BP, M-BP, and S-BP aqueous suspensions irradiated by an 808 nm laser for 10 min. Panel (E) demonstrates the photothermal ablation of MCF-7 cells incubated with L-BP, M-BP, and S-BP (12.5 and 25.0 μg ml-1) under 808 nm laser (1.0 W cm-2, 15 min) Comparison, where cells were stained with Calcein AM (live cells, green fluorescence) and PI (dead cells, red fluorescence) (Janicke et al., 1998; Zhang et al., 2019b; Zhou et al., 2019).
BP nanomaterials are typically made using a top-down method to decrease the planar size and layer count, resulting in an increase in bandgap and NIR absorbance decay. Light-trapping ability is a critical factor in photothermal agents, and layered BPs with a narrow bandgap and dense NIR light-trapping are expected to perform well. However, the relationship between size and photothermal performance requires further study.
BP nanomaterials have potential as photosensitizers for Phosphorus-doped Molybdenum Disulfide (PDTs), Wang et al. (2015) have discovered that ultrathin BP nanosheets (with fewer layers) exhibit photodynamic properties when exposed to light, causing excited electrons to generate cytotoxic reactive oxygen species (ROS). This effect has been observed using a 660 nm laser or a xenon lamp with a 600 nm cut-off filter, but higher photon energies may be required for optimal excitation of BP nanomaterials (Zhou et al., 2019; Hu et al., 2020; Kong et al., 2020).
5 COMBINATION THERAPY WITH BLACK PHOSPHORUS
5.1 Immunostimulatory ability based on thermal ablation of black phosphorus
To investigate the potential of photothermal agents in enhancing tumor immunogenicity (Sun et al., 2017; Zhang et al., 2019a; Hu et al., 2020), Xie et al. (2020) evaluated the immune response triggered by photothermal ablation in mice with B-cell lymphoma A20 tumors. The tumor was treated with 20 µg BP and 808-nm NIR laser irradiation for 10 min, resulting in a tumor temperature of ∼51 °C, which induced significant cellular necrosis (Figures 10A,B) (Knavel and Brace, 2013). In contrast, tumors treated with PBS and laser irradiation only had a temperature of ∼30 °C, causing no tissue damage. The body temperature returned to normal within 3–5 min after laser irradiation. These findings suggest that photothermal ablation using BP can induce cellular necrosis within tumor tissue and has the potential to enhance tumor immunogenicity (Knavel and Brace, 2013).
[image: Figure 10]FIGURE 10 | BP-based PTT alone ameliorates the immunosuppressive tumor microenvironment. (A) Infrared thermal images of A20 tumor-bearing mice exposed to two laser irradiations (808 nm, 1 W cm-2) of BP and PBS. (B) 808 nm laser irradiation for 10 min, temperature of the tumor area in BP group and PBS group changed over time. (C) Representative graphs of flow cytometry (left) and quantification of CD45+ cells with mouse CD11b+cells (right). (D) Representative graphs for flow cytometry (left) and quantification of CD8+ T cells in CD3+ T cells (right) (Knavel and Brace, 2013).
To investigate the immune response triggered by photothermal therapy using black phosphorus (Chen et al., 2013; Shao et al., 2016; Tao et al., 2017), XIE Z et al. assessed its effects on B-cell lymphoma A20 tumors in mice. After intratumoral exposure to black phosphorus and NIR laser irradiation, cellular necrosis occurred within the tumor tissue, likely due to the development of hypoxia, microvascular thrombosis, and ischemia. Compared to controls, flow cytometry analysis showed an increase in mouse monocytes and cytotoxic T lymphocytes in black phosphorus-treated tumors, suggesting the recruitment of more monocytes for phagocytosis of ablated tumor tissue and the promotion of apoptotic death of cancer cells (Figure 10C) (Mildner et al., 2016). These findings indicate the potential of black phosphorus-based photothermal therapy to enhance tumor immunogenicity. Black phosphorus-based photothermal therapy not only destroys tumor cells but also stimulates the immune system by inducing innate and adaptive immune responses (Figure 10D) (Andersen et al., 2006). Thus, black phosphorus-based PTT acts as a potent immunostimulator that can reverse the tumor immunosuppressive microenvironment and promote CTL-mediated antitumor immunity. Therefore, black phosphorus with photothermal effects as specific immunostimulators have great potential for enhancing cancer immunotherapy (Goel et al., 2014; Sun et al., 2015a; Wilhelm et al., 2016).
5.2 Combination of BP-based PTT and aCD47 in vivo therapy
Immune checkpoint blockers often have limited effectiveness in treating tumors due to depletion of CTLs in the tumor microenvironment (Pérez-Medina et al., 2016; Hu et al., 2020). However, recent studies have shown that aCD47 antibodies targeting the “do not eat me” signal have promising prospects for tumor immunotherapy (Xie et al., 2020). CD47 is overexpressed in several types of cancers, including acute lymphoblastic leukemia and multiple myeloma. The A20 cell line is a B-cell lymphoma line that requires a large number of cells for subcutaneous implantation, and subcutaneous tumors form after 10 days (Kunitomo et al., 2022). The researchers hypothesized that immunostimulation facilitated by thermal ablation of BP might produce synergistic potentiation with aCD47 checkpoint inhibitors. To test the synergistic antitumor efficacy of BP-based PTT with aCD47, Balb/c mice were subcutaneously inoculated with B-cell lymphoma cells and randomly assigned to five groups (Figure 11A). Combination treatment inhibited tumor growth, as the results show (Figures 11B–D).
[image: Figure 11]FIGURE 11 | Antitumor effect of BP plus aCD47-based PTT treatment. Body weight changes in different mice (B) Tumor growth kinetics in different treatment groups. (C) Tumors were collected after treatment. (D) Shape of mice after treatment (Scholzen and Gerdes, 2000).
Scholzen and Gerdes (2000) conducted a study to investigate the pathological changes caused by various treatments on major organs, including the heart, lungs, liver, spleen, kidney, and tumors in mice. Histopathological analysis was performed on the tissues of the mice. The control group (groups 1, 2, and 3) showed inflammation, congestion, decreased alveolar volume, and alveolar hyperplasia in the lungs, as well as significant liver edema. Combination therapy reduced pathological abnormalities. The expression of Ki-67, a cell marker closely related to proliferation, was significantly reduced in the tumor tissue of the BP + aCD47 combined treatment group, indicating inhibition of cancer cell proliferation and growth. By therapeutic photothermal ablation, the combination of BP and aCD47 inhibited cancer cell proliferation and growth, as confirmed by H&E results (Figure 11E).
5.3 Immune response after BP-PTT + aCD47 blockade
Studies have shown that aCD47 antibodies can convert tumor-specific M2 macrophages into M1-like macrophages, leading to the inhibition of tumor progression (Zhang et al., 2016; Gu et al., 2018). A20 tumor-bearing mice were divided into four groups: Group 1 received no treatment, Group 2 was treated with BP and 808-nm NIR irradiation, Group 3 received aCD47 treatment, and Group 4 received BP and aCD47 treatment. Residual tumor tissues were collected 48 h after treatment, and flow cytometry was used to analyze M1-like macrophages in the tumor tissues. The results showed that the percentage of M1-type macrophage infiltration in the residual tumor was significantly higher in the BP-based PTT and aCD47 combination treatment group compared to the control group, indicating that the combination treatment polarized tumor-specific macrophages into the M1 phenotype (Figure 12A). T cells play a critical role in the immune response against cancer cells, with CD8+ T cells directly killing cancer cells and CD4+ T cells indirectly regulating the immune response against cancer cells (Gutcher and Becher, 2007; Dillman, 2011; Farhood et al., 2019). To investigate the effect of the combination therapy on tumor-specific T cell responses, different T cell populations in tumors were analyzed after treatment. Furthermore, the proliferation of CD3+ cells was significantly increased in the BP + aCD47 treatment group, and the number of infiltrating CD8+ and CD4+ cells in tumors was also significantly increased after BP + aCD47 combined treatment compared to controls, indicating the activation of potent adaptive anti-tumor immunity (Figures 12B,C).
[image: Figure 12]FIGURE 12 | BP + aCD47 treatment induces antitumor activity and modulates immune response (A) representative flow cytometry result (left) and quantification of CD80+ cells by CD11b+F4/80+ cells (right). (B) Representative flow cytometry results of T cell infiltration. (C) Percentage of CD8+, CD3+ and CD4+ T cells in tumors after different treatments. (D) Cytokine levels in blood isolated from mice on day 5 after different treatments. (E) Chemokine levels in mouse tumor isolates 48 h after multiple treatments. (F) Quantification of MAPK-phosphorylated proteins in tumors 48 h after treatment (Xie et al., 2020).
Innate and adaptive immune cells secrete cytokines that play important roles in modulating immune responses (Van der Meide and Schellekens, 1996). The results showed that combined treatment with BP and aCD47 increased the secretion of IFN-γ and IL-6, which are key activators of macrophages and stimulate lymphocyte proliferation, respectively (Bhat et al., 2017). This confirmed that the combined treatment promoted innate immune responses as well as CTL-mediated immunity. However, there was no significant increase in TNF-α, which has multiple functions, including tumor promotion, cytotoxicity, and immunomodulation, suggesting that its role in this treatment was unclear (Figure 12D) (Wang and Lin, 2008).
Chemokines are signaling proteins that induce directional chemotaxis in nearby cells and play a crucial role in regulating tumor invasion, proliferation, and metastasis in the tumor microenvironment (Mélik-Parsadaniantz and Rostène, 2008). To further investigate this phenomenon (Nagarsheth et al., 2017), we measured the levels of various chemokines in tumor tissues collected 48 h after treatment using a mouse chemokine array. Notably, CCL21 plays a critical role in initiating T cell responses by attracting dendritic cells and T lymphocytes to the site of inflammation, which enhances the anti-tumor immune response (Figure 12E) (Romagnani et al., 2001; Lin et al., 2014).
The MAPK signaling pathway plays a crucial role in regulating various cellular processes, and its dysregulation can contribute to tumorigenesis (Pearson et al., 2001). To investigate the potential involvement of MAPK signaling in the inhibition of cancer growth induced by the BP + aCD47 combination therapy, tumor tissues were collected 48 h after treatment and analyzed using a MAPK phosphorylation array. Interestingly, the expression levels of mitogens activated downstream of the p38 MAPK pathway and MSK2 were found to be significantly increased compared to controls (Figure 12F). MSK2 is known to regulate the transcription of anti-inflammatory cytokines in macrophages and dendritic cells and promote cell death signaling via other pathways (Vermeulen et al., 2009). Furthermore, the combination therapy efficiently induced phagocytosis of tumor cells by M1-like macrophages and enhanced the activity of tumor-associated T cells, thereby overcoming the inherent non-immunogenicity of tumors.
6 CONCLUSION AND PROSPECTS
In addition to the challenges related to the production of high-quality BP, there are also challenges associated with the translation of BP-based technologies to clinical settings. The safety and biocompatibility of BP need to be thoroughly investigated to ensure its practical applications in biomedicine. Furthermore, the long-term stability of BP and its interaction with the biological environment should be thoroughly evaluated to guarantee the safety and efficacy of BP-based biomedical applications. In addition to the challenges related to the production of high-quality BP, there are also challenges associated with the translation of BP-based technologies to clinical settings. The safety and biocompatibility of BP need to be thoroughly investigated to ensure its practical applications in biomedicine. Furthermore, the long-term stability of BP and its interaction with the biological environment should be thoroughly evaluated to guarantee the safety and efficacy of BP-based biomedical applications.
Despite these challenges, the potential of BP for biomedical applications is enormous. Its unique properties, such as its tunable bandgap, high carrier mobility, and efficient light absorption, make it a promising candidate for various applications, including imaging, drug delivery, and therapy. BP has already demonstrated its potential in preclinical studies, and there is a growing interest in exploring its applications in clinical settings.
As the field of BP research continues to grow, it is expected that more efficient and safe methods for BP production and functionalization will be developed. The integration of BP with other nanomaterials and biomolecules may further enhance its properties and broaden its biomedical applications. Overall, BP is a promising material that holds great potential for practical applications in biomedicine and has the potential to make significant contributions to the field of cancer diagnosis and treatment.
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